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Slow, long-term ground deformations in the Dgbrowa Basin (southern Poland) were identified based on ERS-1, ERS-2 and
ENVISAT Synthetic Aperture Radar (SAR) images that were processed by means of Permanent Scatterer SAR Interferome-
try (PSInSAR). The Dabrowa Basin is a region where two major factors can affect surface stability: intensive coal exploitation
and neotectonic processes. In this study, in order to clarify the origin of surface deformations, the authors propose applying a
newly developed algorithm of spatio-temporal PSInSAR data analysis. This analysis revealed that subsidence is a charac-
teristic feature of the Dabrowa Basin. A significant correlation exists between slow, long-term ground deformations and the
location of the main tectonic structure of this region. The proposed spatiotemporal analysis of the PSInSAR data additionally
showed some degree of correlation between mining activity and the studied deformations. This interconnection is a signifi-
cant achievement of this study since the deformation values determined by means of PSINSAR were identified in earlier
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works solely on the basis of Dgbrowa Basin neotectonics.
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INTRODUCTION

The Dabrowa Basin is a region in southern Poland with a
very complex tectonic structure and a long history of coal ex-
ploitation. Both of the factors make this area particularly vulner-
able to ground deformation. Different types of surface deforma-
tion have been identified in the Dgbrowa Basin — both continu-
ous and discontinuous. Besides rapid and intense deformations
related directly to mining exploitation, slow (ca. sev-
eral mm/year), long-term vertical ground movements have also
been observed. They were identified based on satellite radar
images processed with Permanent Scatterer SAR Interferome-
try (PSInSAR). This method makes use of a set of satellite ra-
dar images in order to detect small long-term ground deforma-
tions (Ferretti et al., 2000, 2001). Our preliminary analysis of
PSInSAR data revealed a significant correlation between the
tectonic structure of the Dgbrowa Basin and ground deforma-
tion values (Graniczny et al., 2008; Lesniak and Porzycka,
2009b). Such a result seems to confirm research conducted on
neotectonic movements in this region. Besides the confirmed
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correlation between ground deformations and tectonic struc-
ture, it is also vital to take into account the impact of intensive
coal exploitation in the Dabrowa Basin. One issue that requires
addressing is whether the observed surface movement values
also correlate with mining activity. To perform this task, the au-
thors proposed a specially developed algorithm — spatio-tempo-
ral PSInSAR data analysis. This tool can help determine the ori-
gin of ground deformation in regions where many factors can af-
fect surface stability.

In the present study, surface deformation patterns in the
Dabrowa Basin were analysed on the basis of PSINSAR data.
The timeframe of the analysis was 1992-2003. The obtained
results were analysed both for the Dgbrowa Basin as a whole
and separately for the mining area covered by the “Grodziec”
coal mine.

DABROWA BASIN AND “GRODZIEC”
COAL MINE

The region analysed in the present study, i.e. the Dabrowa
Basin, is located in southern Poland and is a part of the Upper
Silesian Coal Basin (USCB). This highly industrialized region
covers an area of ~150 km?. A large part of this region is highly
urbanized and densely populated. The Dabrowa Basin is sus-
ceptible to various types of ground deformation, both natural
and anthropogenic.
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TECTONIC SETTINGS

The Dagbrowa Basin, as well as the entire Upper Silesian
Coal Basin, has a complex tectonic structure. Its major system
of faults, folds and troughs took shape during the Variscan
Orogeny (the Asturian phase; Trzepierczynski et al., 1985). The
research area is located within a disjunctive tectonic zone. A
characteristic feature of this region is the occurrence of
SW-NE-trending structural units. Many faults are also located
here (Fig. 1), most of which are normal faults with a hade as
steep as 70°. The main fault zone in this area is the Bedzinski
Fault dating back to the Late Miocene sub-epoch. The
Bedzinski Fault trends NW—-SE. The fault throw values gradu-
ally shift from 200 to 50 m in this direction. Its southern wing is
thrown down. The Bedzinski Fault is intersected by many faults
running approximately meridionally. The throws of these faults
vary from several tens of metres to >300 m. The Alpine fault
system in the studied region is mainly secondary and it follows
the orientation of the Carboniferous faults.

