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Ten new determinations of the stable sulphur isotope content of anhydrite from Badenian rock salt in the Hrynivka 525 bore-
hole (Ukrainian Carpathian Foredeep) show that §**S values in anhydrite range from +20.2 to +22.7%o and the average value
of §%S is +21.4 + 0.3%.. Those values are similar to those of the Neogene marine sulphates. Comparison to other geochemi-
cal data (chemical composition of the brine contained in fluid inclusions and the bromine content in halite) suggests that the
Badenian Carpathian Foredeep evaporite basin was supplied predominately by sea water solutes where, at different stages
of salt accumulation, the influence of continental waters with lighter isotopic compositions of dissolved sulphate was impor-
tant. The isotopic composition of sulphur (5**S) of Badenian seawater, calculated on the basis of sixty analyses of anhydrite
related to halite of the Carpathian region, is approximately +20.3%., this value being similar to the sulphur isotopic composi-
tion of present-day seawater. The §**S value for Badenian sea water may have been slightly higher if we consider potential
changes of the brine composition of salt-bearing basins caused by inflow of continental waters enriched in light 23 isotopes.
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INTRODUCTION

The isotopic signal of stable sulphur isotopes in anhydrite is
an important indicator of the origin and the depositional environ-
ment of evaporites. Isotopic composition studies are helpful in
the interpretation of the physical and chemical conditions of sul-
phate crystallisation, diagenetic evolution, and subsequent
transformation in sulphate reduction and the oxygenation cycle
(e.g., Lloyd, 1968; Longinelli, 1979; Pierre, 1985; Garcia-Veigas
etal., 2011).

The sulphur isotope content of anhydrite, co-occurring with
salt deposits, is an important source of information about the or-
igin of salt and the contribution of dissolution and recrystallisa-
tion processes of earlier evaporite formations (recycling; Niel-
sen, 1972). The determination of stable sulphur isotopes 53*Sin
the anhydrite originating from the Badenian salt succession of
the Carpathian area has been the topic of previous research
(e.g., Claypool et al., 1980; Galamay, 1997; Bukowski and
Szaran, 1997; Parafiniuk and Hatas, 1997; Peryt et al., 1997,
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1998, 2002; Cendodn et al., 2004; Kasprzyk and Bukowski,
2009; Jasionowski and Peryt, 2010).

In the present study, the results of new §**S determinations
are provided for anhydrite from the salt-bearing deposits of the
Hrynivka area (the central part of the Ukrainian Carpathian
Foredeep; Fig. 1). This research was carried out on the same
samples of rock salt that have previously been used for analy-
ses of fluid inclusions (Galamay, 2010), bromine content (Gala-
may, 2003) and strontium isotopes (Peryt et al., 2010). The aim
of our study was to identify a correlation between the sulphur
isotopic composition of the Hrynivka anhydrite and other re-
gional geochemical data. In our discussion of the results, we
compare the determination of the stable sulphur isotope con-
tent (8**S) in the Hrynivka anhydrite with the isotopic composi-
tion (5*'S) of anhydrite originating from other parts of the
Badenian basin of the Central Paratethys in the Carpathian re-
gion (Fig. 1). Our results are compared to the isotopic composi-
tion of dissolved sulphate originating from modern seawaters.

GEOLOGICAL SETTING

The Carpathian Foredeep Basin was formed north-east of
the overthrust Carpathian nappes in the Early Miocene. It is
filled with Miocene deposits, more than 3000-m-thick, in the
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reached due to drilling rig malfunction at 541 m.
In total, 22 samples were collected for labora-
tory tests of which new determinations of stable
sulphur isotope content were carried out on ten
samples. The anhydrite collected for tests oc-
curred in the form of white-blue nodules (of di-
ameter 1-10 mm) found on the boundaries of
coarse crystalline halite and claystone (Fig. 3).
Only one sample (no. 1350) came from mas-
sive anhydrite in the rock salt.

