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ABSTRACT

This paper illustrates the capabilities of distributed scatterer satellite Synthetic Aperture Radar Interferometry
(InSAR) to monitor time-varying land deformation on mines. Due to continuous mining activities, monitoring ground
deformation in and around mine areas has great importance to prevent possible slope instabilities that may lead to
considerable casualties and cause several environmental issues. InSAR is considered a unique and well-established
technique able to measure and monitor subtle surface displacements and deformation patterns over large areas.
One of the main limitations of the aforementioned technique on the monitoring of opencast mining regions is the
ambiguity of one dimensional line-of-sight measurements. In order to obtain insights on this limitation and
optimally to transcend them, a multi-track Normalized Small Baseline Subset (N-SBAS) InSAR approach was applied.
This technique is a modified SBAS approach that exploits the complementary information from multiple acquisition
geometries of Sentinel-1 interferometric datasets. The combined use of ascending and descending Sentinel-1
geometries allowed to retrieve 3D deformation.

In this study, the open-pit coal mine located southern of town of Ptolemaida, Greece, has been successfully
monitored by obtaining long-term time series ground displacement information. The study uses Sentinel-1 data
collected over a period of 2.5 years (January 2016- June 2018). The estimated deformation was in accordance with
field observations. The qualitative comparison of the produced results with ground measurements revealed the
capabilities as well as the limitations of the proposed methodological approach. The results of this work indicate
that the generated deformation maps can be a useful complementary data source for operational mining planning
and risk assessment in the mining environment.

MT-InSAR techniques were proven to be powerful
tools and have gained increasing attention because

I. INTRODUCTION

Ground deformation information can be acquired
from various techniques. Traditional ground-based
methods such as leveling and GNSS (Global
Navigation Satellite System) are widely used and
considered the most accurate and well-developed
methods (Colesanti et al., 2005). However, for
extended areas, the aforementioned techniques are
labor-intensive and limited in spatial coverage and
density. By contrast, Multi-Temporal Synthetic
Aperture Radar Interferometry (MT-InSAR) can
obtain surface deformation along the line of sight
(LOS) exploiting the phase information of the SAR
images acquired at different times. A lot of MT-InSAR
techniques have been developed and widely applied
in many fields such as earthquake displacement
(Massonnet et al., 1993; Biggs et al., 2009), volcanic
activity (Massonnet et al.,, 1995; Papoutsis et al.,
2013), groundwater/gas extraction (Chaussard et al.,
2013), landslides instability (Calo et al., 2014; Zhao et
al., 2016), urban subsidence (Osmanoglu et al., 2011),
and mining activity (Samsonov et al., 2013).

they can provide at all-times, all-weather deformation
information in a wide area. The latter is related with the
recent advances in terms of the temporal/spatial
resolution and coverage of satellite data, the
processing chains and the increase of the
computational capabilities (parallel processing, cloud
computing) (Raspini et al., 2018). A brief summary of
the most important MT-InSAR methods is presented in
the next paragraph.

The first MT-InSAR approach named Persistent
Scatterers Interferometry (PSI) was firstly introduced
by Ferretti et al., 2000 which estimates the deformation
only at points that have high amplitude dispersion
index. The next step was the Small BAseline Subset
(SBAS) approach from Berardino et al., 2002 which
exploits the information only from the interferograms
with low spatial decorrelation that is translated to
relatively small baselines. SBAS approaches improves
the spatial density of the measurement points by
extracting information from the distributed scatterers.
The next algorithmic improvement was related with the
loosening of the restrictive conditions imposed by the
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PSI by exploiting the coherence information.
Coherent Pixel technique (Wu et al.,, 2008) and
Partially Coherent Target technique (P-CT) (Perissin &
Wang 2012) are the most representative examples.
Lastly, methodologies that combine the information
from persistent and distributed scatterer methods
have been introduced (Hooper et al., 2008, Ferretti et
al., 2011). The main drawback of the latter methods
is their computational efficiency using large-archives
of SAR data especially for large-scale areas (Ferretti et
al.,, 2011). It is important to state that in each
application, each algorithm possesses inherently
unique strengths and weaknesses due to specific
characteristics in each case (Osmanoglu et al., 2016).

