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K³odzko re gion is a his tor i cal re gion in south west ern Po land, cut ting into the ter ri tory of the Czech Re pub lic. In geo log i cal terms, it con -
tains (within the Pol ish bor ders) the Up per Nysa K³odzka Graben and the Orlica–Œnie¿nik Meta mor phic Unit. The re gion abounds in
nat u rally car bon ated wa ters, whose com po si tion is dom i nated by HCO3

-, Na+, Ca2+ and Mg2+ ions. This study con cerns the chem i cal com -
po si tion of wa ters from par tic u lar in takes sit u ated in Kudowa-Zdrój, Jeleniów, Duszniki-Zdrój, Polanica-Zdrój and Gorzanów. Chem i -
cal data were ana lysed math e mat i cally and by hydrochemical mod el ling per formed with the help of the AquaChem5.1 and PhreeqC
codes. The chem i cal com po si tion of the wa ters stud ied is shaped chiefly by hy dro ly sis of aluminosilicates. The ma jor ion com po si tion is
also in flu enced by ion ex change (ad sorp tion and desorption) with and dis so lu tion of car bon ate min er als. Anal y sis of sat u ra tion in dexes
showed that these wa ters are in equi lib rium with kaolinite. Gen er ally speak ing, the chem i cal com po si tion of wa ters in this re gion is de ter -
mined by dis so lu tion and pre cip i ta tion of car bon ates (mostly sec ond ary) and aluminosilicates in the pres ence of car bon di ox ide, as well
as by ion ex change. 
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INTRODUCTION

The oc cur rence of min eral wa ters across K³odzko Re gion
was de scribed as early as in the early 20th cen tury. De tailed re -
search into the hydrogeological con di tions was not launched un -
til the 1960s. This is when, based on Frech’s hy poth e ses (1904,
1912), Fistek (1977) pro posed a pat tern of min eral wa ter and
car bon di ox ide (CO2) mi gra tion in this part of the Sudetes.

The area dis cussed con tains two large tec tonic units: the
Orlica–Œnie¿nik Meta mor phic Unit and the Up per Nysa
K³odzka Graben (Fig. 1). The for mer is built chiefly of meta mor -
phic rocks of am phi bole fa cies. These are mostly Pa leo zoic rock
com plexes: mica, mica-graph ite, quartz ite, car bon ate and
chlorite schists, quartzites and crys tal line lime stones, am phi bole
rocks, as well as gneiss es and gran ite-gneiss es (¯elaŸniewicz,
2003). Don (1996) clas si fied these rock units into one very large
rock for ma tion (Liber and Kie³czawa, 2009). It should be added
that gneiss es around Duszniki-Zdrój con tain large amounts of
sec ond ary cal cite, iron com pounds (he ma tite), plagioclase
(commonlly com pletely re placed by cal cite), and kaolinized po -
tas sium feld spar (Fistek and Fistek, unpubl.).

In the north west ern part of the Orlica–Œnie¿nik Meta mor -
phic Unit, in the area of Kudowa-Zdrój, there are two smaller
tec tonic units, the Kudowa granitoid and the Kudowa de pres -
sion. The elon gated granitoid de lim its a sub si dence ba sin, filled 
with Perm ian and Up per Cre ta ceous strata, sit u ated to the east.
The Perm ian is rep re sented by sand stones and con glom er ates
(Têsiorowska and Fistek, 1971).

The Up per Nysa K³odzka Graben is a unit filled with Up per 
Cre ta ceous strata (Cenomanian, Turonian and Coniacian). The
Cenomanian de pos its are chiefly of sandy fa cies. In the bot tom
part, these are clay-cal cif er ous sand stones, with un der ly ing
quartz con glom er ates. The next unit com prises quartz sand -
stones, the “lower jointed sand stones”. The up per Cenomanian
is rep re sented by marly sand stones (Radwañski, 1975). These
are over laid by Turonian strata, pre dom i nantly clay and
clay-silicic marls interstratified with jointed sand stones, and
interbeds of sandy marls, claystones and sandy lime stones. The
Coniacian suc ces sion is dom i nated by flysch de pos its: al ter nat -
ing sand stones, mudstones and claystones.

