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Abstract: As the province most abundant in mineral resources in China, Inner Mongolia has more
than 200 open-pit coal mines. The coal mining activities seriously hinder the sustainable use of
regional land and the improvement of residents’ wellbeing. Taking 13 typical open-pit coal mines of
Inner Mongolia as the study area, combining remote sensing images and the Google Earth Engine
(GEE) platform, the trend features of spatial and temporal evolution of land use and landscape
patterns from 2001 to 2020 were analyzed by transfer matrix and landscape pattern index methods.
According to the mining plan and reclamation measures of the “Land Reclamation Plan”, the impacts
of ecological restoration projects on land-use structure and landscape patterns were evaluated. The
results showed that the following: (1) The landscape types of typical open-pit coal mining areas
were mainly grassland, cropland, and industrial landscapes. The change trend of landscape pattern
was obvious over the past 20 years, and the changes in grassland and mining land were relatively
large, which decreased by 56.51 km2 and increased by 60.42 km2, respectively. (2) Land reclamation
and ecological restoration projects had positive impacts on landscape pattern changes. With the
transformation from mining activities to land reclamation activities beginning in 2007, nearly 70% of
the study area showed a decreasing trend in landscape fragmentation, indicating a better landscape
pattern of mining area. (3) Positive policy orientation of mine ecological restoration promoted more
reasonable landscape patterns.

Keywords: open-pit coal mine; land use; landscape pattern; ecological restoration; land reclamation

1. Introduction

The development and utilization of mineral resources greatly promotes social and
economic development, accompanied by the ecological and environmental degradation
caused by unreasonable resource exploitation. As the largest developing country in the
world, China’s exploitation and utilization of coal resources has made great contributions
to the rapid economic growth in the process of industrialization. According to statistics,
72% of China’s industrial raw materials, 62% of its electric power, and 52% of its chemical
raw materials are from coal resources [1]. However, frequent mining activities since the
20th century—especially open-pit mining—have caused dramatic changes to the original
ecological landscape pattern. On the one hand, due to excavation, collapse, occupation, and
other human factors, open-pit mining has caused serious land destruction and exacerbated
the shortage of land resources in China. On the other hand, environmental problems such
as water pollution and air pollution caused by mining have had a great impact on the
quality of life of residents around the mining area [2]. Among all of the open-pit mines,
grassland coal mining has had a particularly serious impact on surface vegetation, due to
its wide range and strong damage [3,4].

Nearly 90% of China’s coal resources are distributed in arid and semi-arid areas with a
fragile ecological environment [5]. These areas are mainly located in Inner Mongolia. As one
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of the most prominent areas of desertification in China [6], Inner Mongolia’s exploitation
of open-pit coal mines has caused changes in its surface landscape, resulting in grassland
degradation, desertification, and salinization. The natural background of vulnerability
and regional climate change overlaps with unreasonable human land-utilization modes
such as overgrazing, mineral exploitation, and grassland reclamation, making soil erosion
and land desertification more serious in the region. The shortage of water resources has
led to a series of serious ecological problems, such as river closures and drying-up of
lakes [7–9]. The decline in land ecological service quality has greatly restricted the high-
quality development of the region.

