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ARTICLE INFO ABSTRACT

Keywords: With the recent progress in synthetic aperture radar (SAR) technology, especially the new generation of SAR

InSAR satellites (Sentinel-1 and TerraSAR-X), our ability to assess slope stability in open-pit mines has significantly

open-pit mine improved. The main objective of this work is to map ground displacement and slope instability over three open-

slope instability pit mines, namely, Hambach, Garzweiler and Inden, in the Rhenish coalfields of Germany to provide long-term

ground deformation monitoring solutions for open-pit mining operations and their surroundings. Three SAR datasets, including
Sentinel-1A data in ascending and descending orbits and TerraSAR-X data in a descending orbit, were processed
by a modified small baseline subset (SBAS) algorithm, called coherence-based SBAS, to retrieve ground dis-
placement related to the three open-pit mines and their surroundings. Despite the continuously changing to-
pography over these active open-pit mines, the small perpendicular baselines of both Sentinel-1A and TerraSAR-
X data were not affected by DEM errors and hence could yield accurate estimates of surface displacement.
Significant land subsidence was observed over reclaimed areas, with rates exceeding 500 mm/yr, 380 mm/yr,
and 310 mm/yr for the Hambach, Garzweiler and Inden mine, respectively. The compaction process of waste
materials is the main contributor to land subsidence. Land uplift was found over the areas near the active
working parts of the mines, which was probably due to excavation activities. Horizontal displacement retrieved
from the combination of ascending and descending data was analysed, revealing an eastward movement with a
maximum rate of ~120 mm/yr on the western flank and a westward movement with a maximum rate of ~
60 mm/yr on the eastern flank of the pit. Former open-pit mines Fortuna-Garsdorf and Berghein in the eastern
part of Rhenish coalfields, already reclaimed for agriculture, also show subsidence, at locations reaching 150
mm/yr. The interferometric results were compared, whenever possible, with groundwater information to ana-
lyse the possible reasons for ground deformation over the mines and their surroundings.

1. Introduction aquifer, combined with loose dump material underwater, was to blame

for the accident. On April 10, 2013, a massive landslide occurred at the

Ground surface deformation, such as slope instability and land
subsidence, is one of the most critical issues in the mining industry.
Land subsidence occurring in underground mining areas may adversely
affect the safety of built structures and impede economic development.
Extremely high and steep slopes are very common in open-pit mines,
which are prone to slope failures (Hu, 2013) that can endanger the lives
of workers and cause enormous economic losses. On July 18, 2009, a
massive landslide on the southern shore of Lake Concordia in central
Germany carried three houses away, killing three people (Vinzelberg
and Dahmen, 2014). An investigation found that high pressure in the
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Bingham Canyon Mine in the western state of Utah in the United States.
Approximately 65 x 10°-70 x 10° m® of dirt and rock moved down
the side of the pit. An interferometric radar system was previously in-
stalled to monitor the ground's stability and produced warnings before
the landslide (NASA, 2020). Therefore, mining operations were stopped
before the slide occurred; as a result, there were no injuries. Another
recent case occurred in Myanmar, where at least 27 people died fol-
lowing a landslide at a jade mine in a remote area of Kachin state
(SCMP, 2018). This mine is poorly regulated, lacks an effective system
to monitor slope instability and is frequently hit by fatal disasters. The
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lessons we can learn from slope failure accidents are that many lives
can be saved if the right monitoring system is installed and the time of
failure can be forecasted (Carla et al., 2018). Another important lesson
is that small surface movements on a mine high wall may be a sign of
instability that presages slope failure. Therefore, the effective mon-
itoring and management of mining-induced ground deformations is
very important for the mining industry.

Currently, conventional surveying techniques using levelling tech-
niques, theodolites, total stations, and GPS, or geotechnical methods,
such as extensometers, inclinometers, piezometers and crack measuring
pins, are the main deformation monitoring systems used over mining
areas (Hu, 2013; Paradella et al., 2015). The advantages of the
abovementioned techniques are their direct observations and high ac-
curacy. However, they are difficult to mount on dangerous areas and
cannot cover the whole target of interest. Furthermore, a mine bench is
not permanent, as dynamic excavation processes limit the use of contact
measurement techniques in open-pit mines.

Space geodetic techniques are particularly useful for determining
the extent and current state of ground displacement over mining areas,
with many benefits arising from the use of synthetic aperture radar
(SAR) data (Zhu et al., 2020). Differential interferometric SAR
(DInSAR) permits the remote detection of surface deformation at high
precision over large areas without field access requirements (Burgmann
et al., 2000; Massonnet et al., 1993; Massonnet and Feigl, 1998; Peltzer
and Rosen, 1995).

