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Over the re cent years, post-min ing ter rain de for ma tions has been in creas ingly fre quent around Trzebinia. Sink holes ap pear -
ing in creas ingly close to build ings have be come a sig nif i cant geohazard. We show that post-min ing de for ma tions in the area
is much more ex ten sive than pre vi ously es ti mated. Iden ti fi ca tion of the de for ma tions in volved anal y sis of his tor i cal ae rial
pho to graphs, air borne la ser scan ning data, orthophotomaps and sat el lite ra dar data. More over, la ser scan ning of se lected
ar eas us ing an un manned ae rial ve hi cle and a ter res trial la ser scan ner was car ried out to gether with field map ping. In the
study area, 527 sink holes and 254 lin ear-type de for ma tion struc tures were iden ti fied. Com pre hen sive map ping of sink holes
– in clud ing those pre vi ously un known, lo cated out side built-up ar eas – showed that ar eas where sink holes had been
remediated in the past were also at sig nif i cant risk. A num ber of sink holes are also lo cated out side ar eas of shal low (up to
100 m be low ground level) min ing. The use of sat el lite ra dar in ter fer om e try showed that con tin u ous de for ma tions also oc curs 
in the area of in flu ence of the for mer “Siersza” Hard Coal Mine. In the past, sub si dence of this ter rain took place, while cur -
rently up lift is tak ing place in this area which lo cally reaches up to 20 mm per year.

Key words: sink holes, post-min ing de for ma tions, InSAR, DTM, multitemporal lidar, Up per Silesia Coal Ba sin.

INTRODUCTION

Min ing ev i dence near Siersza (the pres ent Trzebinia set tle -
ment) in di cates that lo cal coal min ing took place here as early
as the mid-18th cen tury. The first “Albrecht” mine in the area
opened at the be gin ning of the 19th cen tury (Pietraszek, 1961).
Sub se quently, in ter est in ex ploit ing shal low coal seams in -
creased, and sev eral other mines opened that op er ated un til
1852. Coal min ing re sumed in 1861 at the “Nowa Izabela” mine, 
which op er ated, like the “Artur” mine, from 1884. Af ter the Sec -
ond World War, the “Artur” and “Zbyszek” mines were merged,
which gave rise to the “Siersza” Hard Coal Mine. Since 1949,
the mine has greatly ex panded, pro gres sively in creas ing its
area of ex ploi ta tion to reach ~40 km2. The de vel op ment of min -

ing in the area was due to shal low coal seams ex ploited at
depths of sev eral tens of metres be low ground level. The Car -
bon if er ous coal-bear ing suc ces sion typ i cally lies di rectly be -
neath Qua ter nary de pos its. The ex ploi ta tion of hard coal was
pos si ble thanks to per ma nent pump ing dur ing the min ing.

The “Siersza” Hard Coal Mine ceased op er a tion in 1999,
and a year later the pump ing of wa ter stopped. The en tire pro -
cess of mine de com mis sion ing ended on 31.12.2002, in clud ing
back fill ing of the shafts. The ces sa tion of pump ing re sulted in
flood ing of the mine, which was ex pected to fill the voids by
2011 (Frolik, 2006). Yet the time span was un der es ti mated, as
the ground wa ter ta ble has still not fully re cov ered. Twenty-one
years af ter pump ing stopped, the prob lem of post-min ing de for -
ma tion, es pe cially sink holes, has in ten si fied sig nif i cantly. An in -
creas ing num ber of sink holes have started to ap pear in the vi -
cin ity of build ings, caus ing dam age to in fra struc ture and in -
creas ing the risk to res i dents.

Al though the ef fects of mine de com mis sion ing through
flood ing have been dis cussed (e.g., Kleta and Plewa, 2001;
Frolik, 2006) the tim ing and ef fects of this mine’s flood ing are
only now known in more de tail.
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This re search cat a logues, iden ti fies the causes of, and fore -
casts the pos si bil ity of fur ther post-min ing de for ma tions in the
area af fected by the for mer “Siersza” Hard Coal Mine. The
bound aries of the Siersza coal de posit from 1999 were adopted 
as the lim its of the study area. The com pre hen sive doc u men ta -
tion of sink holes across the whole area al lowed the de ter mi na -
tion of their com mon fea tures.

STUDY AREA AND GEOLOGICAL SETTING

The Siersza de posit cov ers an area of 40.3 km2 and is sit u -
ated in south ern Po land, on the bor der of the Silesian and
Lesser Po land voivodeships, in the north-east ern part of the
Up per Silesian Coal Ba sin (USCB), in the re gion of the
Wilkoszyn Ba sin (Fig. 1).

Up per Car bon if er ous coal-bear ing for ma tions are of pri -
mary im por tance in the USCB area. Within the bound aries of
the Siersza de posit, these are over lain by Perm ian Tri as sic, Ju -
ras sic,  Neogeneand Qua ter nary for ma tions of vary ing thick -
ness and dis tri bu tion (Jureczka et al., 2005; Fig. 2). The top of
the Car bon if er ous is deep est-ly ing in the south ern part of the
area where it is bur ied be low Tri as sic de pos its (the Car bon if er -
ous top lies at ~+30 m above sea level, the over bur den reach -
ing a thick ness of >280 m) and in its east ern part be neath
Perm ian de pos its where the over bur den reaches >170 m thick
(Fig. 2).

Qua ter nary de pos its (fine- and me dium-grained sands,
clays and loams) with a thick ness vary ing from 0.2 to 54.6 m
cover the whole area. In the cen tral part of the area, the Qua ter -
nary de pos its lie di rectly on top of the Car bon if er ous with a
thick ness not ex ceed ing 30 m. Out crops of coal seams also oc -
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Fig. 1. Study area; USCB – Upper Silesian Coal Basin



cur in this area. More over, above the Car bon if er ous strata there 
are Perm ian and Tri as sic beds lo cated mainly in the south ern
and east ern part of the area (Fig. 2). The Perm ian for ma tions,
rang ing in thick ness from ~20.0 to 172.5 m, in clude the
Filipowice tuffs and Myœlachowice con glom er ates (Miœkowicz,
1999). The lat ter are rocks com posed of lower Car bon if er ous
and De vo nian lime stone and do lo mite boul ders, which are eas -
ily eroded.

Tri as sic de pos its com prise siltstone and claystone, lime -
stone, do lo mite, marls, con glom er ates, sands, sand stone, and
grav els (Miœkowicz, 1999; Skowroñski, 2014), lo cally reach ing
a thick ness of >150 m.

Coal-bear ing Car bon if er ous for ma tions (down to the doc u -
mented depth of 1,000 m) are rep re sented by the Kraków sand -
stone se ries (Libi¹¿ and £aziska beds), mudstone se ries
(Orzesze and Za³ê¿e beds), the Up per Silesian sand stone se -
ries (Ruda beds) and the paralic se ries (Grodziec, Flora and
Sarnów beds) are of mi nor im por tance (Miœkowicz, 1999;
Skowroñski, 2014).

