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Abstract: The collapse of open-pit coal mine slopes is a kind of severe geological hazard that may
cause resource waste, economic loss, and casualties. On 22 February 2023, a large-scale collapse
occurred at the Xinjing Open-Pit Mine in Inner Mongolia, China, leading to the loss of 53 lives. Thus,
monitoring of the slope stability is important for preventing similar potential damage. It is difficult
to fully obtain the temporal and spatial information of the whole mining area using conventional
ground monitoring technologies. Therefore, in this study, multi-source remote sensing methods,
combined with local geological conditions, are employed to monitor the open-pit mine and analyze
the causes of the accident. Firstly, based on GF-2 data, remote sensing interpretation methods are used
to locate and analyze the collapse area. The results indicate that high-resolution remote sensing can
delineate the collapse boundary, supporting the post-disaster rescue. Subsequently, multi-temporal
Radarsat-2 and Sentinel-1A satellite data, covering the period from mining to collapse, are integrated
with D-InSAR and DS-InSAR technologies to monitor the deformation of both the collapse areas
and the potential risk to dump slopes. The D-InSAR result suggests that high-intensity open-pit
mining may be the dominant factor affecting deformation. Furthermore, the boundary between the
collapse trailing edge and the non-collapse area could be found in the DS-InSAR result. Moreover,
various data sources, including DEM and geological data, are combined to analyze the causes and
trends of the deformation. The results suggest that the dump slopes are stable. Meanwhile, the
deformation trends of the collapse slope indicate that there may be faults or joint surfaces of the
collapse trailing edge boundary. The slope angle exceeding the designed value during the mining is
the main cause of the collapse. In addition, the thawing of soil moisture caused by the increase in
temperature and the reduction in the mechanical properties of the rock and soil due to underground
voids and coal fires also contributed to the accident. This study demonstrates that multi-source
remote sensing technologies can quickly and accurately identify potential high-risk areas, which is of
great significance for pre-disaster warning and post-disaster rescue.

Keywords: multi-source remote sensing; D-InNSAR; DS-InSAR; surface deformation; open-pit mine

1. Introduction

Open-pit mining has the advantages of a short construction period, large mining scale,
low production cost, and high resource recovery rate [1]. China has abundant open-pit coal
reserves, constituting 10-15% of the total coal reserves, mainly concentrated in the Inner
Mongolia, Shanxi, Xinjiang, and Yunnan provinces [2]. However, the risk of geological
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hazards, such as landslides and collapses, increases with the ongoing deepening of open-pit
mines [3-5]. Therefore, monitoring the open-pit mining areas is of great significance.

The slope ground monitoring methods of open-pit mines include leveling, GNSS, total
station, slope radar, etc. [6-8]. These methods have high precision but are also plagued by
low efficiency, limited monitoring points, and the challenge of comprehensively monitoring
the entire open-pit mine [9,10]. As an active microwave remote sensing technology, SAR
(Spaceborne Synthetic Aperture Radar) interferometry offers broad coverage, frequent
revisits, and significant economic benefits. It is widely used in urban subsidence and
mining area monitoring and other fields [11-15]. D-InSAR (Differential Interferometric
Synthetic Aperture Radar) technology is employed to monitor open-pit mines and has
been verified to have good consistency compared to leveling results [16,17]. However,
due to temporal and spatial incoherence caused by long monitoring periods or substan-
tial terrain modifications, it is difficult to obtain high-accuracy measurement results with
D-InSAR [18,19]. This limitation is alleviated to some extent by conventional time-series
PS-InSAR (Permanent Scatterer InNSAR) [20,21] and SBAS-INSAR (Small Baseline Subset
InSAR) [22,23]. Nevertheless, these methods primarily rely on permanent scatterers such
as buildings, which makes it challenging to obtain sufficient monitoring points in suburban
open-pit mines. DS-InSAR (Distributed Scatterer INSAR), capable of identifying distributed
scatterer points in non-urban areas, emerges as a solution to increase the density of moni-
toring points [24-26]. It has been applied to capture the time-series ground deformation of
open-pit mining areas in Anshan, China, demonstrating its superiority in point selection
compared to conventional time-series INSAR [27].