Neogen and Paleogen de pos its in the area of K³odzko Re -
gion com prise varved clays (Kie³czawa, 2001a).



Qua ter nary de pos its form a dis con tin u ous cover of
post-gla cial, fluviogla cial, flu vial, slope and ae olian sediments.

The pres ent ar range ment of tec tonic units in K³odzko Re -
gion re flects up lift con tem po ra ne ous with and fol low ing de po -
si tion of the sed i ment infill of the Up per Nysa K³odzka Graben
(Oberc, 1972). 

The units dis cussed are sep a rated by fault sys tems.
Important faults, such as the NW–SE ori ented
Pstr¹¿na–Gorzanów Fault, also in ter sect Cre ta ceous de pos its
within the Up per Nysa K³odzka Graben. It is gen er ally ac -
cepted that this is a dis lo ca tion zone built of two roughly par al -
lel faults, dis plac ing the sed i men tary cover to gether with its
crys tal line bed rock (Fistek, 1977). The crys tal line for ma tions
have been up lifted to form a horst. In the lit er a ture, this zone is
also re ferred to as the Duszniki-Zdrój–Gorzanów–Waliszów
Fault (Don, 1996). It is the south east ern part of a dis con ti nu ity
stretch ing from Hronov (on the Czech side) through Pstr¹¿na
and Kudowa-Zdrój to Gorzanów (Kie³czawa, 2005). 

The pres ent in ves ti ga tions are based a chem i cal anal y ses of
wa ters from par tic u lar in takes in Kudowa-Zdrój, Jeleniów,
Duszniki-Zdrój, Polanica-Zdrój and Gorzanów. Groundwaters 
from these places have been clas si fied as me dic i nal and po ten -
tially me dic i nal (Dz.U. nr 32, poz. 220 z 2006 r.). In chem i cal
terms, they are all nat u rally car bon ated wa ters vary ing in the
con tents of prin ci pal cat ions. In Duszniki-Zdrój there are cal -
cium-so dium-mag ne sium (bore holes: Jan Kazimierz, No. 39,
Agata, Pieniawa Chopina, B-1 and B-4) and cal cium-mag ne -
sium (B-2, B-3 and Zimny Zdrój bore holes) car bon ated wa ters. 

So dium-cal cium car bon ated wa ters are char ac ter is tic of
Kudowa-Zdrój (K-200, Marchlewski bore holes and Górne in -
take) and Jeleniów (Sarenka in take) and in the for mer place
there are also cal cium-so dium car bon ated wa ters (Œniadecki
and Moniuszko in takes). The wa ters in Polanica-Zdrój and
Gorzanów, on the other hand, (Fig. 2) are dom i nated by cal -
cium (Józef II, ¯elaziste, Józef Stary) and cal cium-so dium car -
bon ated wa ters (Wielka Pieniawa, P-300 and Józef I bore holes
and the bot tom wa ter level in bore hole No. 5 in Gorzanów), as
well as cal cium bi car bon ate wa ters (Kaczka, No. 2, 3, 4, 4a, b,
6, 7M and 10R bore holes). These car bon ated wa ters are drawn
from Perm ian (in Jeleniów) and Up per Cre ta ceous de pos its
(Polanica-Zdrój, Kudowa-Zdrój, Gorzanów ex cept for the bot -
tom level in in take No. 5). The in takes in Duszniki draw wa ters
from Pa leo zoic crys tal line rocks.

The chem i cal types of wa ters in Duszniki-Zdrój and their
po si tion on a Piper di a gram sug gest they should be re garded as
“tran si tional”, be tween the wa ters of Kudowa-Zdrój and
Polanica-Zdrój and Gorzanów.

RESULTS AND DISCUSSION

It was de cided that amongst all me dic i nal and po ten tially
me dic i nal wa ters found in K³odzko Re gion, only those men -
tioned above would be ana lysed, as their source de pos its are
found in sim i lar tec tonic con di tions and lie close to each other.
More over, the avail abil ity of analytical re sults con cern ing the
physicochemical prop er ties of wa ters, pro vided by the K³odzko 
Health Re sorts Group Joint Stock c.o., was also significant.