The Carboniferous deposits of the study area, i.e. the
Dabrowa Basin, are highly diverse in terms of both lithology and
facies. They are also characterized by a varying thickness. This
area features three lithostratigraphic series: a paralic series
(Namurian A), an Upper Silesian sandstone series (Namurian B
and C), and a mudstone series (Westphalian A and B). A
sketch of the range of productive Carboniferous coal-bearing
rocks in the analysed area is shown in Figure 2. The paralic se-
ries is distinguished by the presence of coal seams and marine
and coal-deficient deposits. The series is composed of con-
glomerates, sandstones, claystones, siltstones, coal shale and
coals. The Upper Silesian sandstone series marks the begin-
ning of the sedimentation of carbonaceous deposits of the Up-
per Silesian Coal Basin and consists mainly of sandstones and
conglomerates, as well as thick coal seams. Within this series,
two lithostratigraphic members can be distinguished: Saddle
Beds and Ruda Beds layers. It is in the saddle layers that the
thickest coal seams are found. The Ruda Beds with a thickness

of up to 24 m in the study area, are a characteristic feature of
them. On the other hand, the Upper Silesian sandstone series
features no levels with marine fauna, which occur in the paralic
series. Overlying series is the mudstone series. It is divided into
two lithostratigraphic units: the Zateze and Orzesze units, and
made up primarily of small-scale deposits (mainly mudstones).
Coal layers are very numerous but thin, often overgrown with
gangue.

The “Grodziec” coal mine is located on the northern side of
the Bytom Trough. Numerous foldings are a characteristic fea-
ture of this region. The inclination of the layers varies from 0 up
to 70°. The coal deposit in this mine is intersected by many
faults of different extents and throws. The two major faults in
this region are the Grodziecki Fault and the Wojkowicko-
-Bedzinski Fault (Fig. 3). In the Grodziecki Fault the western
side is thrown down, while in the Wojkowicko-Bedzinski Fault
the SW side is thrown down. The throw values of the former
fault vary from 170 to 250 m, while in the case of the latter they
are close to 170 m. These faults divide the coal deposits into
four tectonic blocks. In each of these blocks, the coal beds are
located at different depths.

MINING SETTINGS

The Dabrowa Basin, as well as the Upper Silesian Coal Ba-
sin as a whole, is a paralic basin. Coal mining in this area began
in the 18th century when the first mines were opened. The thick-
ness of the coal beds in this area varies from several metres up
to 24 m (Ciepiela, 2003). The coal beds are intersected by nu-
merous faults with throws reaching over 300 m. The average
hade is >0°, which makes the mining operations very difficult.
Over the years, the extraction depth has significantly increased
and nowadays it exceeds 500 m. The most common exploita-
tion system in all mines of the basin is the longwall system with-
out backfilling. In some cases, when the mining conditions are
difficult, the shortwall or other special systems are used
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Fig. 1. The Dabrowa Basin region and the location of major faults
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Fig. 2. The range of productive Carboniferous rocks in the analysed part
of the Dgbrowa Basin

(Ciepiela, 2003). Only a very small percentage of coal mines
utilize a longwall system with backfilling. There are seven coal
mines located in the Dabrowa Basin: “Kazimierz-Juliusz”,
“Porgbka-Klimontow”,  “Sosnowiec”,  “Paryz’,  “Saturn”,
“Grodziec” and “Jowisz” (Fig. 4). AlImost all of them were closed
between 1995 and 2004. The only still active mine is the
“Kazimierz-Juliusz”.

