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In ves ti ga tions into chlo ride CO2-rich wa ter oc cur ring in the Pol ish and Slovakian Carpathians were car ried out to gain a
better un der stand ing of the Cl– sources. The pri mary Cl– con cen tra tion in sea wa ter, pro cesses ac com pa ny ing diagenesis,
to gether with wa ter-rock-gas in ter ac tions, have un doubt edly in flu enced the pres ent con tent of chlo rides. The Cl–- con cen tra -
tions in the wa ters ana lysed vary from 35.5 to 4148.3 mg/l, lower than in sea wa ter, with a mean ~19000 mg/l. The mea sured
d37Cl val ues range from –1.15 to –0.26‰, be low the typ i cal sea wa ter value of 0‰. It might be con cluded that the chem i cal
and iso to pic com po si tion of these wa ters are the re sult of re ac tions dur ing diagenesis (e.g., ion ex change or dif fu sion
through low-per me abil ity clay lay ers) as well as me te oric wa ter in flux. 
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INTRODUCTION

The Carpathians CO2-rich wa ters can be di vided into two
ge netic groups: com mon CO2-rich wa ters and chlo ride CO2-
 rich wa ters. The com mon CO2-rich wa ters are gen er ally fresh
groundwaters de rived from rel a tively re cent rain fall, while the
chlo ride CO2-rich wa ters are more highly min er al ized be cause
their res i dence time in bed rock is much lon ger (Œwidziñski,
1972). Our at ten tion was drawn to the or i gin of chlo ride CO2-
 rich wa ters that con tain Cl– >20% meq and oc cur within the
Outer Carpathians in the Magura Unit. 

Car bon di ox ide, both gas eous and dis solved, is one of the
main com po nents of CO2-rich wa ters and sig nif i cantly af fects
their prop er ties. The car bon di ox ide is gen er ated in the sub -
duction zone and then mi grates up wards along deep-reach ing
faults (Rajchel, 2012) and mixes with diagenetically mod i fied
sea wa ter (diagenetic wa ters). The wa ters sat u rated with CO2

dis solve min er als from the rocks and as a con se quence their
sa lin ity in creases. 

The im por tant ques tion in de ter min ing the chlo ride- and
CO2-rich wa ters’ or i gin is as cer tain ing whether the cur rently in -

creased con tent of many el e ments, in clud ing the chlo ride ion,
was pri mary (de rived from the pri mary sea wa ter) or has been
al tered by sec ond ary pro cesses. That is a rel a tively dif fi cult
task, be cause the chem i cal com po si tion of pri mary sea wa ter
has been trans formed for many years as a re sult of chem i cal in -
ter ac tions be tween wa ter and rock. 

This ar ti cle is es pe cially de voted to the use of Cl iso topes as 
a tool for un der stand ing the chlo ride ion or i gin in wa ter. Im por -
tantly, mea sure ments of the 37Cl/35Cl ra tio have been ap plied
for the first time to the Carpathians CO2-rich wa ters. Sta ble
chlo rine iso tope anal y ses, in con junc tion with other geo chem i -
cal pa ram e ters, are a use ful tool for iden ti fy ing the source of
chlo rine that can have sur face or i gin or might be de rived from
the man tle.

GEOLOGICAL SETTING AND HYDROGEOLOGICAL 
CONDITIONS 

The study area cov ers the Pol ish-Slovakian bor der zone.
The Pol ish sec tor is lo cated within the Ma³opolska prov ince, in
the south ern part of the Nowy S¹cz dis trict and in the south -
west ern part of the Gorlice dis trict. The area on the Slo vak side
be longs to the Bardejov prov ince, Prešov dis trict. 

The re search area is lo cated within the Outer Carpathians
that com prise a strongly de formed accretionary wedge com -
posed of sev eral nappes thrusted over the Mio cene of the
Carpathian Foredeep (Oszczypko, 1997). The wa ter out flows
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stud ied oc cur within the Magura Unit (Fig. 1) where four sub -
units have been dis tin guished, namely (to the north): Krynica,
S¹cz, Gorlice and Siary. The first three sub units ex tend into
Slovakia, where they  are termed the Kochanovska (Udavska,
Cerhovska or Bia³okarpatska), Bystrzyca and Raèa sub units
re spec tively. The Magura Unit con sists of flysch strata, gen er -
ally sand stone and shale suc ces sions of dif fer ent thick ness,
cov er ing the time span from the Late Ju ras sic to the Mio cene.
These rocks are lo cally ac com pa nied by lime stones,
dolomites and marls as well as siliciclastic rocks (Oszczypko,
1992, 1999). 

