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Summary

The aim of the presented research was to analg@dpendencies between slow surface
deformations and faults distribution. The area h#d tesearch included seven mines of the
Dabrowskie Coal Basin. Coal exploitation has beendacted in this region for over 200
years. The region faces a problem of vertical gdodaformations. The PSInSAR technique
was used in this area to measure small, long-pegiodind displacements. The PSInSAR
method exploits a set of a few dozen satellite radeges of the same area performed at
different times. The velocities of deformations ameasured only in points called “persistent
scatterers - PS”. The PS points are good radar weflextors located on the Earth’s surface,
e.g. buildings, bridges, rock outcrops.

The important feature of the Dabrowskie Coal Basia dense fault system with throws,
which range from several meters to over three hethaneters. The main dislocation in the
discussed region is the Bedzinski fault with NW-&Eection. It is crossed by smaller faults
with S-N orientation. Only large faults with throwser fifty meters were used in described
analysis.

In the first part of this work, the analysis of gmul deformations values was made. It was
performed separately for downthrown and upthrovatkd. The one-way analysis of variance
was made to examine the statistical significanadefdifference between average velocities of
subsidence in those two blocks. The analysis weenmeed separately for the Bedzinski fault
and for faults with S-N directions.

In the second part of the work, an analysis ofiapdependence between fault location and
velocities of deformations was performed. The diosal semivariograms were calculated in
downthrown and upthrown blocks of the Bedzinskitfalihe semivariograms in N, NE, E and
SE directions were analyzed.

Results of analysis show that despite the factdlidaults have similar values of vertical
displacements, only the Bedzinski fault divides shedy area into two regions with significant
difference of average values of ground deformatidnbas been found that the downthrown
and upthrown blocks of the Bedzinski fault havdedté#nt variations of ground deformations in
space. The performed analysis shows also that there linear correlation between values of
ground displacements measured in PS points anddiséances to lines of faults.

1. Introduction
Mining and postmining areas are threatened witfedfit kinds of terrain deformations. A

character of those deformations depends on mangrfalike volume and type of exploitation,
and geological and hydrogeological conditions. Antowous monitoring of ground




deformations and analysing its results togethehn wiber data (e.g. geological and mining) can
help to define the origin and mechanism of terrdisplacements. It is very important in
increasing the operational and public security ining and post-mining areas.

In this work a correlation between values of groumeformations measured in PS
(Permanent Scatterers) points and their locatiomse(ation to main faults) was studied. The
studied region includes mining areas of seven omaks: ‘Kazimierz-Juliusz “ Sosnowiet
“Saturrf, “ParyZ,” Grodzied, “JowisZ, “Porabka-KlimontoW, that are part of the
Dabrowskie Coal Basin. Among the above-mentionedl auines, only the Kazimierz-
JuliusZ mine is productive and the others are dormantesiiiespite the fact that exploitation
was finished several years ago, it was found thatng areas still suffer from the subsidence.
Small and long-period ground deformations were mesb using PSINSAR (Permanent
Scatterers Interferometry Synthetic Aperture Rad@ghnique, which is dynamically
developed branch of satellite radar interferometry.

2. An outline of geological structure of the study region

The studied region that includes mining areas ¢dctéed mines of the Dabrowski Coal
Basin has a very complicated geological structifiie.a zone with fold-block tectonics (Idziak
et al. 1999, Pilecka 2006). The dense net of fasiltharacteristic of the region. The throws of
the faults range from several dozens to more ti5&m3
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Fig. 2.1. Area of study with locations of main faults anduess of their vertical displacements

A main dislocation in this area is the Bedzinskilfavith NW-SE strike. The throw values
of this fault range from 50m (SE) to 200m (NW). TBedzinski fault is crossed by many faults
with meridional strike. In this work only faults thi throws larger than 50m were taken into
account (Fig. 2.1).




3. PSInSAR data

PSINnSAR (Permanent Scatterers Interferometry Syintiigerture Radar) technique is an
improvement of wide used INSAR method (Perski 199f&jith 2002, Mirek 2006). The
PSINSAR exploits set of few dozen of radar imagesrder to measure small, long-period
ground deformations in PS points. PS (Permanerte$ees) points are stable radar targets that
have stable in time amplitude and phase in eacloiéexgp radar image (Ferretti et al. 2001). PS
points correspond with objects on the ground likidings, bridges, viaduct, outcrops and etc.
PSINSAR method gives information only about smalfodmations not larger than several
centimeters per year. This limitation is connectéth the length of waves used by the SAR
system. The accuracy of this technique is very gtiaallows measuring ground displacements
of the order of 0.1 mm/yr. The PSInNSAR method carubed to monitor urban areas where
a density of PS points can be higher than 100 PS/Khis technique exploits archival radar
images hence it gives us a possibility to studyuealand dynamics of previous ground
deformations.

