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CLAY MINERALS OF MIOCENE EVAPORITES OF THE CARPATHIAN REGION, UKRAINE

MINERAŁY ILASTE W EWAPORATACH MIOCEŃSKICH REGIONU KARPACKIEGO, UKRAINA

Petro Bilonizhka1, Iaroslava Iaremchuk2, Sophiya Hryniv2, Serhiy Vovnyuk2

Abstract. Based on previously published XRD and DTA-TG data, the clay mineral assemblages composition of water-insoluble 
residue of Miocene evaporites of the Ukrainian Carpathian region is presented. Data on the composition of pelitic fraction minerals were 
obtained from studies of Egerian–Eggenburgian and Badenian evaporites of the Carpathian Foredeep, namely gypsum, rock salt and potash 
salts of the Stebnyk and Kalush-Holyn’ deposits, and rock salt from the Transcarpathian Trough. In the gypsum facies, the clay minerals are 
mainly allogenic and are represented by dioctahedral smectite, illite and chlorite, while authigenic minerals such as trioctahedral smectite 
and illite are present in minor amounts. Clay minerals of rock salt facies are represented by illite, chlorite and mixed-layer illite-smectite 
in Egerian–Eggenburgian rock salt. In Badenian rock salt, smectite, corrensite and mixed-layer chlorite-smectite are also present. In potash 
facies deposits, only illite and chlorite occur. The degree of transformation of clay minerals depends upon basin brine concentration. As 
the brine concentration increases, the mineral assemblage changes towards vanishing of swelling clay minerals. Volcanic activity had also 
a great impact on clay minerals composition – pyroclastic material alteration resulted in the occurrence of smectite, corrensite and mixed-
layer chlorite-smectite in the Badenian rock salt. 
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Abstrakt. Skład asocjacji minerałów ilastych ewaporatów mioceńskich karpackiego regionu Ukrainy podsumowano na podstawie 
opublikowanych wyników badań dyfraktometrycznych i termicznych ewaporatów egeru–eggenburgu i badenu zapadliska przedkarpackie-
go, a mianowicie gipsu, soli kamiennej i soli potasowej z Stebnyka i Kałuszu, a także badeńskiej soli kamiennej z Sołotwyna i Mukaczewa 
(Zakarpacie). W ewaporatach facji gipsowej dominują alogeniczne minerały ilaste (smektyt dyoktaedrychny, chloryt i illit), a autigeniczne 
minerały (smektyt tryoktaedrychny, illit oraz minerały mieszanopakietowe) są obecne w małych ilościach. Minerały ilaste facji soli ka-
miennej egeru–eggenburgu zawierają illit, chloryt i mieszanopakietowy illit-smektyt, a w soli kamiennej badenu, oprócz tych minerałów, 
obecne są jeszcze smektyt, korensyt oraz minerał mieszanopakietowy chloryt-smektyt. W solach potasowych z minerałów ilastych wystę-
pują tylko illit i chloryt. Stopień transformacji minerałów ilastych w ewaporatach regionu karpackiego zależy od stężenia solanek basenu 
ewaporatowego w czasie ich depozycji. Wraz ze wzrostem koncentracji solanek asocjacje minerałów ilastych zmieniają się w kierunku 
zmniejszenia ilości smektytu i mieszanopakietowych faz i uporządkowania ich struktury. Istotny wpływ na skład minerałów ilastych ma 
aktywność wulkaniczna – materiał piroklastyczny zamienia się w smektyt, korensyt i mieszanopakietowy chloryt-smektyt, które występują 
w badeńskiej soli kamiennej.

Słowa kluczowe: minerały ilaste, ewaporaty miocenu, zapadlisko przedkarpackie, zapadlisko zakarpackie, Ukraina.
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Slyvko, 1984) in the Transcarpathian basin. Gypsum facies 
is characterized by smectite, illite, chlorite and mixed-layer 
minerals of chlorite-smectite and illite-smectite composition 
(Bobrovnik, Karpenchuk, 1969; Bilonizhka, 1990; Iarem-
chuk, Poberezhsky, 2009). 