The re search area is char ac ter ized by a com pli cated geo -
log i cal struc ture with com plex hydrogeological con di tions. The
flysch strata are folded into syn clines and anticlines and cut by
deep faults e.g. Krynica Fault, Wysowa Fault, Malcov Fault.
The faults en able en dog e nous car bon di ox ide trans port, which
sat u rates the groundwaters, chang ing their physicochemical
prop er ties (Rajchel, 2012).

From the hydrogeological point of view, fis sures play the
most im por tant role in the cir cu la tion of ground wa ter. In fine and 
me dium-grained sand stones, the cracks are reg u lar, and par al -
lel or per pen dic u lar to rock lay ers, while in thick-bed ded sand -
stones fis sures are ir reg u lar. The fis sure co ef fi cient is 1–2% for
shales and 2–5% for sand stones. The flysch strata are char ac -
ter ized by low wa ter-bear ing ca pac ity with low wa ter per me abil -
ity. The hy drau lic con duc tiv ity val ues, cal cu lated on the ba sis of
pump ing tests, are be tween 1 x 10–6 m/s and 1 x 10–5 m/s
(Ma³ecka et al., 2007). All min eral wa ters ana lysed are as so ci -
ated with the flysch aqui fer. How ever, aqui fers lo cated in the
Outer Carpathians are not clearly de lim ited, so the min eral wa -
ters from the flysch aqui fer can mix with me te oric groundwaters
from the Qua ter nary aqui fer (Chowaniec, 1991).

Based on the regionalization of min eral and ther a peu tic wa -
ters by Paczyñski and P³ochniewski (1996), the wa ters in ves ti -
gated oc cur within the Carpathian prov ince, the Outer Carpa -
thian re gion and the Poprad sub re gion. How ever, ac cord ing to
the regionalization of Pol ish CO2-rich wa ters (Rajchel, 2012),
they are lo cated within the Poprad Val ley re gion (ar eas: Kry -
nica, Zubrzyk and ¯egiestów) and the Wysowa re gion. 

METHODS

All the wa ter sam ples used in this study were col lected in
July 2015. The sam ples were taken from 11 bore holes lo cated
in well-known spa vil lages such as Krynica (Zuber I and Zuber
III), Wysowa (S³one, Aleksandra, Henryk, W-12), Zubrzyk
(Z-3*), ¯egiestów (Zofia II), Cigel’ka (CH-1) and Bardejovské
Kupele (Alžbeta and Na po leon).

Un sta ble pa ram e ters such as tem per a ture, pH, elec tro lytic
con duc tiv ity and re dox po ten tial, as well as free CO2 con tent,
were mea sured in the field us ing a WTW™ pH 340/ION de vice.
Al ka lin ity was de ter mined by ti tra tion us ing a so lu tion of 10%
HCl and methyl or ange as in di ca tor. The physicochemical anal -
y ses were done at the hydrogeochemical lab o ra tory of the Fac -
ulty of Ge ol ogy, Geo phys ics and En vi ron men tal Pro tec tion,
AGH Uni ver sity of Sci ence and Tech nol ogy in Kraków. The
mea sure ments were car ried out us ing a Perkin Elmer ELAN
6100 in duc tively in duced plasma mass spec trom e ter (ICP-MS)
and Perkin Elmer Plasm 40 in duc tively cou pled plasma
spectro photometer (ICP-OES). The hydrogeochemical types of 
wa ter were spec i fied in ac cor dance with the Szczukariew-
 Prik³o ñski clas si fi ca tion, which takes into ac count ions with a
con cen tra tion >20% meq as well as spe cific com po nents oc cur -
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Fig. 1. Lo ca tion of the sam pling points on the geo log i cal map of the Carpathians 
(Oszczypko et al., 2008, mod i fied)



ring in the groundwaters. Some hydrochemical co ef fi cients

such as  r 
Na

Cl

+

-
and  

Cl

Br

-

-
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chemical de tail. 
The chlo rine sta ble iso tope anal y ses were done at the Mass 

Spec trom e try De part ment, In sti tute of Phys ics of the Maria Cu -
rie-Sk³odowska Uni ver sity in Lublin. The 37Cl/35Cl iso tope ra tio
in a given sam ple (Rsam ple) was mea sured in re la tion to the
Stan dard Mean Ocean Chlo rine (RSMOC), as fol lows:
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× 1000

where: d37Cl in ‰.

