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Abstract

:

Aiming at the problem that the current research is not suitable for the evaluation of the surface ecological environmental quality in a small-scale coal mining subsidence area, a model combining the hierarchical method and the weighted method was constructed to realize the comprehensive evaluation of the surface ecological environmental quality in a small-scale subsidence area. The results showed that the change in the water and soil environment caused by coal mining subsidence was the main factor affecting the quality of the ecological environment in the subsidence area; the evaluation results in the control area and uniform subsidence area were of grade III, which was at the “general” level, and the evaluation results in the non-uniform subsidence area were of grade VI, which was at the “poor” level. Coal mining subsidence has a great impact on the quality of ecological environment in a non-uniform subsidence area.
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1. Introduction


In the report of the 19th National Congress of the Communist Party of China, President Xi Jinping pointed out: “We will firmly follow the path of civilized development of production development, affluent life and good ecology, build a beautiful China, create a good production and living environment for the people, and contribute to global ecological security” [1,2]. Therefore, promoting green development, focusing on solving prominent environmental problems, and increasing the protection of ecosystems is fundamental and important work for the harmonious coexistence of man and nature. The ecological environmental assessment is the premise and guarantee of the scientifically normative protection and management of the environment.



Due to the continuous emergence of various environmental problems, which have seriously affected people’s normal production and life, governments worldwide have carried out ecological environmental assessments since 1960 and issued a series of relevant systems [3]. In 1969, the United States formulated and issued the environmental impact assessment system, requiring the government to strictly implement this system in environmental supervision and management [4]. Relevant environmental protection agencies in the United States also evaluated the ecological environmental quality of cities nationwide in 1990 [5]. The rapid development of the Japanese industry has caused serious pollution to the ecological environment. Therefore, the government has launched an environmental impact assessment model and used a variety of methods to assess the environmental impact [6]. Australia, France, New Zealand, Canada, and other countries have also formulated and promulgated the environmental impact assessment system [7]. China’s eco-environmental assessment started in the 1970s where the government has promulgated a series of environmental protection laws and management measures, established the environmental impact assessment system, and improved the comprehensive evaluation index system [8,9].



With the increasingly serious ecological and environmental problems caused by coal mining, the ecological and environmental assessment of mining areas has gradually attracted the attention of the government and academia [10,11]. Since 1970, developed countries such as Europe and the United States began formulating a series of systems for mine ecological environmental assessment and restoration and carried out some ecological environmental evaluation work in coal mining areas [12]. The environmental quality, ecological security, ecological risk, ecological carrying capacity, ecological degradation, and ecological capital at the mining scale have been the main research points [13]. In recent years, based on the continuous development of mathematical theory and computer technology, scholars at home and abroad have carried out a lot of research on the evaluation index system and the evaluation methods of ecological environmental quality in mining areas [14,15,16].



Regarding the evaluation content, the existing research has mainly carried out the evaluation from the perspectives of natural factors (temperature, precipitation), surface factors (vegetation, soil), and social factors (production and life) at the macro-scale, which is applicable to large-scale areas such as mining areas or coal mines [17,18,19,20]. However, as a small-scale area, the particularity of a coal mining subsidence area is that there are not only differences in vegetation, soil, and other indicators in different subsidence areas, but also differences in the moisture of the vadose zone and the degree of surface deformation, that is, the factors affecting the quality of the ecological environment in the subsidence area are more complex. Therefore, it is necessary to study the eco-environmental quality evaluation of small-scale subsidence areas.



In terms of evaluation methods, the current research has mainly adopted the comprehensive evaluation method of the ecological environmental quality, which includes principal component analysis, the comprehensive index method, the analytic hierarchy process, the fuzzy evaluation method, the machine learning method, and so on [21,22,23,24,25,26]. Among them, the analytic hierarchy process has clear logic and clear hierarchy, which is suitable for the hierarchical construction of the index system, but the determination of the index weight mainly depends on human evaluation and lacks objectivity. The weighting method determines the index weight according to the objective standard, which avoids the human subjectivity. The fuzzy evaluation method considers the fuzziness between environmental quality grades, and the comprehensive evaluation results are more in line with the actual situation. Therefore, the combination of these methods can improve the scientificity of the evaluation.