Deformation monitoring in mining areas has a great
importance because mining activities impact the
nearby environment and may cause severe mining
hazards (Loupasakis et al., 2014). From the
“interferometric” point of view, the mining areas
have some special issues that have to be addressed.
First of all, it is the loss of coherence that is usually
caused by the mining operations that prevent the
detection of ground surface deformation (Raucoules
et al.,, 2007). Secondly, the low density and the
inhomogeneous distribution of persistent scatterers
in the mining regions limit the use of high-accurate
persistent scatterer methods (Jung et al., 2007; Yue et
al.,, 2011). In contrast, SBAS techniques allow the
measurement of surface displacements in low
reflectivity areas like scattered outcrops, bare soil
areas, debris areas that are usually found in mining
regions (Liu et al., 2014).

In this paper, a Sentinel-1 multi-track methodology
based on N-SBAS (Doin et al., 2011) is presented. The
main objective of this study is to explore the
deformation monitoring ability of the proposed
methodology in mining regions. The case study of the
Ptolemaida-Florina coal mine in Greece helped us to
outline the strengths and the limitations of the
proposed methodology. Validation between multi-
track N-SBAS and levelling measurements was
conducted. The output of this study shows the
effectiveness of the Sentinel-1 constellation for the
monitoring of ground subsidence over non-active
mining areas. Moreover the results can be useful for
management, risk analysis and planning of mining
operations.

Il. METHODOLOGY

The proposed methodology contains four
processing steps. The first step is related to the
interferometric processing of SAR data from a track
and the production of a geocoded single-track
interferometric stack. The first step is performed for
an ascending and a descending track. As a second
step the preprocessing of each interferometric stack

is performed. The third step is related to the time-series
analysis of the single-track interferometric stack and
the inversion in order to obtain deformation values.
Finally the fourth step includes the combination of the
available deformation information obtained by the two
different tracks in order to extract vertical, easting and
northing deformation.

A. Interferometric processing

For the interferometric processing the Interferometric
SAR Scientific Computing Environment (ISCE) (Rosen et
al., 2012) has been used. The interferometric workflow
starts with a number of Sentinel-1A/B Interferometric
Wide Swath (IW) mode Single Look Complex (SLC)
acquisitions. According to the user’s criteria a network
of viable differential interferograms is created. The
criteria are related with the spatial and temporal
baseline of the interferograms. Then, the main steps of
the interferometric processing such as, orbit
correction, deburst, co-registration, interferogram
generation and adaptive filtering, subtraction of
topographic phase using given Digital Elevation Model
(DEM), unwrapping and geocoding are implemented.
It's important to state, that each interferogram was
calculated independently and geocoded in a common
geographical grid. A batching process was developed
based on (Henderson, 2018).

B. Preprocessing of geocoded interferometric stacks

In this step, each stack is prepared in a consistent way
to further be processed. The main preparation
processes were implemented based on GIANnT software
package scripts (Agram et al., 2012; Agram et al., 2013).
The first step is related with the mitigation of the
unwrapping errors based on (Pinel-Puysségur et al.,
2018) with the assumption that the SAR phase field is
conservative (Biggs et al., 2007). The second sub-step is
the correction of the residual orbital errors by network
deramping. Firstly, for each interferogram a ramp is
estimated and then a best ramp for all the
interferometric stack is re-estimated and removed
(Biggs et al., 2007; Jolivet et al., 2012). As a final sub-
step, the network of interferograms was corrected
from the atmospheric effects due to the propagation
delays of the SAR signal. The correction approach was
based on a multiscale approach that estimates
topographically correlated atmospheric delays (Lin et
al., 2010).

C. Time series analysis/Inversion

The third processing step is a time series analysis
which was applied separately per each geocoded
interferometric stack. The N-SBAS inversion technique
implemented in GIAnT software package was
employed. The inversion technique was performed in
each pixel separately subject to coherence and valid
number of observation criteria. The main difference of
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N-SBAS with respect to the conventional SBAS
technique (Berardino et al., 2002) is that it includes
quadratic constraints to join clusters of disconnected
interferograms. A detailed description of N-SBAS
inversion technique can be found in Ldpez-Quiroz et
al., 2009; Doin et al., 2011; Jolivet el al., 2012.

