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Sink hole ac tiv ity in the post-min ing re gion of Olkusz and Boles³aw (south ern Po land) has in ten si fied fol low ing re cent
hydrogeological changes. We in tro duce a novel ap proach us ing Un manned Ae rial Ve hi cle (UAV)-based ther mal im ag ing to
de tect and pre dict sink holes, fo cus ing on shal low min ing-in duced voids. Two study ar eas were ana lysed: a test area with nu -
mer ous known sink holes and a pre dic tive area with high sink hole for ma tion po ten tial. Ther mal orthomosaics, gen er ated from 
drone flights con ducted at sub-zero tem per a tures, re vealed pos i tive ther mal anom a lies as so ci ated with newly formed or re -
ac ti vated sink holes, at trib uted to heat flow from subsurface voids, and neg a tive anom a lies in older, sta ble de pres sions. This
method suc cess fully iden ti fied high-risk lo ca tions, though some anom a lies were in flu enced by ex ter nal fac tors (e.g., build -
ings, snow cover, stored ob jects). The re sults show that UAV-based ther mal im ag ing is ef fec tive for mak ing in ven to ries of re -
cent sink holes and holds prom ise for pre dict ing their oc cur rence, par tic u larly in dy namic hydrogeological set tings.
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INTRODUCTION

Sink holes in Po land have var i ous or i gins. They are as so ci -
ated with both nat u ral pro cesses such as karst or suffosion, but
they can also re sult from fail ures re lated to un ex pected wa ter
out flows and soil ero sion or be a con se quence of un der ground
min ing ac tiv i ties. Al though both nat u ral sink holes and those re -
lated to fail ures have of ten posed risks (e.g., Wojciechowski et
al., 2024a, b), the most sig nif i cant group ap pears to be those
re lated to min ing ac tiv i ties. One of the larg est sink hole di sas ters 
in Po land oc curred in Wapno (Greater Po land Voivodeship) in
1977, where un con trolled flood ing of a salt mine led to the for -
ma tion of mas sive sink holes that de stroyed 40 build ings and a
sec tion of a rail way line. There were no ca su al ties, but ~1400
peo ple were evac u ated (Ma³achowski, 2018; Kim et al., 2021).
Min ing-in duced sink holes have been and are still form ing in re -
gions such as Wa³brzych (Koz³owska-Woszczycka and Pact -
wa, 2024), Up per Silesia (Strozik et al., 2016; Strozik, 2018;
Strza³kowski and Strza³kowska, 2023; Strza³kowski 2024), and
Trzebinia (Kleta and Plewa, 2001; Frolik, 2006; Wódka et al.,

2024). Re cently, the Olkusz and Boles³aw area has been char -
ac ter ized by an in creas ing sink hole haz ard (Kos et al., 2025),
where the prob lem has in ten si fied due to (some times rapid)
changes in hydrogeological con di tions fol low ing the clo sure of
mines and ces sa tion of their dewatering.