As one of the important energy sources in China, coal accounts for more than 70% of the composition of the domestic energy consumption, and presents a state of “more in the West than in the East, poor in the South and rich in the North” in terms of regional distribution [27]. As the main area of coal resource development in China, the northwest region has inherent contradictions between its high-intensity coal resource development and the inherently fragile ecological background environment, which has caused a series of ecological and environmental problems. For example, open-pit coal mining will damage the soil structure and surface vegetation; underground coal mining will cause problems such as subsidence, cracks, groundwater level drop; and soil erosion on the surface, which will lead to vegetation degradation or even death [28,29]. Therefore, taking the 1-year and 2-year subsidence area of the Nalinhe No. 2 coal mine in the Shendong Coalfield in northwest China as the research object, this paper established a hierarchical analysis structure evaluation model of the surface ecological environmental quality in a small-scale subsidence area, and used the weighting method to determine the weight of the evaluation index. On this basis, the fuzzy evaluation method was used to analyze the impact of coal mining subsidence on the environmental index factors, environmental elements, and surface ecosystem, and we put forward measures and suggestions to improve the quality of the ecological environment in the subsidence area, in order to provide a theoretical basis for the development and utilization of coal resources and the ecological restoration in this area.




2. Materials and Methods


2.1. Study Area


The study area is located in Wudinghe Town, Wushen Banner, Ordos City, Inner Mongolia Autonomous Region, at the southernmost end of the Nalinhe Mining Area in the Shendong Coalfield. The area is about 17.8 km long, 13.5 km wide, and 176.34 km2 in area. The surface subsidence is mainly controlled by the working face inclination. The measured maximum subsidence of the surface inclination is 2.72 m and the maximum subsidence of the strike is 1.52 m. The geographic coordinates are east longitude 108°51′30″–109°00′00″, and north latitude 37°58′00″–38°05′30″, as shown in Figure 1.



The study area is located in the east of the Mu Us Desert. The climate is characterized by a semi-arid temperate plateau, continental climate, sparse vegetation, heavy wind and sand, dry, and little rain. The annual evaporation is 5~10 times that of the annual precipitation, and the temperature difference between day and night is wide [30]. Therefore, the ecological environment of the mining area is extremely fragile.



There is no obvious surface water system in the study area. The groundwater is mainly the pore phreatic aquifer of the Quaternary Salawusu Formation, and the average buried depth of the phreatic water level is about 30 m [31]. The main recharge source of the phreatic layer is atmospheric precipitation, followed by the lateral runoff recharge of phreatic water outside the study area including the overflow recharge of deep confined water [32]. Although the average annual precipitation in this area is small, it is mainly concentrated in summer. Therefore, in the rainy season, the phreatic water supply will increase significantly.



The tectonic division of the study area belongs to the Dongsheng uplift area of the Ordos syncline of the North China platform, which is located in the south of the Dongsheng uplift area [33]. The basic structural form is a westward-dipping monoclinic structure, which turns into a northwest-dipping monoclinic structure in the south. The dip angle of the rock formations is 1–3°. Folds and faults are not developed, but there are weak wave-like ups and downs locally, and there is no magmatic rock intrusion. Therefore, it belongs to a simple structural coal field [34,35].




2.2. Field Test Area


According to the needs of this study for the surface subsidence observations and on-site monitoring of ecological elements such as water, soil, and vegetation, the working faces of 31101, 31102, and 31103 in the first mining area of Nalinhe No. were related to the research work. The geographical location of the field test area is east longitude 108°56′00″–108°59′00″, and north latitude 38°1′00″–38°3′30″.



The working face of 31101 is 241 m wide and 2600 m long, and the mining time was from September 2014 to May 2017; the 31102 working face is 241 m wide and 3100 m long, and the mining time was from June 2017 to December 2018; and the 31103 working face is 241 m wide and 3600 m long, and the mining time was from April 2019 to April 2021. The coal pillar spacing in the reserved section of the working face is 20 m. The mining height of the three working faces is 5.5 m, and the buried depth of the coal seam is about 600 m. The roof is composed of sandy mudstone (15.6 m), fine-grained sandstone (13.6 m), and sandy mudstone (20.1 m) from top to bottom, and the floor is composed of fine-grained sandstone (6.6 m) and sandy mudstone (15.3 m) from bottom to top.



According to the monitoring results of the surface subsidence in this area, the surface subsidence basically stopped about one year after mining. For example, according to the monitoring results, the mining time of the 31102 working face was from November 2017 to December 2018 and the mining subsidence stopped in May 2019.



After the mining of the three working faces, the influence scope of the surface subsidence was 450 m outside the goaf, and the subsidence area could be divided into a uniform subsidence area and non-uniform subsidence area. The uniform subsidence area was located in the flat bottom area of the basin, mainly in the middle section of the 31102 working face and the non-uniform subsidence area was located at the edge of the basin including the 31101 and 31103 working faces and their extended 450 m area.



