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As so ci ate Ed i tor: Beata Jaworska-Szulc

One of the few ex am ples of re new able en ergy sources in de pend ent of weather con di tions is geo ther mal en ergy, uti lized both 
in high-tem per a ture geo ther mal sys tems and, in creas ingly, in low-tem per a ture geo ther mal ap pli ca tions. We de scribe novel
re search on the in flu ence of salt diapir struc tures on ground wa ter tem per a tures in their sur round ings. The £aniêta and
Lubieñ salt domes in Po land were se lected as rep re sen ta tive study ar eas. Based on a se ries of field stud ies, tem per a ture
dis tri bu tion maps were de vel oped for Qua ter nary, Neo gene, and Paleogene aqui fers. The anal y sis dem on strated that
ground wa ter ther mal anom a lies in the vi cin ity of salt diapirs reach up to +2.0°C. The re sults ob tained en abled an as sess -
ment of the po ten tial for uti liz ing this ad di tional ther mal en ergy in low-tem per a ture geo ther mal sys tems. A tem per a ture
anom aly in the range of +0.5 to +2.0°C trans lates di rectly into a mea sur able im prove ment in sys tem co ef fi cients of per for -
mance, thereby re duc ing op er a tional costs. The course of ac tion pro posed in this pa per for iden ti fy ing op ti mal lo ca tions for
shal low geo ther mal en ergy ex ploi ta tion has not been pre vi ously ap plied and rep re sents an ef fec tive ap proach to max i miz ing
the share of re new able en ergy sources and en hanc ing the di ver si fi ca tion of lo cal en ergy sup plies, par tic u larly in cen tral and
east ern Eu rope, where salt dome geo log i cal struc tures are rel a tively com mon.

Key words: salt dome, geo ther mal heat, ther mal anom a lies, ground wa ter, low-tem per a ture geo ther mal en ergy.

INTRODUCTION

Salt domes are com mon in many sed i men tary bas ins
world wide. In Eu rope, they are among the most nu mer ous
groups of struc tures within sed i men tary bas ins. The old est
such bas ins in the world are Pre cam brian in age, while the
youn gest are Ce no zoic (Belenitskaya, 2018). Within such bas -
ins, com plex salt struc tures de velop, such as salt pil lows, salt
ridges and diapirs (Poborska-M³ynarska, 2022).

Halokinetic move ments within Zechstein (Up per Perm ian)
salt strata lead to sig nif i cant and com plex trans for ma tions in
Me so zoic and Ce no zoic struc tures (Górski and Rasa³a, 2009).
These pro cesses con tinue to op er ate in some re gions, and the
re sult ing de for ma tions have a sig nif i cant im pact on the lo cal
geo log i cal en vi ron ment (Daniilidis and Herber, 2017). The rate
of halokinesis may ex ceed 19 mm/year; its course is con tin u ous 

and can be ob served us ing re mote sens ing meth ods (Pi¹tko -
wska et al., 2012).

Salt struc tures also sig nif i cantly in flu ence ground wa ter flow
and trans port, in flu enc ing the cou pling be tween hy drau lic for -
ces and the geo ther mal gra di ent (Teixeira et al., 2014). Tem -
per a ture dis tri bu tion de pends pri mar ily on the con fig u ra tion of
Zechstein salts and fac tors such as salt thick ness and salt ta ble
depth (Ondrak et al., 1998; Scheck-Wenderoth et al., 2014).
The ther mal con duc tiv ity (K) of salt is up to three times higher
than that of the sur round ing strata (Vizgirda et al., 1985; Black -
well and Steele, 1989; Mello et al., 1995; Grunnaleite and
Mosbron, 2019; Degen et al., 2022; Ray mond et al., 2022). 

These prop er ties of salt in salt for ma tions can be uti lized to
gen er ate re new able en ergy from geo ther mal heat in both shal -
low and deep geo ther mal sys tems. Low-tem per a ture geo ther -
mal en ergy, also re ferred to as shal low or low-enthalpy geo ther -
mal en ergy, is ther mal en ergy of both en dog e neous and ex og e -
neous or i gin that is ex tracted from the up per most part of the
litho sphere, typ i cally at depths of ~200–400 m (K³onowski et al., 
2020). This con ven tion ally adopted depth limit var ies con sid er -
ably de pend ing on lo cal and re gional nat u ral con di tions, le gal
reg u la tions, sci en tific ap proaches, and ap plied tech nol o gies. In
Eu rope, the tem per a ture of the shal low subsurface layer is vari -
able and in flu enced by fac tors such as am bi ent at mo spheric air
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tem per a ture. How ever, it tends to sta bi lize at depths of
~15–20 m, and be low this level it is partly con trolled by the lo cal
geo ther mal gra di ent. As a re sult, the tem per a ture of the shal low 
ground layer – form ing a low-tem per a ture geo ther mal sys tem –
can be con tin u ously har nessed through out the year us ing
ground- cou pled heat pump in stal la tions (Self et al., 2013; Sar -
bu and Sebarchievici, 2014; Casasso et al., 2017). Deep geo -
ther mal en ergy, on the other hand, re fers to the use of ther mal
en ergy stored in deep lay ers of the Earth’s crust, typ i cally at
depths ex ceed ing 1 km, where nat u ral res er voirs of el e vated-
 tem per a ture geo ther mal wa ters oc cur. This en ergy is ac cessed 
through geo ther mal drill ing, which al lows for the ex trac tion of
hot wa ter or steam from deep aqui fers and their use pri mar ily in
heat ing sys tems and, un der fa vour able con di tions, for elec tric -
ity pro duc tion. In Po land, deep geo ther mal re sources are pri -
mar ily as so ci ated with the sed i men tary bas ins of the Pol ish
Low lands and the Podhale re gion, where fa vour able geo log i cal
and hy dro ther mal con di tions ex ist for the ex ploi ta tion of geo -
ther mal wa ters (Górecki et al., 2006; Kêpiñska et al., 2015).

