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Abstract: The Upper Silesian coal basin (USCB) in Poland faces significant ground deformation
issues resulting from mining activities conducted without backfill, which can persist for years. These
activities can cause damage to surface structures and phenomena such as induced seismicity. Ground
deformations can be monitored using differential synthetic aperture radar interferometry (DInSAR).
However, various DINSAR approaches have their own advantages and limitations, particularly
regarding accuracy and atmospheric filtering. This is especially important for high-frequency dis-
placement signals associated with seismic activity, which can be filtered out. Therefore, this study
aims to assess the detectability of mining-induced seismic events using interferometric techniques, fo-
cusing on the USCB area. In this experiment, we tested two InNSAR approaches: conventional DINSAR
without atmospheric filtering and the small baseline subset (SBAS) approach, where the atmospheric
phase screen was estimated and removed using high-pass and low-pass filtering. The results indicate
that, in most cases, post-seismic ground displacement is not detectable using both methods. This
suggests that mining-related seismic events typically do not cause significant post-seismic ground
displacement. Out of the 17 selected seismic events, only two were clearly visible in the DInSAR
estimated deformation, while for four other events, some displacement signals could neither be
definitively confirmed nor negated. Conversely, only one seismic event was clearly detectable in
the SBAS displacement time series, with no evidence of induced tremors found for the other events.
DInSAR proved to be more effective in capturing displacement signals compared to SBAS. This could
be attributed to the small magnitude of the tremors and, consequently, the small size of the seismic
sources. Throughout the investigated period, all registered events had magnitudes less than 4.0. This
highlights the challenge of identifying any significant influence of low-magnitude tremors on ground
deformation, necessitating further investigations. Moreover, SBAS techniques tend to underestimate
mining displacement rates, leading to smoothed deformation estimates, which may render post-
seismic effects invisible for events with low magnitudes. However, after an in-depth analysis of the
17 seismic events in the USCB, DInNSAR was found to be more effective in capturing displacement
signals compared to SBAS. This indicates the need for significant caution when applying atmospheric
filtering to high-frequency displacement signals.

Keywords: satellite radar interferometry; mining-induced earthquakes; post-seismic displacement
detectability

1. Introduction

Underground coal mining leads to various phenomena that pose significant anthro-
pogenic hazards. Both the Geological and Mining Law in Poland and the requirements
outlined in the Environmental Protection Act mandate the mining industry to monitor
the impacts of mining activities on the surface, particularly those threatening engineering
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and civil structures. Ground deformation resulting from excavated mining panels, often
conducted without backfill, can lead to substantial ground deformations [1-3]. These
deformations may persist for years after mining operations cease [4-6]. Ground subsidence
can cause damage to surface facilities within the mining area [7] and may also trigger
other hazardous phenomena such as landslides [8]. Hence, understanding and accurately
estimating ground deformation is crucial for mining regions globally [9-11].

Moreover, another critical hazard in mining regions is associated with mining-induced
seismic activity, e.g., [12] and references therein. These seismic events, induced by mining
activities, can result in weak to moderate ground shaking, often noticed by local residents.
Typically, the sources of mining-induced earthquakes are situated relatively shallow, usually
no deeper than 1-3 km, often less than 1 km below the surface. Therefore, even the
vibrations generated by minor earthquakes should be regarded as hazardous for surface
infrastructure and people’s lives. Also, shallow sources can be associated with deformations
formed on the ground in the vicinity of epicenters. In Poland, there are primarily two
seismically active mining regions: the Legnica—Glogéw Copper District (LGCD) and the
Upper Silesian coal basin (USCB). Located in southern Poland, the USCB region belongs to
the old hard coal mining area. The coal has been excavated here for more than 100 years. The
peak of the excavation was reached in the late seventies of the last century and has regularly
decreased because of the resignation of coal production. Even though the production has
decreased, the USCB coal mines are going to be in operation at least until 2049. The area
is also heavily populated, with more than 3 million residents living in some places in the
vicinity of mining shafts. Since 1974, over 56,000 mining tremors with a magnitude (M)
greater than 1.5 have been recorded in the USCB [3,13]. From a physical point of view,
natural and mining-induced seismic events do not exhibit significant differences. Generally,
they tend to have smaller magnitudes and affect smaller regions. However, unlike natural
earthquakes, some mining sources can manifest as non-double-couple (non-DC) sources,
including a high level of isotropic parts in mechanism models. These non-DC sources
are well-suited to explaining collapses of mining tunnels [14,15] and are closely linked
to ground deformations [3,11]. While most mining-induced events are located in the
vicinity of currently operated excavation fronts, stronger earthquakes can happen at some
distance from the operated mining panels. In some cases, these sources can be characterized
by a deeper location of the focal point and typically are more likely characterized by a
double-couple model of earthquakes. The size of the seismic source depends on the event
magnitude [16]. While micro-earthquakes with magnitudes less than two are characterized
by rupture sizes of 10-100 m and fault displacements of 0.4—4 mm, strong earthquakes
with magnitudes of above 8-10 can have rupture lengths of up to 1000 km and fault
displacements of up to 40 m. These facts are important if we consider that the ground
deformations are related to the depth of a particular seismic source. For natural seismicity,
the depth of earthquakes in subduction zones can be located even more than 300 km below
the surface. Because of the depth of their location, even strong earthquakes can have less
impact on the surface than smaller, shallower events. Most seismic sources are deep enough
to prevent any co-seismic discontinuous deformation from appearing on the ground (e.g.,
a fault plane visible on the surface). Therefore, only geodetic measurements can provide
information about ground deformation around the epicenter. In Poland, particularly
in the regions of LGCD and USCB, the strongest mining-induced events typically have
magnitudes around 4 [13,15,17]. Earthquakes of this magnitude are characterized by source
dimensions ranging from 0.1 to 1 km [16]. This implies that ground changes, if they happen,
should be observed within approximately 1 km from the epicenter location.