In the uniform subsidence area, the non-uniform subsidence area, and the control area, sections of 200 m × 600 m area, 200 m × 600 m area, and 200 m × 300 m area were selected for sampling distribution, respectively. The checkerboard method was used for sampling, the grid design was 50 m × 75 m, and each sampling point was at the center of the grid. A total of 100 sampling points was arranged in the three areas including 20 in the control area, 40 in the uniform subsidence area, and 40 in the non-uniform subsidence area, as shown in Figure 2.



The dynamic characteristics of the inclined surface subsidence curve of the working face (layout of survey line Q–W) are shown in Figure 3a. As can be seen from Figure 3a, as of 3 July 2020, the maximum subsidence point of the dip survey line Q–W was q32 (the middle of the 31102 working face), and the maximum subsidence was 2.72 M. At this time, the flat bottom disc-shaped feature appeared in the middle of the subsidence area, which was a uniform subsidence area, while the edge of the subsidence area was a non-uniform subsidence area. Through the numerical simulation and prediction, the vertical subsidence shape of the subsidence area could also be obtained, as shown in Figure 3b. The central area of the subsidence area was a uniform subsidence area with almost the same subsidence, and the edge was a non-uniform subsidence area with a large difference in subsidence.




2.3. Selection and Measurement of Evaluation Indicators


2.3.1. Evaluation Indicators


Vegetation factors (vegetation type, coverage), soil factors (physical and chemical characteristics indicators), and hydrological factors (vadose zone moisture) interact and restrict each other, and have correlation and coupling and mutual feed characteristics under the disturbance of coal mining. From the natural background, climate is the decisive factor for the quality of the regional ecological environment. Therefore, combined with the measured data and the actual situation of the study area, this paper selected the annual precipitation, average annual temperature, surface soil moisture, pH value, alkaline hydrolyzable nitrogen, available phosphorus, and available potassium. There were 14 indicators in total including organic matter, arbor vegetation coverage, shrub vegetation coverage, grassland vegetation coverage, and moisture in the vadose zone (0–2 m, 2–6 m, and 6–10 m). The analysis of each index is as follows:




	(1)

	
Climate factor









Average annual temperature and annual rainfall are important climatic factors that affect the quality of the surface ecological environment in arid and semi-arid regions. Studies have shown that precipitation has a positive effect on vegetation cover and soil physicochemical properties [36]. Temperature can change plant growth patterns and have a greater impact on soil physicochemical properties [37]. Therefore, the annual average temperature and annual rainfall were selected as the evaluation indicators of climate factors.



	(2)

	
Soil factor







Soil factors mainly include the physical and chemical properties of the surface soil. Soil moisture is a key factor for vegetation growth in arid and semi-arid regions. Soil pH value is an important attribute formed under the comprehensive action of climate, biology, geology, hydrology, and other factors, which determines the transformation direction, transformation process, existence state, and effectiveness of most elements in soil. Soil nutrients are important elements for promoting vegetation growth. Therefore, according to the field monitoring data, this study selected the surface soil moisture, pH value, alkali-hydrolyzed nitrogen, available phosphorus, available potassium, and organic matter as the evaluation indicators of soil factors.



	(3)

	
Vegetation factor







The vegetation types and vegetation coverage in different subsidence areas have spatial heterogeneity, while the effects of coal mining subsidence on different vegetation types are different. Therefore, according to the actual situation of the vegetation types in the study area, the vegetation coverage of arbor forest, the vegetation coverage of shrub forest and the vegetation coverage of grassland were selected as the evaluation indicators of vegetation factors.



	(4)

	
Hydrological factors







Water in the vadose zone is the main source of water for the growth of trees, shrubs, and herbs in arid and semi-arid regions. Heterogeneous subsidence increases the spatial variability of moisture in the vadose zone, which in turn affects vegetation growth. According to the analysis results of the soil water spatial variation mechanism, the coal mining subsidence did not cause leakage of the aquifer, and had no effect on the water level of the aquifer. Therefore, in terms of hydrology, the water content of the vadose zone at different depth profiles was selected as the evaluation index.




2.3.2. Evaluation Index Measurement


A soil drill was used to collect 20 cm soil samples at each sampling point, three parallel samples were randomly collected from each sampling point, and the arithmetic mean of the three parallel samples at each sampling point was taken as the measurement result of this point. During the determination, the drying method, the potentiometric method, the alkaline hydrolysis diffusion method, the combined leaching-colorimetric method, and the potassium dichromate volumetric external heating method were used to determine the soil moisture, soil pH, soil alkaline hydrolysis nitrogen, soil available phosphorus and soil moisture, fast-acting potassium, and organic matter. In addition, based on the Gaofen-2 satellite remote sensing image data, the pixel dichotomy model method was used to extract and calculate the average vegetation coverage of trees, shrubs, and herbs in different regions.