Pre vi ous mod el ling of salt struc tures from var i ous re gions of 
the world has pro vided valu able in for ma tion on their im pact on
am bi ent ther mal con di tions (Yu et al., 1992; Petersen and
Lerche, 1995). How ever, stud ies of the im pact of salt struc tures

have fo cused pri mar ily on depths ex ceed ing 100 m and on lev -
els older than the Ce no zoic (Scheck-Wenderoth et al., 2014;
Negulic and Louden, 2017). Ex am ples in clude the Hidra and
SÝrvestlandet salt domes lo cated east of the Cen tral Ridge on
the south west ern part of the Nor we gian North Sea shelf (Fig. 1;
Grunnaleite and Mosbron, 2019). These stud ies have shown
that, due to the high ther mal con duc tiv ity of salt, the tem per a -
ture in the area of the dome roots de creases by ~20°C, while in
their up per parts, the rock tem per a ture in creases. This leads to
the for ma tion of ther mal anom a lies in the rocks above the
domes, which can reach val ues as high as 8.5°C (Agemar et al., 
2012; Grunnaleite and Mosbron, 2019).

In the New Or leans re gion, nu mer i cal mod ell ing has been
used to de scribe the im pact of the West Bay salt dome on the
tem per a ture dis tri bu tion in its sur round ings (Fig. 1). The pres -
ence of salt domes was found to be the pri mary fac tor gen er at -
ing ther mal anom a lies, and there is no ba sis for as sum ing al ter -
na tive mech a nisms for their for ma tion. Tem per a ture anom a lies
were re corded along the en tire bore hole pro file, reach ing a
max i mum of ~25°C at a depth of 3,000 m (Vizgirda et al., 1985).

In Po land, ground in ves ti ga tions were con ducted to de ter -
mine the low-tem per a ture geo ther mal po ten tial within the Góra
salt dome (Fig. 1). Sur face geo ther mal mea sure ments con -

2 Patryk Bladusiak et al. / Geological Quarterly, 2026, 70, 12

Fig. 1. Lo ca tion of se lected salt struc tures (af ter Hudec and Jack son, 2007; Donadei and Schnei der, 2016; Krzywiec et al., 2017; 
Caglayan et al., 2020; Mar tin-Clave et al., 2021, mod i fied)
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firmed that the Góra salt dome is an area where the tem per a -
ture mea sured above the dome is higher than its sur round ings.
The am pli tudes of the re corded tem per a tures in the pro files
ana lysed reached val ues of up to 1.4°C. The char ac ter is tic
zonation in the tem per a ture dis tri bu tion, ob served along pro -
files trans verse to the dome, cor re sponded to the dif fer en tial
ther mal con duc tiv ity of the rocks that make up both the dome it -
self and its sur round ings (Tarkowski et al., 2003).

Ground wa ter oc cur ring in the vi cin ity of salt domes is also
an im por tant as pect. Ground wa ter can play a sig nif i cant role in
shap ing the tem per a ture dis tri bu tion, as shown, for in stance, by 
stud ies con ducted in the Gorleben dome area (Fromme et al.,
2010). The like li hood of ground wa ter in flu enc ing tem per a ture
in creases with de creas ing rock cover thick ness (Jensen, 1983). 
In sat u rated zones where in tense ground wa ter flow is ob -
served, heat trans port from salt col umns or domes oc curs
much faster than in re gions with lim ited ground wa ter flow
(Fromme et al., 2010). The small  thick ness of the strata in the
Wedehof and Söhlingen (Fig. 1) salt domes, com posed of
highly per me able Qua ter nary de pos its, in di cates a high prob a -
bil ity of ground wa ter im pact ing the lo cal tem per a ture field
(Fromme et al., 2010). Vari a tions in the ther mal con duc tiv ity of
the over ly ing rock lay ers cause lo cal tem per a ture fluc tu a tions at 
the top of the salt dome. These dif fer ences re main small, yet
they re sult in sig nif i cant tem per a ture anom a lies in its up per
reaches. Stud ies of the ther mal con di tions of salt dome struc -
tures and the as sess ment of their prac ti cal im ple men ta tion as
geo ther mal heat sources have been a rec og nized re search di -
rec tion in Po land for at least two de cades (Petersen and
Lerche, 1995). Pre vi ous pro jects fo cused on the use of ther mal
wa ter re sources, pro pos ing the ex ploi ta tion of wa ters with tem -
per a tures of up to 100°C from Me so zoic and Pa leo zoic lev els
lo cated up to sev eral kilo metres be low ground level (Górecki et
al., 2006; Szewczyk and Gientka, 2009). In deep geo ther mal
bore holes, an ef fect of tem per a ture (so-called ther mal lift) is ob -
served, which re sults in the vol u met ric ex pan sion of the fluid ex -
tracted (Operacz et al., 2020). For the re gion cov ered by the re -
search in this study, only tem per a ture val ues on gen eral maps
of Po land have been shown so far for a depth of 0.5 m b.g.l.,
and these amounted to 9.0°C (Górecki et al., 2006).

Tem per a ture stud ies in shal low aqui fers near Assen (Fig. 1) 
have shown that wa ter tem per a ture in creases in ar eas with salt
domes range from 0.3 to 1.0°C (Janssen, 2015). The tem per a -
ture dif fer ence be tween aqui fers in ar eas with out salt domes
and those in ar eas af fected by salt domes in a steady-state
model was ~2.5°C. This tem per a ture dif fer ence oc curred at
depths of up to 120 m (Janssen, 2015). 

In this con text, our work is in no va tive in seek ing to dem on -
strate that the same geo phys i cal mech a nism (the so-called
“ther mal chim ney” – Petersen and Lerche, 1995; Paj¹k, 2005)
also gen er ates shal low anom a lies (at depths <100 m). Our re -
search em pir i cally in di cates that the oc cur rence of ther mal
anom a lies in ground wa ter at shal low depths can be of sig nif i -
cant eco nomic im por tance for com monly used, low-tem per a -
ture ground-source heat pump sys tems.

The re sults of pre vi ously pub lished stud ies in di cate the po -
ten tial of uti liz ing en ergy from such pos i tive tem per a ture anom -
a lies in ground wa ter around salt domes. How ever, test ing this
hy poth e sis re quires de tailed rec og ni tion and anal y sis of lo cal
con di tions. This work pres ents the re sults of in no va tive re -

search on the im pact of the £aniêta and Lubieñ salt domes (Fig. 
1) on hydrogeothermal con di tions and the mech a nism of tem -
per a ture anom a lies in their vi cin ity.