Monitoring ground deformation in mining areas is typically conducted using con-
ventional geodetic techniques, such as leveling or total stations [4], as well as GNSS
applications [18]. However, these methods are limited by their point-based nature, requir-
ing a large number of measurements to achieve spatially dense information about ground
deformation. Consequently, monitoring with traditional geodetic techniques, especially in
large study areas, is time-consuming [9,19], with measurements confined to specific areas
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of a few square kilometers [19-21]. Additionally, laser scanners [22] have been utilized
for monitoring purposes. In this case, the limitation lies in the time resolution of the data
used. Differential synthetic aperture radar interferometry (DInSAR) utilizes phase infor-
mation for ground deformation estimation, offering a greater number of measurements
and, thus, better spatial density compared to conventional geodetic techniques [7]. This
enables a more effective capture of surface deformation characteristics and their spatial
and temporal behavior. The Sentinel-1 mission, which acquires images with a temporal
baseline of 6 days, has opened new avenues for studying temporal ground deformation
behavior. Numerous applications of such data exist for estimating ground deformation
caused by earthquakes or coal exploitation. However, these studies typically focus on
individual seismic events [3,22-25] or specific mines [26,27] and do not generally consider
post-seismic displacement detectability using INSAR for a broader range of seismic events.

Conventional DInSAR approaches are susceptible to atmospheric artifacts, prompt-
ing the scientific community to introduce stacking-based methods to mitigate this effect,
such as persistent scatterers interferometry [28-32], small baseline subsets [32], and other
techniques [33]. These methods estimate and remove interferometric components corre-
sponding to the atmosphere by leveraging its physical properties: high spatial correlation
and low temporal correlation. In this case, atmospheric correction is performed without
external data, based on the assumption that the atmospheric phase screen is uncorrelated
in time. To reduce the negative impact of the atmosphere on DINSAR processing results,
corrections with external data should be applied. These include methods based on ground
observations, utilizing GNSS or weather stations [34], satellite observations, such as MODIS
and MERIS [35], numerical weather models such as ECMWF [36], or their combination in
GACOS [37]. However, in stacking-based methods, there is a risk that interferometric sig-
nals from seismic events, which exhibit similar characteristics to atmospheric noise (small
correlation in time and high spatial correlation), can be mistakenly removed from the final
time series estimates. A drawback of external corrections is their low spatial resolution or
daily solutions, which are insufficient to reduce local and rapid atmospheric changes [38].

Considering the opportunities presented by DInSAR and the significance of mining-
induced seismicity, in this study using interferometric techniques, we aim to assess the
detectability of ground displacement in the INSAR results caused by seismic events related
to coal mining, which usually have magnitudes less than four. Given the diverse advantages
and limitations of various DINSAR techniques, both conventional DINSAR and the stacking-
based method (SBAS) were employed in this work. Furthermore, previous research on
mining-induced deformation and seismicity has been explored from a broader perspective,
not focusing on single events only, by [17] in the LGCD area in Poland. However, to our
knowledge, there has been no comprehensive study investigating multiple seismic events
in one of the largest coal exploitation areas in Europe, namely the USCB in Poland. Here,
we selected the USCB region for our investigation, as the results could provide new insights
into deformations caused by the longwall mining systems. This system differs from the
room-and-pillar excavation method used in the LGCD copper mines. Additionally, the
novelty of our work deals with an approach that is focused on multiple seismic events
rather than concentrating solely on one specific mining-induced earthquake. The main
research question that we aim to answer using this study is whether mining-induced
ground displacement can be detectable using DInNSAR and SBAS methods.