D. Integration of Multi-track deformations

One of the limitations of deformation
measurements made with MT-InSAR techniques is
that they provide only one component of the surface
deformation—in the satellite’s line of sight (LOS)
(Wright et al., 2004). The availability of ascending and
descending tracks of Sentinel-1 constellation that
cover the same region is important in order to resolve
the 3D surface deformation. As we already stated, for
each pixel in each geometry/track we can have only
one deformation measurement along LOS which can
be decomposed to northing, easting and vertical
components (Figure 1).

dios,” [
“dy .
dN I NOI’ﬂ:I
9 .
. de
------ S
...... 3

.
¥
.,

Figure 1 The SAR imaging geometry and the relationship
between LOS deformation and the vertical, North-South
and East-West components. 6 and a are the radar incidence
angle and the orbit azimuth angle, respectively.

According to Figure 1, the following equation derives
(Wright et al., 2004; Hu et al., 2010):

dios = dycosO + dysinasin + dgcosacosf (1)

Where d, s = deformation along LOS
dy,dy,dg = Vertical, North-South, East-
West deformation components
a = heading angle
6 = incidence angle

From a theoretical point of view, in order to be able
to resolve the 3D deformation components we need
at least three LOS deformation measurements. Due
to high computational cost to obtain deformation
time series for three tracks we propose the following
method.

The main assumption of the method is that a part
of the neighborhood pixels share the same
deformation behavior with the central pixel for which

we want to obtain the 3D deformation components.
The neighborhood pixels are defined by a 3x3 window.
The gradient is the criterion for neighborhood pixel
selection. Gradient is estimated using a DEM with
better resolution than the SAR grid. Neighborhood
pixels with similar gradient with the central pixel are
selected for the solution of system of equations (1). In
the following section a case study in Ptolemaida-Florina
mine is presented.

I1l. AREA OF INTEREST AND DATA

The area of interest is located in the region of
Western Macedonia (Kozani), Greece, which is
considered one of the most important industrial areas
in Greece. In particular this work focuses on a part of
the Ptolemaida-Florina opencast lignite mine,
illustrated in the left part of Figure 2.
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Figure 2 Study area (part of Ptolemaida-Florina coal mine)
and available datasets (Sentinel-1 and levelling). Reference
system is WGS84 UTM34N. The background image is a very
high resolution optical image © Google Earth Copyright
2018.

Due to the mining activities in the zone of interest
“unstable” regions were delineated. In Figure 2, the
“unstable” regions are denoted with a gray color. In
these regions, MT-InSAR technique cannot provide
reliable results due to strong decorrelation of the SAR
signal. The main objective of the case study is to
examine the stability of the zone along “Soulou” water
stream that could potentially provide insight about the
risks of the existing transportation network inside the
mining area. For the validation of the results of the
proposed methodology 10 leveling points located in the
buffering zone along the “Soulou” water stream have
been used.

A total of 249 Sentinel-1 TOPS IW acquisitions from
the descending track 80 and the ascending track 102,
spanning two and a half years have been processed.
Around 1400 interferograms were created and
processed with the multi-track N-SBAS technique that
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was described in the previous section. The processed
area is about 4x8 km?2. The earlier scene of each orbit
stack was selected as the zero-deformation reference
image. As an external DEM, we wused a
photogrammetric DEM with ground pixel size of 5 m,
provided by KTIMATOLOGIO S.A.

IV. RESULTS AND VALIDATION

In this section the most significant results are
reported and analyzed. In Figure 3 the cumulative
displacements for the time period from the start of
2016 till the half of 2018 are presented. It's important
to state that these results are relative with respect to
the first acquisition date of 2016, which we used as a
zero-displacement reference. The pixel size of each
map/grid in Figure 3 per each component is 15m.
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Figure 3 Cumulative displacement components from
10/1/2016 to 5/7/2018. Time series of displacement inside
the subsidence zone (bottom right).

We can easily identify that the vertical displacement
values are relatively higher than in the other
directions. Looking closely at the vertical component
we can also identify the subsidence zone (red ellipse)

possibly because of the vicinity with the active mining
regions (gray regions).

It's important to state that for each point in the grid
the time series of displacement are calculated. Inside
the subsidence zone, the time series displacement
information of a point (bottom right of Figure 3) is
presented. Different linear components of the
deformation in a time sense can be identified. The
decreasing behavior of the subsidence rates is clearly
showed evident.

The validation procedure has been performed by
comparing the vertical component of multi-track N-
SBAS approach with the levelling measurements in the
levelling points (Figure 2) close to the subsidence zone.
The overall root mean square error between all the
leveling measurements (160) at 10 leveling points and
the multi-track N-SBAS estimations is 1.07 cm.