Pre dict ing sink holes is chal leng ing due to the dy namic na -
ture of the phe nom ena and fre quent gaps in geo log i cal and
min ing doc u men ta tion. A gen eral re view of sink hole pre dic tion
meth ods was pro vided by Sahu and Lokhande (2015). In Po -
land, the Chudek-Olaszowski and Janusz-Jarosz method is
com monly used (Chudek et al., 1988), which re quires only de -
ter min ing the depth and height of the void and the thick ness of
the un con sol i dated over bur den above the void. An other ap -
proach in volves iden ti fy ing ar eas most sus cep ti ble to sink hole
for ma tion based on sim i lar geo-en vi ron men tal fac tors as in re -
gions where such phe nom ena have al ready oc curred (Wódka
et al., 2024). A com pre hen sive in ven tory of sink holes is cru cial
for de ter min ing the fac tors con di tion ing their de vel op ment in a
given area (Papadopoulou-Vronitoti et al., 2013; Wódka et al.,
2024). For min ing-in duced sink holes, key fac tors in clude: ex -
ploi ta tion depth up to 100 m b.g.l., ex ploi ta tion with roof cav ing
sys tem, ar eas of over lap ping ex ploited seams, fluc tu a tions in
ground wa ter lev els, and the pres ence of old, filled sink holes. In -
creased rain fall also plays a sig nif i cant role in sink hole de vel op -
ment (e.g., Chudek et al., 1988; Xiao et al., 2018). In Po land, ar -
eas at risk of min ing-in duced sink holes are typ i cally de lin eated
only by the bound aries of so-called “shal low ex ploi ta tion”
(Chudek et al., 1988), i.e., min ing con ducted up to 100 m b.g.l.
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A sig nif i cant chal lenge is that ar eas pre dis posed to dis con -
tin u ous de for ma tion are usu ally large, mak ing it dif fi cult to pre -
dict the ex act lo ca tion of a sink hole. To ad dress this, in di rect
meth ods (typ i cally geo phys i cal) and di rect meth ods, such as
drill ing, are em ployed in the most threat ened ar eas. A re view of
geo phys i cal meth ods used to study dis con tin u ous de for ma tion
was com piled by Fajklewicz et al. (2004) and Popio³ek and
Pilecki (2006). Com monly used meth ods for iden ti fy ing weak -
ened zones in the ground in clude gravimetry, ground-pen e trat -
ing ra dar (GPR), seismics, and elec tri cal re sis tiv ity to mog ra phy. 
The choice of geo phys i cal method de pends on the li thol ogy of
the over bur den above un der ground voids and the depth of the
ground wa ter ta ble. Ef forts to de tect early sink hole threats have
also in volved com bin ing data from air borne la ser scan ning, sat -
el lite ra dar in ter fer om e try, and anal y sis of mi nor sur face
changes in sink hole-prone ar eas (Intrieri et al., 2015; Walczak
et al., 2025). Di rect meth ods in clude drill ing and prob ing to de -
tect subsurface voids.

A novel method, pre vi ously un used in Po land, is ther mal im -
ag ing us ing an un manned ae rial ve hi cle (UAV). Al though tem -
per a ture change mea sure ments in ar eas with ex ist ing sink -
holes have been con ducted in iso lated cases (e.g., Pilecki and
Popio³ek, 2010), they have not been ap plied at larger scale. To -
day, with the in creas ing avail abil ity of UAVs and re mote ther mal 
cam eras, it is pos si ble to mon i tor ground tem per a ture changes
over large ar eas at lim ited cost, which may aid in pre dict ing spe -
cific lo ca tions at risk of sink hole for ma tion. The use of ther mal
cam eras and UAVs for sink hole de tec tion is not wide spread
glob ally, though tests were con ducted as early as 2016 to ex -
plore early sink hole pre dic tion pos si bil i ties (Lee et al., 2016).
We de scribe the re sults of a pi lot study to re cord and pre dict
sink holes us ing a drone-based ther mal cam era in the Olkusz
and Boles³aw area.

STUDY AREA 
AND GEOLOGICAL SETTING

The study area is lo cated in south ern Po land, in the Ma³o -
polskie Voivodeship, Olkusz County, within the re gion of for mer 
Zn-Pb ore ex ploi ta tion (Fig. 1). The test area (A; 0.14 km) is sit -
u ated on the bor der of the Boles³aw and Olkusz mu nic i pal i ties,
~1 km south of na tional road no. 94, be tween Dojazdowa Street 
and rail way lines no. 62 and 65. It is a for ested area with el e va -
tions rang ing from 309 to 338 m a.s.l., with an av er age slope of
8°. Its west ern part in cludes a sec tion of a sand quarry, where
lo cal ter rain vari a tions ex ceed 20 m and slope in cli na tions
reach 20°. The pre dic tive area (B; 0.17 km) is lo cated in
Bolesaw, south of Gówna Street (Fig. 1). Its south ern part con -
sists mainly of for ests and waste lands cov er ing old open-pit
work ings and dumps. A sec tion of the city by pass runs through
the south east ern part of the area. The north ern part fea tures
build ings and in fra struc ture. The ter rain spans el e va tions from
309 to 343 m a.s.l., with an av er age slope of 5°.