STUDY AREA

GEOLOGICAL CHARACTERISTIC

The £aniêta and Lubieñ salt domes, en com pass ing parts of
the Kuyavian-Pom er a nian and £ódŸ voivodeships, were se -
lected as the ref er ence study area (Fig. 2). This is an area
where op ti mal use of low-tem per a ture geo ther mal en ergy can
sig nif i cantly im prove the bal ance of re new able en ergy sources.
Other re new able sources, such as flow ing wa ter, wind, or so lar
en ergy, are rel a tively rarely used due to un fa vour able nat u ral
con di tions. Fur ther more, their use is of ten ham pered by po ten -
tial so cial pro tests and chang ing le gal con straints (Operacz and 
Tomaszewska, 2016). There fore, it is highly de sir able to ex -
plore ar eas and op por tu ni ties for us ing other, even low-tem per -
a ture, sources, such as those de scribed in this ar ti cle. The
struc ture ana lysed is typ i cal of salt domes, and there fore the re -
search re sults ob tained are rel e vant to other geo log i cally sim i lar 
ar eas.

The study re gion is lo cated in north-cen tral Po land, within
the Pol ish Low lands. The crys tal line base ment of the re gion
con sists of Pre cam brian-Pa leo zoic plat form units, while Pa leo -
zoic-Me so zoic sed i men ta tion was as so ci ated with the evo lu tion 
of the Perm ian-Me so zoic ba sin. The plat form cover is cov ered
by sed i men tary strata de pos ited con tin u ously since the Pa leo -
zoic, with Car bon if er ous and Perm ian rocks oc cur ring lo cally,
which are closely re lated to the de vel op ment of the Perm ian Ba -
sin in cen tral Eu rope.

Within the study area, a num ber of salt struc tures oc cur, in -
clud ing many domes and pil lows, which are man i fes ta tions of
halokinetic re or ga ni za tion of Zechstein salts. Rec og nized salt
struc tures in this re gion in clude the Lubieñ and £aniêta domes
(Fig. 2). The  £aniêta and Lubieñ salt struc tures stud ied are lo -
cated in the east ern part of the Eu ro pean Perm ian Ba sin (Peryt
et al., 2010; Krzywiec et al., 2017 with ref er ences therein). The
Perm ian strati graphic se quence is rep re sented here mainly by
the Rotliegend red shales and sand stones over lain by Zech -
stein cyclothems (Up per Perm ian), dom i nated by car bon ates,
an hyd rites, and thick rock salt beds (Peryt and Kiersnowski,
2026). Geo phys i cal stud ies and struc tural cross-sec tions have
doc u mented the di verse geo met ric forms of the Lubieñ and
£aniêta domes – from nearly con cen tric salt domes to ex ten sive 
pil lows – which re flect the vari able dy nam ics of halokinetic pro -
cesses and the sig nif i cant in flu ence of the over bur den ar chi tec -
ture on the di rec tion of their de vel op ment, to cre ate the pres -
ent-day struc tures. The domes are likely rooted in the same
Wojszyce salt dome, and thus have a sim i lar in ter nal geo log i cal
struc ture (Krzywiec, 2004; Czapowski and Tarkowski, 2018). 

The salt struc ture of the £aniêta dome com prises a com -
plete se quence of Zechstein evaporites rep re sent ing cyclo -
thems PZ2, PZ3 and PZ4. Their thick ness var ies con sid er ably
due to in tense diapiric de for ma tion (Czapowski and Tarkowski,
2018; Czapowski et al., 2025; Fig. 3).
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The PZ2 cyclothem is rep re sented by the Basal Anhydrite
A2 (up to ~104 m), over lain by the Older Rock Salt Na2 reach -
ing ~257 m and lo cally ac com pa nied by the Older Po tas sium
Salt K2 (~7 m).

The PZ3 cyclothem con sists of the Brown Zuber Na3t
(~104 m), Youn ger Rock Salt Na3 (~86 m) and Main Anhydrite
A3 (~120 m).

The PZ4 cyclothem in cludes the Youn gest Rock Salt Na4
(~41 m) and the Red Zuber Na4t, which lo cally ex ceeds 100 m
in thick ness (Che³miñski et al., 2016).

The evaporite se quence is over lain by a gyp sum-anhydrite -
-clay cap with a thick ness rang ing from ~29 to 241 m, formed as 
a re sult of dis so lu tion, redeposition and chem i cal trans for ma -
tion pro cesses af fect ing the up per part of the diapir (Che³miñski
et al., 2016; Czapowski and Tarkowski, 2018).

The Lubieñ dome is also com posed of Zechstein evaporites 
of cyclothems PZ2, PZ3 and PZ4, and its in ter nal struc ture re -
flects multi-stage diapiric de for ma tion and in tense mo bil ity of
plas tic salt masses dur ing diapir in tru sion (Czapowski and
Tarkowski, 2018; Fig. 3).

Within the PZ4 cyclothem, Red Zuber Na4t reaches up to
95.6 m in thick ness, while Youn gest Rock Salt Na4 at tains up to 
61.4 m.

The PZ3 cyclothem is dom i nated by the Youn ger Rock Salt
Na3 with a max i mum thick ness of 254.1 m. The Main Anhydrite
A3, lo cally interbedded with the Platy Do lo mite Ca3 and the
Grey Salt Clay T3, reaches up to 78.7 m.

The PZ2 cyclothem in cludes the Older Rock Salt Na2 with a
thick ness of up to 359.4 m, ac com pa nied by the Older Po tas -
sium Salt K2 (up to 6.7 m). These de pos its over lie the Anhydrite 
A2r (~10.2 m) and Basal Anhydrite A2, which to gether reach
103.4 m and oc cur in 10–15 lay ers (Czapowski and Tarkowski,
2018). As in di cated by Trusheim (1957), the de vel op ment of pil -
lows, diapirs and salt col umns re quires the pres ence of salt de -
pos its ex ceed ing 300 m in thick ness and an over bur den of at
least 1000 m thick (Che³miñski et al., 2016). The area ana lysed
is lo cated in the mid dle zone of the salt tec ton ics, where salt
struc tures, such as dykes, col umns, and diapirs, were most fully 
de vel oped, par tially or com pletely pen e trat ing Me so zoic rocks
(Dadlez, 1997; Fig. 3).
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Fig. 2. Study area of the £aniêta and Lubieñ salt domes

Cross-sec tions A and B are shown in Fig ure 3
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In ver ti cal sec tion, Me so zoic, Paleogene and Neo gene
rocks oc cur above the Zechstein for ma tions, while the ground
sur face is com posed of Qua ter nary de pos its, which lo cally
mask the struc tural ex pres sion of the salt domes and de ter mine 
con tem po rary geomorphological pro cesses (Fig. 3). The Qua -
ter nary de pos its in the area are char ac ter ized by sig nif i cant
vari abil ity in thick ness, from sev eral tens of metres in the cen tral 
part of the £aniêta salt dome to ten or so metres on the pe riph -
ery. They are dom i nated by river sands and grav els up to 3.5 m
thick, ac cu mu lated as ter races of the Wis³a River val ley.