The stability of open-pit mine slopes is mainly influenced by local geological struc-
tures [28,29], lithology [30], water [31-33], blasting vibration [34], the slope geometry [35],
and other mining activities [36,37], resulting in high uncertainty. Currently, the monitoring
of the open-pit mines relies on a single data source, which may only partially reflect the
spatio-temporal variations in the mining area when data are missing. Furthermore, it is
difficult to accurately and promptly delineate the extent of landslides or collapses based
solely on deformation. Optical remote sensing can overcome these limitations and guide
rescue operations. Therefore, employing a comprehensive approach, based on multi-source
remote sensing, is crucial to systematically analyzing the spatio-temporal variations in
open-pit mining areas and preventing potential geological hazards.

On 22 February 2023, a large-scale, severe collapse occurred in the Xinjing Open-Pit
Mine in Inner Mongolia, China, leading to the loss of 53 lives and causing direct economic
losses amounting to about USD 28.38 million [38]. Scholars have conducted research on the
accident using multi-source remote sensing technologies. Specifically, Wu et al. [39] and
An et al. [40] employed high-resolution optical data to delineate the collapse range of the
Xinjing Open-Pit Mine in Inner Mongolia. They also utilized Sentinel-1A data to obtain
the spatio-temporal deformation. However, due to the absence of Sentinel-1A data for
several months before the collapse, monitoring and analyzing the spatio-temporal changes
comprehensively before the accident is challenging. Moreover, they did not conduct a more
in-depth analysis of the deformation trends by integrating local geological and survey data.

In this study, multi-source remote sensing data were employed to monitor and analyze
the collapse and dump areas in the Xinjing Open-Pit Mine. This article is organized as
follows. Section 2 explains the study area and the data used for this study. Section 3
describes the method of D-INSAR and DS-InSAR techniques. In Section 4, the results are
described and analyzed. Section 5 discusses the major causes of the collapse and explores
the correlation between deformation and the division of the collapse stages, while Section 6
concludes this study.

2. Study Area and Datasets
2.1. Study Area

As shown in Figure 1, the Xinjing Open-Pit Mine, covering an area of about 1.3448 km?,
is located approximately 88 km south of Bayannur Town, Alashan Left Banner, Inner
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Mongolia, China, with coordinates between 105.639°E-105.681°E and 37.956°N-37.993°N.
The mining history can be traced back to 1958, when the small-scale coal mine extraction
method was used. Since then, mining methods have undergone technological transfor-
mations, and new mining methods, such as longwall coal mining and horizontal layered
caving, have emerged. However, coal fires have been formed with the mining. A fire
suppression initiative was launched in 2010, spanning from the southern to the northern
regions of the mining area, and was completed by the end of 2012. Moreover, the official
transition to open-pit mining with a single-bucket and truck process began in January 2021.
The designed duration of service was 3.5 years, with a production scale of 900,000 tons per
year. Subsequently, the site comprised one open-pit mining area and four dumps.

The mine is located in a low, mountainous area with exposed bedrock and sparse
vegetation belonging to the plateau erosion hilly landform. The strike direction of the
mining area is approximately 295°, and the dip direction is approximately 25°. It is
primarily characterized by a single anticline structure with several small-scale faults in the
region. The elevation of the mining site ranges from 1050 m to 1493 m.

80°E 100°E 120°E 105°20'0"E 105°0”E
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Figure 1. Sketch map of the study area. (a) is the geographical location of study area; (b) is the DEM
of the study area derived from SRTM data; (c) is the spatial distribution of the mine provided by
GF-2; (d) is the natural landscape of the mine; (e) is the open-pit mining area; and (f) is the coal
haulage road.

2.2. Datasets
2.2.1. GE-2

Two GF-2 optical data images, collected on 16 February 2023 and 23 February 2023,
were used to delineate the landslide collapse area. The GF-2 satellite is the first civilian
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optical remote sensing satellite independently developed by China with a spatial resolution
better than 1 m. It is equipped with two high-resolution 1 m panchromatic and 4 m
multispectral cameras with a fusion resolution of 0.8 m x 0.8 m [41].