2.4. Evaluation Models and Methods


The analytic hierarchy process (AHP) includes the target layer, criterion layer, and index layer. The target layer judges the ecological environment quality of the subsidence area as a whole and expresses the surface ecological environmental quality of the subsidence area; the criterion layer reflects the ecological environmental stability of the target layer from different factors including climatic factors, soil factors, vegetation factors, and hydrological factors; and the index layer is the most basic level of the evaluation index system of the ecological environmental quality in the subsidence area, and the criterion level is directly measured including the annual rainfall, average annual temperature, surface soil moisture, pH value, alkali-hydrolyzable nitrogen, available phosphorus, available potassium, organic matter, arbor vegetation coverage, shrub vegetation coverage, grassland vegetation coverage, and vadose zone moisture (0–2 m, 2–6 m, 6–10 m). The AHP hierarchy model is shown in Figure 4.



As the changes in the ecological factors in the coal mining subsidence area are uncertain, and considering that the individual indicators in different areas of the subsidence area are quite different, the weighting method was used to assign different weights to each index factor. Due to the ambiguity between the two adjacent levels in the quality classification standard of the environmental elements, dividing the measured value of the evaluation index into a certain level according to the evaluation standard will result in inaccurate evaluation results. This study used the membership matrix of fuzzy mathematics to solve this problem and used it to comprehensively evaluate the surface ecological environmental quality of the subsidence area.



	
Evaluation factor weight






The weighting method is used to calculate the weight of the evaluation factors, and the formula is as follows [25]:


   x i  =      a i  −  p i     p i       



(1)







Normalize xi:


   b i  =  x i  /   ∑   k − 1  n   x i   



(2)







In the formula, xi is the weight factor; ai is the measured value of the evaluation index; pi is the average value of the standard value of the ith evaluation index at all levels; and bi is the weight value of the ith evaluation index.



The weight value of each evaluation factor is used to form fuzzy matrix B:


  B =    b 1  ,  b 2  , … ,  b n     



(3)







	2.

	
Evaluation Index Standard Basis







The evaluation criteria and sources of each evaluation index are shown in Table 1.



It can be seen from Table 1 that the meteorological factors refer to “Precipitation Grade Standard” (GB T 28592–2012) and “Temperature Evaluation Grade” (GB/T 35562–2017). The index of the soil physical and chemical properties adopted the “Second National Soil Census Classification Standard” and was determined in combination with the actual local environmental conditions; the changes in vegetation coverage refer to the “Technical Specifications for Evaluation of Ecological Environment Conditions” (HJ 192–2015); and the vadose zone soil moisture was determined with reference to the “Second National Soil Census Grading Standard”, combined with the relevant literature and the local actual environmental conditions [38,39]. According to the above grading standards, the ecological rating of each index corresponding to the value range was determined.



There are optimum ranges of soil pH and annual average temperature in the growing season and too high or too low will have negative effects. The traditional evaluation method uses the intermediate fuzzy membership model to evaluate the soil pH value, but the selection of the boundary value of the model is subjective. Using the 3δ criterion can better judge the attributes of the evaluation index in the range of quality classification [40]. It can be seen from the above that the measured data of the soil pH value conformed to the normal distribution, according to the 3δ criteria, and the soil pH value grade table of the coal mining subsidence area was obtained as shown in Table 2.



The air temperature data were classified according to the standard deviation of the air temperature evaluation index and grade of “Air Temperature Evaluation Grade” (GB/T 35562–2017), as shown in Table 3.



	3.

	
Comprehensive evaluation grade of the ecological environmental quality







The fuzzy membership matrix was introduced to reflect the grade of the surface ecological environmental quality evaluation index in the subsidence area. In the evaluation, the measured value of the i evaluation factor is taken as    a i   , the standard value of grade j is    d  i j     (i = 1, 2, … n; j = 1, 2, …, n), and then the membership function of the evaluation factor is as follows:



The membership function for the first-level evaluation criteria, that is, j = 1:


         Positive   indicator   Negative   indicator       r  i 1   =      1         d  i 2   −      a   i     d  i 2   −      C    i 1          0                 a i  ≥  d  i 1          d  i 2   <  a i  ≤  d  i 1          a i  ≤  d  i 2                    a i  ≤  d  i 1          d  i 1   <  a i  ≤  d  i 2          a i  >  d  i 2              