In this study, we analyze the literature data on clay miner-
als of evaporites of the Carpathian region of Ukraine in order 
to obtain a  clear pattern of different-aged clay mineral as-
semblages, their formation and alteration in different facies 
of evaporite rocks. 

Geological  setting

Miocene evaporite deposits of the Carpathian region of 
Ukraine are located in the Carpathian Foredeep and Trans
carpathian Trough (Fig. 1). 

The Carpathian Foredeep in Ukraine is situated between 
the Folded Carpathians and East European Platform and ex-
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Fig. 1. Location of sampled sites, tectonic zonation  
of the Carpathian Foredeep after Vul et al. (1998) 

Carpathian Foredeep: Boryslav-Pokuttya Zone: 1 – Boryslav, 2 – Stebnyk, 
3 – Dolyna, 4 – Verkhniy Strutyn; Sambir Zone: 5 – Silets’–Stupnytsya, 6 – 
Kalush, 7 – Holyn’, 8 – Hrynivka; Bilche–Volytsia Zone and adjacent part 
of the East European Platform: 9 – Shchyrets’, 10 – Piski, 11 – Nagiryany, 
12 – Verenchanka, 13 – Kryva; Transcarpathian Trough: 14 – Mukacheve, 
15 – Solotvyna

tends from NW to SE as a 25–60-km wide and about 300-
km long belt. It is subdivided into the Boryslav–Pokuttya, 
Sambir and Bilche–Volytsia zones (Vul et al., 1998). The 
Boryslav–Pokuttya and Sambir zones have been thrust to the 
NE with amplitudes of 25 km and 8–12 km, accordingly. In 
the outer part of the Bilche–Volytsia Zone, Miocene deposits 
occur at the depth of 10–200 m. Towards the Folded Car-
pathians, they are gradually subsided under the overthrust of 
the Sambir Zone down to the depths of 1200–2200 m (Kore-
nevskiy, Donchenko, 1963). 

The Transcarpathian Trough is a sag structure formed at 
the boundary of the Folded Carpathians and the Pannonian 
Median Massif and is separated from them by deep faults. 
The second-order Khust fault divides the trough into the 
Solotvyna and Mukacheve depressions (Kityk et al., 1983). 
In the central part of the Solotvyna depression, salt domes 
occur. 

In the Carpathian Foredeep, Miocene evaporites oc-
cur in the Boryslav–Pokuttya (Vorotyshcha suite, Egerian–
Eggenburgian), Sambir (Tyras suite, Badenian) and Bilche–
Volytsia (Tyras suite, Badenian) zones (Hryniv et al., 2007). 
In the Boryslav–Pokuttya and Sambir zones, evaporites are 
composed of saline clays and rock salt. In some areas they 
are represented by salt-bearing breccia with potash salts. 
The stratigraphic age of potash salts of the Kalush-Holyn’ 
deposit is a topic for discussion (e.g. Wójtowicz et al., 2003; 
Peryt, Hryniv, 2011); after Dzhinoridze et al. (1980) we con-
sider it as Badenian. In the Bilche–Volytsia Zone, evaporites 
change their composition from gypsum and anhydrite (with 
clay, sandstone, limestone and marl seams) in the outer (NE) 
part to rock salt in the SW part. Studies of calcareous nan-
noplankton indicated that the evaporites belong to the NN6 
Zone (Peryt, Peryt, 1994; Peryt, 1999; Andreyeva-Grigorov-
ich et al., 2003). In the Transcarpathian Trough, evaporites 
are located in both the Solotvyna and Mukacheve depres-
sions (Tereblya suite, Badenian) and are represented by rock 
salt with an admixture of clay, anhydrite and rare tuffs. 