The chlo rine iso tope anal y ses was done by ap ply ing the
most com mon method used in chlo rine iso tope ra tio anal y sis
which em ploys the con ver sion of a chlo rine sam ple to
chloromethane (CH3Cl) prior to the mass spec tro met ric anal y -
sis. Chloromethane is very con ve nient for mass spec trom e try
as it has no mem ory ef fect in vac uum sys tems and ad di tion ally
could be eas ily ob tained from a chlo rine sam ple and trans ferred 
from the prep a ra tion line to the in let sys tem of a mass spec -
trom e ter since its melt ing point is –97.7°C. 

In chloromethane prep a ra tion, the fol low ing three steps are
ap plied (Long et al., 1993; Eggenkamp et al., 1995; Eggen -
kamp, 2004): 

– pre cip i ta tion of sil ver chlo rine,
– re ac tion of sil ver chlo rine with iodomethane,
– cryo genic sep a ra tion of chloromethane from iodomethane. 

In the first step, to the 10 ml amount of nat u ral sam ple (so lu -
tion of chlo rine), 4 ml of a 1M so lu tion of KNO3 and 2 ml of
Na2HPO4 – a cit ric acid buffer so lu tion – were added. These
sub stances are added to reach a high ionic strength and to at -
tain of low pH of 2.2, which re sults in the for ma tion of small AgCl 
crys tals and pre vents the pre cip i ta tion of un wanted salts (e.g.,
phos phates), re spec tively. The so lu tion ob tained is then heated 
to ~80°C. In the next step, 1 ml of a 0.2 M AgNO3 so lu tion is
added to the warmed so lu tion and AgCl starts pre cip i tat ing in -
stan ta neously. The pre cip i tated sil ver chlo rine is then fil tered
over a glass fi bre fil ter and dried for a day at 80°C. The fil ter with 
AgCl is loaded into an am poule with a tef lon stop cock (Ha³as
and Pelc, 2009).

The am poule with the sam ple is at tached to the prep a ra tion
line and evac u ated from air. Then 200 ml iodomethane is cryo -
gen i cally trans ferred into the am poule and frozen. In the next
step the am poule is pumped down fol low ing dis con nec tion from 
the vac uum line. Then am poule is placed in an oven at 75°C for
48 hours. In the oven, an ex change re ac tion be tween the
iodomethane (CH3I) and sil ver chlo rine takes place. This re ac -
tion re quires at least a 10-fold mo lar ex cess of CH3I to AgCl,
which re sults in a dif fi cult pu ri fi ca tion pro ce dure of the CH3Cl
ob tained from the re sid ual CH3I due to the sim i lar ity in their
phys i cal prop er ties. In our case the cryo genic sep a ra tion/pu ri fi -
ca tion method of chloromethane is used. The am poule with the
mix ture of CH3Cl and CH3I is then again con nected to the prep -
a ra tion line. The chloromethane ob tained is cryo gen i cally sep a -
rated from the iodomethane us ing three traps (one with butyl
ac e tate and two with trimethylpentane). At the end of this pro ce -
dure the pure chloromethane is trans ferred to an other am poule
which is then con nected to the in let sys tem of the mass spec -
trom e ter (Ha³as and Pelc, 2009). 

The mass spec trom e ter mea sures the chlo rine iso tope ra -
tio. In the anal y sis of d37Cl a neg a tive ion mass spec trom e ter,

which re tains all the best fea tures of IRMS, in clud ing a dual in let 
sys tem with change over valve, dual col lec tor as sem bly and
CH3Cl gas as ana lyse, was used. In the mod i fied ion source
only 35Cl– and 37Cl– ions are pro duced and their ion cur rents are
mea sured and used for the d37Cl de ter mi na tion. The method’s
pre ci sion is better than 0.01‰ (Pelc and Ha³as, 2008; Ha³as
and Pelc, 2009). 

