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The idea of green mining has attracted much attention over the past decade.
Accurate identification of key elements of ecological restoration in mining areas is
an important prerequisite for ecosystem restoration and reconstruction and
improving the quality of ecological environment. The goal of this study is to
develop a five-factor index system for ecological restoration in mining areas, with
the Huojitu well serving as a case study of a typical western shallow-buried high-
intensity mining area in China. The factors include vegetation cove, soil,
ecological landscape, land damage and site condition. An obstacle factor
diagnosis model based on the coupling of obstacle degree and Shefold
restriction law has been established in this research. This model is used to
identify the obstacle factors and analyze the key elements of ecological
restoration in the mining area. The key elements of ecological restoration are
identified by combining the obstacle degree of each obstacle factor. According to
the findings, out of all the areas included in the study, the one pertaining to soil
conditions was the biggest at 35.29 km?, or 31.91% of the total, followed by land
damage condition (21.25 km? ~19.20%), site condition (19.74 km?~17.84%),
vegetation cover (3.34 km?, ~3.02%), and ecological landscape (31.08 km?~
28.03%). Based on the identification results of critical elements in mining area
ecological restoration, this study proposes targeted remediation strategies and
formulates corresponding site-specific rehabilitation measures to facilitate
efficient ecosystem recovery in mining regions. This approach not only
advances the practical implementation of ecological restoration technologies
but also provides a valuable reference framework for sustainable ecosystem
management in post-mining landscapes.
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shallow mining, land degradation, ecological restoration, obstacle factor diagnosis
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1 Introduction

The utilization of coal resources has led to a series of ecological
problems. With the increasing popularity of green mining and carbon
neutrality concepts, the ecological restoration of mining areas has
attracted widespread attention and has become an important part of
ecological architecture and environmental protection (Xiao et al., 2023).
Recently, there has been a considerable development in mining
ecological restoration theory and technology in China, forming a
number of theoretical and technical achievements (Chi et al., 2024;
Yao et al., 2025; Peng and Bi, 2024; Chen et al., 2024; Lei et al., 2023; Sun
et al., 2024; Almassi, 2021; Bendfeldt et al., 2001). For the construction
of an ecological civilization, we must adhere to the principle of “saving
priority, protection priority, natural recovery” (Lei et al., 2024), which
indicates that the ecological restoration of mining areas should
transition from manual intervention to manual guidance (Klaus and
Kiehl, 2021; Hao et al., 2025; Li et al., 2024; Du et al., 2021; Crouzeilles
et al,, 2017).

The Huojitu well in the northwest mining area has a shallow coal
seam, thin bedrock, large coal seam thickness, and simple geological
conditions. Coal occurrence conditions are ideal for mechanized one-
time full height and rapid mining, which is typical of high-intensity
mining (Chen et al,, 2016). Large-scale long-wall high-intensity mining
causes intense roof movement, stope mine pressure (Yang et al., 2020;
Yang and Liu, 2020; Gao et al, 2019), and greater damage to the
overlying strata and surface ecology. The western region’s shallow
buried depth and high intensity mining area has been the subject of
increasing amounts of academic investigation. Based on the key stratum
theory and CISPM (Comprehensive and Integrated Subsidence
Prediction Model) comprehensive surface subsidence prediction
model software, Xu et al. (2023) studied the characteristics of
surface movement, the change of surface rock movement angle
parameters and the development of ground fissures in the study
area. Yang et al. (2019) determined the microscopic structure,
mineral composition, and physical and mechanical properties of
sandy mudstone mine roofs. A similar simulation test, theoretical
analysis, CAN-II magnetotelluric detector, and field investigation
were employed to thoroughly analyze the overburden failure. For a
coordinated development of coal mining and ecological restoration, the
coal industry must abandon the concept of “mining before restoration”
(Guo et al,, 2023) and establish the concept of “integrated development
and utilization” (Hu and Xiao, 2020). Therefore, when implementing
ecological restoration in mining areas, a scientific and targeted
ecological restoration should be considered. Ecological restoration of
mining areas must be executed meticulously to fulfill the objective of
natural ecological rehabilitation.