In recent years, there has been a global consensus on mine utilization and protection,
focusing on the restoration of damaged ecosystems and improving the carbon sink capacity
of natural ecosystems to address climate change risks. Since the enactment of the Land
Reclamation Regulations in 2011, China has made policy directives imposing ecological
restoration requirements for mining activities, e.g., to limit land damage. The regulations
state that the obligor of land damaged by solid waste or activities such as open-pit mining,
stacking–mining–stripping, waste rock, slag, fly ash, or anything occupying the land
has an obligation to reclaim the land. According to the requirements of regulations and
policies, the holders of mining rights must compile a “Land Reclamation Plan”, which is
treated as a precondition for the application for mining rights. Since 2012, China has put
forward the concept of ecological civilization construction, emphasizing overall protection,
systematic restoration, and comprehensive management of ecosystems. A series of large-
scale ecological restoration projects such as the “Three-North Shelterbelt Project” and the
“Mountain-River-Forest-Farmland-Lake-Grass Project” have been implemented. In this
background, research on evaluating the effects of implementation of ecological restoration
projects in open-pit coal mines from the perspective of land use has not been carried out.
The traditional method of monitoring land-use changes in mining areas is usually based on
tracking surveys, which are often limited to small-scale studies due to human and time
constraints. Remote sensing can break through these limitations, enabling analysis of the
land-use changes of large-scale and long-term time series. By comparing and analyzing the
land-use changes in different periods, it is possible to reveal certain land-use change rules,
and to provide technical reference for guiding the land use and ecosystem management
in mining areas. At present, there are few studies on long-term land-use monitoring in
mining areas. Especially due to the lack of historical remote sensing images, it is difficult to
carry out quantitative analysis of historical and current land-use changes in open-pit coal
mines. In this study, typical open-pit coal mines in Inner Mongolia, China, were selected for
analysis and discussion. Based on the Google Earth Engine platform and remote sensing
images, the dynamic evolution characteristics of land use in mining areas over the past
20 years were analyzed. The impacts of ecological restoration projects on land use and
landscape patterns were also assessed. This study aims to provide a large-scale mining area
land-use and -cover information extraction method for scientific adjustment of land-use
structure, to analyze the changes to damaged mining ecosystems in long time-series, and
to evaluate the effectiveness of ecological restoration projects.

2. Materials and Methods
2.1. Study Area

This study selected 13 large open-pit coal mines in Inner Mongolia as the study area
(Figure 1). All 13 of these typical open-pit coal mines were active production mines. The
active mining operations included perforation blasting, mining, loading, transportation,
and dumping. The Inner Mongolia Autonomous Region extends obliquely from northeast
to southwest, showing a narrow shape. The geographic coordinates are 37◦24′~53◦23′ N
and 97◦12′~126◦04′ E. The east–west linear distance is 2400 km, and the north–south span is
1700 km. It is adjacent to eight provinces to the southeast and west, and borders Mongolia
and Russia to the north. The total land area is 1,183,000 square kilometers, accounting
for about 12.3% of the total area of the country. The area has the features of complete
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stratigraphic development, frequent magmatic activity, good metallogenic conditions, and
rich mineral resources. The altitude is more than 1000 m across the northeast, north,
and northwest regions. Affected by topography and location, the climate is diverse and
complex. The area is in a temperate continental arid climate zone that is cold in winter and
hot in summer, with large temperature differences between day and night. The annual
rainfall is 100~500 mm, the annual evaporation is over 1200 mm, the annual sunshine is
over 2700 h, and the average annual temperature is −3.7 ◦C~11.2 ◦C. Due to the wide
range of longitude in this area, the vegetation presents longitudinal zonal distribution,
showing forest–grassland–semi-desert–desert vegetation distribution characteristics from
east to west.
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Figure 1. Schematic diagram of the location of the study area and the mines.

2.2. Data Sources and Processing

(1) Remote sensing data: This study used Landsat image data from 2001 to 2020 taken
from GEE, mainly from April to September. The image dataset from 2001 synthesized
by GEE served as a remote sensing data source, covering the entire Inner Mongolia Au-
tonomous Region. After spatiotemporal screening and cloud removal of Landsat images,
the function method was used to stitch the images, and the existing railings were filled
using the regression repair method. After calculating the normalized difference vegetation
index (NDVI) and normalized difference building index (NDBI) of the feature bands, they
were added as new feature bands to the image for classification assistance. Using the
land-use data of 2000, 2005, 2010, 2015, and 2020 from Chinese Academy of Sciences as
monitoring data, the stable land-use patches were extracted and stacked. On this basis,
the classification samples in the mining area were screened and outlined. Classified sam-
ples were trained and supervised by the random forests method. After the classification
accuracy kappa evaluation (Table 1), the land-cover data of corresponding years were
obtained. Years of land-use data were obtained by time iteration and cyclic classification in
the program.
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Table 1. Overall accuracy and kappa coefficients of land-use classification.