2. Definition of the Problem
2.1. Displacement Sources Caused by Underground Mining Exploitation

Detecting the interferometric signal corresponding to seismic events with M < 4 is
very challenging in the area of mining activity. This difficulty arises primarily due to
two deformation sources. The first source is the ground response to the excavation of
geo-resources, and the second is the deformation resulting from seismic activity. To address
this issue, mining deformation can be modeled by using the Mogi model [39]. This model
was originally developed to estimate the deformation caused by volcanic activity [34]
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and is characterized by non-DC isotropic seismic sources similar to those induced by
mining. Despite being initially designed for volcanic activity, the Mogi model is applied
for first-order deformation estimation caused by other phenomena due to its simplicity
and universal character [40—43]. The Mogi model is an analytical model that describes
the magnitude and direction of ground displacements due to the changes in volume or
pressure of a point in a uniform elastic half-space. The displacements of any point on the
surface can be calculated from the following equations [39]:

3AVd 3AVr
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where

vy—vertical deformation component,

vg—horizontal deformation component,

AV—volume change,

d—depth,

r—horizontal distance from points located on a flat surface to the surface projection of
the source position.

The authors of [17] conducted a study in the LGCD area of Poland, simulating the
behavior of displacement time series in active underground mining areas affected by seismic
events. Mining deformations were modeled by using the Mogi model, incorporating
specific parameters such as volume change and depth, which can vary between mines
and different seams [11]. Nevertheless, for the simulation purposes and conceptualization
of the problem, the exact values of these parameters are not critical and can be found in
detail in [17].

Figure 1la illustrates subsidence resulting from mining exploitation, with a seis-
mic event represented by the red line positioned at the center of the subsidence basin.
In Figure 1b, a similar scenario is shown, where both mining exploitation and a seismic
event are centered in the subsidence basin. However, the signal originating from the seismic
event has been filtered out, making it undetectable in the displacement time series. This
situation may occur when a seismic event occurs but does not induce visible ground dis-
placement, either caused by the nature of the seismic event or due to atmospheric filtering.
Figure 1c shows a seismic event located at the edge of the subsidence basin, while Figure 1d
describes a scenario where a seismic event occurs at the basin’s edge; however, a portion of
the signal is filtered out through the atmospheric phase screen (APS) estimation, thereby
removing it from the displacement time series.
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Figure 1. Simulated underground mining deformation scenarios are depicted as follows: (a) two
displacement sources are visible, caused by underground exploitation (black line) and seismic events
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(red line); (b) only one displacement source is clearly visible, either due to underground exploitation
or seismic events with the other source not visible on the displacement time series or removed
by atmospheric filtering; (c) two displacement sources are visible involving mining activity and
a mining-induced tremor located outside the mining activity’s surface area without atmospheric
filtering; (d) two displacement sources are visible with atmospheric filtering (Figure source [17]).

2.2. SAR Interferometry

Satellite differential radar interferometry is based on the principle that the phase
difference between two synthetic aperture radar (SAR) acquisitions captured over the same
area is proportional to surface deformation [26]. The principles underlying this technique
have been extensively studied [39,44-46], with many highlighting its effective application
for monitoring significant ground displacements [7,10]. However, the effectiveness of
DInSAR relies on deformations producing phase differences significantly larger than those
caused by atmospheric effects [41]. Generally, atmospheric artifacts can induce phase
differences equivalent to up to half a fringe [42], which with Sentinel-1 can translate to
differences up to 2.7 cm. The small magnitude of mining-induced tremors in the USCB,
characterized by fault plane displacements ranging from 4 to 40 mm, interferometric
signals from these events may be subtle and could go unnoticed if significant atmospheric
disturbances are present and corrections are not applied.

To mitigate errors primarily associated with possible atmospheric artifacts, multi-
temporal InSAR techniques (MTINSAR), also known as stacking-based techniques, have
been developed by the scientific community [39,44-47]. Essentially, MTINSAR, through the
processing of multiple images over time (usually more than 20 pictures), subtracts various
interferometric components corresponding to deformation, topographic error, atmospheric
error, and orbital errors [7]. These interferometric components between two SAR images
0¢; can be represented by the following Equation (2):

59, = plt) — plta) = T [A(tw) — d(tA)] + T DL (pund(ts) — and (1)) + By, V=1, M Q)
where

A—is a sensor wavelength,

¢(tg, x,v) and ¢(t4, x,r) are the phases that correspond to times t 4 and ¢,

d(tp,x,r) and d(ta,x,r) are the radar Line of Sight (LOS) projection of cumulative
deformation,

Az—corresponds to topographic error,

Garmd(tp, X, 7) — Garmd(t 4, x, r) reference as atmospheric phase component between
two images (A,B),

Different assumptions are typically applied to estimate various interferometric com-
ponents effectively, such as those connected with the expected deformation pattern over
time (e.g., a linear model is often employed) [28-30]. However, these assumptions can
pose challenging issues when the actual deformation pattern significantly diverges from
the assumed displacement model. Additionally, to mitigate atmospheric artifacts from the
differential interferograms, high-pass temporal and low-pass spatial filtering is commonly
applied. These filters leverage the physical properties of the atmosphere, such as high
spatial correlation (e.g., 1 km) and low temporal correlation (typically over one year). In the
case of seismic events, which are characterized by sudden and non-continuous interferomet-
ric signals, these signals can be erroneously treated as atmospheric artifacts and mistakenly
removed through low-pass filtering. This issue has been extensively discussed by [17].