The determinations of the isotopic compo-
sition of sulphur in the anhydrite of the Hrynivka
salt succession were performed in the Institute
of Geology and Geophysics, Chinese Academy
of Sciences (IGGCAS), using a Finnigan Delta
S gas source mass spectrometer. The sulphur
isotope analysis method was modified with re-
spect to that of Halas and Szaran (1999). Ap-
proximately 15 mg of CaSO, was mixed with
NaPO; (150 mg) and combusted in the pres-
ence of copper turnings (150 mg) under vac-
uum, for conversion to sulphur dioxide at
750°C, for 15 minutes. Sulphur isotope results
(V-CDT, Vienna-Canyon Diablo Troilite) are

Fig. 1. Palaeogeographic map of the Badenian salt-bearing basins
in the Carpathian region (after Bukowski et al., 2007) with an indication
of salt deposits that were analysed for §**S in anhydrite

Salt deposits: 1 — Hrynivka, 2 — Zabolotiv, 3 — Slanic-Prahova, 4 — Barycz,

5 — Wieliczka, 6 — Bochnia, 7 — Wojnicz, 8 — Zbudza

area adjacent to the Carpathians. In the Ukrainian part of the
Carpathian Foredeep, three tectonic zones are distinguished:
outer (Bilche-Volytsia), central (Sambir Nappe thrust over the
foreland), and inner (Boryslav-Pokuttya Nappe) thrust over the
Sambir Nappe and the underlying foreland (Vul et al., 1989;
Oszczypko et al., 2006).

The Badenian evaporites occur in the Bilche-Volytsia Zone,
as well as locally on the Sambir Zone (e.g., in the areas of
Drohobych, Hrynivka, and Lopushna). Those evaporites (sul-
phate-carbonate, and sulphate and rock salt) belonging to the
Tyras Suite (Formation) are correlated with the Wieliczka For-
mation in the Polish part of the Carpathian Foredeep (Andre-
yeva-Grigorovich et al., 2003), as well as other salt formations
in Romania and Slovakia (Khrushchov, 1980). The evaporites
of the Tyras Suite overlie the deposits of the Bohorodchany
Suite, occurring in the central Sambir Zone of the Carpathian
Foredeep, or the Baraniv beds in the Bilche-Volytsia Zone
(Peryt, 2006) and other older deposits (Stupnitskiy et al., 1978),
and are overlain by the laminated clays and siltstones of the
Kosiv Suite deposits (Korenevskii et al., 1977; Khrushchov,
1980) and locally by the Ratyn Limestone (Peryt et al., 2012
with references therein).

Thirteen boreholes were drilled during exploration for pot-
ash salts in the frontal part of the Sambir Zone in the Hrynivka
area (ca. 12 km SE of Kalush) in 19751978 (Fig. 2). Our stud-
ies involved the samples collected from the Hrynivka 525 bore-
hole located in the NW part of the area.

MATERIALS AND METHODS

Rock salts were drilled to depth of 272 m in the Hrynivka
525 borehole. The lower part of the salt succession was not

generally reproducible within +0.3%o.

In this study, we also summarize previously
published determinations of the §**S values of
anhydrite originating from various parts of the
Badenian salt basin. Those studies were
mostly conducted with the use of a three-collec-
tor mass spectrometer, with a two-channel dos-
ing system, at the Laboratory of the Institute of
Physics of the Maria Curie-Sktodowska University in Lublin, Po-
land. The method was described in detail by Halas and Szaran
(1999). The values of §*S, obtained with an accuracy of
10.05%o, represented a relative difference in %o between the
isotope proportions (**S/*2S) of the sample and those of the
standard V-CDT.

RESULTS

Considerable quantities of anhydrite nests and overgrowths
(up to 1.5 m) within rock salt were found in the borehole profile
investigated. Those overgrowths often occurred in the form of
anhydrite-halite rock in which anhydrite created a framework
with cell spaces filled by halite (Fig. 3).

All sulphur isotopic compositions (5*'S) were quite similar
within a narrow range varying from +20.2 to +22.7%o (Table 1),
with the lowest values below +21%. found in samples 1357,
1354, and 1352 (Fig. 4). The average value of §**S amounted
to +21.4 + 0.3%o. A certain change in the regularity of 5**S was
observed as a trend but the number of analyses (10) was insuf-
ficient to specify such changes (Fig. 4).