RESULTS

The hydrogeochemical stud ies in di cate that the wa ters in -
ves ti gated can be clas si fied as chlo ride CO2-rich wa ters. This
means that the amount of free CO2 is >1000 mg/l and Cl– con -
cen tra tion should be >20% meq. How ever, de spite the fact that
some of the wa ters ana lysed do not con tain Cl– in amounts of
>20% meq they still can be con sid ered as chlo ride CO2-rich wa -
ters. That is be cause the pri mary, eas ily sol u ble chlo rine com -
pounds have been leached as a re sult of me te oric wa ter in flux. 

The wa ters in ves ti gated show a wide range of min er ali sa -
tion, rang ing from 1722.2 to 28535.6 mg/l (Ta ble 1). They dif fer
in free CO2 con cen tra tion, which var ies from 1501 to 3437 mg/l
and Cl– con cen tra tion which ranges from 35.5 to 4148.3 mg/l
(Ta ble 1). The hydrogeochemical types of chlo ride CO2-rich wa -
ters ex am ined change from HCO3-Cl-Na, through HCO3-Cl-Na -
-Ca and HCO3-Na-(Mg)-(Ca), to HCO3-Na (Fig. 2). How ever,
the pre vail ing wa ters are of HCO3-Cl-Na and HCO3-Na type
that show the high est sa lini ties. Be sides the min er ali sa tion and
free CO2, spe cific com po nents such as io dine and fer rous ion
are pres ent in some wa ters. The con tent of io dine ex ceeds the
min i mum thresh old for ther a peu tic wa ters (1 mg/l) in wa ters
from five bore holes (in as cend ing or der): W³adys³aw, CH-1, Na -
po leon, Alžbeta and Aleksandra, while fer rous ion con cen tra -
tions ex ceed ing 10 g/l were re corded in wa ters from the fol low -
ing five in takes (in as cend ing or der): W³adys³aw, S³one, Na po -
leon, Aleksandra and Alžbeta.

Based on the anal y ses, the wa ter from the CH-1 bore hole in 
Cigel’ka has the high est min er ali sa tion, reach ing 28.5 g/dm3

and its hydrogeochemical type was de ter mined as HCO3-Cl-
 -Na+CO2+I. In terms of min er ali sa tion, next are wa ters from the
Aleksandra well in Wysowa, ris ing to 24.3 g/l and clas si fied as
HCO3-Cl-Na+CO2+I+ Fe. The CO2-rich wa ters from the Zuber I
and Zuber III bore holes in Krynica have sim i lar mineralisations,
re spec tively 23.1 and 24.4 g/l, and they rep re sent a HCO3 -
-Na+CO2 wa ter type. A sim i lar wa ter type, though en riched with
mag ne sium ions and less sa line, reach ing 11.5 g/l, was en -
coun tered in the Z-3* bore hole in Zubrzyk. In the Zofia II well in
¯egiestów the HCO3-Na-Mg-Ca+CO2 wa ter type was found
with min er ali sa tion of ~4.5 g/l. The min er ali sa tion of wa ters from 
the Henryk and W³adys³aw bore holes in Wysowa reach 3.6 and
4.4 g/l and their wa ter type is HCO3-Cl-Na-CO2 and HCO3-Cl -
-Na-Ca+CO2+I+Fe, re spec tively. The wa ters sam pled from
Bardejovske Kupele, that is Alžbeta and Na po leon, were de -
fined as HCO3-Cl-Na+CO2+ I+Fe and their min er ali sa tion is 3.9
and 3.5 g/l, re spec tively. The low est value of min er ali sa tion, re -
ported in S³one wa ter from Wysowa, reaches 1.7 g/l and was
de fined as of HCO3-Na-Ca+CO2+Fe type (Ta ble 1) 

The 
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found in the chlo ride CO2-rich wa ters from the fol low ing bore -
holes (in as cend ing or der): Zofia II, Zuber I, Zuber III and Z-3*.
The value cal cu lated in the lat ter bore hole is sur pris ingly high,
reach ing 36.4 (Ta ble 2).