Material a nd m ethods

In the present study, we analyze and generalize XRD data 
on pelitic fraction mineralogy of water-insoluble residue 
from Miocene gypsum, rock salt and potash-bearing salts of 
the Ukrainian Carpathians region. The studied evaporites of 
the Carpathian Foredeep are of Badenian (Tyras suite) and 
Egerian–Eggenburgian (Vorotyshcha suite) age; Badenian 
sampples come from the Bilche–Volytsia Zone and the ad-

jacent part of the East European platform (gypsum) and the 
Sambir Zone (gypsum, rock salt and potash salts). Egerian–
Eggenburgian samples are from the Boryslav–Pokuttya Zone 
(rock salt and potash salts). In the Transcarpathian Trough, 
clay minerals of rock salt from the Tereblya suite (Badenian) 
were studied in both the Solotvyna and Mukacheve depres-
sions (Fig. 1, Tab. 1).

Introduction

Clay minerals are indicators of conditions of rock for-
mation and alteration during early and late diagenesis; to 
a  considerable extent it concerns evaporite rocks as well. 
In the Carpathian region of Ukraine, evaporites belong to 
several stratigraphic levels and are represented by deposits 
of different facies – gypsum, anhydrite, and rock and potash 
salts. 

Mineral composition of clays of the evaporites from the 
Carpathian region is quite well studied (Tab. 1). In the Ukrai-

Ta b l e  1
Minerals of pelitic fraction of water-insoluble residue from Miocene evaporites of the Carpathian region, Ukraine

Facies Age, suite
Number  

of  
samples

Generalized mineral composition of pelitic 
fraction of water-insoluble residue 

SourceClay minerals Other  
mineralsIt Ch Sm Co* Ch-Sm It-Sm

Potash  
salts

Badenian, Tyras  
(Kalush–Holyn’  
deposit)

6 ++ + – – – – – Yarzhemskaya (1954)

8 ++ ++ – – – – Mg, (Ca) Bilonizhka et al. (1966)

25 ++ ++ – – – – Mg Oliyovych et al. (2004)

Vorotyshcha suite,  
Eger–Eggenburgian 
(Stebnyk deposit)

8 ++ (+) – – – – Mg, (Do) Yarzhemskaya (1954)

6 ++ ++ – – – – Mg, (Ca) Bilonizhka et al. (1966)

– ++ ++ – – – – Q, Mg, Do Ivanov et al. (1980)

7 ++ ++ – – – – Mg, Q, Fs Hryniv et al. (1993

3 ++ ++ – – – – Mg Yaremchuk (2010)

Halite

Badenian, Tyras
6 + + (+) – ++ + Do, (Q) Iaremchuk and Hryniv 

(2008)

17 + (+) + ++ ++ + Do, Q, (Fs), Ca Iaremchuk and Galamay 
(2009)

Vorotyshcha suite,  
Eger–Eggenburgian 10 ++ ++ – – – + Q, Fs, (Do) Iaremchuk and Hryniv 

(2008)

Badenian, 
Tereblya

Mukacheve 
Depression 

10 ++ + – + ++ – Do, Ca, Q Gabinet and Slyvko (1984)

4 ++ – – + ++ – Do, Ca Kityk et al. (1983)

Solotvyna 
Depression

2; 2 ++ ++ – – – – Do, Ca Bilonizhka (1979);  
Kityk et al. (1983)

5 ++ – – – – – Mg, (Do) Yarzhemskaya (1954)

2 ++ + – – (+) – Q, Fs, (Do) Yaremchuk (2010)

Gypsum Badenian, Tyras

12 ++ + + – (+) (+) Ca, Q Bobrovnik and  
Karpenchuk (1969)

– (+) (+) ++ (+) Bilonizhka (1990)

11 + (+) ++ – + + Ca, Do, Q, (Fs) Iaremchuk and 
Poberezhskyy (2009)

Clay minerals: It – illite; Ch – chlorite, Sm – smectite, mixed-layer clay minerals: Co* – chlorite-smectite of close-to-perfect order (corrensite),  
Ch-Sm – chlorite-smectite; It-Sm – illite-smectite; non-clay minerals: Q – quarz, Fs – feldspar, Do – dolomite, Ca – calcite, Mg – magnesite. 
The amount of mineral: ++ considerable; + minor; (+) admixture; – mineral not revealed. 

