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Rabka has re sources of chlo ride wa ter, cur rently ac ces si ble in nine bore holes with depths from 20 to 1215 m. The wa ters are of the
Cl-Na+I+(Fe) type, and in the Rabka IG 2 bore hole of the Cl-Na+I+21°C type, while their to tal dis solved sol ids (TDS) con tents vary be -
tween 17.2 and 24.6 g/dm3. These ther a peu tic wa ters are as so ci ated with the Carpathian flysch strata of the strongly dis turbed zone of
tec tonic con tact be tween the Magura Nappe with the un der ly ing Fore-Magura Group of units. This struc ture is also a trap for hy dro car -
bons, and so strong meth ane (CH4) em a na tions are pres ent in Rabka both at the sur face and in the bore holes pro vid ing min eral wa ter. The
strong tec tonic dis tur bances of the study area con sid er ably hin der the flow of un der ground wa ter, ex tend the wa ter re sis tance time at the
wa ter-rock con tact and sig nif i cantly limit the pos si bil ity of wa ter ex change within the wa ter-bear ing sys tem. Such con di tions of hin dered 
flow and lim ited wa ter ex change con trol the unique chem i cal com po si tion of the chlo ride wa ter at Rabka. The com po nents dis solved in
these wa ters orig i nate from the pri mary synsedimentary wa ter (eli sion stage) ac cu mu lated in the rock ma trix, from which they fil ter into
the flow of wa ter (in fil tra tion stage) of var i ous gen e ses, i.e., palaeoinfiltration, in fil tra tion and de hy dra tion, mov ing through the wa -
ter-bear ing sys tem of the min eral wa ter of Rabka. Mod el ling with the Geo chem ist’s Work bench Stan dard 8.0 pro gram has dem on strated
the pro posed or i gin of the min eral wa ter in Rabka.
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INTRODUCTION

Rabka is lo cated on the drain age di vide of the Poniczanka
and S³onka streams (trib u tar ies of the Raba River; Fig. 1) at a
height 500–560 m a.s.l., in the Rabczañska Val ley, and sur -
rounded by the ranges of the Gorce Mts., Is land Beskid Mts.
and Orawa-Podhale Beskid Mts. (south ern Po land), el e vated
some 800–1000 m a.s.l. About 30% of the Rabka area is cov -
ered by fir-beech for ests and rem nants of the Carpathian spruce 
for est. 

Jan D³ugosz used the ex pres sion �Sal in Rabschyca” (“Salt
in Rabschya”) cit ing a doc u ment of Boleslas the Shy (Boles³aw 
Wstydliwy) of 1254, in which the prince con firmed con fer ring
the Rabka lands upon the Cistercian monks of Szczyrzyc
(Franczukowski, 2008). It was al ready then that salt for the
clois ter was evap o rated from the springs in the S³onka Stream
val ley. 

The lo cal ity has ob tained spa sta tus in 2009, and its nat u ral
riches in clude chlo ride-so dium wa ter, hav ing been uti lized in
balneotherapy since the 19th cen tury. Rabka has also other nat -
u ral ad van tages, par tic u larly the ex cel lent bioclimate, which
have been in ves ti gated and ob served for many years, start ing in 
1827 (Koz³owska-Szczêsna et al., 2002).

Rabka has cur rently nine work ing ex ploi ta tion bore holes:
Krakus, Rafaela, Warzelniane, Boles³aw, Hel ena, Rabka 18,
Rabka 19, Rabka IG 1 and Rabka IG 2 (Fig. 1). The wa ter of the 
Hel ena in take is pro vided with a rod pump of �Konik” type
(Fig. 2), the Rabka IG 2 (Fig. 3) and Rabka 18 bore holes are ar -
te sian wells, and all the re main ing in takes are equipped with
deep-well pumps. The wa ter thus ren dered ac ces si ble be long to 
the Cl-Na+I+(Fe)+(T) type with TDS val ues in the range of
17.2–24.6 g/dm3 (Rajchel, 2009, 2011).

In ad di tion to the cur rently used in takes, in the past there
were eleven other bore holes and dug wells of min eral wa ter of 
depths be tween 30 and 120 m. With re gard to low wa ter yields



and sub stan tial costs of their re con struc tion and fur ther ex ploi -
ta tion, these eleven in takes have been closed down. 

