
Geo log i cal Quar terly, 2025, 69, 51 
DOI: https://doi.org/10.7306/gq.1824

The ra dio genic iso tope sig na ture of stron tium as an en vi ron men tal tracer 
of the dy nam ics of geo ther mal res er voirs (Podhale Ba sin, south ern Po land)

Tomasz G¥GULSKI1, * and Izabela LASKOWICZ1

1 Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute, Carpathian Branch in Kraków, Skrzatów 1, 31-560 Kraków,
Po land; ORCID: 0000-0001-9037-5428 [T.G.], 0000-0002-8454-9855 [I.L.]

G¹gulski, T., Laskowicz, I., 2025. The ra dio genic iso tope sig na ture of stron tium as an en vi ron men tal tracer of the dy nam ics
of geo ther mal res er voirs (Podhale Ba sin, south ern Po land). Geo log i cal Quar terly, 69, 51; https://doi.org/10.7306/gq.1824

The in ten sive de vel op ment of geo ther mal en ergy in Po land pro vides new op por tu ni ties to study the oc cur rence and cir cu la -
tion of ther mal wa ters. We have ana lysed the iso to pic vari abil ity of ther mal wa ters in the Podhale Ba sin, us ing 87Sr/86Sr ra tios
to char ac ter ize their hy dro dy namic be hav iour. Stron tium iso to pic sig na tures in the geo ther mal wa ter sam ples ana lysed
range from 0.70835 to 0.70877. Ex treme 87Sr/86Sr val ues were ob served along the west ern and east ern mar gins of the
Podhale Ba sin, while other chem i cal pa ram e ters showed ex treme val ues in the south ern and north ern parts of the area. Con -
trary to ex pec ta tions based on re charge and cir cu la tion pat terns and the neg a tive Spearman cor re la tion, a clear north wards
de crease in 87Sr/86Sr val ues was not con firmed. Wa ters from the Chocho³ów and Bukowina Tatrzañska wells were found to
dif fer from the other sam ples, con sis tent with pre vi ous ob ser va tions that clas sify these wells as con tain ing mixed wa ters, re -
charged dur ing the Ho lo cene and pre-Ho lo cene. The 87Sr/86Sr val ues in Phanerozoic car bon ate rocks and the Tatra crys tal -
line core in di cate that both lithological units may con trib ute stron tium to the geo ther mal wa ters. These re sults high light the
need for fur ther quan ti ta tive as sess ment of stron tium mix ing, for ex am ple us ing a two-com po nent mix ing model, along with a
broader geo log i cal in ter pre ta tion.
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INTRODUCTION

The first doc u men ta tion of geo ther mal wa ters in Podhale
dates back to the mid-19th cen tury. The spring in Jaszczu -
rówka, dis cov ered by Zejszner (1844), was char ac ter ized by a
wa ter tem per a ture of 20.4°C. How ever, it was not un til the sec -
ond half of the 20th cen tury and the early 21st cen tury that geo -
ther mal po ten tial in the Podhale re gion and in other parts of the
coun try at tracted broader in ter est (Ney and Soko³owski, 1987;
Górecki, 1990, 2011; Biedrzycki et al., 1995; Soko³owski, 1995;
Ma³ecki, 1995; Kêpiñska, 1997; Chowaniec et al., 2001;
Bujakowski and Barbacki, 2004; Dowgia³³o, 2007; Górecki and
Sowi¿d¿a³, 2012). Due to fa vour able pa ram e ters – in clud ing
high wa ter tem per a tures, low min er al iza tion, high well pro duc -
tiv ity, and re source re new abil ity – the Podhale re gion of fers the
best con di tions in Po land for geo ther mal wa ter use. Tem per a -
tures range from ~20 to nearly 90°C, with to tal dis solved sol ids
<3.5 g/dm³. The wa ters are dom i nated by HCO3

- , HCO4
2 -, Cl-,

Na+, Ca2+ and Mg2+ ions (Chowaniec, 2009, 2012). Ac cord ing
to the clas si fi ca tion pro posed by Soko³owski (1995), Podhale is
part of the Carpathian Geo ther mal Prov ince on the Pol ish side
and si mul ta neously be longs to the Pol ish-Slo vak trans boun -

dary geo ther mal sys tem, which also in cludes the Slo vak bas ins
of Levoèa (south ern and west ern parts), Liptov, and Skorušina
(Franko et al., 1995). On both the Pol ish and Slo vak sides, this
area has ex pe ri enced strong growth in the use of geo ther mal
wa ters for dis trict heat ing, balneotherapy and rec re ation
(Kasagranda and Guròák, 2017; Kêpiñska and Hajto, 2023). In
this con text, de ter min ing both the or i gin and cir cu la tion of the
geo ther mal wa ters is cru cial for main tain ing and po ten tially ex -
pand ing the geo ther mal po ten tial of the re gion.

Our study has in ves ti gated the iso to pic vari abil ity of ther mal
wa ters in the Podhale Ba sin based on the de ter mi na tion of the
87Sr/86Sr iso to pic ra tio, in or der to pro vide a more com pre hen -
sive char ac ter iza tion of the na ture and hy dro dy nam ics of the
ther mal wa ters.