2.2.2. Radarsat-2

As shown in Table 1, two Radarsat-2 images from 10 January 2023 and 3 February 2023
were used to obtain the deformation near the collapse time. Radarsat-2 is a high-resolution
radar satellite equipped with C-band sensors with a resolution of 3 m x 3 m. The satellite
has an imaging width of 125 km with a revisit period of 24 days [42]. The incidence angle
is approximately 35.29° in this region and the data coverage is shown in Figure 2.

Table 1. Sentinel-1A and Radarsat-2 data parameters.

Resolution (m)

Satellites  Incidence Angle (°) Range Azimuth Time
Radarsat-2 35.29 3 3 10 January 2023-3 February 2023
Sentinel-1A 39.12 2.3 13.9 7 January 2021-11 August 2022

2.2.3. Sentinel-1A

Thirty-five ascending Sentinel-1A images obtained during the mining period were
utilized to capture the deformation of the open-pit mine. Operated by the European
Space Agency (ESA), Sentinel-1A was launched on 2 April 2014, and the satellite revisiting
period was 12 days. As shown in Table 1, in the study area, the incidence angles were
approximately 39.12°, and the resolution was 2.3 m by 13.9 m. The acquisition time was
from 7 January 2021 to 11 August 2022 and data coverage is shown in Figure 2. All data
could be downloaded freely from the Alaska Satellite Facility (ASF) [43].
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Figure 2. The Radarsat-2 and Sentinel-1A satellite data coverage.
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3. Methods
3.1. Differential InSAR

D-InSAR utilizes the phase information from SAR complex images to obtain surface
deformation. An interferogram is generated by multiplying two SAR images with their
conjugates. The interferometric phase ¢ is mainly composed of the following parts [44,45]:

P = Pdefo + Ptopo + Pflat T Patmo + Pnoise (1)

where ¢, fo is the deformation phase in the line of sight (LOS) direction, Ptopo is the topo-
graphic phase, ¢y, is the flat phase, @atmo is the atmospheric phase, and ¢;,;s is the noise
phase. The main processing workflow includes reference and secondary image coregis-
tration, interferogram generation, filtering, phase unwrapping, geocoding, deformation
extraction, etc. In the process, the last three terms of Equation (1) could be suppressed
or removed.

In this study, the two-track differential interference method was utilized for the
Radarsat-2 data processing. Details were as follows. The two images were coregistered and
cropped to a pixel count of 2000 x 3600. Subsequently, SRTM data with a resolution of
30 m were used as an external DEM to remove the terrain phase. The study area was small,
and the influence of atmospheric errors could be ignored [11]. Meanwhile, an adaptive
filter with a value of 0.6 was applied to minimize noise. Furthermore, pixels with coherence
below 0.3 were masked, and the phase unwrapping process was then carried out using the
minimum cost flow method. The surface deformation was subsequently derived.

3.2. Distributed Scatterer InSAR

As shown in Figure 3, the key stages of DS-INSAR processing comprise reference and
secondary image coregistration, interferogram generation, homogeneous pixel identifica-
tion, phase optimization, point selection, and deformation parameter estimation [46,47].
Compared with the conventional time-series INSAR, two steps of DS homogeneous pixel
identification and phase optimization are added in point selection, which will be summa-
rized below.

‘ SHP Identification ‘

:
| / SLCdata / }
! %/ stack  / | /\
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\ / ([::te)ictlzl;r; /L, Remove orbit errors ; \\?V
\
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1 DEM /L. Geocoding | matrix generation
e———] “:‘ ‘

| s
| * \ ’ SVD decomposition
| Coregistration [ i
‘ v } ’ SHP weighted average ‘
: , Initial interferograms| | v
‘ generation \ Optimized differential
I ' ‘ interferograms
‘ Filtering J generation
\
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|

| correction unwrapping error correction phase correction
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Figure 3. DS-InSAR processing flowchart.