INTERPRETATION

The main processes that lead to fractionation of sulphur iso-
topes in dissolved sulphate include primarily the following:
— crystallisation fractioning during sulphate precipitation;
— sulphate dissolution and reprecipitation (chemical recy-
cling);
— bacterial reduction of sulphates.
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Fig. 2. Geological map of the Carpathian Foredeep in Kalush and Hrynivka areas,
with a geological cross-section along line I-I (Stupnitskiy et al., 1978)

Tectonic subdivision of the Fore-Carpathian Basin after Vul et al. (1989)

During crystallisation of sulphates (gypsum, anhydrite, or
potash-magnesium sulphates) from evaporated seawater, lim-
ited sulphur isotopic fractionation occurs. Ca-sulphate minerals
become enriched with heavy sulphur isotope (1.65 £ 0.12%o) in
comparison to parent brine (e.g., Thode and Monster, 1965;
Holser and Kaplan, 1966; Nielsen, 1972; Holser, 1979). Experi-

mental studies have shown that the fractional crystallisation
(A834Sgypsum_sw) in sea water concentrated to the beginning of ha-
lite crystallisation amounts to 1.5 + 0.3%o (Raab and Spiro, 1991).

The process of dissolution of previously deposited sulphate
does not lead to isotopic fractionation. Sulphate redeposition
causes further fractionating. Detailed studies of the Badenian
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Fig. 3. Anhydrite nodules at the boundary of clay material and halite

A — coarse crystalline rock salt with intergranular thin concentrations of claystone material and nodules
of anhydrite; B — single crystal of halite with white nodular anhydrite; Hrynivka, borehole 525,
sample 1362 (depth 454—-456 m)

Table 1
The isotopic composition of sulphur in anhydrite, Hrynivka 525 borehole
Content in solutions [g/1] N .
: Kk t [ Br content
Sample Dﬁﬁ]th (mean in brackets) Janecke Unit [%]| 1 drite | “in halite | 5%S%ecor
K* Mg?* SO 2K | Mg [ S0, [ppm]
26.1, 27.9; 26.5,
1341 286 | &V 13';" 7.9 26'26303'1 21.9 7.0 |76.5|16.5| nodular | 50 22.7
(8.8) (30.0) (25.6)
8.5,7.0,7.4,6.7
» o2 g oy | 22.1,31.7,25.4, | 21.4,225,23.1,
1342 304 9.0, 7(77§5)9 9.2 247.31.9'27.2) | 22'9. 216'(22.3) 6.9 |77.1|16.0 | nodular 40 21.7
6.1,5.7 20.6, 23.8 17.7,16.6, 18.3
1345 314 (5.9) (22.2) (17.6) 6.4 |77.9|15.6 | nodular 40 21.2
1350 342-343 massive 22.22
8.3. 8.8 8.1 28.5, 27.6, 23.3, 18.9, 20.4, 18.9,
1352 362 T 32.5, 28.6, 30.7 19.3,22.3,19.0 | 7.2 | 78.9|13.9| nodular 50 20.9
(8.4) (28.1) (19.8)
46,48,6.3 20.2,20.8 14.3,13.4,13.6
1353 366 (5.2) (20.5) (13.8) 6.3 [80.0 | 13.6 | nodular 30 21.6
13.6, 17.6, 14.0,
1354 376 52,61 20.9,23.2 13.3,15.6,19.6 | 6.5 | 79.1 | 14.4| nodular 40 20.2
(5.7) (21.7) (15.6)
7.7,8.2,6.5,88, | 27.7,28.3,255 | 23.0,214,20.3
1357 410-411 8.7, 8.3 (8.0) 27.2) (21.6) 7.1 |77.4|15.6 | nodular 30 20.5
6.3,7.1,7.8,7.9 26.8, 25.0 23.8,22.2, 20.0,
1362 454-456 (7.3) (25.9) 24.9,21.5(22.5) 6.7 | 76.5|16.8| nodular 20 21.58
8.5,9.2 32.0, 33.8, 25.3 23.1,22.9,25.0
1365 480 8.9) (30.4) 23.7) 7.1 |77.6|15.3 | nodular 40 21.8
Modern ocean water saturated to the beginning of crystallisation of: 68
halite 3.9 12.6 17.6 6.6 [69.024.3 21.53-21.77
epsomite 261 85.9 115.0 6.6 | 69.8 | 23.6 200