The ru bid ium-stron tium method was used in this work,
which uses the change in the con tent of the ra dio genic iso tope
87Sr in the sam ples and be ing based on the 87Sr/86Sr iso tope ra -
tio. Stron tium has four nat u rally oc cur ring types of sta ble iso -
tope: 84Sr, 86Sr, 87Sr, 88Sr. Their abun dance is 0.56, 9.86, 7.02
and 82.56%, re spec tively. How ever, the ra dio genic iso tope 87Sr 
also oc curs in the en vi ron ment as a re sult of the ra dio ac tive
trans for ma tion of 87Rb. There fore, the con tent of the iso tope
87Sr will have a vari able value, which de pends on the con tent of
87Rb in rocks and min er als and over time. Vari a tion in the
87Sr/86Sr iso tope ra tio in var i ous rocks and min er als causes
ground wa ter to have an iso to pic com po si tion char ac ter is tic of a
given geo graph ical re gion and geo log i cal con di tions. There -
fore, ra dio genic 87Sr has be come im por tant in geo log i cal re -
search. This method pro vides valu able in for ma tion con cern ing
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petro gen etic in di ca tors, and also plays an im por tant role in
mon i tor ing geo log i cal pro cesses such as ero sion, crys tal li za -
tion of min er als or chem i cal ex change be tween ground wa ter
and rocks. The use of this method in hydrogeological re search
al lows us to un der stand the or i gin of ground wa ter, its cir cu la -
tion, and its in ter ac tion with var i ous types of rocks and min er als. 
The cur rent 87Sr/86Sr ra tio de pends on its value at the mo ment
of in cep tion of the sys tem, and in creases over time. The growth
rate de pends on the con tent of ra dio ac tive ru bid ium, i.e. the
higher its con tent, the faster the 87Sr/86Sr growth rate  (Burchat
and Karl, 2015). As dem on strated by Krogulec et al. (2015), the
ru bid ium–stron tium method has been suc cess fully ap plied to
iden tify ground wa ter cir cu la tion con di tions in multi-aqui fer sys -
tems. These au thors es ti mated the per cent age con tri bu tion of
up land com po nents to the wa ters of the Piaœnica River based
on the 87Sr/86Sr ra tio and stron tium con cen tra tions in wa ter
sam ples.

GEOLOGICAL SETTING

The Podhale Ba sin is lo cated within the In ner Carpathians
(¯elaŸniewicz et al., 2011; Stupicka, 2013). It is bor dered to the
north by the Pieniny Klippen Belt (PKB) and to the south by the
Tatra Moun tains (Fig. 1). The con tact be tween the Podhale Ba -

sin and the PKB is tec tonic in na ture, whereas its con tact with
the Tatras is a strati graphic tran si tion. The ba sin is filled to a
depth of ~3,000 m with a sand stone-shale se quence of the
Podhale Flysch, which acts as an in su lat ing layer over ly ing the
car bon ate for ma tions that form the geo ther mal aqui fer (Chowa -
niec and Kêpiñska, 2003). The geo ther mal res er voir it self is
com posed mainly of car bon ate de pos its, which are in sed i men -
tary con tact with the for ma tions bor der ing the crys tal line core of
the In ner Carpathians (Roniewicz, 1969; Ma³ecka and Ronie -
wicz, 1997). Di rectly be neath the Podhale Flysch lies a thin
layer of Mid dle Eocene car bon ate de pos its, known as the Num -
mu lit ic Eocene. Be low these oc curs a thick Me so zoic suc ces -
sion (Tri as sic to Cre ta ceous), rep re sented mainly by lime -
stones and dolomites, as well as marls, and subordinately by
con glom er ates, sand stones and claystones. South of the Pod -
hale Ba sin lies the high est part of the In ner Carpathians, the
Tatra Moun tains, which con sist of two struc tural zones: the High 
Tatra Zone and the Reglowa (Sub-Tatric) Zone. The High Tatra
Zone is com posed of Pa leo zoic ig ne ous and meta mor phic
rocks form ing the crys tal line core. The Sub-Tatric zone is of Me -
so zoic age (Tri as sic–Cre ta ceous) and is rep re sented by lime -
stones, dolomites, marls, marly shales, sand stones and con -
glom er ates. The folded de pos its of the Sub-Tatric suc ces sion
are ar ranged into a sys tem of nappes and tec tonic slices, par -
tially cov er ing the crys tal line core (Soko³owski, 1959).
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Fig. 1. Geo log i cal map of Podhale with out Qua ter nary for ma tions (ac cord ing to Chowaniec, 2003, 2009) 
with sam pling sites



METHODOLOGY

The study fo cused on sam ples of me te oric and ther mal wa -
ters. Pre cip i ta tion sam ples were col lected on June 4, 2024,
whereas ther mal wa ter sam ples were col lected be tween May
and July 2024. A to tal of 13 sam ples were col lected for the
study of stron tium iso to pic com po si tion, in clud ing 10 ther mal
wa ter sam ples and 3 pre cip i ta tion sam ples (2 rain wa ter sam -
ples – IMGW-1, IMGW-2 and 1 snow sam ple – IMGW-3). Ther -
mal wa ter sam ples were ob tained from bore holes lo cated in
Zakopane (GT-4, GT-5, GT-8), Bukowina Tatrzañska (GT-9),
Chocho³ów (GT-10), Bia³ka Tatrzañska (GT-6, GT-7) and
Bañska Ni¿na (GT-1, GT-2, GT-3). Pre cip i ta tion sam ples were
col lected at the In sti tute of Me te o rol ogy and Wa ter Man age -
ment (IMWM) sta tions in Zakopane and Kasprowy Wierch.