Year Classification Image Kappa Overall Accuracy

2001 Landsat 5 0.931 0.962
2002 Landsat 5 0.937 0.966
2003 Landsat 5 0.939 0.966
2004 Landsat 5 0.933 0.963
2005 Landsat 5 0.935 0.964
2006 Landsat 5 0.926 0.956
2007 Landsat 5 0.932 0.963
2008 Landsat 5 0.931 0.965
2009 Landsat 5 0.945 0.970
2010 Landsat 5 0.943 0.969
2011 Landsat 5 0.943 0.969
2012 Landsat 7 0.944 0.969
2013 Landsat 7 0.933 0.965
2014 Landsat 8 0.954 0.975
2015 Landsat 8 0.953 0.974
2016 Landsat 8 0.934 0.964
2017 Landsat 8 0.950 0.973
2018 Landsat 8 0.938 0.966
2019 Landsat 8 0.937 0.966
2020 Landsat 8 0.934 0.964

(2) Topographic data: The data obtained by the Shuttle Radar Topography Mission
were expressed as a digital elevation model (DEM) that could cover all of China. The reso-
lution of the SRTM1 data was 30 m, and open-source data (ASTER GDEM2, GMTED2010,
and NED) were used to complete the hole-filling. GEE invoked SRTM1 DEM data for
interpretation, and obtained terrain data.

(3) Vegetation and meteorological data: Vegetation data included vegetation types
and vegetation regionalization, which were obtained from the Resource and Environment
Data Center of the Chinese Academy of Sciences [10]. Meteorological data were obtained
from the meteorological data network [11]. There are 47 monitoring stations in the Inner
Mongolia Autonomous Region, recording daily meteorological data. Dynamically captured
and cleansed data was obtained using Python’s Selenium framework programming to
ensure annual meteorological data for each site. The discrete meteorological data were
interpolated using Ausplin to obtain the grid data of precipitation and evaporation.

(4) Land-use classification: Taking DEM data, vegetation type and zoning data, and
meteorological data as inputs, a random forests model was used to classify land use. Ac-
cording to the characteristics of the mining area, this paper divides the land-use types
of the study area into seven categories, namely, cropland, forest, grassland, waterbodies,
residential land and industrial squares, mining land, and unused land. Industrial squares
refer to the space of ground facilities in the mining area, including office buildings, dor-
mitories, production workshops, warehouses, roads, etc. In China’s mining areas, the
industrial squares and residential land are usually mixed together, so they were classified
as a single type of land use in this article. Mining land refers to the ground production land
for purposes such as mining, quarrying, sand mining, salt fields, brick and tile kilns, and
tailings dumps. Unused land refers to unutilized land, including hard-to-use land, mainly
bare land, bare rock, etc. For unused land, the growth of vegetation was not suitable, so
restoration was generally needed for sustainable use.

2.3. Study Method
2.3.1. Land-Use Change Analysis

The land-use change process corresponds to the changes in landscape types in mining
areas. Therefore, the land-use transition matrix was used to characterize the temporal and
spatial transfer of landscape types in mining areas. The land-use transition matrix provided
an opportunity to analyze the amount and direction of changes in land-use type intuitively,
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and to reveal the interannual transfer ratio of land-use types [12–16]. Based on the land-use
dynamic degree and land-use transition matrix, this study analyzed the land-use changes
of typical mining areas in Inner Mongolia from two dimensions: quantitative and spatial.
The calculation process of the land-use transition matrix used the following equation [17]:

Sij =


S11 S12 . . . S1n
S21 S22 . . . S2n

. . . . . . . . .
Sn1 Sn2 . . . Snn

(1)

where S is the area of a given land-use type, n is the number of land use types, and Sij
represents the area converted from land-use type i at the beginning of the study period to
land-use type j by the end of the study period. The land-use transition matrix in the study
area from 2001 to 2020 was ArcGIS-based, specifically under the tabulate area function in
the zonal module of spatial analysis. The spatiotemporal changes of land use in typical
opencast coal mines in Inner Mongolia under long-term time series were compared and
analyzed based on the land-use transition matrix.