nian Carpathian Foredeep, the clay mineral composition of 
potash salts facies consists of illite and chlorite (Yarzhem-
skaya, 1954; Bilonizhka et al., 1966; Ivanov et al., 1980; 
Hryniv et al., 1993; Oliyovych et al., 2004). The clay min-
eral assemblage of halite facies consists of illite, chlorite, 
mixed-layer minerals and rarely smectite in the Carpathian 
Foredeep (Iaremchuk, Hryniv, 2008; Iaremchuk, Galamay, 
2009) and illite, chlorite (Bilonizhka, 1979) and mixed-layer 
chlorite-smectite and corrensite (Kityk et al., 1983; Gabinet, 
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The Transcarpathian Trough is a sag structure formed at 
the boundary of the Folded Carpathians and the Pannonian 
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(a, c, e) and Sambir (b, d, f) zones of the Carpathian Foredeep

а – minerals: illite (It) and chlorite (Ch); c – on the X-ray diagrams, the (001) peak of illite is asymmetric, widening to small angles side, what could be 
caused by weak crystal structure (with interstratified water and/or swelling packets). This reflection has degraded form and series of low-intensity peaks, 
which evidence the presence of smectite packet in illite structure; e – endothermic peak of illite dehydration (DTA pattern), with corresponding loss of 
water – about 2% (TG pattern); b – minerals: smectite (Sm), corrensite (Co), illite (It) and chlorite (Ch); d – the mixed-layer illite-smectite is determined 
by small peaks 1.12–1.23 nm, which moved to 1.46 nm after ethylene glycol solvation. Smectite is determined by (001) reflection 1.54 nm, which moved 
to 1.71 nm on ethylene glycol solvated preparation and to 0.99 nm on thermally treated preparation. The reflections of corrensite (well-ordered mixed-layer 
chlorite- smectite) on XRD pattern of oriented untreated preparation are at 1.46 nm, on ethylene glycol solvated preparation it moved to 1.60 nm, and on 
thermally treated preparation, the peak is close to 1.24 nm; f – endothermic peak of dehydration (DTA pattern), with corresponding loss of water – about 
3% (TG pattern); insignificant loss of interlayer water is due to corrensite occurrence

al., 1983; Gabinet, Slyvko, 1984). In some cases, the mixed-
layer chlorite-smectite structure is well-ordered (1:1), close 
to corrensite (Kityk et al., 1983; Gabinet, Slyvko, 1984). In 
the Solotvyna depression (Transcarpathian Trough), rock salt 
of the Tereblya suite contains illite and chlorite. The mixed-
layer illite-smectite and chlorite-smectite are absent (Biloni-

zhka, 1979), or very insignificant admixture of mixed-layer 
illite-smectite is present (Yaremchuk, 2010), which is the 
typical feature of this suite. 

Clay minerals of potash facie evaporites are represented 
only by illite and chlorite (Yarzhemskaya, 1954; Bilonizhka 
et al., 1966; Bilonizhka, 1992a; Hryniv et al., 1993; Oliy-

The evaporites of the Carpathian Foredeep are of Bade-
nian (Tyras suite) and Egerian–Eggenburgian (Vorotyshcha 
suite) ages. Badenian samples come from the Bilche–Volyt-
sia Zone and the adjacent part of the East European plat-
form (gypsum) and the Sambir Zone (gypsum, rock salt and 
potash salts). Egerian–Eggenburgian samples come from the 
Boryslav-Pokuttya Zone (rock salt and potash salts). In the 

Transcarpathian Trough, clay minerals from rock salt of the 
Tereblya suite (Badenian) were studied in both the Solotvyna 
and Mukacheve depressions (Fig. 1, Tab. 1). 

In most of studies, the clay fraction of water-insoluble 
residue from evaporites was investigated by means of X-ray 
powder diffraction and, sometimes, thermal analysis. 

Clay m ineral a ssemblages

In Neogene evaporites of the Carpathian region, the 
pelitic fraction from rocks of gypsum facies is represented 
by smectite, illite, chlorite and mixed-layer chlorite-smectite 
and illite-smectite (Fig. 2, Tab. 1) (Iaremchuk, Poberezhsky, 
2009). Smectite is represented by two varieties – dioctahe-
dral Al-Fe and trioctahedral Mg. Chlorite is of Mg-Fe com-
position. In gypsum facies, clay minerals are mostly allogen-
ic (dioctahedral smectite, illite, chlorite), whilst authigenic 
clay minerals (trioctahedral smectite and illite) are present in 
insignificant amount. 