The mea sured d37Cl val ues in the CO2-rich wa ters ana lysed 
ex tend from –1.15 to –0.26‰ (Ta ble 2), so all wa ter sam ples
are de pleted in the 37Cl iso tope with re spect to the stan dard
(sea wa ter). As can be seen from the plot (Fig. 3), d37Cl val ues
and bore hole depths are weakly cor re lated. The re gres sion line
for the wa ters con sid ered ful fills the equa tion: 

  d37Cl = –0.0008CD–0.4581 

with cor re la tion co ef fi cient R5 = 0.49; D – depth [m]

DISCUSSION

The chlo ride CO2-rich wa ters oc cur ring in the area dis -
cussed are formed un der the in flu ence of var i ous geomorpho -
logical, geo log i cal, hy dro log i cal and hydrogeological con di -
tions. Based on physicochemical anal y ses, we ob served that in
all wa ter sam ples the chlo rine con cen tra tions are lower than in
sea wa ter, which may be the re sult of di lut ing the diagenetic wa -
ters from the flysch strata by ad di tion of me te oric wa ters. The
pres ence of a non-me te oric com po nent, in the form of diage -
netic wa ters, can be also shown by r ra tio. For all wa ters ana -
lysed, the r val ues are >1 (Ta ble 2), which in di cates an ad di -
tional source of Na, that might pro ceed e.g. dur ing the diage -

nesis of clay-rich de pos its (Macioszczyk, 1987). The cal cu lated  
ra tios (Ta ble 2) are lower than the val ues ob served in sea wa ter
(~288). This may in di cate that the rocks in which the wa ters
ana lysed had been trapped, were com pacted dur ing diagenesis 
and bro mine was re leased from or ganic-rich de pos its or that
evaporatic pro cesses played an im por tant role (Edmunds,
1996). The re search showed that the wa ters in ves ti gated have
a high con tent of dis solved sol ids and their chem i cal com po si -
tions re flect at least a two-com po nent mix ture of me te oric wa -
ters and diagenetic wa ters. None the less, the pro cesses noted
above do not sat is fac to rily ex plain the high chlo rine con cen tra -
tions in the wa ters tested. 

As re ported by Leœniak (1980) a high chlo ride con cen tra tion 
may be the re sult of an ad di tional com po nent if meta mor phic
wa ters, apart from con nate and me te oric wa ters, were in volved
in wa ter mix ing. Ac cord ing to that au thor, meta mor phic wa ter is
a pure H2O sol vent de rived from OH– struc tural groups in clay
min er als un der go ing de hy dra tion (White et al., 1973). Try ing to
solve the prob lem of chlo rine ion or i gin, Dowgia³³o (1980) pro -
posed an other mix ing model. In his con cept, the Cl– con tents
are in ferred to re sult from con nate wa ters, high-tem per a ture de -
hy dra tion wa ters and me te oric wa ters. How ever, Oszczypko
and Zuber (2002) ruled out the ex is tence of a meta mor phic
com po nent, while they in di cated the non-me te oric gen e sis of
the Cl– ion and its high con cen tra tions were ex plained via
diagenetic pro cesses. Al ter na tive hy poth e sis for the or i gin of
the chlo rides in the CO2-rich wa ters in Cigel’ka in clude in flow of
wa ter orig i nat ing from the base ment of the Magura Unit (Baèo -
va et al., 2009).
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T a  b l e  1

Chem i cal com po si tion of the wa ters ana lysed 

Lo ca tion Cigel’ka
Bardejovske

Kupele
Krynica ¯egiestów Wysowa Zubrzyk

Bore hole CH-1 Na po leon Alžbeta Zuber I Zuber III Zofia II S³one Henryk Aleksandra W-12 Z-3*

Depth [m] 202.5    330.4 329.1 810      935.7        60.6 16.5 50  100        40   60 

pH        7.32         5.71      5.74    7.22       7.02         6.06    5.96     6.27     6.91    6.29       6.75

T [°C]      10.50       19.30     19.20    9.50     10.40         9.60 10.83   10.40     9.38   10.15      10.10

CO2

 [mg/l]