(4)







The membership function for the evaluation criteria of the j to n − 1 levels, that is, j = 2, 3, 4, ……, n – 1:


         Positive   indicator   Negative   indicator       r  i j   =          a i  −  d  i j − 1      d  i j   −  d  i j − 1              d  i j + 1   −  a i     d  i j + 1   −  d  i j          0                 d  i j − 1   >  a i  ≥  d  i j          d  i j   ≥  a i  >  d  i j + 1          d  i j − 1   <  a i  ≤  d  i j + 1                    d  i j − 1   <  a i  ≤  d  i j          d  i j   ≤  a i  <  d  i j + 1          d  i j − 1   ≥  a i  >  d  i j + 1                



(5)







The membership function for the n-level evaluation criteria, that is, j = n:


         Positive   indicator   Negative   indicator       r  i n   =      1         d  i j   −  a i     d  i j   −  d  i j − 1          0                 a i  ≤  d  i j          d  i j − 1   >  a i  >  d  i j          a i  >  d  i j − 1                    a i  ≥  d  i j          d  i j − 1   <  a i  <  d  i j          a i  ≤  d  i j − 1                



(6)







According to the membership function and the measured value, the membership degree of each single factor to the evaluation standard can be calculated, and the following fuzzy relation matrix R can be obtained.


  R =        r  11      ⋯     r  1 j        ⋮   ⋱   ⋮       r  i 1      ⋯     r  i j          



(7)




where i represents the number of evaluation indicators, i = 1, 2, …, 13; and j represents the number of index grades, j = 1, 2, 3, 4.



According to C = BR, the membership degrees of the climatic factors, soil factors, vegetation factors, and hydrological factors in the criterion layer were calculated. The calculation result was dimensionless, that is, there was no unit. Then, according to the requirements of the maximum membership degree in the fuzzy mathematics method, after matrix operation, the membership degree of the surface ecological environmental quality in the subsidence area was finally obtained, in which level I is “excellent”, level II is “good”, level III is “average”, and IV grade is “poor”. According to the evaluation results, the ecological environmental quality grade of each evaluation unit in the subsidence area was determined, which provides theoretical guidance for the improvement of the surface ecological environmental quality in the subsidence area.





3. Results


3.1. Evaluation Factor Weight


3.1.1. Index Layer Factor Weights


We used Equations (1)–(3) to calculate the index weight of the index layer, and the results are shown in Figure 5.




3.1.2. Criterion Layer Factor Weights


The criterion layer factor weight can be determined by the index weight contained in each factor, as shown in Figure 6.



It can be seen from Figure 6 that the soil factors and hydrological factors had higher weights in the eco-environmental quality evaluation, accounting for 60–70%, and the weight of the climate factors and vegetation factors in the evaluation of the ecological environmental quality was lower, accounting for 30–40%, indicating that the change in the water and soil environment caused by the coal mining subsidence is the main factor affecting the ecological environmental quality at the small regional-scale of a coal mining subsidence area.





3.2. Evaluation Factor Membership


3.2.1. Index Layer Factor Membership


According to Equations (4)–(7), the membership degrees of each single factor to the four levels of the evaluation standard can be calculated, and the following fuzzy relationship matrix can be obtained for the 13 evaluation factors (Table 4).




3.2.2. Criterion Layer Factor Membership


According to C = BR, the membership degrees of climatic factors, soil properties, vegetation status, and hydrological status of the criterion layer were further calculated (Table 5).



As can be seen from Table 5, in terms of climatic factors, the evaluation results of the three regions were all grade III. Studies have shown that vegetation growth is closely related to climatic factors, and a humid climate can provide good growth conditions for vegetation growth [41]. However, the annual rainfall in the evaluation area was low, and the annual evaporation was 5–10 times that of the annual rainfall. Soil moisture and fertility were affected to a certain extent, which was not conducive to the growth of surface vegetation.



In terms of the soil factors, the evaluation results of the control area and the uniform subsidence area were all grade I, and the evaluation result of the non-uniform subsidence area was grade VI. The evaluation results showed that the mining subsidence had a great influence on the soil quality in the non-uniform subsidence area, but had no effect on the soil quality in the uniform subsidence area, or even improved. This may be due to the fact that the permanent ground fissures in the non-uniform subsidence area expand the leaching effect of soil nutrients [42], causing the nutrients to converge to the bottom of the subsidence area, resulting in a decrease in nutrients in the non-uniform subsidence area and an increase in soil nutrients in the uniform subsidence area.