At present, the research on the diagnosis model of obstacle factors is
mainly divided into four domains: obstacle diagnosis model based on
analytic hierarchy process (Zhao et al., 2023; Mao et al., 2007; Yang
et al, 2022; Chai et al, 2022), obstacle diagnosis model based on
principal component analysis (Li and Yang, 2010; Shi et al., 2024; Li
et al,, 2015), obstacle diagnosis model based on index deviation (Qu
et al,, 2017; Chen and Yang, 2013; Huang et al., 2018) and obstacle
diagnosis model based on niche (Zhao et al., 2016; Xia et al,, 2021; Sun
et al,, 2023; Zhao et al., 2022). These four types of models can better
analyze obstacle factors and have been widely used in various fields of
ecological resource research. Manhaes et al. (2022) evaluated the
obstacle factors restricting forest restoration based on the functional
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trajectories of six forest communities 20 years of age, and identified the
species that are most conducive to overcoming the obstacle factors of
forest community restoration. Chen et al. (2020) employed the entropy
weight TOPSIS model to assess the urban ecological level, identified the
primary impediments hindering the enhancement of urban ecological
standards through the obstacle factor diagnosis model, and proposed
specific recommendations. Vi et al.(2023) constructed an index system
for analyzing the rural resources and environment carrying capacity
based on the social ecological framework given the interaction between
human and environment as the core, and used the obstacle degree
model to identify the key obstacles in this system. Cheng et al. (2018)
used the obstacle degree model to calculate the obstacle degree of the
obstacle factors affecting the green competitiveness of China’s
provinces, and determined the key obstacles affecting the green
competitiveness of each province. Wang et al. (2022) employed the
obstacle degree model to assess the degree of 25 factors within the
evaluation system of agricultural sustainable development. Cui
et al(2022) thoroughly evaluated the environmental carrying
capacity and identified the main obstacle factors of three major
urban agglomerations in Beijing-Tianjin-Hebei, Yangtze River Delta
and Pearl River Delta by using the entropy weight extension matter-
element model and obstacle diagnosis model. Jiang Long (Jiang et al,,
2021)" analyzed the main obstacle factors restricting a high-quality
development through the obstacle degree model, and simulated the
future development changes of the provinces in the Yellow River Basin
using the system dynamics model. Jia and Du (2024) assessed the
obstacle degree of each index in the ecological security evaluation using
the obstacle degree model, and conducted the ecological security
evaluation of Qinghai Province from 2010 to 2020. Yang et al.
(2023) used the obstacle degree model to identify the key factors
affecting the land use performance in Ningxia. Lei et al. (2016)
combined the entropy weight TOPSIS model and the obstacle
degree model to evaluate the land use performance in Anhui
Province over the past 15 years. The performance change trend of
the land use subsystem in Anhui Province over the next 5 years was also
predicted and analyzed. Liao Yuchen used the PSR model and the
obstacle factor method to construct an evaluation system from
23 indicators such as resources, environment, social economy, etc.,
and comprehensively evaluated the dynamic changes of ecological
security in the study area (Liao et al, 2021). In summary, although
the obstacle degree model has been widely used, its application is limited
to the calculation of each obstacle factor’s degree, and there is limited
research on the identification of key obstacle factors.

In summary, this study takes the Huojitu well in a typical shallow-
buried high-intensity mining area in the western region of China as the
research area. We present the theory of key elements in the ecological
restoration of mining areas, develop an index system for ecological
restoration obstacles and establish a model for identifying key elements
of ecological restoration based on the coupling of obstacle degree and
Shefold’s restrictive law (Erofeeva, 2021). The quantitative diagnosis of
the obstacle factors affecting the ecological restoration of the mining
area is carried out, and the key elements affecting the ecological
identified. Different strategies are
formulated for different key elements in order to achieve an efficient

restoration are restoration
ecological restoration of the mining area. The results have important
theoretical and practical significance for dealing with the relationship
between artificial restoration and natural restoration and realizing the
harmonious coexistence of man and nature in mining areas.
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TABLE 1 Data source.

10.3389/fenvs.2025.1552181

Data type Title Time Source Application
Raster DEM 2023 https://www.gscloud.cn/ Extract the slope data of the study area
Landsat 8/9 OLI satellite data May 2023 https://www.usgs.gov Extraction of vegetation coverage in the study area
Vector Mining subsidence data 2003-2022 CHN Energy Shendong Obtain the degree of land damage in the study area
Coal Technology Research Institute
Land use data 2021 The third national land resource survey Get the ecological landscape data of the study area
Fieldwork Soil data May 2023 Field collection Extraction of soil nutrient distribution in the study area
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FIGURE 1
Geographical location of the study area.

2 Overview of the study area and
data sources

2.1 Overview of the study area

Huojitu Mine of Daliuta Coal Mine area is located in the
transition zone between the northern Loess Plateau and the Mu
Us  Desert  between  39°9'32"/~39°16' 51”7 N and
110°6'11"'~110°16'32" E, with an area of 110 km? (as depicted in
Figure 1). This area belongs to the typical shallow-buried high-
intensity mining areas in western China. As is typical of continental
climates in arid and semi-arid plateau regions, the weather is dry and
seldom rains more than 400 mm per year, most of which falls
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between the months of July and September (Wang et al., 2024). The
terrain is characterized by “low around and high in the middle,” with
an elevation of 1,025 ~ 1,273 m. Erosion, poor corrosion resistance,
and a generally loose structure characterize the soil. Vegetation is
evenly distributed. Plant communities are mainly drought and cold-
resistant psammophytes and xerophytes, showing a sparse shrub
landscape. The ecological environment is very fragile and vulnerable
to external influences. The coal reserves of the area are estimated to
be approximately 950 million tons, with the recoverable reserves
measuring 624 million tons. The substantial thickness of the coal
mining faces, the shallow depth of the coal seam, the uncomplicated
geological conditions. At the same time, the surface cracks in the
study area are dense, the soil nutrients are lost and the micro-
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topography is broken., and the rapid advancement of the working
face result in exacerbated overburden damage and significant surface
ecological degradation.