2.3.2. Landscape Pattern Index

The landscape fragmentation index, as a commonly used landscape pattern index [18],
has been widely used in the study of the ecological evolution of mining areas [19–21]. In
this study, patch density (PD), landscape division index (DIVISION), and aggregation
index (AI) were selected from the landscape level, and landscape fragmentation (LF) was
determined according to the coupling results of the three landscape pattern indices [22,23],
after which the degree of landscape fragmentation in the mining areas of Inner Mongolia
was interpreted.

(1) Patch density

Patch density refers to the ratio of the number of patches of a certain type to the
landscape area, indicating the extent to which the landscape matrix is segmented by
patches of this type—that is, the patch density of this landscape component on the whole
landscape. Patch density was calculated using the following equation [24]:

PD =
N
A

(2)

where PD denotes the patch density, N denotes the total number of landscape patches in
the study area, and A denotes the total area of the landscape. The higher the PD value,
the more the landscape type is separated by the boundary, and the fragmentation of the
representational elements is obvious. On the other hand, this indicates that the landscape
type has higher integrity and better connectivity [25].

(2) Landscape division index

The landscape division index refers to the classification based on the cumulative
distribution of patch area—that is, the probability that two randomly selected pixels in
the landscape are not located in the same patch of the corresponding types of patch. The
landscape division index was calculated by the following equation [24]:

DIVISION = 1−
m

∑
i=1

n

∑
j=1

(
aij

A

)2
(3)

where DIVISION represents the landscape division index, aij represents the area of a
certain landscape patch in the study area, and A represents the total area of the landscape.
DIVISION ∈ [0,1]; a larger DIVISION value indicates that a certain landscape patch is
composed of several smaller patches, and that there is a greater degree of division of
landscape types represented by the patch in question. On the other hand, the landscape
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patches are more complete and have larger areas, and the degree of division of landscape
types is lower.

(3) Aggregation index

The aggregation index is a kind of index that can describe the degree of aggregation of
different landscape patches, and can measure the degree of landscape fragmentation and
the degree of isolation between habitat patches. The aggregation index was calculated by
the following equation [24]:

AI =
m

∑
i=1

(
gii

max− gii

)
Pi × 100 (4)

where AI represents the aggregation index, gii represents the number of similar adjacencies
(connections) between pixel i and pixel j at the patch level based on the single counting
method, max represents the maximum adjacency number between pixel i and pixel j at the
patch level, and Pi represents the proportion of landscape formed by the patch type. When
the landscape is composed of a few large patches with high connectivity, the aggregation
index is high. Conversely, if the landscape is composed of many discrete patches, the
aggregation index is low.

Due to the different dimensions of PD, DIVISION, and AI, the value of PD at the
landscape level can reach more than 100, while DIVISION is always less than or equal to 1.
Too large a numerical difference in the process of fitting leads to distortion of the fitting
results. Therefore, the data were normalized using the following equation:

X =
Xoriginal − Xmin

Xmax − Xmin
(5)

where X is the value after data normalization, Xoriginal is the original data value, Xmax is the
maximum value in the data, and Xmin is the minimum value in the data.

According to the above results, digital graph theory [26] was used to calculate the
three landscape pattern indices. Among them, the larger the PD and DIVISION values,
the more fragmented the landscape. On the other hand, the larger the AI value, the more
complete the landscape. The estimation process used the following equation.

LF = PD + DIVISION−AI (6)

where the larger the LF value, the greater the degree of landscape fragmentation, and vice
versa. Finally, the result was maintained between 0 and 1.