Remote Sens. 2024, 16, 993

6 of 18

3.2.1. Fast Statistically Homogeneous Pixel Identification

Fast Statistically Homogeneous Pixel Selection (FaSHPS), a parametric test, is a method
for quickly selecting statistically homogeneous pixels [48]. It has the advantages of low
heterogeneity and rapid identification speed, leading to its widespread adoption. FaSHPS
aims to swiftly identify pixels with similar statistical characteristics in a given confidence
interval level, and this capability contributes to efficiently identifying homogeneous re-
gions. According to the theory, the amplitude of a single-look SAR image follows the
Rayleigh distribution in homogeneous regions, and the coefficient of variation is constant.
The FaSHPS method can be finally expressed as follows:

H(p) A
Hp) — 213052 707 <P(I?(P)
< ],l(p) + 217%052\/ﬁ

P =1-a @)

where Z; _4 is the (1;—“) percentile of the standard normal probability density function. ()

represents expectation, N is the number of SAR images in the time series, A(p) represents
the mean value of the SAR image amplitude, (1 — «) is a given confidence level, and “L”
represents the looks of the SAR images.

3.2.2. Distributed Scatterer Phase Optimization

The core idea of DS phase optimization is to optimize the phase of DS pixels utilizing
homogenous pixels through the principal component analysis method of singular value
decomposition [49]. Specifically, a two-dimensional matrix H with dimensions M x N
is generated based on the number of homogeneous pixels in the reference pixels (the DS
pixels to be optimized) M and the number of time-series interferograms N. Then, the
matrix H undergoes singular value decomposition as follows:

k
H= ZsiuiviT. (3)
i=1

where k is the number of non-zero singular values of the matrix H, and u; and v; are the
column vectors of the left and right orthogonal matrices in the singular value decomposition
of H, respectively. In order to obtain the optimal phase of the final DS, the largest singular
value and its corresponding left and right singular vectors u; and v; are first utilized to
produce the noise-reduced matrix H' = slulvlT . Then, the nth row is extracted as the new
reference pixel phase value to generate the optimized interferograms. Finally, the coherence
of the decomposed interferograms is calculated, and it is used to obtain a weighted average
of the DS homogeneous pixels for the final DS-optimized interferometric phase, as shown
in Equation (4).

Yiq ¢iCoh

===1 4
Pref " Col; 4)

where ¢, is the reference pixel phase value, Cok; is the coherence of the estimated pixel,
and ¢; is the homogeneous pixel phase value.

3.2.3. DS-InSAR Data Processing

The number of pixels was cropped to 5000 x 1000 due to the extensive range of the
original image, and then the SAR image acquired on 7 January 2022 was selected as the
super master image. The SRTM with 30 m resolution was utilized as the external DEM
data for geocoding and coregistration. Ninety-six interferograms were generated using
the SBAS method, in which the temporal baseline threshold was set to 120 days, and the
perpendicular baseline threshold was set to 150 m (as shown in Figure 4). Additionally,
pixels with a connected SHP (fast statistically homogeneous) count exceeding the threshold
of 20 were considered as candidates for distributed targets (DSC) in the subsequent phase’s
optimized operation. Subsequently, the coherence matrix was calculated, and a weighted
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average filtering technique, as mentioned above, was applied to obtain the optimized
phase [25]. The Temporal Phase Coherence (TPC) method was then employed with a
threshold of 0.6 to select the final DS points [49]. Ultimately, the surface deformation
was obtained.

150

100

50

Perpendicular Baseline(m)

-50 :
12/25/2020 07/13/2021 01/29/2022 08/17/2022
Date(MM/DD/YY)

Figure 4. Temporal and perpendicular baseline of distribution used in this study.

4. Results
4.1. Collapse Area Delineation

The high-resolution, enlarged GF-2 images of the partial collapse area, the on-site
image, and the topographic profile images before and after the collapse [38] are presented
in Figure 5. As shown in Figure 5d, three main elevation steps were identified before
the collapse, situated at the elevations of 1515 m, 1435 m, and 1375 m. The maximum
accumulated height difference in the collapse area was approximately 285 m. As shown in
Figure 5a, it was evident that normal mining operations were ongoing until five days prior
to the collapse. Based on Figure 5a and the local topographic profile shown in Figure 5d,
it could be observed that the work vehicles were mainly distributed at the bottom of the
open-pit mine and on the elevation of the 1375 m platform, approximately 140 m above the
ground. The width of this platform was approximately 120 m.