The Krakow sand stone se ries com prise greywackes and
ar kose sand stones of var i ous grain sizes with thin lay ers of
mudstone and claystone, as well as nu mer ous coal seams,
which are char ac ter ised by con stant depositional palaeo-depth, 
thick ness, and dis tri bu tion. The un der ly ing mudstone se ries is
char ac ter ised by the pre dom i nance of siltstones and claystones 
over sand stones and the pres ence of coal seams of vari able
thick ness (Polak, 1992; Miœkowicz, 1999). The Up per Silesian
sand stone se ries is formed by sand stones of var i ous grain size, 
with sub or di nate siltstones and claystones and un listed coal
seams. The paralic se ries com prises silty claystone with thin
interbedded coal seams (Jureczka and Kotas, 1995).

The tec tonic struc ture of the area lo cated in the east ern part 
of Wilkoszyn syncline is com plex. The ba sin axis, in which stra -
tal dips do not ex ceed 15°, is lo cated at the south ern bound ary
of the de posit. The older faults oc cur only in Car bon if er ous
strata and strike N–S, while youn ger faults strik ing E–W oc cur
in both Car bon if er ous and youn ger for ma tions (Perm ian and
Tri as sic). Car bon if er ous faults of NNE–SSW ori en ta tion also
oc cur in the vi cin ity of the main shafts (Miœkowicz, 1999). Fault
off sets are typ i cally a few to sev eral metres, al though there are
a few faults with off sets over 100 m: the Siersza I, Siersza II,
Balin, Trzebinia, M³oszowa and Karniowice faults (Fig. 3).The
great est off set was found in the South fault (150–160 m) and
the Bor der fault (up to 160 m).

In the south ern part of the area, the synclinal ar range ment
of strata is dis turbed by a sad dle-like el e va tion with a
WNW–ESE axis, with dips of strata rang ing from sev eral to
>20° (Miœkowicz, 1999; Skowroñski, 2014). The youn ger Car -
bon if er ous de pos its lie here closer to hor i zon tal, while the coal
seams of the paralic se ries are more in clined.

The ob jects of ex ploi ta tion in the Siersza de posit were pri -
mar ily the seams of the £aziska beds: 206, 207/1, 208 and,
209, 210, 210/2, 209–210 and 214. Two seams (301 and 303)
of the up per most part of the Orzesze beds were also ex ploited.
To a depth of ~80–100 m be low the ground sur face (shal low
min ing), mainly the seams 206, 207/1 and 208 were ex ploited,
and to a lesser ex tent seams 209–210, 214 and 301. In to tal,
the shal low min ing area to a depth of 100 m cov ers an area of
2.92 km2 and is lo cated in the cen tral part of the de posit in the
area of the Siersza, Misiury and Trentowiec es tates (Fig. 4). In
some ar eas, two or even three shal low seams in ver ti cal suc -
ces sion were ex ploited (Fig. 4). This is the case south-west of
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Fig. 2. Thick ness map of over bur den above the Car bon if er ous 
(data from bore hole re cords in cluded in the mine doc u men ta tion)
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Fig. 3. Car bon if er ous over bur den de pos its

Fig. 4. Map of shal low hard coal de pos its



the Gaj es tate (seams 208, 209 and 210) and in the area of the
Trentowiec es tate (seams 206 and 207, 207 and 208),
Chrobrego Street (seams 208 and 209, 209 and 210), Górnicza 
Street and the for mer Zofia cas ing shaft (seams 207 and 208).
In most cases, coal was mined with a roof cav ing sys tem, and
only a few parts of the seams in the north ern and west ern parts
of the de posit were mined with hy drau lic back fill. In the last de -
cades of the Siersza mine’s op er a tion, coal was mined at much
greater depths of up 440 m.

Ar eas where the depth of coal seams does not ex ceed 50 m 
be low ground level are im por tant, as here there is no in for ma -
tion on min ing (Fig. 4), be cause in these ar eas un doc u mented
ex ploi ta tion could have been car ried out on seam out crops.
These con cern mainly the cen tral part of the de posit and east -
ern ar eas of Jaworzno. 

DATA AND METHODS

A num ber of re mote sens ing meth ods were used to com -
pre hen sively map the de for ma tion of the area af fected by the
for mer “Siersza” Hard Coal Mine: Interferometric Syn thetic Ap -
er ture Ra dar (InSAR), Un manned La ser Scan ning (ULS) and
photogrammetric anal y sis of his tor i cal ae rial pho to graphs.
Multitemporal Air borne La ser Scan ning (ALS) data ob tained
from the Head Of fice of Ge od esy and Car tog ra phy (GUGiK), ar -
chi val orthophotomaps and his tor i cal ae rial pho to graphs from
1957 and 1987 ob tained from GUGiK were also ana lysed. Se -
lected sink holes that ap peared in the study area dur ing the re -
search were mapped by Ter res trial La ser Scan ning (TLS;
Fig. 5). The an a lyt i cal re sults were ver i fied by field work. Fur -
ther more, pro cess ing of sat el lite SAR data us ing Per sis tent
Scat terer In ter fer om e try (PSI) was per formed for the pe ri ods

1992–2002; 2002–2010, 2016–2021 and 2021–2022 in or der
to ana lyse con tin u ous ground de for ma tion oc cur ring in the
study area. A sum mary of the re mote sens ing data used is pro -
vided in Ta ble 1. 

To de ter mine the causes of sink hole de vel op ment and to
help pre dic tions, the map ping re sults were cor re lated with geo -
log i cal and min ing data. The data was sourced from avail able
doc u men ta tion (in clud ing Solski, 1960; Ochoñski et al., 1962;
Pietrzyk, 1964; Koz³owska and Znañski, 1966; Cibis and
Solska, 1973; Polak, 1982; Kurek, 1985, 1988; Miœkowicz,
1999; Koz³owska, 2003; Kowalik, 2011; Skowroñski, 2014). Ar -
chi val ma te ri als from the re sources of the Na tional Geo log i cal
Ar chives PGI-NRI (NGA) and the ar chives of the Su preme Min -
ing Au thor ity were used. De tailed anal y ses were car ried out of
292 bore hole sheets, used to de ter mine the Car bon if er ous
over bur den thick ness and the depths of the coal-bear ing beds.
Geo log i cal maps at 1:5,000 scale and a min ing map at 1:1,000
scale were used to lo cate shal low mines. 

InSAR

The anal y ses car ried out us ing sat el lite ra dar in ter fer om e try 
tech niques fo cused on con tin u ous de for ma tions in the area of
in flu ence of the for mer “Siersza” Hard Coal Mine.