2 km from Rabka, in the Skomielna Bia³a vil lage, a bore -
hole of depth 1487 m pro vides wa ter with a TDS con tent of
11 g/dm3 and tem per a ture 38°C, while in Porêba Wielka vil -
lage, sit u ated 6 km of Rabka, the Porêba Wielka IG 1 bore hole
of depth 1612 m ren ders ac ces si ble wa ter with TDS con tent of
19 g/dm3 and tem per a ture 42°C.

Cur rently, chlo ride wa ters of Rabka with to tal min er al iza -
tion (TDS) in the range 17.2–24.6 g/dm3 are used in balneo -
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Fig. 1. Geo log i cal map of the Rabka area (af ter Paul and Ry³ko, 1986, mod i fied)

Fig. 2. Hel ena bore hole with a rod-type “Konik” pump
(photo by L. Rajchel)

Fig. 3. Rabka IG 2  bore hole with min eral and ther mal wa ter
(photo by L. Rajchel)



therapy (me dic i nal bath ing and in ha la tions) in san a to ri ums and 
spa hos pi tals (Fig. 4). In 2007, fol low ing an over haul of the
well head, the Rabka IG 2 bore hole (Fig. 3), that has the high est
wa ter re serves, was made op er a tional: the in take pro vides chlo -
ride ther mal wa ter with a tem per a ture of 21°C. This ther mal
wa ter is mixed in the cen tral tank with cooler wa ter from the re -
main ing bore holes (tem per a tures 8–12°C), which sig nif i cantly
low ers the heat ing costs of wa ter as signed for ther apy. Fu ture
plans in clude con struc tion of a com plex of ther mal bas ins,
based on the wa ter from the Rabka IG 2 in take, a crit i cal step in
fur ther spa de vel op ment. 

In Szczawa, not far from Rabka, car bon ated wa ters have
been ex ploited since 2009. The wa ter from the Hanna,
Dzie dzilla, Szczawa 1 and Szczawa 2 bore holes are
pumped to the drink ing room of the Physiotherapeutic
Fa cil ity and used in crenotherapy. 

GEOLOGICAL STRUCTURE 
OF THE RABKA AREA

Rabka is sit u ated in the area of the Magura Nappe in
the Bystrica (Nowy S¹cz) fa cies zone com posed of sand -
stone-shale, Cre ta ceous-Paleogene flysch (Fig. 1). In the
base ment of the Magura Nappe, bore holes also reached
Cre ta ceous-Paleogene strata tec toni cally lower units, i.e.
the Grybów and Dukla units (Paul and Ry³ko, 1987;
Oszczypko, 1991, Oszczypko-Clowes and Oszczypko,
2004). Un der the overthrusted nappes of the Outer
Carpathians, at a depth of about 4–5 km, rest strata of the
autochthonous Mio cene that cover an un folded plat form
base ment com pris ing Up per Ju ras sic and Up per Pa leo -

zoic rocks (Fig. 5; Birkenmajer and Oszczypko,
1989; Oszczypko et al., 2008).

In the Rabka area, the Dukla Se ries is rep re -
sented by Oligocene, thin- and me dium-bed ded
sand stones and shales (Krosno Beds) with a thick -
ness of about 200 m (Paul and Ry³ko, 1987). The
sand stones are cal car e ous, mica-rich and inter -
layered with black, cal car e ous muddy shales. The
Grybów Se ries is de vel oped as Oligocene muddy
shales and black marls (Grybów Beds) as well as
thin-bed ded sand stones (Krosno Beds) with a to tal
thick ness of about 500 m (Oszczypko-Clowes and
Oszczypko, 2004). The prev a lent shales are dark
grey, lo cally al most black, micaceous and cal car e -
ous. The sand stones that oc cur as in ter ca la tions
within the shales are dark grey, cal car e ous, fine-
 grained, with an ad mix ture of a pelitic ma te rial, in
places with dis persed py rite grains. The Bystrica
(Nowy S¹cz) fa cies zone is rep re sented by Up per
Cre ta ceous-Paleogene strata. They start with the
Var ie gated Shales (mostly the red va ri ety) about
150 m thick. The sand stones oc cur ring within this
mem ber are me dium-grained, and rich in glauco -
nite and bi o tite. The Var ie gated Shales are over lain 
by thin- and me dium-bed ded sand stones and

shales of the Ropianka Beds (Inoceramus Beds) with a thick -
ness of about 400 m. The sand stones are fine- and me dium-
 bed ded, cal car e ous and mus co vite-rich, with abun dant cal cite
veins, and are interlayered with grey-green shales. Still higher
rest var ie gated shales with interbeds of thick-bed ded sand -
stones (about 150 m thick). The shales are clay-rich, red and
green, interlayered with mas sive, thick-bed ded, fine-grained
sand stones. They are cov ered by shales and thin-bed ded sand -
stones of the Beloveža Beds (about 150 m thick). The unit is de -
vel oped as inters tratified, fine- grained, grey, mus co vite-rich
sand stones and green and grey shales (Paul and Ry³ko, 1987). 

