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Abstract: The ecological environment of the Loess Plateau is fragile. Land
degradation could be easily caused due to the high-intensity mining surface disturbance,
resulting in ecological damage and environmental pollution. Xunyao mining area was taken
as a study area. Three main characteristics of vegetation coverage, desertification, and soil
erosion were selected for Principal Component Analysis (PCA) based on the NDVI value.
According to the weighted result, the land degradation classification model was constructed,
and the land degradation results were obtained and graded. The main conclusions include
(1)Soil erosion, vegetation coverage and desertification account for the external
characterization weight of 0.6966:0.1828:0.1206. While soil erosion is the main
characterization. (2)In 2013~2017, vegetation coverage, desertification, soil erosion, and
land degradation all showed good in the southeast but poor in the northwest. (3) The low
vegetation coverage and the desertification are mainly concentrated in the mining area; soil
erosion not only affects the scope of the coal mine but also the range of the unmined area.
Land degradation mainly caused by the surface disturbance for coal mining and the special
fragile ecological environment in the Loess Plateau. The study could provide theoretical
support for ecological restoration in the coal mine area.

1. Introduction

Land degradation is a seriously environmental and ecoligical problem facing the world due to
human activities and climate change, which could decrease the land productivity and increase
landscape fragmentation[1, 2]. Moreover, the ecological environment in Loess Plateau is extremely
fragile thus land degradation could be easily caused by coal mining activities, such as excavation
and occupation[3].

Land degradation mainly focuses on carbon source/carbon sink[4-6], vegetation restoration[7, 8],
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and ecological reconstruction[9, 10]. With the RS and GIS, studies on land degradation in mine
areas have achieved great progress[11-14]. The Global Assessment of Human-induced Soil
Degradation (GLASOD) is the first to define land degradation as the deterioration or complete loss
of soil product and is divided into four types: water erosion, wind erosion, physics and
chemistry[13]. Later, Artificial under Asian Assessment for Soil Degradation (ASSOD) is proposed,
and the Multi-Factor Land Degradation Comprehensive Assessment Method proposed by the
Russian Academy of Sciences (RUSSIA)[12]. The analysis of land degradation mostly focuses on
soil quality[15-17], ecological health[8], landscape scale[10], etc. However, the process of land
degradation is complex. And dynamic monitoring is still hard to be achieved as the most study of
land degradation is limited to small-scale sampling, so[18, 19].

The loess plateau located in the arid and semi-arid environment, is prone to soil erosion,
desertification due to mining activities[20]. However, there are few studies about land degradation
in this region, especially from the perspective of external characteristics. The previous study
analyzed land damage, soil erosion and vegetation change from the perspective of land degradation
characteristics, which provided a good idea for the research[12]. Therefore, Landsat 8 OLI remote
sensing images were to being interpreted to identify the main external characteristics of soil erosion,
desertification, and vegetation degradation. Then the Normalized Different Vegetation Index (NDVI)
was selected as the proxy index, and the weight of different external index was determined by
Principal Component Analysis (PCA). And land degradation grading model in Loess Plateau coal
mine area was constructed. The results in the Xunyao coal mine area (XCMA) could be provided a
theoretical basis for land degradation in Loess Plateau.

2. Materials and Methods
2.1.Study Area

XCMA belongs to Xunyi County of Xianyang city, Chunhua County and Yaozhou district of
Tongchuan City in Shaanxi province, with a total area of about 1127 km? located in Huanglong. The
terrain of the mining area is high in the west and low in the east, with the highest elevation of
1627.7m, the lowest point of 1216.9m, and the elevation difference of about 410.8m.

Meanwhile, XCMA belongs to the warm temperate semi-arid continental climate, with 9.2°C of
the annual average temperature, 634mm of annual average rainfall, but greater than 1000 mm of the
annual average evaporation. The geomorphic types of XCMA are complex and diverse. The parent
soil of XCMA is quaternary loess, and there are also calenders, sandstone, shale, limestone, and
other bedrock and weathered residual slope deposits. Therefore, its coal seam occurrence is
relatively stable. The main coal seam is 4-2 coal seams, with the resource reserves are about 800
million tons. Figure 1 shows the location of the XCMA.
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Figure 1: Location of the study area. (a) Location of the XCMA in Shaanxi Province, China; (b)
Distribution of the main coal mines in XCMA; (c) Information of the main coal mines in XCMA:
DPS, designed production scale; RR1, recoverable reserves; RR2, resources reserves.