The clay mineral association of halite facies of Egerian–
Eggenburgian and Badenian rock salt of the Vorotyshcha 
suite differs by the number of clay minerals from the Tyras 
(Forecarpathian region) and Tereblya (Transcarpathian re-
gion) suites (Fig. 3, Table 1). Illite and chlorite are present in 
all samples; most of samples from the Forecarpathian region 
also contain small amount of mixed-layer illite-smectite. 

In the rock salt of the Vorotyshcha suite, illite and chlorite 
are present in considerable amounts. The small number of 
mixed-layer illite-smectite is present in all but two samples 
(in these two samples magnesite was also found). Admixture 
of mixed-layer chlorite-smectite was noted only twice (Ia-
remchuk, Hryniv, 2008). 

In the rock salt of the Tyras suite, the illite and chlorite 
content is smaller than in that of the Vorotyshcha suite. In 
most of samples, mixed-layer chlorite-smectite with the ad-
mixture of illite-smectite was determined. In rock salt of the 
Silets’–Stupnytsya area, mixed-layer chlorite-smectite is 
present in considerable amount in all samples, smectite is 
in modest amount in most of samples, and corrensite was 
determined only once (Iaremchuk, Hryniv, 2008). In samples 
from the Hrynivka area (Iaremchuk, Galamay, 2009), swell-
ing minerals (corrensite, smectite and mixed-layer chlorite-
smectite) are usually found in considerable amount. 
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of water-insoluble residue from gypsums of outer part  

of the East European Platform 
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solvated preparations; с – endothermic peak of smectite dehydration (DTA 
pattern), with corresponding loss of water – about 6% (TG pattern)

In rock salt of the Tereblya suite (Mukacheve depression, 
Transcarpathian Trough), clay minerals are represented by 
illite and mixed-layer chlorite-smectite. The amount of lat-
ter is equal to those of illite or exceeds it; the amount of 
chlorite is insignificant, and smectite was is absent (Kityk et 
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zhka, 1979), or very insignificant admixture of mixed-layer 
illite-smectite is present (Yaremchuk, 2010), which is the 
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Clay minerals of potash facie evaporites are represented 
only by illite and chlorite (Yarzhemskaya, 1954; Bilonizhka 
et al., 1966; Bilonizhka, 1992a; Hryniv et al., 1993; Oliy-
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Boryslav-Pokuttya Zone (rock salt and potash salts). In the 

Transcarpathian Trough, clay minerals from rock salt of the 
Tereblya suite (Badenian) were studied in both the Solotvyna 
and Mukacheve depressions (Fig. 1, Tab. 1). 

In most of studies, the clay fraction of water-insoluble 
residue from evaporites was investigated by means of X-ray 
powder diffraction and, sometimes, thermal analysis. 

Clay m ineral a ssemblages

In Neogene evaporites of the Carpathian region, the 
pelitic fraction from rocks of gypsum facies is represented 
by smectite, illite, chlorite and mixed-layer chlorite-smectite 
and illite-smectite (Fig. 2, Tab. 1) (Iaremchuk, Poberezhsky, 
2009). Smectite is represented by two varieties – dioctahe-
dral Al-Fe and trioctahedral Mg. Chlorite is of Mg-Fe com-
position. In gypsum facies, clay minerals are mostly allogen-
ic (dioctahedral smectite, illite, chlorite), whilst authigenic 
clay minerals (trioctahedral smectite and illite) are present in 
insignificant amount. 

The clay mineral association of halite facies of Egerian–
Eggenburgian and Badenian rock salt of the Vorotyshcha 
suite differs by the number of clay minerals from the Tyras 
(Forecarpathian region) and Tereblya (Transcarpathian re-
gion) suites (Fig. 3, Table 1). Illite and chlorite are present in 
all samples; most of samples from the Forecarpathian region 
also contain small amount of mixed-layer illite-smectite. 