SAR in ter fer om e try (InSAR) is a tech nique used to ob tain
in for ma tion on rel a tive height data (Goldstein et al., 1988). It uti -
lises phase dif fer ences in ra dar sig nals from two SAR mi cro -
wave ob ser va tions of the same area. The fun da men tals of
InSAR meth od ol ogy can be found in pub li ca tions such as
Bamler and Hartl (1998), Massonnet and Feigl (1998), Perski
(1999) and Bürgmann et al. (2000). The con ven tional SAR data 
pro cess ing tech nique DInSAR (Dif fer en tial InSAR) in volves
cal cu lat ing the phase dif fer ences be tween two SAR im ages.
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Fig. 5. TLS of a sink hole near the al lot ment gar dens
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The re sult of such pro cess ing is a phase dif fer ence im age
called an interferogram, in which the interferometric bands cor -
re spond to the de for ma tions of the land sur face that oc curred
be tween the two SAR im age re cord ings.

PSI pro cess ing, on the other hand, is an ex ten sion of con -
ven tional meth ods, in re con struct ing the de for ma tion his tory of
an area based on the anal y sis of a time se ries of interferograms 
(Ferretti et al., 1999; Crosetto et al., 2015). With this ap proach,
it is pos si ble to de com pose the interferometric phase into com -
po nents and de ter mine de for ma tion in cre ments with very high
ac cu racy (down to 1 mm/year). The dis place ment in for ma tion is 
ac quired for im age pix els char ac ter ised by strong and time-sta -
ble ra dar sig nal re flec tions, so-called Per sis tent Scat ter ers
(PS). These are phys i cal ob jects whose re flec tion dom i nates
for a given pixel. They can be roofs and cor ners of build ings,
parts of var i ous types of struc tures (bridges, fences, etc.), tall
tele graph poles or lamp-posts, and spe cially con structed re flec -
tors (Perissin et al., 2006). In ar eas with out such in fra struc ture,
per sis tent scat ter ers are, for ex am ple, rock out crops. 

The re sult of PSI pro cess ing is a vec tor set of PS points,
which are as signed val ues of the move ment mean ve loc ity in
the Line-of-sight (LOS) di rec tion cal cu lated rel a tive to a ref er -
ence point and a time se ries with rel a tive dis place ment val ues
cal cu lated for each date of the ac quired im age from the re cord -
ing pe riod. The PSI method is best suited for mon i tor ing slow
con tin u ous changes whose dis place ment growth trend line will
be nearly lin ear.

Free data from the Eu ro pean Space Agency were used to
ana lyse de for ma tion in the Trzebinia mu nic i pal ity area. In par -
tic u lar, the im ages used were:

– from the ERS-1/2 SAR IM Sin gle Look Com plex Im age
sat el lites, down loaded via the ESA User Ser vice Por tal
Dis sem i na tion Ser vice, https://esar-ds.eo.esa.int/, track
451 and 222, for the pe riod 1992–2002;

– from the Envisat ASAR Im age Mode Sin gle Look Com -
plex Level 1 sat el lite, down loaded via the ESA User Ser -
vice Por tal Dis sem i na tion Ser vice,
https://esar-ds.eo.esa.int/, track 451 and 143, for the pe -
riod 2002–2010;

– from the Sen ti nel-1A Level-1 Sin gle Look Com plex sat -
el lite, down loaded via the NASA Earth Ob ser va tion Data 
ser vice, https://search.asf.alaska.edu/, track 124 I 102,
for the pe riod 2021–2022;

– Sen ti nel-1A/B data pro cess ing re sults made avail able
through the Co per ni cus Eu ro pean Ground Mo tion Ser -
vice (EGMS), EGMS (co per ni cus.eu) for the pe riod
2016–2021.

LASER SCANNING

La ser scan ning data ex ists as a large set of points rep re -
sent ing the re flec tions of a la ser beam from dif fer ent sur faces.
Each point has spe cific hor i zon tal and ver ti cal co or di nates.
Only points clas si fied as “ground”, rep re sent ing the ter rain sur -
face, were used in the anal y ses. Dig i tal ter rain mod els (DTMs)
were then gen er ated at 0.5 m res o lu tion us ing TIN in ter po la tion. 
The DTMs gen er ated with ALS and ULS data were used to in di -
cate lo ca tions where dis con tin u ous de for ma tion – sink holes,
faults, scarps and, trench fis sures – may be pres ent. Mean -
while, TLS data was used to de ter mine the pa ram e ters of newly
formed sink holes. A Riegl VZ-2000i la ser scan ner was used for
that pur pose.

The fol low ing cri te ria were adopted for the di ag no sis of sink -
holes on DTMs:

– oval or slightly elon gated shape in ver ti cal pro jec tion;

– at least 0.5 m deep;

– hav ing no bulge around the hole (which may be re lated
to ex ca va tion, for ex am ple);

– oc cur ring on at least two multi-tem po ral DTMs or on a
DTM and an orthophotomap, or oc cur ring on only one
DTM but hav ing a very dis tinct shape (to elim i nate DTM
fil ter ing er rors).

To de ter mine changes in sink hole de vel op ment since 2011
(the old est avail able ALS data for the area), dig i tal dif fer en tial
ter rain mod els (DDTMs) with a res o lu tion of 0.5 m were made
for the study area. These il lus trate the el e va tion changes be -
tween two DTMs made for the same area, from data ac quired at 

6 Marcin WÙdka et al. / Geo log i cal Quar terly, 68: 3

Data type Source Time li ness Ap pli ca tion

DTED 2 GUGiK 1980/90 com par i son with ALS data – iden ti fi ca tion of
con tin u ous de for ma tions

ALS GUGiK    2011, 2014, 2019, 2022
DTM, DDTM, iden ti fi ca tion of dis con tin u ous de -

for ma tionsULS PGI-NRI (made for re search
pur poses) 2023

Orthophotomaps UAV PGI-NRI (made for re search
pur poses) 2023

iden ti fi ca tion of sink holesAr chi val orthophotomaps GUGiK
1996, 2003, 2009, 2012,
2015, 2017, 2018, 2019,

2021, 2022

Ar chi val ae rial pho tos GUGiK 1957, 1987

TLS
PGI-NRI (made for re search

pur poses) 2023 de tailed parametrization of se lected sink holes

InSAR
ESA User Ser vice Por tal

NASA Earth Ob ser va tion Data
Co per ni cus EGMS

    1992-2002,
2002–2010, 2016–2021,

2021–2022
anal y sis of con tin u ous ter rain de for ma tions

Ar chi val bore hole sheets NGA 1922–1998
de ter mine the thick ness of the over bur den and
the depths of the Car bon if er ous coal-bear ing

beds

Ar chi val min ing maps and
documentations Su preme Min ing Au thor ity 19th, 20th cen tury lo ca tion of shal low mines

T a  b l e  1

Sum mary of ap plied data

https:// doi.org/10.1109/36.898661
https://doi.org/10.1016/j.isprsjprs.2015.10.011


dif fer ent times. The time of data ac qui si tion, as well as the area
for which the scan ning was per formed, al lowed DDTMs to be
de vel oped for the fol low ing pe ri ods: 2011–2019, 2014–2019,
2019–2022 and 2022–2023 (Fig. 6). 