The “Grodziec” coal mine is located in the northern part of
the Dgbrowa Basin. lts mining area is divided by faults into four
tectonic blocks: A-D (Fig. 3). Coal extraction began in this mine
in 1901. During the period covered by the present study
(1992-2003), the exploitation was concentrated in the

peated continuously at the same measurement point network
during the entire exploitation period. Unfortunately, these reg-
ular measurements are very expensive, especially in the case
of large-area monitoring.

Measurements of vertical ground displacements caused by
mining activity in the USCB (including the Dgbrowa Basin) were
also made with classic satellite radar interferometry (DINSAR —
Differential Interferometry SAR), which made it possible to
monitor the formation of subsidence troughs caused directly by
coal mining. The DINSAR analysis performed in the USCB re-
vealed the occurrence of subsidence in areas where coal ex-

SW block (block B). Coal was mined from a depth of ~500
m. In 1992, the annual output of the “Grodziec” coal mine
was ~627,300 tonnes. During the study period, its annual

N

output decreased to 449,740 tonnes (in the year 1998).
The last tonne of coal was extracted in the mine in De-
cember 1998. The mine was closed as coal exploitation
had become unprofitable due to very difficult geological
conditions.

ANALYSIS OF GROUND DEFORMATION
IN THE DABROWA BASIN

Different types (continuous and discontinuous) of
ground deformation were observed within the area of the
Dabrowa Basin. They differ in scale and intensity. The
large-scale deformations are mainly continuous and with
slower rate than the small-scale deformations that can
be much faster and can create discontinuous disloca-
tions. The ground deformations in the Dabrowa Basin

A

1 - Wojkowicko-Bedzirnski fault
2 - Grodziecki fault
A, B, C, D - tectonic blocks

W exploitation field

are usually monitored using precise surface levelling.
Geodetic measurements of deformations are routinely
made in mining areas since they are mandatory under
the Polish Geological and Mining Law. They are re-

Fig. 3. Mining area of the “Grodziec” coal mine and the location
of major faults and the exploitation field
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Fig. 4. The Dabrowa Basin, and the location of PS points and boundaries
of mining areas

ploitation had been conducted (Perski, 1999). The results are
very useful for assessing the impact of mining activity on sur-
face stability.

In addition to research aimed at monitoring deformation
caused directly by coal exploitation, very slow, long-term verti-
cal ground displacements were also measured in this area. The
first study of such deformations was conducted in 1960 and
based on levelling data obtained during the periods 1926-1937
and 1953-1955. The next analysis of Earth’s crust movements
in Poland was performed in 1977—1987. In this case, levelling
data from 1947-1950 and 1974—1982 were used. In 2006, re-
searchers determined the velocities of vertical ground displace-
ments in Poland, again on the basis of levelling data (from the
two levelling campaigns of 1974—-1982 and 1997-2003) as well
as on mareographic data (Kowalczyk, 2007). The straightfor-
ward conclusion from this analysis is that, among other things,
the Dagbrowa Basin area is subsiding. The measurements
taken in this area revealed a subsidence rate equal to
—3.5 mm/year. It can be also observed that the subsidence rate
in the Dabrowa Basin increases from NE to SW.

DATA USED

In the present study, in order to investigate the pattern of
surface deformations in the Dgbrowa Basin, the authors made
use of PSInSAR data obtained within the framework of the
GMES (Global Monitoring for Environmental and Security)
project.

PSInNSAR TECHNIQUE

The PSInSAR technique was developed at the end of the
20th century. Itinvolves using a large set of SAR images to de-

tect small, long-term ground deformations (Ferretti et al., 2001).
Areview of PSI methods can be found in Crosetto et al. (2016).

The PSINSAR technique is widely applied in the Earth sci-
ences. Examples include as follows: tectonic activity (Massiro-
nia et al., 2009; Antonielli et al., 2016), hydrogeological prob-
lems related to water extraction (Declercq et al., 2005;
DePrekel et al., 2018), volcanic eruptions (Ferretti et al., 2008),
seismicity pattern analysis (Lagios et al., 2012), measurements
of displacements caused by earthquakes (Ishitsuka et al.,
2015), and mining-induced ground deformation monitoring
(Huang et al., 2019).