In this work the exploited PSINSAR data were ol#diras a result of radar images
processing and the images were taken by ESA'dissggERS-1, ERS-2 and ENVISAT).

Number of PS points:24725
Min: -7.1

First quartile Q1: -2.9
Median : -2.1

$rednia: -2.088

Third quartile Q3: -1.1
Max:3.4

0.2 0.30

0.1

Fig. 3.1. PS points locations in the mining areas of Dabraev§loal Basin and basic statistical
indicators for values of average annual motion [rat@/yr]

For the study area the values of ground displacesneere measured for 24,725 PS points.
Their spacing is very irregular (Fig. 3.1). PSInSd&a derive information about small, long-
period terrain deformations that occurred in thedgtregion between years 1992 and 2003.
Basic statistical indicators for average annualiomtate measured by the PSINSAR technique
are presented in Figure 3.1.




4. Analysis of PSINSAR data

The aim of PSINSAR data analysis performed in tisk was to study how values of
ground deformations measured in PS points depentthainlocations referred to position of
selected faults. This work is an important parthef spatial-temporal analysis of PSInSAR data
and it is a continuation of researches connected ground displacements monitoring using
the PSInSAR technique (kiak et al. 2007, Laiak et al. 2008).

In the first part of the analysis the values ofugmd deformations were interpolated in
points that were not stable radar targets. In otdeperform this task, the inverse distance
weighted (IDW) interpolation was used. Results m&ipolation were presented in Fig. 4.1.
The line of the Bedzinski fault was marked in thepmThe difference between average annual
subsidence rates for the NE and SW parts of stegipn can be seen in Fig. 4.1. A hypothesis
that the values of ground deformations are condegtth the Bedzinski fault was verified. In
order to study the impact of the tectonics on gdbdeformations it was necessary to perform a
more detailed analysis.
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Fig.4.1. values of average annual motion rates estimateujusverse distance interpolation method

Based on the map of interpolated values of growfdrchations, the values of subsidence
were checked along five lines in SW-NE directioig(F.2 A). The changes between values of
terrain deformations for upthrown and downthrowntpaf the Bedzinski fault can be clearly
seen in the profiles performed for lines with nunsb® 2 and 4 (Fig. 4.2).
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Fig. 4.2. Values of average annual motion rate along selduted

In the next part of the work, the trend analysiss vwaeformed. It was done for several
different directions. The trend in the values ofigrd deformations was observed (Fig. 4.3.)
only for SW-NE direction (perpendicular to the lioé the Bedzinski fault). The values of
subsidence measured in PS points decrease frono $W.tlt can be seen in Fig. 4.3 that there
is no trend in data in direction from NW to SE @bl to the line of the Bedzinski fault).
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Fig.4.3. Trend analysis for directions SW-NE and NW-SE

In the following part of the described work the emay analysis of variance was
performed. This analysis was done in order to stifdyhe average values of ground
deformations in the downthrown and upthrown blocksselected faults are different. The
analysis of variation was performed separately tfer Bedzinski fault and for faults with
meridional strikes.

In case of the Bedzinski fault, PS points locatadthie selected mining areas of the
Dabrowskie Coal mine were taken to analysis. Thiiess were removed form the data set.
The sample of n=7289 PS points was randomly selefttan the PS points located in the
downthrown block of the Bedzinski fault whereas siagnple size for the upthrown block was
equal to n=2323. The selection with the probabifitpportional to the size was used. The
probability distributions of populations taken inemalysis are normal. In Fig. 4.4 the
histograms of average annual motion rates for doremin and upthrown blocks of the
Bedzinski fault are presented. It can be seenttiesé is a difference between values of ground
displacements for downthrown and upthrown block.otder to study if this difference is
statistically significant, it is necessary to chabk variances of parameter among particular
groups.
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Fig. 4.4. Histograms of average annual motion rate for Bekiifault (A — upthrown block, B —
downthrown block)

The value ob, less than 0.001 was determined from conducteidnee analysis based on
test F. According to expectations, it legitimizes theus# of zero hypothesis ¢Hu,= | »,
wherep ;- mean value of ground deformations in the upthréatk of fault,p, - mean value
of ground deformations in downthrown block of fauft favor of alternative hypothesis {H
Mi# U 2). With significance levebi=0.001 it can be considered that average valuegmfnd
deformations in the upthrown and dwonthrown blookdshe Bedzinski fault are statistically

different.

The one-way analysis of variance was performed falséaults with meridional strikes. In
this case, PS points located within a distance lsmédan 500m form the line of faults were
taken into analysis. The histograms (for upthrowad downthrown blocks) were performed
(Fig. 4.5) for randomly selected PS points. Thebphility distributions of populations are
normal. Based ofr test the value 0p=0.85 was determined. There are no prerequisites to

reject the H hypothesis.