The geo log i cal struc ture of the study ar eas pri mar ily com -
prises Mid dle and Up per Tri as sic for ma tions and Qua ter nary
de pos its (Kurek and Preidl, 1992, 1993; Kurek et al., 1994,
1999). The Mid dle Tri as sic is rep re sented mainly by bed ded
lime stones, com monly marly, con glom er atic lime stones,
coarsely crys tal line lime stones with cherts, finely crys tal line
lime stones, wavy and brecciated lime stones with abun dant
fauna, and finely crys tal line lime stones. Due to metasomatic al -

ter ation, finely crys tal line ore-bear ing dolomites formed within
these for ma tions. These are highly com pact but char ac ter ized
by cav erns, dense frac ture net works, and the pres ence of
clayey and calcitic do lo mite brec cias. Zinc and lead ores, with
thick nesses reach ing sev eral metres, oc cur within these for ma -
tions and have been mined since the 13th cen tury (Siemiradzki, 
1912). In the up per parts of the Mid dle Tri as sic, highly cav ern -
ous Diplopora dolomites are pres ent.

Up per Tri as sic for ma tions are pre served only in the west ern 
part of the area, within a WNW–ESE trending tec tonic trough,
and con sist of grey siltstones with car bon ate interbeds. The to -
tal thick ness of Tri as sic for ma tions in the study ar eas ranges
from 52–101 m in the east ern part and 62–108 m in the west ern
part (Kurek and Preidl, 1992; Kurek et al., 1999).

Qua ter nary de pos its with greater thick ness oc cur mainly in
the east ern and cen tral parts of the re gion (Fig. 2). These are
pre dom i nantly sands and grav els from glaciofluvial ac cu mu la -
tion and fine-grained ae olian sands pre served as dunes. Their
to tal thick ness lo cally reaches 40–50 m (Kurek and Preidl,
1992). In the west ern part, the Qua ter nary cover is sig nif i cantly
thin ner (up to 14 m) or ab sent (Kurek et al., 1999; Fig. 2). On
val ley slopes, sands and clays con tain ing Tri as sic rock frag -
ments are found. In the north west ern part, on the high est el e va -
tions, loess cov ers are pres ent. Anthropogenic soils in the form
of em bank ments and dumps are wide spread through out the
area.

In the Olkusz re gion, com pre hen sive sink hole in ven to ries,
in clud ing of cur rently filled ones, were con ducted be tween 2024 
and 2025 (Kos et al., 2025). Based on ar chi val data, his tor i cal
ae rial pho to graphs, sat el lite im ag ery, dig i tal ter rain mod els, and 
pri mar ily field sur veys, 1,260 sink holes were iden ti fied. In area
A, there were 156 sink holes, and in area B, 72 sink holes.

METHODOLOGY

METHODOLOGICAL ASSUMPTIONS

Un der ground work ings con tain nat u ral sources of heat in -
flow. For shal low work ings – up to 100 m b.g.l., which are sig nif i -
cant for sink hole de vel op ment in Po land – the geo ther mal gra -
di ent is less crit i cal than in deeper work ings. How ever, the tem -
per a ture in now-aban doned, un ven ti lated work ings is likely
>0°C. Ad di tion ally, the ris ing ground wa ter level, which has al -
ready filled many work ings, con trib utes to main tain ing a pos i tive 
tem per a ture. Cracks and loosenings in the ground, which pre -
cede sink hole de vel op ment, can cre ate chan nels for heat flow
from deeper layer of the rock mass. In win ter, this heat flow
should in crease the tem per a ture of the near-sur face ground. In
sum mer, the trend re verses, with ar eas of sink hole ini ti a tion ex -
hib it ing lower tem per a tures due to in tense sur face heat ing. We
as sumed that ther mal anom a lies would be par tic u larly vis i ble
when air tem per a tures are neg a tive or close to 0°C. Meth ods of
lo cat ing heat flow chan nels in win ter have proven use ful, for ex -
am ple, in lo cat ing cave open ings or crev ices in the Kraków -
-Czêstochowa Up land, where the tem per a ture of caves is ap -
prox i mately con stant and ranges from ~6 to 8°C (Górny and
Szelerewicz, 1986). In win ter, in places where warmer air es -
capes over crev ices lead ing to pre vi ously un known caves, melt -
ing of the snow cover has been ob served.