In this study, the val ues of TDS, Sr and Ca were cor re lated
with the 87Sr/86Sr ra tios ob tained in or der to iden tify pos si ble re -
la tion ships be tween these pa ram e ters. The data on TDS, Sr
and Ca were ob tained from val ues pub lished by other au thors.
The iso to pic data from 2024 were com pared with long-term av -
er age val ues of TDS, Ca and Sr, of ten de rived from de cades of
ob ser va tions. Operacz et al. (2024) dem on strated the sta bil ity
of the physicochemical pa ram e ters of the ther mal wa ters us ing
the Chocho³ów PIG 1 well as an ex am ple. Low co ef fi cients of
vari a tion for Ca2+ (6%) and EC (1%) in di cate that cor re lat ing
data from dif fer ent pe ri ods is meth od olog i cally jus ti fied.

Rain wa ter was col lected us ing a foil sheet to chan nel it into
a con tainer, while the snow sam ple was gath ered in a metal
con tainer (rain gauge) where it sub se quently melted. Sam ples
of 500 ml were col lected in PET plas tic con tain ers. The snow
sam ple was col lected af ter the end of the win ter sea son. The
snow cover re main ing on Kasprowy Wierch was ex posed to
rain fall. Due to the tim ing of col lec tion and pre vail ing weather
con di tions, the snow sam ple can be con sid ered as rep re sent -
ing an av er aged stron tium iso to pic com po si tion of me te oric wa -

ters for the win ter-spring sea son. The re sults of iso to pic anal y -
ses are sum ma rized in Ta ble 1, and the lo ca tions of the sam -
pling points are shown in Fig ure 1.

Mea sure ments of Sr iso tope ra tios in the wa ter were car ried
out at the Lab o ra tory of Ra dio genic Iso topes of the Czech Geo -
log i cal Sur vey in Prague. Mea sure ments were car ried out us ing 
a Thermo-Fisher Sci en tific Tri ton Plus TIMS ther mal ion iza tion
mass spec trom e ter. A stan dard value of 0.1194 was used to
cor rect for mass frac tion ation dur ing the anal y sis of 86Sr/88Sr
iso tope ra tios. The de tailed an a lyt i cal meth od ol ogy, sam ple
prep a ra tion and sep a ra tion of stron tium was dis cussed by
Erban Kochergina et al. (2022). 

The wa ter sam ple was fil tered and then acid i fied with ni tric
acid and then evap o rated un til com pletely dry. The re sult ing
pre cip i tate was dis solved in a mix ture of con cen trated
H2O2–HNO3, evap o rated un til com pletely dry and redissolved in 
HCl. Sep a ra tion of stron tium from other el e ments was car ried
out with ion ex change col umns us ing Bio-Rad AG50W-X8 and
Eichrom Sr-spec cat ion ex change res ins. Due to the com pli -
cated pro cess of stron tium sep a ra tion, cal i bra tion of the col -
umns and the re agents used, in clud ing ac ids, is ex tremely im -
por tant for the qual ity of the sep a ra tion. Lab o ra tory glass ware
made of perfluoroalkoxyteflon (PFA) were used. This is a ma te -
rial com monly used in iso tope lab o ra to ries due to its re sis tance
to acid, tem per a ture etc. (Erban Kochergina et al., 2022).

The no tion of am pli tude was used in a sim i lar way as for cli -
ma tic or me te o ro log i cal data, i.e. for the de scrip tion of phe nom -
ena with out a de fined equi lib rium state. It was ap plied to the dif -
fer ence be tween the max i mum and min i mum mea sured val -
ues.

Sta tis ti cal anal y sis was based on the arith me tic mean and
stan dard de vi a tion, with the co ef fi cient of vari a tion [CV =
(std/mean) × 100%] ap plied as a rel a tive mea sure of data dis -
per sion. A CV of <15% was con sid ered to in di cate low vari abil -
ity (high dataset sta bil ity). The Spearman’s cor re la tion test was
used to as sess the cor re la tions.
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T a  b l e  1