Hydrogeochemical modeling of chloride mineral water from Rabka Spa (Carpathian Mountains, Poland) 683

Fig. 4. Grad u a tion tower for chlo ride min eral and ther a peu tic wa ter
in Rabka Spa (photo by L. Rajchel)

Fig. 5. Geo log i cal cross-sec tion of the Rabka area
(af ter Paul and Ry³ko, 1986, mod i fied)

For other ex pla na tions see Fig ure 1



The over ly ing £¹cko Beds with a thick ness of about 500 m
are com posed of marls, sand stones and shales. Marls pre vail in
the lower part of the mem ber: they are mas sive, blue-grey, to -
wards the bot tom grad ing into sandy marls and sand stones, and 
to wards the top into shales or si li ceous marls. The sand stones
are thin- and me dium-bed ded, mas sive, with a cal car e ous ce -
ment. The up per part of the £¹cko Beds is rep re sented mainly
by marls and sand stones (Maszkowice Mbr. of the Magura
Fm., see Oszczypko, 1991). The whole se quence is over lain by
Qua ter nary strata of var i ous thick ness. These de pos its in clude
grav els, sands and al lu vial loams of ero sional-ac cu mu la tion
ter races, loess-like loams, and deluvial loams with rock rub ble
(Paul and Ry³ko, 1987). 

Rabka spa is sit u ated within the Rabka Syncline which is
sec ond arily folded, both on the crest and the north ern limb
(S³onka Stream val ley; Fig. 5). To the north the syncline turns
into a fault seg ment of the Rabka–Zaryte Anticline. The fault -
ing within the Magura Nappe reaches prob a bly the un der ly ing
Grybów Unit. Other tec tonic dis tur bances are trans verse dis lo -
ca tions, in clud ing two steep slip faults (Oszczypko, 1991;
Oszczypko- Clowes and Oszczypko, 2004).

Tec ton ics has sub stan tially shaped the hydrogeological
con di tions of the Rabka area. These con di tions have been af -
fected with out doubt by the dis turbed zone of the con tact be -
tween the Magura Nappe and the lower-ly ing units. Chlo ride
wa ters mi grate from pri mary aqui fers sit u ated un der the
Magura Nappe, and their re charge area is lo cated in the north -
ern part of the Rabka Syncline (Chrz¹stowski, 1965)

MATERIAL AND METHODS

MINERAL AND THERAPEUTIC WATER OF RABKA

Within the area of Rabka, the min eral wa ters with proven
ther a peu tic prop er ties are of the Cl-Na type. In all the wa ter io -
dine is a spe cific com po nent, the con tent of which ranges from
21.3 mg/dm3 (Rabka 18) to 41.5 mg/dm3 (Boles³aw). The wa -
ters ren dered ac ces si ble via the Rabka IG 2 bore hole are ther -
mal, with a tem per a ture of 28°C at the out let. Their to tal min er -
al iza tion (TDS) is from 17.2 g/dm3 (Warzelniane) to
24.6 g/dm3 (Rabka IG 2); they do not rep re sent brines, how -
ever, whose TDS should ex ceed 35 g/dm3 (al though the term
“brines” is of ten er ro ne ously used) (Ta ble 1). The chem i cal
com po si tion of the chlo ride wa ter of Rabka is sta ble, and mi nor
dif fer ences are prob a bly as so ci ated with ad vances in an a lyt i cal
meth ods and/or tem po rary in flux of in fil tra tion wa ter.

Ad mis si ble con firmed re serves of min eral ther a peu tic wa -
ter for Rabka are 56711.6 m3/year, of which about 21% is cur -
rently uti lized. Re sources of min eral wa ter in Rabka are low,
which is con nected with rel a tively large val ues of the de pres -
sions around par tic u lar pump ing wells (Ta ble 2). High val ues
of de pres sion as so ci ated with the pump ing wells are ob served
in a spite of the ex tremely low dis charge rates only be tween
0.33–24.0 m3/day. Es ti mated transmissivity of the wa ter-bear -
ing sand stone for these con di tions typ i cally range from 10–7 to
10–8 m2/s, and only for the Rafaela and Rabka IG 2 bore holes
were val ues of transmissivity of about 10–4 m2/s ob tained. The