3. Results
3.1. Variation Characteristics of Landscape Types
3.1.1. Quantity Changes of Landscape Types

(1) Different land-use quantity and distribution characteristics constituted different
landscape types in the mining areas. Forest land and grassland together constituted
the forest landscape type. The changes in cropland represented the changeover of the
agricultural landscape. Mining land, residential land, and industrial squares belonged
to the category of industrial landscapes. The grassland landscape in typical open-pit
coal mining areas showed a fluctuating decline from 2001 to 2020. With the total area
of grassland landscape declining significantly, the industrial landscapes such as mining
land, residential land, and industrial squares showed a fluctuating rise for a long time.
The change trend of the two was opposite, and the change in the forest landscape was
relatively stable. In 2001, the landscape type in the study area was mainly grassland
(60.75%), followed by cropland (21.12%). In 2020, although grassland was still the main
landscape type in the study area, the proportion reduced (50.71%). With the proportion
of grassland, cropland landscape types in the total land area continued to decline, while
the area of industrial landscapes such as residential land and industrial squares increased
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sharply, from 0.04% to 15.49% in 20 years. Overall, the quantity changes of agricultural
landscapes (cropland) in 2001–2020 mainly slowed down, and then slowly increased after
2016. The mining land of the industrial landscape had always been on the rise, with the
largest increase in residential land and industrial squares. The change rate during the study
period was 292.45%, and the cumulative area increase was about 71.74 km2. The second
increase was in unused land, with a change rate of 249.92%. Waterbody, grassland, and
cropland area decreased by 86.44%, 16.28%, and 9.18%, respectively.

(2) The landscape types and patterns of typical open-pit coal mining areas in Inner
Mongolia had fluctuated greatly over the past 20 years. From the perspective of change
periods, the large-scale decline in grassland landscape areas from 2001 to 2005 eased to a
slight increase, with a cumulative decrease of 75.4 km2 over other periods. In 2005–2010,
the area of industrial landscapes such as residential land and industrial squares decreased
by 2.31%, while in other periods it increased significantly. The waterbodies landscape
area increased in 2010–2015, with a decrease of about 7.86 km2 over other periods. Since
2010, the agricultural landscape area experienced a significant decrease of 14.07%, and
then turned to a dynamic increase. However, the increase of 5.7% was smaller than the
previous decrease, which was still reflected in the decrease in agricultural landscape area
as a whole (Table 2).

Table 2. The land-use changes of typical open-pit coal mining areas in Inner Mongolia from 2001
to 2020.