PSINSAR DATA FOR THE DABROWA BASIN
AND “GRODZIEC” COAL MINE

The PSINSAR data used in this study were computed on
the basis of 79 selected SAR images gathered by ERS-1,
ERS-2 and ENVISAT satellites between 1992 and 2003. Most
of the images were collected with a 35-day temporal baseline.
However, the analysed dataset also features several temporal
baselines longer than 35 days (mainly 70 days) and 8 temporal
baselines equal to 1 day. The radar image processing was
performed entirely by the Milan-based lItalian company TRE
(Tele-Rilevamento Europa) and supplied to the authors within
the framework of the GMES programme. SAR data process-
ing helped identify 24723 PS points in the Dgbrowa Basin (Fig.
4). The average deformation velocity (in mm/year) and coher-
ency were determined for each PS point. In addition, the rela-
tive deformations between each satellite image and the refer-
ence image (acquired at 13.08.1997) were assessed for 6105
PS points.

The PS points are unevenly distributed in the Dgbrowa Ba-
sin. There are hardly any PS points in some parts of the studied
region (outside urban areas) while in other parts (in the main cit-
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Fig. 5. The density of PS points in the Dgbrowa Basin

ies) their density exceeds 1000 PS points per km? (Fig. 5). The
PS point density is very low in forests and agricultural areas
(<100 PS points per km?), as well as in areas where subsidence
rate is too high to be detected by means of the PSInSAR
method and C-band SAR images.

A more detailed analysis was performed for the “Grodziec”
coal mine in the town of Bedzin. Its mining area contains 1846
PS points (Fig. 6). Five hundred and thirty-six PS points from
this set provide a detailed history of deformations in a 35-day
time period. The distribution of PS points in this mining area is
uneven. The built-up areas are located mainly in the central part
of the mining area and this is the region where most of the PS
points were identified. In some parts, where the levelling survey
revealed intensive subsidence, only a small number of PS
points are observed. The reasons are poor coherence (<0.3),
the processing method used, and a radar wavelength which
was too short to evaluate unambiguously the reflector shift be-
tween two time-adjacent radar images.

PSInNSAR DATA ANALYSIS

Previous studies revealed a significant correlation between
small, long-term ground deformation and the location of the main
tectonic units in the Upper Silesian Coal Basin (Graniczny et al.,
2008; Lesniak and Porzycka, 2009b). The authors of the study
performed spatial and temporal analyses based on PSInSAR in
the Dabrowa Basin. The purpose of these analyses was to study
additional correlations, namely the interconnection between
ground deformation values and mining activity.

SPATIAL ANALYSIS OF PSInSAR DATA

The aim of the first stage of PSINSAR data spatial analysis
was to identify a regional trend. This trend was studied for dif-
ferent directions. In Figure 7, the ground deformation veloci-
ties measured for the PS points were projected onto perpen-
dicular NW-SE and SW-NE planes. Best-fit polynomial mod-
els were drawn up for both directions. The trend was only iden-
tified for a SW-NE direction that is perpendicular to the line of
the Bedzinski Fault. In the case of the SW-NE direction, the
deformation values are increasingly negative. The biggest
change in deformation velocities occurs near the line of the
Bedzinski Fault.

The shape of the SW-NE trend shown in Figure 7 suggests
the use of second-order polynomial for regional trend approxi-
mation. To model the trend and create a smooth surface, the
authors applied the local polynomial interpolation method.