Comparing Figure 5a,b, differences between the two images before and after the col-
lapse could be found. The collapse area, delineated through remote sensing interpretation,
revealed an overall region measuring approximately 630 m in length from north to south
and 520 m in width from east to west. Moreover, it could be seen from Figure 5b,c that
there was a clear boundary line between the collapse trailing edge and the surrounding
buried area. Furthermore, the collapse trailing edge exhibited strong reflections due to
exposed bedrock [50]. Additionally, irregular “mounds” within the buried area are visible
in Figure 5b. When considered alongside Figure 5e, it became apparent that the mound
within the buried area primarily originated from the side rock and soil mass, while the
discarded materials generated during the mining process represented a small proportion.
It is worth noting that the greatest thickness of the buried mound measured approximately
105 m and was situated at the bottom of the valley. These results demonstrate that optical
remote sensing can be used to delineate a collapse boundary accurately. When combined
with local data, the burial areas of vehicles and people can be identified, thereby assisting
in guiding rescue.
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Figure 5. Partial enlargement before and after the accident at the Xinjing Open-Pit Mine (the red
polygon is the collapse area). (a) is the optical image before the collapse on 18 February 2023; (b) is
the optical image after the collapse on 23 February 2023; (c) is the on-site image after the collapse;
(d,e) are the local terrain profiles before and after the collapse.

4.2. D-InSAR Deformation Analysis

The D-InSAR deformation results of Radarsat-2 are illustrated in Figure 6. The mining
area exhibited varying degrees of deformation from 10 January 2023 to 3 February 2023.
Specifically, the deformation range was mainly distributed in the mining area, as well as
in the southeastern region of the No. 1 dump, the southeastern region of the No. 3 dump,
and the central and northern regions of the No. 4 dump (as shown in Figure 6a, areas 1-3).
The maximum deformation value was approximately —75 mm, concentrated in the open-
pit mining area and the central and northern regions of the No. 4 dump. The deformation
values for the other dumps ranged from —40 mm to 13 mm. By considering the optical
images shown in Figures 6b,c and 7c, it could be seen that there were vehicles present in the
deformed areas, indicating that the magnitude of deformation was primarily influenced by
mining-related activities. Conversely, areas without mining-related activities displayed no
or smaller deformation, suggesting relative stability.

In order to investigate the deformation pattern of the collapse area and the central
and northern regions of the No. 4 dump, a local enlarged view was examined, shown in
Figure 7. It could be seen from Figure 7a that the deformation values of the valley and
the south flank of the collapsed and buried area were larger. In contrast, the deformation
values of the north flank were relatively small. Moreover, in the central and northern parts
of the No. 4 dump, the maximum deformation values ranged from —60 mm to —80 mm.
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Figure 6. Radarsat-2 D-InSAR deformation maps from 10 January 2023 to 3 February 2023. (a) is the

overall deformation map of the open-pit mine; (b,c) are the partially magnified optical images of the
No. 3 and No. 4 dumps.

Figure 7. The detailed enlargement map of the open-pit mine. (a,b) are the deformation of the

collapse area and the partial area of the No. 4 dump; (c) is the partial optical image of the No. 4 dump;
(d,e) are the schematic diagrams of the local terrain profiles.
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Profile lines were extracted along the direction of the collapse and slope to examine
the deformation patterns in the collapse area (Figure7a) and the No. 4 dump (Figure 7b).
The digital elevation model (DEM) was overlaid onto the resulting deformation profile,
as depicted in Figure 8.

As shown in Figure 8, it was evident that the overall deformation trend was irregular.
Firstly, the deformation trend was relatively gradual in the north side area where the
collapse occurred. The deformation value progressively increased as it moved along the
north side boundary towards the bottom of the valley, ranging from —10 mm to —45 mm.
The deformation trend on the south side was irregular, exhibiting a pattern of slow—sharp-
slow deformation features. The maximum deformation value of —70 mm was located
slightly to the south side at the center of the valley bottom.