Sum mary of lab o ra tory anal y sis re sults

Sam ple no. Date 
of col lec tion

87Sr/86Sr
TDS*

[mg/dm3]
Sr*

[mg/dm3]
Ca*

[mg/dm3] Ca/Sr

GT-1 08.05.2024 0.70840 3120.0 6.330 202.00 31.91

GT-2 08.05.2024 0.70841 2510.0 6.420 203.00 31.62

GT-3 08.05.2024 0.70841 2690.0 6.410 204.00 31.83

GT-4 05.06.2024 0.70859   367.8 1.052   44.58 42.38

GT-5 05.06.2024 0.70860   335.0 0.482   45.23 93.84

GT-6 05.06.2024 0.70844 3364.0 9.000 310.00 34.44

GT-7 05.06.2024 0.70844 1835.5 6.060 180.10 29.72

GT-8 02.07.2024 0.70856   330.0 0.300   38.13 127.10  

GT-9 02.07.2024 0.70877 1651.0 5.200 197.11 37.91

GT-10 02.07.2024 0.70835 1092.9 4.680 181.10 38.70

IMGW-1 04.06.2024 0.70892       82.0**  0.04**    16.40** 420.51  

IMGW-2 04.06.2024 0.70887         7.0** 0.001**      0.30** 300.00  

IMGW-3 04.06.2024 0.70910        7.0** 0.001**      0.10** 100.00  

* – av er aged re sults of ar chi val physicochemical anal y ses (ac cord ing to Chowaniec, 2009; Seku³a et al., 2020;
www.pgi.gov.pl, ex cept for points IMGW-1, IMGW-2 IMGW-3); ** – ac cord ing to Jarosz et al. (2025); TDS – to tal
dis solved sol ids

https://doi.org/10.1016/j.wri.2023.100233
https://doi.org/10.1016/j.wri.2023.100233
http://doi.org/10.3190/jgeosci.357


RESULTS

The anal y ses pro vided the val ues of the 87Sr/86Sr iso to pic
ra tio for 13 wa ter sam ples. The high est val ues 87Sr/86Sr were
re corded in a snow sam ple (IMGW-3; 0.70910), which fell on
the sum mit of Kasprowy Wierch. The low est value was mea -
sured in a sam ple of ther mal wa ters GT-10 (0.70835; Ta ble 1).
An am pli tude of 0.00075 was cal cu lated. How ever, tak ing into
ac count only the re sults of the 87Sr/86Sr ra tio de ter mi na tions for
ther mal wa ters, the max i mum value was re corded in sam ple
GT-9 and amounted to 0.70877. The am pli tude of the 87Sr/86 ra -
tio value for ther mal wa ters was there fore 0.00042. 

 Ba sic sta tis ti cal cal cu la tions were car ried out for the val ues
ob tained of the 87Sr/86Sr ra tio. The re sults are shown in Ta ble 2
be low and Fig ures 2 and 3. 

The pa ram e ter val ues ana lysed were con sid ered with ref er -
ence to two closed in ter vals, namely: 

[xave – 2sx; xave + 2sx]  [1]

[xave – 3sx; xave + 3sx] – con sid ered a gross er ror [2]

Among all the sam ples ana lysed, only IMGW-3 slightly ex -
ceeds in ter val [1] (Fig. 2). In the case of the ther mal wa ter sam -
ples, only GT-9 falls out side in ter val [1] (Fig. 3). This pro vides

grounds to con sider these re sults as val ues dis tinct from the
rest of the dataset. Based on the cal cu la tions per formed, none
of the 87Sr/86Sr ra tios ob tained can be clas si fied as gross er rors. 
Al though sta tis ti cally the GT-10 sam ple does not raise con -
cerns, it rep re sents an ex treme value and can there fore also be
re garded as dis tinc tive within the dataset of ther mal wa ters ana -
lysed.

The vari abil ity of the pa ram e ters dis cussed was char ac ter -
ized us ing the co ef fi cient of vari a tion (CV; Ta ble 3). Only the
stron tium iso to pic ra tio 87Sr/86Sr is char ac ter ized by a very low
co ef fi cient of vari a tion (CV = 0.018%), which may sug gest sta -
ble con di tions for the for ma tion of the stron tium iso tope com po -
si tion in the Podhale Ba sin. The high est vari abil ity is ob served
in the pre cip i ta tion sam ples, with CV val ues ex ceed ing 100%
for all pa ram e ters ex cept the 87Sr/86Sr ra tio.

The re main ing pa ram e ters ex hibit high vari abil ity. CV val -
ues ex ceed ing 100% in di cate that the stan dard de vi a tion is
larger than the mean, re flect ing ex tremely high vari abil ity of the
pa ram e ter in the dataset. The CV should be in ter preted with
cau tion. 

The sta tis ti cal anal y sis in di cates strong to very strong re la -
tion ships among the pa ram e ters stud ied (Ta ble 4). The
87Sr/86Sr ra tio shows a neg a tive cor re la tion with the other pa -
ram e ters, whereas Ca, Sr, and TDS show pos i tive cor re la tions.