The results show (Fig. 8) that the Bedzinski Fault divides the
studied region into two parts with different deformation veloci-
ties. In the case of the downthrown block, subsidence was the
predominant feature, most intense in the central part (near the
fault line) and in the eastern part (in the mining area of the
“Kazimierz-Juliusz” coal mine) of the region. In the upthrown
block of the Bedzinski Fault, deformation rates decrease to
0 mm/year in a NE direction. The mean value of ground defor-
mation velocities in the downthrown block of the fault is equal to
—2.7 mm/yr, and for the upthrown block it is —0.7 mm/yr. These
results confirm previous studies, which showed that the defor-
mation values are strongly associated with the location of tec-
tonic units in the Dgbrowa Basin (Graniczny et al., 2008).
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Fig. 7. Trend analysis in directions parallel and perpendicular
to the line of the Bedzinski Fault

Besides the existence of a regional trend, local factors may
affect surface stability. To analyse short-range variations in
ground deformation velocities, the detected trend was removed
from the PSInSAR data and the obtained residuals were further
analysed.

The spatial autocorrelation and directional variation of re-
sidual ground deformation velocities were studied using geo-
statistical methods. These methods can be used to analyse
data that are spatially and/or temporally correlated (\Wecker-
nagel, 1995). First, to study anisotropy, the authors calculated
the directional semivariograms. A semivariogram plots the
semivariance between data points as a function of distance.
The values of these semivariograms were estimated by Equa-
tion 1:

- 1 M -
y(h) = W;[Z(si)_z(si +h)]

(1

where: N is a number of pairs of point z(s;), z(s; + E) linked by vec-
tor . In the present study, directional semivariograms were calcu-

lated for the following azimuths: 0°, 30°, 60°, 90°, 120° and 150°
(Fig. 9).

The analysis revealed the occurrence of geometrical aniso-
tropy. The range of autocorrelation in an approximately NE di-
rection (azimuth 60°) is clearly greater than the range in an ap-
proximately SE direction (azimuth 150°). The empirical semi-
variograms were fitted by spherical models (Fig. 9). The theo-
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retical model obtained for an azimuth equal to 60° takes the
form presented in Equation 2.

| @
3.21 321

128,if h > 321

[{0‘8[1.5 "y 051+ 048, h < 321}

’\{:

The range of autocorrelation for this azimuth is equal to
3.21 km. The anisotropy ratio is equal to 1.33, which means that
the range of autocorrelation for azimuth 60° is 1.33 times
greater than the range for azimuth 150°. The detected geomet-
rical anisotropy was incorporated into subsequent procedures.

sented in Figure 10. Within the studied region of the Dabrowa
Basin there are clearly several areas with high subsidence val-
ues that were not revealed on the map obtained using the local
polynomial interpolation method. Most of these areas are lo-
cated in the downthrown block of the Bedzinski Fault in the min-
ing areas of the “Kazimierz-Juliusz’, “Porgbka-Klimontéw”,
“Saturn” and “Jowisz” coal mines.

In addition to the kriging results, a prediction variance map
was also calculated (Fig. 11). This makes it possible to asses
errors in the interpolation procedure. The prediction variance
values were calculated using Equation 4.

GOK :C_EWI(SO)C(SO!Si)-'_(p [4]

where: C(so,s)) is a covariance between the interpolated point and
data point, Cis asill (horizontal asymptote) of semivariogram, and ¢
is called a Lagrange multiplier.

The highest kriging errors occur within the mining areas of
the “Jowisz” and “Kazimierz-Juliusz” coal mines.
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Fig. 11. Map of kriging error

The results may indicate that the identified regional trend
may be the result of neotectonic movements and any short-
-range variation may be caused by more temporal features
such as coal exploitation. To verify this hypothesis the authors
performed a temporal analysis of the PSINSAR data.

TEMPORAL ANALYSIS OF PSInSAR
DATA

The ground deformation values obtained by means of the
PSINSAR technique depend on many local factors that affect
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particular stable radar targets. In many cases, deformation val-
ues approximated for a PS point on the basis of a linear model
(as is done in the standard PSInSAR algorithm) result in the
loss of important information (Gehlot et al., 2005). Such a situa-
tion may lead to erroneous interpretations of deformation mea-
surements. On the other hand, over-interpretation may amplify
the irrelevant factors.