Anal y ses of wa ters from par tic u lar lo cal i ties (Fig. 3) dem on -
strate that the high est amount of to tal dis solved sol ids (TDS) can
be found in nat u rally car bon ated wa ters from Kudowa-Zdrój
(K-200, Moniuszko, Œniadecki). Car bon ated wa ters from
Duszniki-Zdrój (Agata), and Polanica-Zdrój (P-300) come next.
Car bon ated wa ters from the Kaczka in take in Gorzanów has the
chem i cal com po si tion clos est to that of rain wa ter. 

As for the ionic com po si tion, the high est amounts of so -
dium are char ac ter is tic of wa ters from Kudowa-Zdrój (K-200,
Moniuszko, Œniadecki), then from Duszniki-Zdrój (ex cept for
in take B-3), Jeleniów, Polanica-Zdrój and Gorzanów. The low -
est con tents of so dium (ca. 30 mg/L) are found in wa ters from
in take B-3 in Duszniki-Zdrój. The high est con cen tra tions of
cal cium ions are re corded in wa ters from Polanica-Zdrój
(P-300, Wielka Pieniawa) and Duszniki-Zdrój (Agata,
Pieniawa Chopina), then Gorzanów and Kudowa-Zdrój
(Marchlewski and Górne). The least cal cium is con tained in
wa ters from the Kaczka in takes – ca. 70 mg/L (in Gorzanów)
and wa ters from Jeleniów (J-150 – ca. 85 mg/L). The high est
amounts of chlo rine have been ob served in wa ters from
Kudowa-Zdrój. Rel a tively high con cen tra tions (up to ca.
62 mg/L) of this ion have also been ob served in Gorzanów. The 
wa ters of Kudowa-Zdrój, Duszniki-Zdrój and Jeleniów are
also characterized by the high est con tents of metasilicic acid,
while there is much vari a tion in the con cen tra tion of this com -
po nent in wa ters from Duszniki-Zdrój. Genarally speak ing,
when ana lys ing the con cen tra tions of metasilicic acid and the
to tal dis solved forms of in or ganic car bon (TDIC), one can ob -

204 Barbara Kie³czawa

Fig. 1. Sim pli fied geo log i cal sketch-map of the re search area 
with lo ca tion of the health re sorts (on base Sawicki et al., 1986)

UNKG – Up per Nysa K³odzka Graben; O-ŒMU – Orlica-Œnie¿nik 
Meta mor phic Unit; Kg – Kudowa granitoid; Kd – Kudowa de pres sion



serve a grad ual rise in the amount of these com po nents in the
wa ters dis cussed. Ac cord ing to Gi-Tak et al. (2006) such a sit u -
a tion in di cates a pre dom i nance of feld spar hy dro ly sis among
the pro cesses de ter min ing the com po si tion of these wa ters.

The co-ocurrence, in par tic u lar lo cal i ties, of wa ters with
vary ing pro por tions of cat ions, form ing slightly dif fer ent
chem i cal types, raises a ques tion about cor re la tions be tween
these wa ters. What changes them more – mix ing dif fer ent com -
po si tions of wa ters or geochemical reactions?

Ciê¿kowski et al. (unpubl.) and Kie³czawa (2001a, b,
2005) have ob served that wa ters from the de pos its dis cussed
are mix tures of deep sys tem wa ters and wa ters of con tem po rary 
cir cu la tion. The mix ing of wa ters from two cir cu la tion sys tems
can be in ferred from the anal y ses of their iso tope com po si tion.
Me dic i nal wa ter de pos its of Kudowa-Zdrój and Duszniki-
 Zdrój have their re charge ar eas lo cated higher (from 540 to
800 m a.s.l.) than those in Jeleniów (Ta ble 1), Polanica-Zdrój
and Gorzanów (Ciê¿kowski et al., unpubl.). This is why the
for mer ones have lon ger and deeper cir cu la tions. The lat ter two 
de pos its have their re charge ar eas in lower-ly ing parts of

K³odzko Re gion (290–640 m a.s.l.). Hence, the con clu sion is
that these are two sep a rate wa ter sys tems. 