A single interferogram generated using only two SAR images has
limitations due to temporal and geometrical decorrelations and atmo-
spheric artefacts. Advanced DInSAR methods, which are based on the
processing of multitemporal SAR images, were developed to overcome
these drawbacks. They include persistent scatterer InSAR (PSInSAR)
(Crosetto et al., 2016; Ferretti et al., 2001; Hooper et al., 2007) and
small baseline subset (SBAS) methods (Berardino et al.,, 2002;
Osmanoglu et al., 2016). These advanced techniques allow for detecting
millimetre-scale displacements over long periods by carefully reducing
other noises such as atmospheric disturbances, orbital errors, and DEM
errors. DInSAR and advanced InSAR time-series techniques have been
widely used in monitoring the ground deformation associated with
earthquakes (Funning et al., 2007; Massonnet et al., 1993; Ross et al.,
2019; Motagh et al., 2015), volcanic eruptions (Schaefer et al., 2019;
Walter et al., 2019), and landslides (Dong et al., 2018; Liu et al., 2012;
Motagh et al., 2013; Wasowski and Bovenga, 2014). They are also used
to monitor groundwater-induced subsidence (Haghshenas Haghighi and
Motagh, 2019; Motagh et al., 2017, 2008, 2007; Tang et al., 2016),
glacier movements (Sanchez-Gamez and Navarro, 2017), and nuclear
tests (Wang et al., 2018). These advanced InSAR techniques have also
been used for ground deformation monitoring in underground and
open-pit mining areas (Carla et al., 2017; Colombo and Macdonald,
2015; Mura et al., 2016; Przylucka et al., 2015;Yang et al., 2017a,
2017b;Zhang et al., 2015a, 2015b). However, the resolutions (10-30 m)
and long revisit times (24-, 35-, and 46-day repeats) prevent this
technique from becoming commonly applied in the mining industry
(Esch et al., 2020, 2019), and only recently have a few studies eval-
uated the potential of data from the Sentinel-1A/B satellite constella-
tion for early warning and aiding decision making in an open-pit mine
(Intrieri et al., 2019).

SAR images have become more available and more frequent as the
acquisition rate decreased to six days with the launch of the Sentinel-
1A/B satellites. In addition, commercial SAR data services, including
TerraSAR-X, COSMO-Skymed and Radarsat-2, provide image acquisi-
tions at high spatial resolution (routinely 3m and can achieve 1 m in
spotlight mode). The shorter revisit time (up to daily in the case of
COSMO-Skymed acquisition in tandem mode) and the higher spatial
resolution of current SAR missions provide an improved deformation
definition for mining facilities. In mining areas, InSAR technique ap-
plications are attractive because they provide non-contact, high-re-
solution, high-accuracy, and wide-coverage measurements. Combined
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with in situ measurements, InSAR can provide complementary in-
formation to document the temporal evolution of the deformation over
mining areas and thus reduce the risk of significant damage to the
surrounding infrastructure and environment (Colombo and Macdonald,
2015).

The main objective of this work is to evaluate the capability of
Sentinel-1 and TerraSAR-X data to investigate the slope instabilities and
land subsidence over three open-pit mines (Hambach, Garzweiler, and
Inden) in the Rhenish coalfields of Germany. A modified SBAS algo-
rithm (called coherence-based SBAS) was used to process three stacks of
SAR images, including Sentinel-1 and TerraSAR-X, from both ascending
and descending orbits to generate accurate surface displacement maps
over the mines. The deformation accuracy is limited when using SAR
images from conventional satellites (such as ERS and Envisat) because
significant DEM errors could remain in the differential interferograms
due to the large perpendicular baselines. In this study, we also show
that the small perpendicular baselines of Sentinel-1 data would cause
very small DEM error in the deformation results, even at the active
open-pit mines where surface topography is continuously changing due
to mining activities. The performance of InSAR for slope instability
analysis was then evaluated by analysing the horizontal components of
displacement retrieved from a combination of ascending and des-
cending datasets. Finally, the results were compared with groundwater
information to analyse the possible reasons for ground deformation
over the mines and their surroundings.

2. Study sites and SAR datasets
2.1. General information

The Rhenish coalfield is located in Germany’s most densely popu-
lated state of North Rhine-Westphalia between Aachen and Cologne.
Three large open-pit mines are operated in this district—Hambach,
Garzweiler, and Inden (Fig. 1)—by RWE Power AG to extract lignite
(also known as brown coal). Coal mining and related industries have
shaped the landscape in North Rhine-Westphalia for over 100 years.
Some villages had to be relocated to make room for the expanding
lignite mines. The current operating area of the mine is 9,000 ha (as of
end of 2017), offering a total capacity of 120 Mt/y of lignite if required
(RWE, 2018).

The Hambach mine is the largest open pit in Germany, with an
operating area of 4,380 ha that produces approximately 40 Mt/y of
brown coal. It is also the deepest mine in Germany; the bottom of the
pit is 293 metres below sea level, which is equivalent to 399 metres
below the ground surface (Hu, 2013) and forms an artificial depression
in North Rhine-Westphalia. It is estimated that 1772 million tons of
brown coal are still available, and mining operations are scheduled to
continue until the middle of this century. The Garzweiler mine, located
north of the Hambach mine, is part of the large brown-coal district in
the Rhenish coalfield. The core of the operation—known as Garzweiler I
(eastern sector)—began production in 1940, and Garzweiler II (western
sector) began production in 2006 (see Fig. 1). The Garzweiler II sector
occupies approximately 3,200 ha and produces approximately 30 Mt/y
of lignite. It replaced the capacity from Bergheim and Garzweiler I,
which were already worked out. The Inden open-pit mine is located in
the southwest of the Hambach mine. With an output of approximately
20 Mt/y of brown coal, the Inden mine provides the lignite supply for
the neighbouring Weisweiler power plant. The service lives of these
open-pit mines will continue until 2030 for Inden and until 2045 for
Garzweiler and Hambach.