To com ple ment the con tin u ous de for ma tion stud ies, a
DDTM was also made based on the 2011/2014 ALS data and a
mil i tary DTED 2 model with a field va lid ity of the late 1980s and
early 1990s and a ver ti cal ac cu racy of 2–7 m. De spite sig nif i -
cant dif fer ences in the ac cu racy of the com pared in put DTMs,
sub si dence bas ins re sult ing from long-term coal min ing were
clearly vis i ble in the DDTM im age, al though the spe cific val ues
of the dif fer en tial model ob tained are not re li able due to low ac -
cu racy.

PHOTOGRAMMETRY

Orthophotomaps and DTMs ac quired in photogrammetric
flights were used for pre lim i nary iden ti fi ca tion of sink holes
formed af ter ALS mea sure ments taken in 2022. A shal low min -
ing area with a to tal area of 3.64 km2 was mea sured us ing a DJI
Phan tom 4 RTK UAV. High-res o lu tion orthophotomaps
(0.04 m) made it pos si ble to de tect un known as well as re -
claimed sink holes.

To doc u ment his tor i cal sink holes, ar chi val ae rial pho to -
graphs from manned flights of 1957 were used. A set of 27 pho -
to graphs, at 1:8,000 scale, was aerotriangulated on the ba sis of 
34 ground ref er ence points, whose po si tion had re mained un -
changed since the pho to graphs were taken. The ac cu racy of fit -

ting into the ter rain lay out at the 4 con trol points was
RMSxy = 2.75 and RMSh = 0.99 m, which al lowed for the use of
his tor i cal data in com par a tive anal y ses with the cur rent data.

RESULTS

The multimethod ap proach and field work al lowed for the
com pre hen sive study of de for ma tions in the area af fected by
the for mer “Siersza” Hard Coal Mine. Also, changes in di rec -
tions of con tin u ous de for ma tions af ter mine drain age ended,
and sink hole de vel op ment dy nam ics over the last 12 years,
were pos si ble to de ter mine. The ar eas with the high est haz ard
po ten tial of sink hole oc cur rence in the fu ture were in di cated,
due to the sim i lar ity of geoenvironmental fac tors in the places
where they most of ten oc curred in the past.

SINKHOLES

As a re sult of ALS-, ULS-de rived DTM anal y ses and field -
work, 527 sink holes were iden ti fied (Fig. 7). In the cen tral part of
the re search area (south of Jana Paw³a II Street, al lot ments,
cem e tery with nearby for est) the high est den sity of sink holes oc -
curs (up to 42 pc/ha, av er age 12 pc/ha). Many sink holes have
formed within this area in re cent years. This has had ef fects in -
clud ing build ing and in fra struc ture dam age in the al lot ments, the
col lapse of forty graves in the cem e tery, and de struc tion of the
rail way em bank ment to the Siersza Power Sta tion (Fig. 8).
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Fig. 6. Ex tent of la ser scan ning data



The ma jor ity of doc u mented forms are char ac ter ised by a
round or oval shape in plane view and a fun nel-shaped
cross-sec tion. Those with max i mum di am e ter £5 m pre dom i -
nate. In sev eral cases, the di am e ter ex ceeds 20 m. The num ber
of sink holes de creases as the max i mum di am e ter in creases
(Fig. 9A). Their depth usu ally does not ex ceed 3 m (Fig. 9B). The 
sink holes with the larg est max i mum di am e ters and depths are
also lo cated in the cen tral part of the Siersza de posit.

Of all the sink holes reg is tered, a to tal of 131 cre ated or be -
came ac tive af ter 2011/2014. DDTMs anal y ses show that 20
sink holes formed or ac ti vated be tween 2011/2014 and 2019,
re sult ing in ground col lapse with a to tal vol ume of over 257 m3;
be tween 2019 and 2022, 55 sink holes formed (~2836 m3), and
be tween 2022 and 2023, there were 23 (~1800 m3; Fig. 10).
The for ma tion of new sink holes or re ac ti va tion of old forms oc -
curred mainly in the cen tral re gion of the de posit, i.e. where the
high est den sity of sink holes is found. Nu mer ous sink holes that
formed in the last an a lyzed pe riod were quickly back filled, so

that most of these changes were not re corded on the dif fer en tial 
ter rain mod els, though some of those were suc cess fully re -
corded by TLS. There fore, the vol ume of the col lapsed ground
is un der es ti mated. Some of the forms vis i ble on the DDTMs
(es pe cially for the pe riod 2022–2023) were not con firmed dur -
ing field work. These were the re sult of DTM er rors due to a
small num ber of points rep re sent ing the ground in ar eas of
dense veg e ta tion or ar ti fi cial ex ca va tion. In for ma tion about the
other sink holes formed or ac ti vated af ter 2011/2014 co mes
from me dia re ports and orthophotomap anal y ses.

DTM and DDTM anal y ses, as well as me dia re ports of sink -
holes in Trzebinia, in di cated a sig nif i cant threat to the cen tral
part of the study area, in the Jana Paw³a II Street area. Ae rial
pho to graphs from 1957 re veal that both the sink hole in the
cem e tery and a num ber of sink holes in the al lot ments that
formed in 2022, are in fact re ac ti vated old forms which had
been back filled. A re view of the doc u men ta tion pre pared for the
de com mis sion ing of the Siersza mine in di cates that the sink -
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Fig. 7. Lo ca tion of sink holes within the study area



holes that formed in the vi cin ity of Gaj es tate in 2023 are also re -
ac ti vated forms that orig i nally formed in 1959. Hence, we ana -
lysed all avail able doc u men ta tion in clud ing old ae rial pho to -
graphs, for the oc cur rence of sink holes not vis i ble at pres ent. All 
data ana lysed in di cate that at least 16 sink holes back filled in the 
past have been re ac ti vated, rep re sent ing 19% of sink holes ac -
tive af ter 2011/2014. 

The ar eas of pos si ble re ac ti va tion of old back filled forms
were pri mar ily de ter mined based on old ae rial pho to graph anal y -
ses. Con se quently, 161 sink holes were iden ti fied in the study
area. The vast ma jor ity of these are still ex pressed in the mor -
phol ogy, though lo cated in for est ter rain, out side of built-up ar eas 
and in fra struc ture. By com par ing his tor i cal pho to graphs, DTMs
from the years 2011–2023 and field work data, 52 ar eas were de -
ter mined where sink holes had been remediated (Fig. 11).

Ar eas with a high oc cur rence of remediated sink holes in -
clude those near M³yñska Street, the area of the cem e tery, and
the area of the re claimed mine dump. In the first area, seven
sink holes were iden ti fied, vis i ble on an ae rial pho to graph from
1957. The larg est sink holes oc curred in the then-cul ti vated
fields east of the field road (to day’s M³yñska Street; Fig. 12A).
All the forms vis i ble in the pho to graph were prob a bly
remediated by back fill ing. They are lo cated in the im me di ate vi -
cin ity of, or partly be neath, to day’s build ings. The form lo cated
far thest to the west is un clear. The pho to graph shows a dis tinct
change of phototones in the form of a cir cle. Its di am e ter is sim i -
lar to the sink hole found on the east ern side of M³yñska Street.
This in di cates that ei ther the sink hole was ini tially pres ent at

that time, or that the area sub sided af ter the sink hole was later
back filled. How ever, dur ing the ste reo scopic anal y ses it was
not pos si ble to clearly iden tify sub si dence at that lo ca tion.