The per cent ages of deep, highly min er al ised wa ters, de ter -
mined through chem i cal anal y ses, vary con sid er ably (Ta ble 1).
How ever, anal y ses of tri tium con tent in wa ters from par tic u lar
in takes have shown the pres ence of tri tium-free wa ters in
Kudowa-Zdrój (K-200 and Górne in takes) and Polanica-Zdrój
(P-300 and Wielka Pieniawa bore holes; Ciê¿kowski et al.,
1996). Sig nif i cant amounts of wa ter-dis solved CO2 (ca.
2900 mg/L at the most) con firm the pos si ble in flow of deep-cir -
cu la tion wa ters, and in di rectly also the pos si bil ity of their mix -
ing with shal low wa ters.

The fis sures in cracked crys tal line bed rock in the area of
Duszniki-Zdrój are filled with clay min er als and cal cite (Fistek
and Fistek, unpubl.). One could ex pect that such a sit u a tion is
not just lo cal, but also oc curs in other crys tal line rock zones in
K³odzko Re gion. The pres ence of these min er als is prob a bly a
re sult of the hydration of aluminosilicates build ing the
Orlica–Œnie¿nik crys tal line struc ture. More over, sec ond ary
cal cite also crystallises in fis sures as an ion ex change de riv a -
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Fig. 2. Piper’s di a gram show ing the chem i cal com po si tion of wa ters in the study area
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tive. It should be noted that meta mor phic rocks in this area of
the Sudetes con tain lenses of crys tal line lime stones. These
rocks are also an im por tant source of Ca+2, Mg+2, HCO3

- and 
CO3

2-  ions. The in flu ence of dis so lu tion of crys tal line lime -
stones on wa ter com po si tion, e.g. in Gorzanów, has been sug -
gested by Dowgia³³o (1978) and Kie³czawa (2005).

A sim ple method of find ing out whether the ex change of
Na+, Ca2+ i Mg2+ ions in flu ences the chem is try of groundwaters
is to com pare their prin ci pal ion com plexes, i.e.
Ca + Mg–HCO3–SO4, in re la tion to Na-Cl (in meq/L). If the val -
ues of the re la tions de ter mined form a straight line with a slope
of –1 (or lie near it) on the graph (Fig. 4), it shows a pre dom i -
nance of ion ex change pro cesses in the wa ter-rock sys tem
(Fisher and Mullican, 1997; Rajmohan and Elango, 2004;
Srinivasamoorthy et al., 2008). Fig ure 4 shows that wa ters from
par tic u lar health re sorts de fine a straight line with a slope be -
tween –1.36 (R2 = 0.99) and a max i mum of –1.07 (R2 = 0.97).
The re sults ob tained im ply that gen er ally all the prin ci pal cat ions
(Na+, Ca2+, Mg2+) can par tic i pate in ion ex change re ac tions.

Sim i lar con clu sions could be drawn from the anal y sis of the 
re la tion be tween Ca + Mg and HCO3 + SO4 (in meq/L). The ion 
ex change line, due to the en rich ment of wa ters in sul phate and
bi car bon ate ions, “shifts” the points to the right of the 1:1 line
(Fig. 5). If re verse ion ex change oc curs (so dium and po tas sium
from wa ters are re placed by cal cium and mag ne sium found in
rocks), there is an in crease in the num ber of Ca and Mg ions in
wa ters, so the points lie to the left of the straight line. When the
points lie near the 1:1 line, the sys tem is dom i nated by the pro -
cesses of do lo mite, cal cite and gyp sum dis so lu tion (Rajmohan
and Elango, 2004; Srinivasamoorthy et al., 2008). 