2.2. Deforestation over the Hambach mine
The first mine excavation began in 1978. This was accompanied by

the resettlement of local villages and towns. The Hambach Forest, the
largest forest area in the region, was largely cut down to make space for
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Fig. 1. Overview of the Rheinish lignite mining area with the Hambach, Garzweiler and Inden open-pit mines; Thomas Roemer (OpenStreetMap data), modified from

(Hu, 2013). The three lower optical images are from Google Earth.

expanding mining projects. Before the start of mining, the Hambach
Forest covered an area of 5,500 hectares. It is reported that only 1,100
hectares are left today, and the remaining forest is severely threatened
by mining exploration (Donahue, 2018). As seen from the optical
images in Fig. 2, the landscape of the Hambach mine has significantly
changed over the last three decades due to mining activities. Since
2012, there have been ongoing protests and occupations by en-
vironmentalists to prevent mining and deforestation activities. They
seek to close the mine and save the remaining sections of the forest,
which are under threat of being cut down to allow for the expansion of
the mine.

2.3. Available SAR images

To investigate the ground deformation, we collected three stacks of

SAR images: 29 Sentinel-1A (S1A) images in ascending geometry, 42
S1A images in descending geometry, and 27 TerraSAR-X (TSX) images
in descending geometry. The parameters of the SAR datasets are shown
in Table 1. S1A and TSX satellites operate on different frequency bands;
thus, they have different sensitivities to ground displacement, atmo-
sphere and vegetation. TSX is sensitive to slow and small displacements
due to its shorter wavelength and higher spatial resolution, but it is
more prone to temporal decorrelation. The short repeat period of both
sensors (12 days for S1A, 11 days for TSX) increases their ability to
monitor deformation with high gradients in mining areas. However, the
short wavelengths of both S1A and TSX imply a likely loss of coherence,
especially when the study area is covered with dense vegetation. SAR
datasets with different viewing geometries are necessary to document
the different components of the ground displacements in open-pit
mines.
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Fig. 2. Hambach mine and forest change over time.

Table 1
Parameters of SAR datasets in this study.

Sensor SAR mode/geometry Frequency band (wavelength) Revisit time Number of scenes Incidence angle Pixel spacing (rgxaz) Time period

S1A IWS"/ascending C band(1 = 5.6cm) 12 days 29 37° 2.3mx14.1m 20171119-20181021
S1A IWS"/descending C band(A = 5.6 cm) 12 days 42 47° 2.3mx14.1m 20170607-20181024
TSX StripMap/descending X band(4 = 3.1cm) 11 days 27 35° 0.9 mx2.0 m 20170914-20180923

2 IWS: Interferometric Wide Swath mode.
3. Methods
3.1. Interferogram generation

The new imaging mode of Terrain Observation by Progressive Scans
SAR (TOPSAR) in Sentinel-1A/B satellites presents challenges to in-
terferometric processing (De Zan and Monti Guarnieri, 2006). The
Doppler variation in the azimuth direction related to the steering an-
tenna on the satellite causes a phase jump between adjacent bursts. The
co-registration accuracy needs to be on the order of 1/1000 of azimuth
resolution to prevent this phase jump (Haghighi and Motagh, 2017).
Thus, traditional image alignment fails with TOPSAR mode data. We
applied the enhanced spectral diversity (ESD) method to align TOPS
images (Yague-Martinez et al.,, 2016), which is implemented in
GMT5SAR software (Sandwell et al., 2011; Xu et al., 2017). This
method takes advantage of the phase differences in the overlapping
areas between consecutive bursts to estimate the azimuth shift needed

to suppress the phase mismatch. For TSX data, the conventional 2D
image cross-correlation algorithm was used for image alignment
(Sandwell et al., 2011). This alignment method uses a search window of
64 pixels. It can provide accurate co-registration even when the co-
herence is very low (near zero).

The interferograms are then generated by cross-multiplying, pixel
by pixel, the first aligned images with the complex conjugate of the
second images. We then used a 12-m TanDEM-X DEM to remove the
topographic phase contribution and formed differential interferograms.
To reduce speckle noise, the interferograms were decimated by 4 x 1
and 4 X 4 (rg x az) for S1A and TSX, respectively. This reduces the
spatial resolution but improves the signal quality of pixels characterized
by distributed scattering. A 200-m Gaussian filter was applied to limit
the noise level in all the interferograms. The unwrapping procedure was
implemented with Statistical-Cost, Network-Flow Algorithm for Phase
Unwrapping (SNAPHU) software (Chen and Zebker, 2001). We used the
GNU Parallel in the unwrapping program to reduce processing time
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(Ole, 2011).