2.2 Data sources and preprocessing

The main data sources used in this research are provided
in Table 1.

2.2.1 Raster data

Raster data mainly included digital elevation model (DEM) and
Landsat 8/9 OLI satellite data. DEM data has a spatial resolution of
30 m (https://www.gscloud.cn/). ArcGIS 10.8 software is used to
mosaic, splice and cut elevation data. Slope and aspect information
were extracted using the spatial analysis module to obtain the terrain
bit index. Landsat data was used to derive vegetation coverage. The
data for May 2023 was obtained on the GEE cloud platform (https://
code.earthengine.google.com/) with a temporal resolution of 16 days
and a spatial resolution of 30 m. An NDVI image in 2023 was
obtained on GEE. Finally, a vector file was used for clipping the
NDVI layer to the boundary of the study area.

2.2.2 Vector data

Vector data included land use and mining subsidence data. Land
use data in 2023 was provided by the department of natural
data
subsidence prediction and field subsidence monitoring data was

resources. Mining subsidence including the mining
provided by the mining enterprises. There are open-pit mines and
underground mines in the study area. Open-pit mines have caused
serious damage to the surface. The impact of mining activities on the
surface include surface subsidence and surface cracks. Due to the
timely of cracks in the mining area, the assessment of land damage in
the disturbed area of the underground mine is based solely on
surface subsidence data, and the evaluation results are converted

into 30 m grid data.

2.2.3 Field data

The fieldwork data encompassed soil data, collected in May
2023. A total of 72 sample points was selected in the 110 km* study
area. The distribution of sample points is shown in Figure 2. The
flora in the study area predominantly consists of drought-resistant
species, including sea buckthorn. The roots are extensive, with the
majority concentrated within the top 20 cm layer of the soil.
Therefore, soil samples at the depth of 0 ~ 20 cm were collected
from each point to determine total nitrogen, total phosphorus,
available nitrogen, available phosphorus and organic matter
content (Table 2). The ordinary Kriging method was used to
interpolate the soil data in the study area. The soil was
resampled to 30 m, to maintain the spatial consistency with
other data layers.

3 Research methodology

The paradigm of ecological restoration in mining areas is
undergoing a strategic transition from complete reliance on
artificial interventions toward moderate human assistance to
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facilitate natural regeneration, ultimately establishing a hybrid
framework where artificial restoration serves as supplementary
support to nature-driven rehabilitation. This evolving approach,
profoundly aligned with the inherent mechanisms of vegetation
succession, demonstrates enhanced compatibility with ecosystem
self-organization processes. Under this conceptual framework,
blanket interventions targeting all restoration obstacles across the
study area prove scientifically unsound.

To systematically identify critical limiting factors in different
subregions, this study employs an obstacle degree model for
quantitative assessment of ecological constraints. Grounded in
Shelford’s Law of Tolerance (proposed by American ecologist
Victor Ernest Shelford in 1913), which postulates that organism
survival and reproduction are governed by multiple ecological
factors operating within species-specific tolerance ranges, we
conduct a rigorous analysis of ecosystem vulnerability thresholds.
Through integration of Shelford’s limiting factor theory with spatial
diagnostics, this research precisely pinpoints dominant obstacles as
restoration priorities—those factors exceeding biological tolerance
limits and constituting primary ecological bottlenecks.

This
intervention intensity, strategically removing critical barriers while

methodology enables science-based optimization of

preserving ecosystem autonomy. The implemented measures
effectively catalyze spontaneous vegetation recovery processes,
ultimately achieving sustainable self-restoration and development of

regional ecosystems through minimized yet targeted human assistance.

3.1 Obstacle factor index system

Table 3 shows the results of the study’s index system of ecological
restoration obstacles in mining areas. The study area exhibits
pronounced surface deformation induced by intensive anthropogenic
excavation activities. Superimposed upon its unique geomorphic setting
within the transitional zone of the Loess Plateau, this region
demonstrates dramatic topographic relief. Concomitantly, the surface
soil structure displays marked degradation trends, primarily manifested
through enhanced sandification and organic matter depletion.
Meanwhile, densely distributed industrial and mining operations
have amplified regional ecological stress, while frequent human
(e.g.
expansion) have precipitated highly

engineering activities road construction and settlement
fragmented patterns in
vegetation coverage zones. The synergistic interactions of these
multiple stressors have resulted in direct vegetation destruction and
progressive degradation of ecological functionality. Eleven factors were
selected from five categories: vegetation cover, soil, ecological landscape,

land damage, and site conditions.