All the wa ters stud ied are dis trib uted in the field be low the
1:1 line (Fig. 5). This fact is most likely linked to the con sid er -
able pre dom i nance of bi car bon ate ions in their chem i cal com -
po si tion. This, in turn re sults from the in ter ac tion of CO2 (of a
deep or i gin) sup plied to the in take area, with aluminosilicates
in the rock me dium in the aque ous en vi ron ment. No ta bly, in -

takes B-2 and B-3 in Duszniki-Zdrój (Fig. 5) and wa ters from
Gorzanów and Polanica-Zdrój (ex cept for in take P-300) are
dis trib uted clos est to the dis so lu tion line. There fore, it is pos si -
ble that dis so lu tion of car bon ate min er als may in flu ence the
chem i cal com po si tion of these wa ters (these in takes draw wa -
ters di rectly from Cre ta ceous strata, Polanica-Zdrój,
Gorzanów, Kudowa-Zdrój) or that wa ters en riched in the prod -
ucts of such re ac tions flow into the in take (Duszniki-Zdrój).

The big gest shift to the right can be ob served for wa ter
anal y ses from Kudowa-Zdrój and Jeleniów, which may be ev i -
dence of ad vanced ion ex change be tween cal cium and mag ne -
sium cat ions from wa ters, and Na+ ions from hy drated so dium
plagioclases or clay min er als (Fisher and Mullican, 1997;
Rajmohan and Elango, 2004; Srinivasamoorthy et al., 2008). 

 Ex am in ing the re la tion be tween (Ca + Mg)/HCO3 and Cl
(in  mmol/L) re sulted in di vid ing the ana lysed wa ters into two
sets: one com pris ing wa ters from Kudowa-Zdrój, Jeleniów and 
Gorzanów and the other with wa ters from Duszniki-Zdrój and
Polanica-Zdrój (Fig. 6). The con tents of Cl– ions change lin -
early within both wa ter sets, but the for mer case shows dis tinct
vari a tion in the con cen tra tion of the com po nent dis cussed.

The im age ob tained may dem on strate the ac cu racy of the
hy poth e sis con cern ing re charg ing de pos its, e.g. in
Kudowa-Zdrój and Gorzanów, with deep cir cu la tion wa ters
flow ing to these places along the Hronov–Kudowa-Zdrój–
Pstr¹¿na–Gorzanów tec tonic zone. The in takes in Polanica-
 Zdrój and Duszniki-Zdrój, on the other hand, are sit u ated along
faults trans verse to this dis lo ca tion (and si mul ta neously sub or -
di nate to it). There fore, it may be con cluded that the in flow of
deep sys tem wa ters is smaller in this case. Large amounts of
CO2, both in wa ters and in the soil air of Duszniki-Zdrój (¯ak et 
al., 2008), as well as in creased wa ter tem per a tures, in di cate the
prox im ity of that zone.

The val ues of the cal cu lated re la tion (Ca + Mg)/HCO3 fall -
ing be low 0.5 show the re place ment of Ca2+ and Mg2+ by Na+

from clay min er als. When the cal cu lated val ues are higher,
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Lo cal ity In take name Lo ca tion of re charge area
 [m a.s.l.]

Per cent age 
of deep- cir cu la tion wa ters 

Kudowa-Zdrój
K-200, Górne 644–689 36–55

Moniuszko, Marchlewski 537–559 30–87

Jeleniów J-150 412–480 34–91

Duszniki-Zdrój
Agata, B-1, B-4, Jan Kazimierz, No. 39, Pieniawa Chopina 745–805 34–92

Zimny Zdrój, B-2, B-3 715–797 24–60

Polanica-Zdrój

P-300 

530–537

100

Wielka Pieniawa 38–72

Józef I, Józef II 30–65

Józef Stary 42–45

Gorzanów

Kaczka, 3, 10

287–644

22–37

2 40–53

4, 4a, 4b 55–62

5, 6 32–97

7 70

T a  b l e  1

Lo ca tion of re charge ar eas (based on iso tope com po si tion anal y ses of wa ters) and per cent age of deep cir cu la tion wa ters 
(based on hydrochemical data) in wa ters from par tic u lar lo cal i ties (ac cord ing to Ciê¿kowski et al., 1996; Kie³czawa, 2001a)



the influence of re verse ex change is ob served (Rajmochan and
Elango, 2004). The val ues ob tained im ply sim ple ion ex change 
de vel op ing in most of the wa ters stud ied. Only in one in take
(Kaczka), sit u ated in Gorzanów, the val ues reach 0.5–0.68.
At this stage it is dif fi cult to state ex plic itly whether re verse ion
ex change oc curs in these wa ters.