The Olkusz re gion is prone to sink holes, par tic u larly in ar -
eas of old, filled shafts or sink holes, whose ex act lo ca tions are
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dif fi cult to de ter mine (Kos et al., 2025). Un like dolomites, which
have low ther mal con duc tiv ity, a shaft filled with back fill ma te rial 
or an old sink hole filled with less con sol i dated ma te rial can act
as a heat flow chan nel from deeper lay ers of rock mass, es pe -
cially shortly be fore a sink hole de vel ops. In the case of shal low
min ing work ings col laps ing, a sec ond ary void and frac ture zone 
mi grate up wards to the sur face or to the bound ary be tween

solid rock and un con sol i dated Qua ter nary over bur den (Chudek
et al., 1988). The de vel op ment of cracks, frac tures, and soil
loosenings, of ten re sult ing from in creased suffosion of un con -
sol i dated Qua ter nary over bur den, can serve as heat flow chan -
nels from un der ground voids, caus ing ther mal anom a lies at the
sur face.
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Fig. 1. Lo ca tion of the study area

ZGH „Boles³aw”

Fig. 2. Sim pli fied geo log i cal sketch 
(based on Kurek and Preidl, 1992; Kurek et al., 1999; Bednarczyk, 2014; mod i fied)
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To as sess the po ten tial of a Drone-Based Ther mal Cam era
in sink hole re search, two study ar eas were se lected. The drone
flight over the first area (A) aimed to con firm meth od olog i cal as -
sump tions re gard ing ther mal anom a lies over ex ist ing sink -
holes. The flight over the sec ond area (B) was in tended to test
the method’s abil ity to pre dict sink hole oc cur rences.

TEST AREA A

To test the meth od olog i cal as sump tions, an area with a
large num ber of sink holes, both old and those formed af ter
2020 (fol low ing mine flood ing), was se lected. Min ing in this area 
was con ducted with roof col lapse, and in the cen tral part of the
area sink holes were not re claimed. The pres ence of many sink -
holes of vary ing ages al lowed for track ing po ten tial ther mal
anom a lies. The tim ing of sink hole for ma tion was de ter mined
us ing multi-tem po ral la ser and sat el lite data from the Head Of -
fice of Ge od esy and Car tog ra phy (GUGiK) and orthophoto -
maps cre ated from UAV flights for this study.

PREDICTIVE AREA B

To eval u ate the po ten tial of the drone-based ther mal cam -
era for as sess ment of early sink hole pre dis po si tion, an area
with high sink hole for ma tion dy nam ics but fewer sink holes was
cho sen. Based on his tor i cal min ing maps from the Pol ish State
Min ing Au thor ity and his tor i cal ae rial pho to graphs, nu mer ous
now-aban doned shafts and old, filled sink holes were iden ti fied
(Kos et al., 2025). Due to its prox im ity to build ings and in fra -
struc ture, this area has a higher sink hole risk.

WEATHER CONDITIONS

Lim ited equip ment avail abil ity al lowed mea sure ments to be
con ducted on only one day, se lected as the last day with fore -
casted neg a tive tem per a tures dur ing the day and night. Sub se -
quent days were ex pected to bring warmer tem per a tures 0°C.
The first drone flight be fore sun rise was not fea si ble due to un -
ex pect edly low tem per a tures <–10°C, which, ac cord ing to the
man u fac turer’s spec i fi ca tions, were un safe for the ther mal
cam era. Flights were con ducted on Feb ru ary 21, be tween 7:40
AM and 11:40 AM. For the test area (A), one mis sion was flown
at ~–7°C. For the pre dic tive area (B), two mis sions were con -
ducted: one at –8°C and an other at ~–2°C. To min i mize dis tur -
bances as so ci ated with ther mal mea sure ments af ter sun rise
(Lee et al., 2016; Fiorucci et al., 2018; Loiotine et al., 2022),
ther mal im ag ing was per formed in short time in ter vals over
small ar eas to limit their im pact on the re sult ing tem per a ture
dis tri bu tion in the ther mal im age.