684 Lucyna Rajchel and Mariusz Czop

T a  b l e  1

Phys i cal and chem i cal com po si tion of min eral wa ter of Rabka  (mg/dm3)

Pa ram e ter Krakus Rafaela Warzelniane Boles³aw Hel ena Rabka 18 Rabka 19 Rabka IG 1 Rabka IG 2

pH         6.5 6.6   6.6          6.5        6.4   6.4       5.7        6.5       6.5

T [°C]       10.8 12.4 12.0       12.4      13.4 14.0      11.1      11.4      20.0

TDS 24077.0 24138.0   17232.6     23219.0 18564.2 23565.8     19136.6 21993.2 24620.6

Na+ 8671 8574   6075     8263 6880 8631      6851 8003 8835 

K+        97.7     94.2 67.1        91.4        21.3 54.7        24.5       48.2        89.3

Li+       15.3     15.6 10.3        14.6        12.0 15.6         14.3       15.6        15.9

Ca2+        86.0  100.0 66.7       45.8        29.6 54.0        26.3      21.3        72.1

Mg+2        37.6    45.9 29.8       38.4        23.9 35.4        24.5      23.8        41.2

Ba+2          1.3      1.7    0.95          1.2        17.5 14.2        25.1      18.3            1.9

Sr+2         39.7   39.5 22.3        22.3        17.4 30.3        22.2      18.6           40.7

Fe+2           1.2    5.9 10.3          7.8          8.5 10.6          6.4        5.3             1.8

Cl- 13744 13939      9633        12873 10909 13390        10826 12822  14084

Br-          29.5   35.3 22.8          37.7          25.9 35.5           25.5          31.4          37.4

I-          25.0  30.6 30.3         41.5          21.6 21.3           21.7          21.9          25.8

HCO4
-          8.3   0.5   0.5          0.5            0.5 0.5             0.5            0.5             0.5

HCO3
- 792 716   880     1287     402 741     1018    616      829

HBO2    514.7 522.8 369.4      483.9        188.9 523.22      238.9       339.2          528.5

H2SiO3       12.7  14.4  11.9        8.0            4.7   7.2          8.5          6.6            16.2

Anal y ses car ried out at the Hydrogeochemical Lab o ra tory of the De part ment of Hydrogeology and En gi neer ing Ge ol ogy, AGH Uni ver sity in Kraków,
on 24 Au gust, 2011



con duc tiv ity of the strata with min eral wa ters is dif fi cult to ob -
tain due to the un known thick ness of the aqui fer, but the ex -
pected val ues for this pa ram e ter are close to those of an
aquitard or even of prac ti cally im per me able rocks.

Long-term data from ob ser va tion of the bore holes ex ploi ta -
tion shows a de creas ing trend of wa ter pres sures. The de pres -
sion for par tic u lar bore holes mea sured af ter drill ing typ i cally
was much more lower than presently.

The ther a peu tic Rabka wa ters are ac com pa nied by meth ane
which oc curs in all the bore holes in amounts from 7.7 mg/dm3

(Rabka 19) to 19 mg/dm3 (Krakus). The gas mi grates from deep
lev els of the flysch base ment through dis con ti nu ity zones (dis lo -
ca tions, faults, frac tures) and con cen trates in traps, where Qua -
ter nary grav els and sand stone rubbles are over lain by loams and
clays up to sev eral metres thick (Chrz¹stowski, 1965). 

The chlo ride wa ters of Rabka are char ac ter ized by the pres -
ence of meth ane and rel a tively high con cen tra tions of io dide,
bro mine and the acid car bon ate ion, i.e., com po nents not usu -
ally oc cur ring in the chlo ride wa ters (brines) of salt-bear ing
for ma tions, e.g., of Wieliczka or Bochnia. Thus, the Rabka wa -
ter can not re sult from dis so lu tion of salt de pos its (that are ab -
sent in the Carpathians), but must be as so ci ated with fos sil,
synsedimentary or palaeoinfiltration wa ter. Such wa ter usu ally
co-oc curs with oil and nat u ral gas de pos its or con tains traces of
these sub stances and are con sid ered, there fore, as paragenetic
(Dominikiewicz, 1951; Œwidziñski, 1954; Chrz¹stowski,
1965; Dowgia³³o, 1976; Dowgia³³o and S³awiñski, 1978). 