Therefore, considering the advantages and limitations of various interferometric
processing techniques, especially those involving deformation models and APS filtering,
we opted to apply both approaches to assess whether estimated deformations using INSAR
could be utilized for post-seismic ground displacement detectability.

There are two approaches to the DInNSAR processing: cumulative and consecutive
DInSAR. Cumulative DINSAR processing uses one fixed master image, with slave images
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selected sequentially (e.g., ¢1-2, ¢1-3, ¢1-4,... ¢1-n) (Figure 2b). A drawback of this
approach is that the temporal baseline between images (e.g., ¢1-n) becomes increasingly
extended, leading to greater temporal decorrelation and reduced coherence, especially
with short wavelength sensors. Consecutive DINSAR, on the other hand, generates dif-
ferential interferograms of neighboring SAR acquisitions, which are then accumulated
to form a complete time series interferometric results (e.g., ¢1-2, ¢2-3, ¢3-4,... ¢n-1, n)
(Figure 2a). This method utilizes shorter temporal baselines (6 days in the case of Sentinel
1A/B), thereby reducing temporal decorrelation [10]. However, this approach also has
its limitations. Specifically, errors in calculated deformations (such as residual terrain,
atmospheric delay, and other phase errors) in the interferograms can propagate through
subsequent time series deformation results [48].

(a) (b)
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Figure 2. The connection between SAR image pairs used for interferogram generation in various
processing strategies: (a) consecutive DINSAR, (b) cumulative DInSAR, (c) PSInSAR, and (d) SBAS.

Similarly, Figure 2c illustrates the image connection graph for the persistent scatterer
interferometry approach (PSInSAR) [29,30]. In this case, coherence also decreases over
time due to the extended temporal baseline. In contrast to PSINSAR, the small baseline
subset (SBAS) technique calculates interferograms between neighboring images, allowing
for better spatial coverage, especially in rural areas. The area of interest in this study is
highly populated, but a lot of mining panels are located under places with minimal urban-
ization. Thus, numerous forested and agricultural areas can affect backscattering stability
(Appendix A). Therefore, to maximize coherence and provide dense spatial coverage of the
interferograms, consecutive DINSAR and SBAS techniques were deemed more appropriate
and were selected for the study presented in this paper. A comprehensive overview and
the fundamentals of SBAS can be found in [33,49].

3. Materials and Method
3.1. Area of Interest

The Upper Silesian coal basin stands as one of the largest coal mining regions in
Europe, covering approximately 7400 km?. The majority of this area, about 5800 km?, lies
within Poland, while the remainder is situated in the Czech Republic [50]. Coal extraction
in the USCB dates back to the 19th century and has continued to the present day. The
peak of excavation occurred during the 1970s and 1980s, with coal production reaching
nearly 200 million tons annually from approximately 70 coal mines. However, diminishing
coal reserves led to the closure of several mines, resulting in a total production decline
of 71 million tons per year [51,52]. Currently, coal deposits in the region are exploited by
20 active mines, with the largest in Poland being KWK ROW, formed by the merger of the
former Marcel, Ryduttowy, and Chwatowice coal mines.

The study area under investigation covers the upper section of the USCB, spanning
approximately 2037 km? (Figure 3). This area is one of the most densely populated regions
in Poland, with nearly three million inhabitants. Major urban centers in the vicinity
include Katowice, Sosnowiec, Bytom, Ruda Slaska, Zabrze, and Gliwice. Surrounding
this urban agglomeration, the study area features extensive vegetation, predominantly
forests. Appendix A presents the normalized difference vegetation index (NDVI) calculated
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from Sentinel-2 data and the Corine Land Cover (CLC). As indicated in Appendix A,
approximately 69% of the study area exhibits NDVI values exceeding 0.6, suggesting
significant coverage by dense vegetation and forested areas. According to the Corine Land
Cover (CLC) data, forests account for the largest portion of land use (28%), followed by
arable land (20%), aligning with the NDVI values. However, estimating deformations using
InSAR in vegetated regions presents challenges due to coherence loss.

18°300°E 18°400°E 18°500°E 19°00°E 19°100°E 19°200°E 19°300°E

50°200°N

50°100"N
h

(b) = i { (c) = 1| mean=2.7 [M] e - -
Magnitude [M]

Y 2.00-2.50

Y& 251-2.70

Y& 2.71-3.00

Y 3.01-3.70

| min=2.0 [M]
e s || max=3.7 [M]

Poland

= 10

2 i 25 3 35 4
Magnitude[M]

Figure 3. (b) Location of the study area; (a) study area extent with location of the seismic events
superimposed on Sentinel 2-image acquired 9 September 2020 and (c) histogram of all seismic events
with M > 2 recorded within the investigated period (1 January 2017 to 9 August 2018).