The composition of primary fluid inclusions in halite (Galamay, 2010) and bromine content in halite (Galamay, 2003) for the same samples;
the content of ions in modern seawater (after McCaffrey et al., 1987); bromine content in primary halite after Holser (1979), bromine content
in halite at the beginning of crystallisation of K-salts after Holser (1966), isotopic composition of modern seawater 8**S%ocpr +20%0 enriched
to 1.65 + 0.12%0 (Raab and Spiro, 1991), isotopic composition for samples no. 1350 and 1362 (after Galamay, 1997)
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Fig. 4. Lithological profile of the Hrynivka 525 borehole,
with the locations of samples and of §*S
value determinations

gypsum in the Carpathian Foredeep (Peryt et al., 2002) showed
a large variation of 8**S (by 4.5-7.7%), which was interpreted
as redeposition of previously deposited marine gypsum.

The bacterial reduction of dissolved sulphate is suppressed
in well-aerated waters (Grinenko and Grinenko, 1974) and the
sulphur-reducing bacteria (Desulfovibrio) develop best at pH
6.3-8.6 (Postgate, 1960). According to Petrichenko (1988) and
Petrichenko et al. (1997) evaporite basins of the Carpathian re-
gion and other salt-bearing basins were characterized by two
factors: they were well-aerated and slightly acid conditions (Eh
from +150 to +450 mV; pH 4.6-6.6) prevailed in the basins,
which definitely limited the sulphate reduction. Only periodi-
cally, brine Eh dropped below 150 mV (Petrichenko, 1988). The
isotope determinations provided in this study were carried out
on anhydrite nodules generally found on the boundary of halite
chevron crystals and clay matrix in chevron halite (Fig. 3). That
means that anhydrite developed as a result of redistribution of
matter (or partial recrystallisation of the cryptocrystalline gyp-

sum mass of sedimentary origin) even at the stage of earlier
diagenesis, in non-lithified deposits (Lobanova, 1956; Ivanov
and Voronova, 1972). Thus, based on the §**S data, we do not
assume any extensive development of bacterial sulphate re-
duction processes during early diagenesis.

When passing from early to late diagenesis of salt deposits,
the Eh potential naturally shifted towards below zero values
(Petrichenko, 1988). Sulphate reduction was indicated by the
presence of very small (up to 50 pum) ball-shaped pyrite
framboids (Hrynivka, borehole 525, sample 1354). Such fram-
boids were found in the diagenetic halite and silt layers accom-
panying the rock salt. A constant presence of pyrite in the
Hrynivka rock salt was also confirmed by X-ray analysis of the
insoluble part of salt (Yaremchuk and Galamay, 2009). Be-
sides, chemical recycling during diagenesis caused increase of
5*S in anhydrite. The decrease of *S in anhydrite was possi-
bly due to influx of water with a high content of the light **S iso-
tope (Makhnach, 1999).

The isotopic composition of dissolved sulphate in modern
sea water is §**S = 20.0 + 0.25%., based on numerous wide-
range analyses (from +19.3 to +21.4%o; Raab and Spiro, 1991)
and it is similar to the deduced composition of Miocene sea wa-
ter (Thode et al., 1961; Posokhov, 1975; Claypool et al., 1980;
Cendon et al., 2004).