In the present article, the authors performed a temporal
analysis of the PSInSAR data. The aim of this part of the study
was to examine trend changes in ground deformation values
for each PS point. In order to perform this task a special algo-
rithm was developed. The algorithm was proposed by
Porzycka and Lesniak (2010). The algorithm makes it possible
to approximate the ground deformation values for each PS
point using two lines.

The algorithm was designed to ensure fast and precise
analysis of large PSINSAR datasets. All its parts were per-
formed using the R statistical computing environment. The R is
based on S language (Rizzo, 2007).

In the first step of the algorithm, all 79 deformation values
measured between the years 1992 and 2003 were approxi-
mated for each PS point using two lines. The first of these lines
was matched to the first n measurements, while the second
was matched to the other (79-n) measurements. For each sta-
ble radar, target value n varies between 15 and 63, so the ap-
proximation is performed for a minimum of 15 values. Such a
solution allows any trend change to be detected within a nar-
rower time period between X.1993 (the 15th measurement) and
IV.2000 (the 63rd measurement).

In the next step of the algorithm, the authors tested if the fit-
ted models satisfy the assumptions of linear regression. The
normality distribution of residuals was determined for each
model, using the Shapiro-Wilk test (Sen et al., 1990). In a cor-
rectly estimated model, the residuals are normally distributed.
The constancy of residuals was assessed for each model using
the Breusch-Pagan test. The variable variance of residuals may
indicate that the used model is unreliable because the residuals
are not random. In the next step, the algorithm assesses the
presence of any autocorrelation between the residuals. To per-
form this task the Durbin-Watson test (Sen et al., 1990) was
used. The presence of autocorrelation may indicate the exis-
tence of a factor which was not included in the model. As a re-
sult of this part of the study, only pairs of lines meeting three
conditions (the residuals are normally distributed, have con-
stant variance, and zero correlation) were chosen for each PS
point. The PS points that could not be approximated using two
lines were not taken into consideration later in the study.

In the third part of the algorithm, the best fitted pair of lines
was chosen for each PS point. In order to do this the determina-
tion coefficient R? and the regression standard error RSE were
calculated for each estimated model.

In the final part of the algorithm, the differences in the slopes
of fitted models were determined for each PS point. If the differ-
ence was >20°, the PS point together with the date and cate-
gory of trend change were recorded. In the present study, the
trend changes were divided into four categories:

category | — increase in subsidence velocity,
category Il — decrease in subsidence velocity,
category lll — increase in ground lifting velocity,
category IV — decrease in ground lifting velocity.

The proposed temporal analysis was performed at 6105 PS
points. Trend changes were identified in 2520 of them. The re-
sults of the analysis are shown in Table 1. More detailed in-
sights into the results can be found in Porzycka et al. (2010).

Temporal analysis of PSINSAR data revealed that trend
changes occurred in 41% of all the stable radar targets included

Table 1

Results of temporal analysis of PSInSAR data
for the Dgbrowa Basin

Time period/category Number of PS points
X.93-X1.94 544
X1.94-XI1.95 431
XI11.95-1.97 160
1.97—-11.98 102
11.98-111.99 155
111.99-1V.2000 1128
Total 2520

in the analysis. The table shows that the number of PS points for
which trend changes were detected varies in time. Most changes
occurred between X.1993 and XI1.1995 (almost 38% of all
changes) and between 111.1999 and IV.2000 (45% of all
changes). As can be read in Porzycka et al. (2010) an increase in
subsidence velocity is a typical feature of the first of these time
periods (category ), while a decrease in subsidence velocity was
the most common trend change (category ) in the second pe-
riod. Such a situation may indicate that some factors affecting
ground deformation values occurred during these time intervals.

The results of PSINSAR data temporal analysis were ana-
lysed separately for the mining area of the “Grodziec” coal
mine. In this region, 536 stable radar targets were identified.
The results of the analysis are presented in Table 2. More de-
tailed insights into these results can be found in Porzycka et al.
(2010).