The de ter mi na tion of ion ex change di rec tion can be fa cil i -
tated by Schoeller’s in di ces. These are so dium-chlo ride in di ces 
CAI 1 and CAI 2 where:

CAI 1 Cl
Na K

Cl
= -

+ [1]

CAI 2 Cl
Na K

SO
HCO CO NO

4

3 3 3= -
+

+ + + [2]

(by Rajmochan and Elango, 2004 af ter Schoeller).
One can talk about sim ple ion ex change when Ca+2 and Mg+2

ions found in wa ters are re placed by Na+ and K+ ions from the

rock me dium, when both of these in di ces have neg a tive val ues.
Their pos i tive val ues are a sign of re verse ion ex change pro cesses. 

The val ues cal cu lated for the wa ters stud ied do not clearly
show the ex change di rec tion, as all the wa ters ana lysed have
val ues CAI 1 <0 and CAI 2 >0. Most prob a bly, sim ple ex -
change pro cesses dom i nate, and pos i tive val ues of the lat ter in -
dex are re lated to high num bers of HCO3

- ions in the com po si -
tion of the wa ters stud ied. Iso lated re sults from in takes P-300 in 
Polanica-Zdrój and B-4 in Duszniki-Zdrój, give an in di ca tion
of re verse ion ex change, i.e. the so dium from wa ter is re placed
by cal cium and mag ne sium found in rocks.

The min eral com po si tion of crys tal line rocks in cludes sil ica
min er als (quartz, chal ce dony), sil i cates (olivines), alumino -
silicates (py rox enes, po tas sium feld spars, plagioclases) and hy -
drated aluminosilicates (am phi boles, micas). It is gen er ally
known that chem i cal weath er ing of these min er als pro duces clay
min er als (kaolinite, illite, mont mo ril lo nite), cal cite as well as ox -
ides and hy drox ides (e.g., gibbsite, he ma tite). Con se quently, the
wa ters stud ied may be ex pected to show a state of equi lib rium or
supersaturation with re spect to these min er als.
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Fig. 4. Re la tion be tween Ca + Mg + HCO3–SO4 

and Na-Cl for wa ters in par tic u lar health re sorts



Physicochemical prop er ties of me dic i nal wa ters have been
stud ied in health re sorts for many years. Data col lec tions con -
tain re sults gath ered back in the late 19th cen tury. Un for tu -
nately, due to the of ten du bi ous ac cu racy of these anal y ses and
se lec tiv ity of the ion com po nents ex am ined, not all this data
can be used di rectly for par tic u lar anal y ses. This is why only
few re sults have been em ployed for de ter min ing the ac tiv ity
and sat u ra tion in di ces of prob a ble min eral forms pres ent in
these wa ters. The data used come from the Wielka Pieniawa
and P-300 in takes in Polanica-Zdrój, B-4 and No. 39 in
Duszniki-Zdrój, the K-200, Moniuszko and Górne in takes in
Kudowa-Zdrój, as well as  J-150 in Jeleniów. The pa ram e ters
dis cussed were de ter mined with the help of the PhreeqC code
(Park hurst and Appello, 1999).

The val ues of sat u ra tion in di ces de fined (SI; Ta ble 2) sup -
port the above de duc tions. All the wa ters ana lysed are char ac -
ter ized by supersaturation with re spect to micas, kaolinite and
chal ce dony. Wa ters from in takes B-4, No. 39 and K-200 ex -
hibit slight supersaturation with re spect to po tas sium
aluminosilicates (feld spars), illite and mont mo ril lo nite. In all
these cases dis so lu tion of do lo mite and plagioclases oc curs.
Ex cept for wa ters from in take J-150, all the oth ers are marked
by equi lib rium or slight undersaturation with re spect to cal cite.
Equi lib rium with this min eral is ob served in wa ters with a
higher con tri bu tion of Na+ ions to their ionic com po si tion. Pre -
sum ably, their in ter ac tion with the rock me dium lasted lon ger.
Their deeper cir cu la tion and sub se quent greater in ter ac tion