1647 1986   1917   2146     1501  3437  2366   2217     1939    2552   2726   

M 28525.6 3476.3 3926.0 23094.4 24425.1 4504.9 1726.2 3601.2 24338.0 4366.1 11518.6 

Na+   8011.6   735.0   844.6   5662.7   6733.8 444.1   235.4 793.5   6606.5   903.7 2326.7 

K+    155.70      21.01       23.51   196.31   308.00        21.10   13.57   21.16      128.81     15.82      37.47

Li+      12.10        1.61        1.83     20.48     27.69         1.83    0.45    1.19        10.83      1.26        3.71

Ca2+  158.6   129.2 136.4 181.7    156.3    261.2 137.5 129.7     279.8 227.1    138.2

Mg2+     75.3     32.8   32.6 410.5     246.7     219.2   42.1  37.2       30.3   67.2    420.9

Fe2+        1.2      19.6   22.7      1.8        2.0        4.8   11.8     6.2       20.7 10.5       10.7

Cl–    4148.3     312.0 345.8 686.3   1140.6       35.5 151.0 386.1   3618.5 499.5       98.7

Br–       22.4        2.4     2.8      3.3         7.5        0.2     0.4       1.4        13.2    2.7        0.7

I–         1.6        2.1     3.1      0.6        0.2       0.2     0.1       0.7          3.5    1.1        0.0

SO4
2-

     10.5       5.5      7.2    36.6       40.3      15.4     3.0     15.9          3.5    4.1        3.0

HCO3
- 15298.8 2083.8 2363.1 15834.4 15701.0 3434.3 1075.9 2082.9 12732.5 2497.2  8357.0

HBO2
   604.25      98.44     110.44     14.31     14.26        6.17   32.41 113.33      868.79   118.70      45.17

H2SiO3
    18.40     28.12      27.14     42.01     40.67      55.12   20.06    9.64       11.74     14.11      19.32



The re search car ried out by these au thors did not take into
ac count the re sults of chlo rine iso to pic anal y ses as they based
their in ter pre ta tion on physicochemical and ox y gen and hy dro -
gen sta ble iso tope anal y ses. The new data ob tained from sta -
ble chlo rine iso topes anal y ses re ported in this pa per al low us to
con strain pre vi ous hy poth e ses con cern ing the or i gin of the
chlo rine ion in chlo ride CO2-rich wa ters.

There are two sta ble chlo rine iso topes in na ture – 37Cl and
35Cl, which may sep a rate as wa ter flows through rocks. 37Cl is

pref er en tially in cor po rated over 35Cl into the struc ture of clay
min er als such as e.g. smectites and illites. Then, dur ing dif fu -
sion pro cesses through low-permeabilty clay lay ers, sep a ra tion
of 35Cl and 37Cl iso topes takes place. The lighter 35Cl iso tope is
more mo bile due to its lower atomic mass, and so the wa ters
pass ing through a low-per me abil ity bar rier have lower d37Cl val -
ues, and are en riched in 35Cl iso tope, rel a tive to the orig i nal
brines from which they formed (Desaulniers et al., 1986; Lava -
stre et al., 2005).
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Fig. 2. Piper di a gram of the wa ters in ves ti gated 

T a  b l e  2

Hydrogeochemical co ef fi cient val ues and the re sults of chlo rine iso tope anal y ses

Location Bore hole Hydrogeochemical type of wa ter
(with out spe cific com po nents)

Cl

Br

-

-
( )r

Na

Cl

+

-

d37Cl 

[‰]

