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Abstract

:

The excessive exploitation of mineral resources will lead to environmental pollution, resource depletion, environmental disaster, and other problems. The contradiction between the environment and development, and the management of the ecological environment in mining areas are urgent p-problems to be solved. An ecological environment assessment is an important part of the ecological environment in a mining area. The accurate evaluation of the ecological environment is the premise behind environmental governance in a mining area. However, current ecological assessment indicators were not developed specifically for mine environment monitoring and, thus, cannot provide an effective and comprehensive assessment of the mineral environment. To this end, in order to improve the environmental monitoring performance in mining areas, a novel Mine-Specific Eco-Environment Index (MSEEI) was proposed, integrating factors from five main aspects associated with minerals, including temperature, vegetation, soil moisture, atmospheric environment, and mining scale. Meanwhile, a widely concerned mine—Luanchuan mine—was used as the case area to test the performance of our MSEEI. The results showed a significant correlation between RSEI and MSEEI (p < 0.01). The mean correlation achieved between RSEI and MSEEI was 0.91, which was much higher than the correlations between RSEI and enhanced vegetation index (EVI), soil moisture monitoring index (SMMI), normalized difference built-up and soil index (NDBSI), PM2.5 concentration (DI), and heat (LST). In addition, based on our long-term MSEEI results of Luanchuan mine from 1997 to 2021, the ecological status of Luanchuan mine showed a trend of first declining and then rising. Specifically, the MSEEI first declined from 0.85 to 0.77 between 1997 and 2012, and then rebounded to about 0.8 in recent years. The MSEEI exhibited a good applicability in the ecological assessment of mining areas. Our MSEEI can provide useful guidance for mine environment monitoring. MSEEI can directly reflect the ecological damage after mining, provide scientific guidance for the exploitation and utilization of mineral resources, and promote the protection and sustainable development of Earth’s resources and mine ecological environments.
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1. Introduction


According to the 2021 China Mineral Resources Report, by the end of 2020, China had discovered 173 minerals, including 13 energy minerals, 59 metal minerals, 95 non-metallic minerals, and 6 water and gas minerals (2011–2020). The proven geological reserves of oil and natural gas newly added within ten years total 10.1 billion tons and 6.85 trillion cubic meters, respectively, accounting for about 25% and 45%, respectively, of the cumulative proven total since the founding of New China.



Ecological protection is inseparable from the development of mineral resources. The excessive exploitation of mineral resources aggravates the destruction of the ecological environment and produces a series of ecological and environmental problems, such as frequent geological disasters, a fragile ecological carrying capacity, surface subsidence, vegetation destruction, groundwater resource and environmental damage, dust pollution, and land degradation [1,2,3,4,5,6]. Since 2020, the central government has allocated CNY 2 billion in two batches to support 12 provinces (autonomous regions) in carrying out the ecological restoration and treatment of historical mines in the Yellow River Basin and the Qinghai Tibet Plateau, and to solve the problems of historical mines, which play important roles in ensuring national ecological security, providing a wide range of ecological benefits, and maintaining production and quality of life. According to remote sensing monitoring data, about 41,600 hectares of new mines will be restored and managed in 2020. The area under construction and restoration is about 117,000 hectares, accounting for about 11,000 hectares, and the newly restored area of abandoned mines is about 30,500 hectares, accounting for 73.3%.



The evaluation and prediction of the ecological environment of a mining area are important parts of research on the ecological environment of the mining area, and it is also the premise behind the environmental protection and management of the mining area. Remote sensing technology has become an important means of monitoring the ecological environment of the mining area [7,8,9,10,11,12] and the progress in quantitative remote sensing monitoring research on the ecological environment of mining areas at home and abroad [13]. The quantitative monitoring of surface elements of the ecological environment in mining areas mainly includes quantitative remote sensing monitoring of vegetation, soil, water, atmospheric environment, and ecosystem parameters. The current research on remote sensing monitoring of ecosystem parameters in mining areas mainly focuses on ecosystem carbon sequestration, ecosystem service value, the Remote Sensing Ecology Index (RSEI) [14,15,16,17,18,19,20,21,22,23], the landscape index, etc. The remote sensing monitoring of the carbon sequestration capacity of a mining area ecosystem focuses on calculating the vegetation carbon sink and soil carbon sequestration in the mining area, and monitoring the carbon sequestration capacity of the mining area ecosystem. Ecosystem Product (GEP) accounting reveals the temporal and spatial variation in the value of ecosystem services in mining areas. Since the Remote Sensing Ecological Index (RSEI) [24] was proposed by Xu Hanqiu of Fujian University, the index has been widely used in the monitoring of the ecological environment quality of mining areas. Some researchers directly calculate the RSEI in a mining area and determine the RSEI value of the mining area. The spatial and temporal changes of a mining area can be analyzed, in order to monitor changes in the quality of the ecological environment in the mining area. The remote sensing monitoring of the mining area landscape index mainly uses remote sensing data to calculate the mining area landscape index, and then analyzes the temporal and spatial changes in the mining area landscape pattern.



This study aims to use long time series remote sensing images to retrieve multiple parameters related to mine ecological environments, and to couple multiple parameters into a parameter suitable for mine ecological evaluation to evaluate the long time series ecological environment of a mining area, to provide scientific guidance for the development and utilization of mineral resources, and to promote the protection and sustainable development of Earth’s resources and mine ecological environments.