In Figure 4, for each point, the evolution of the
subsidence according to leveling measurements and to
multi-track N-SBAS estimations (denoted as SAR
estimations) is presented. In most cases, SAR
estimations tend to overestimate subsidence values.
On the other hand, the subsidence rates between the
two different methods are in good agreement. The
analysis of the results show that centimetric accuracy
can be achieved with the proposed technique when
monitoring subsidence in a complex mining
environment.
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Figure 4 Time series of vertical ground deformations for six
locations in the subsidence region. The nearest centroid of
the deformation grid was selected according to location of
the leveling point. Values in diagrams are related with
subsidence and expressed in mm.
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V. DISCUSSION

The above results demonstrate that the subsidence
zone along a part of the “Soulou” water stream can
be identified by the proposed methodology. The
regional subsidence as well the subsiding trend could
be adequately estimated. The subsidence is possibly
connected with operations in the mine. However, the
interpretation of the measured/observed
deformation patterns is a complex task and requires
the knowledge of the geological, tectonic,
hydrogeological and geotechnical conditions. A
deeper understanding of the subsidence mechanism
requires more investigation.

The validation of the methodology for average
subsidence and subsidence rates showed that the
proposed method is able to provide high temporal/
spatial resolution and accurate subsidence
information. In other studies such as Ferretti et al.,
2011, millimetric accuracy level has been achieved
using an approach mainly based on persistent
scatterer interferometry. Due to the absence of
persistent scatterers in the study area, the
centimetric level of accuracy is considered
satisfactory. Combining InSAR and leveling
measurements can be a good strategy to better
monitor the subsidence of the area of interest. One
possible solution for better monitoring of the
subsidence phenomena could be the following: (1) to
detect the hotspot areas using the multi-track N-SBAS
technique over the whole region; and (2) to plan
ground survey measurements and collect precise
ground information about the hotspot areas.

One of the most important limitation of the
proposed method is related with the orientation and
the slope of the ground. In steep-slope regions, the
reliability of the interferometric estimations is
decreased mainly due to geometric distortions of the
SAR signal (Colesanti et al. 2005). The geometric
distortions also affect the spatial resolution of the
SAR sensor which will cause lower spatial resolution
of the final deformation results.

Another limitation factor of the proposed method
is the 1- dimensional measurement of SAR systems in
the LOS direction (Wright et al., 2004). Moreover, due
to the current near-polar orbiting SAR sensors the
accuracy of each estimated component is different.
The north component is considered the most difficult
to determine, due to the small angular separation of
the different LOSs (Wright et al., 2004).

In other studies, 3D deformations have been
resolved using offset-tracking azimuth techniques
(Strozzi et al., 2002; Yang et al.,, 2018) and multi-
aperture InSAR techniques (Hu et al., 2012; Jung et al.,
2011). The aforementioned techniques are valuable
tools mainly in studies of large-scale displacement
events like earthquakes, volcano eruption, glacier
dynamics but they cannot provide sufficient accuracy
for small-scale deformation phenomena (Hu et al.,

2014). The proposed approach which is based on the
combination of multiple track interferometric results
produces estimations with sufficient accuracy at the
vertical direction (centimetric level). Even though a lot
of methods that resolve the 3D deformation
components have been developed, it remains unclear
which approach is the most suitable for each case (Hu
et al,, 2014).

One of the benefits of the proposed method is that
the produced results can support decision makers for
mining risk management and disaster awareness. The
fact is that active mining operations are well monitored
by the mining authorities. However in abandoned
mines or abandoned regions of the mines even though
they have been considered secured, hidden factors can
cause geohazards at any time (Benecke et al. 2012). The
proposed method can provide critical information to
mitigate fatalities and ensure the safety of mining
operations and local societies during pre-mining,
mining and post-mining period.

V1. CONCLUSIONS

The multi-track N-SBAS InSAR method vyielded
deformation results with centimetric level of accuracy
at the vertical component. It has to be tested in regions
with different conditions and to be compared with
other methods. The results of the proposed method
can be used for further planning of the ground surveys
from mine authorities. Using Sentinel-1 free data the
proposed method can provide regional coverage and
continuous delivery information with no cost. We
believe that the produced results can support decision
making authorities for risk mitigation and sustainability.
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