Cigel’ka CH-1 HCO3-Cl-Na 185.1 3.0 –0.51 ±0.01

Bardejovske
Kupele

Na po leon HCO3-Cl-Na 128.8 3.6 –0.56 ±0.01

Alžbeta HCO3-Cl-Na 124.7 3.8 –1.06 ±0.01

Krynica
Zuber I HCO3-Na 205.9 12.7  –1.14 ±0.01

Zuber III HCO3-Na 151.3 9.1 –1.15 ±0.03

¯egiestów Zofia II HCO3-Na-Mg-Ca 143.1 19.4 –0.38 ±0.01

Wysowa

S³one HCO3-Na-Ca 337.0 2.5 –0.28 ±0.02

Henryk HCO3-Cl-Na 283.0 3.1 –0.66 ±0.01

Aleksandra HCO3-Cl-Na 275.0 2.8 –0.27 ±0.01

W-12 HCO3-Cl-Na-Ca 185.1 2.8 –0.29 ±0.02

Zubrzyk Z-3* HCO3-Na-Mg 150.7 36.4 –1.10 ±0.01

Sea wa ter

(stan dard)
Cl-Na 288 0.86 

  0.03 ±0.01

  0.02 ±0.01

–0.02 ±0.01



Based on its chlo rine iso to pic com po si tion, we in ter pret the
or i gin of the wa ter with ref er ence to the ranges of vari abil ity pro -
posed by Hoefs (2009). Sea wa ter chlo ride is iso to pi cally ho mo -
ge neous through out the world (Godon et al., 2004) with a d37Cl
value os cil lat ing around ~0‰ (SMOC). Chlo rine iso tope vari a -
tions in ground wa ter are rather small and usu ally vary from ~–2
to 2‰. while chlo rine re leased in subduction pro cesses shows
the most neg a tive d37Cl val ues from –2 to –7‰ (Fig. 4). De ple -
tion in the 37Cl iso tope can also be the re sult of phys i cal
changes to the wa ter e.g. from fil tra tion, dif fu sion.

Since none of the wa ter sam ples have been en riched in the
37Cl iso tope (Ta ble 2), pro cesses such as wa ter evap o ra tion
and leach ing of sed i ments con tain ing chlo rine com pounds
(e.g., NaCl de pos its) can be ex cluded as a main source of chlo -
rine in the wa ters un der ques tion. The neg a tive d37Cl val ues in -
di cate that ei ther an ex ter nal source of chlo ride or some iso to -
pic frac tion ation mech a nisms in situ played a sig nif i cant role.

Tak ing into ac count the re la tion ship be tween d37Cl and min -
er ali sa tion, it was noted that the CO2-rich wa ters ana lysed clus -
ter into two main groups (Fig. 5). The first group con sists of
CO2-rich wa ters hav ing d37Cl val ues rang ing within –0.25 to
–0.7‰. The wa ters with min er ali sa tion <5 g/l were clas si fied
into sub group 1a, while the most min er al ized wa ters, com ing
from the Aleksandra bore hole in Wysowa and the CH-1 bore -
hole in Cigel’ka, be long to sub group 1b. The sec ond group is
rep re sented by sam ples taken from the Zuber I and Zuber III
wells in Krynica, the Z-3* well in Zubrzyk and the Alžbeta well in
Bardejovske Kupele, for which d37Cl are <–1‰.

It can be as sumed that in CO2-rich wa ters clas si fied in
group 1, in which d37Cl val ues are >–1‰ (Fig. 4 and Ta ble 2),
the main chlo rine source is pri mary sea wa ter, in which the chlo -
rine iso topes have slightly frac tion ated as a re sult of pro cesses
ac com pa ny ing diagenesis, namely sea wa ter in fil tra tion or dif fu -
sion through low-per me abil ity clay lay ers.

None the less, the wa ters from the Aleksandra and CH-1
wells may be dis tin guished from the other wa ters be long ing to
group 1. Based on their chem i cal and iso to pic com po si tion they
are con sid ered to be the clos est to typ i cal diagenetic wa ters. If
we as sume, that diagenetic pro cesses are mainly re spon si ble
for the de ple tion of 37Cl in the wa ters ana lysed, than the low est
d37Cl val ues will be ex pected in the CO2-rich wa ters tapped from 
these two bore holes. On the other hand, the chlo rine iso tope
anal y ses made do not sup port this hy poth e sis. There fore, bear -
ing in mind the Cl– con cen tra tions, some hydrochemical co ef fi -
cient ra tios and neg a tive d37Cl val ues, it can be in ferred that the
high chlo ride ion val ues in the CO2-rich wa ters from the CH-1
and Aleksandra wells may be the re sult of mix ing be tween
diagenetic wa ters, cir cu lat ing within the Magura Ba sin, and
brines orig i nat ing from the rocks un der ly ing the flysch strata,
known for in stance from the Zboj bore hole (Marcin, 1999,
2002). Their hy drau lic con tact may be pos si ble due to the pres -
ence of deep faults and the high pres sure pre vail ing dur ing
diagenesis (Baèová et al., 2009).