The Paleogene and Neo gene de pos its are rep re sented by
the Poznañ var ie gated clays and Mio cene suc ces sion with
interbedded lig nite and silty sands. The old est Neo gene de pos -
its – Mio cene, Oligocene, and Plio cene – oc cur as clayey and
sandy se quences with lig nite interbeds, lo cally ex ceed ing sev -
eral tens of metres in thick ness (Baraniecka, 1993; Ro man,
2011).

The Pleis to cene de pos its, up to 40 m thick, are of di verse
gla cial and flu vio gla cial or i gin. They are rep re sented by boul der
clays, sands and grav els as so ci ated with the Cen tral Pol ish
Gla ci ation (Krzywiec, 2009). Ho lo cene de pos its in the north ern
part of the study area con sist pri mar ily of flu vial and dune
sands, col lu vial clays, peats and al lu vial soils.

HYDROGEOLOGICAL CONDITIONS

The study area is lo cated within the ad min is tra tive bound -
aries cov ered by four hydrogeological map sheets: Lubieñ
Kujawski, Gostynin, Kroœniewice and Kutno. The lo cal hydro -
geological sys tem is multi-lay ered and was ana lysed based on
the de tailed hydrogeological maps of the Main Us able Aqui fer
(GUPW) and the First Ground wa ter Ho ri zon (PPW).

The GUPW is pre dom i nantly as so ci ated with Qua ter nary
flu vio gla cial and flu vial sands and grav els, and lo cally with Neo -
gene sands (Oficjalska and Krawczyñska, 2002; W³ostowski

and Gregosiewicz, 2002a; W³ostowski, 2002). These Qua ter -
nary aqui fers oc cur at vary ing depths, typ i cally down to 50 m,
with the thick ness of wa ter-bear ing strata gen er ally rang ing
from 10 to 20 m. They are com monly sep a rated by low-per me -
abil ity gla cial tills, while the deeper Neo gene aqui fers are iso -
lated from the sur face by thick lay ers of Plio cene Poznañ var ie -
gated clays (Miko³ajczyk, 2008; Sobolewska et al., 2012;
Wêgrzyn et al., 2012). Ad di tion ally, the south ern part of the
study area lies within the ex tent of the Ma jor Ground wa ter Ba sin 
No. 226 (GZWP 226 Kroœniewice-Kutno), a deep frac tured-
 karstic res er voir de vel oped in Up per Ju ras sic for ma tions (W³o -
stowski, 2002).

The £aniêta and Lubieñ salt domes sig nif i cantly dis rupt this
re gional hydrostratigraphy. Halokinetic move ments and the
pier c ing of salt diapirs through Me so zoic and Ce no zoic strata
cre ate zones of tec tonic loos en ing, fault ing, and vari able over -
bur den thick ness (Czapowski and Tarkowski, 2018). These
struc tural dis tur bances es tab lish di rect ver ti cal hy drau lic path -
ways, fa cil i tat ing con tact be tween deeper, highly min er al ized
wa ters and the shal low aqui fers (Baraniecka, 1993; Czapowski
and Tarkowski, 2018).

Field mea sure ments con ducted in 20 ob ser va tion wells (fil -
tra tion depths 27–93 m b.g.l.) re flect these lo cal hydrochemical
in ter ac tions. The back ground shal low ground wa ter ex hib its nor -
mal elec tri cal con duc tiv ity (EC) mostly in the range of
240–600 µS/cm and an al ka line char ac ter (pH >9.0). How ever,
near the salt struc tures, anom a lous zones were iden ti fied
where EC reaches up to 1084 µS/cm, ac com pa nied by a
slightly al ka line pH (7.3–8.0). The geo log i cal set ting strongly
sup ports the hy poth e sis of lo cal ized up ward mi gra tion of brines
along the fault zones sur round ing the salt domes.

From a geo ther mal per spec tive, the high hy drau lic con duc -
tiv ity of the Qua ter nary sands plays a cru cial role (Wêgrzyn et
al., 2012; Hajdas and WoŸniak, 2018). In these per me able ho ri -
zons, advection be comes a dom i nant heat trans port mech a -
nism. The flow ing ground wa ter ef fec tively ab sorbs ther mal en -
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Fig. 3. Cross-sec tions through the Lubieñ and £aniêta salt domes

A – sim pli fied cross-sec tion through the Lubieñ salt dome (af ter K. Poborska-M³ynarska in: Œlizowski et al., 2004); 
B – sim pli fied cross-sec tion through the £aniêta salt dome (af ter Parecka, 1980, mod i fied); 

lo ca tion of cross-sec tions is shown in Fig ure 4

https://doi.org/10.1016/B978-0-12-809417-4.00012-4
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ergy from the un der ly ing, highly con duc tive salt col umns and
dis trib utes it lat er ally. This con tin u ous advective heat trans port
sig nif i cantly am pli fies the lo cal geo ther mal po ten tial, con trib ut -
ing di rectly to the ther mal anom a lies ob served in the shal low
aqui fers.

MATERIALS AND METHODS

FIELDWORK METHODOLOGY

Re search on the im pact of salt ther mal con duc tiv ity was
con ducted in the Lubieñ and £aniêta salt domes, based on pub -
lished lit er a ture from var i ous re gions of Eu rope, where sim i lar
struc tures caused ther mal anom a lies (Grunnaleite and Mos -
bron, 2019).

Based on data from the Pol ish Geo log i cal In sti tute – Na -
tional Re search In sti tute Mi das da ta base (link: MIDAS), the ex -
tent of the £aniêta and Lubieñ salt domes was de ter mined. A 5
km ra dius buffer was then es tab lished around their bound aries,

con sti tut ing the study area (Fig. 4). Fifty five ground wa ter in take 
bore holes ex ceed ing 30 m in depth were iden ti fied within this
des ig nated area. Shal lower bore holes were ex cluded from the
study, rec og niz ing that the tem per a ture of the wa ter drawn from
them may be in flu enced by at mo spheric or anthropogenic con -
di tions. De tailed in for ma tion about the bore holes was ob tained
from the HYDRO Bank (link: https://spd.pgi.gov.pl/map).