3.2 Key elements of ecological restoration in
the mining area based on the obstacle
degree model

3.2.1 Obstacle factor and degree calculation based
on the obstacle degree model

The identification of the key elements of ecological restoration in
mining area based on obstacle degree model includes: determining
the weight of each obstacle factor by entropy weight method,
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FIGURE 2

The distribution map of soil sampling points in the study area.

calculating the obstacle degree of each obstacle factor affecting the
ecology of mining area, and calculating the obstacle degree of each
target layer. After determining the obstacle degree of each obstacle
factor, the obstacle factors are sorted. The specific steps are
as follows:

(1) The entropy weight method is used to determine the factor
contribution

The factor contribution reflects the importance of each obstacle
factor to the ecological restoration of the mining area. This study
employed the entropy weight method to ascertain the weight of each
obstacle factor, effectively mitigating the impact of subjective
evaluation on the weights and enhancing their accuracy. The
procedure for ascertaining the weight of obstacle factors is as follows:

The values of n indicators for y evaluation objects as the
initial matrix are represented by A, as shown in Formula 1:

an ap aly
A1 Ap Ay

A= (1)
Ap1 Ap2 any

Normalized matrix A is then used to obtain the normalized
matrix B, as shown in Formula 2:
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by b bly
by bn bl}'
B=| . . . )
bnl bnz bny
The meaning of b;; is like the Formula 3:
a;; —min(a;)
i r 3)

~ nax (a;) — min(a;)

Here, max(a;) and min (a;) respectively represent the
maximum and minimum values of the ith row of matrix A.

)

In Formula 4 j=1---m, where m represents the number of

Then the entropy value is calculated as:
1 U ( le " b,‘j
In (m) j=1 Z;:l:lbik Z;:l:lbik

i =

(4)

classification levels, by represents the sum of the ith row of matrix B,
and H; (i = 1---n) denotes the ith entropy value.
Finally, n entropy weights corresponding to n indexes are
calculated according to Formula 5:
1-H,

- Y Hi ®

w;

n
The n entropy weights must satisfy the condition Zwi =1

i=1
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TABLE 2 Sampling point data.

10.3389/fenvs.2025.1552181

No TN g/kg TP g/kg OM g/kg ANN mg/kg AP mg/kg
Al 0.42 0.35 0.58 22 14
A2 0.14 0.21 0.12 8 0.8
A3 0.52 0.41 0.60 16 2.0
A4 0.26 0.39 0.23 15 1.6
B5 0.36 0.43 0.33 22 2.7
B6 0.24 0.43 0.28 16 2.0
B7 0.34 0.38 0.34 26 12
B8 0.38 0.45 0.21 19 0.8
B9 0.56 0.60 0.55 34 4.2
B10 0.20 0.34 0.28 12 2.6
B11 0.35 0.47 0.43 38 2.1
B12 0.33 0.40 0.36 18 22
B14 0.43 0.51 0.48 12 2.2
B15 0.62 0.66 0.73 32 2.6
Bl6 0.55 0.63 0.60 26 5.0
B17 0.68 0.58 0.69 25 2.4
B18 0.44 0.50 0.44 28 2.6
B19 0.52 0.50 0.55 44 24
B20 0.40 0.53 0.40 28 1.0
B21 0.39 0.30 0.36 34 1.0
B22 0.45 0.35 0.33 33 2.0
C23 0.53 0.40 0.71 31 24
C24 0.31 0.42 0.31 26 2.1
C25 0.42 0.44 0.70 27 34
C27 0.51 0.73 0.76 32 34
C28 0.20 0.29 0.34 12 13
C29 0.56 0.42 0.57 30 22
C30 0.21 0.46 0.13 16 5.6
C31 0.68 0.43 0.70 46 33.6
C32 0.44 0.43 0.48 27 1.6
C33 0.56 0.49 0.67 30 1.8
D34 0.32 0.45 0.56 20 2.0
D35 0.15 0.77 0.16 19 1.6
D36 0.26 0.64 0.47 16 24
D38 0.99 0.97 1.76 76 20.6
D39 0.19 0.63 0.22 46 1.8
D40 0.32 0.64 0.47 32 14
D41 0.37 0.40 0.39 40 24
(Continued on following page)
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TABLE 2 (Continued) Sampling point data.

10.3389/fenvs.2025.1552181

No TN g/kg TP g/kg OM g/kg ANN mg/kg AP mg/kg
D42 0.42 0.30 0.42 32 13
D44 0.34 028 0.38 25 18
D45 0.53 042 0.61 32 16
D46 0.52 041 0.69 38 46
D47 0.10 032 0.04 16 08
D48 0.17 0.32 0.14 18 L1
D49 0.46 031 0.44 32 26
D50 0.46 041 0.44 20 32
D51 0.30 0.40 0.46 26 18
D52 0.41 047 0.50 33 29
D53 0.47 0.49 0.46 28 17
D54 0.39 0.58 0.37 20 16
D55 0.24 0.43 0.38 26 19
D56 0.60 0.57 0.67 2 24
D57 0.37 0.46 0.36 24 13
D58 0.23 051 0.20 19 3.0
D59 0.38 0.57 0.20 20 0.6
D60 031 0.54 0.22 23 18
D61 0.38 0.43 0.34 23 16
D63 0.44 037 0.32 28 26
E64 0.46 0.30 0.64 13 35
E65 0.21 0.34 0.16 2 26
E66 0.26 0.49 0.20 28 12
E67 0.74 0.45 0.74 42 20
E68 0.42 0.44 0.42 27 22
E69 0.36 039 0.40 19 18
E70 0.16 0.30 0.10 15 28
E71 0.24 0.33 0.18 18 0.7
E72 0.32 0.28 0.35 16 20
E73 0.44 0.43 0.32 10 20
E74 0.24 0.35 0.14 16 14
E75 0.24 0.42 0.14 16 0.7
X1 0.47 0.56 0.50 32 32
X2 0.28 113 031 18 14