Fig ure 4 shows the dis tri bu tion im age of the 87Sr/86Sr ra tio,
de pend ing on the TDS. Sam ples GT-4, GT-5 and GT-8 dis play
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T a  b l e  2  

Ba sic sta tis ti cal pa ram e ters of the sam ples ana lysed

Pa ram e ter xave sx xave – 2sx xave + 2sx xave – 3sx xave + 3sx

87Sr/86Sr
ther mal wa ters 0.70850 0.00013 0.70824 0.70876 0.70811 0.70888

ther mal wa ters and me te oric wa ters 0.70860 0.00024 0.70813 0.70908 0.70789 0.70932

Xave – av er age value of the pa ram e ter stud ied, sx – stan dard de vi a tion

Fig. 2. Dis tri bu tion of 87Sr/86Sr val ues on a back ground of char ac ter is tic sta tis ti cal val ues



sim i lar TDS val ues (CV = 6%), whereas GT-7, GT-6, GT-1,
GT-2 and GT-3 show com pa ra ble 87Sr/86Sr ra tios (am pli tude
0.00004) but a wide TDS range (1835.5–3350.0 mg/L; CV =
21.8%; Fig. 4).

The dis tri bu tion of 87Sr/86Sr ra tio val ues in the wa ter sam -
ples ana lysed is also shown in re la tion to Ca con tent (Fig. 5). It
can be ob served that in Fig ure 5 the points rep re sent ing geo -
ther mal wa ters are more clus tered than in Fig ure 4. The co ef fi -
cient of vari a tion (CV) for Ca is 52.7%, com pared to 64.1% for
TDS. Sam ples GT-1, GT-2 and GT-3 show much higher clus -
ter ing (CV = 0.4%) than in Fig ure 4 (CV = 9.23%), al though still
within the range of low vari abil ity. The op po site sit u a tion, i.e.,
higher vari abil ity of Ca con tent (CV = 136.38%) com pared to
TDS (CV = 110.49%), was ob served in the rain wa ter sam ples
(Ta ble 3). The pre cip i ta tion sam ple col lected at the IMGW sta -
tion in Zakopane (IMGW-1) shows sev eral tens of times higher
Ca con tent than the two pre cip i ta tion sam ples from Kasprowy
Wierch (IMGW-2 and IMGW-3).

The anal y sis of the stron tium con tent in the ther mal wa ter
sam ples showed that the low est val ues were re corded in the
area of Zakopane and Polana Szymoszkowa, i.e. in sam ples
GT-4, GT-5 and GT-8, and these val ues were 1.052 mg/dm3;
0.482 mg/dm3 and 0.300 mg/dm3 re spec tively (Fig. 6 and Ta ble
1). The pre cip i ta tion sam ples (IMGW-2, IMGW-3) from
Kasprowy Wierch con tain ~0.001 mg/dm3 of stron tium, while
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Fig. 3. Dis tri bu tion of 87Sr/86Sr val ues on a back ground of char ac ter is tic sta tis ti cal
 val ues for the ther mal wa ters

T a  b l e  3

Co ef fi cient of vari a tion (CV)

Pa ram e ter 87Sr/86Sr TDS Sr Ca

CV [%]

ther mal wa ters and me te oric wa ters 0.034 90.23 88.68 79.27

ther mal wa ters 0.018 64.1 61.37 52.72

me te oric wa ters 0.017 110.49 131.07 136.38

T a  b l e  4

Spearman’s rank cor re la tion

Vari able

Spearman’s rank cor re la tion (sta tis ti cal data)

BD re moved pairwise

Cor re la tion co ef fi cients are sig nif i cant 
with p <0.05000

87Sr/86Sr
Sr

[mg/dm3]
Ca

[mg/dm3]
TDS

[mg/dm3]

87Sr/86Sr 1.000000 –0.737277 –0.725275 –0.748281

Sr
[mg/dm3]

–0.737277 1.000000 0.971115 0.977961

Ca
[mg/dm3]

–0.725275 0.971115 1.000000 0.960111

TDS
[mg/dm3]

–0.748281 0.977961 0.960111 1.000000

Sta tis ti cally sig nif i cant val ues are marked in red



the sam ple from the IMWM sta tion in Zakopane (IMGW-1) con -
tains ~0.039 mg/dm3. The pat tern shown in Fig ure 6 is gen er -
ally sim i lar to the dis tri bu tion seen in the 87Sr/86Sr graph rel a tive
to the Ca con tent (Fig. 5). How ever, there are dif fer ences in the
lo ca tion of points rep re sent ing sam ples from bore holes GT-9
and GT-10 in re la tion to the sam pling points GT-1, GT-2, GT-3
and GT-7. As can be seen in Fig ure 6, there was a clear split re -
sult ing from dif fer ences in Sr con tent in the sam ples ana lysed. 

As shown in Fig ures 4–6, sam ples GT-9 and GT-10, with
ex treme val ues of the 87Sr/86Sr ra tio in the ther mal wa ters stud -
ied is ap prox i mately in the area of av er age con tents of TDS, Ca
and Sr.