DATA ACQUISITION AND PROCESSING

Mea sure ment mis sions were con ducted us ing a DJI Mavic
3 Ther mal drone equipped with a VOx Microbolometer ther mal
cam era and a wide-an gle RGB cam era with a 1/2" CMOS sen -
sor. Due to the need to per form photogrammetric flights in the
short est pos si ble time and the low res o lu tion of ther mal im ages
(640 x 512 pix els), mis sions were con ducted at a height of 70 m
a.g.l. This al ti tude bal anced flight time and the re sult ing ther mal
im age res o lu tion. Lower al ti tudes would pro vide higher res o lu -
tion but pose chal lenges in mis sion ex e cu tion (bat tery lim i ta -
tions) and data post-pro cess ing. Drone flights in volved si mul ta -
neous re cord ing of ther mal im ages and dig i tal pho to graphs, the 
lat ter be ing es sen tial for cre at ing a dig i tal orthophotomap cov -

er ing the same mea sure ment range (two lay ers over the same
area with iden ti cal flight pa ram e ters).

The ac quired dig i tal data were pro cessed in Agisoft Meta -
shape Pro fes sional to pro duce a true-col our RGB orthomosaic
and a ther mal orthomosaic de pict ing changes of tem per a tures
(warmer and cooler ar eas) which was suf fi cient for the pur pose
of anal y sis. Ab so lute tem per a ture val ues were not ob tained,
prob a bly due to in suf fi cient ther mal com pen sa tion of the cam -
era’s sen sor un der the pre vail ing weather con di tions (dur ing the 
mis sion, tem per a tures ranged from –2 to –8°C), ther mal drift er -
rors, us ing a sin gle value of emissivity fac tor for the en tire ther -
mal im age, and im pre cise NUC (Non-Uni for mity Cor rec tion)
cal i bra tion be fore the start of the photoflight mis sion. De spite
these lim i ta tions, the tem per a ture changes in the ther mal im -
ages re corded were re pro duced cor rectly, but in this case, the
nu mer i cal val ues of tem per a ture changes are in dic a tive and
qual i ta tive rather than quan ti ta tive. De ter min ing real tem per a -
ture val ues would re quire de ter min ing many ref er ence points on 
dif fer ent ground sur faces and mea sur ing their tem per a tures at
the time of flight.

Iden ti fy ing sink holes based on ground tem per a ture dif fer -
ences re quired ex clud ing er rors re lated to the cam era’s mea -
sure ment ac cu racy (re jec tion of sin gle pix els in di cat ing tem per -
a ture dif fer ences) and ar eas with tem per a ture vari a tions due to
other fac tors, such as lo cal snow cover, veg e ta tion shad ing
(flights were con ducted shortly af ter sun rise), shal low ground -
wa ter, build ings, and power lines. Ver i fi ca tion in volved ana lys -
ing the orthophotomap cre ated si mul ta neously with the ther mal
mea sure ment and ex clud ing these fac tors in ar eas with ob -
served anom a lies. Sink hole reg is tra tion was pri mar ily based on
the shape of the anom aly cov er ing more pix els, which is typ i -
cally oval or el lip ti cal for sink holes.

RESULTS

TEST AREA A

Pro cess ing data from the drone flight over the test area re -
vealed nu mer ous tem per a ture anom a lies (Fig. 3). Most anom a -
lies clus tered in ar eas with sink holes, but some were re lated to
var ied sun light ex po sure (pres ence of shade), pres ence or ab -
sence of snow cover, and shal low ground wa ter (Fig. 4). Due to
the ab sence of power lines in the test area and the ho mo ge ne ity 
of the soils (pre dom i nantly sands), other causes of anom a lies
vis i ble in the ther mal orthomosaic were ruled out.