In this study, we considered the effects of vegetation degradation, topographical changes, soil moisture content reduction, and the fugitive dust generated during open-pit mining perforation construction and transportation on the ecological environment that may be caused by mining activities based on the remote sensing data inversion of the enhanced vegetation index (EVI), the soil moisture monitoring index (SMMI), the normalized difference built-up and soil index (NDBSI), the PM2.5 concentration (DI), and heat (LST) in the mining area. EVI, SMMI, NDBSI, DI, and LST were coupled together to establish the Mine-Specific Eco-Environment Index (MSEEI). The MSEEI in the Luanchuan mining area from 1997 to 2021 was compared and analyzed from the two dimensions of time and space; the spatial coupling relationship between the ecological changes in the mining area, the type of mine occupation, and the distribution of mining sites was further analyzed, and the impact of ecological changes in the MSEEI mining area was discussed. The MSEEI was constructed according to the construction method of the RSEI model, which is suitable for the ecological environment evaluation of a mining area. The research results reflect the ecological status of the Luanchuan mining area in a long time series and provide accurate data supporting the formulation of ecological plans in subsequent mining areas.




2. Materials and Methods


2.1. Study Area


Luanchuan mine concentration area is located in the East Qinling Mountains. It covers an area of 247.82 square kilometers and is made up of 46 mines (including gold, pyrite, molybdenum, iron, lead, zinc mines) and 4 major sub-mining areas built in 1997 and before (Figure 1). The Luanchuan mining area has the title of “Molybdenum Capital of the World” and produces Nannihu-Sandaozhuang-Shangfang Large-Super Large Porphyry-Xika Rock Molybdenum (Tungsten) Deposits, as well as Large Lead-Zinc-Silver Polymetallic Deposits of Camel Mountain, Cold Water, and Laterite Shop. Since the Neoproterozoic, Luanchuan mine concentration area has undergone many complex structural and property changes. As a result, the tectonic traces of the Luanchuan mine concentration area are widely developed in different directions. In the development of mineral resources, Luanchuan mine concentration area is in the extensive mining mode of high pollution and high consumption. Due to the lack of relevant laws and regulations on mine environmental protection and governance, the overall mine ecological environment was reported in a deteriorating state. Therefore, choosing Luanchuan mine concentration area as the study area is of great significance for the environmental monitoring and protection of Luanchuan mine.




2.2. Materials


In order to assess the long-term variation in the ecological environment of Luanchuan mine, all Landsat series Level-1 precision terrain (L1TP) surface reflectance imagery of the Luanchuan mine, including Landsat 5, Landsat 7, and Landsat 8 imagery, from 1997 to 2021, were collected via the United States Geological Survey (https://www.usgs.gov/, accessed on 17 September 2022). Furthermore, taking into account the interference of clouds and cloud shadows, Landsat images from every three years were used to composite the corresponding cloud-free images for analysis. The median composition method was used to generate cloud-free images [25]. As a result, a total of 9 cloud-free images (for the year of 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021) were generated in our study. The spatial analysis and mapping tools of arcgis10.6 were used for mapping expression and statistical analysis of the MSEEI.




2.3. Mine-Specific Eco-Environment Index (MSEEI)


Although several ecology assessment indicators were proposed over the past years, they were not developed specifically for mine environment monitoring, and thus do not include sufficient factors associated with the environment of mining areas. Taking into account that mining activities can cause vegetation destruction, soil drying, air pollution, and abnormal surface temperatures [26,27], the enhanced vegetation index (EVI) [28], soil moisture monitoring index (SMMI) [29], difference index (DI) [30], and Land Surface Temperature (LST) [31] can reflect the above issues, respectively. Therefore, the EVI, SMMI, DI, and LST were selected to monitor the greenness, soil moisture, air pollution, and the surface temperature of the mine, respectively. Additionally, since expansion of a mining area also exacerbates the aforementioned environmental issues, the normalized difference built-up and soil index (NDBSI) [32], which can monitor the scale of a mining area, was also used to develop our MSEEI. In the end, a total of 5 indicators (EVI, SMMI, DI, LST, and NDBSI) were selected to make up our MSEEI (Figure 2).



Referring to the method of the RSEI [33], principal component analysis (PCA) [34] was used to couple the five indicators (EVI, SMMI, NDBSI, DI, and LST). Their weights were determined based on the original data characteristics of the indicators, which helps avoid uncertainty in the determination of their weights due to human influence, and is easy to operate. Since the unit and data ranges between the five indicators were not uniform, it was necessary to normalize these indicators between 0 and 1 before performing principal component analysis.



Principal component transformation was used to integrate the above five indicators, and the weights were automatically and objectively determined according to the contribution of each indicator to the principal component, in order to realize the purpose of coupling multiple indicators with a single variable. PC1 is the first principal component of the principal component analysis results. It represents the indicator with the greatest variance that can best explain the state of the environment among the environmental indicators (EVI, SMMI, NDBSI, DI, and LST). When PC1 has a low value in areas with good ecological quality and a high value in areas with poor environmental quality, PC1 needs to be subtracted from one so that the high value represents good ecological condition:


    MSEEI  l   = 1  −  PC 1 [  f ( EVI , SMMI , NDBSI , DI , LST ) ]  



(1)






  MSEEI = ( M S E E  I l  −  MSEEI  min   ) / (  MSEEI  max   −  MSEEI  min   )  



(2)




where MSEEImin and MSEEImax are the minimum and maximum values of the index, respectively.