On the 1940s 1:1,000 scale min ing maps, a  sink hole to the
south of M³yñska Street was de tected. As with the other forms
in the area, it was pos si bly remediated by back fill ing, as in di -
cated by the lack of a sink hole on the 1957 ae rial pho to graph,
and by the the area be ing in ag ri cul tural use at the time. Its lo ca -
tion on the min ing maps in di cates that it was partly be neath the
pres ent res i den tial build ing.

An other clus ter of remediated sink holes ex tends across the
south ern part of the cem e tery, the al lot ments and a sec tion of
the rail way em bank ment ~10 m high. Anthropogenic wind rows
dom i nate this clus ter sur face. Here the high est num ber of re ac -
ti vated back filled sink holes has been re corded in re cent years.
This area is sig nif i cantly trans formed, with anthropo genic wind -
rows dom i nat ing the sur face. It is the area with the most sig nif i -
cant in ten si fi ca tion of sink holes in re cent years. It has seen the
high est num ber of re ac ti vated old back filled sink holes. Based
on 1957 ae rial pho to graphs, 15 ar eas in dic a tive of his tor i cal
sink holes have been de ter mined (Fig. 12B).

The third area with a high den sity of sink holes back filled in
the past is the cur rently re claimed min ing dump lo cated to the
north east of Trentowiec es tate. An ex am i na tion of ae rial pho to -
graphs re vealed the pres ence of sev eral clearly vis i ble sink holes
(Fig. 12C), which are cur rently cov ered by an ap prox i mately 10
m high em bank ment. No re ac ti va tion of back filled sink holes was
found in the area, but two new forms were iden ti fied.
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Fig. 8.  Sink hole in rail way em bank ment

A – pho to graph taken dur ing field work; B – TLS point cloud vi su al iza tion

Fig. 9. Dis tri bu tion of max i mum di am e ter (A) and depth (B) of the sink holes in the study area



The ma jor ity (86%) of sink holes cat a logued in the area of
the for mer “Siersza” Hard Coal mine in flu ence are at trib ut able
to doc u mented shal low hard coal de pos its be ing mined to a
depth of 100 m be low ground level in seams 206, 207, 208, 209
and 209–210, 210, 214 and 301 (Fig. 11). These sink holes are
mainly lo cated in ar eas of post-min ing voids. Some are re lated
to other el e ments of the mine in fra struc ture (gal ler ies, ditches,
etc.). Of the sink holes doc u mented, 10% oc cur in ar eas where
coal was mined at greater depths. About 4% of the forms iden ti -
fied oc cur out side ar eas of doc u mented coal min ing. These
sink holes may be at trib uted to pro cesses of nat u ral suffosion,
karst, or other hu man ac tiv ity (e.g. sink holes formed in places of 
aban doned old bore holes or ex ca va tions). Some of these re -
corded sink holes may be due to his tor i cal, un doc u mented shal -
low coal min ing.

Al most all sink holes re lated to doc u mented shal low min ing
and lo cated in ar eas with post-min ing voids are found in ar eas
where coal was mined with the roof cav ing sys tem. By con trast,
no sink holes have been re corded so far in ar eas of post-min ing
voids that were back filled. A par tic u larly high con cen tra tion of
sink holes is found in ar eas where at least two mined seams at
dif fer ent depths, not deeper than 100 m be low ground level, are
superposed.

All sink holes stud ied are lo cated where the thick ness of
over bur den does not ex ceed 100 m. The vast ma jor ity (96%)
are lo cated where this thick ness does not ex ceed 40 m (see
Figs. 2 and 7). As re gards over bur den li thol ogy, 88% of the
sink holes are lo cated where the over bur den com prises Qua ter -
nary de pos its (sands, silts, weath ered clays, wind rows) or Car -
bon if er ous rock out crops. The re main ing sink holes were
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Fig. 10. Sink holes within the cem e tery area

A – ALS DTM re corded in 2019; B – ALS DTM re corded in 2022; C – DDTM 2022–2019



formed in places where the over bur den con sists of the Perm ian
Myœlachowice con glom er ates (11%) and Tri as sic and Ju ras sic
car bon ate units (1%).

Based on these re sults, a VI-class sink hole haz ard map
was made of the cen tral part of the de posit (Fig. 13). The fol low -
ing fac tors were used to make the map, start ing with the least
im por tant:

– a buffer from the bound ary of shal low min ing, cov er ing
min ing ar eas to a depth of about 130 m;

– ar eas of sink holes oc cur ring out side the bound aries of
shal low min ing with a 20 m buffer;

– ar eas of shal low min ing up to a depth of 100 m;

– ar eas of shal low min ing up to a depth of 50 m;

– ar eas of for mer, remediated sink holes;

– ar eas of shal low min ing up to a depth of 100 m with a
roof cav ing sys tem;

– ar eas of shal low min ing up to a depth of 100 m with at
least two seams in ver ti cal suc ces sion.
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Fig. 11.  The area of high est sink hole den sity in re la tion to doc u mented shal low ex ploi ta tion



The over lap of each fac tor in creases the haz ard by 1 class.
The re sult ing map should be con sid ered as an over view only.

CONTINUOUS DEFORMATIONS

A DDTM (DTM 2011/2014 – DTED 2) al lowed de ter mi na -
tion of sub si dence bas ins (Fig. 14). Mi nor sub si dence with val -
ues up to -5 mm per year, mainly in the cen tral part of the de -
posit, was also re corded af ter pro cess ing of data from 37 SAR
im ages taken by the ERS track 451 sat el lite (data from

1993–2022) and ERS track 222 (data from 1992–2022). The
sub si dence trend can also be seen in the time se ries of
changes for in di vid ual PS points (Fig. 15A).

In 2001/2002, there was a change in the mo tion vec tor from
down wards to up wards, as seen in PSI data from Envisat sat el -
lite track 451 and 143 (2002–2010 data). In the cen tral part of
the study area, a group of points show ing up lift with val ues of up 
to 14 mm per year can be seen (Fig. 15B). The change in the
de for ma tion vec tor from sub si dence to up lift was con strained by 
two in de pend ent modes of pro cess ing for each pe riod.
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Fig. 12. Sink holes vis i ble on ar chi val ae rial pho to graphs from 1957 year

A – area of M³yñska Street; B – area of the cem e tery; C – Trentowiec es tate area



An anal y sis of con tem po rary InSAR data from the EGMS
ser vice for the pe riod 2016–2021 and ad di tional data Sentinel-1 
pro cessed in de pend ently for the year 2022 showed that mi nor
up lift in the study area still ex ists and reaches val ues of up to
20 mm per year in the cen tral part of the area (Fig. 15C).