The average value of 5**S in anhydrite of +21.4 % 0.3%o ob-
tained in this study suggests that the isotopic composition of
dissolved sulphate in the salt-bearing basin of the Hrynivka
area amounted to 8*'S = 19.8%o (21.4%o — 1.65 + 0.12%o), which
approximately corresponds to the isotopic composition of pres-
ent-day seawater. Our results indicate that the main process of
sulphur isotope fractionation in forming the Hrynivka anhydrite
occurred during gypsum crystallisation from the basin brine.
Other fractionation of sulphur isotopes only slightly affected
5%*S anhydrite (as discussed below).

In the Hrynivka area, the chemical composition of brine and
the total concentration did not change significantly during the
salt accumulation processes. That indicated periodic inflows of
marine waters into the basin (Galamay, 2010). The chemical
composition of fluid inclusions in halite (in ten samples studied)
generally indicated a marine origin for the sedimentary brine
(Fig. 5). The average ratio between 2K, Mg, SO, was 6.9, 77.4,
and 15.7%, respectively (Janecke unit) (Galamay, 2010).
Those results were similar to the chemical composition of the
Badenian sea water saturated to halite precipitation: 2K — 7.8%;
Mg — 77.2%, and SO, — 15.0% (Janecke unit; Kovalevich and
Vovnyuk, 2010).

In the interval 362—410 m of the Hrynivka 525 borehole, the
chemical composition of primary fluid inclusions in halite was
characterized by the lowest content of sulphate ions (Table 1,
samples 1352, 1353, 1354, and 1357). Therefore, the points
corresponding to the chemical composition of fluid inclusions in
samples 1352, 1353, and 1354 were placed in the upper part of
the Janecke diagram (Fig. 6). The reduction of SO?~ ion content
in brine was an effect of the nucleation of a large number of
small gypsum crystals, owing to the interaction of sulphate brine
with waters containing Ca (HCOj3), (Valyashko and Pelsh,
1952; Valyashko, 1962).

The location of points indicative of the chemical composition
of fluid inclusions from sample 1357 on the diagram (situated
below 1352, 1353 and 1354 point locations) is a reflection of the
fact that the local reduction of magnesium ion content occurred
with respect to sulphate in brine (formation of a jelly mass,
whose composition is close to the formula of 2MgO - CO, -
4H,0, and fine rhombohedral crystals of dolomite). It is known
that mixing sulphate-rich brine with waters containing
Ca(HCO3), (so-called desulfuration, or metamorphisation of
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Fig. 5. The sedimentation structure of halite (chevron),
formed with primary fluid inclusions

There are fluid inclusions (containment failure along a crack) on
the left-hand side of the structure which contains a gas phase;
Hrynivka, borehole 525, sample 1361 (depth 444—-448 m)

sulphate-rich brine) causes mass crystallisation of fine crystals
of gypsum, dolomite, and 2MgO - CO, - 4H,0 (Valyashko and
Pelsh, 1952). At the same time, intense precipitation of 2MgO -
CO; - 4H,0 takes place owing to high alkalinity of the brine. In
the deposits, 2MgO - CO;, - 4H,0 turns into dolomite. A high do-
lomite content (ca. 7.5%) was another characteristic feature
identified in the mud fraction of sample 1357 (Galamay, 2012).
Many small crystals of gypsum, anhydrite, and bassanite
were observed in the fluid inclusions in halite of some samples
(Fig. 6B). We could also observe anhydrite crystals, concen-
trated along the growth zones of sedimentation halite (Galamay,
2012). Quite often, such multi-phase fluid and stable inclusions
were deposited only on one of the chevron edges (Fig. 7).

SO,

In the inter-crystalline space of the chevron crystals and be-
tween halite growths, clay material was often observed (sam-
ples 1352, 1353, 1354, and 1357). Samples 1352 and 1354
were characterized as the richest in terrigenous clay material. In
our opinion, the decreased 5%S values in anhydrite in three of
four samples from interval 410-362 m (samples 1352, 1354,
and 1357) are due to the inflow of continental waters, which
were rich in the light *S isotope. Therefore, we conclude that
the salts from the interval 410-362 m (Table 1 and Fig. 4) were
crystallised from marine sulphate brine during intense inflow of
continental waters into the basin.