XCMA's main coal mines are underground mining. Unlike open-pit mining which could directly
and severely disturb the ground surface[7, 21], the land degradation caused by mining impact
directly is harder to assess in this region. But the effects of surface subsidence, meteorite pressure,
and underground water decline due to mining has been calculated by predictive models[16, 22].
Therefore, we take XCMA as a study area to analyze t land degradation in the coal mining area
from the perspective of external characterization.

2.2. Methods
2.2.1. Data Source and Pre-treatment

Table 1: Research data.

Data Type Time Identification Resolution] Data Source
Landsat 8 OLI [2013-09-13] LC81270362013256LGNO0 15 m USGS
Landsat 8 OLI |2015-07-01] LC81270362015182LGNO0O0 | 15 m USGS
Landsat 8 OLI |2017-10-26] LC81270362017299LGNO00 15 m USGS

DEM 2009 ASTGTM N34E108 30 m GDC
DEM 2009 ASTGTM N35E108 30 m GDC
HWSD 2009 |, Harmonized World Soil |y | cpasDC
Database( HWSD versionl.1)
CGCD 2013-2017 |SURF CLI CHN MUL MON / NMICC

Note: The full name of USGS is the United States Geological Survey (https://www.usgs.gov/);
the full name of GDC is Geospatial Data Cloud (http://www.gscloud.cn/);the full name of
CDASDC is Cold and Dry Area Science Data Center (http://www.gscloud.cn/); and the full name of
NMICC is National Meteorological Information Center of China (http://data.cma.cn/).

The research data includes Landsat 8 OIL remote sensing image, Digital Elevation Model
(DEM), the Harmonized World Soil Database (HWSD, version 1.1), and China Ground Climate
Data Monthly Value Dataset (CGCD). Table 1 shows the research data. Among them, XCMA's
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3-year(2013, 2015, 2017) Landsat 8 OIL images with no cloud, fog and good vegetation growth
(July-October) were selected and pre-processed (including radiometric calibration, atmospheric
correction, image fusion, image cropping). The attribute table of HWSD is associated with
resampling to 30m, and the study area was extracted by the mask.

2.2.2. Methods

Land degradation is the result of the joint action of nature and human activities, and its variety of
forms including but not limited to soil erosion, land desertification, soil secondary salinization, land
pollution, vegetation degradation [23, 24]. Considering the reality of the loess plateau [20], soil
erosion, desertification, and vegetation degradation are the mainly external characteristics. Thus, the
precipitation, soil erodibility, slope and length, vegetation coverage, soil and water conservation
measures, and land desertification impact factors are selected, and the results of vegetation coverage,
soil erosion, and desertification could be calculated. NDVI value was taken as a reference, and
principal component analysis (PCA) was chosen to calculate the weights of each characterization.
Among them, vegetation coverage is a negative indicator, while desertification and soil erosion are
a positive indicator of land degradation. According to the weight results, the grading model of land
degradation in the loess coal mine area is constructed, while the graded results could be obtained.

(1) Calculation of vegetation coverage. The mixed pixel decomposition model was selected and
the binary pixel model was used for linear decomposition. Based on the NDVI values of removed
outliers and bare soil, vegetation coverage could be calculated [7, 25]. Combined with the
classification methods of Ding et al., vegetation coverage is divided into five grades: Bare Land
(BL), Low Coverage (LC), Medium Coverage (MC), Mid-high Coverage (MHC) and High
coverage (HC). Since vegetation coverage is a negative indicator of land degradation, the
resampling from bare land to high coverage is 5~1 in ArcGIS 10.6.

(2) Measurement of desertification degree. Using NDVI-Albedo to analyze desertification has
the advantages of simple operation, easy acquisition and high result accuracy [26]. Therefore,
desertification information of coal mine area could be extracted through this way based on Landsat
8 OLI image in ENVI 5.3 [27, 28]. The desertification degree is usually divided into 5 levels: No
Desertification (ND), Mild Desertification (MID), Moderate Desertification (MOD), Severe
Desertification (SD) and Extremely Severe Desertification (ESD). Then the desertification results
assigned as 1~5 for resampling in ArcGIS 10.6.