To limit phase decorrelation, spatial and temporal baselines below
the chosen thresholds were applied to the selection of interferometric
pairs. For S1A datasets, we used a 100-m baseline threshold and 50-day
temporal threshold. For the TSX dataset, a 300-m baseline threshold
and 50-day temporal threshold were used. Finally, we constructed 93,
135 and 61 interferograms from S1A ascending, S1A descending and
TSX descending datasets, respectively. A baseline-time plot of inter-
ferograms for each SAR dataset can be found in the Supplementary Data
(Figs. SD.1-SD.3), and the parameters of each interferogram are listed
in Tables SD.4-SD.6.

3.2. Coherence-based SBAS methodology

To retrieve displacement time series, a method called coherence-
based SBAS was adopted to analyse the stack of unwrapped inter-
ferograms. This method improves upon the traditional SBAS algorithm
by incorporating coherence into the inverse problem (Tong and
Schmidt, 2016). The pixels with low coherence are downweighted in
the analysis. The coherence-based SBAS methodology is formulated as:

1 1 0 - BB,
0 1 1 ﬁBJ_‘Z m d;
U | Y d,
w| e P e l=w).
= - 0 0 m
AL Ay s 0
o £ Py (L 0
At At (€]

where W = diag{y,, 1, ¥
dicating the coherence of the ith interferogram. § = ﬁ, A is the radar
wavelength, R is the range distance from the radar to the centre of the
interferogram, and 0 is the incidence angle of the radar wave. B, is the
perpendicular baseline. m; is the incremental displacement for each
SAR epoch, d; is the line-of-sight (LOS) phase in the ith interferogram,
and h,, is the DEM error. The value p is the smoothing factor. The
design matrix has a size of [n X s + 1], where n is the number of in-
terferograms and s is the number of temporal incremental displace-
ments. The inverse problem is solved on a pixel-by-pixel basis with an
iterative weighted least squares method. The deformation velocity was
then computed by linear regression on the displacement time series.
The accuracy of InSAR results can be degraded by atmospheric
phase delay. Because of the flat topography in this area, we did not
expect a vertical stratification delay in the interferograms. Therefore,
the atmospheric delay was estimated and removed by applying a
common-point stacking method (Tymofyeyeva and Fialko, 2015). This
method exploits the fact that the phase of interferograms sharing a
common acquisition contains the same contribution from the atmo-
sphere and uses an iterative approach to improve the estimates. The
sufficient number of regularly acquired SAR images from S1A and TSX
satellites helps improve the estimates of atmospheric noise in this area.

---,%} is the weighted matrix, with y in-

3.3. Decomposing LOS velocities into horizontal and vertical motions

One of the main objectives of this analysis is to investigate possible
horizontal motions on/near the slope of the open pits to better under-
stand the safety of the mines. However, InSAR can only measure 1-D
deformation along the LOS direction, which hinders the interpretation
and communication of InSAR measurements. It is possible to decom-
pose the displacements into horizontal and vertical components by
jointly analysing measurements from the ascending and descending
interferograms (Fuhrmann and Garthwaite, 2019; Jin and Funning,
2017). Formally, the unit InSAR LOS vector, P, is defined as the di-
rection of motion (also referred to as “heading”) of the SAR satellite, ¢,
and the radar incidence angle, 0:

P =[P Py P;]=[— cosgsind singsind cosé] 2)
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The displacement vector of the ground, u = [Ux Uy Uz], resolves
into the LOS direction to give the range change, r, by scalar product,
r =P -u, where u,, uy, and u, are the displacements in east-west (E-W),
south-north (S-N) and vertical directions, respectively. With ascending
and descending observations of range change, 1, and r;, we can write
two equations with the form of:

r,=Du
g = ai U (3)
In this equation, we have three unknowns (the three-dimensional
displacements) and only two observations, so it is an ill-posed problem.
Because of the near-polar trajectory and right-looking geometry of SAR
satellites, InSAR lacks sensitivity to the motion in the south-north di-
rection (i.e., u, = 0). In this case, Equation (3) is solvable and can be
written as a matrix problem:

r=Pu “)

— cosg,sinf, cosb,
where r = [fa 1T, u = [Ux U]T, and P = o ‘.
— cos¢;sind; cosby

The solution to Equation (4) can be resolved by least squares:

u' = [PTP]1PTr (5)