with the rock me dium and CO2, re sulted in re leas ing
HCO3

- ions (as a re sult of hy dro ly sis of sil i cates and
aluminosilicates). This, in turn may lead to re moved of Ca+2

from the so lu tion as a re sult of sec ond ary cal cite crystallisation.
On the other hand, cal cium ions can be re moved from these

wa ters through ion ex change with Na+ or K+ com ing from sec -
ond ary aluminosilicates (i.e., clay min er als formed through
hydration of e.g., feld spars).
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Fig. 5. Re la tion be tween Ca + Mg and SO4 + HCO3 for wa ters 
in par tic u lar health re sorts

Fig. 6. Re la tion be tween (Ca + Mg)/HCO3 

and sa lin ity for wa ters in par tic u lar health re sorts

Ex pla na tions as in Fig ure 3



The wa ters dis cussed are nat u rally car bon ated with a sub -
stan tial pre dom i nance of HCO3

- (bi car bon ate) ions in their
com po si tion. This is char ac ter is tic of wa ters whose chem is try
is formed as a re sult of alu mi no sili cate hydration in the pres -
ence of CO2. Hence the no tion that these pro cesses also de ter -
mined di rectly the pres ence of Na+ ions in the wa ters stud ied. 

The de gree of sat u ra tion or undersaturation of the so lu tion
with re spect to aluminosilicates is de picted by sta bil ity di a grams
for par tic u lar min er als (Figs. 7 and 8). The di vi sion of these wa -
ters into two groups is clear: one with a con sid er able pro por tion
or pre dom i nance of cal cium ions (in takes P-300, Wielka
Pieniawa and Moniuszko), and the other one char ac ter ized by a
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Min eral

Lo cal ity

Duszniki-Zdrój Jeleniów Kudowa-Zdrój Polanica-Zdrój

In take name

No. 39 B-4 J-150 K-200 Moniuszko Górne P-300 Wielka Pieniawa

Al(OH)3(a) –2.8  –2.41 –3.6  –2.9  –3.2  –3.14 –2.8  –3.18

Al bite –2.01 –1.4  –3.14 –1.36 –3.24 –1.95 –3.6  –4.4  

An or thite –8.02 –5.75 –9.16 –6.96 –8.52 –7.84 –7.57 –9.1  

Ar agon ite –0.32 –0.11 –0.77 –0.22 –0.12 –0.51   0.02 –0.66

Ca-montmorillonite 1.5   2.48 –0.84   1.56 –0.96   0.75 –0.35 –1.2  

Cal cite –0.17   0.04 –0.62 –0.07   0.04 –0.36   0.17 –0.5  

Chal ce dony   0.56   0.56   0.42   0.61   0.12   0.56   0.04   0.06

Do lo mite –0.76 –0.24 –1.62 –0.45 –0.49 –1.17 –0.31 –1.84

Gibbsite –0.04   0.36 –0.79 –0.1  –0.4    0.34 –0.04 –0.37

Illite   0.38   1.44 –2.29   0.38 –2.16 –0.55 –1.58 –2.7  

K-feld spar   0.24   0.83 –1.45   0.29 –1.6  –0.26 –1.5  –2.1  

K-mica   5.73   7.12   2.5    5.64   3.15   4.62   3.98   2.69

Kaolinite   2.73   3.55   0.97   2.75   1.16   2.16   1.71   1.09

Quartz   1.01   1.02   0.89   1.08   0.59   1.03 0.5   0.53

Rhodochrosite –0.45 –0.24 –0.9  –0.74 –0.77 –0.86 –0.29 –1.18

Sid er ite   0.36   0.54   0.04   0.36   0.26   0.14   0.37 –0.18

SiO2(a) –0.31 –0.31 –0.46 –0.27 –0.76 –0.32 –0.83 –0.83

Bar ite –1.1  –0.17   0.03 0.1   0.21 0.0   0.01 –0.2  

Val ues close to the equi lib rium state are typed in bold

T a  b l e  2

Val ues of sat u ra tion in di ces (SI) for wa ters from se lected in takes
 (based on re cent chem i cal com po si tion anal y sis com pris ing data on Al3+ ion con cen tra tions) 

with re spect to prin ci pal min er als found in rock units in the re search area