Year Land-Use Types Cropland Forest Grassland Waterbodies
Residential Land

and Industrial
Squares

Mining
Land

Unused
Land

2001 Area/km2 130.83 0.04 376.39 6.54 24.53 78.28 2.91

2005 Area/km2 122.80 0.04 390.52 0.96 45.41 56.91 3.16

2010 Area/km2 112.41 0.03 376.94 0.38 44.36 79.71 6.16

2015 Area/km2 113.58 0.04 324.96 2.58 69.29 104.58 5.82

2020 Area/km2 118.82 0.05 315.11 0.89 96.28 80.03 10.18

2001–2005
Area variation/km2 −8.02 −0.01 14.13 −5.58 20.87 −21.36 0.25

Rate of change/% −6.13 −12.50 3.76 −85.27 85.08 −27.29 8.64

2005–2010
Area variation/km2 −10.39 −0.01 −13.58 −0.59 −1.05 22.79 3.00

Rate of change/% −8.46 −33.33 −3.48 −61.06 −2.31 40.05 94.96

2010–2015
Area variation/km2 1.17 0.01 −51.98 2.21 24.94 24.87 −0.33

Rate of change/% 1.04 53.57 −13.79 587.77 56.22 31.21 −5.44

2015–2020
Area variation/km2 5.24 0.01 −9.84 −1.69 26.98 −24.55 4.35

Rate of change/% 4.61 20.93 −3.03 −65.62 38.94 −23.48 74.72

2001–2020
Area variation/km2 −12.00 0.00 −61.27 −5.66 71.74 1.75 7.27

Rate of change/% −9.18 8.33 −16.28 −86.44 292.44 2.24 249.92

3.1.2. Spatial Changes of Landscape Types

(1) The spatial evolution characteristics of open-pit coal mine landscape types were
directly reflected by spatial mapping (Figure 2). From the perspective of the changes in the
spatial characteristics of landscape types, with the changes in land-use quantity and state,
the landscape pattern types gradually changed. In general, except for mines j and k, most
of the other mining areas were dominated by grassland landscapes. From the perspective
of spatial changes, the mining land of open-pit coal mines a, b, c, f, h, and k had shown
an increasing trend year by year since 2005, and a period of sharp, concentrated increase
occurred from 2005 to 2015. After 2015, the spatial distribution of mining land showed a
relatively stable state.
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(2) The main sources of the increase in residential land and industrial square land
were grassland and farmland. The lost grassland was mainly converted into residential
land and industrial squares, cropland, and mining land. Cropland was mainly converted
into grassland, and other parts were converted into residential land, industrial squares, and
unused land. Some mining land was converted to grassland. Other land-use types also had
varying degrees of conversion. In 2015–2020, in addition to cropland and unused land, other
types of land conversion to residential land and industrial squares were the most significant
in the four periods. In 2001–2020, 17.4% of the grassland was converted to residential
land and industrial squares, and 84.8% of the waterbody land was converted to cropland,
although the area of waterbody conversion was only 5.66 km2 (Table 3). There were two
reasons for the almost-complete loss of water: One was the drainage operations of open-pit
coal mining. Drainage refers to the dewatering or drainage of aquifers, which may affect
the safety of coal mining during stripping and mining in open-pit mines. This operation
led to a significant decline in groundwater levels in the mines and their surrounding areas.
Subsequently, surface water was converted to groundwater. Finally, the water area visible
on the surface significantly reduced, and water resources were in short supply. On the
other hand, the mining areas are located in a typical arid climate zone in China, where
the annual evaporation is greater than the precipitation, so the amount of surface water
resources decreased due to the arid climate.

Table 3. The land-use transfer matrix of open-pit mining areas during 2001–2020 (km2).

Land Use
Types Cropland Forest Grassland WaterBodies

Residential Land
and Industrial

Squares

Mining
Land

Unused
Land

Cropland 85.58 0.01 37.88 0.03 6.51 0.38 0.44

Forest 0.02 0.01 0.00 0.00 0.01 0.00 0.00

Grassland 26.07 0.03 257.35 0.68 68.58 16.19 7.49

Waterbodies 4.80 0.00 1.54 0.12 0.07 0.01 0.01

Residential
Land and
Industrial
Squares

1.95 0.00 5.47 0.01 14.66 1.63 0.22

Mining land 0.17 0.00 12.02 0.05 3.96 60.49 1.59

Unused land 0.23 0.00 0.86 0.00 0.06 1.32 0.43

3.2. Variation Characteristics of Landscape Types

The mean patch density (PD) of a typical open-pit coal mine every five years from
2001 to 2020 was 50.53, 42.31, 59.77, 60.36, and 55.02, respectively. The degree of landscape
fragmentation in the mining areas fluctuated greatly. Comparing the results of 2001 and
2020, the PD values of eight of the mining areas increased, meaning that 61.54% of the
mining areas were seriously damaged in the past 20 years. The degree of landscape
fragmentation varied greatly in different mining areas. Among the 13 coal mines, the
degree of landscape fragmentation in mining area d was always the highest, reaching a
peak of 135.53 in 2015. In coal mine c, landscape connectivity was generally higher, and the
lowest point was in 2001. The landscape division index ranged from 0 to 1. The minimum,
average, and mode division values of the mining areas from 2001 to 2020 were 0.77, 0.89,
and 0.94, respectively, meaning that the division range of each typical mining area was
above 0.77, and nearly 80% of the mining areas had a division value above 0.9. Therefore, it
can be inferred that landscape patches of typical mining areas were composed of multiple
smaller patches with complex and diverse ground object types and high separability.
The aggregation index analysis results of each mining area showed that the numerical
distribution of AI was roughly opposite to that of PD and DIVISION. Compared with the
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other two indices, the AI value can better reflect the degree of landscape fragmentation and
the degree of isolation between patches. The AI calculation results of the 13 open-pit coal
mine areas from 2001 to 2020 ranged from 47.81 to 89.73, with an average value of 65.30.
Combined with the results of PD and DIVISION, the degree of landscape fragmentation
and the degree of isolation between habitat patches were relatively high.