In the north ern part of the area, a dis tinct pos i tive anom aly
with a cir cu lar shape was re corded, co in cid ing with a sink hole
formed be tween 2023 and 2024 and re ac ti vated (wid ened and
deep ened) in 2025, shortly be fore the ther mal mea sure ments.
One fac tor con trib ut ing to the el e vated tem per a ture in this sink -
hole is the pres ence of shal low ground wa ter. Ac cord ing to the
orthophotomap cre ated dur ing the ther mal mea sure ments, the
sink hole was dry at the time of re cord ing. The prox im ity of
ground wa ter to the sur face was con firmed by a rect an gu lar
anom aly lo cated di rectly north of the re cently re ac ti vated sink -
hole (Fig. 4), cor re spond ing to a man-made ex ca va tion, an old
sand quarry, which was dry at the time of the flight but is now
par tially flooded. Less dis tinct pos i tive anom a lies were re cor -
ded for sink holes re ac ti vated be tween 2023 and 2024, with
warmer ground ob served only in the mar ginal parts of in di vid ual
sink holes.

The larg est neg a tive anom a lies, with clearly el lip ti cal sha -
pes, were typ i cally as so ci ated with old sink holes formed be fore
2023, now form ing de pres sions that main tain low tem per a tures
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(Fig. 3). These anom a lies re sult from sig nif i cant shad ing and
pro longed snow cover du ra tion.

The re sults cor rob o rated the meth od olog i cal as sump tions,
di vid ing sink holes into two types: “older” ones formed be fore
2023, lack ing heat flow chan nels, and “new” ones formed or re -

ac ti vated af ter 2023, from which heat es capes to vary ing de -
grees. Older forms ex hib ited neg a tive anom a lies, while new
sink holes, in clud ing those ex pand ing in re cent years, showed
pos i tive anom a lies.
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Fig. 3. Ther mal orthomosaic and Dig i tal Ter rain Model for the test area A



PREDICTIVE AREA B

The ther mal im ag ing of the pre dic tive area is less var ied but
in cludes er rors due to lo cal snow cover, shad ows (flights con -
ducted at sun rise), build ings, pho to vol taic pan els, and stored
items near build ings. Two pos i tive anom a lies with dis tinctly oval 
to cir cu lar shapes in the north west ern part of the area are note -
wor thy (Fig. 5A).

The first anom aly is lo cated near the road lead ing to the
cem e tery and close to a su per mar ket park ing lot. De spite its
prox im ity to in fra struc ture, the area is un used due to a steep, ar -
ti fi cially formed slope (~28°). Anal y sis of un der ground util ity
lines showed no di rect con nec tion to the anom aly. The anom aly 
has val ues sim i lar to the “new” sink hole in the north ern part of
test area A. Com par ing the ther mal orthomosaic with the ortho -
photomap ruled out the in flu ence of shad ing from the su per -
mar ket, lo cated ~23 m east of the anom aly. The anom aly’s dis -
tinctly oval shape (Fig. 5B) sug gests a po ten tial sink hole in the

ini ti a tion stage with heat flow from be low the sur face. His tor i cal
min ing maps do not in di cate shal low work ings in this lo ca tion,
but nearby gal ler ies are marked, though their ex act lo ca tion is
un cer tain.

The sec ond cir cu lar anom aly, with high pos i tive val ues, is
lo cated near a ser vice build ing on its south ern side, oc cu py ing
a small area with a ra dius of <1 m (Fig. 5C). Anal y sis ruled out
the in flu ence of shad ing or sun light. The orthophotomap in di -
cated the pres ence of mul ti ple stored items near the build ing.
His tor i cal min ing maps sug gest an old, now-filled shaft in this
lo ca tion. De spite the lim ited ac cu racy of old maps, this site
was iden ti fied as hav ing in creased risk due to its prox im ity to
the ser vice build ing.

Re sults from a sub se quent drone flight con ducted around
11 AM were un us able, with the ther mal orthomosaic show ing
large, het er o ge neously dis trib uted changes of tem per a ture that
were dif fi cult to in ter pret.
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Fig. 4. Ther mal orthomosaic and orthophotomap for the northen part of the test area A 



A week later, a field in spec tion was con ducted to ver ify and
as sess the risk at the lo ca tions iden ti fied. At the first site, no
sink hole was found, but the pres ence of geotextile along the en -
tire length of the ar ti fi cial slope could have dis turbed the mea -
sure ment. How ever, due to the clearly cir cu lar shape of the
anom aly at this place, lead ing to a de ci sion to pe ri od i cally mon i -
tor the area for po ten tial ter rain de pres sions. The sec ond site
was de ter mined to be an er ror due to a bar rel filled with waste,
mean ing the mea sure ment re corded heat from the sub stance
in the bar rel rather than the ground.