During mining, a large number of forests are cut down, and grasslands are damaged. Vegetation coverage is a key indicator of ecological environment monitoring in mining areas; the size of the enhanced vegetation index value directly reflects the vegetation area in the target area [35]:


   EVI =  2.5 ×   N − R   N + 6 × R − 7.5 × B + 1    



(3)




where N and R represent the near-infrared and red bands of Landsat 5 TM, Landsat 7 ETM, and Landsat 8 OLI/TIRS, respectively.



The continuous drainage and drainage of groundwater in the underground mining mode adopted by some mining areas causes the groundwater level in the area to drop, disrupting the balance of water resources in the mining area; this leads to a shortage of common water resources. In order to reflect the water-holding capacity of the soil in the mining area, the SMMI (Soil Moisture Monitoring Index) was constructed to reflect the water content of the soil in the Luanchuan mining area [36]:


   SMMI =     R 2  +  N 2    /  2   



(4)




where N and R represent the near-infrared and red bands of Landsat 5 TM, Landsat 7 ETM, and Landsat 8 OLI/TIRS, respectively.



Land resources are directly occupied or indirectly damaged due to mining, due to tailings and waste rock accumulation and other factors, and land cover is replaced by open pits, concentrators, waste dumps, and waste rock heaps. We chose the average value of the NDBSI to express this ecological situation. The NDBSI is the average of bare soil index SI and building index IBI [32]:


  N D B S I = ( S I + I B I ) / 2  



(5)






  S I =    (   S 1  + R  )  −  (  B + N  )     (   S 1  + R  )  +  (  B + N  )     



(6)






  I B I =   2  S 1  / (  S 1  + N ) − ( N / ( N + R ) + G / ( G +  S 1  ) )   2  S 1  / (  S 1  + N ) + ( N / ( N + R ) + G / ( G +  S 1  ) )    



(7)




where R, G, B, N, and S1 represent the red, green, blue, near-infrared, shortwave infrared, and red bands of Landsat 5 TM, Landsat 7 ETM, and Landsat 8 OLI/TIRS, respectively.



Due to the damage and destruction of landform and land resources, a large amount of dust has been dispersed. According to the PM2.5 of particles, the reflectivity of the red band increases, and the reflectivity of near-infrared band decreases. The difference index (DI) is used to characterize the change in particle concentration [30]:


  D I = R − N  



(8)




where N and R represent the near-infrared and red bands of Landsat 5 TM, Landsat 7 ETM, and Landsat 8 OLI/TIRS, respectively.



Mining activities will cause the surface temperature in the mining area to be higher than that in non-mining areas. We chose the surface temperature LST to reflect this surface temperature anomaly [37]:


  L = g a i n × D N + b i a s  



(9)






  T =  K 2  / ln (  K 1  / L + 1 )  



(10)






  L S T = T / [ 1 + ( λ T / ρ ) ln ε ]  



(11)




where L is the temperature value of the thermal infrared band at the sensor; gain is the gain value; DN is the gray value of the pixel; bias is the bias value; T is the temperature value at the sensor; K = 774.89 W/(m2·sr·μm); K2 = 1321.08 K; λ is the central wavelength of the thermal infrared band; ρ is 1.438 × 10−2 m·K; ε is the specific emissivity of ground objects estimated by the NDVI according to Sobrino’s model.




2.4. Validating the MSEEI


In this study, we evaluated the performance of the MSEEI by comparing its results with those of the RSEI, another environmental degradation index. The RSEI couples the greenness, humidity, dryness, and heat indicators that reflect the ecological environment, which can monitor and evaluate the quality of the regional ecological environment. In the present study, the average degree of correlation was used, which indicates the overall representativeness of the MSEEI and the correlation among the various indicators. It can be expressed as follows:


   R ¯  =   ∑  i = 1  n    |   R i   |    / n  



(12)




where n is the number of indicators, and Ri is the correlation coefficient between each indicator and the MSEEI.




2.5. Kernel Density Analysis and Fractal Dimension Statistics


Using the method of combining kernel density analysis and data grids, the RSEI and the mining points are gridded to analyze the relationship between the mining points and ecological changes. Kernel density analysis technology can achieve accurate and high-quality probability density estimation for point data, and it is an effective method for probability density estimation for mine point data:


  f  ( s )  =  1 h    ∑   i = 0  n  K  [    D  (  S ,  S i   )     h   ]   



(13)




where n can represent the number of vector spaces and entities that need to be included in the value range of the average distance between two points. K() can be used to directly represent a kernel computing function, and it generally can be used to represent a kernel computing function using a quartic polynomial. h is the distance threshold (bandwidth), which represents the Euclidean average distance between two points. Fractal dimension statistics of the change values of the mine site and the MSEEI further explore changes in the mine site and MSEEI.





3. Results


3.1. MSEEI Performance Validation


We conducted statistics on the occurrence frequency of ecological state values of the RSEI and MSEEI (Figure 3). Trends in ecological value distribution curves of the RSEI and MSEEI are consistent, indicating that the MSEEI can well reflect the overall ecological status of mining areas.



We calculated RSEI and MSEEI correlations for nine years; the correlation values are 0.867 (p < 0.01), 0.875 (p < 0.01), 0.879 (p < 0.01), 0.861 (p < 0.01), 0.871 (p < 0.01), 0.867 (p < 0.01), 0.859 (p < 0.01), 0.864 (p < 0.01), and 0.901 (p < 0.01) (Figure 4).