In terms of vegetation factors, the evaluation results of the three regions were grade II. In the control area, the grade II membership degree was 0.79, and the grade I membership degree was 0.17. The grade II membership degree of the uniform subsidence area and the non-uniform subsidence area were 0.86 and 0.76, respectively. The evaluation results showed that the mining subsidence had a certain impact on vegetation growth, and the impact of the non-uniform subsidence area was greater than that of the uniform subsidence area.



In terms of the hydrological factors, the evaluation results of the three regions were all grade VI. Among them, the membership degree of grade VI in the control area, uniform subsidence area, and non-uniform subsidence were 0.62, 0.61, and 0.74, respectively. The research showed that the change of moisture in the vadose zone was obvious during the mining process, and the impact degree of different damaged areas was different [42]. The moisture in the vadose zone of the uniform subsidence area gradually showed the phenomenon of “self-healing”, while the surface cracks in the non-uniform subsidence area were difficult to self-heal; this negative effect still exists, and is difficult to recover in the short-term.





3.3. Comprehensive Evaluation of Surface Ecological Environment Quality in Subsidence Areas


According to the principle of the maximum membership degree in fuzzy mathematics, the membership degree of the surface ecological environmental quality in the subsidence area was obtained after the fuzzy matrix operation (Table 6).



As can be seen from Table 6, according to the principle of maximum membership and the evaluation classification of the referenced eco-environmental quality evaluation factors, the eco-environmental quality evaluation result of the control area was grade III and the eco-environmental quality was “general”. The evaluation result of the uniform subsidence area was grade III, and the ecological environment quality was “general”, which was close to the control area. The evaluation result of the non-uniform subsidence area was grade VI, and the ecological environment quality was “poor”. The comprehensive evaluation results of the surface ecological environment in the subsidence area showed that mining subsidence had a greater impact on the ecological environment quality of the non-uniform subsidence area, and the ecological environment quality dropped from the general level to the poor level while the ecological environmental quality of the uniform subsidence area had little impact, and the ecological environmental quality level had not changed, indicating that the ecological environmental quality of the uniform subsidence area had returned to the original level.





4. Discussion


A large number of studies have shown that the AHP evaluation index is relatively rich, the calculation process is relatively reasonable, the hierarchical structure is clear, the evaluation index can be flexibly selected according to the characteristics of the study area, and is less affected by the scale change of the study area. The hierarchical structure model proposed in this paper is suitable for the comprehensive evaluation of the surface ecological environmental quality in small-scale subsidence areas. The evaluation results are consistent with the impact law of coal mining subsidence on the surface ecological environment [15,22,43,44]. Compared with the analytic hierarchy process, the comprehensive index method is a weighted multi-factor environmental quality evaluation method, which is more commonly used in the ecological environmental evaluation of mining areas. For example, the “Technical Specifications for Evaluation of Ecological Environment Status” (HJ/T 192–2015) promulgated by the Ministry of Environmental Protection uses the ecological environmental status index EI as a comprehensive evaluation index to reflect the quality of the ecological environment. Some scholars have taken the Huolinhe mining area as the research object, and used the comprehensive index method to determine the weight of each index based on the four indices of biological abundance, vegetation coverage, land degradation, and environmental quality to calculate the EI index and conduct a survey on the ecological environment grading [45]. However, this method assumes that the weight of the evaluation regional indicators is fixed under different natural conditions, which cannot reflect regional differences and lacks objectivity in evaluating the ecological environment [46]. With the development of remote sensing technology, most scholars have used the remote sensing method to quickly obtain the information of the surface ecological elements and reflect the quality of the ecological environment through the remote sensing ecological index RESI. This method has the advantages of the stable and easy access of index data [47]. The disadvantage of this method is that the RSEI index has a strong dependence on the remote sensing indicators, the number of indicators is relatively small, and there is a lack of test indicators that reflect the surface ecological information in subsidence areas that are not suitable for the ecological environmental quality evaluation of small-scale subsidence areas [44].



The climate factor was not a variable in this study, and its function was to limit the application scenario of the model. Under certain climatic conditions, the background value of ecological elements such as vegetation, soil, and hydrology is at a certain level. When disturbed by human beings, the level of these factors will fluctuate on the original basis, and the climatic conditions can amplify or reduce the impact of these fluctuations to a certain extent. Therefore, considering climate factors can make the evaluation results more in line with the local ecological environment to increase the accuracy of the model.