DISCUSSION

Early re search iden ti fied the Tatra Moun tains as the main
re charge area of the geo ther mal res er voir. Sub se quent stud ies
have re fined this un der stand ing, con firm ing that re charge oc -
curs on out crops of Me so zoic and Eocene car bon ate rocks,
gen er ally in the el e va tion range of 1000–1600 m a.s.l.
(Chowaniec et al., 2009). Gen eral min er al iza tion anal y ses sup -
port this, in di cat ing that in the re charge zone (Tatras), dis solved 
com po nents are largely de rived from in fil trat ing pre cip i ta tion.
This pro cess and the ground wa ter flow within the Tatra mas sif
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Fig. 4. 87Sr/86Sr dis tri bu tion rel a tive to to tal dis solved sol ids

Fig. 5. 87Sr/86Sr dis tri bu tion rel a tive to Ca con tent



have been de scribed by Ma³ecka (1989), Barczyk et al. (1999),
Barczyk (2013) and oth ers.

Zuber et al. (2008) and Chowaniec (2009) pre sented a gen -
eral ground wa ter flow model show ing that re charge oc curs in
the north ern mas sif of the Tatra Moun tains, af ter which wa ters
flow north wards to wards the bound ary be tween Podhale and
the Pieniny Klippen Belt. This bound ary acts as a hy drau lic bar -
rier, forc ing a split of the flow into west ern and east ern branches 
that con tinue to wards the Pol ish-Slo vak bor der. Along this flow
path, to tal min er al iza tion in creases due to the sig nif i cant con tri -
bu tion of the strongly karstified Eocene car bon ate for ma tions
(Ma³ecka, 1996). Physicochemical stud ies ad di tion ally in di cate
both ver ti cal and lat eral zonation of wa ter min er al iza tion within
the Podhale Ba sin.

An other key fac tor in un der stand ing and man ag ing the in -
ten sive use of transboundary geo ther mal wa ters is their age,
which serves as an in di ca tor of re source re new abil ity. Iso to pic
stud ies on wa ter age be gan in 1969 with tri tium mea sure ments
(Nowicki and So³tyk, 1973). Con tin ued re search showed that in
the Zakopane IG 1 well area, the age of the ex ploited wa ters is
~19 years. Is sues con cern ing the or i gin and age of geo ther mal
wa ters were later in ves ti gated by Zuber (1986), Ma³oszewski
and Zuber (1997), Ma³ecka and Nowicki (2002), Zuber et al.
(2008), and Chowaniec et al. (2009).

As dem on strated by Ma³ecka and Nowicki (2002), wa ters of 
the sub-flysch aqui fer of the Podhale Ba sin are of ex clu sively in -
fil tra tion or i gin. In the south ern part of the ba sin, these wa ters
are youn ger than 50 years, whereas in the cen tral and north ern
parts they are likely Ho lo cene and even pre-Ho lo cene. A com -
pre hen sive sum mary of iso to pic stud ies con ducted in the Tatra
Moun tains and Podhale Ba sin was pro vided by Zuber et al.
(2008). These au thors pointed out that hy drau lic con duc tiv ity
val ues de rived from pump ing tests vary sig nif i cantly, in di cat ing
the pres ence of hy drau lic bar ri ers within the ba sin. These val -
ues are higher than those es ti mated from tri tium ages, which re -

flect rel a tively mi nor re gional vari a tions in hy drau lic prop er ties
across the ba sin.

A joint in ter pre ta tion of mul ti ple iso to pic and geo chem i cal
data – in clud ing 14C, 13C, sta ble iso topes of ox y gen and hy dro -
gen, tri tium, and no ble gases – al lows for in creas ingly pre cise
con clu sions. Ac cord ing to Chowaniec et al. (2009), aqui fers
tapped by the Szymoszkowa GT-1 and Poronin PAN-1 wells
are re charged at low el e va tions. This sug gests that out crops of
Me so zoic and Eocene car bon ate rocks in lower parts of the
Tatra Moun tains con sti tute the main re charge ar eas for the
geo ther mal wa ters. Based on this in ter pre ta tion, ob served d2H
val ues can be at trib uted to:

– re charge dur ing a colder cli mate pre vail ing be fore the Ho lo -
cene (Bia³ka GT-1, Bañska IG 1, Bañska PGP-1);

– al ti tude ef fect (Zakopane IG 1);
– mixed re charge from colder cli ma tic pe ri ods (Chocho³ów

PIG 1, Bukowina Tatrzañska PIG/PNiG-1).
Us ing the he lium dat ing method, and as sum ing a lin ear in -

crease of He con cen tra tion with age, Chowaniec et al. (2009)
con cluded that wa ter tapped by the Bia³ka GT-1, Bañska IG 1
and Bañska PGP-1 wells is much older than the Ho lo cene wa -
ters near the Tatra foot hills, with an es ti mated age of over
10,000 years.

There fore, within the Podhale Ba sin, the north east ern sec -
tor likely con tains wa ters older than 10,000 years, sig nif i cantly
older than those in the north west ern and south ern parts (Cho -
waniec, 2012). In con trast, wa ters tapped by the Chocho³ów
PIG 1 and Bukowina Tatrzañska PIG/PNiG-1 wells, lo cated on
the west ern and east ern sides of the ba sin, rep re sent mixed
wa ters con tain ing a com po nent of pre-Ho lo cene or i gin.