The average correlations (Table 1) between the MSEEI and EVI, SMMI, NDBSI, DI, and LST in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021 were compared. The average correlation of the MSEEI with the EVI, SMMI, NDBSI, DI, and LST range from 0.773 to 0.968. The EVI had the highest average correlation among indicators, the average of the nine years was 0.863, and the average correlation of the MSEEI was 0.910, which was 5.4% higher than the EVI, indicating that the MSEEI was more suitable than any single indicator to characterize the ecological environment.



The average MSEEI values (Table 2) shown above in the nine years were 0.85 (1997), 0.82 (2000), 0.83 (2003), 0.81 (2006), 0.79 (2009), 0.77 (2012), 0.80 (2015), 0.84 (2018), and 0.80 (2021). The average MSEEI in nine years was between 0.77 and 0.85, indicating that the quality of the ecological environment in the Luanchuan mining concentration area remained unchanged from 1997 to 2021. At the “better” level, the MSEEI value increased with an increase in EVI indicators that had a positive impact on the ecological status, and decreased with an increase in the NDBSI, DI, and LST indicators that had a negative impact on the ecological status. EVI had the most direct impact on the MSEEI among the five single indicators. The average values of EVI indicators that had a positive impact on the ecological status of the study area show a trend of “decline-up-decline-up”; specifically, the EVI first declined from 0.916 to 0.831 between 1997 and 2003, and then rebounded to about 0.887 in 2009; the EVI next declined from 0.887 to 0.815 between 2009 and 2015, and then rebounded to about 0.871 in 2021.



We counted the load values of the EVI, SMMI, NDBSI, DI, and LST on PC1 (Figure 5). The load values of the EVI and SMMI were always positive, indicating that EVI and SMMI had a positive effect on the ecological environment of the mining area. The load value of LST to PC1 was always negative, indicating that the NDBSI, DI, and LST had a negative effect on the ecological environment of the mining area. From 1997 to 2021, the load value of the EVI was in the range of 0.61~0.74, the positive effect of the EVI on the ecological environment of the mining area was relatively stable, the load range of the NDBSI was −0.42 to −0.55, the negative effect of the NDBSI on the ecological environment of the mining area was relatively stable. The load value of the DI ranged from −0.44 to −0.16, and the negative effect of the DI on the ecological environment first decreased and then increased, which was relatively volatile. From 2003 to 2006, the load value of the SMMI decreased from 0.47 to 0.21, and the positive effect of the SMMI on the ecological environment of the mining area decreased significantly. From 2003 to 2012, the load value of LST increased from −0.29 to −0.04, and the negative effect of LST on the ecological environment of the mining area decreased. The effect was significantly weakened.




3.2. Ecological Status of Mining Areas


The MSEEI results were graded (poor: 0 < MSEEI < 0.2; fair: 0.2 < MSEEI < 0.4; moderate: 0.4 < MSEEI < 0.6; good: 0.6 < MSEEI < 0.8; excellent: 0.8 < MSEEI < 1) (Figure 6). The ecological quality of the Luanchuan mining area was relatively good in 1997. After 1997, the overall ecological quality of the Luanchuan mining area declined compared with that in 1998, mainly because human engineering activities were closely related to prospecting and mining activities, and the original vegetation was replaced by open-pit mining. In 2021, the area with a poor ecological grade was 14.57 km2, an increase of 12.4 km2 from 1997; the area with a poor ecological grade was 7.79 km2, an increase of 4.53 km2 from 1997, and the area with a moderate ecological grade was 13.66 km2, an increase of 0.80 km2 from 1997. The area with a good grade was 87.22 km2, which was 2.25 km2 larger than that in 1997, and the ecologically unchanged area was 124.59 km2, which was 19.97 km2 smaller than that in 1997 (Figure 7).



We chose mining scopes with the same mining time as the research time to analyze the ecological status within mining scopes. Among the different sub-mining scopes of the Luanchuan mine, the open-pit mining Luotuoshan sulfur polymetallic mine scope (1.83 km2), the open-pit mining Sandaozhuang molybdenum mine scope (2.51 km2), the open-pit mining Qiushuigou mining area lead-molybdenum mine scope (9.27 km2), and Zazigou Lead-Molybdenum Mine (2.05 km2) were further selected to demonstrate mining activity intensification, and the original vegetation was replaced by open-pit mining sites, causing a deterioration in the ecological environment within the mining scopes (Figure 8). The mean value of the MSEEI within the mining scopes decreased with increasing years (Figure 9), which was consistent with the ecological conditions within the scopes (Figure 8). Comparison of the severity of ecological deterioration at the scale of scopes were ranked as follows: Sandaozhuang Molybdenum Mine > Zazigou Pb-Molybdenum Mine > Luotuoshan Sulfur-Polymetallic Mine > Qiushuigou Pb-Molybdenum Mine (Table 3).