(2) The deviation of the obstacle factor indicators is determined

The deviation of the obstacle factor indicators for the ecological
restoration of the mining areas indicates the distance between each
obstacle factor and the overall goal of ecological restoration in the
mining area. It is calculated as:

Frontiers in Environmental Science 07

obtain the standardized matrix X:

(6)
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TABLE 3 Index system of ecological restoration obstacle factors in mining area.

Main layer

Evaluation of obstacle factors of ecological restoration in the mining area

Criterion Indicator

Type

Edaphic condition Soil total phosphorus Positive indexes

Soil total nitrogen Positive indexes

Soil available phosphorus Positive indexes

Soil alkaline nitrogen Positive indexes

Soil organic matter Positive indexes

Vegetation coverage conditions

Site condition Negative indicators

Vegetation coverage Positive indexes

Ecological landscape conditions

Where x;; is:
a,‘j
Xij = T (7)
Zi:laij

Matrix I represents the indicator deviation degree, indicating the
gap between the actual value of the indicator and the optimal value:

I=1-X (8)
(3) The obstacle factor obstacle degree is determined

The obstacle degree signifies the extent to which each obstacle
factor impedes ecological restoration in mining areas, which
calculated as:

By assuming a matrix O;; representing the indicator’s obstacle
degree, one would obtain:

(Uinj

O;j==12
] n
2wl

)

3.2.2 Shefold's restrictive law is used to identify key
elements for ecological restoration
According to Equations 6-10, the obstacle degree O;; of each key
element in the region is calculated, and these obstacle factors are
ranked in a descending order. According to Shefold’s restrictive law
any deficiency in the quantity and quality of an ecological factor will
lead to vegetation degradation or affect survival. The primary
elements that hinder ecological restoration in mining regions are
not the highest-ranked factors, but rather those with the lowest
rankings, indicating the greatest obstacle degree. Therefore, the
diagnostic model for the key elements in ecological restoration of
mining areas can be expressed as:
0= max(Oij) (10)

Where O represents the obstacle degree of the key elements in
ecological restoration of mining areas.

Frontiers in Environmental Science

Surface damage conditions

Landscape fragmentation Negative indicators

Patch density Negative indicators

Shannon diversity index Negative indicators

Damage degree Negative indicators

4 Results
4.1 Indicator weight results

The weights of ecological restoration obstacle factors in the
study area are provided in Table 4.

4.2 Obstacle degrees

This study divided the research area into a grid of 450 rows and
495 columns, with each grid cell measuring 30 m x 30 m, using the
grid as the evaluation unit. From five aspects—soil conditions, site,
vegetation cover, ecological landscape, and surface damage—and
after calculating the weights and obstacle degrees of various
ecological restoration obstacle factors, the natural breaks method
(Jenks optimization) was systematically applied to classify obstacle
intensities into four distinct tiers, the distribution of obstacle degrees
for each indicator was obtained (Table 5).

4.2.1 Soil conditions

The obstacle degree of soil conditions is calculated based on five
nutrient indicators: soil alkaline hydrolysis nitrogen, available
phosphorus, organic matter, total nitrogen, and total phosphorus.
The distribution of soil nutrient obstacle degrees are shown in
Figure 3. As can be seen in Figure 4, the obstacle degree of soil
condition ranges from 0.00 to 0.10. The total area of the regions with
an obstacle degree less than 0.07 (ie., Level III and IV) was
29.45 km?, accounting for 26.62% of the total research area. The
total area of the regions with an obstacle degree between 0.07 and
0.09 (i.e., Level II) was 48.26 km?, representing 43.62% of the total
research area. These regions were mainly distributed outside the
underground mining area and within the secondary mining area.
The total area of the regions with an obstacle degree between
0.09 and 0.10 (i.e., Level I) was 32.93 km’? comprising 29.76% of
the total research area, primarily located in the primary mining area
and the eastern part of the research area. Overall, the soil condition
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TABLE 4 The weights of ecological restoration obstacle factors in the study area.

Layer

Evaluation of obstacle factors of ecological restoration in mining area

Criterion Indicator Weight
Edaphic condition Soil total phosphorus 0.0840
Soil total nitrogen 0.0731
Soil available phosphorus 0.0833
Soil alkaline nitrogen 0.0886
Soil organic matter content 0.0988
Site condition Gradient 0.1014
Vegetation coverage conditions Vegetation coverage 0.0884
Ecological landscape conditions Landscape fragmentation 0.0846
Patch density 0.0796
Shannon diversity index 0.1125
Surface damage conditions Damage degree 0.1057

TABLE 5 Statistical classification of obstacle degrees for ecological restoration factors in the research area.