Seismic activity within the USCB is closely monitored by all mines, each employ-
ing localized in-mine systems. These systems operate in conjunction with the Upper
Silesian Regional Seismological Network (USRSN), managed by the Central Mining In-
stitute, Katowice [53]. This network meticulously records and provides data on the loca-
tion and magnitude of the most significant seismic events occurring in the USCB region
(http:/ /www.grss.gig.eu/pl/ (accessed on 1 June 2024)). The network consists of several
seismic stations that cover frequency ranges between 0.125 and 100 Hz, ensuring the ca-
pability to record minor seismic activity throughout the region. While most earthquakes
recorded in USCB are relatively weak and not felt on the surface, a few events each year are
associated with underground tunnel collapse. These events, known as rock bursts, usually
are characterized by magnitudes over 3.0 and often result in dramatic accidents, sometimes
with fatalities among miners.

For our study, we analyzed the period from 1 January 2017, to 9 August 2018. During
this timeframe, the local seismic network USRSN recorded a total of 134 seismic events
(Figure 2c) with magnitudes greater than 2.

3.2. Data Used

In the presented study, we employed 95 ascending Sentinel-1A /B TOPSAR images
(C-band) with a revisiting time of 6 days, covering the upper section of the USCB. To re-
move the topographic phase component, we used the ALOS-3D Digital Elevation Model
(DEM) with a 30 m resolution, provided by the Japan Aerospace Exploration Agency
(JAXA) [54]. Precise orbit determination (POD) data, supplied by the European Space
Agency (ESA), were used for orbital refinement and phase re-flattening. Additionally,
seismic events recorded by the USRSN were downloaded from the web platform. The
extended characteristics of the utilized data are presented in Table 1.
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Table 1. Metadata of data used in the presented study.

mission Sentinel-1

acquisition Ascending TOPSAR

satellites A and B

relative orbit 175
SAR data -

time span 4 January 2017-9 August 2018

number of acquisitions 95

incidence angle 38.77-42.55°

source link https:/ /scihub.copernicus.eu/dhus/#/home

(accessed on 1 June 2024)

ALOS-World-3D https.: / /www.eorc.jaxa.jp/ ALOS/en/aw3

DEM data d30/index.htm (accessed on 1 June 2024)

Seismic events

resolution 30 m

number of seismic events 134

time span 4 January 2017-9 August 2018
min. magnitude 2.0

max. magnitude 37

mean magnitude 2.7

source link

http:/ /www.grss.gig.eu/pl

(accessed on 1 June 2024)

3.3. Methods

The overall methodology flowchart is depicted in Figure 4. Specifically, the SAR
data presented in Section 3.2 were independently processed using both DINSAR methods:
consecutive DINSAR and SBAS. To localize seismic events, the time series deformation
estimated in the LOS was extracted. Additionally, time series profiles were extracted
for the selected subsidence areas to evaluate the detectability of these events. Given that
134 seismic events were recorded during the investigated period, we focused on subsidence
basins where the strongest tremors occurred (we selected five seismic events with the largest
magnitude). It is worth noting that some subsidence areas experienced more than one
seismic event during this period, allowing us to investigate post-seismic effects for a total
of 17 seismic tremors. A more detailed description of the consecutive DINSAR and SBAS
processing is provided in the following subsections.

DInSAR processing

Sentinel-1A/B

=l

comparison seismic events

SBAS processing

Figure 4. Methodology flowchart applied in the presented study.
3.3.1. DInSAR Processing

The Sentinel-1 data were processed following the standard consecutive DINSAR ap-
proach described in Section 2.2. Interferograms with the smallest temporal baseline of six
days between adjacent SAR acquisitions were calculated and accumulated to generate com-
plete time series displacement results. This technique minimizes temporal decorrelation
by using small temporal baselines, thereby capturing more information. In the SARscape
software 5.6.2, DINSAR results are also reflattened and refined using reference points. The
refinement and reflattening step applied a third-degree polynomial to the selected refer-
ence points to compute and discard the phase constant and ramp, which correspond to
the orbital errors [55,56]. The reference points were chosen outside the deformation and
seismically active areas on highly coherent pixels (i.e., coherence bigger than 0.9), where
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unwrapped values showed no residuals and no phase jumps. These points were primarily
located in urbanized areas, where high coherence and no displacement are expected.

3.3.2. SBAS Processing

Similarly to DInSAR, the interferometric processing within the SBAS processing chain
includes coregistration, interferogram generation, multi-looking filtering, and phase un-
wrapping. The slave images were coregistered to the master images with the assistance of
the DEM. Following the coregistration step, a multi-looking factor of 4 x 1 was applied to
enhance the signal-to-noise ratio (SNR) of the interferograms and to generate squared pixels.
Goldstein filtering with a window size of 64 was then utilized to smooth the results and
facilitate the phase unwrapping (PhU) step. For the PhU, a coherence threshold of 0.2 was
set, and the minimum cost flow (MCF) algorithm with a regular grid covering the data
extent was applied [57].