Despite the fact, that faults withridienal strikes have similar

values of throws as the Bedzinski fault, they doé diwide the study region into parts with
statistically different average values of grounébdmaations.
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Fig.4.5. Histograms of average annual motion rate for fauite meridional strikes (A — upthrown
blocks, B — downthrown blocks)

In the presented work the correlation between wabfeground deformations in PS points
and their distances to lines of faults was studiadorder to perform this task the minimal




distances form PS points to the line of faults weakculated. The study of correlation was
performed separately for the upthrown and downthréwecks of the Bedzinski fault and for
upthrown and downthrown blocks of meridional faulkke scatter XY plots were drawn but
they do not give unequivocal information about shedied relations. The calculated Pearson’s
coefficients (table 4.1) attest about a weak lirmarelation between parameters.

Table4.1. Pearson’s correlation coefficients

Pearson’s

coefficient
Bedzinski fault — downthrown block 0.3045245
Bedzinski fault — upthrown block 0.1266517
Meridional faults — upthrown block 0.2357616
Meridional faults — downthrown block 0.2193632

In the next part of the analysis the spatial valitgttof the values of ground deformations
was studied. In order to perform this task thediomal semivariograms were calculated. They
were determined separately for downthrown (Fig. A.&nd upthrown (Fig. 4.6 B) blocks of
the Bedzinski fault.

A semivariogram is the basic tool in geostatistanadlysis of data. It plots the semivariance
between data as a function of distance (Bivand.e2@08). It can be used to determine the
spatial autocorrelation between data.
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Fig. 4.6. PS points for downthrown block (A) and upthrownd¥ (B) of Bedzinski fault and directions in
which the semivariograms were calculated

In both cases the experimental semivariograms wa&i@ilated for four directions: N, NE,
E and SE. It was done in order to study the datacawelation parallel and perpendicular to
the line of fault. Calculated experimental semivgrams were fitted by theoretical models.
The visual analysis of semivariograms gives a bi#ayi to check the spatial variation of
studied parameter.

The analysis of directional semivariograms for dosvnthrown block revealed that values
of ground deformations are autocorrelated. Thegafgutocorrelation depends on directions
in which the data are studied. This dependencygwdlre occurrence of anisotropy of ground
medium deformation velocity alternation. It can &een in Fig. 4.7. that the range of




autocorrelation in SE direction (parallel to linke Bedzinski fault) is equal to about 2.5 km and
it is larger than the range of the autocorrelatiorNE direction (perpendicular to line of
Bedzinski fault) that is equal to about 1.8 km.both cases, the experimental models were
fitted by spherical theoretical models. The ran§@wtocorrelation in N direction is smaller
than for E direction. For experimental semivariagsafor 0° and 45° azimuths the increase of
semivariogram values for points within the distaterger than 2.8 km (N direction) and 3.8
km (NE direction) can be seen. Such kind of inceedes not occur in cases of semivariogram
for azimuths equal to 90° and 135°.
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Fig. 4.7. Directional semivariograms for downthrown blocktle¢ Bedzinski fault

Figure 4.8 presents the experimental directionaliggriograms for the upthrown block of
the Bedzinski fault. In three cases (azimuth: 0%° 4and 135°) the experimental
semivariograms were fitted by spherical theoretmatels. The ranges of autocorrelation were
determined and are equal to 1.5 km (azimuth 03),ktn (azimuth 45°) and 1.9 km (azimuth
135°). In case of the azimuth equal to 90°, theeexnental semivariogram was fitted by the
power model. It is important to pay an attentiorvédues of experimental semivariograms for
N and NE directions. For points within the distarlaeger than the determined range of
autocorrelation the values of semivariogram pedalllf increase and decrease. It can attest to
occurrence of areas with larger and smaller vaddiggound deformations.
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Fig. 4.8. Directional semivariograms for upthrown block of Bedki fault

5. Conclusions

The performed analysis revealed that there isratie values of ground deformations in
the SW-NE direction. Moreover, this analysis showet the Bedzinski fault divides the study
region into two parts that have different averaghi@s of the subsidence rate. The areas that
correspond with the upthrown block of the fault aegher stable while the areas that
correspond with the downthrown block suffer frore #ubsidence. In case of meridional faults
the average annual motion rates in downthrown agittrawn blocks are similar. It must be
emphasized that the Bedzinski fault and merididaalts have similar values of throws. The
analysis of directional semivariograms performegasately for downthrown and upthrown
blocks of the Bedzinski fault revealed that theraswautocorrelation of values of ground
deformations. In the downthrown block, the rangeaofocorrelation in direction along the
strike of the Bedzinski fault is higher than itperpendicular to its strike. In the upthrown
block the range of autocorrelation is smaller timthe downthrown block of the Bedzinski
fault. In this work the small correlation betweealues of ground deformations and their
distance to strike of the Bedzinski fault was réedaThe presented analysis is an important
part of the work that aimed at finding the origindamechanism of ground deformations in
mining and postmining areas.
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