A Solinst Levelogger 5 (for tem per a ture pro fil ing) and a
com pen sat ing Barologger 5 (Model 3001) were used for field
stud ies. The Levelogger 5 per formed wa ter tem per a ture pro fil -
ing with an ac cu racy of ±0.05°C. pH and EC were mea sured us -
ing a Slandi pH metre and con duc tiv ity metre, re spec tively.
Levelogger stud ies were con ducted us ing the de vice’s ap pli ca -
tion which al lows for a de lay in the start of mea sure ments (a 5
min ute de lay was set). Af ter this de lay, the ac tual mea sure ment 
be gan. The pur pose of the de lay was to al low the sen sor to ther -
mally sta bi lize af ter im mer sion in wa ter, so that its tem per a ture
could equal ize with the wa ter tem per a ture be fore the ac tual re -
cord ing be gan. 

The mea sure ments were di vided into two groups: con tin u -
ous mea sure ments and point mea sure ments. The lo ca tions of
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Fig. 4. Lo ca tion of con tin u ous and point tem per a ture mea sure ments

Well num bers in Ta ble 1

https://doi.org/10.3390/geosciences9090363
https://midas-app.pgi.gov.pl/ords/r/public/midas/start
https://spd.pgi.gov.pl/map


the test points are shown in Fig ure 4. Con tin u ous mea sure -
ments con sisted of cre at ing a wa ter tem per a ture pro file from
the wa ter ta ble to the bot tom of the well (as a tem per a ture-
 depth pro file). These were per formed ex clu sively in une -
quipped bore holes (i.e., with out wa ter ex trac tion in stal la tions).
Dur ing these mea sure ments, the ap pa ra tus was low ered at a
rate of ~1 metre per 40 sec onds (~0.025 m/s), and the re corder
took mea sure ments ev ery 5 sec onds. Point mea sure ments
were per formed in “re in forced” bore holes. These in volved col -
lect ing a wa ter sam ple from the fil tered level and si mul ta -
neously mea sur ing its tem per a ture.

Raw tab u lated data (pri mar ily from con tin u ous pro fil ing) en -
abled the cre ation of tem per a ture-depth graphs and were used
for fur ther anal y sis in Pe trel 2020 (Schlumberger). The re sults
of the point mea sure ments may have been sub ject to er ror, as
pump ac ti va tion could have af fected the wa ter tem per a ture.
There fore, in this study, they only served as sup port ing in for ma -
tion for the con tin u ous pro files.

Ad di tion ally, a con trol area was es tab lished, en com pass ing
five bore holes lo cated out side the zone of in flu ence of the salt
domes, yet drilled in for ma tions with stra tig ra phy and li thol ogy
sim i lar to those in the study area. This pro ce dure en abled the

de ter mi na tion of a ref er ence level (Fig. 5). Data from the TP-1
Halinów bore hole, where the Pol ish Geo log i cal In sti tute – Na -
tional Re search In sti tute (PGI-NRI) con ducts con tin u ous tem -
per a ture mea sure ments, were also in cluded in the anal y sis
(K³onowski and ¯eruñ, 2024). This bore hole is lo cated in rocks
with li thol ogy and stra tig ra phy com pa ra ble to both the con trol
and study ar eas, and is also lo cated out side the range of in flu -
ence of the salt domes (Fig. 5).

To as sess the po ten tial im pact of salt domes on wa ter
hydrochemistry, physicochemical pa ram e ters of the wa ter were 
ana lysed: spe cific elec tro lytic con duc tiv ity (SEC) and pH. SEC
is a mea sure of the wa ter’s abil ity to con duct elec tric ity and is di -
rectly re lated to to tal dis solved sol ids (TDS). In the con text of re -
search con ducted near salt domes, SEC is a key, rapid proxy
for iden ti fy ing po ten tial sa lin ity zones, but also an in di ca tor of
po ten tial anthropogenic con tam i na tion.

The re search was con ducted in two rounds: the first in late
Jan u ary and early Feb ru ary 2025, and the sec ond in late June
and early July 2025 (Fig. 6). The re sults con firmed the ini tial as -
sump tion that the sea son has no ef fect on ground wa ter tem per -
a ture <30 m b.g.l., as the tem per a ture dif fer ence was within the
mea sure ment er ror of the equip ment. Fur ther more, the field
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Fig. 5. Con trol area with the TP-1 Halinów test well



stud ies pro vided in for ma tion in di cat ing no vis i ble sea sonal ef -
fect even from 20 m b.g.l. It was there fore pos si ble to carry out
re search at dif fer ent times of the year, be cause the re search
prob lem con cerned wa ters be low the level of in flu ence of ex ter -
nal fac tors such as air tem per a ture.

METHODOLOGY OF ANALYTICAL WORK

Maps and mod els are used to iden tify po ten tial geo ther mal
de pos its and ther mal anom a lies (Li et al., 2018). Schlum -
berger’s Pe trel 2020 soft ware was used to de velop strati graphic 
level maps and tem per a ture maps. Ar chi val data were used to
cre ate ac cu rate three-di men sional maps of the area: maps,
cross-sec tions, and well data on the stra tig ra phy of the wells.
Data from 556 wells were pre pared and or ga nized, in clud ing by
stan dard iz ing the stra tig ra phy us ing Microsoft Ex cel. Due to the 
lack of avail able dig i tal in for ma tion, it was nec es sary to cre ate
this. For this pur pose, graph i cal maps pre vi ously im ported into

Pe trel soft ware were dig i tized. Dig i tiz ing the maps al lowed for
the cre ation of isolines and the as sign ment of depths to them.
Based on the isolines, maps were cre ated us ing the Make Sur -
face tool us ing the con ver gent in ter po la tion al go rithm and
match ing to the wells (with ap pro pri ate strati graphic sep a ra tion
us ing the well ad just ment op tion). A 50 x 50 m grid was used.
This al go rithm is of ten avail able for cre at ing geo log i cal unit sur -
faces within struc tural or lay ered mod el ling. The al go rithm was
used to ob tain top strati graphic sur faces based on point data
while re pro duc ing the mor pho log i cal trends of a given sur face
as ac cu rately as pos si ble and avoid ing ex ces sive fluc tu a tions
(Sbrana et al., 2018). As part of this study, it was de cided to cre -
ate maps of three strati graphic lev els: the Ho lo cene at a depth
of 20 m b.g.l. (Fig. 7), the Pleis to cene, which was com bined with 
the Ho lo cene at a depth of 20 m b.g.l. (Fig. 8), and a Paleogene -
-Neo gene map (Fig. 9). The de ci sion to pre pare a Ho lo cene
map for a depth of 20 m b.g.l. was dic tated by the fact that a
tem per a ture anom aly map was de vel oped for this depth. The
anal y sis of field work re sults de scribed in this ar ti cle con firms
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T a  b l e  1

List of re search wells with phys i cal pa ram e ters mea sured at the level of fil tra tion

No Name of the well Wa ter 
tem per a ture [°C]

EC
[µS/cm] pH

Fil ter depth
from–to
[m b.g.l.]