4. Deformation results

The displacement time series and velocities over the three open-pit
mines can be obtained after applying the coherence-based SBAS method
to the stacked interferograms. In the results, we used a coherence
threshold to mask out pixels with low coherence to prevent mis-
interpretation of patterns that resulted from phase decorrelation.
Different SAR datasets operating at different wavelengths and spanning
different time periods can have different sensitivities to phase decorr-
elation; thus, we used different coherence thresholds to select pixels for
each SAR dataset. Specifically, pixels with temporally averaged co-
herence values smaller than 0.35, 0.3, and 0.25 were masked out in the
S1A ascending, S1A descending and TSX results, respectively. The se-
lection of reference pixels in space was based on statistical considera-
tions concerning the average coherence (> 0.6) and on historical re-
cords of ground stability. In this study, we set the reference area to the
urban area of Bergheim, approximately 7 km away to the east of the
Hambach mine. Note that the same reference was set for the three SAR
datasets to enable comparability. We also computed the root mean
square (RMS) misfit from the linear regression of the displacement time
series for each sensor, as shown in Supplementary Data (Figs. SD.7-9).
Since the ground truth (such as levelling, GPS) was not available, we
used the RMS to represent the uncertainty of the velocity. Areas with
larger RMS indicate either larger errors (perhaps due to atmospheric or
unwrapping errors) or nonlinear deformation. In Figs. SD.7-9, we can
see that in the nondeforming areas, the RMS is homogenous and the
magnitude is small. In the next three subsections, we show the InSAR
LOS displacement results for each of the three open-pit mines.

4.1. Hambach open-pit mine

The LOS ground displacement velocity maps over the Hambach
open-pit mine for each SAR dataset are shown and compared in Fig. 3.
Both S1A ascending and descending maps indicate similar patterns
overall. The velocity map derived from the TSX dataset looks generally
smaller than that from the S1A dataset. Mismatches can be explained by
the intrinsic differences in sensor/dataset properties (e.g., spatial re-
solution, revisit time, look angle and radar frequency). For example, a
fast-moving displacement might be aliased in TSX interferograms due to
its shorter wavelength.

Mining exploitation over the Hambach mine is progressing towards
the S-E direction (as depicted in the optical image in Fig. 3d), and the
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Fig. 3. LOS mean velocity maps over the Hambach open-pit mine. Background: Mean intensity image. (a) S1A ascending. (b) S1A descending. (c) TSX descending. (d)
Optical image from Google Earth. The red star represents the reference point located in the stable area of Bergheim city. Black-filled circles (P1 and P2): Location of
displacement time series shown in Fig. 5. A negative velocity means that the surface ground is moving away from the satellite, while a positive velocity represents

that the ground is moving towards the satellite.

overburdens, i.e., loess, gravel and sand excavated from the working
part, were moved to the western sector for reclamation purposes. The
compaction process of the waste materials is the main contributor to the
significant subsidence ( maximum rate > 500 mm/yr ) in the western
area of the pit. Positive Line-of-sight (LOS) velocity, corresponding to
either uplift or horizontal motion, was found in the eastern part of the
Hambach mine, which might be related to excavation or construction
activities in these areas.

The comparison of displacement velocities from the three SAR da-
tasets along the P-P’ profile is shown in Fig. 4. The negative velocity
reaches -500 mm/yr at a distance of ~5.2km along the profile in the
western part of the pit, while the positive rate reaches +200 mm/yr at

~12.9km in the eastern part. The LOS displacement time series at two
selected points (P1 and P2) is displayed in Fig. 5. Pixels within a cir-
cular area with a radius of 50 m were selected, and the average dis-
placement was computed. The displacement time series between dif-
ferent datasets were referenced to the same date, and offsets were
shifted for comparison. The standard deviation of displacements for the
selected pixels was also computed and used as an error bound at every
SAR scene. The error bounds account primarily for uncorrelated spatial
noise in the derived displacement time series (e.g., decorrelation and
local unwrapping errors) by assuming that nearby pixels have similar
displacement behaviour. Steady land subsidence was found at P1 in the
western part of the mine, and the close agreement between ascending
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Fig. 4. The A-A’ LOS velocity profile. The profile location is given in Figure 3. The gaps occur where phase noise is significant and the pixel is discarded. The

topography profile (black line) is extracted from the TanDEM-X 12-m DEM.
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Fig. 5. LOS displacement time series at the P1 and P2 locations in the Hambach mine.

and descending datasets suggests that the displacement mainly oc-
curred in the vertical direction. At point P2, consistent results were
found between descending datasets in which the ground was moving
away from the satellite, but an opposite displacement behaviour from
the S1A ascending dataset was also noted. These measurements from
different viewing geometries indicate the existence of horizontal
movement in the eastern part of the mine.

4.2. Garzweiler open-pit mine

The LOS velocity maps over the Garzweiler mine are shown in
Fig. 6. This mine is being excavated westward (indicated as the red
arrows in Fig. 6d), and the overburden is primarily used to refill the
eastern areas when the mine operation is completed. Similar to the
displacement pattern in the Hambach mine, the reclamation areas in
the east suffered from steady subsidence (maximum rate > 380 mm/
yr), while the areas near the active working part in the west are un-
dergoing LOS uplift.

The displacement time series at two selected points (P3 and P4) in
the Garzweiler mine is displayed in Fig. 7. The displacement in the
storage area (at P3) shows a linear trend, and the results between the
three SAR datasets are in good agreement, suggesting that this location
is mainly affected by subsidence. In the expansion area (at P4), the
displacement between the ascending and descending datasets shows the
opposite trend, indicating that this part of the structure could be af-
fected by horizontal displacement.