Based on the PSI data, a map of con tem po rary con tin u ous
de for ma tions in the study area was gen er ated (Fig. 16). This
map shows the av er age ver ti cal dis place ment rates, on two in -
for ma tion lay ers: (1) pix els with sides of 100 m, which cor re -
spond to the lo ca tion of ter rain units for which it was pos si ble to
iden tify PS points for both im ag ing ge om e tries, and (2) lin ear
con tours in ter po lated from the point layer to the con tin u ous sur -
face, so as to fill in ar eas of miss ing data (where PS points were
not re corded). The most pre cise data is from the 100 m pixel
layer, as this is sur vey data, de rived di rectly from EGMS data.
How ever, for ar eas of low co her ence, mainly for ests, mead ows
and ag ri cul tural ar eas, where dis place ment in for ma tion could
not have been ob tained from cal cu la tions, it was de cided to
sup ple ment the mea sured data with an aux il iary layer de rived
from the in ter po la tion of PS points.

DISCONTINUOUS DEFORMATIONS OF LINEAR TYPE 

As a re sult of multi-tem po ral DTM anal y ses, ar chi val doc u -
men ta tion (Protokó³ Poinspekcyjny, 1997) and field work, 254 lin -
ear-type dis con tin u ous de for ma tion struc tures were de ter mined
in the area of in flu ence of the for mer “Siersza” Hard Coal Mine.
The to tal length of the struc tures de ter mined amounts to over 21
km. The most de for ma tion struc tures of this type were found in
the south east ern part of the area near Kowalikowa Moun tain,
west of Karniowice (Fig. 14). The first ones were al ready re -
corded be tween 1991 and 1999. Some struc tures were also de -
scribed by G³ogowska (2007). These struc tures are de vel oped in 
the form of extensional fis sures, suffosion trenches and thresh -
olds (Fig. 17), along which sink holes com monly de velop. The
open ing of the extensional fis sures is usu ally a few tens of centi -
metres. These forms oc cur mainly in sand stones. The width of
the suffosion trenches is up to 5 m. They most of ten form within
weak rocks that are sus cep ti ble to suffosion - mainly the
Myœlachowice con glom er ates. Thresh old heights gen er ally do
not ex ceed 1 m. Lin ear-type struc tures usu ally ex tend par al lel to
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Fig. 13. Sink hole haz ard map of cen tral part of the study area

A higher class value means a higher haz ard



the Karniowice fault in the NW–SE di rec tion, less fre quently
WNW–ENE, NE–SW to ENE–WSW and N–S. De for ma tion
struc tures lo cated on the sum mit of Kowalikowa Moun tain co in -
cide with the bound ary of the sub si dence ba sin (Fig. 14). 

An other re gion with a high con cen tra tion of lin ear-type de -
for ma tion struc tures is in the cen tral part of the area, east of the
rail way em bank ment. The struc tures iden ti fied there re late to
the edges of the pits along which the sub si dence oc curs. This
sub si dence cor re lates with the bound aries of the doc u mented
shal low min ing of hard coal de pos its by roof cav ing in seams
208 and 209–210. The area is dom i nated by struc tures with the
char ac ter of fault sills that mostly show NW–SE ex ten sion, less
fre quently NE–SW and N–S.

A sig nif i cant con cen tra tion of lin ear-type de for ma tion struc -
tures of fault sill na ture is also found in the south west. These ex -
tend par al lel to the nearby south ern fault. The struc tures co in -
cide with the edges of sub si dence bas ins as so ci ated with coal
min ing by roof cav ing in the deeper (>100 m be low ground
level) seams.

DISCUSSION

With ref er ence to ar chi val data (Plewa et al., 2001), the re -
sults of the study dem on strate that the scale of post-min ing dis -
con tin u ous de for ma tions in the area of in flu ence of the for mer
“Siersza” Hard Coal Mine has been un der es ti mated. The in ten -
si fi ca tion of sink hole pro cesses in the vi cin ity of build ings in the
re cent years re sulted in the need for more de tailed in sight into
the prob lem. The area stud ied is the first in Po land where
post-min ing de for ma tions were dem on strated com pre hen sively 
us ing sev eral re mote and field meth ods.

The nearly 200-year min ing tra di tion in the area, the ex is -
tence of many com pa nies (from as early as the 19th cen tury)
and the as so ci ated of ten in com plete trans fer of old min ing data
to the doc u men ta tion maps of the “Siersza” Hard Coal Mine re -
sulted in lim i ta tions in the qual ity and ac cu racy of data re gard ing 
goafs. In the meth ods adopted so far for cal cu lat ing the prob a -
bil ity of sink holes oc cur ring in a given area, apart from the thick -
ness of the over bur den, im por tant pa ram e ters were the depth
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Fig. 14. Dis tri bu tion of dis con tin u ous de for ma tions of lin ear type on a DDTM gen er ated from DTM and DTED2 data



of the lo ca tion of the void roof and its height (Chudek and
Olaszowski, 1976). The height, width and vol ume of the void af -
fect the de for ma tion di rectly. In ad di tion to these pa ram e ters,
the phys i cal-me chan i cal prop er ties of the rocks are also im por -
tant (Chudek et al., 1988). Un for tu nately, for the area of the for -
mer “Siersza” Hard Coal Mine, in places of ev i dent sink holes on 
min ing maps, there are many de fi cien cies in the mark ing of the
pa ram e ters of the mine work ings. This ap plies in par tic u lar to
the seams (or their parts) with the ear li est min ing ac tiv ity. The
data is of ten lim ited only to the ex tent of the work ings to gether
with the des ig na tion of the sys tem and years of min ing. There -
fore, the ba sis for as sess ing the risk of post-min ing de for ma -
tions in the study area was their com pre hen sive map ping and
iden ti fi ca tion of sim i lar i ties in de formed ar eas on the ba sis of the 
avail able geo log i cal and min ing data.

A highly ef fec tive method of de ter min ing dis con tin u ous de -
for ma tion in the study area was to ana lyse multi-tem po ral ALS
and ULS data. The iden ti fi ca tion of sink hole ar eas us ing DTMs
is well-known world wide and has been suc cess fully ap plied in
re cent years for both karst sink holes (e.g., Filin et al., 2011; Zhu
et al., 2014; Wu et al., 2016; Kim et al., 2019) and post-min ing
sink holes (e.g., Suh and Choi 2017; Mar ian and Onica, 2021;
Zheng et al., 2022; Yang et al., 2023). When the ef fects are in -
tense, as was the case in Trzebinia, ac quir ing up-to-date im ag -
ing of the ground sur face is an im por tant el e ment. One of the
fast est meth ods is to per form la ser scan ning us ing a UAV. This
method is more cost-ef fec tive than ALS, and in creas ingly avail -
able and ef fec tive. As with ALS, the ac cu racy of ULS data is de -

pend ent on land cover and, in par tic u lar, on veg e ta tion (Briese,
2010; Ismail et al., 2015). For the area of in flu ence of the for mer 
“Siersza” Hard Coal Mine, UAV scan ning was per formed be -
tween May and June. La ser beam re flec tions from dense veg e -
ta tion re sulted in lo cal misclassification of points rep re sent ing
the ground, so that many po ten tial sink holes iden ti fied on the
DTM were not de tected in the field. The most fa vour able sea -
son for la ser scan ning ap pears to be early spring (af ter the
snow cover has dis ap peared) and late au tumn.