In the rock salt of the Vorotyshcha suite, illite and chlorite 
are present in considerable amounts. The small number of 
mixed-layer illite-smectite is present in all but two samples 
(in these two samples magnesite was also found). Admixture 
of mixed-layer chlorite-smectite was noted only twice (Ia-
remchuk, Hryniv, 2008). 

In the rock salt of the Tyras suite, the illite and chlorite 
content is smaller than in that of the Vorotyshcha suite. In 
most of samples, mixed-layer chlorite-smectite with the ad-
mixture of illite-smectite was determined. In rock salt of the 
Silets’–Stupnytsya area, mixed-layer chlorite-smectite is 
present in considerable amount in all samples, smectite is 
in modest amount in most of samples, and corrensite was 
determined only once (Iaremchuk, Hryniv, 2008). In samples 
from the Hrynivka area (Iaremchuk, Galamay, 2009), swell-
ing minerals (corrensite, smectite and mixed-layer chlorite-
smectite) are usually found in considerable amount. 
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smectite reflection (001) 1.54 nm moved to 1.73 nm on ethylene glycol 
solvated preparations; с – endothermic peak of smectite dehydration (DTA 
pattern), with corresponding loss of water – about 6% (TG pattern)

In rock salt of the Tereblya suite (Mukacheve depression, 
Transcarpathian Trough), clay minerals are represented by 
illite and mixed-layer chlorite-smectite. The amount of lat-
ter is equal to those of illite or exceeds it; the amount of 
chlorite is insignificant, and smectite was is absent (Kityk et 
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Experimental study of conditions of clay minerals trans-
formation (Frank-Kamenetskiy et al., 1983) showed that 
the main factors are pressure, temperature, porosity and the 
contents of K, Na, Ca and Mg chlorides in pore solutions. 
Some clay minerals (smectite, kaolinite and mixed-layer 
ones) are unstable in hypersaline conditions and they un-
dergo transformations under the impact of evaporite basin 
brines (Frank-Kamenetskiy et al., 1983; Drits, Kossovska-
ya, 1990). Allogenic dioktahedral smectite, brought to the 
evaporite basin by runoff waters, was then transformed into 
di- and trioctahedral smectites, which transform through the 
mixed-layer illite-smectite into dioctahedral illite or through 
chlorite-smectite into trioctahedral chlorite. This transforma-
tion takes place due to K and/or Mg cations fixation by inter-
layer intervals of smectite due to clay mineral structure or-
dering. Kaolinite transforms into dioctahedral illite through 
dioctahedral Al-smectite, and then through mixed-layer 
illite-smectite (Frank-Kamenetskiy et al., 1983). Volcanic 
glass of pyroclastic material is also unstable under hyper-
saline conditions and transforms into trioctahedral smectite, 
which, in turn, transforms to chlorite through corrensite and 
mixed-layer chlorite-smectite (Drits, Kossovskaya, 1990). 

The high content of clays is a typical feature of the Fore-
carpathian evaporites so a  considerable amount of terrig-
enous clays were carried to the studied Miocene basins by 
runoff. Clay mineral composition of the underlying deposits 
differs from that of evaporites by the presence of kaolinite 
and smectite (Bilonizhka, 1979; Hryniv et al., 1993). Evi-
dently, those minerals were also carried into the evaporite 
basin, but did not persist in a saline environment and through 
the several intermediate phases have been transformed into 
illite and chlorite (Frank-Kamenetskiy et al., 1983; Bilonizh-
ka, 1992b). The Transcarpathian volcanic activity of Bade-
nian age supplied pyroclastic material to the evaporite basins. 
This is proved by thin layers of volcanic tuff and tuffite in 
Badenian evaporites of Ukraine (Korenevskiy, 1954; Dzhi-
noridze et al., 1974) and Poland (Bukowski, 1999; Dudek 
et al., 2004) and is recorded in a specific clay mineral com-
position of rock salt of the Tyras and Tereblya suites. The 
additional evidence in favour of volcanic material supply to 
the Badenian Forecarpathian evaporite basin is the presence 
of analcime (Iaremchuk, Galamay, 2009) in the silty-pelitic 
fraction of water-insoluble residue of Hrynivka, since anal-
cime is believed to be the product of volcanic glass alteration 
(Deer et al., 1966). 