4.3. Inden open-pit mine

The LOS velocity maps over the Inden mine are shown in Fig. 8. This
mine is expanding to the southeast (Fig. 8d), and these locations are
undergoing LOS uplift. Similar to the Hambach and Garzweiler mines,
the recultivated area in the northwest of the pit is suffering from land
subsidence. When the mine is exhausted, the Inden coalfield will not be
backfilled with overburden. Instead, a large residual lake is planned for
this area. The stability of the surrounding ground and the surface slope
of the mine void must be considered. As shown in Fig. 8, the maximum

rate of land subsidence in the western part of the mine reach
~ 310 mm/yr, while the maximum rate of land uplift in the eastern part
are approximately 80 mm/yr.

We also plotted and compared the displacement time series at two
selected points (P5 and P6) in the Inden mine, as shown in Fig. 9. Again,
no significant differences are observed between each of the three SAR
datasets in the recultivated areas at P5, while an opposite displacement
behaviour is revealed between the ascending and descending geome-
tries near the areas under production work at P6. From the displace-
ment time series, we found that the land subsidence in the storage areas
of these open-pit mines is linear and primarily occurs in the vertical
direction. However, the ground displacements in the area near the ac-
tive working parts of the mines exhibit horizontal motion and a more
complex behaviour (fluctuation in time).

5. Discussion
5.1. DEM errors due to topographical changes

Due to excavation and reclamation activities, the surface topo-
graphy over open-pit mining areas is continuously changing. The
changed surface topography can result in phase residuals in the dif-
ferential interferograms when the SRTM DEM is used for the removal of
the phase contribution from the topography. By comparing the DEM
data acquired at different times, we can analyse the changes in the
surface topography. Fig. 10 compares the topography between the
TanDEM-X 12-m DEM acquired in 2013 and the SRTM 30-m DEM ac-
quired in 2000. The positive values in Fig. 10c correspond to re-
clamation areas, and the negative values correspond to excavation
areas.

Fig. 11 shows some examples of differential interferograms with
different perpendicular baselines (minimum =-1 m, moderate=-63 m,
maximum = 99 m) over the three open-pit mines. Examples of inter-
ferograms from S1A and TSX descending datasets are shown in the
Supplementary Data (Figs. SD.10 and SD.11). Fringes can be clearly
observed in the interferograms, with one fringe corresponding to half
the radar wavelength (2.8cm for S1A, 1.5cm for TSX) of ground
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Fig. 6. LOS mean velocity maps over the Garzweiler open-pit mine. Black-filled circles (P3 and P4): Location of displacement time series shown in Fig. 7.

motion in the LOS direction. These fringes are mostly induced by
ground deformation but could be related to topographic errors, even
though the resolution and accuracy of the TanDEM-X DEM used for
topographic phase removal are high. This is because the DEM was
produced several years before the SAR acquisitions, and topographical
changes due to ongoing production works may result in phase residuals
(Haghighi and Motagh, 2017).

The residual topographic error is baseline-dependent and can be
expressed as AQy, = B, h.,. The height of ambiguity (HoA) is used to
quantify the phase sensitivity to topographic effects. The HoA is defined
as the elevation difference that generates an interferometric phase
change of 27 after interferogram flattening and is expressed as:

_ ARsin®
2B, (6)

HoA

The smaller the value of B, is, the higher the HoA, i.e., the lower
sensitivity to the topographic error. As discussed in Section 3.1, we
constrained the interferometric pairs with B, < 100 m for the S1A da-
taset and < 300m for the TSX dataset. This severely restrained the
topographic phase residuals in the interferograms. We computed the
HoA values for all interferograms used in this study, which are listed in
Supplementary Data (Tables SD.4-SD.6). Taking the case of the inter-
ferogram with B, =99m in Fig. 11 (the largest B, among all the

interferograms), which corresponds to the smallest HoA of ~135m.
This will cause a topographic phase residual A@y, =~ 0.23 rad (equivalent
to ~1mm displacement) according to the nominal accuracy of the
TanDEM-X 12-m DEM (relative vertical accuracy is 4 m for areas with
slope > 20%) (Wessel et al., 2018). For TSX interferograms, the largest
B is ~299m (the interferogram shown in Fig. SD.11 in the Supple-
mentary Data), corresponding to the smallest HoA of ~19 m, leading to
a topographic phase residual of A@y ~ 1.3rad (~5.7mm displace-
ment). Interferograms with smaller B, values will have lower sensitivity
to DEM errors. Therefore, the effects of DEM errors on the differential
interferograms formed with a small perpendicular baseline in our study
are very small.

5.2. Investigating slope instability over the Hambach mine

By jointly analysing the results from ascending and descending
geometries, we can tell more about the orientation of the deformation.
We applied the decomposition as described in Section 3.3 to the S1A
ascending and descending LOS results to find the E-W and vertical
displacement patterns for the three open-pit mines. The result of the
velocity decomposition over the Hambach mine is shown on the map
view in Fig. 12, and the decomposition results over the Garzweiler and
Inden mines are shown in the Supplementary Data (Figures SD.12 and
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Fig. 11. Example of differential interferograms with different perpendicular baselines from the S1A ascending dataset. The interferograms were masked with a

coherence threshold of 0.2.