Notes

1 4800036 – “HYDROKOP” S2 10.265 394 7.78 42.1–50.0  

2 4810156 – PUNKT CZERPALNY ST 1 10.067 1084 7.3 39.7–45.7 high EC

3 4800061 – STUDNIA PUBLICZNA 1 9.813 671 7.52 33.2–39.2  

4 4800079 – WODOCI¥G WIEJSKI 2 9.997 447 7.38 33.8–43.8  

5 4800064 – WODOCI¥G WIEJSKI 3 10.001 242 6.82 37.9–41.3  

6 4810183 – WODOCI¥G WIEJSKI ST2 10.193 581 7.42 30.5–42.5  

7 4810055 – GORZELNIA 2 ~11 794 8.06 78.0–93.0 con tin u ous tem per a ture pro file,
high EC

8
4800120 – GOSPODARSTWO 

ROLNE 1 10.19 428 7.4 68.0–86.0  

9
5160156 – WODOCI¥G WIEJSKI I 

SKR 2 10.019 541 7.43 42.9–57.1  

10 4800054 – ZAK£AD ROLNY 3 ~9.7 452 7.67 50.8–65.0 con tin u ous tem per a ture pro file

11
4800089 – GOSPODARSTWO 

ROLNE 1 11 484 7.27 72.0–88.5  

12
5170119 – DOM POMOCY

SPO£ECZNEJ 1 – 519 8.76 36.5–47.0  

13 4800188_PGR_ST_1 ~9.3 275 9.07 54.5–58.5 con tin u ous tem per a ture pro file

14 4800218 – POLCALC SP. Z O.O. 2 – 397 8.33 27.15–44.85  

15
5160188 – DESZCZOWNIA
PLANTACJI OWOCÓW-1A 10.6 383 8.43 31.0–36.0  

16 5160081 – ZAK£ADY PASZOWE 2 ~10.4 245 9.48 39.5–49.5 con tin u ous tem per a ture pro file

17
4800209 – GOSPODARSTWO 

ROLNE 1 – 628 8.31 38.0–47.0  

18
4800214 – GOSPODARSTWO 

ROLNE 1 ~10.5 760 8.47 32.0–44.0 con tin u ous tem per a ture pro file 
high EC

19
4800081 – GOSPODARSTWO 

ROLNE 2 ~9.4 513 8.26 32.0–46.0 con tin u ous tem per a ture pro file

20
4800059 – PUNKT CZERPALNY

 (D. UJÊCIE WIEJ) – 590 8.07 38.0–44.0  

21
4800200 – GOSPODARSTWO 

ROLNE 1 – 573 8.1 35.0–41.0  

https://doi.org/10.3390/en11061591
https://doi.org/10.1007/s12665-018-7225-9
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Fig. 6. Field re search in the area of Lubieñ and £aniêta salt domes

A – well 5160081 – ZAK£ADY PASZOWE 2; B – well 4800079 – WODOCI¥G WIEJSKI 2; 
C, D – well 4810055 – GORZELNIA 2; lo ca tion of wells on Fig ure 4 



that, even be low a depth of 20 m, there is no ob served ef fect of
sur face me te o ro log i cal con di tions on rock tem per a ture. Sub se -
quent map lev els were pre pared for the tops of strati graphic
units. Based on the struc tural maps and tem per a ture data ob -
tained from the field work, tem per a ture maps were pre pared.
The pri mary re search ma te rial con sisted of con tin u ous tem per -
a ture pro files ob tained in seven “unrein forced” wells. Sup ple -
men tary data in cluded re sults from ten ac tive bore holes where
point mea sure ments were taken, as well as in for ma tion from
the TP-1 Halinów well and the con trol area (K³onowski and
¯eruñ, 2024).

RESULTS AND DISCUSSION

As a re sult of field stud ies con ducted in ac cor dance with the 
meth od ol ogy de scribed above, a da ta base of tem per a ture, EC
and pH was ob tained for 20 study sites in the vi cin ity of the
£aniêta and Lubieñ salt domes, shown in Fig ure 4. The re sults
ob tained are sum ma rized in Ta ble 2.

EC val ues for the ground wa ter tested in the 20 wells show
sig nif i cant vari abil ity, rang ing from 242 to 1084 µS/cm (Ta ble 1).
Most sam ples (~75% of the tested wells) fall within the 240–600
µS/cm range. This range can be con sid ered the lo cal hydro -

chemical back ground for shal low Qua ter nary and Paleo gene-
 Neo gene wa ters, rep re sent ing typ i cal nor mal groun d wa ter.

Three wells clearly stand out from the dom i nant ground -
wa ter. These are bore holes with num bers 4810156 (EC =
1084 µS/cm), 4810055 (EC = 794 µS/cm) and 4800214 (EC
= 760 µS/cm).

Such high EC val ues in shal low aqui fers, in the im me di ate
vi cin ity of the £aniêta and Lubieñ salt domes, strongly sug gest a 
lo cal in flow of highly min er al ized wa ters. Al though brine mi gra -
tion from deeper lev els might be a nat u ral hy poth e sis in the con -
text of the salt domes, these val ues (in the range of
760–1084 µS/cm) are also typ i cal of anthropogenic con tam i na -
tion, for ex am ple, of ag ri cul tural or i gin (fer til iz ers) or mu nic i pal
or i gin (leaky sep tic tanks). Con sid er ing the shal low lo ca tion of
the stud ied wa ters and the ag ri cul tural na ture of many wells, the 
lat ter hy poth e sis seems more likely.