Palaeogeographic reconstructions (Fig. 1) suggest that the
deposition of salts in the Hrynivka area resulted from crystallisa-
tion from seawater. Sea water was mostly devoid of Ca(HCO3),
(because of calcium carbonate and calcium sulphate precipita-
tion in the outer parts of the evaporite basin). The influence of
continental runoff resulted in terrigenous material input,
metamorphisation of the sulphate-rich brine, and decrease of
5*S in the anhydrite.

Dissolved sulphate from freshwater and rainfall (as com-
pared to seawater) contained significantly more of the light *2S
isotope, as demonstrated by other authors (e.g., Vinogradov et
al., 1962; Yeremenko and Pankina, 1971). For example, conti-
nental runoff had a profound effect on the water of the modern
Black, Azov, and Caspian seas. So, the sea water near the
coast of the Black Sea has §**S = +18.9%o, while the isotopic
composition of dissolved sulphate of the Black Sea in general is
8%S = +19.3%0. The sea water of the Azov Sea near Kerch has
a value of 8*S = +15.5%0 (Yeremenko and Pankina, 1971).
The isotopic composition of dissolved sulphate in the Caspian
Sea, which has no connection with the ocean, is +8.6%o.

The typical bromine content in a marine-derived halite at the
beginning of its crystallisation is ca. 68 ppm (Holser, 1979), or
50-60 ppm (Valyashko and Mandrykina, 1952). In the investi-
gated sedimentary halite bromine content was quite low
(20-50 ppm, Table 1). A low bromine content in the halite of the

®3

O 4

Fig. 6. Chemical composition of brine in primary inclusions in halite shown on a Janecke diagram
(for sea water, at a temperature of 25°C)

Chemical composition of brine in primary fluid inclusions in halite; Hrynivka, borehole 525 (Galamay, 2010), 1 — chemical composition
points of fluid inclusions, 2 — chemical composition point of modern sea water saturated to the beginning of halite crystallisation
(McCaffrey et al., 1987); small crystals of anhydrite between zones of sedimentary halite and gypsum, bassanite and anhydrite in primary
fluid inclusions in halite for each of the samples (Galamay, 2012); 3 — a considerable amount of crystals; 4 — a small amount, or an ab-

sence of crystals
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Fig. 7. Multi-phase fluid inclusions with gypsum, bassanite,
and anhydrite crystals, or terrigenous material

Arrows indicate large fluid inclusion, with gypsum crystals;
Hrynivka, borehole 525, sample 1354

samples studied indicates that redeposition of halite occurred in
the salt-bearing basin and that contributions of both marine and
continental waters a effected Br concentrations in the precipi-
tated halite.

The strontium isotope ratio (¥’Sr/**Sr) in one anhydrite sam-
ple from the Hrynivka 525 borehole (no. 1354) (Peryt et al.,
2010) gave a value of 0.708902. That ratio is slightly higher
than the ratios expected for Badenian sea water
(0.708800-0.708809; McArthur et al., 2001). The relatively
slightly radiogenic & Sr/%°Sr ratio of anhydrite sample 1354 may
have been derived from clay intercalations in the rock salt
(Peryt et al., 2010), and so evidence of continental water inflow
to the salt-bearing basin.

DISCUSSION

The average sulphur isotopic composition (6348) of the
anhydrite from the Carpathian Foredeep and East Slovak bas-
ins ranges between +21.5 and +22.5%o (Table 2). The determi-
nation of §**S for the anhydrite of the salt succession shown on
the diagram (Fig. 8) indicates a narrow range of the values for
sixty samples. In the case of five determinations, the values

were clearly diverse. The lowest of these were obtained from
nodular anhydrite originating from zubers of the Bochnia Salt
Mine (+18.78%o, sample 1; Bukowski and Szaran, 1997) and
the Zbudza salt deposit in the East Slovak Basin (18.28%o., sam-
ple P7/2; Kasprzyk and Bukowski, 2009). Those low values
(8%*S) probably resulted from the delivery of sulphate ions to the
basin, enriched with light sulphur isotopes, originating from me-
teoric waters and containing oxidised sulphur compounds. This
was confirmed by the presence of carbonised plant matter in
the Zbudza anhydrite sample, as well as by very low bromine
content (5.8 ppm) in the halite occurring directly above the
anhydrite (Bukowski et al., 2007).