Table 2

Results of temporal analysis of PSInSAR data
for the “Grodziec” coal mine

Time period/category Number of PS points
X.93-X1.94 31
X1.94-X11.95 32
XI11.95-1.97 10
1.97-11.98 16
11.98—111.99 16
111.99-1V.2000 138

Total 243

The table shows that trend changes occurred in nearly 46%
of all the PS points from the “Grodziec” mining area. Most of
these changes (56.8%) occurred between 111.1999 and IV.2000.
As was revealed in Porzycka et al. (2010) these are category |l
changes involving a decrease in subsidence velocity. Twenty-
six percent of trend changes occurred within the first 26 months
of the analysed time interval. These are mostly category |
changes (increase in subsidence velocity).

The aim of the next stage in the present study was to ana-
lyse the spatial distribution of PS points for which trend changes
were detected in successive time intervals. To perform this
task, maps of relative density of PS points were prepared for the
time periods in which most trend changes were detected. The
relative density of values of PS points was determined using a
two-dimensional kernel density estimator (KDE).

Kernel estimation is a nonparametric method. It makes it
possible to estimate the density function values of a random
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variable based on a finite number of data points (\Walter and
Gotway, 2004). The estimator of two-dimensional density func-
tion at point s = (u, vo) takes the form presented in Equation 5
(Walter and Gotway, 2004)

Flugivo) = —— S KoYy e vyl ]
Nb b b b

u v

where: K is a kernel function, and b, and b, are estimation
bandwidths for variables u and v. In the present study, a Gaussian
function [Equation 6] was used as a kernel function.

u-u,
b

u-u,, 1 ) [6]
K( b )_—J2_nb )1

expl[—%(

The smoothing of the surface thus obtained depends on the
estimation bandwidths. In this work, values b, and b, were cal-
culated using the formula proposed by Silverman (Equation 7;
Silverman, 1986).

IQR
134

b =09min(s,—)N5 [7]

In the present study, the maps showing the relative density
of PS points with trend changes were only prepared for two time
periods in which the most of the changes were revealed. Firstly,
the authors prepared the maps showing the relative density of
PS points, for which trend changes occurred between X.1993
and X1.1994 (Figs. 12 and 13). These maps were prepared sep-
arately for trend changes falling within category | and those
from category Il. It ought to be mentioned that during this period
of time all seven coal mines were in operation. Analysis of the
maps revealed that during this period, category | trend changes
were typical. Their high-density values are typical throughout al-

most the entire study area, especially in the case of the down-
thrown block of the Bedzinski Fault. Category Il trend changes
were only detected in some areas in the upthrown block of the
Bedzinski Fault.

In the second step, the authors prepared relative density
maps of PS points for which trend changes occurred between
111.1999 and 1V.2000 (Figs. 14 and 15). The highest number of
trend changes were detected during this time period. Most of
them (~75%) indicate a decrease in subsidence velocity. It
should be pointed out that only three coal mines were in opera-
tion during this time: “Kazimierz-Juliusz’, “Jowisz” and
“Porgbka-Klimontéw”. In December 1999, the “Porgbka-
Klimontéw” coal mine finished exploitation activity. The relative
density of PS points with category Il trend changes is high
throughout almost the entire study region. The highest values
were recorded within the mining area of the “Sosnowiec” coal
mine. The relative density of PS points with category | trend
changes was high in the mining area of the “Jowisz” coal mine.
In this coal mine, exploitation activity continued until the end of
1V.2000.

A separate analysis of relative density of PS points with
trend changes was performed for the mining area of the
“Grodziec” coal mine. Figures 16 and 17 present relative den-
sity maps of PS points for which trend changes occurred be-
tween X.1993 and XII.1995. These maps were prepared sepa-
rately for category | and category Il changes. They show that
during the analysed time period, an increase in subsidence ve-
locity was typical in areas near the exploitation field. On the
other hand, category Il trend changes are characteristic of the
north part of the mining area.