Obstacle degree

Soil conditions Site condition Vegetation Ecological Surface damage
coverage landscape condition
conditions conditions
Area/ Proportion/ Area/ Proportion/ Area/ Proportion/ Area/ Proportion/ Area/ Proportion/
km? % km? % km? % A km? %
level | 32,93 29.76 3.63 328 34.97 31.61 22.76 20.57 9.67 10.70
Level Il 4826 43.62 15.42 13.93 51.43 46.48 4.09 371 9.78 10.82
Level Il | 27.24 24.62 36.02 32.56 20.01 18.09 1757 15.88 13.05 14.44
Level IV 221 2.00 55.57 50.23 423 3.82 66.21 59.84 67.50 74.68
Footing | 110.64 100 110.64 100 110.64 100 110.64 100 110.64 100

in the research area was relatively good, with all regions having soil
condition obstacles below 0.10.

4.2.2 Obstacle degree of site conditions

As in Figure 5, the obstacle degree of the site conditions was
distributed between 0 and 0.62. However, areas with a higher
obstacle degree were mainly located in the hilly regions
surrounding the research area, with the eastern and northern
regions being most prominent. The area where the obstacle
degree of site conditions exceeds 0.24 was 3.63 km?, accounting
for 3.28% of the total area of the research zone. In other areas, the
overall site condition was relatively good, with essentially
no obstacles.

4.2.3 Obstacle degree of vegetation coverage
conditions

From Figure 6, it can be seen that the obstacle degree of
vegetation coverage conditions ranges from 0 to 0.10. The area
with an obstacle degree of less than 0.08 (i.e., Level IV and Level
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III), primarily distributed in the southwestern part of the study
area, was 24.24 km’, accounting for 21.91% of the total area. The
area with an obstacle degree between 0.08 and 0.09 (i.e., Level IT)
was 51.43 km?, making up 46.48% of the total area of the
research zone. The area with an obstacle degree between
0.09 and 0.10 (i.e., Level 1) was 34.97 km?, accounting for
31.61% of the total area, mainly located in the open-pit
mines in the northern part and the urban areas in the
eastern part of the research area.

4.2.4 Obstacle degree of ecological landscape
conditions

The ecological landscape condition included landscape diversity
index, landscape patch density index, and landscape separation
index as shown in Figure 7. Landscape diversity can increase the
complexity and stability of the ecosystems, promoting ecological
restoration in mining areas. The landscape fragmentation index and
patch density index directly affect the difficulty of ecological
restoration. Higher patch density and landscape fragmentation

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1552181

Zhang et al.

10.3389/fenvs.2025.1552181

(a)

B 0.00 - 0.05 (Level TV
[ 0.08-0.07 (Level T
[ 007-0.09 (Teve T3
B o00-0.0 (Tevel T S . Y

ANN
I .00 - 004 CHevel 1V)
[ oo 007 Geve )
[T 007009 Geve iy T vo7 -0y ¢

0o 1 2 2 b 0 4 b &
B 0.09- 0,01 CLevel 13 e 4 || [ 0,09 - 002 (Level 1 ——
(c) N () N

™

B 0.00 - 0.05 (Level 1V

[ 1005-0.08 <Level 111>

[ 10.08-0.10 cLevel 1)

B 00004 Tevel T P T

(o)

g

B 0.00 - 0.045 (Level TV
[ 1005007 (Level T
[ 10072000 evel 1)
B 0.10- 002 (Level 1)

plining arca

FIGURE 3

Obstacle Degree of Soil Condition (a) Alkaline Hydrolysis Nitrogen; (b) Available Phosphorus; (c) Organic Matter; (d) Total Nitrogen; (e) Total

Phosphorus).

values indicate a higher degree of landscape fragmentation,
necessitating proactive measures to reduce the number of
patches, enhance patch connectivity, and promote ecological
recovery. As seen in Figure 8, the obstacle degree of ecological
landscape condition in the study area was relatively low, with an area
greater than 0.11 (ie, Levels I and II) covering 26.85 km?
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accounting for 24.28% of the total area. The elevated obstacle
degree attributable
significantly influenced by the occupation and fragmentation of

was  primarily to fragmented plots,
construction land, resulting in increased landscape fragmentation,
which subsequently impairs ecological restoration efficiency in the

mining area.
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FIGURE 4
Comprehensive obstacle degree of soil condition in the
research area.
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FIGURE 5
Obstacle degree of site conditions.

4.2.5 Obstacle degree of surface damage
conditions

The results of the obstacle degree of surface damage
condition are shown in Figure 9. The undisturbed zone
covered 74.68 km?, accounting for 67.50% of the total area.
The area with an obstacle degree ranging from 0.03 to 0.22
(i-e., levels II and III) was 25.26 km?, accounting for 22.83% of
the total area. This region was predominantly located within the
disturbed zone of the subterranean mines. The area with an
obstacle degree ranging from 0.22 to 0.59 (i.e., level I) covered
10.70 km’®, accounting for 9.67% of the total. It was mainly
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FIGURE 6
Obstacle degree of vegetation coverage conditions.

located in the disturbed area of the open-pit mines in the
northern part of the study area.