5. Conclusions


In this study, a surface ecological environmental quality evaluation model combining the hierarchical method and the weighted method was constructed to achieve a comprehensive evaluation of the surface ecological environmental quality in small-scale subsidence areas. The main conclusions are as follows:




	
Soil factors and hydrological factors have a high weight in the evaluation of ecological environmental quality, and the two weights accounted for 60–70%. Climate factors and vegetation factors had lower weights in the evaluation of ecological environmental quality, and the two weights accounted for 30–40%. The changes in soil and water environment caused by coal mining subsidence were the main factors that caused differences in the ecological environmental quality in subsidence areas.



	
In terms of climate factors, the evaluation results of the three regions were grade III, and the impact of climate factors on small-scale subsidence areas was the same. In terms of soil factors, the evaluation results of the control area and the uniform subsidence area were grade I, and the evaluation results of the non-uniform subsidence area were grade VI. Coal mining subsidence had a great impact on the soil quality of the non-uniform subsidence area, but had no impact on the soil quality of the uniform subsidence area, and was even improved. In terms of the vegetation factors, the evaluation results of the three regions were grade II. The membership values of the different grades showed that mining subsidence had a certain impact on the vegetation growth, and the impact of the non-uniform subsidence area was greater than that of the uniform subsidence area. In terms of the hydrological factors, the evaluation results of the three regions were grade VI. The membership values of different grades showed that coal mining subsidence had a significant impact on the non-uniform soil moisture and had little impact on the uniform subsidence area.



	
The comprehensive evaluation result of the eco-environmental quality in the control area was grade III and the eco-environmental quality was at the “general” level; the evaluation result of the uniform subsidence area was grade III and the ecological environmental quality was “general”, which was close to the control area; and the evaluation result of the non-uniform subsidence area was grade VI and the ecological environmental quality was “poor”. Coal mining subsidence had a greater impact on the quality of the ecological environment in the non-uniform subsidence area, and the quality of the ecological environment decreased while the impact on the ecological environmental quality in the uniform subsidence area was small, and the quality of the ecological environment was close to the original level.
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Figure 1. Location map of the No. 2 mine field of Nalin River. 
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Figure 2. Layout of the sample points in the three areas. 
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Figure 3. (a) Dynamic characteristics of dip surface subsidence curve of the working face (layout of survey line Q–W). (b) Prediction results of the settlement numerical simulation. 
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Figure 4. The AHP hierarchy model diagram. 
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Figure 5. The evaluation factor ring weight chart. 
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Figure 6. The ring weight graph of the evaluation factors in the sub criteria layer. 
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Table 1. Evaluation criteria of the environmental parameter.
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Elements

	
Standard

	
Index

	
Unit

	
Standard Grading




	
I

	
II

	
III

	
VI






	
Climate

	
Precipitation grade standard (GB/T 28592–2012)

	
Annual precipitation

	
mm

	
800

	
600

	
400

	
200




	
Temperature evaluation grade (GB/T 35562–2017)

	
Average temperature

	
°C

	
/

	
/

	
/

	
/




	
Soil

	
Classification standard of the second soil survey

	
Moisture

	
%

	
15

	
12

	
8

	
5




	
pH

	
/

	
/

	
/

	
/

	
/




	
N

	
mg/kg

	
150

	
120

	
60

	
30




	
P

	
mg/kg

	
25

	
20

	
10

	
5




	
K

	
mg/kg

	
150

	
120

	
50

	
20




	
Organic matter

	
g/kg

	
30

	
25

	
15

	
10




	
Vegetation

	
Technical specification for ecological environment assessment (HJ192–2015)

	
Vegetation coverage

	
%

	
5

	
20

	
50

	
70




	
Hydrological

	
Classification standard of the second soil survey

	
Moisture in vadose zone

	
%

	
15

	
12

	
8

	
5
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Table 2. The soil pH grade table.
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Serial Number

	
pH Range

	
Grade






	
1

	
7.13–7.42

	
I




	
2

	
7.42–7.56

	
II




	
6.99–7.13




	
3

	
7.56–7.70

	
III




	
6.84–6.99




	
4

	
>7.70

	
VI




	
<6.84
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Table 3. The annual average temperature grade table.






Table 3. The annual average temperature grade table.