It was ob served that, in gen eral, the val ues of the 87Sr/86Sr
ra tio in the sam ples ana lysed de creases with an in crease in
TDS as well as Ca and Sr con tents. Two ex cep tions to this rule
were ob served and these are sam ples GT-9 and GT-10. As
men tioned ear lier, wa ter sam ples GT-9 (Bukowina Tatrzañska)
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Fig. 6. 87Sr/86Sr dis tri bu tion rel a tive to the con tent of Sr



and GT-10 (Chocho³ów) stand out
from the rest of the sam ple se ries, rep -
re sent ing geo ther mal wa ters of the
Podhale Ba sin. They rep re sent two ex -
treme val ues of the 87Sr/86Sr ra tio. The
geo ther mal wa ter res er voir is fed by
re charge in the Tatra Moun tains,
where me te oric wa ters in fil trate deep
into the rock mass. The value of the
87Sr/86Sr ra tio de ter mined in sam ple
GT-9 is the high est among the geo -
ther mal wa ter sam ples stud ied and at
the same time is clos est to the val ues
de ter mined for me te oric wa ter sam -
ples. How ever, it dif fers sig nif i cantly
from at mo spheric pre cip i ta tion in the
con tent of other com po nents. There -
fore, it can be con cluded that the GT-9
sam ple rep re sents wa ters in which the
ra dio genic 87Sr dom i nates. In sam ple
GT-10 the 87Sr/86Sr ra tio is the low est
among those found for geo ther mal wa -
ter sam ples. This may in di cate the
dom i nance of the iso to pic com po nent
with a lower con tent of the ra dio genic
87Sr iso tope.

A sig nif i cantly dif fer ent con tri bu tion 
of the ra dio genic com po nent was also
found in the shal low cir cu la tion sys tem
of the Podhale Ba sin. As de scribed by G¹gulski (2024), val ues
of the 87Sr/86Sr iso to pic ra tio in wa ter sam ples from out crops
(karst springs) and other springs in the Tatra Mts. ranged from
0.708157 to 0.709853. The am pli tude was 0.001696, which in -
di cates a much higher dis per sion of data than in the case of the
geo ther mal wa ters. The max i mum value ob tained, of 0.709853, 
is much higher than 0.70896, the av er age value de ter mined for
me te oric wa ters re charg ing this cir cu la tion sys tem (Ta ble 1). 

Ac cord ing to Faure (1982 fide Krá¾ et al., 1995), ma rine car -
bon ates from the Phanerozoic Eon are char ac ter ized by an av -
er age 87Sr/86Sr ra tio value of 0.708. To be more pre cise, the
value of the 87Sr/86Sr ra tio for Tri as sic to Cre ta ceous car bon ate
rocks os cil lates be tween 0.70750 and 0.70782 (Ta ble 5). How -
ever, Eocene Se ries strata are char ac ter ized by vari abil ity of
the value of the 87Sr/86Sr ra tio in a small range from 0.70770 to
0.70779 (Ta ble 5).  

The above data was read from a graph (Fig. 7), com piled
from anal y ses of a num ber of iso to pic de ter mi na tions made on
sam ples of ma rine car bon ate rocks (Burke et al., 1982; Wie -
rzbo wski, 2013).

The value of the 87Sr/86Sr ra tio ob tained for all the geo ther -
mal wa ters stud ied are higher than the val ues typ i cal for Me so -
zoic ma rine car bon ates and at the same time lower than the val -
ues ob tained for me te oric wa ters.

Poller et al. (2001) dem on strated that the 87Sr/86Sr iso to pic
ra tio in the crys tal line base ment rocks of the West ern and High
Tatras (Slo vak side) shows con sid er able vari abil ity. The mea -
sured 87Sr/86Sr val ues ranged from 0.763669 in the West ern
Tatra orthogneisses to 0.705037 in the High Tatra diorites.
There fore, con tri bu tion of this stron tium source to the ther mal
wa ters of the Podhale Ba sin can not be ex cluded. High val ues of 
the 87Sr/86Sr ra tio can be sup plied, by clay min er als in which ru -
bid ium ac cu mu lates. This is the source of the ra dio genic iso -
tope 87Sr and could come from ru bid ium-rich mica, which forms
clay min er als dur ing the weath er ing pro cess. Since ma rine car -
bon ate sed i ments con tain a clay frac tion, the wa ters cir cu lat ing
in such a rock may be en riched with stron tium with an iso to pic
sig na ture that takes into ac count the in flow of the ra dio genic
87Sr iso tope (Burchart and Pieñkowski, 1995; Burchart and
Kral, 2015). 