To mitigate unwrapping errors caused by low-coherence pixels, a decomposition level
(DL) was employed. The DL performs data multi-looking and undersampling iteratively
to unwrap the interferograms at a lower resolution before reconstructing them back to
the original resolution [55,56]. Nine reference points were used for the refinement and
reflattening step. The refinement and reflattening step implemented in the SARScape
software aims to estimate and remove remaining offsets and ramps from the ingested
unwrapped phase stack. Final calibration is applied to the slant range products (velocity,
height, and displacement) during the geocoding step by using reference points (also
called ground control points—GCP). GCPs must be characterized by high coherence, zero
displacement, and zero residual topography since all the pixels within the area of interest
are calibrated to these final GCPs. A third-degree polynomial was applied to the selected
nine GCPs to compute and discard the phase constant and ramp during the refinement and
reflattening steps. The same points were used in the DINSAR and SBAS processing.

In the first inversion step, the SBAS inversion kernel was implemented to provide the
initial displacement rate estimation and residual topography using a cubic model [32]. In
the second inversion step, after the initial displacement estimation, atmospheric filtering
was carried out based on the previous result. The estimated APS was removed from the
initial estimated results. The window size of the filtering was set to 1200 m for spatial
filtering and 365 days for temporal filtering. Finally, the displacement time series and mean
displacement map were geocoded according to the WGS84 reference system.

4. Results
4.1. Deformation Estimated by SBAS and DInSAR in the Area of USCB

The time series deformation estimated by DINSAR and SBAS is presented in Figure 5a,b,
respectively. Both methods estimate maximum subsidence levels of 1.25 m and 1.50 m, cor-
respondingly. The maximum uplift is estimated at 0.15 m for SBAS and 0.35 m for DInSAR.
Comparing Figure 5a,b, positive values of 0.35 m, represented as yellow, are particularly
noticeable in the upper left part of Figure 5b. Since the APS has not been removed from the
DInSAR results, these values correspond to accumulated atmospheric artifacts.

In contrast, DINSAR captures more detailed information within the centers of the
subsidence basins, where SBAS failed due to the use of a cubic displacement model over
time. Nonetheless, SBAS successfully estimates displacement for more than 20 subsidence
basins within the study area using both INSAR approaches. Most of these subsidence basins
are situated in the western part of the analyzed area (Figure 5).

4.2. Post-Seismic Ground Displacement Detectability by InSAR

Based on seismic events recorded by the USRSN network, we selected five subsidence
areas where seismic events with the highest magnitudes were recorded (see Figure 5, red
rectangles). Time series displacement profiles were extracted for these subsidence areas, and
displacement charts were plotted for points indicating the locations of the seismic events.
These profiles were generated from zigzagged lines crossing all points of interest (locations
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of the seismic events). However, for better graphical representation, they are depicted as
straight lines in Figure 6. In cases where deformation information was unavailable at a
pixel exactly coinciding with the seismic events, we selected a nearby pixel (pixel with the
smallest distance to the location of the seismic event). Time series profiles and deformation
data for the locations of the seismic events were prepared for both DInNSAR and SBAS
results and are presented in Appendices B-F.

. P
-3 7%

e
(LOS) {m]-
~High: 0.15

\l??‘;’
DInSAR (LOS) [i]
RyBnik § ) High :0.35
01—9—:%2—_4?@ Al

Figure 5. Line—of—sight (LOS) deformation estimated using SBAS (a) and consecutive DINSAR
(b) results, superimposed with seismic events for the period from 1 January 2017 to 9 August
2018. Red rectangles indicate subsidence basins selected for in-depth analysis (Appendices B-F
and Figure 6).

Table 2 presents the seismic events that occurred near the five selected subsidence
basins (A-E). The “+” and “—signs indicate whether seismic events are visually evident (+)
or not visible (-) in the estimated deformation using the DInNSAR or SBAS method. When
the interferometric signal from a seismic event was ambiguous, we used the “+/-" sign. Out
of 17 selected seismic events, only two are clearly visible in the DINSAR deformation time
series (23 April 2018 and 31 March 2018), and only one event is visible in both the DInSAR
and SBAS results (23 April 2018). This event had the highest magnitude recorded during
the investigated period (M3.7). The other seismic event (31 March 2018) was noticeable
only with the DINSAR method. For these two events, changes in the deformation pattern
are significant and can be attributed to the seismic events. For the other four seismic events,
some interferometric signal is visible in the time series, but it is less obvious; thus, we used
the symbol “+/-".
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Figure 6. Zoomed-in view of LOS displacement estimated using SBAS (left image) and consecutive
DInSAR (right image) results, superimposed with seismic events for the period from 1 January 2017
to 9 September 2018, for subsidence basin A (a), B (b), C (c), D (d) and E (e) marked as red polygons

in Figure 5.