	
Serial Number

	
Temperature Range

	
Grade






	
1

	
−0.5σ ≤ ∆T ≤ 0.5σ

	
I




	
2

	
0.5σ ≤ ∆T ≤ 1.5σ

	
II




	
−1.5σ ≤ ∆T ≤ −0.5σ




	
3

	
1.5σ ≤ ∆T ≤ 2.0σ

	
III




	
−2.0σ ≤ ∆T ≤ −1.5σ




	
4

	
∆T ≥ 2.0σ

	
VI




	
∆T≤ −2.0σ
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Table 4. The membership value of the ecological evaluation index in the index layer.
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Membership Value

	
Control Area

	
Uniform Subsidence Area

	
Non-Uniform Subsidence Area




	
I

	
II

	
III

	
VI

	
I

	
II

	
III

	
VI

	
I

	
II

	
III

	
VI






	
Annual precipitation

	
0.00

	
0.00

	
0.61

	
0.39

	
0.00

	
0.00

	
0.61

	
0.39

	
0.00

	
0.00

	
0.61

	
0.39




	
Average annual temperature

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.00




	
Soil moisture

	
0.00

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00

	
1.00




	
Soil pH

	
1.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00




	
Alkali hydrolysable nitrogen

	
0.00

	
0.00

	
0.48

	
0.52

	
0.00

	
0.00

	
0.42

	
0.58

	
0.00

	
0.00

	
0.31

	
0.69




	
Available phosphorus

	
0.21

	
0.79

	
0.00

	
0.00

	
0.55

	
0.45

	
0.00

	
0.00

	
0.00

	
0.99

	
0.01

	
0.00




	
Available potassium

	
0.95

	
0.06

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00

	
0.75

	
0.25

	
0.00

	
0.00




	
Organic matter

	
0.00

	
0.06

	
0.94

	
0.00

	
0.00

	
0.24

	
0.76

	
0.00

	
0.00

	
0.00

	
0.98

	
0.02




	
Arbor forest coverage

	
0.34

	
0.66

	
0.00

	
0.00

	
0.00

	
0.74

	
0.26

	
0.00

	
0.00

	
0.59

	
0.41

	
0.00




	
Shrub coverage

	
0.00

	
0.90

	
0.10

	
0.00

	
0.00

	
0.88

	
0.12

	
0.00

	
0.00

	
0.80

	
0.20

	
0.00




	
Grassland coverage

	
0.00

	
0.93

	
0.07

	
0.00

	
0.00

	
0.92

	
0.08

	
0.00

	
0.00

	
0.78

	
0.22

	
0.00




	
0–2 m moisture in vadose zone

	
0.00

	
0.00

	
0.27

	
0.73

	
0.00

	
0.00

	
0.27

	
0.73

	
0.00

	
0.00

	
0.00

	
1.00




	
2–6 m moisture in vadose zone

	
0.00

	
0.00

	
0.37

	
0.63

	
0.00

	
0.00

	
0.33

	
0.67

	
0.00

	
0.00

	
0.23

	
0.77




	
6–10 m moisture in vadose zone

	
0.00

	
0.29

	
0.71

	
0.00

	
0.00

	
0.18

	
0.82

	
0.00

	
0.00

	
0.00

	
0.97

	
0.03
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Table 5. The membership value of the ecological evaluation index at the criteria level.






Table 5. The membership value of the ecological evaluation index at the criteria level.





	
Evaluation Unit

	
Criterion Layer

	
I

	
II

	
III

	
VI

	
Quality Level






	
Control area

	
Climate

	
0.00

	
0.00

	
0.86

	
0.14

	
III




	
Soil

	
0.34

	
0.15

	
0.19

	
0.32

	
I




	
Vegetation

	
0.17

	
0.79

	
0.04

	
0.00

	
II




	
Hydrologic

	
0.00

	
0.03

	
0.35

	
0.62

	
VI




	
Uniform subsidence area

	
Climate

	
0.00

	
0.00

	
0.86

	
0.14

	
III




	
Soil

	
0.46

	
0.10

	
0.12

	
0.32

	
I




	
Vegetation

	
0.00

	
0.86

	
0.14

	
0.00

	
II




	
Hydrologic

	
0.00

	
0.02

	
0.37

	
0.61

	
VI




	
Non-uniform subsidence area

	
Climate

	
0.00

	
0.00

	
0.86

	
0.14

	
III




	
Soil

	
0.22

	
0.20

	
0.17

	
0.41

	
VI




	
Vegetation

	
0.00

	
0.76

	
0.24

	
0.00

	
II




	
Hydrologic

	
0.00

	
0.00

	
0.26

	
0.74

	
VI
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Table 6. The membership value of the target layer.
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	Evaluation Unit
	I
	II
	III
	VI
	Quality Level





	Control area
	0.19
	0.20
	0.32
	0.29
	III



	Uniform subsidence area
	0.23
	0.14
	0.32
	0.31
	III



	Non-uniform subsidence area
	0.11
	0.15
	0.34
	0.40
	VI
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