De ter mi na tions of d18O (–5.05 to 6.32‰), d2H (–22.3 to
–58.2‰) and tri tium (nil to 8.9 T.U.) in di cate that the wa ters
were formed by de hy dra tion of clay min er als dur ing diagenesis 
and/or meta mor phism and later mixed with in fil tra tion wa ter
(Zuber et al., 2010). The pres ence of meth ane is linked to the
bac te rial break down of or ganic mat ter (methanogenesis) into
meth ane and car bon di ox ide. The lat ter gas has formed the 
HCO3

-  ion in the wa ter ana lysed (Leœniak and Dowgia³³o,
1989; Oszczypko and Zuber, 2002; Zuber, 2007). The pos si ble
ad di tional source of CO2(aq) is con nected with ox i da tion of
meth ane by ox y gen dis solved in wa ter.

The min eral wa ters of Rabka are closely con nected with
the fan-shaped zone of the chlo ride wa ters, in the Outer

Carpathians (see Borys³awski et al., 1980). In this zone there
oc curs the wa ter with high est TDS val ues and also with dom i -
nant com po nents of chlo ride (Cl) and so dium (Na), which are
known in Sól (Po land) and Oravska Polhora (Slovakia) and in 
sev eral deep bore holes (Borys³awski et al., 1980). Min eral
chlo ride wa ter in these lo ca tions are con nected with the
deeper parts of the flysch unit – the Dukla Nappe cov ered by
the Grybów Nappe. From the hydrogeological point of view
the Dukla Nappe is a semi-closed struc ture with out re charge.
In the Dukla Nappe ex ist ing brines con tain TDS above 35
g/dm3 with the hydrochemical type of Cl-Na. Tec tonic zones
with faults or im per me able dis con ti nu ities pro vided the op -
por tu nity for the brines to as cend to the sur face (Franko and
Michalicek, 1982; Marcin, 2004; Bacova, 2009; Zakovic et
al., 2009).

To tal dis solved sol ids in the chlo ride min eral wa ter in Sól
reach val ues up to 44.3 g/dm3 and in Oravska Polhora range
from 42.1 to 47.3 g/dm3. The d18O and d2H val ues for these
brines range from –1.26 to 5.79‰ and from –20.1 to –40.4‰,
re spec tively, in Sól (Rajchel et al., 2004), and av er age 5‰ and
–20‰, re spec tively, in Oravska Polhora (Zakovic et al., 2009).

Rel a tively high TDS are also ob served for min eral wa ter in
deeper bore holes in Szczawa and range be tween 4.5 g/dm3

(Dziedzilla) and 17.2 g/dm3 (Szczawa 2). Min eral wa ter is of
the hydrochemical type HCO3-Cl-Na, and con tains gas eous
CO2 in con cen tra tions from 1.3 to 3.6 g/dm3. Min eral wa ters in
Szczawa are also ac ces si ble from a few springs (Gardonie,
G³êbieniec, Pod Jab³oni¹ and Tereska), with lower TDS be -
tween 1.2 and 3.5 g/dm3 and hydrochemical type
HCO3-Na-Ca. The min eral wa ter or i gin in Szczawa is con -
nected with the com pli cated ge ol ogy of this area (Szczawa tec -
tonic win dow) and oc cur rence of faults that can con duct wa ter
from deeper parts of the flysch strata to the surficial zone
(Chrz¹stowski, 1971).

HYDROGEOCHEMICAL MODELLING

Hydrogeochemical data from the Rabka min eral wa ters
were in ter preted us ing the Geo chem ist’s Work bench (GWB)
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T a  b l e  2

The char ac ter is tics of the bore holes and min eral wa ter re sources in Rabka (data pro vided by UZG Rabka)

Boreholes
Drilled or com pleted

[years or year]

Depth

[m]

Sur face da tum

[m a.s.l.]
Depth of the wa ter

in take [m]

Ad mis si ble vol ume
of ground-wa ter

[m3/year]

De pres sion

s

[m]

Krakus 1855–1864 19.0 496.5  19.0 120 16.0

Rafaela 1910 39.2 494.8  25–35.0 7008   2.0

Warzelniane 1912 50.2 494.8  41–45.7 –   30.0*

Boles³aw 1954–1957 105.0  495.95 68.9–105.0 –   10.9*

Hel ena 1936–1938 450.0  507.1  443.7–450.0 876   200.0 

Rabka 18 1966 120.0  508.33 118.3–120.0 262.8    3.8

Rabka 19 1966–1967 95.0 526.24 60.35–85.0 8760      93.0

Rabka IG 1 1972–1973 967.1  512.0 210–260 –    32.8*

Rabka IG 2 1980–1981 1215.0   564.0 1185–1215 39420      ar te sian in flow

* – data from the pe riod of ex ploi ta tion (for the shut-down boreholes)