Table 2. Subsidence basins and corresponding seismic events with their magnitudes and detectability
using the DInNSAR and SBAS methods. The seismic event detected with the highest magnitude

were bolded.
Though  Nember  mem  Due  Magide  APRR - Torole  onseas
1st 17 July 2017 2.4 Al +/- -
A B 2nd 31 March 2018 3.2 A2 + -
3rd 23 April 2018 3.7 A3 + +
1st 5 May 2017 3.0 B3 - -
2nd 12 May 2017 2.6 Bl - -
B ¢ 3rd 21 May 2017 2.5 B2 +/- -
4th 29 May 2017 3.6 B3 +/- -
1st 31 January 2017 2.8 c2 - -
2nd 21 February 2017 2.9 C1 - -
¢ b 3rd 1 March 2017 2.6 c2 - -
4th 4 April 2018 3.0 a3 - -
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Table 2. Cont.
“Thoush  Namber  Event Date  Magnitude  AYIIET THICAR o SBAS
1st 7 May 2017 31 D1 - -
D E 2nd 21 July 2017 3.0 D3 - -
3rd 18 January 2018 34 D2 - -
1st 17 January 2017 2.9 E3 - -
E F 2nd 28 January 2017 2.8 E1l +/- -
3rd 9 February 2017 2.7 E2 - -
+ 2 1
Total: +/- 4 0
- 11 16

5. Discussion
5.1. Seismic Events in the Light of Estimated Mining-Induced Deformation

Figure 6 illustrates the overlap between mining-induced earthquakes and the defor-
mation map, revealing a significant correlation between subsidence and the epicentral
location of seismic events. While seismicity often occurs within mining exploitation areas,
most tremors are primarily associated with co-seismic ground shaking or vibration effects
comparable to those observed during small-to-moderate natural earthquakes. In contrast,
some of the most energetic earthquakes also induce post-seismic surface effects, although
these are less frequent and specific. The most probable scenario is that seismic events
accompanied by visible surface subsidence involve volumetric changes in their sources.
These changes could be linked to rock bursts or collapse-like events, which typically mani-
fest effects within mining tunnels and must be reported by mines in accordance with Polish
law. Such events are usually the strongest observed in the USCB.

5.2. Seismic Events Detectability Using Sentinel-1 InSAR Approach in the Selected Case Studies

In Appendices B-F, we present time series profile lines and displacement cross-sections
for seismic event epicenter locations or nearby points for DINSAR and SBAS results. These
cross-section profiles were generated from zigzagged lines crossing all points of interest
(locations of the seismic events). However, for better graphical representation, they are
depicted as straight lines in Figure 6. The deformation patterns estimated using DInSAR or
SBAS do not indicate any significant or evident changes within displacement time series
directly linked to recorded tremors.

Near subsidence basin A (Figure 6 and Appendix B), the largest seismic event during
the analysis period was observed. This tremor, with a magnitude of 3.7, occurred on
23 April 2018. It notably affected the displacement trend for both DInSAR and SBAS
techniques (Appendix B, point A3). Additionally, two smaller seismic events were recorded
on 17 July 2017 and 31 March 2018, with magnitudes of 2.4 and 3.2, respectively. The surface
influence connected with these events is visible in the DINSAR time series (Appendix B,
points A1, A2); however, for the smaller event, the change is not as straightforward. The
influence of SBAS data is largely imperceptible. According to the Polish State Mining
Authority (SMA), all three events were not reported as rock bursts.

Around subsidence basin B (Figure 6, Appendix C), four seismic events were recorded
in May 2017. Despite the accumulation of events in such a short period, significant changes
in displacement time series are not observed. Only the events from 21 May and 29 are
visible in the DINSAR time series (Appendix C, points B2, B3). Perhaps for these events,
surface effects are connected with the physical characteristics of the seismic sources. The
event on 29 May 2017, was reported as a rock burst by the SMA, suggesting volumetric
changes inside the seismic source and a slight ground response visible on the surface. In
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contrast the SBAS method shows a steady permanent trend without any fluctuations. The
DInSAR time series displays a notable degree of noise, potentially indicating the presence
of accumulated atmospheric errors that may prevent the observation of changes caused by
events. Furthermore, increased vegetation growth during this period could contribute to
signal decorrelation.

For subsidence basin C, both DINSAR and SBAS techniques (Appendix D, Figure A4a,b)
show only a stable deformation trend without any acceleration. This subsidence trough
represents the most significant deformation observed in the study area, with a maximum
subsidence of 1 m during the analyzed period. However, the magnitude of change was
relatively small in comparison to the overall deformation occurring, making it difficult to
identify the time series or profiles in this case. This indicates that the displacements can only
be caused by coal excavation. There is no distinct relationship between recorded seismic
events and deformation changes. The same holds for basin D (Appendix E), although the
magnitude for all recorded seismic events exceeds 3.0.

Near subsidence basin E, we selected three events with the highest magnitude for
the time series charts (Appendix F, Figure A6c). On the deformation calculated by the
DInSAR method (Appendix F, Figure A6a), only one tremor can be slightly visible on the
displacement time series. This event, recorded on 28 January 2017, had a magnitude of 2.8.
For the SBAS time series (Appendix F, Figure A6b, point E1), the tremors do not show any
displacement acceleration and are not detectable. Information from SMA supports that
these earthquakes were not followed by the destruction of underground tunnels, likely
excluding isotropic changes in their sources.