Fig. 7. The sta bil ity di a gram of K-feld spar (microcline) 
and its pos si ble weath er ing prod ucts (gibbsite, kaolinite and mus co vite)

Fig. 8. The sta bil ity di a gram for an or thite 
and its weath er ing prod ucts gibbsite, kaolinite and Ca-mont mo ril lo nite

Ex pla na tions as in Fig ure 7



pre dom i nance of Na+ ions (in the case of Kudowa-Zdrój) or their 
high per cent age (in Duszniki-Zdrój) in their cat ion com plex. The 
wa ters in this group show supersaturation with re spect to mont -
mo ril lo nite and a state close to equi lib rium with microcline (po -
tas sium feld spar). In both groups, kaolinite is the sta ble form of
sec ond ary aluminosilicates. The wa ters from Duszniki-Zdrój
and Kudowa-Zdrój are dis trib uted on the bound ary of the
kaolinite/mont mo ril lo nite phases. This sug gests the in flu ence of
dis so lu tion of in con gru ous aluminosilicates on the chem is try of
these wa ters (Appello and Postma, 2007). In the first of these de -
pos its, where wa ters are found in crys tal line rocks, the de vel op -
ment of such pro cesses is very likely. In the case of
Kudowa-Zdrój, this pos si bil ity is con firmed by the in flow of wa -
ters from the crys tal line bed rock, i.e. deep cir cu la tion wa ters.

CONCLUSIONS

The chem i cal com po si tion of the nat u rally car bon ated wa -
ters of K³odzko Re gion is de ter mined chiefly by their in ter ac -
tion with the rock me dium and with car bon di ox ide (of deep or -
i gin) mov ing to wards the dis charge area. It is most in flu enced
by dis so lu tion of pri mary aluminosilicates, sil i cates and crys -
tal line lime stones, as well as by crystallisation of sec ond ary
cal cite and clay min er als (kaolinite). Hy dro ly sis of sil i cates and 

aluminosilicates has a di rect in flu ence on the con cen tra tions of
the main ion com po nents, i.e. Na+, Ca+2, Mg+2 and HCO3

- .
Vari a tions in the con tent of Ca ions may re sult from ion ex -

change on one hand, and from the pre cip i ta tion of sec ond ary
cal cite in rock fis sures on the other. As hy dro ly sis of sil i cates
and aluminosilicates pre vails in a deep cir cu la tion sys tem, the
re sul tant HCO3

-  ions can be bal anced with Na+ and K+, which is 
most likely to re sult in cal cite pre cip i ta tion. Ad di tion ally, cal -
cium ions can be re placed by Na+ ions from sec ond ary clay
min er als. Shal lower parts of the sys tem may be dom i nated by
re verse ion ex change be tween so dium from wa ters of the deep
cir cu la tion sys tem and Ca+2 and Mg+2 from Cre ta ceous strata.

More over, the chem i cal com po si tion of the wa ters stud ied
is also in flu enced by the mix ing of shal low (type HCO3-Ca)
and deep cir cu la tion (type HCO3-Na) wa ters. 

The cal cu lated sat u ra tion in di ces im ply that the sta ble min -
eral form in the wa ters stud ied is kaolinite (a prod uct of
hydration of sil i cate and alu mi no sili cate min er als). Dis so lu tion
of car bon ate min er als is in di cated by the val ues of sat u ra tion in -
di ces (SI) of the so lu tion. 

Ac knowl edge ments. The au thor thanks the K³odzko
Health Re sorts Group Joint Stock c.o. for pro vid ing ac cess to
re sults of chem i cal com po si tion anal y ses of wa ters from par tic -
u lar health re sorts.
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