4.3 ldentification of key elements for
ecological restoration in mining areas

Ecological restoration in mining regions must identify the most
pressing needs and key elements affecting restoration efforts, in
order to specifically mitigate these obstacles during the restoration
process and tackle the primary issues. Therefore, this paper analyzes
the obstacle degree of various ecological restoration obstacle factors
and calculates the key elements for ecological restoration in each
region based on the Shefold’s restrictive law. The distribution of the
key elements for ecological restoration in the study area is shown in
Table 6; Figure 10.

The distribution of key factors for ecological restoration in
the study area is shown in Figures 5-8. The region affected by
land degradation, which is pivotal for ecological restoration,
spans 21.25 km?®, representing 19.20% of the total study area,
predominantly located in the open-pit mining zone, secondary
mining zone, and tertiary mining zone. This is followed site
condition (19.74 km>~ 17.84%) in the hilly areas surrounding the
study area; soil condition (35.29 km*~31.91%) located in the
cultivated land in the western and central parts of the study area,
the observed phenomenon primarily stems from the gentle
topography and peripheral positioning beyond underground
these where land
comparatively mild. Such
geomorphological advantages create fundamentally favorable

mining disturbance zones in areas,

degradation remains

edaphic conditions for spontaneous vegetation recovery.
Paradoxically, despite these advantageous preconditions, soil
nutrient constraint intensity emerges as the predominant
limiting factor, presenting a bottleneck that

substantially impedes ecological restoration progress in these

critical
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TABLE 6 Key elements Areal cover for ecological restoration in the study area.

Evaluation of obstacle factors of ecological restoration in mining
area

Criterion Indicator Area/ Proportion/
km? %
Edaphic condition Total phosphorus content of soil 15.06 13.61
Soil total nitrogen 8.48 7.66
Soil available phosphorus 6.48 5.86
content
Soil alkaline nitrogen content 2.56 233
Organic matter content 2.71 2.45
Site condition Gradient 19.74 17.84
Vegetation coverage Vegetation coverage 3.34 3.02
conditions
Ecological landscape Landscape fragmentation 13.40 12.11
conditions
Patch density 15.06 13.61
Shannon diversity index 2.56 231
Surface damage conditions Damage degree 21.25 19.20
This area poses relatively low restoration difficulty.

Key clements of
ecological restoration
B cceation coverage conditions
I soil condition

B Foological landscape conditions
- Land damage conditions

o 1 2 1
I site condition ——m—
FIGURE 10
Distribution of key elements for ecological restoration in the
study area.

specific sectors; vegetation cover (3.34 km*~ 3.02%) distributed at
the boundary between the disturbed open-pit mining area and
the tertiary mining area, as well as the boundary of the primary
mining area; and, ecological landscape (31.08 km*~ 28.03%)
located within the urban disturbance area.

Various levels of focused intervention strategies are
necessary depending on the kinds of key elements for
ecological restoration in the research region. In terms of
area, regions where soil conditions and ecological landscape
conditions were considered as key factors had the widest range,
primarily distributed in relatively flat areas outside the
disturbed zones of underground and open-pit mining area.
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Improving soil conditions and restoring surface vegetation
are crucial steps in the subsequent ecological restoration
These help the
restoration goals of enhancing the continuity and diversity of

process. actions will achieve specific
the ecological landscape.

From the perspective of restoration difficulty, regions where
land degradation and site conditions were the key factors for
ecological restoration posed the greatest challenges. These areas
were mainly distributed in the open-pit mining, underground
mining, and the gully zones disturbed areas surrounding the
study area. For those areas with significant site condition
obstacles, techniques such as slope protection and anchor
reinforcement should be employed for vegetation recovery,
with long-term monitoring and maintenance afterward to
prevent vegetation degradation. For areas with significant
different

should be applied based on the types of surface damage. It is

surface damage obstacles, restoration methods
recommended to employ geomorphological reconstruction and
soil improvement techniques to make the restored ecosystem
more self-sufficient in areas where land degradation has
occurred as a result of excavation and compaction. In regions
significantly impacted by surface subsidence, it is essential to
consider factors such as mining face and extraction intensity
parameters, and to develop a cooperative restoration model for
source damage mitigation and vegetation rehabilitation.
Within
disturbance intensities, soil nutrient deficiency emerges as the
dominant constraint factor. Conversely, in intensively disturbed

subsurface mining zones exhibiting moderate

sectors and surface mining areas, geomorphological destruction
constitutes the primary restoration bottleneck, where catastrophic
terrain alterations necessitate landform reconstruction as the
prerequisite rehabilitation objective. This spatial divergence in
constraint mechanisms reveals a fundamental dichotomy between
edaphic limitation and geotechnical challenges in post-mining
ecosystem recovery.
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5 Discussion

In this study, when calculating the degree of obstacles, the
degrees of obstacles related to soil conditions, vegetation cover
conditions, and ecological landscape conditions are generally low,
distributed in the ranges of 0-0.1, 0-0.094, and 0-0.194, respectively.
In contrast, the degrees of obstacles associated with site conditions
and land damage conditions are relatively high, concentrated in the
ranges of 0-0.62 and 0.033-0.589.