Anal y sis of the hydrochemical data also re vealed an in ter -
est ing re la tion ship be tween pH and EC. Wa ters with the low est
min er al iza tion (EC <300 µS/cm) were ob served to ex hibit an al -
ka line pH (pH >9.0). Anom a lous wa ters, iden ti fied as po ten tial
con tam i na tion zones (EC >750 µS/cm), were char ac ter ized by
a slightly al ka line pH (pH 7.3–8.06). This in verse cor re la tion
may in di cate the mix ing of two ge net i cally dis tinct wa ter types:
shal low, al ka line fresh wa ter, evolv ing in Qua ter nary de pos its,
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Lake Lubieñ
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Lubieñ salt dome

£aniêta salt dome

Selected wells from the study area
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14800187-PGR ST 1

[m a.s.l.]

Fig. 7. Ho lo cene map at a depth of 20 m b.g.l.
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Fig. 8. Map of the Ho lo cene top with the Pleis to cene at a depth of 20 m b.g.l.
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Fig. 9. Struc tural map of the Paleogene-Neo gene top
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Fig. 10. Sum mary of “con tin u ous” and “point” mea sure ments 
with con trol ar eas 



and a com po nent de rived from pol lu tion (e.g., ag ri cul tural or
mu nic i pal), which is more hydrochemically neu tral. The in flow
of this lat ter com po nent in creases min er al iza tion (EC) but si -
mul ta neously low ers the pH of the mix ture, act ing as a buffer for 
the al ka line wa ters of the shal low aqui fers.

It was de cided to de scribe the tem per a ture at strati graphic
ho ri zons (Figs. 8 and 9) and com pare the tem per a ture pro files
with the lithological pro files of wells where con tin u ous mea sure -
ments were pos si ble (Fig. 10). Based on the re sults ob tained, a
field data sum mary was pre pared, com par ing the tem per a ture
pro files from the study area with the tem per a ture pro file from the
TP-1 Halinów well (Fig. 10). The TP-1 Halinów well is de rived
from ar chived data from the PGI-NRI (K³onowski and ¯eruñ,
2024) and rep re sents the tem per a ture back ground used as a
ref er ence point for iden ti fy ing and in ter pret ing tem per a ture
anom a lies. The con tin u ous pro files are treated as ref er ence data 
be cause they are not dis torted by ex ter nal in flu ences, such as
well pump op er a tion, which can af fect the re sults of point mea -
sure ments. Ad di tion ally, a sum mary was pre pared, cor re lat ing
the data from the TP-1 Halinów well and the con trol area with the
re sults ob tained from both con tin u ous pro files and point mea -
sure ments (Fig. 10). Con tin u ous mea sure ments were also used
later in the study to pre pare tem per a ture dis tri bu tion maps.

In the study area, wa ter tem per a tures in wells at depths of
>20 b.g.l. ranged from 9.5 to 11.0°C (Fig. 10), and the back -
ground tem per a ture ranged from 9.0 to 9.7°C (Fig. 10). Anom a -
lous val ues were ob served around the £aniêta and Lubieñ salt
domes. The re duced tem per a ture val ues around the dome
(con sid ered anom a lous) may be re lated to dis tur bances cau -
sed by the im pact of a nat u ral lake, Lake Lubieñ, the im pact of
which can lower wa ter tem per a tures in aqui fers. Shal low wa ter
bod ies, such as Lake Lubieñ, have enor mous heat ca pac ity
and are strongly linked to at mo spheric con di tions. They act as
sea sonal ther mal buff ers. Shal low ground wa ter in the im me di -
ate vi cin ity of the lake is in con stant ther mal in ter ac tion with the
lake wa ter. As a re sult, the tem per a ture of these wa ters is a re -
sult of at mo spheric con di tions, not a deeper geo ther mal flow.
The lake there fore acts as a lo cal buffer that ef fec tively elim i -
nates the pos i tive anom aly re sult ing from the salt domes.

A lack of vis i ble ex ter nal in flu ence on tem per a ture was also
ob served from a depth of ~20 m b.g.l. This in di cates that the ini -
tial as sump tion of tem per a ture con stancy from 30 m b.g.l.,
based on pub lished data, was over stated. This also leads to the 

con clu sion that the tem per a ture anom a lies ob served re sulted
from the im pact of heat from salt domes.

The tem per a ture dis tri bu tion in the study area was ana lysed 
for in di vid ual strati graphic units – from Ho lo cene de pos its at a
depth of 20 m b.g.l. to Paleogene-Neo gene for ma tions.

In the Ho lo cene-Pleis to cene de pos its at a depth of 20 m
b.g.l., tem per a ture val ues range from 9.3 to 10.5°C (Fig. 11). El -
e vated tem per a tures are vis i ble around the salt domes, par tic u -
larly in their north ern parts, where the salt ta ble with a gyp sum
cap is clos est to the ground sur face (Fig. 11). In the Paleogene -
-Neo gene strata, ground wa ter tem per a tures range from 9.5 to
11°C (Fig. 12). The high est ground wa ter tem per a tures were
also ob served in these strata near the Lubieñ and £aniêta salt
domes (Fig. 14). This phe nom e non is re lated to the ef fec tive
heat trans port by salt, which con ducts ther mal en ergy from
deeper geo log i cal lay ers. No im pact re lated to the lake’s pres -
ence was ob served in the unit ana lysed.

The ther mal anom a lies de tected dem on strate a sig nif i cant
im pact on the in crease in the geo ther mal po ten tial of the study
area. Tem per a ture anom a lies reach ing up to +2.0°C were iden -
ti fied in the study area (Figs. 11 and 12).