In order to analyze the LF index, it was necessary to normalize the results of the three
indices mentioned above. The results showed that the mean value of LF from 2001 to
2020 was 0.72, 0.63, 0.66, 0.64, and 0.66, and the median was 0.75, 0.67, 0.62, 0.65, and
0.67 (Figure 3). On the whole, this showed a decreasing trend in the fluctuation. It can be
seen that the overall landscape ecological quality of the mining areas gradually improved.
Comparing the 13 mining areas over the 20 years, the coal mines with high LF were d,
g, i, and l, among which d was the one with the highest LF. The degree of landscape
fragmentation of coal mine j had always been relatively low—usually below 0.3 (Table 4).
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3.3. Ecological Restoration Projects in Opencast Coal Mines

Since 2007, some opencast coal mines in China have begun to carry out the ecological
restoration of mines in order to restore the damaged ecosystems in the mining areas. These
efforts mainly rely on natural restoration or human-assisted intervention. Specifically,
for mine ecological problems caused by mining—such as potential geological hazards,
land destruction, and vegetation damage—the mining geological environment can be
stabilized, the damaged land can be reused, and the structure and function of the damaged
ecosystem can be restored or improved by implementing technical restoration measures
and administrative policy measures. Thus, the mines’ complex ecosystem can get rid of
the state of reverse succession and reach a new state of equilibrium. Specifically, ecological
restoration projects adopted in Inner Mongolia’s grassland mining areas are mainly divided
into the following objectives:

(1) Eliminate potential geological hazards: This entails a focus on mines’ ecological
problems, such as mountain damage, landscape damage, collapse, and landslide. Engineer-
ing methods such as slope cutting, unloading, wall construction, and continuous slopes
are adopted to eliminate potential geological hazards such as collapse and landslide. Engi-
neering measures such as cleaning, blocking, and solidification are adopted to eliminate
the hidden dangers of slag and dangerous rock mass. Engineering measures such as slope
cutting, unloading, and drainage are adopted to eliminate the hidden dangers of unstable
slopes, and engineering measures such as backfilling and leveling are adopted to eliminate
the hidden dangers of surface cracking and ground collapse.

(2) Reduce land occupation and destruction: The integration of “stripping–mining–
transportation–disposal–land consolidation–reclamation–utilization” is adopted to achieve
concurrent mining and reclamation (CMR). In order to reduce the occupation and destruc-
tion of land resources, the comprehensive treatment and utilization of solid wastes such as
waste rock, slag, and tailings are strengthened.

(3) Geomorphic reshaping: A new landform in harmony with the surrounding areas is
reshaped by employing engineering measures such as terrain reshaping, land consolidation,
and reconstruction of drainage systems. The terrain is reshaped by using engineering
measures such as slope repair, platform arrangement, pit backfilling, deep digging, and
shallow padding. In addition, engineering measures such as ground leveling, topsoil
protection, and external soil cover are adopted for land consolidation.

(4) Soil reconstruction: Based on the geomorphic reshaping, the reconstruction of soil
profile structure and fertility conditions relies on the local geotechnical, hydrothermal, and
humidity conditions, making full use of the topsoil stripped from mining and solid wastes
left by mining—such as waste rock, slag, tailing sand, and coal fly ash—and implementing
engineering measures such as soil-modified fertilization, soil layer replacement, topsoil
cover, soil layer turnover, chemical improvement, bioremediation, etc. Soil reconstruction
measures for different sites can be determined according to their use for restoration. In
China, some open-pit coal mines, if repairable, take technical and biological measures such
as land leveling and soil reconstruction to restore the damaged land to agricultural land,
cultivated land, or garden land to carry out agricultural production and operation activities.
Some closed mines, if not repairable, are restored to geological parks or mine pit hotels,
or transformed to flower nurseries or lake landscapes for subsequent development and
utilization of resources and industrial development.

(5) Vegetation restoration: Forest and grassland vegetation restoration is mainly carried
out according to the characteristics of the biological population of the local ecosystem.
Considering the suitability of vegetation for the ecological restoration of mines, ecological
reclamation is carried out while the composition and structure of the flora are rationally
allocated, so as to achieve the reconstruction of landform and landscape.