In the distribution of key ecological restoration factors, the area
where soil conditions, vegetation cover conditions, and ecological
landscape conditions are considered key factors for ecological
restoration reaches 69.71 km? accounting for 62.96% of the total
area of the study area. This indicates that in the study area, the
maximum degree of obstacle factors is primarily below 0.2 in most
regions, suggesting that only positive interventions are needed in the
subsequent restoration process to achieve ecological self-recovery. In
contrast, the total area where site conditions and land damage
conditions are key factors for ecological restoration is 40.99 km?,
making up 37.04% of the total area, and the degree of obstacle factors
in this portion is high, resulting in greater restoration difficulty.

Based on the Shefold restrictive theorem, this study identifies the
obstacle factor with the highest degree of obstruction in the region as
a key element for ecological restoration. Targeted restoration
measures are further applied to different key ecological
restoration factors to reduce the negative impacts of obstacle
factors on the ecology of the mining area, enhance the ecological
stability of the area, and promote ecological construction. The
proposed management measures and recommendations are
as follows:

(1) Conventional obstacle degree models predominantly focus on
quantifying constraint intensities and analyzing their spatial
distributions, yet critically lack systematic prioritization
mechanisms for multiple coexisting constraints within
defined geographical units. Addressing this methodological
gap, our study introduces an innovative identification
framework that integrates maximum constraint screening
with This
advancement enables identification of the

traditional obstacle degree calculations.
systematic
dominant limiting factor—the variable exhibiting peak
obstacle intensity—which constitutes the pivotal restoration

determinant in target areas.

—
58
~

This study reveals the spatial differentiation characteristics of
key elements in mining area ecological restoration and their
coupling mechanisms with mining activities. Spatial analysis
demonstrates significant spatial coupling between regions
where land damage constitutes the critical ecological
restoration element and the distribution of underground
mining subsidence zones and open-pit mining areas,
indicating that mining engineering directly induces the
destruction of surface soil structures. Restoration areas
where site conditions are identified as the key ecological
restoration element exhibit pronounced spatiotemporal
heterogeneity, with their spatial distribution patterns
showing a significant positive correlation with topographic
factors (slope), which highlights the foundational control of
terrain elements on ecological restoration processes. Notably,
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restoration units constrained by vegetation cover conditions

and soil physicochemical properties display spatial
distribution characteristics distinct from secondary mining
disturbance zones, primarily concentrated in primary mining
This

phenomenon suggests that mining activities, by altering

disturbance zones and non-disturbed areas.
surface stress fields and material migration pathways,
generate specific ecological degradation gradients. The
spatial overlap between ecological degradation units and
mining subsidence ranges in the study area conclusively
corroborates mining disturbance as the primary driver of
regional ecosystem degradation, with impact mechanisms
involving multiple stressors such as physical destruction,
chemical pollution, and biodiversity loss.

(3) For areas with high obstacle degrees in surface damage
conditions, differentiated restoration techniques should be
applied based on damage types. In regions impacted by
surface excavation and compaction, landform reshaping
and soil improvement technologies should be employed to
enhance the self-sustaining capacity of reconstructed

affected by

coal

ecosystems. For areas severely surface

subsidence, parameters such as mining face
configurations and extraction intensity must be considered
to establish a collaborative restoration model integrating
source damage control and vegetation reconstruction.

(4) In identifying key ecological restoration elements, this study
utilized the entropy weight method to determine indicator
weights. While this approach enhances objectivity, it assigns

data

distinguishing between positive or negative directional

impacts of indicators on ecological restoration. Future

weights  solely based on dispersion  without

research could optimize directional sensitivity by
incorporating models such as TOPSIS (Technique for

Order Preference by Similarity to Ideal Solution).

6 Conclusion

This article takes the Huojitu mine in a typical shallow buried
high-intensity mining area in the western region of China as the
research area. From five aspects—vegetation cover, soil,
land

system was

ecological  landscape, degradation, and  site

conditions—an index constructed for the
ecological restoration obstacles in the mining area. An
identification model for key ecological restoration factors was
established, which was based on the coupling of obstacle degree
and Shefold’s restrictive law. The identification of key ecological
restoration factors in the research area was carried out with the

main conclusions as follows:

(1) The entropy weight method enhances objectivity in index
weighting. The obstacle degree model quantifies deviation
from ideal states. Their combination achieves precise
identification of critical restoration elements.

(2) Soil condition emerges as the predominant obstacle
(3529 km®, 31.91%), followed by ecological landscape
(31.08 km?), land damage (21.25 km?®), and site
conditions (19.74 km?).
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(3) Differentiated Soil
topography remodeling + vegetation restoration), site

strategies: improvement  (micro-

condition areas (lattice slope protection + anchor
reinforcement + long-term monitoring), land damage
zones (landform  reconstruction + source control

collaborative restoration).
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