(3) Calculation of soil erosion. The soil loss equitation (RUSLE) has been using to analyzed soil
erosion [29]. In the equation, 6 factors of soil erosion were selected and calculated, then the erosion
results could be obtained by using the grid calculator in ArcGIS 10.6. The RUSLE equation is
shown in Equation 1:

A=R*KXLSxCxP (1)

In Equation 1, A is the soil erosion modulus (Unit: t/hm2-a), R is the rainfall erosivity factor
(Unit: MJemm/( hm2+hea)), and K is the soil erodibility factor (Unit: t ¢h/ MJemm), S is the slope
factor (dimensionless), L is the slope length factor (dimensionless), C is the vegetation cover
management factor (dimensionless), and P is the soil and water conservation measure factor
(dimensionless). The resampling is assigned a value of 1-6 in ArcGIS 10.6. According to the Soil
Erosion Classification and Classification Standard (SL190-2007) promulgated by the Ministry of
Water Resources of China, the degree of soil erosion is divided into 6 grades: Micro Erosion (MIE),
Light Erosion(LE), Moderate Erosion(MOE), Strength Erosion(SE), Extreme strength
Erosion(ESE), and Severe Erosion(SEE).

(4) Comprehensive evaluation and grading of land degradation. NDVI is often used as a proxy
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for assessing land degradation in relation to the light energy efficiency of vegetation [30]. Based on
the NDVI value, the PCA analysis of the reclassified vegetation degradation, desertification, and
soil erosion weights were calculated in ArcGIS 10.6. Then the results of land degradation could be
obtained. The calculation formula is shown in Equation 2.

LD=a, B, +a,®B,+a,eB, (2)

In Equation 2, LD is land degradation results. And a;, a2 and a; are the weights of vegetation
degradation, desertification, and soil erosion, respectively; B;, B2, and B3, corresponding to the
classification result values. All units are dimensionless. The value of LD ranges from 1 to 6. With
reference to previous research results[ 14, 31], the degree of land degradation is divided into 4 levels:
No Degradation (NDE, 1.0-1.8), Mild Degradation (MIDE, 1.8-3.1), Moderate Degradation
(MODE, 3.1-4.4), Severe degradation (SDE, 4.4-6.0).

3. Results

3.1. Vegetation Coverage Calculation Results
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Figure 2: Results of vegetation coverage in XCMA. (A), (B), and (C) are the vegetation coverage
maps of 2013, 2015, and 2017; and (a), (b), and (c) of (D) corresponds to the percentage of the
vegetation coverage area.

Figure 2 shows the results of XCMA vegetation coverage. The BL and LC area decreased by
18.51 and 74.04 km?2 respectively in 2013~2017. The MC and MHC increased first and then
decreased. And MC decreased by 63.99 km2 while MHC increased by 8.77 km2; HC decreased first
and then increased, with totally increased by 148.66 km2. The vegetation coverage is high in the
southeast and low in the northwest in space.
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3.2. Desertification Degree Calculation Results
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Figure 3: Results of desertification degree in XCMA. (A), (B), and (C) are the desertification
distribution maps in 2013, 2015, and 2017, and (D) is the desertification area of the corresponding
year.

Figure 3 shows the results of XCMA desertification degree calculation.In terms of quantity, the
area of ND, MOD, and ESD increased first and then decreased, and the changes were -124.75,
-11.46, and 7.35 km2 during 2013~2017, respectively. MID and SD increased first and then
increased, and increased by 119.39 and 10.37 km2 respectively during 2013~2017. In terms of
space, the distribution of desertification is light in the southeast but serious in the northwest.

3.3. Soil Erosion Calculation Results
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Figure 4: Results of soil erosion in XCMA. (A), (B), and (C) are the soil erosion distribution maps
in 2013, 2015, and 2017, and (a), (b), and (c) of (D) corresponds to the percentage of soil erosion
area.

Figure 4 shows the results of XCMA soil erosion calculation. In terms of quantity, ME, SE, and
SEE increased first and then decreased with 22.97, -31.15, and -11.99 km2 changes from 2013 to
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2017, respectively. LE, MOD, and ESE decreased first and then increased with 3.06, -81.90, and
99.44 km2 changes from 2013 to 2017, respectively. And soil erosion is generally weak in the
southeast and strong in the northwest of spatial distribution.

3.4. Comprehensive Evaluation and Classification Results of Land Degradation

Table 2: External characterization of land degradation weight value results.