Additionally, it was observed that the cumulative height difference in the north side
area was about 285 m, and there was a 120 m wide platform halfway up the mountain
(as shown in Figure 5d). However, the trend of deformation was not clear along the
undulating terrain. Specifically, while the elevation trend was changing, the deformation
trend remained approximately linear. Similarly, the elevation increased linearly in the
south side area, but the deformation trend demonstrated a slow-sharp-slow pattern,
indicating a weak correlation with the terrain. However, deformation values increased as
they approached the open-pit mining area at the valley bottom regardless of whether it
was on the northern or southern side, suggesting that high-intensity open-pit mining may
be the dominant factor affecting deformation.

The profile line of the slope of the No. 4 dump exhibited a roughly symmetrical pattern
around the maximum deformation value of —70 mm. The maximum deformation value
was observed near the bottom of the slope, and the deformation trend appeared linear.
Although mining-related activities were also taking place at the No. 4 dump, it could be
seen from the topographic profile that the slope had a gentle angle of about 17°, indicating
low-risk landslide conditions.
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Figure 8. Deformation and elevation profiles of the collapse area and the partial area of the No. 4
dump (the red dashed line represents the regional boundary).
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4.3. DS-InSAR Deformation Analysis

DS-InSAR was employed to acquire time-series cumulative deformation data to ana-
lyze the spatio-temporal variation trend of the entire mining area. The time-series deforma-
tion diagrams of the study area are depicted in Figure 9.

105°39'0"E
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Figure 9. Time-series cumulative deformation diagrams of the Xinjing Open-Pit Mine.

As shown in Figure 9, various levels of deformation were observed within the open-pit
mining area. A higher density of points was selected in the southeast of the No. 1 and
No. 3 dumps. In contrast, the selected points in the northwest of the No. 1, No. 2, and No. 4
dumps were relatively sparse and primarily concentrated near the slope. The limited
number of monitoring points may be attributed to the mining activities on the surface
since January 2021. Severe ground damage led to the loss of coherence, making selecting
effective monitoring points challenging. The cumulative deformation values of the dump
slopes ranged from —60 mm to —80 mm. Figure 9 demonstrates that the monitoring
points in the collapse area were primarily concentrated on the the collapse trailing edge.
The deformation trend gradually decreased from the north to the south, and a distinct
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boundary was observed between the collapse trailing edge and the non-collapsed area.
Moreover, the cumulative deformation gradually decreased inward from the collapse
trailing edge.

As shown in Figure 9g, four typical points were chosen for temporal analysis. Specifi-
cally, P1 was situated in the maximum deformation area of the No. 1 dump slope, P2 was
located on the No. 4 dump slope, and P3 and P4 were in the collapse area. The deformation
velocity is obtained by dividing the accumulated deformation between two scenes by the
time interval. The time-series deformation and velocity results are depicted in Figure 10.

The deformation patterns of points P1 and P2 on the dump slope were prominently
linear, as shown in Figure 10a. The velocities at these points remained relatively stable
throughout the monitoring period, ranging from —0.05 mm/day to —0.15 mm/day, ex-
cept for the T1 period (4 August 2021-9 September 2021), when the maximum velocity
at P2 reached —0.2 mm/day. Additionally, the velocity trends of points P1 and P2 were
parallel before the T1 period. However, a noticeable divergence in the deformation rate
trends between these two points occurred after the T1 period. The potential reason may be
that the dump site where P2 was located conducted mining activities after the T1 period.
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Figure 10. Typical points of time-series deformation and velocity curves. ((a,b) are the deformation
and velocity at points P1, P2, P3 and P4).