3.3. Ecological Changes in Mining Areas


We carried out the difference detection of ecological changes in the Luanchuan mining area (Figure 10). The detection results of the ecological difference in the mining area are divided into the following: Degraded (ΔMSEEI = −4, ΔMSEEI = −3, ΔMSEEI = −2, ΔMSEEI= −1), Unchanged (ΔMSEEI = 0), Improved (ΔMSEEI = 1, ΔMSEEI = 2, ΔMSEEI = 3, ΔMSEEI = 4) (Table 4). In 1997~2021, the deteriorated regions in the ecology of the Luanchuan mining area were concentrated in the southeast of Lengshui Town, the northwest of Chitudian Town and the northeast of Taowan Town; the ecologically improved areas were concentrated in the northeast of Chitudian Town. The Luanchuan mine concentration area suffered from ecological problems with the intensification of mining activities. Destruction and deterioration of the environment occurred, but under the guidance of the policy of development and governance, the ecology of some mining areas is gradually improving.





4. Discussion


4.1. MSEEI Provides an Effective Method for Assessing Mine Environments


Currently, the RSEI is widely used in regional ecological assessment research to assess the quality of the ecological environment in the long term. However, the RSEI is a generic environmental evaluation indicator, and not specifically designed for assessing mines [16,22,38,39]. In this study, by comprehensively considering the vegetation damage, soil drying, land cover change, surface temperature anomalies, air pollution, and other issues caused by mine development, a novel MSEEI was proposed through integrating the EVI, SMMI, NDBSI, LST, and DI. In order to verify the effect of the MSEEI in the ecological assessment of the mining area, we compared 1997 LANDSAT TM data, 2021 LANDSAT OLI data, Google images, and field survey photos in three regions with serious ecological deterioration. The results show that the serious ecological deterioration was mainly caused by expansions of the open pit, tailings pond, and waste dump during mining. The MSEEI could effectively reflect changes in the ecological environment during mining. The MSEEI inherited the principal component analysis method when constructed from the RSEI, and changed specific ecological indicators to adapt to the ecological environment assessment of the mining area. The MSEEI provides a new idea for the regional ecological assessment of mining areas, which can be widely used to assess the environmental grade of mining areas, and guide natural environment protection policies for mining areas.




4.2. MSEEI Change Patterns around the Ore Points


From 1997 to 2021, the ecological environment of the Luanchuan mining area changed greatly. We found that the lower the value of the MSEEI, the closer the area was to the boundary of open-pit mining (Figure 11), and the closer to the damage caused by the tailings pond, open-pit stope, dump, and concentrator to the surface ecological environment of the mining area, the lower the value of the MSEEI in the damaged area.



We analyzed the relationship between the change in ecological environment and the landform around the mine, and we analyzed the nuclear density of the mine site. According to the results of the nuclear density analysis, the area around the mine point is divided into five levels: the higher concentration area, the high concentration area, the medium concentration area, the low concentration area, and the lower concentration area (Figure 12). We made statistics on the DEM and MSEEI in different concentration areas (Table 5). The MSEEI value of the higher concentration area decreased from 0.84 to 0.78; the MSEEI value of the high concentration area decreased from 0.85 to 0.8; the MSEEI value of the medium concentration area decreased from 0.85 to 0.80; the MSEEI value of the low concentration area decreased from 0.85 to 0.83, and the MSEEI value of the lower concentration area decreased from 0.85 to 0.84. It shows that the ecological deterioration was more serious in the area where mines were concentrated.



In order to further illustrate the spatial pattern of the change in the MSEEI around ore points, an eight-directional fractal dimension was established, and the ore points of each dimension were counted (Table 6). By normalizing the MSEEI changes and the numbers of mining points of each type from 1997 to 2021, a radar chart of changes in the MSEEI and the number of mining points are obtained (Figure 13). It can be clearly seen that the MSEEI increases in the west, south, and east. If the change value of the MSEEI is greater than 0.5, there are few mining points in these three directions, the elevation is high, the vegetation is dense, the self-healing ability of the ecological environment is strong, and it is less affected by human engineering activities; on the contrary, the distribution of mining points in other directions is relatively dense, the vegetation is severely damaged and the ecological environment is poor. Artificial ecological restoration projects are needed to improve the quality of the ecological environment in the mining area.




4.3. Future Perspectives


From the perspective of ecological problems caused by mining, this study constructed the MSEEI, an index suitable for the regional evaluation of mining areas. The main research results can be used for long-term mine ecological environment assessment, ecological status assessment before and after mine treatment, and for the formulation of natural environmental protection policies for mines. However, there are also some shortcomings: (1) although the difference index DI can reflect regional PM2.5 concentration to a certain extent, its specific correlation needs to be further studied; (2) the ecological environment of a mining area is affected by a variety of factors. In subsequent research, indexes such as water quality of the tailings pond, mining mode, mine wastewater pollution, biodiversity of the mining area, and carbon sequestration capacity should be included in the evaluation system.





5. Conclusions


Taking the Luanchuan mining cluster area in Luoyang City, Henan Province, as the research area, the Landsat satellite remote sensing image data and the mining point data of the Luanchuan mining cluster area in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021 were selected, and the remote sensing image data were used to extract the ecological impact factor constructs for the Mine-Specific Eco-Environment Index (MSEEI). Based on GIS spatial operation and spatial analysis, the ecological environment quality of the Luanchuan mining area was discussed.