Eigenvalue . g Cumulative variance
Variance contribution rate (%) contribution rate (%)
Soil Erosion 7.625 69.66 69.66
Vegetation 3.753 18.28 87.94
Coverage
Desertification 1.182 12.06 100.00

According to PCA analysis, the variance contribution rate and cumulative contribution rate for
the vegetation coverage, desertification, soil erosion were calculated. Table 2 shows the eigenvalue,

variance contribution rate and cumulative variance contribution rate of land degradation in 2013,
2015 and 2015.
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Figure 5: Land degradation classification results in XCMA. (A), (B), and (C) are the land
degradation classification maps in 2013, 2015, and 2017, and (a), (b), and (c) for (D) correspond to
the land degradation for 2013, 2015, and 2017. The proportion of degradation in grades is %.

4. Discussion
4.1. Analysis of External Characterization of Land Degradation
4.1.1. Vegetation Coverage

From the perspective of the coal mine area, the MCM is distributed on the southeast side in the
XCMA, and the vegetation coverage is good in the mountain. From the perspective of coal mines,
there is a large area of BL in the five major coal mines of Heigou, Jiangjiahe, Zhaojin, Xundong
Chang'an and Xiufanggou, with the highest values accounting for 37.8%, 8.9% and 10.45% of the
coal mines respectively. 7.3%, 6.1%. Combined with remote sensing image interpretation, the BL
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area is mainly mine area and drainage field. The vegetation coverage in the Qiaoergou coal mine is
relatively good. In addition to the previous studies [32, 33], the vegetation degradation caused by
the natural geographical environment is excluded, and the distance from the mining area, the
drainage field, and the subsidence area are related to the vegetation coverage. That is, the closer to
the mine working area, the lower the vegetation coverage, which could prove the results.

XCMA's main coal mines have the lowest vegetation coverage in 2015, followed by 2017 and
relatively good in 2013, from the perspective of inter-annual change, Overall, vegetation coverage
in the MCM range has declined, but it has improved in recent years. Combined with the study [34,
35], underground mining has a negative impact on vegetation cover and is related to the mining
time, which can prove the results. In 2017, the vegetation coverage increased, and the result was
caused by green filling and mining [36].

4.1.2.Desertification

The XCMA is generally in ND and MID. In terms of quantity, MOD, SD, and ESD appeared in the
five coal mines of Heigou, Jiangjiahe, Zhaojin, Xundong Chang'an and Xiufanggou in 2013~2017.
The proportion of the area of MOD, SD, and ESD reached 22.7%, 7.8%, 7.6%, 4.2%, and 3.2%,
respectively. Among them, Zhaojin Coal Mine has a relatively low area of MOD, SD, and ESD, but
both SD and ESD. In terms of spatial distribution, SD and ESD are mostly located in the mine
working area, especially in the mining area. Combined with previous studies [37], coal resources
disturbed the surface during mining and transportation, which intensified the development of
desertification, consistent with the results of research and interpretation.

The degree of desertification in the mining area has increased in 2017. Although the overall
degree of desertification was lower than that in 2017 in 2015, the area of SD and ESD was
relatively large, and in 2013, the relative situation was relatively good. Similar to the results of
previous studies, most of the coal mining areas are ESD, and coal mining is likely to cause ESD
area expansion. The desertification growth area outside the coal mine area is mainly distributed
around the coal mine, which is caused by unreasonable construction activities[38].

4.1.3.Soil Erosion

Soil erosion could be affected by climate, terrain slope, land use status, and soil properties [39]. In
terms of quantity, the area of SE, ESE, and SSE in Qiaoergou Coal Mine, Xundong Chang'an Coal
Mine and Hegou Coal Mine accounted for a relatively high proportion. The highest erosion
intensity of Qiaoergou and Xundong Chang'an coal mine was 2017, the proportion of ESE and SSE
area was 51.6% and 32.7%, respectively, while that of Hegou Coal Mine was 2015, accounting for
17.9%. Compared with the area of the unmined area of the mining area, the land use types such as
cultivated land and forest land are most affected by soil erosion. Because the underground goaf
forms an underground funnel, the groundwater in the unmined area is led to the goaf, which leads to
the destruction of the hydrological pattern of the groundwater. This aggravates the changes in the
physical and chemical properties of the surface soil in the unmined areas, resulting in greater soil
erosion intensity in the unmined areas. Hu et al. have similar views of our results[40].

In terms of interannual variation and spatial distribution, soil erosion was relatively light in 2013,
and the erosion range was mainly located in central construction land, forest land, rivers, etc.; soil
erosion increased in 2015, and MOE, SE, ESE, and SSE areas were concentrated in cultivated land.
The trend of soil erosion in 2017 is reduced within the scope of cultivated land, but it is further
intensified in the scope of coal mines, and there is a tendency to gradually move to the forest land in
the southeastern mountains. Compared with the results of soil erosion in 2013, 2015 and 2017, the
differences in factors such as soil and water conservation, soil erodibility and slope length are small,
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and precipitation erosivity factors and vegetation cover factors are quite different. And Nigam et al.
have a similar conclusion with this paper[39].