The analysis of published data shows that intensity of 
clay minerals transformation in evaporites of the Carpathian 
region depends on basin brine concentration. In gypsum fa-
cies, the transformation processes are weak and clay miner-
als are mostly allogenic. In halite facies, these processes are 
clear and intermediate minerals such as smectite and mixed-
layer phases are present. In potash salt facies, stable minerals 
(illite and chlorite) are only found. 

The gypsum facies deposits (Badenian gypsum) of the 
Carpathian region were deposited in shallow-water condi-
tions from concentrated seawater, which was partly diluted 
by continental runoff (Peryt, 1996; Peryt et al., 1997, 2010). 

Low K and Mg concentrations in brines conditioned slow 
transformation of unstable clay minerals. This is why the 
pelitic fraction of water-insoluble residue consists mainly of 
allogenic minerals – dioctahedral smectite, illite and chlo-
rite. 

In halite facies deposits, clay mineral assemblages of 
rock salt contain mixed-layer minerals, illite and chlorite. 
Mixed-layer minerals are the transition phases of smectite 
and kaolinite transformation, while illite and chlorite are 
represented by both allogenic and authigenic components. 
These mineral transformation processes have not been com-
pleted due to lower brine concentration. This causes the pres-
ence of intermediate mixed-layer phases revealed in both 
Egerian–Eggenburgian and Badenian rock salt. Different 
assemblages of swelling Mg-minerals (mixed-layer chlorite-
smectite, corrensite and smectite) are present in all studied 
Badenian rock salt. These minerals are the products of pyro-
clastic material alteration.

According to Kossovskaya et al. (1975) and Sokolova 
(1982), smectite, corrensite and mixed-layer chlorite-smec-
tite are characteristic for gypsum facies. Significant amount 
of these minerals in rock salt of the Tyras and Tereblya suites 
is caused not only by Badenian volcanic activity and by ba-
sin brine concentration which was quite low (beginning of 
the halite stage) (Iaremchuk, Galamay, 2009). 

When brine concentration increases even up to the end 
part of the halite stage, mixed-layer minerals do not occur. 
In two samples of rock salt from the Vorotyshcha suite (top 
part of borehole 17Dr, Boryslav area), mixed-layer illite-
smectite is lacking (Iaremchuk, Hryniv, 2008). It is caused 
by a higher brine concentration, which is confirmed by the 
presence of magnesite in the same samples (according to 
Bilonizhka, 1985, magnesite proves the higher stage of 
evaporation) and by the occurrence of potash salts in the 
Boryslav area. 

The difference between the clay mineral assemblages of 
Badenian rock salt from Hrynivka and Silets’–Stupnytsya 
is also caused by variations in brine concentration in these 
areas. In the Hrynivka area (Iaremchuk, Galamay 2009), 
the lower brine concentration (beginning of the halite stage) 
favoured preservation of smectite, corrensite and mixed-
layered chlorite-smectite. Rock salt from the Silets’–Stup-
nytsya area is composed of halite that precipitated mostly 
from low-concentration brines, and only sometimes the 
basin brines reached the end of halite stage of evaporation 
(Iaremchuk, Hryniv, 2008). Occasional high concentration 
is also evidenced by 25–30 cm polyhalite layer in borehole 
348 (Petrichenko et al., 1974). As a result of increased brine 
concentration in rock salt of this area, corrensite is lacking 
and smectite is present in minor amount. 