DISCUSSION

Tests con ducted in the post-min ing ar eas of Olkusz and
Boles³aw con firm the pos si bil ity of us ing a ther mal cam era
mounted on a drone to in ven tory sink holes, es pe cially newly
cre ated. The con fir ma tion of meth od olog i cal as sump tions in
the test area sug gests that ther mal im ag ing can also sup port

sink hole pre dic tion, al though, as of the writ ing of this ar ti cle, no
sink hole has formed at the lo ca tion of the dis tinct pos i tive
anom aly iden ti fied in the pre dic tive area. The use of a ther mal
cam era can serve as an in di rect method to re fine the most haz -
ard ous lo ca tions within larger ar eas pre vi ously iden ti fied. These 
larger ar eas can be de ter mined based on the ex tent of shal low
ex ploi ta tion (Chudek et al., 1988; Strza³kowski et al., 2021), the
Chudek-Olaszowski and Janusz-Jarosz meth ods (Chudek et
al., 1988), or by iden ti fy ing geo-en vi ron men tal sim i lar i ties ba -
sed on com pre hen sive sink hole in ven to ries (Wódka et al.,
2024).

In the Olkusz re gion, where many sink holes are as so ci ated
with the re ac ti va tion of filled sink holes or shafts, and in for ma tion 
on their ex act lo ca tions is sub ject to 10–20 m er rors (Kos et al.,
2025), the use of a ther mal cam era on a drone can be highly
use ful. Ther mal anom a lies re lated to an aban doned shaft in the
Olkusz area were con firmed by Pilecki and Popio³ek (2010), but 
ob ser va tions were lim ited to a sin gle case. The use of UAV en -
ables the anal y sis of ther mal changes over large ar eas, par tic u -
larly when ap prox i mate lo ca tions of his tor i cal shafts are known,
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al low ing for risk as sess ment re lated to po ten tial sink hole re ac ti -
va tion and re fin ing their lo ca tions. There fore, fu ture plans within 
the Pol ish geo log i cal sur vey in clude us ing a ther mal cam era
with im proved pa ram e ters to ob tain higher-res o lu tion ther mal
orthomosaics.

Ini tial at tempts to de tect ar ti fi cially con structed sink holes us -
ing a ther mal cam era on a drone were de scribed by Lee et al.
(2016). The mea sure ments in the Olkusz area were the first
doc u mented use of a ther mal cam era on a drone in Po land,
con firm ing the ca pa bil i ties of these tools for both de tec tion and
pre dic tion of sink holes. Lee et al. (2016) noted that de tect ing
voids filled with wa ter is sig nif i cantly eas ier. Our re search con -
firmed this, with the most pro nounced anom aly in the test area
oc cur ring in a dry sink hole, but with ground wa ter very close to
the sur face, as in di cated by anom a lies in a nearby ex ca va tion.
Wa ter likely filled the voids be low the sur face, wash ing out nat u -
ral back fill ma te rial and caus ing in sta bil ity that led to sink hole
for ma tion. The dis tinct anom aly in the then-dry ex ca va tion sug -
gests po ten tial of the method for floodplains pre dict ing re lated
to ris ing wa ter lev els and alert ing for pre vi ously unpredicted lo -
ca tions.

Un like Lee et al. (2016), our test was con ducted in win ter
con di tions, fo cus ing on pos i tive anom a lies. Re gional cli ma tic
con di tions, with tem per a tures drop ping be low zero in win ter,
en able such tests. This pe riod also co in cided with in creased
sink hole ac tiv ity due to ris ing ground wa ter lev els fol low ing the
ces sa tion of mine dewatering. Our re sults in di cate that ther mal
im ag ing is ef fec tive at neg a tive tem per a tures, and win ter mea -
sure ments may be more ap pro pri ate due to con vec tion phe -
nom ena. Fu ture plans in clude con duct ing drone flights at
slightly higher tem per a tures (close to 0°C). The lack of more
pos i tive anom a lies may be due to par tial ground freez ing, which 
at night tem per a tures be low 10°C could af fect loosenings and
cracks form ing heat flow chan nels.