The MSEEI is a kind of remote sensing index applicable to the ecological environment assessment of mining areas. The EVI and SMMI have a positive effect on the ecological environment of a mining area, while the NDBSI, DI, and LST have a negative effect on the ecological environment of a mining area. The overall ecological environment changes in the Luanchuan mining area showed local optimization and improvement, and overall decline. Among them, the mean MSEEI of the Sandaozhuang molybdenum mine, the Zhazigou lead-molybdenum mine and the Qiushuigou lead-molybdenum mine decreased more than 0.2, which caused the deterioration of the ecological environment within the mining rights. The area of ecological environment quality improvement in the mining area was 31.33 km2, accounting for 12.65% of the ore concentration area. The area of deterioration of the ecological environment quality was 65.10 km2, accounting for 26.27% of the total area of the city. The constant area occupied 151.38 km2 or less. The area of the ecological deterioration was concentrated in the southeast of Shushui Town, the northwest of Chitudian Town and the northeast of Taowan Town, while the area of ecological improvement was concentrated in the northeast of Chitudian Town, and the overall change trend was “worse in the east and better in the west.” The tailings pond, open stope, dump, and concentrator caused by mining damage to the surface ecological environment of the mining area resulted in the regional MSEEI value being low. There was a certain correlation between the change in ecological environment quality of the mining area and the mine, and the ecological environment quality of the place, with a small number of mines being stable and basically good or excellent.
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Figure 1. Location of Luanchuan County, Luoyang City, Henan Province (a); location of the Luanchuan mining concentration area (b); mine distribution location of Luanchuan mining concentration area (c). 
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Figure 2. Flowchart of our MSEEI method. 
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Figure 3. RSEI and MSEEI index frequencies in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021. 
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Figure 4. Correlations between the MSEEI and RSEI in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021. 
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Figure 5. The EVI, SMMI, NDBSI, LST, and DI load on PC1 in 1997, 2000, 2003 (a); the EVI, SMMI, NDBSI, LST, and DI load on PC1 in 2006, 2009, 2012 (b); the EVI, SMMI, NDBSI, LST, and DI load on PC1 in 2015, 2018, 2021 (c). 
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Figure 6. Ecological statuses of mining areas in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021. 
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Figure 7. Areas of the ecological statuses of mining areas in 1997, 2000, 2003 (a); areas of ecological status of mining areas in 2006, 2009, 2012 (b); areas of ecological status of mining areas in 2015, 2018, 2021 (c). 
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Figure 8. Ecological statuses for selected mining scopes in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021. 
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Figure 9. Mean values of the MSEEI for selected mining scopes in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021. 
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Figure 10. Ecological changes in mining areas in 1997, 2000, 2003, 2006, 2009, 2012, 2015, 2018, and 2021. 
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Figure 11. Field inspection and investigation of degraded areas. 
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Figure 12. Nuclear density analysis diagram of mine points (a); MSEEI in 1997, 2021 (b). 
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Figure 13. The spatial pattern of MSEEI change around the ore points. 
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Table 1. Mean correlations of the MSEEI and indicators.
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Year

	
Mean Correlation of MSEEI and Indicators




	
EVI

	
SMMI

	
NDBSI

	
DI

	
LST

	
MSEEI






	
1997

	
0.916

	
0.852

	
0.919

	
0.853

	
0.781

	
0.942




	
2000

	
0.879

	
0.863

	
0.861

	
0.793

	
0.785

	
0.872




	
2003

	
0.831

	
0.824

	
0.856

	
0.879

	
0.793

	
0.892




	
2006

	
0.865

	
0.873

	
0.773

	
0.756

	
0.871

	
0.915




	
2009

	
0.887

	
0.794

	
0.803

	
0.817

	
0.835

	
0.894




	
2012

	
0.871

	
0.789

	
0.779

	
0.834

	
0.791

	
0.968




	
2015

	
0.815

	
0.827

	
0.781

	
0.864

	
0.879

	
0.889




	
2018

	
0.836

	
0.831

	
0.892

	
0.867

	
0.872

	
0.897




	
2021

	
0.871

	
0.845

	
0.906

	
0.854

	
0.862

	
0.923




	
Average

	
0.863

	
0.833

	
0.841

	
0.835

	
0.830

	
0.910
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Table 2. Mean values of normalized ecological environment factors.
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	1997
	2000
	2003
	2006
	2009
	2012
	2015
	2018
	2021





	EVI
	0.76
	0.73
	0.75
	0.71
	0.69
	0.70
	0.67
	0.68
	0.67



	SMMI
	0.69
	0.66
	0.67
	0.64
	0.59
	0.56
	0.57
	0.55
	0.54



	NDBSI
	0.40
	0.37
	0.43
	0.32
	0.47
	0.39
	0.41
	0.38
	0.36



	DI
	0.46
	0.41
	0.36
	0.37
	0.42
	0.33
	0.35
	0.31
	0.38



	LST
	0.31
	0.37
	0.33
	0.35
	0.40
	0.41
	0.32
	0.36
	0.34



	MSEEI
	0.85
	0.82
	0.83
	0.81
	0.79
	0.77
	0.80
	0.84
	0.80
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Table 3. MSEEI values in each grade percentage of mining scopes.
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Mining Scope

	

	
MSEEI in Each Grade Percentage (%)




	
1997

	
2000

	
2003

	
2006

	
2009

	
2012

	
2015

	
2018

	
2021






	
Qiushuigou Lead-Molybdenum Mine

(9.27 km2)