4.2. Analysis of Land Degradation

According to the results of PCA analysis, the soil erosion, vegetation cover, and desertification
accounted for 0.6966, 0.1828 and 0.1206, respectively. In addition, land degradation refers to the
process of degrading the land quality and productivity under adverse natural and human influences
due to a combination of battalions or several types of battalions[1]. Therefore, NDVI could be
selected as a proxy indicator for assessing land degradation[30]. Bian et al. proposed that the land
use in the northwest coal mining area is mainly grassland and woodland, and soil erosion is
dominated by hydraulic erosion[41]. In addition, the soil erosion in the Loess Plateau mainly occurs
during the heavy rain period, while the research period is the season of abundant rainfall from July
to October[20]. The soil erosion phenomenon is extremely serious under the influence of natural
factors and human activities. Therefore, soil erosion has a greater weighting effect on land
degradation. In 2013, the vegetation coverage was good and it was not in the dusty climate, so the
impact factors were light.

Within the scope of major coal mines, land degradation was the most severe in 2017, especially
in Qiaoergou Coal Mine and Chang'an Coal Mine. The area of MODE and SDE accounted for
43.8% and 37.6% of the total coal mine area respectively. In 2013, the degree of land degradation
was low. Only 64% of the area of Heigou Coal Mine was in MODE, and most of the other coal
mines were MIDE. In 2015, 17.8%, 6.6%, and 2.7% of the three coal mines in Qiaoergou,
Xiufanggou, and Zhaojin began to exhibit SDE. The author has inferred two main reasons for land
degradation on the Loess Plateau: First, high-intensity mining activities on the surface caused by
land damage (excavation, occupation, collapse, etc.)[41], resulting in soil fertility decline,
vegetation damage. In particular, the goaf is prone to changes in the groundwater pattern, which
exacerbates the deterioration of the physical and chemical properties of the surface soil, and Mao's
research can also prove the inference[1]. Second, the annual precipitation in the Loess Plateau is
small, but the heavy rain during the flood season is concentrated and accounts for the annual
precipitation. The proportion of the land is large, and the long-term soil erosion caused by debris,
beams, ridges and valleys and other special geomorphological forms, resulting in ecological
fragility and serious environmental damage, Zhen et al also made similar inferences[42]. Therefore,
we should focus on artificially intervening vegetation restoration, scientifically carry out
comprehensive management of small watersheds, and enhance the self-remediation function of
ecosystems, so as to achieve sustainable development of soil and water conservation functions on
the Loess Plateau.

5. Conclusion

NDVI was selected as the proxy indicator, and vegetation cover, desertification, and soil erosion
were selected as three major external characterizations for PCA analysis, taking XCMA as an
example. Starting from the perspective of external characterization of land degradation, the results
of land degradation and grading are derived from the superposition analysis of weighted results.

The main conclusions are as follows: (1) Soil erosion, vegetation cover and desertification
account for 0.6966, 0.1828 and 0.1206, respectively. And soil erosion caused by heavy rain during
the flood season in the Loess Plateau is the main characterization for land degradation. (2) As for
the overall area of the mining area, vegetation cover, desertification, soil erosion, and land
degradation are all in the southeast and northwest. During 2013-2017, the changes of BL, LC, MC,
MHC and HC were - 18.51, -74.04, -63.99, +8.77, +148.66 km?, respectively. The changes of ND,
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MID, MOD, SD, ESD are -124.75, +119.39, -11.46, +10.37, +7.35 km?, respectively. The changes
of ME, LE, ME, SE, ESE, and SEE were +22.97, +3.06, -81.90, -31.15, -11.99, and +99.44 km?,
respectively. The changes of NDE, MIDE, MODE, and SDE are +58.70, -9.12, -67.73, and +19.68
km?, respectively. (3) In a single coal mine, BL (vegetation cover impacts), SD and ESD
(desertification impacts) are mainly located in the mining area and the drainage of the coal mine.
The range of the unmined area will also have a certain impact due to the change of groundwater,
and it would be affected by climate. Surface disturbance is the mean reason for land degradation of
coal mining in the Loess Plateau.
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