Then, the values of §**S amounting to +24.4%. (Zbudza,
sample P-6/24; Kasprzyk and Bukowski, 2009), +25.4%o. (Bo-
chnia, sample 23; Bukowski and Szaran, 1997), and +24.0%o
(Wieliczka, sample A-8-W; Bukowski and Szaran, 1997) were
characteristic of late diagenetic varieties of gypsum and anhy-
drite (sulphate dissolution and re-precipitation; bacterial re-
duction of sulphates). Those samples were also lithologically
different from the remaining ones (fibrous gypsum filling crev-
ices, inner anhydrite filling the layer shear planes, and
anhydrite aggregates with small crystals of xenomorphous ha-
lite in the silty matrix).

The extremely high values and extremely low values were
not taken into account in calculating the 5*S in dissolved sul-
phates of the Badenian sea water of the Central Paratethys.

Based on sixty determinations of §**S in anhydrite (average
¥3 = +22.0%0) and taking into account isotopic fractionation
during Ca-sulphate crystallisation (22.0%o —1.65 + 0.12%o), we
could determine that the average §**S of dissolved sulphate in
sea water of the Central Paratethys was +20.3%o. This compo-
sition is comparable to the isotopic composition of dissolved
sulphate in present-day sea water and the values established
for the Badenian evaporite basin brine of the Carpathian
Foredeep (5**S = +20.6%o) (Kasprzyk, 1997). The §*S value for
the Badenian sea water may actually have been slightly higher
if we consider potential changes to the brine composition of
salt-bearing basins caused by inflow of continental waters en-
riched in light *2S isotopes.

The results presented here are generally consistent with the
majority of chemical composition determinations of fluid inclu-
sions in halite obtained by the ultramicrochemical method de-
veloped by Petrychenko (1973). In the majority of the Badenian
evaporite basins, the composition and the proportions of main

Table 2

Sulphur isotopic composition in anhydrite from the Badenian salt-bearing deposits of the Carpathian region

Basin Location ongg:ESIres 322/':;1; 34':‘:;?:m References
Hrynivka, borehole 525 8 20.20-22.70 21.32 New data
2 21.58-22.22 21.90 Galamay (1997)
Zabolotiv, borehole 4038 1 21.60 21.60 Galamay (1997)
Slanic Prahova 3 20.27-21.12 20.78 Galamay (1997)
Carpathian Barycz, borehole 962 2 21.47-22.36 21.91 Bukowski and Szaran (1997)
Foredeep Wieliczka 8 21.45-24.03 22.62 Bukowski and Szaran (1997)
Wieliczka 4 21.90-22.80 22.40 Parafiniuk and Halas (1997)
Wieliczka 3 21.6-21.9 21.77 Claypool et al. (1980)
Bochnia 7 18.78-25.36 21.75 Bukowski and Szaran (1997)
Wojnicz, borehole IG 4 14 22.01-23.20 22.61 Cendon et al. (2004)
East Slovakian Zbudza, well Ep-2 3 21.77-21.98 21.85 Galamay (1997)
Basin Zbudza, well P-6, P-7 10 18.28-24.45 22.22 Kasprzyk and Bukowski (2009)
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Fig. 8. Sulfur isotopic composition in anhydrite from the Badenian salt deposits of the Carpathian region

The diagram shows new and previously published data (Claypool et al., 1980; Galamay, 1997; Bukowski and Szaran, 1997;
Parafiniuk and Halas, 1997; Cendon et al., 2004; Kasprzyk and Bukowski, 2009)

ions in the fluid inclusions indicated a marine origin for the
brines (Bukowski, 2011 with references therein). However, lo-
cal inflows of continental waters were also identified (Kovale-
vich and Petrichenko, 1997; Galamay, 2001; Galamay and
Bukowski, 2011).