	
Poor

	
0.29

	
0.88

	
1.35

	
1.31

	
2.39

	
6.74

	
6.04

	
10.79

	
12.82




	
Fair

	
0.64

	
0.48

	
0.36

	
0.95

	
2.90

	
6.39

	
3.27

	
3.96

	
4.25




	
Moderate

	
4.68

	
0.65

	
0.54

	
2.90

	
4.02

	
6.42

	
3.90

	
7.61

	
7.29




	
Good

	
30.08

	
18.12

	
18.26

	
27.16

	
28.53

	
36.70

	
17.51

	
33.41

	
25.39




	
Excellent

	
64.30

	
79.87

	
79.49

	
67.67

	
62.16

	
43.75

	
69.27

	
44.23

	
50.26




	
Luotuoshan Sulfur Polymetallic Mine

(1.83 km2)

	
Poor

	
0.29

	
14.97

	
15.47

	
8.76

	
14.92

	
10.82

	
11.68

	
19.53

	
18.21




	
Fair

	
0.64

	
3.70

	
4.52

	
7.65

	
13.23

	
11.93

	
7.98

	
7.57

	
8.15




	
Moderate

	
4.66

	
5.14

	
8.68

	
12.09

	
13.58

	
8.97

	
9.34

	
11.47

	
9.33




	
Good

	
29.94

	
37.97

	
31.18

	
49.28

	
45.79

	
43.44

	
38.13

	
45.41

	
42.09




	
Excellent

	
64.48

	
38.21

	
40.15

	
22.21

	
13.97

	
24.85

	
32.87

	
16.02

	
22.22




	
Sandaozhuang Molybdenum Mine

(2.51 km2)

	
Poor

	
18.49

	
21.58

	
22.20

	
47.13

	
69.91

	
72.99

	
73.05

	
79.62

	
78.21




	
Fair

	
7.29

	
2.53

	
3.14

	
11.11

	
14.14

	
12.66

	
6.51

	
4.88

	
5.67




	
Moderate

	
9.40

	
2.73

	
3.90

	
9.48

	
7.23

	
6.89

	
4.90

	
6.53

	
5.49




	
Good

	
25.63

	
11.05

	
8.74

	
15.75

	
7.48

	
6.81

	
10.91

	
7.47

	
7.29




	
Excellent

	
39.20

	
62.11

	
62.02

	
16.52

	
1.24

	
0.65

	
4.64

	
1.51

	
3.34




	
Zazigou Lead-Molybdenum Mine

(2.05 km2)

	
Poor

	
0.27

	
0.68

	
1.01

	
0.14

	
15.56

	
26.24

	
27.54

	
43.64

	
31.26




	
Fair

	
1.33

	
0.40

	
0.36

	
0.54

	
3.56

	
6.62

	
4.07

	
4.94

	
8.94




	
Moderate

	
8.23

	
1.08

	
1.04

	
1.52

	
5.56

	
3.20

	
3.35

	
7.78

	
12.67




	
Good

	
31.57

	
22.71

	
25.88

	
22.92

	
27.57

	
36.39

	
19.51

	
23.22

	
20.81




	
Excellent

	
58.60

	
75.13

	
71.71

	
74.87

	
47.75

	
27.54

	
45.54

	
20.42

	
26.32
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Table 4. MSEEI grades change detection from 1997 to 2021.
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ΔMSEEI

	

	
Degraded

	
Unchanged

	
Improved




	

	
−4

	
−3

	
−2

	
−1

	
0

	
1

	
2

	
3

	
4






	
1997–2000

	
Area (km2)

	
0.28

	
1.17

	
3.54

	
27.81

	
167.69

	
43.45

	
3.58

	
0.30

	
0.01




	
Percentage (%)

	
0.11%

	
0.47%

	
1.43%

	
11.22%

	
67.66%

	
17.53%

	
1.44%

	
0.12%

	
0.00%




	
2000–2003

	
Area (km2)

	
0.30

	
1.49

	
5.84

	
35.74

	
158.25

	
43.46

	
2.47

	
0.26

	
0.01




	
Percentage (%)

	
0.12%

	
0.60%

	
2.36%

	
14.42%

	
63.85%

	
17.54%

	
1.00%

	
0.11%

	
0.00%




	
2003–2006

	
Area (km2)

	
5.17

	
1.19

	
1.69

	
22.62

	
169.18

	
41.68

	
3.97

	
2.22

	
0.11




	
Percentage (%)

	
2.09%

	
0.48%

	
0.68%

	
9.13%

	
68.26%

	
16.82%

	
1.60%

	
0.90%

	
0.04%




	
2006–2009

	
Area (km2)

	
1.62

	
4.55

	
4.32

	
40.29

	
176.98

	
19.83

	
0.18

	
0.05

	
0.00




	
Percentage (%)

	
0.65%

	
1.84%

	
1.74%

	
16.26%

	
71.41%

	
8.00%

	
0.07%

	
0.02%

	
0.00%




	
2009–2012

	
Area (km2)

	
0.26

	
0.96

	
3.41

	
37.41

	
161.75

	
37.70

	
3.90

	
2.27

	
0.16




	
Percentage (%)

	
0.10%

	
0.39%

	
1.38%

	
15.10%

	
65.27%

	
15.21%

	
1.57%

	
0.92%

	
0.07%




	
2012–2015

	
Area (km2)

	
0.01

	
0.23

	
0.49

	
16.32

	
174.07

	
51.75

	
4.46

	
0.49

	
0.00




	
Percentage (%)

	
0.00%

	
0.09%

	
0.20%

	
6.58%

	
70.24%

	
20.88%

	
1.80%

	
0.20%

	
0.00%




	
2015–2018

	
Area (km2)