pro gram in its Stan dard 8.0 ver sion. This ap pli ca tion rep re -
sents one of the best pro grams in hydrogeochemical mod el ling, 
com bin ing the fea tures of a cal cu la tion sheet of hydrochemical
data with a group of ad vanced pro grams for geo chem i cal cal -
cu la tions and cre at ing spe cial ized graphs (e.g., Eh-pH di a -
grams). A wide range of ther mo dy namic da ta bases and the
pos si bil ity of car ry ing out cal cu la tions of ac tiv ity co ef fi cients
of dis solved phases in the case of the so lu tions of both low and
very high ionic strengths is a par tic u lar ad van tage of the GWB
pro gram (Bethke, 2008).

The pro cess of re plac ing the pri mary fluid with a com po si -
tion ap proach ing that of sea wa ter was im i tated by the mod el -
ling us ing the Re act pro gram, which is an el e ment of the packet 
of ap pli ca tions in cluded within the Geo chem ist’s Work bench
pro gram. For the con di tions oc cur ring in the Rabka area, the
“flush” model was se lected, as it pro vides the pos si bil ity of de -
ter min ing the hydrogeochemical con se quences of re plac ing the 
pri mary fluid that infills the wa ter-bear ing sys tem by suc ces -
sive por tions of an aque ous so lu tion with a ran dom com po si -
tion (Bethke, 2008). This model is thus very well suited to im i -
tat ing the in fil tra tion stage, i.e., re plac ing a highly min er al ized
so lu tion of the al tered synsedimentary wa ter by a stream of wa -
ter of lower min er al iza tion.

The mod ell ing of the wa ter-bear ing sys tem of the Rabka
min eral wa ter was car ried out for a vol ume of about 0.1 m3 of
sand stone of the Carpathian flysch, im i tated by 250 kg of
quartz con tain ing 1 kg of wa ter (po ros ity n = 1%). 

INTERPRETATION
OF HYDROGEOCHEMICAL DATA

All the min eral wa ters ac ces si ble at Rabka are char ac ter ized 
by their chlo ride-so dium (Cl-Na) hydrogeochemical type. So -
dium and chlo rides dom i nate among dis solved con stit u ents and 
make up to 96.4–97.9% of cat ions and 94.3–97.7% of an ions,
re spec tively. Most of the re main ing con stit u ents have con cen -
tra tions in the range from ~1 mg/dm3 to sev eral tens mg/dm3.
Only in the case of bo ron (ex pressed as metaborate acid HBO2)
and acid car bon ate (HCO3

- ) are their con cen tra tions higher:
HBO2 from 188.9 to 528.5 mg/dm3, and HCO3

-  from 402 to
1287 mg/dm3. Such sig nif i cant con cen tra tions of the acid car -
bon ate ion in chlo ride wa ter with high TDS val ues are very
rare. 

The min eral wa ters at Rabka are sim i lar with re gard to their
to tal min er al iza tion. Ac cord ing to cur rent data (avail able as of
Au gust, 2011), the TDS val ues range from 17.2 g/dm3

(Warzelniane) to 24.6 mg/dm3 (Rabka IG 2) (Fig. 6).
An other com mon fea ture of the Rabka wa ters is a gen eral

con stancy of their chem i cal com po si tion dur ing ex ploi ta tion.
Geo chem i cal data, avail able in most cases since the end of 1940s 
or since the mid-1960s, in di cate that the range of vari abil ity of
phys i cal and chem i cal wa ter pa ram e ters is nar row. The box-plot
graphs of the chlo ride con cen tra tions show small os cil la tions and 
nor mal dis tri bu tions of the val ues re corded (Fig. 7). 
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Fig. 6. Chem i cal com po si tion of the min eral wa ter from Rabka



Mod ell ing of the con di tions in which the chem i cal com po -
si tion of the Rabka min eral wa ters evolved was made for an
aque ous so lu tion with a com po si tion cor re spond ing to that of
sea wa ter and oc cur ring within sand stone lay ers of the flysch
strata. Such wa ter was trans formed (al tered) in the pro cesses of
mem brane fil tra tion: its to tal min er al iza tion (TDS) in creased
and when it be came oversaturated (SI > 0) very weakly sol u ble
car bon ate and sul phate min er als started to pre cip i tate. Then,
wa ter mi grat ing within the mod elled sand stone, con tain ing the
car bon ate pre cip i tates (mainly cal cite CaCO3), could fur ther
change these into dolomite, ac cord ing to the re ac tion:

Mg2+ + 2 CaCO3 « CaMg(CO3)2 + Ca2+

The re ac tion above pro ceeds un der typ i cal con di tions with
a mass def i cit, i.e., in the re ac tion of 1 kg of an aqueous so lu tion 
en riched in mag ne sium in place of a higher amount of dis -
solved cal cite (17.5 mmol) a lower amount of do lo mite forms
(8.7 mmol) (Bethke, 2008). The pro cess pre sented is prob a bly

re spon si ble for low er ing the con cen tra tions of cal cium and
mag ne sium in the synsedimentary wa ter, al tered as a re sult of
diagenesis. 

The next pro cess cru cial in the for ma tion of the chem i cal
com po si tion of the Rabka min eral wa ter is as so ci ated with ox i -
diz ing of meth ane trapped in the flysch strata, and dis turbed by
fold ing and fault ing. In the Rabka area meth ane mi grates to
near-sur face strata, where at the con tact with ox y gen ated wa ter
the fol low ing re ac tion takes place:

CH4(aq) + 2 O2(aq) « HCO3
-  + H+ + H2O

The pro cess pro vides, to the flow of min eral wa ter, con stant 
amounts of bi car bon ate an ions and – ad di tion ally – it pro duces
hy dro gen cat ions that in crease cor ro sion of the rocks com pos -
ing the aqui fer, and par tic u larly of the car bon ate min er als pre -
cip i tated dur ing diagenesis. 

An other fun da men tal pro cess in con trol ling the chem i cal
com po si tion of the Rabka min eral wa ter in volves re plac ing pri -

Hydrogeochemical modeling of chloride mineral water from Rabka Spa (Carpathian Mountains, Poland) 687

Fig. 7. Box and whis kers plots for min eral wa ter from Rabka

Fig. 8. Con cep tual model for the mod elled ground wa ter sys tem

A – de hy dra tion wa ter-in ter nal, B – de hy dra tion wa ter-ex ter nal, C – wa ter from ultrafiltration (Cin flow = Cout flow)



mary flu ids, i.e., synsedimentary sea wa ter al tered as a re sult of
diagenesis, by the to tal fluid flow re charg ing the wa ter-bear ing
sys tem. As the re sults of iso to pic in ves ti ga tions in di cate, this
flow may be com posed of a mix ture of in fil tra tion, palaeo -
infiltration and de hy dra tion wa ter, and also the wa ter re moved
from the pore space of the rocks dur ing diagenesis (drain-off
from the rock as a re sult of ultrafiltration in clay-rich lay ers due
to the com pac tion of strata un der the pres sure of over bur den)
(Fig. 8). 

The chem i cal com po si tion of the start ing pri mary fluid is
shown in Ta ble 3. The ini tial fluid com po si tion does not de part
from that of av er age sea wa ter (af ter Drever, 1988) ex cept for
the con cen tra tions of cal cium (Ca2+), mag ne sium (Mg2+) and
sulphates (HCO4

- ), as these ions were re moved from the fluid
by pre cip i tat ing car bon ates and sulphates. The pri mary fluid
with a mass of 1 kg was re placed in the given pe riod of 10 Ma
with 1 kg of pure wa ter, not con tain ing dis solved sol ids. The
ad di tional pro vi sos in cluded a con stant in flux of dis solved car -
bon di ox ide CO2(aq) gen er ated by ox i da tion of meth ane and a
dis so lu tion of mi nor amounts of cal cite (CaCO3) and do lo mite
[CaMg(CO3)2].

The re sults of the mod el ling are pre sented in Ta ble 4 and di -
a grams (Figs. 9 and 10). In such a hy po thet i cal case, the re sults
show that wa ter with a com po si tion close to that of the Rabka
min eral wa ter could be formed by re plac ing the pri mary, highly 
min er al ized so lu tion via al ter ation of synsedimentary wa ter by
a flow of wa ter with lower min er al iza tion. Such a pro cess re -
quires some mil lions years, when the amount of the wa ter
added into the wa ter-bear ing sys tem is about 40–70% of the
pri mary fluid vol ume.