Ex pe ri ence from ini tial tests sug gests that the method per -
forms best on cloudy days or af ter dusk. The sec ond flight over
the pre dic tive area at 11 AM did not yield ex pected re sults, with
ther mal im ag ing show ing a mo saic of col ors that was dif fi cult to
in ter pret. The neg a tive im pact of sun light was noted by Lee et
al. (2016), Fiorucci et al. (2018), and Chang et al. (2025). Con -
duct ing ther mal im ag ing with a drone af ter sun rise can cause
dis tur bances in the re sult ing tem per a ture dis tri bu tion due to
rapid sur face heat ing by sun light, vary ing heat ing rates of ma te -
ri als (e.g., as phalt, wa ter, grass, soil), low sun an gles in creas ing 
shadow lengths (mo saic heat ing ef fect), and chal lenges with
ther mal cam era cal i bra tion, which re quires sta ble tem per a ture
con di tions. These fac tors can lead to tem per a ture dis tri bu tion
dis tur bances in ther mal im ages, com pli cat ing in ter pre ta tion.
The method is likely more ef fec tive in open ar eas where veg e -
ta tion, trees, and build ings do not in ter fere with mea sure ments.

Re sults from the test area in di cate that the method is most
ef fec tive in ar eas with high sink hole dy nam ics, pre dict ing lo ca -
tions that may col lapse within days, weeks, or months. Stud ies
on sink hole dy nam ics in the Olkusz re gion iden ti fied 37 sink -
holes in the test area over the past five years (Kos et al., 2025).
As long as ground wa ter lev els re main un sta ble, the dy nam ics of 
these phe nom ena will likely re main high. How ever, the ther mal
cam era did not iden tify clear anom a lies that would in di cate the
de vel op ment of new sink holes in the test area, where min ing
was con ducted with roof cav ing. Fur ther more, sink holes formed 
~1.5 years be fore the test showed no pos i tive anom a lies. Older
sink holes ex hib ited neg a tive anom a lies due to de pres sions and 
as so ci ated shad ing, un re lated to subsurface con di tions. These
anom a lies are not re lated to heat trans fer chan nels from un der -
ground voids, thus older sink holes are likely not at risk of fur ther
ex pan sion.

The test area re sults also sug gest that the ther mal cam era
can be used for ter rain mon i tor ing, ide ally af ter a com pre hen -
sive sink hole in ven tory. The method is par tially ef fec tive for in -
ven to ry ing old sink holes (cold anom a lies) but can be used to
de tect new sink holes with pos i tive anom a lies. This has eco -
nomic im pli ca tions, as mon i tor ing with la ser scan ners is sig nif i -
cantly more ex pen sive due to the need for larger drones and
heavier equip ment.

CONCLUSIONS

A ther mal cam era mounted on a drone can pro vide sig nif i -
cant sup port for mon i tor ing ar eas at risk of sink holes.

At neg a tive air tem per a tures, newly formed sink holes are
char ac ter ized by pos i tive ther mal anom a lies. These anom a lies
can also be used to pre dict po ten tial sink hole lo ca tions.

The ground tem per a ture mea sure ment method is most ef -
fec tive in ar eas with high sink hole dy nam ics, par tic u larly where
ground wa ter lev els are ap proach ing the sur face. Ef fec tive ness
of the cam era de pends on the age of the form; young sink holes
are the eas i est to de tect.

The de scribed method can also be used to pre dict flood -
plain re lated to ris ing wa ter lev els and to alert for pre vi ously
unpredicted lo ca tions.

Anal y sis of ther mal im ag ing re sults should be con ducted
con cur rently with anal y sis of si mul ta neous ortophotomaps, util -
ity maps, and min ing and geo log i cal ma te ri als to avoid er rors in
interpretion.

Re li able re sults re quire mea sure ments un der ap pro pri ate
con di tions. The method is most ef fec tive at neg a tive tem per a -
tures, on cloudy days or at night, in ar eas with out snow cover
and with lim ited veg e ta tion.
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