For points P3 and P4 in the collapse area, the maximum cumulative deformation was
—60 mm and —30 mm, respectively. The deformation rate exhibited a more pronounced
fluctuation than at points P1 and P2, ranging between approximately 0 mm/day and
—0.25 mm/d. In addition, the deformation at P4 occurred later than at P3. Specifically,
before the T2 period (12 May 2021-19 January 2022), P3 deformed slowly, while P4 exhibited
minimal deformation. During the T2 period, the deformation trends were the same, but the
deformation rate of P3 was significantly greater than that of P4. After the T2 period,
the deformation rate of P4 surpassed that of P3, reaching a maximum rate of —0.25 mm/day.
The reason for this phenomenon will be further discussed in the next section.



Remote Sens. 2024, 16, 993

13 of 18

5. Discussion
5.1. Main Causes of the Accident

According to the official report, the primary cause of the accident was that the open-pit
mining was not conducted according to the prescribed design. Specifically, the benches
were modified casually, resulting in an excessively steep and high slope. The final stable
slope angle of the mine was 36°, with a calculated slope stability coefficient of 4.287, meeting
safety reserve requirements. However, in actuality, the maximum vertical height of the
slope was approximately 300 m, leading to an overall slope angle of 39°. In some areas,
the slope angle reached as high as 61°, with a corresponding calculated slope stability
coefficient of 0.982, indicating an unstable state [38], as shown in Figure 5d. Furthermore,
continuous intensive coal stripping at the bottom of the stope contributed to the decreasing
slope stability. As coal mining progressed, when the rock and soil’s comprehensive stress
on the sliding surface due to their weight and other forces was more significant than their
shear strength, rock and soil masses slid along faults and joint surfaces, resulting in this
accident [51].

In order to explore the deformation development trend before the accident, the Kriging
interpolation method was employed to estimate the cumulative deformation throughout
the monitoring period of Sentinel-1A. Subsequently, the deformation values were extracted
at intervals of 10 m along the overall collapse direction as well as the Radarsat-2 monitoring.
The results are presented in Figure 11. The deformation trends observed in the two
datasets were contrasting. Specifically, the monitoring period of Sentinel-1A revealed a
clear demarcation between the edge of the collapse trailing edge and the non-collapse
area, with deformation gradually diminishing from the boundary towards the interior.
In contrast, the monitoring period of Radarsat-2 indicated that the deformation trend
progressively increased in size towards the interior.

105°39'20"E

37°59'00""N

n

Time-series Deformation(mm)

-60 —o—01/10/2023-02/03/2023|]

~4—01/12/2021-08/11/2022

70 1 1 1 i 1 5
0 50 100 150 200 250 300 350

Distance(m)

Figure 11. Time-series cumulative deformation diagrams of the collapse trailing edge. (a,b) are the
cumulative deformation during the monitoring periods of Sentinel-1A (12 January 2021-11 August
2022) and Radarsat-2 (10 January 2023-3 February 2023), respectively; (c) is the deformation value
extracted from the direction of the collapse.
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This phenomenon may be attributed to there being faults or joint surfaces between the
collapsed area and the non-collapsed area. The entire collapse body was disturbed in the
early mining stage, entering the initial creep deformation stage. Consequently, tensile cracks
formed at the boundary, leading to larger deformation than in the interior. After a certain
period, the collapse body gradually developed and started sliding downward as a cohesive
unit. During this stage, the center of the collapse gravity gradually decreased. Meanwhile,
due to the influence of terrain and other factors, the deformation rate inside the collapse
was greater than at the collapse boundary, and the deformation trend gradually increased
downward [52,53]. Figure 10b shows that this transition occurred around 19 January 2022.
It also explains why the deformation rate of point P3 was larger than that of point P4.

5.2. Other Potential Causes

The collapse was influenced by a combination of various factors. In addition to human
factors, this accident may also have been affected by temperature, coal fires, and old mined-
out areas. Specifically, up until 20 February 2023, the local temperature remained relatively
stable. However, on 21 February 2023, the average temperature sharply increased by 14 °C
(as shown in Figure 12). The moisture in the soil may have thawed due to the abrupt rise
in temperature, causing the soil to become loose and reducing both frictional angle and
cohesion. Furthermore, in the early stages, the mine underwent underground mining,
resulting in the formation of old mined-out areas. Additionally, the coal mine experienced
coal fires. The existing voids and coal fires further diminished the mechanical properties of
the rock and soil in the mining area, possibly serving as the indirect causes of the accident.