CONCLUSIONS

The min eral wa ters of Rabka were formed un der com plex
geo log i cal con di tions, in a tec toni cally af fected zone. As a re -
sult of fold ing and fault ing of the Carpathian flysch, a trap for
hy dro car bons was formed, shown by strong em a na tions of
meth ane both from the wells pro vid ing min eral wa ter and di -
rectly on the ground sur face in the cen tral part of the S³onka
Stream val ley. The struc ture of the trap rep re sents a zone im -
ped ing the flow of un der ground wa ter, making re place ment of
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T a  b l e  3

Chem i cal com po si tion of the pri mary fluid 

Con stit u ent Unit Value

H2O kg    1

quartz (SiO2) kg 250

pH –     7

Na+ mg/kg 19 000    

K+ mg/kg 390

Ca2+ mg/kg  40

Mg2+ mg/kg   24

Sr2+ mg/kg    8

Cl– mg/kg 10 500     

Br– mg/kg   67

HCO3
- mg/kg 142

T a  b l e  4

Chem i cal evo lu tion of the pri mary fluid in the mod elled sys tem

Time
[My]

Mass of added 
wa ter [g]

pH

[-]

Ionic
strenght

[-]

TDS

[g/dm3]

Cl

[g/dm3]

Na

[g/dm3]

HCO3

[mg/dm3]
Wa ter type

0     0.0 7.00 0.878 49.4 29.7        19.0 142 Cl-Na

1 100.0 6.72 0.787 44.5 26.7         17.1 233 Cl-Na

2 200.0 6.64 0.684 39.0 23.3          14.9 335 Cl-Na

3 300.0 6.61 0.568 32.6 19.4          12.4 453 Cl-Na

4 400.0 6.61 0.434 25.2 14.8            8.7 591 Cl-Na

5 500.0 6.63 0.275 16.2 9.3           5.9 757 Cl-Na

6 600.0 6.71 0.081   5.0 2.4           1.5 965 Cl-Na

6.3 629.0 9.79 0.017    1.2 0.00002            0.00002 1040 HCO3-Ca

Fig. 9. Tem po ral changes of the TDS, so dium and chlo rides 
con cen tra tion in the mod eled ground wa ter sys tem



the wa ter in the wa ter-bear ing sys tem more dif fi cult and thus
sig nif i cantly ex tending the time of the wa ter-rock con tact.

The com po si tion of the Rabka min eral wa ter is a re sult of
in ter con nected hydrogeochemical pro cesses. The es sen tial fea -
ture is re plac ing of the pri mary fluid that orig i nated by al ter ing
synsedimentary wa ter due to diagenetic pro cesses by flow of
less min er al ized wa ter. The wa ters flow ing into the wa ter-bear -
ing sys tem have dif fer ent gen e ses: ac cord ing to iso topic in ves -
ti ga tions they are wa ter of the in fil tra tion or palaeoinfiltration,
de hy dra tion and also diagenetic in char ac ter. The wa ter of the
hydrogeochemical in fil tra tion stage flow ing into the rel a tively
close sys tem of the min eral wa ters of Rabka re place (di lute) the 
pri mary, post-diagenetic fluid formed dur ing the eli sion stage.
The com po nents de pos ited dur ing this stage within the
low-per me ability rocks sur round ing the wa ter-bear ing sys tem
of the Carpathian sand stones may rep re sent an ad di tional
source of dis solved sol ids.

The suc ceed ing pro cesses im por tant in the for ma tion of the
unique com po si tion of the Rabka min eral wa ter in volve in flow
of car bon di ox ide or/and slow ox i da tion of meth ane in wa ter
(by wa ter-dis solved ox y gen) that re sults in gen er at ing bi car -
bon ate an ions (HCO3

- ) and hy dro gen cat ions (H+) thus acid i fy -
ing the aque ous en vi ron ment. Such wa ter with de creased pH
val ues are more ag gres sive in re spect to sur round ing rocks of
the aqui fer and more rap idly dis solve car bon ate min er als (cal -
cite and do lo mite).

Mod el ling with the Geo chem ist’s Work bench Stan dard 8.0
pro gram has shown that the chem i cal com po si tion of the min -
eral wa ter of Rabka is as so ci ated with a zone of im peded wa ter
flow. The cal cu la tions in volv ing compositional changes of a
hy po thet i cal, only slightly mod i fied av er age sea wa ter, have
led to a char ac ter is tic chlo ride min eral wa ter of com po si tion

close to that of the Rabka chlo ride wa ter. Gen er a tion of wa ter
of such a com po si tion is a long-last ing pro cess (it re quires sev -
eral mil lion years) by slow ex change of wa ter in the wa -
ter-bear ing sys tem, dur ing which time the amount of the wa ter
with lower min er al iza tion is about 40–50% of the strongly min -
er al ized pri mary fluid vol ume. 
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