Studies of the chemical composition of fluid inclusions, bro-
mine content in halite, and the isotopic composition of sulphur
and oxygen in anhydrite were made on rock salt of the Wojnicz
area in the Polish Carpathian Foredeep by Cenddn et al. (2004).
Modelling based on the results of those studies indicated that,
during halite precipitation in the Carpathian Foredeep, continen-
tal waters amounted to as much as 65-70%, with only 20-30%
sea water and 5-10% brine originating from previously dissolved
halite (Cendon et al., 2004). The chemical composition of fluid in-
clusions in the halite was the basis of modelling. The data were
obtained with a modern precise method (Cryo-SEM-EDS) and
studies of fluid inclusions in halite. Those data indicated that the
average ratios of 2K, Mg, and SOy in brine (samples WJ-3,
WJ-13, WJ-18, WJ-41; Cenddn et al., 2004) were 6.9, 75.2 and
17.9%, respectively (Janecke unit). This chemical composition
was typical of Badenian marine brine (Galamay and Bukowski,
2011; Bukowski, 2011). However, the chemical composition of
the fluid inclusions of other samples (WJ-22, WJ-26, WJ-3B,
WJ-36; Cendodn et al., 2004) was different from those presented
above. In some of the samples, we observed anomalously low
concentrations of K* ions. For example, in sample WJ-22, the
potassium content was below the limit of quantification, which
was interpreted as a result of a local reaction of brine with cal-
cium sulphate to precipitate polyhalite (Cendén et al., 2004).
That hypothesis was corroborated by the local presence of
polyhalite at various levels throughout the borehole (Cendén et
al., 2004). In that case, anhydrite or gypsum were transformed
into polyhalite through reaction with marine brine of high concen-
tration. Consequently, the chemical composition of the parent
brine could be changed under local conditions and the ion ratios
in primary fluid inclusions not reflect “typical Badenian brine”
(e.g., Kovalevich and Petrichenko, 1997; Galamay, 2001;
Galamay and Bukowski, 2011).

The sulphur isotope compositions of anhydrite from Wojnicz
(Cendodn et al., 2004) were similar to the data available from
other parts of the salt basin (Table 2). The results were almost
constant with a range of 8**S = +22.0%o to +23.2%, and on aver-
age of 5%S = +22.6%o. To explain that isotopic composition cor-
responding to the isotopic composition of marine origin, Cendén
et al. (2004) suggested that the isotopic values of §>*S were not
always explicit indications of the sulphate origin. In conditions of

sea water mixing with meteoric waters saturated with halite,
sulphates could crystallise and produce isotopic values similar to
8%S = 22%o, being basically not very different from typical ma-
rine-origin sulphates (Ayora et al., 1994; Cendodn et al., 2004).
Such interpretation would require confirmation for instance by
chlorine isotope studies of halite (Eastoe and Peryt, 1999;
Eastoe et al., 2007, though see e.g., Garcia-Veigas et al., 2009).

CONCLUSIONS

The 8*S values in the Hrynivka anhydrite range from
+20.2%o0 to +22.7%0. Those values are consistent with the re-
sults of chemical composition studies of primary fluid inclusions
in halite, performed by ultramicrochemical method (Petry-
chenko, 1973) and indicate that sea water had been the main
source of solutes in the basin.

The sulphur isotope content of the anhydrite indicates a ma-
rine origin for the sulphate, though this not synonymous with a
marine basin. At different stages of salt accumulation, we could
infer inflows of continental waters in to the basin, with a lighter
isotopic sulphate composition (as supported by data from the
Hrynivka, Bochnia, and Zbudza deposits).

The 8*S value of the Badenian sea water of the Central
Paratethys was calculated from sixty values and the determina-
tions of sulphur isotopic composition for anhydrite of the Carpa-
thian region was approximately +20.3%o. The §**S value for the
Badenian ocean water may actually have been slightly higher if
we consider potential changes of the brine composition of
salt-bearing basins caused by inflow of continental waters en-
riched in light *2S isotopes.
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