At a depth of ~20 km, the flysch rocks may have de scended
only as subducted crust (Ney, 1975; Birkenmajer, 1986; Bojdys
and Lemberger, 1986; Golonka et al., 2015). The sa lin ity of
subduction-zone flu ids is 2 to 3 times di luted by com par i son
with sea wa ter, so the chlo ride con cen tra tion is also lesser.
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Fig. 3. Re la tion ship be tween d37Cl and bore hole depths

Fig. 4. d37Cl vari a tions in var i ous geo log i cal res er voirs
(Hoefs, 2009)



These flu ids con tain rel a tively low amounts of Mg, Fe and Al,
while Ca sil ica and al ka lis are the dom i nant sol utes (Man ning,
2004). Ran som et al. (1995, 1998) and Spivack et al. (2002)
have al ready sug gested that d37Cl val ues in groundwaters oc -
cur ring near subduction zones vary from –0.9 to –7.8‰. Such
neg a tive val ues are the re sult of pro cesses and re ac tions oc -
cur ring in subduction zones un der the in flu ence of pres sure and 
tem per a ture. The subducting slab in cludes low-tem per a ture,
diagenetically formed, hy drous min er als, such as smectite or
illite, en riched in 37Cl, but con tain ing low ab so lute con cen tra -
tions. Dur ing subduction these min er als re act to form higher
tem per a ture hy drous min er als (e.g., am phi bole, chlorite, ser -
pen tine) with sig nif i cantly higher Cl con cen tra tions. Due to pref -
er en tially move ment of 37Cl into the solid phase, the so lu tions in
subduction zone en vi ron ments are de pleted in this iso tope
(Ran som et al., 1998). 

Af ter dis solv ing in wa ter, chlo rine along with other gases
gen er ated in the subduction zone (e.g., CO2), mi grate up wards
through net works of faults to ar eas of lower pres sure and higher 
po ros ity (Alletti et al., 2009). As noted above, the re search area
is lo cated near a subduction zone and abounds in tec tonic dis -
con ti nu ities; chlo rides formed in such subduction zones can
mix with deeply cir cu lat ing wa ters and sub se quently with me te -
oric wa ters. There fore, the chlo ride CO2-rich wa ters en coun -
tered here, that are taken from dif fer ent depths, have d37Cl val -
ues <–1‰ (Fig. 3).

In the light of the data pre sented, the au thors pre sume that
in the re search area, es pe cially in the wa ters where the low est
d37Cl val ues were noted (Zuber I, Zuber III, Z-3*, Alžbeta), the
chlo rine ion or i gin might be par tially as so ci ated with so lu tions

formed in a subduction zone. This in ter pre ta tion there fore is
sup ported by the oc cur rence of subduction CO2 pres ent in the
wa ters ana lysed (Rajchel, 2012). Dur ing its up ward mi gra tion
through fault net works, CO2 can ad sorb dis solved mol e cules
also formed in subduction zones.

SUMMARY AND CONCLUSIONS

Ex plain ing the pro cesses that con trol chlo rine ion gen e sis
re quires cor re la tion of vo lu mi nous in for ma tion – geo log i cal,
hydrogeological and iso to pic. This pa per, based on 37Cl/35Cl ra -
tio mea sure ments and pre vi ous work, sug gests that the chlo -
rides in the wa ters ana lysed have dif fer ent or i gins. Gen er ally,
the chlo ride CO2-rich wa ters of the flysch strata of the
Carpathians are re garded as a mix ture of diagenetic and me te -
oric wa ters, so this al lows the as sump tion that the pro cesses
ac com pa ny ing diagenesis, e.g. ultrafiltration or ion ex change,
may have caused pri mary ma rine wa ters to be de pleted in the
37Cl iso tope. The mea sure ments re ported show neg a tive d37Cl
val ues for all wa ters tested wa ters. Tak ing into ac count the ex is -
tence of a subduction zone in the bed rock un der ly ing the flysch
strata of the re search area, we in fer that one of pos si ble fac tors
be hind such low d37Cl val ues, par tic u larly those <–1‰, might be 
an in flux of subduction-zone flu ids. 

Ac knowl edge ments. The au thors would like to ex press
their thanks to the anon y mous re view ers for their valu able re -
marks.
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