Most sink holes doc u mented in the area of in flu ence of the
for mer “Siersza” Hard Coal Mine are re lated to re ac ti va tion of
old goafs up to 100 m be low ground level. There is a clear cor -
re la tion be tween the min ing sys tem, the amount of mined shal -
low coal seams and the num ber of con tem po rary and his tor i cal
sink holes. The num ber of sink holes in creases in ar eas where,
in the past, two or more seams were ex ploited at depths of up to 
100 m be low ground level. Due to cur rent land use, the ar eas
most at risk are around Górnicza Street and Grunwaldzka
Street, Odkrywkowa Street, the sta dium and the south ern part
of the al lot ment gar dens. Min ing of two superposed seams has
also oc curred in the area of Zwyciêstwa Street and Chrobrego
Street. The risk there ap pears to be less sig nif i cant due to the
back fill min ing sys tem.

Anal y ses have shown that 10% of the sink holes reg is tered
oc cur in ar eas where coal min ing was car ried out at depths
greater than 100 m be low ground level. So far, sink holes in the
USCB have been as sumed to be mainly af fected by min ing at
depths of up to 100 m be low ground level (Chudek et al., 1988),
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Fig. 15. The re sults of PSI pro cess ing for the study area

Col our scale of av er aged PS ve loc ity for all maps is shown on RYC A. The plots show time se ries of av er aged PS ve loc ity cal cu lated
 for the black frame. A – PSI pro cess ing of ERS data (track 451), 1993–2002; B – PSI pro cess ing of Envisat data (track 451),

2002–2010; C – EGMS_L3 data (ver ti cal com po nent), 2016–2021
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and in some cases up to 80 m be low ground level (Chudek et
al., 1988; Strza³kowski et al., 2021). Sink holes in In dia, China
and the UK have also been gen er ated by work ings lo cated at
depths of up to 100 m (Singh and Dhar, 1997). Some data from
around the world in di cates that dis con tin u ous de for ma tion is re -
lated to the ex ploi ta tion of even shal lower seams. For ex am ple,
in the USA, in ar eas of for mer hard coal ex ploi ta tion, sink holes
ap pear mainly where the over bur den is <50 m thick (Whittaker
and Red dish, 1993; Canbulat et al., 2017). Our find ings dem on -
strate that for such a com plex sys tem of work ings as the
Siersza mine and the ex ploi ta tion of dif fer ent superposed
seams in one area to gether with un fa vor able over bur den li thol -
ogy  (mainly sand), the 100 m limit may be an un der es ti mate.

De vel op ment of sink holes be fore 2019 was caused mainly
by pre cip i ta tion, which washed loose over bur den into the col -
lapsed mine work ings. Stud ies show that the rate of sink hole
de vel op ment has in creased sig nif i cantly af ter 2019, this be ing
mainly re lated to the grad ual rise in ground wa ter level with
leach ing of the base of the Qua ter nary sed i ments. In or der to
limit this phe nom e non, the Mine Re struc tur ing Com pany in -
stalled spe cial deep-well pumps in May 2023 to main tain
ground wa ter level.

One new prob lem, not yet dis cussed, is the re ac ti va tion of
sink holes that had been remediated. The data from Trzebinia
area in di cate that at least 16 sink holes back filled in the past
have sub sided again. The multi-tem po ral NMT data in di cates
that in the area of in flu ence of the for mer “Siersza” Hard Coal
Mine, 85 sink holes (not vis i ble on the 2011/2014 DTM) de vel -
oped in the last de cade. There fore, nearly 19% of sink holes
were from re ac ti va tion of those back filled in the past. This in di -
cates the need to also in clude as haz ard ous the remediated
sink holes. The re ac ti va tion of old sink holes de pends on a num -
ber of fac tors, in clud ing the method of sink hole remediation, li -
thol ogy of the seam over bur den, the wa ter flow rate, the in cli na -
tion of  the ex ploited seam etc. The in flu ence of the sink hole
remediation method on its re ac ti va tion was noted by
Strza³ kowski (2000), who stated that the fill ing of sink holes only
by sand is in suf fi cient and he pro posed fill ing sink holes, and
sur round ing old empty mine work ings, us ing pur pose-de signed
ma te ri als. Strza³kowski and Strza³kowska (2023) sug gested
that the best mix ture for fill ing shal low voids in the rock mass is
a wa ter-ash-ce ment mix ture char ac ter ized by a strength ap pro -
pri ate to the strength of the rock mass sur round ing the void.
When remediating only sink holes, the frac tion of back fill ma te -

16 Marcin WÙdka et al. / Geo log i cal Quar terly, 68: 3

Fig. 16. Map of ver ti cal dis place ment of the ter rain sur face within the study area based on EGMS InSAr data
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rial and com pac tion also seems to be im por tant, larger rock
frag ments be ing more re sis tant to leach ing. The rate of leach -
ing of the ma te rial fill ing a sink hole may in crease with the slope
of ex ploited seams. A greater in cli na tion of the seams al lows
faster mi gra tion of the ma te rial par ti cles fill ing the sink hole. Re -
ac ti va tion of old sink holes was found mainly in the area of the
cem e tery, the south ern part of the al lot ments, the rail way em -
bank ment, the Gaj es tate, near Odkrywkowa Street and the
south ern part of Myœlachowice (area of the 791 road). In case of 
the rail way em bank ment, the dan ger co mes from not only the
re ac ti va tion of sink holes in its body, but also from re ac ti va tion in 
its base. Due to the steep slopes of the em bank ment, such
sink holes may cause land slides. Dur ing field work, a small slide
above a re ac ti vated sink hole in the lower part of the em bank -
ment was ob served.