4. Discussion

(1) In the extraction of temporal and spatial evolution information of land use in mining
areas, this paper constructed a large-scale mining area land-use information extraction
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method based on the Google Earth Engine (GEE) platform and machine learning. In
terms of data preprocessing, cloud cover and regression repair were used to complete the
pixel filling in the strip area, and the optimization of remote sensing images was carried
out. In the process of sample extraction, the sample dataset was quickly constructed
by integrating the historical land-use and -cover information of the study area, and the
automatic classification process of land use in the mining area was improved on the basis
of ensuring the accuracy of sample selection. In terms of interpretation efficiency, using
GEE, parallel cloud computing, and real-time judgment, supplemented by time iteration,
we broke through the traditional mode of remote sensing data processing, greatly reduced
the time complexity and space complexity of the interpretation algorithm, and reduced the
cost of land-use interpretation in large-scale mining areas.

(2) The mining of open-pit coal mines led to significant changes in the landscape types
and patterns of the mining areas, which were mainly manifested as significant decreases
in the area of grassland and waterbodies, while the area of mining land increased at
different rates in different stages. On the whole, the typical mining areas showed that
the landscape patches were not only broken, but also diverse, with poor connectivity,
and highly separable. The degree of landscape fragmentation and the degree of isolation
between habitat patches were also high. The reasons for these changes included mining
methods, mining stages, and other factors. In terms of mining methods, open-pit coal
mining applied a layer-by-layer downward mining method from the surface, mainly
stripping and digging damaged land. After years of mining activities in typical opencast
coal mines, the original surface morphology and soil structure were destroyed, the surface
landscape types were significantly changed, and the use value of the original land-use
types was reduced. The rock/soil waste generated in the mining process was piled on
the original landform, resulting in an increase in the industrial landscape. The weight of
occupancy of such objects could change the soil bulk density and porosity. This made the
soil denser and less conducive to farming, leading to a significant decrease in the area of
cultivated land and grassland. In terms of mining stages, the overall land-use changes in
the study area could be divided into two periods: From 2001 to 2010, the land-use changes
of forest and grassland maintained a relatively stable state, while the area of residential
land, industrial squares, and mining land fluctuated greatly, depending on the mining
period. After 2010, the transformation from mining activities to land reclamation activities
had the opposite effect to with the above process. The surface land-use changes showed a
restoration effect, the ecological landscape areas such as grassland were greatly reduced,
and the spatial distribution of mining land gradually became stable, indicating the mature
mining period.

(3) Reclamation and ecological restoration policy orientation contributed to the ratio-
nalization of landscape patterns. Since 2007, China has required land reclamation for new
construction, renovation, and expansion of production mines. Reclamation engineering
measures were carried out in mining areas, including geological hazard elimination and
disaster management, land reclamation engineering, and biological and chemical methods.
These measures gradually achieved landscape reshaping, soil reconstruction, vegetation
reconstruction, landscape reproduction, and biodiversity restructuring and protection, and
restored the damaged land to a state of availability, improving the ecological quality of the
landscape. Such mandatory policy measures gradually showed a positive guiding effect
on ecological restoration in mining areas over the subsequent 10 years. Since 2010, the
area of cultivated land in the study area has gradually shown a trend of dynamic increase.
Since 2015, the area of mining land has changed from a high-speed growth to a high-speed
decrease. Combined with the results of the land-use transition matrix, most of the reduced
mining land was converted to grassland, and the change in the area of grassland changed
from a significant decrease to a dynamic increase. Meanwhile, the conversion between
cultivated land and grassland was large. According to the mining and ecological restoration
time points of each mine, the mining period was mostly from 2000 to 2005, along with the
strategy of mining alongside reclamation. The ecological restoration began around 2010,
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which broadly coincided with the time when the mining land greatly reduced and the
grassland decreased slowly. Over the past 20 years, nearly 70% of the study areas showed
a decreasing trend in the degree of landscape fragmentation. Although the ecological envi-
ronment in the study area has gradually improved, more ecological restoration measures
are still needed to improve landscape connectivity and ecological resilience.
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