The li thol ogy of the rocks sur round ing the salt dome also
has a sig nif i cant im pact on heat trans port, and thus on tem per a -
ture in creases. Stra tig ra phy and li thol ogy are based on the
HYDRO Bank da ta base. Lithological ob ser va tions re quire a
deeper in ter pre ta tion of heat trans port mech a nisms (Figs.
13–15). In low-tem per a ture geo ther mal en ergy, two pro cesses
must be dis tin guished: con duc tion, i.e., heat trans port through
static ma te rial, dom i nant in low-per me abil ity de pos its (such as
boul der clays), and advection (con vec tion), i.e., heat trans port
through the move ment of a car rier (ground wa ter), dom i nant in
high-per me abil ity lithologies (sands, grav els) (Busby et al.,
2009). In the con text of ground-source heat pumps, ground wa -
ter flow is very ben e fi cial be cause it causes con tin u ous ther mal
“re gen er a tion” of the ground around the heat exchanger, pre -
vent ing it from cool ing ex ces sively dur ing the heat ing sea son. It
can be hy poth e sized that the ob served strong anom a lies (up to
+2°C) are the re sult of a com bined ef fect: high con duc tion
through the salt dome, which trans ports heat from the depths of
the Earth, and high advection in the Qua ter nary aqui fers
(sands/grav els), where the ground wa ter ef fec tively “re ceives”
this heat from the dome and dis trib utes it to the mea sure ment
wells (Figs. 13–15).
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T a  b l e  2

Tem per a ture dif fer ence be tween the ground 
and the work ing me dium

Ther mal anom aly [°C]
Wa ter tem per a ture 

in rocks/soil 
[°C]

DT (soil-me dium)
 [°C]

0°C (base line) 9 9–2 = 7

+0.5 9.5 9.5–2 = 7.5

+1 10 10–2 = 8

+2 11 11–2 = 9

https://doi.org/10.1144/1470-9236/08-092
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A

B

Fig. 13A – well 4800214 – Gospodarstwo rolne 1 with tem per a ture pro file; 
B – well 4800081 – Gospodarstwo rolne 1 with tem per a ture pro file 
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A

B

Fig.  14A –  well 4810055 – Gorzelnia 2 with tem per a ture pro file; 
B – well 5160081 – Zak³ady Paszowe 2 with tem per a ture pro file
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Fig. 15A – well 4800188 – PGR ST 1 with tem per a ture pro file; 
B – well 4800054 – Zak³ad rolny 3 with tem per a ture pro file



To es ti mate the scale of the in creased ther mal im pact of the 
salt domes, a sim pli fied model based on Fou rier’s law of ther -
mal con duc tiv ity was used, en abling the as sess ment of rel a tive
(per cent age) changes in ther mal power.

The ther mal power P is de scribed by equa tion [1]:

P = k ´ A ´ DT [1]

where: P – ther mal power (W); k – ef fec tive heat trans fer co ef fi cient

(W/m2K); A – heat trans fer sur face (m2); DT – tem per a ture dif fer -
ence be tween the ground and the work ing me dium (°C)

The fol low ing cal cu la tion as sump tions were made for the
anal y sis:

– the ground out let tem per a ture (Tg) is 9°C;
– the work ing me dium (e.g., the gly col so lu tion in the ground -

-source heat pump sys tem) has a tem per a ture of 2°C;
– the heat trans fer co ef fi cient k was as sumed to be a con stant 

value, as the pur pose of the anal y sis was to de ter mine rel a -
tive changes, not ab so lute power val ues;

– the heat trans fer sur face A was as sumed to be con stant
and not to af fect the per cent age change in geo ther mal po -
ten tial.
Ta ble 3 shows the tem per a ture dif fer ence be tween the

ground and the work ing me dium for var i ous ther mal anom aly
sce nar ios.

Tak ing into ac count that power is re lated to tem per a ture dif -
fer ence, the po ten tial in crease in its value was ap prox i mated,
ex pressed as a per cent age. For mula [2] for the po ten tial in -
crease was used:

D
D

P
T

T
= -

æ

è
ç

ö

ø
÷ ×1 100%

[2]

where: DT – tem per a ture dif fer ence be tween the ground and the
work ing me dium; T – ground tem per a ture with out the im pact of the
salt dome.

Based on cal cu la tions, it was found that due to the im pact of
the salt domes, the geo ther mal po ten tial in this re gion can in -
crease by up to 28.57%. Ta ble 3 sum ma rizes the po ten tial
changes for se lected vari ants of wa ter tem per a ture in crease in
the re gion stud ied.

As a re sult of field stud ies and ad vanced anal y sis of the re -
sults ob tained, it was found that the nat u ral tem per a ture in -
crease ob served in the vi cin ity of salt domes re sults in an in -
crease in geo ther mal po ten tial. A tem per a ture in crease of even
0.5°C re sults in a 7% in crease in geo ther mal po ten tial, while a
2°C in crease (as ob served in the study area) re sults in a 30%
in crease in po ten tial. These are ex tremely sig nif i cant val ues
and rep re sent sig nif i cant value for the prac ti cal use of geo ther -
mal en ergy, par tic u larly in low-tem per a ture geo ther mal in stal la -
tions such as ground-source heat pumps. 

CONCLUSIONS

Based on ground wa ter tem per a ture stud ies con ducted in
the area of salt domes, it was em pir i cally con firmed that the
£aniêta and Lubieñ salt domes act as “ther mal chim neys” gen -
er at ing mea sur able and sta ble pos i tive tem per a ture anom a lies
in shal low aqui fers. From a depth of ~20 m b.g.l., there are no
no tice able ex ter nal fac tors dis rupt ing the in flu ence of the salt
domes. It was dem on strated that the anom aly iden ti fied, of up
to +2.0°C, has a di rect, pos i tive eco nomic im pact on low-tem -
per a ture geo ther mal en ergy and trans lates into in creased ef fi -
ciency of in stal la tions uti liz ing low-tem per a ture geo ther mal po -
ten tial. A sys tem atic tem per a ture in crease was ob served to -
wards the salt struc tures, con firm ing their in flu ence on the lo cal
ther mal field. The only place where the im pact of the salt dome
is lim ited or com pletely elim i nated is the area around the nat u ral 
Lake Lubieñ. The tem per a ture anom a lies re corded, both above 
the salt domes and in the sur round ing strata, can be used in the
de sign of closed geo ther mal sys tems, in creas ing their prof it -
abil ity. The in no va tive re search meth od ol ogy de vel oped has
po ten tial ap pli ca tions in the anal y sis of any salt struc tures with
sim i lar hydrogeological con di tions world wide, where ground wa -
ter oc curs. Im ple men ta tion is planned for other salt domes lo -
cated in cen tral Eu rope.

Ac knowl edge ments. The au thors would like to thank the
ed i tors and re view ers for con struc tive com ments which helped
to im prove this manu script.
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T a  b l e  3

Per cent age change in geo ther mal po ten tial de pend ing on the
size of the ther mal anom aly

Ther mal anom aly
 [°C ]

DT 
[°C]

In creased geo ther mal po ten tial 
[%]

0 7 0

+0.5 7.5 7.1

+1 8 14.2

+2 9 28.5
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