Pêkala and Pytel (2019) ex am ined the leachability of stron -
tium from the Strzegom gran ite, chalk of the Lublin re gion,
Carpathian sand stones and bricks. They found that in gran ite,
stron tium is very strongly bound to the rock ma trix and no stron -
tium was found to be re leased into wa ter from gran ite. Carpa -
thian sand stone also showed very low sus cep ti bil ity to Sr leach -
ing. Of the rocks stud ied, the high est leachability of el e ments
was re corded in the case of chalk. It can be con cluded that
much higher loads of stron tium will be re leased from the sil -
ica-car bon ate com po nent de pos ited in an aquatic en vi ron ment
than from ig ne ous rocks. As shown by Khaska et al. (2015), the
87Sr/86Sr ra tio in eluates ob tained from the ex trac tion of, for in -
stance, Tri as sic marls de pends on tem per a ture. A rapid in -
crease in the 87Sr/86Sr ra tio was ob served, which cor re lates with 
a tem per a ture rise from ap prox i mately 25 to 150°C. The
87Sr/86Sr ra tio changed from 0.70822 to 0.70922. How ever, no
changes in the 87Sr/86Sr ra tio were ob served when the ex per i -
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T a  b l e  5

Val ues of the 87Sr/86Sr ra tio for se lected geo log i cal in ter vals
(ac cord ing to McArthur et al., 2012, 

mod i fied by Wierzbowski, 2013)

Pe riod Ra tio 87Sr/86Sr

min i mum max i mum

Eocene 0.70770 0.70779

Cre ta ceous 0.70720 0.70782

Ju ras sic 0.70682 0.70764

Tri as sic 0.70750 0.70800

Fig. 7. Graph of vari abil ity over time of the 87Sr/86Sr ra tio in ma rine wa ters of the
Phanerozoic (af ter McArthur et al., 2012, mod i fied by Wierzbowski, 2013)

https://doi.org/ 10.1088/1755-1315/221/1/012124
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ment was con ducted at a tem per a ture of ~25°C. The marl sam -
ple was col lected from Tri as sic rock ex po sures on the Med i ter -
ra nean coast, at the north east ern end of the CorbiÀres thrust,
north of Narbonne, France. The con tent of stron tium in Me so -
zoic car bon ate rocks de creases with age. The high est av er age
val ues were found for Maastrichtian Cre ta ceous for ma tions,
while lower av er age val ues were found for Ju ras sic lime stones.
It was also found that light (decalcified) Cre ta ceous chalk strata
were char ac ter ized by a higher con tent of stron tium than, for
ex am ple, undecalcified chalk or marls (Pêkala et al., 2024).The
lab o ra tory stud ies cited, while not fully rep li cat ing geo chem i cal
pro cesses in the wa ter–rock sys tem, dem on strate the sus cep ti -
bil ity of var i ous rocks to el e men tal leach ing and high light a po -
ten tial mech a nism con trol ling the 87Sr/86Sr iso to pic ra tio in ther -
mal wa ters.

As shown by Hissler et al. (2024), the chem i cal com po si tion
of the streams stud ied is con trolled by the two main lithologies
of the catch ment: sil i cate and car bon ate rocks. An in crease in
the con tent of el e ments such as Sr and Ca was ob served along
the gra di ent from the moun tain ous parts of the catch ment in the 
West ern Tatras, com posed of crys tal line rocks, to wards the
Liptov Ba sin, where car bon ate de pos its dom i nate. The Sr con -
cen tra tion in creased along this gra di ent from 0.0164 to 0.1499
mg/dm3. Car bon ate rocks ap pear more sus cep ti ble to stron -
tium leach ing than sil i cates, with re ported val ues re main ing well 
be low those ob served in ther mal wa ters.

CONCLUSIONS

1. Ex treme val ues of the 87Sr/86Sr iso to pic ra tio oc cur mainly 
along the west ern and east ern mar gins of the Podhale Ba sin,
while the re main ing chem i cal pa ram e ters reach their ex treme

val ues pri mar ily in the north ern and south ern parts of the ba sin,
re flect ing the com plex hydrogeochemical struc ture of the re -
gion.

2. The neg a tive Spearman’s rank cor re la tions ob tained be -
tween the 87Sr/86Sr ra tio and TDS, Ca and Sr in di cate an op pos -
ing re la tion ship be tween the pa ram e ters ana lysed. De spite this
sta tis ti cal re la tion ship and de spite ex pec ta tions based on es -
tab lished re charge and cir cu la tion mod els, the an tic i pated
north ward de crease in the 87Sr/86Sr ra tio is not clearly con firmed 
by the spa tial dis tri bu tion of the val ues mea sured.

3. Ther mal wa ters from the Chocho³ów and Bukowina
Tatrzañska wells dif fer mark edly from other sam ples, which is
con sis tent with ear lier in ter pre ta tions sug gest ing mixed Ho lo -
cene and pre-Ho lo cene re charge.

4. The 87Sr/86Sr ra tios mea sured in Phanerozoic car bon ate
rocks and in the crys tal line core of the Tatra Moun tains in di cate
that both lithological units may con trib ute stron tium to the geo -
ther mal wa ters of the Podhale Ba sin.

5. Fur ther work is needed to quan ti ta tively eval u ate the mix -
ing pro por tions of stron tium de rived from dif fer ent lithological
sources. Ap pli ca tion of the two-com po nent mix ing model pro -
posed by Faure and Mensing (2005), to gether with a broader
geo log i cal in ter pre ta tion of the study area, is rec om mended to
better con strain the evo lu tion and flow paths of the ther mal wa -
ters.
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