The re sults of anal y ses of sat el lite data re vealed a re ver sal of 
the de for ma tion trend from sub si dence, dur ing the op er a tion of
the mine, to up lift af ter its clo sure. Such re ver sal of de for ma tion
as so ci ated with min ing is well known and is usu ally as so ci ated
with mine de com mis sion ing by flood ing, when wa ter floods the
ex ca vated work ings (Didier et al., 2008). Re corded cases of up lift 
af ter flood ing of un der ground mines are known for ex am ple from
Wa³brzych, where large up lift val ues were re corded in par tic u lar
in the near-slope ar eas (Blachowski et al., 2009), from GZW –
the “Czeczott” mine area (Strozik et al., 2016), from the Ger -
man-French bor der area (Samsonov et al., 2013) and from a
coal mine at Houthalen in Bel gium (Verwoort, 2016). In the last
case this pro cess of up lift was as so ci ated with the swell ing of the
clay min er als in rocks of the coal strata af ter the flood ing of the
un der ground work ings. In the case of the Siersza mine, the pro -
por tion of clay min er als in the rock mass is low, as is the im pact of 
swell ing. A greater role in up lift over all is played by the build-up of
hy drau lic pres sures in the rock mass. Namjesnik et al. (2022)
high lighted the pos si bil ity of fault re ac ti va tion as a re sult of stress
per tur ba tions re lated to mine de com mis sion ing by flood ing. For
Trzebinia, the area of great est sub si dence is bounded by the

Siersza and South faults. The pres ent slow up lift of the area co in -
cides broadly with the sub si dence ba sin, with the high est val ues
ob served in the cen tral part of the de posit and not in the bound -
ary area of the ba sin (near the fault).

CONCLUSIONS

Prob lem atic sink holes have long ex isted in the study area.
The vast ma jor ity of the his tor i cal sink holes were formed be fore
1957, the time when the old est ana lysed ae rial pho to graphs of
the area were taken. Many of them may have been es tab lished
as early as the 19th and early 20th cen tu ries, when coal was
mined at depths usu ally not ex ceed ing 50 m be low ground
level. The larg est sink hole in Siersza is lo cated in the old bed of
the Kozi Bród stream and was as so ci ated with di sas trous in cur -
sion of sur face wa ter into the mine in 1922 (Pietraszek, 1961).

Com pre hen sive re search into de for ma tion in the area of in -
flu ence of the for mer “Siersza” Hard Coal Mine has al lowed
broad as sess ment of the haz ards in this area. This is the first
re search area in Po land of dis con tin u ous ter rain de for ma tion
where all pos si ble meth ods for de tect ing changes in the ter rain
sur face have been ap plied. This com pre hen sive ap proach re -
sulted in ac cu rate de scrip tion of the scale of geohazards pres -
ent and iden ti fi ca tion of the ar eas at risk. The com pre hen sive
map ping to gether with the anal y sis of the geo log i cal and min ing 
fac tors made it pos si ble to come to the fol low ing con clu sions,
as pre sented in a re port to the Pol ish Min is try of the En vi ron -
ment (Wojciechowski et al., 2023).

The ma jor cause of sink hole for ma tion in the area of in flu -
ence of the for mer “Siersza” Hard Coal Mine is the pres ence of
shal low goafs, formed as a re sult of shal low coal min ing to a
depth of 100 m be low ground level. Fac tors pro mot ing the for -
ma tion of new sink holes, or re ac ti va tion of ex ist ing ones, are
the ris ing ground wa ter ta ble and in creased wa ter in fil tra tion as
a re sult of in tense or pro longed rain fall.
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Fig. 17. Dis con tin u ous de for ma tion struc tures of lin ear type (marked by pink ar rows)
 in the Karniowice area

DTM 3d view high lighted from az i muth 235 with al ti tude 30°
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DTM dif fer en tial anal y ses dem on strate that the sink hole de -
vel op ment rate in creased sig nif i cantly af ter 2019. In the pe riod
from 2019 to 2023, it was sev eral times higher than in the pre vi -
ous years, this be ing at trib ut able to the ris ing ground wa ter ta -
ble, which elim i nated the cone of de pres sion.

The great est con cen tra tion of sink holes is found in ar eas
where Qua ter nary de pos its (mainly sands) or anthropogenic
de pos its dom i nate the over bur den and are <40 m in thick ness.
This also ap plies to sink holes newly formed or re ac ti vated af ter
2011/2014.

Most sink holes were cre ated in the cen tral part of the area,
from shal low min ing of seams 206, 208, 209–210, in par tic u lar
where the depth of min ing did not ex ceed 50 m be low ground
level and in places where the min ing was deeper (about 100 m
be low ground level) and where two seams were superposed.
An ad di tional fac tor that in creases the risk is the ex ploi ta tion
sys tem. The most haz ard ous ar eas are those of shal low coal
min ing that used the roof cav ing sys tem. Such ar eas may con -
tinue to be at risk of new sink holes. Due to the min ing and de -
com mis sion ing sys tem ap plied and the small thick ness of the
over bur den (not ex ceed ing 20 m), the risk of these phe nom ena
may also con cern the ex treme south east ern part of the de posit,
west of Karniowice.

Based on the com pre hen sive map ping of sink holes, it is in -
ferred that old sink holes, which had been back filled, may also
pose a threat. Nearly 19% of sink holes that oc curred af ter 2011
in volved re ac ti va tion of old ones.

Many sink holes oc cur in ar eas of doc u mented coal ex ploi ta -
tion at greater depths than 100 m be low ground level. This sug -
gests that even such deep and com plex mine work ings, as in
the for mer “Siersza” Hard Coal Mine, may con trib ute to the for -
ma tion of sink holes.

Due to the in creased de vel op ment of sink holes in re cent
years and their for ma tion also out side the ar eas of shal low min -
ing, sys tem atic mon i tor ing of the ground sur face, e.g. with the
use of ae rial la ser scan ning or UAV, is rec om mended. This will
al low the on set of the phe nom ena to be as sessed in the fu ture
and the ef fec tive ness of the mea sures taken to re duce the risk
of de for ma tion in Trzebinia area to be eval u ated.

The pro cess ing of ar chi val SAR data made it pos si ble to
trace the de vel op ment of con tin u ous de for ma tion in the study
area from 1993 to 2022. It was found that the area cov ered by
the ”Siersza” mine area was sub jected to con stant, mi nor sub si -
dence with val ues of up to –5 mm/year at its cen tre. In
2001/2002 there was a change in the vec tor of move ment from
down wards to up wards. At pres ent, the area of the “Siersza”
mine is sub ject to con stant, mi nor up wards move ments at a rate 
of up to ~20 mm/year in its cen tre. The change in from down -
wards to up wards move ment oc curred at about the same time
as coal min ing was dis con tin ued and the mine was closed. The
slow up lift of the ground sur face is as so ci ated with the build-up
of hy drau lic pres sures in the rock mass.

Dis con tin u ous de for ma tion struc tures of lin ear type in the
area of in flu ence of the for mer “Siersza” Hard Coal Mine are re -
lated mostly to the doc u mented min ing of hard coal de pos its at
var i ous depths with the roof cav ing sys tem. These are fault sills
and extensional fis sures which have lo cally trans formed into
suffosion trenches, in par tic u lar where the Myœlachowice con -
glom er ates, sus cep ti ble to ero sion, oc cur in the over bur den.

The lin ear struc tures are mostly in line with the course of
some of the faults bound ing the min ing pits and rep li cate their
course to the ground sur face. They are also par al lel to the
bound aries of shal low work ings or re late to the bound aries of
sub si dence bas ins re lated to the min ing of deeper seams. 
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