SD.13). In the following, we will discuss the case of the Hambach open-
pit mine.

The main characteristic of this mine is that the slope is extremely
steep and high (with a present height of ~255m), which is prone to
slope failure endangering human safety and property. From the surface
to the bottom of the pit, many different geological layers are exposed
due to the variability of geotechnical conditions along the slope (Hu,
2013). Slope instability assessment and failure prediction are critical to
ensure the secure operation of the mine. We analysed the spatial dis-
tribution of horizontal deformation data with respect to the slope

(a) Horizontal

625 6'30E 6'35E 6'40°E
Westward mm/yr Eastward
-300 -200 -100 0 100

structure and slope angle map of the mine, as shown in Fig. 13. In
Fig. 13, we can see that eastward or westward displacement in the
horizontal direction was detected, depending on the location along the
structure of the pits. The horizontal movements are mainly located on
the benches with slope angles larger than 25 degrees (Fig. 13b).

The 2D displacement vectors (horizontal and vertical) can be vi-
sually combined on profile P-P’, as shown in Fig. 14. The transition of
the movement direction following the slope orientation is visible along
the profile. The slope descending towards the east exhibits eastward
movement with a maximum rate of ~120 mm/yr in the western part of

sorsom
50°56'N
50°54'N
50'52'N

6°25'E 6'30'E 6°40'E
Downward mm/yr Upward
-300 -200 -100 0 100

Fig. 12. Decomposition of the horizontal (left) and vertical (right) components for the velocities by a combination of S1A ascending and descending geometries over
the Hambach mine. The red points in (b) indicate the location of the water wells used for analysis in Section 5.5.
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the pit. When the slope becomes oriented towards the west, the hor-
izontal displacement becomes logically westward in the eastern part of
the pit. The westward motion rate can reach ~60 mm/yr. The magni-
tude of horizontal movement appears reasonably comparable in the
western and eastern parts of the pit, but the magnitude of land sub-
sidence in the west is nearly 10 times greater than the land uplift in the
east.

High horizontal deformation rates were detected over the Hambach
mine but may not represent any hazard since they are expected dis-
placements in metres of magnitude for the areas reclaimed by loose

12

materials. We inferred that this involves only the superficial soil ma-
terial and not the bedrock. Actually, both deformation and tolerated
collapse are welcome in an open pit, as they do not cause fatalities or
damage but allow the bench slope to stabilize itself. For this reason, the
main concern in an open pit is whole bench slope stability and several
conjunct bench slope stabilities that are characteristic of large-scale
failure and high risk (Hu, 2013).
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5.3. Land subsidence over former open-pit mines

Reclamation involves a number of activities aimed at restoring
mined land to an acceptable environmental state and to productive use
after the completion of mining operations (Alves Dias et al., 2018).
Land subsidence monitoring is one of the activities required to assess
the effectiveness of reclamation measures. The artificial ground sur-
faces reclaimed with waste materials such as loess, gravel and sand are
prone to land subsidence related to the compaction process.

Former open-pit mines in the eastern part of the Rhenish lignite
mining district (the open-pit mines Fortuna-Garsdorf and Bergheim; see
the locations in Fig. 1) were recultivated and rehabilitated. After the
mining activities were completed, the two open pits were filled with
overburden from other open-pit mines in the region. Now, the two areas
are used for agriculture. The historical evolution of the two mines can
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Fig. 19. The groundwater level change over the Hambach mine. For the locations of water wells, refer to Fig. 12b.

be viewed in the video in the Supplementary Data. The maps of sub-
siding rates over the two reclaimed sites are shown in Fig. 15. Despite
temporal decorrelation caused by fast changes in the agricultural field
our SBAB analysis detected enough coherent pixels in these regions. In
the P7 and P8 locations (black circles), subsidence reached a maximum
rate of 150 mm/yr. A reasonable consistency between the three SAR
datasets was found on the LOS displacement time series at the two
points in Fig. 16. No significant variation in the subsidence rate is ob-
served during the monitoring period. This indicates that the land sub-
sidence is irreversible, implying that the land reclaimed with loose
materials is still undergoing a consolidation process.
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5.4. Displacement over tailing storage facility (TSF)

Owing to the extraction of lignite, the predominantly sandy over-
burden of tertiary and quaternary age material has to be excavated and
deposited (Lenk and Wisotzky, 2011). A TSF is a structure built for
storing the overburden material and water from mining operations.
This structure accumulates debris material where ground movement is
a very frequent phenomenon that could cause untold tragedies, in-
cluding catastrophic loss of property and life and damage to infra-
structure and the environment. Thus, the safety of TSFs near lignite
mines is a source of great concern.