Mining areas exhibit two distinguishable types of seismic activity: very local “mining”
activity and regional “mining-tectonic” activity [58,59]. The former is strongly linked
to the excavation of geological resources, with seismic events typically occurring near
active mining fronts and often being weaker in intensity. The latter type results from the
interaction between mining and tectonic stresses and is usually triggered by mining activity.
These seismic events tend to be situated in tectonically disturbed zones, such as faults or
dykes, and their sources are visibly more energetic, potentially located deeper and farther
from the excavation panels. Even though they are also considered as deeper earthquakes,
they can have a noticeable impact on the surface.

The map of seismic events and LOS deformation (Figure 5) suggests that analyzed
seismic events frequently occur at the borders of subsidence basins, which is likely a direct
response to mining excavations. Only five events with a magnitude higher than three were
recorded, concentrated in the central regions of subsidence bowls. While these two events
could be categorized as mining-tectonic, their depth is not reported to be deeper than
other earthquakes in the catalog. On the other hand, depth is a parameter that is poorly
resolved using recordings from local and planar networks like the USRSN; thus, it cannot
be excluded that their hypocenters are actually deeper than reported. Another plausible
explanation is that these events occurred in already excavated and closed areas (gobs). In
such scenarios, their sources could be characterized by volumetric components. However,
since the gobs are abandoned, it is impossible to assess the post-seismic situation through
visual inspection. Factors associated with seismic events, including their source parameters
and focal mechanisms, lie beyond the scope of this paper. In-depth investigations of these
aspects can be found in [59-61].

Additionally, it may be valuable to evaluate in the future whether SBAS and DIn-SAR
interferometric results, calculated from SAR images captured from different viewing angles,
will positively affect the capture of seismic-related deformation. In this paper, we inves-
tigated only SAR datasets captured from one side-looking geometry. Analysis utilizing
multiple viewing geometries will be beneficial. Additionally, investigating other interfer-
ometric techniques such as SqueeSAR, STAMPS, or DINSAR, along with incorporating
additional weather models, will be necessary.
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6. Conclusions

This paper aimed to assess the feasibility of using satellite radar interferometric to
detect ground displacement caused by mining-induced seismic events in the Upper Silesian
Coal Basin. Sentinel-1 data and two-time series processing techniques, such as DInNSAR and
SBAS, were utilized for this purpose. Interferograms were generated using both techniques
and overlaid with seismic event data. Consequently, five deformation basins associated
with the highest magnitude seismic events were thoroughly investigated.

The results indicate that both DINSAR and SBAS methods are somewhat suitable for
monitoring coal exploitation. Specifically, SBAS and DInSAR are effective for tracking
stable ground deformation caused by ongoing coal exploitation and typically exhibit low-
frequency signals. However, SBAS methods tend to underestimate rapid displacements
with high deformation gradients. In contrast, DINSAR is better at capturing deformation
with high gradients without the significant underestimation seen in SBAS. While SBAS
methods provide smoother results compared to DInSAR and reduce the influence of
atmospheric signals, they are more advisable for monitoring deformations at a low rate.

Monitoring seismic activity, which exhibits high-frequency signals, remains challeng-
ing for both SBAS and DINnSAR methods. DInSAR was found to be more effective in
capturing displacement signals caused by seismic events compared to the SBAS method.
As mentioned, SBAS techniques tend to underestimate displacement rates, leading to
smoothed deformation estimates, which may render post-seismic effects invisible for
events with low magnitudes. Out of the 17 selected seismic events, only two were clearly
visible in the DINSAR estimated deformation, while for four events, some displacement
signals could neither be definitively confirmed nor negated. Conversely, only one seismic
event was clearly detectable in the SBAS displacement time series, with no evidence of
induced tremors for the other events. This could be attributed to the small magnitude of the
tremors and the small size of the seismic sources. Throughout the investigated period, all
registered events had magnitudes less than 4.0. This highlights the challenge of identifying
any significant influence of low-magnitude tremors on ground deformation, necessitating
further investigations.

In the future, it would be beneficial to analyze additional mining-induced tremors with
higher magnitudes and their correlation with displacement time series. It is expected that
tremors with higher magnitudes will result in greater variations in time series deformation;
however, as discussed previously, this strongly depends on the type of seismic events.
Furthermore, incorporating weather models instead of time series filtering within SBAS
processing could enhance the detectability of the ground displacement caused by mining-
induced seismic activity. Our paper sheds some light, not only on studies in mining areas,
but can be interesting for analysis conducted in regions where similar, from a physical
point of view, seismic source models are possible to happen.
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Figure A1. NDVI (top) and land cover map (bottom) for the investigated study area.
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Figure A2. Subsidence through A for DInSAR (a) and SBAS (b) results. (c) represents the time series
deformation for the pixel selected at or near the location of the seismic event.
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deformation for the pixels selected at or near the location of the seismic event.
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