20 I |
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Figure 12. The temperature in Alxa Left Banner, Inner Mongolia, in February 2023 [54] (the red
pentagram indicates the temperature on the day before the collapse (21 February 2023)).

5.3. The Other Applications of Multi-Source Remote Sensing of Open-Pit Mines

Multi-source remote sensing data are widely used in the field of open-pit mining.
In addition to providing a basis for pre-disaster warning and post-disaster rescue in this
study, it could also be used for intelligent identification and land cover classification of
open-pit mines by employing high-resolution optical data through artificial intelligence
methods such as neural networks [55,56]. Furthermore, the activities of open-pit mines
could be identified by the coherence and deformation information obtained from InSAR
data [57,58]. Multi-source remote sensing data can play a crucial role in environmental
impact assessment, illegal mining detection, and practical mining management in the
open-pit mining field.

5.4. Challenging Issues and Future Research

It is worth noting that the deformation caused by open-pit mining contains three-
dimensional information, while single-platform SAR can only obtain one-dimensional defor-
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mation information along the line of sight [59], leading to certain limitations in slope stability
monitoring. Additionally, significant ground disturbances caused by open-pit mining result
in low coherence in some areas, thereby hindering the accuracy of INSAR measurements.

Furthermore, despite the advantages of satellite remote sensing, such as short revisit
periods and wide coverage, the real-time monitoring demands for open-pit mines are still
challenging for current satellites. Moreover, the accessible Sentinel-1A data have relatively
low resolution, making it difficult to fulfill the requirements for fine-scale monitoring of
open-pit mines. This issue could be partially solved by high-resolution remote sensing data.
However, the cost is relatively high due to the long-term monitoring period. Meanwhile,
data gaps are prone to occur during the monitoring.

To achieve the goal of real-time monitoring of open-pit mines, multi-source data,
including multi-platform InSAR data, geological radar, GNSS, etc., can be utilized to restore
the information for missing periods and obtain the three-dimensional deformation through
employing artificial intelligence algorithms such as deep learning algorithms. This will be
our future research focus.

6. Conclusions

In this study, the temporal and spatial variation characteristics of the dump slopes and
collapse area before and after the accident in the Xinjing Open-Pit Mine in Inner Mongolia,
China, were analyzed by extensively employing the multi-source remote sensing data of
GF-2, Sentinel-1A, and Radarsat-2. The collapse area was accurately and quickly delineated
by employing remote sensing interpretation, measuring approximately 630 m in length
from north to south and 520 m in width from east to west. Using Radarsat-2 data from
20 days before the accident and D-InSAR technology, the maximum deformation range of
the open-pit mine was found to be about —80 mm. Analysis of the collapse area profile line
revealed an irregular overall deformation trend, potentially related to the mining activities.
The time-series deformation was obtained by the DS-InSAR method based on Sentinel-1A
data, and the cumulative deformation of the dump slopes ranged from —60 mm to —80 mm.
The cumulative deformation and velocity of the dump typical feature points showed a
linear trend.

All these suggest that the dumps were stable overall. Furthermore, a distinct dividing
line of deformation between the collapse trailing edge and non-collapsed areas was identi-
fied, and the the collapse trailing edge boundary could be distinguished. The deformation
trends of the collapse trailing edge exhibited opposing patterns during the monitoring
periods of Sentinel-1A and Radarsat-2. The possible explanation for this disparity is that
they were applied at different stages of the collapse. Finally, the causes of the accident
were analyzed. The main cause was that the construction was not carried out according
to the preliminary design, while the thawing of soil moisture caused by an increase in
temperature and the reduction in the mechanical properties of the rock and soil due to
underground voids and coal fires were secondary factors.

Optical remote sensing could be used to accurately and quickly delineate the col-
lapse area after a disaster, and radar remote sensing could be employed for pre-disaster
warning. Large-scale open-pit mines could be continuously monitored in real time by
integrating various remote sensing technologies. This comprehensive approach enables
efficient and accurate detection of open-pit mines, thus mitigating the risk of potential
geological disasters.
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