A TSF located in the southwest of the Inden mine (the location can
be found in Fig. 8) was built for storing waste materials (ground-up rock
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Fig. 20. Groundwater level changes against vertical ground displacement derived from InSAR. For the location of these wells, refer to Fig. 12b.

or sand) extracted from the Inden mine. A subsidence funnel was
formed with a maximum rate up to 140 mm/yr, as shown in Fig. 17a.
The historical evolution of ground displacement along the D-D’ profile
is shown in Fig. 18, with the trough at the location of point P (see the
point location in Fig. 17a). Each profile represents an isochronous cu-
mulative vertical displacement line. Compaction processes of the un-
consolidated material accumulated in the tailing storage areas are re-
sponsible for the vertical ground deformation.

5.5. The link between displacement and groundwater level

In this section, the ground displacement around the Hambach mine
was analysed with respect to groundwater withdrawal. The top strata in
the Rhenish coalfield are loose, so the lignite can only be extracted in
open-pit mines (Lenk and Wisotzky, 2011). For this reason, the
groundwater table must be lowered, i.e., pumped to the surface and
piped away. Several hundred drainage wells around the mines and an
extensive network of pipelines were constructed to remove 600 million
m?> of water from the Rhenish coalfield (Hu, 2013). The locations of
water wells around the Hambach open-pit mines are indicated as the
red points on the rate maps in Fig. 12b.

Long-term (1960-2018) groundwater level changes for those water
wells are shown in Fig. 19. Water wells 1, 2 and 3 are located in the
reclamation area around Sophienhéhe hill. For well station 1, the water
level sharply decreased by ~53m from 1990 to 2010 and rose by
~22m from 2011 to 2018. The groundwater level at water wells 2 and
3 decreased during the 1980s-1990s before the mine was excavated, but
it rose again at well 2 after 1993; however, at well station 3, the
groundwater level remained stable at its lowest level, even after the
completion of mining activities. The other water wells (No. 4-No. 11)
are located east of the Hambach mine and are near the active working
part of the mine. Dewatering at these well stations facilitated the ex-
cavation works, leading to a reduction of the groundwater table
(maximum reduction of ~5m at well station 5).

To identify the correlation between the groundwater level and
ground deformation at each water well, the land displacement and
groundwater level time series were analysed. Fig. 20 illustrates the time
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series of ground displacement in the vertical direction versus changes in
groundwater level at the five water wells around the Hambach mine.
Land uplift was detected at well station 1 due to a rising groundwater
table, as shown in Fig. 20a. Extensive groundwater extraction has
caused land subsidence in the surrounding area; see the No. 5 well
station in Fig. 20b. However, land uplift with a magnitude of 10-20 mm
was found at stations 8, 9 and 10. This is due to aquifer unit rebound
following the slight rerise of groundwater level from October 2017 to
April 2018 at stations 8 and 9. We observed a negative correlation
between groundwater table change and ground deformation at the No.
10 well station, as shown in Fig. 20e, i.e., the No. 10 well station. The
groundwater level continuously declined while the land was uplifted.
Generally, we can infer that the groundwater level was lowered by
artificial pumping in the surrounding areas of the mines, which resulted
in ground deformation.

6. Conclusion

Ground stability is one of the most critical issues when dealing with
safety in open-pit mines. In this paper, ground surface displacements
around three active open-pit mines (Hambach, Garzweiler and Inden)
in the Rhenish coalfields of Germany were investigated by means of a
space-borne InSAR time series method. Due to the continuous change in
topography, we used a coherence-based SBAS algorithm to jointly es-
timate displacements and DEM errors over the active open-pit mines.
We also showed that the results from complementary SAR geometries
could be combined to calculate two-dimensional displacements for
analysing the slope instability over the pits. Ground instabilities, in-
cluding horizontal and vertical movements, were found on the slopes of
all three open pits, indicating potential problems. A comparison with all
potentially available in situ measurements in our further work would be
of interest to fully assess the geotechnical risk of the mines. Significant
land subsidence was found in the storage/recultivation areas, and the
main reason was the compaction process of the unconsolidated soil
materials. Our work also indicates that the ground subsidence in the
areas surrounding the mines is related to groundwater pumping for the
purpose of lignite extraction.
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The results of InSAR ground deformation measurements over three
active open-pit mines show the potential of using InSAR techniques to
upscale the monitoring of slope instability. As opposed to other geo-
detic tools, InSAR provides measurements at a large scale with high
spatial resolution. This is of interest in the mining industry, where the
field conditions are difficult and in situ instrumentation networks are
challenging and expensive to set up. With the launch of Sentinel-1A/B
satellites, the acquisition rate decreased to six days, and the large il-
luminated tracks (200 km wide) make the Sentinel-1A/B constellation
an attractive source of data to study ground deformation over open-pit
mines. With the high spatial resolution images from the TerraSAR-X
satellite, InSAR further provides ground displacement information in
more detail. Such displacement data are not only useful for the iden-
tification of unstable areas but also applicable to identify time series
indicating a forthcoming landslide and theoretically allow for slope
failure forecasting, which is at least helpful for decision making on risk
management. However, it is fair to point out that the limitation of the
InSAR technique is that it typically requires a large number of multi-
temporal images for processing, which may conflict with the need for
rapid responses in an early warning system framework.
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