	
0.91

	
2.57

	
8.43

	
77.88

	
151.08

	
6.86

	
0.08

	
0.01

	
0.00




	
Percentage (%)

	
0.37%

	
1.04%

	
3.40%

	
31.42%

	
60.96%

	
2.77%

	
0.03%

	
0.01%

	
0.00%




	
2018–2021

	
Area (km2)

	
0.31

	
0.98

	
1.57

	
14.66

	
195.86

	
33.23

	
0.97

	
0.23

	
0.02




	
Percentage (%)

	
0.12%

	
0.40%

	
0.63%

	
5.91%

	
79.03%

	
13.41%

	
0.39%

	
0.09%

	
0.01%




	
1997–2021

	
Area (km2)

	
4.36

	
6.57

	
8.93

	
45.24

	
151.38

	
29.63

	
1.52

	
0.17

	
0.02




	
Percentage (%)

	
1.76%

	
2.65%

	
3.60%

	
18.26%

	
61.08%

	
11.96%

	
0.61%

	
0.07%

	
0.01%
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Table 5. MSEEI in each grade percentage of regions.
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Region

	
DEM (m)

	
Area Percentage of ΔMSEEI (%)




	
−4

	
−3

	
−2

	
−1

	
0

	
1

	
2

	
3

	
4






	
Higher concentration area

(15.33 km2)

	
828~1099

	
0.06

	
0.25

	
0.55

	
1.38

	
3.61

	
1.07

	
0.06

	
0.02

	
0.00




	
1099~1283

	
0.58

	
0.53

	
0.48

	
3.00

	
14.13

	
4.43

	
0.24

	
0.01

	
0.00




	
1283~1428

	
0.66

	
0.98

	
1.97

	
6.71

	
24.08

	
4.69

	
0.23

	
0.01

	
0.00




	
1428~1685

	
0.38

	
0.60

	
0.64

	
6.68

	
19.34

	
2.54

	
0.08

	
0.00

	
0.00




	
High concentration area

(11.93 km2)

	
828~1099

	
0.34

	
0.55

	
0.73

	
1.33

	
4.81

	
1.69

	
0.12

	
0.02

	
0.00




	
1099~1283

	
0.21

	
0.37

	
0.57

	
2.18

	
12.69

	
3.82

	
0.32

	
0.04

	
0.00




	
1283~1428

	
0.70

	
1.65

	
2.28

	
8.08

	
22.89

	
5.18

	
0.29

	
0.03

	
0.00




	
1428~1685

	
0.48

	
0.57

	
0.51

	
5.58

	
18.16

	
3.63

	
0.16

	
0.02

	
0.00




	
Medium concentration area

(24.86 km2)

	
828~1099

	
0.12

	
0.32

	
0.71

	
2.06

	
7.76

	
2.65

	
0.17

	
0.03

	
0.00




	
1099~1283

	
0.04

	
0.30

	
0.49

	
1.82

	
11.06

	
3.03

	
0.20

	
0.01

	
0.00




	
1283~1428

	
1.71

	
2.35

	
2.46

	
8.32

	
19.85

	
4.21

	
0.32

	
0.03

	
0.00




	
1428~1685

	
2.49

	
1.97

	
0.86

	
6.33

	
15.24

	
2.95

	
0.14

	
0.00

	
0.00




	
Low concentration area

(42.28 km2)

	
828~1099

	
0.53

	
0.62

	
0.60

	
1.39

	
3.27

	
1.17

	
0.03

	
0.00

	
0.00




	
1099~1283

	
0.47

	
0.68

	
0.96

	
2.93

	
10.71

	
3.51

	
0.13

	
0.00

	
0.00




	
1283~1428

	
1.84

	
3.26

	
2.25

	
6.28

	
19.35

	
4.12

	
0.20

	
0.06

	
0.04




	
1428~1685

	
2.87

	
2.29

	
1.33

	
6.77

	
19.19

	
3.05

	
0.11

	
0.00

	
0.00




	
Lower concentration area

(45.74 km2)

	
828~1099

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
1099~1283

	
0.15

	
0.37

	
0.84

	
2.30

	
8.46

	
4.11

	
0.60

	
0.14

	
0.05




	
1283~1428

	
1.40

	
3.77

	
2.55

	
5.99

	
21.51

	
5.41

	
0.60

	
0.29

	
0.05




	
1428~1685

	
0.67

	
0.89

	
0.82

	
3.05

	
30.48

	
5.29

	
0.22

	
0.00

	
0.00
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Table 6. Statistics of the eight-center latitude ore points and the mean values of MSEEI change.






Table 6. Statistics of the eight-center latitude ore points and the mean values of MSEEI change.





	Direction
	North
	Northeast
	East
	Southeast
	South
	Southwest
	West
	Northwest





	Pyrite
	1
	0
	0
	1
	0
	0
	0
	0



	Gold mine
	0
	0
	0
	0
	0
	0
	1
	0



	Molybdenum ore
	0
	4
	1
	0
	1
	0
	0
	0



	Iron ore
	0
	0
	0
	0
	0
	0
	0
	0



	Lead ore
	5
	2
	5
	4
	1
	0
	0
	1



	Zinc ore
	0
	3
	0
	0
	4
	5
	7
	0



	Total
	6
	9
	6
	5
	6
	5
	8
	1



	Change Value
	0.013
	0.016
	0.024
	0.021
	0.011
	0.017
	0.008
	0.011
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