Maps showing the relative density of PS points with trend
changes in the “Grodziec” coal mine were also prepared for the
time period between 111.1999 and 1V.2000 (Figs. 18 and 19).
These indicate that during this time period, category Il trend
changes predominate throughout almost the whole mining
area. A decrease in subsidence velocity is especially evident in
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6 - Grodziec

7 - Jowisz

Fig. 12. The relative density of PS points for which trend changes occurred
between X.1993 and XI.1994 (category I)
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Fig. 13. The relative density of PS points for which trend changes occurred
between X.1993 and XI.1994 (category Il)
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Fig. 14. The relative density of PS points for which trend changes occurred
between 111.1999 and 1V.2000 (category I)
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between X.1993 and XI1.1995 (category 1)



316

Andrzej Le$niak and Stanistawa Porzycka-Strzelczyk

N

A

Relative density
of PS points

[10-0.05
[70.05-0.1
0.1-0.2
E0.2-03
9 0.3-04
B9 0.4-05
B 05-06
B 0.6-0.7
mm07-038
B 08-09
mmO09-1

- Exploitation
field

esamann
) /

3

“ PS point

1 Areas of dominant
tL-i-li category Il trend
changes

0 1 2km

Fig. 17. The relative density of PS points for which trend changes occurred
between X.1993 and XII.1995 (category Il)
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Fig. 19. The relative density of PS points for which trend changes occurred
between 111.1999 and 1V.2000 (category II)

the area located near the exploitation field. It should be pointed
out that coal exploitation in this mine came to an end in Decem-
ber 1998.

DISCUSSION

The present study demonstrated that slow, long-term
ground deformations are a characteristic feature of the
Dabrowa Basin area. Spatial analysis of these deformation
values revealed the presence of a regional trend. Regular
changes in deformation values were detected in a SW-NE di-
rection (perpendicular to the Bedzinski Fault line). Subsidence
is typical for the downthrown block of the Bedzifski Fault. The
highest subsidence rate values were detected near the fault
line. The deformation velocity values decline to zero in the
upthrown block of the Bedzinski Fault. Such a pattern may in-
dicate the occurrence of neotectonic movements along the
fault plane. The analysis of short-range variation performed in
this study revealed the presence of areas with high subsi-
dence rates in the downthrown block of the fault. These defor-
mations, which were not identified by regional trend analysis
and are characterized by spatial autocorrelation, may be
caused by coal exploitation.

As was revealed in a preliminary analysis described in
Porzycka et al. (2010), a spatiotemporal analysis of ground
deformation values revealed trend changes in 41% of all PS
points. The authors found that PS points characterized by
trend changes belonging to particular categories are not
equally distributed in time and space. The analysis revealed
that 38% of these trend changes occurred between X.93 and
XI11.95. Eighty percent of the changes involved an increase in
subsidence velocities. Most of the trend changes occurred be-

tween 111.1999 and 1V.2000, 75% of which were the changes
that involved a decrease in subsidence velocity. Spatial analy-
sis of PS point density was performed for those points where
trend changes belonging to particular categories were discov-
ered. It showed some regularity in density changes during par-
ticular time intervals. The analysis of PS point density values
for the periods X.93—X1.94, X1.94-XI11.95 and 111.1999-1V.2000
showed that these values are generally oriented in a direction
parallel to the Bedzinski Fault line.

CONCLUSIONS

The spatiotemporal analysis performed for the mining area
of the “Grodziec” coal mine revealed a correlation between sub-
sidence velocity and mining activity. The observed correlation is
too distinctive to be treated as accidental. However, further
analysis incorporating much more detailed information about
coal exploitation is required.

The use of appropriate PSINSAR data analysis methods
can help assess the impact of various factors on ground move-
ment. The main factor affecting slow, long-term ground defor-
mation values in the Dgbrowa Basin is the neotectonic activity
of this region. However, the impact of an additional factor, i.e.
mining activity, has also been observed.
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