The clay mineral assemblage in rock salt of the Solot-
vyna depression is different from the rest of the Badenian 
deposits, because here the rock salt contains mainly illite and 
chlorite. This is strange taking into account that Badenian 
volcanoes, which supplied pyroclastic material to evaporite 
basins of Transcarpathia and Forecarpathia, were located not 
far from the Solotvyna depression (Korenevskyy, 1954). 

ovych et al., 2004). Illite is characterized by good crystal-
lization and absence of swelling layers – the (001) illite peak 
is narrow and symmetrical. XRD data are confirmed by com-
plex thermal analyses (DTA-TG) (Fig. 4) – low-temperature 
endothermic peak, which reflects the dehydratation of illite, 
is accompanied by insignificant loss of weight (1%), and the 
dehydroxylation is reflected by an endothermic peak maxi-
mum at 830°С. The shift of this endothermic peak to high 

temperature (compared to those of illite) and low content of 
interlayer water allow determination of muscovite (Yarem-
chuk, 2010). Thus, the clay mineral assemblage of potash fa-
cies of the Forecarpathian evaporites consists of well-crystal-
lized illite (sometimes authigenic muscovite) and chlorite. 

In the clay fraction of all facies, there are traces of non-
clay minerals – quartz, in some samples feldspar or dolomite, 
very seldom – calcite or magnesite. 

In marine evaporites, most of clay minerals are authi-
genic (Pastukhova, 1965). It is suggested that the hyper-
saline marine depositional environment played a  major 
role in the genesis of the clay mineral assemblages (Bo-
dine, 1983). Clay minerals in a hypersaline environment 
undergo transformations under the action of different fac-
tors. In continental saline lakes, transformation of clay 
minerals depends upon temperature and can be used as 
a paleoclimatic indicator (Calvo et al., 1999). Lateral in-
crease of salinity and alkalinity was the principal factor 
controlling the smectite to illite proportion in the Jurassic 
Lake T’oo’dichi’, Morrison Formation (Turner, Fishman, 
1991). Due to solution, chemistry changes within a  con-
comitant lateral zonation of mixed-layer illite-smectite de-
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veloped, from highly smectitic in the outermost zones to 
highly illitic in the central zone (Turner, Fishman, 1991). 
The impact of salinity on the degree of smectite to illite 
transformation in salt-bearing bentonites of the East Slo-
vak basin did not reveal itself during sedimentation; but 
salinity may enhance it when combined with a  higher 
burial temperature (Uhlik et al., 2002; Honty et al., 2004). 
Experimental study of K-saturated bentonites subjected to 
multiple wetting and drying cycles (Honty et al., 2003) 
showed that NaCl concentration in solutions does not have 
straightforward effect of K fixation by smectites. It seems 
that in saline depositional settings the solution chemistry 
is a principal factor controlling the smectite to illite pro-
portion (Warren, 2006). 

Fig. 4. XRD (a, b) and DTA-TG (c) data for pelitic fraction  
of water-insoluble residue from potash salts of the Sambir 

Zone of the Carpathian Foredeep 
a – minerals: muscovite (Mu), chlorite (Ch) and magnesite (Mg); b – on the 
X-ray diagrams, the (001) peak is well shaped, narrow, close to symmetric, 
which evidence insignificant content of interlayer of water and smectite 
packets in crystal structure, which is typical for muscovite; c – endothermic 
peak of dehydration (DTA pattern), with corresponding loss of water – about 
1% (TG pattern)

Transformation  of  clay m inerals  in ma rine  hypersaline  settings
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Experimental study of conditions of clay minerals trans-
formation (Frank-Kamenetskiy et al., 1983) showed that 
the main factors are pressure, temperature, porosity and the 
contents of K, Na, Ca and Mg chlorides in pore solutions. 
Some clay minerals (smectite, kaolinite and mixed-layer 
ones) are unstable in hypersaline conditions and they un-
dergo transformations under the impact of evaporite basin 
brines (Frank-Kamenetskiy et al., 1983; Drits, Kossovska-
ya, 1990). Allogenic dioktahedral smectite, brought to the 
evaporite basin by runoff waters, was then transformed into 
di- and trioctahedral smectites, which transform through the 
mixed-layer illite-smectite into dioctahedral illite or through 
chlorite-smectite into trioctahedral chlorite. This transforma-
tion takes place due to K and/or Mg cations fixation by inter-
layer intervals of smectite due to clay mineral structure or-
dering. Kaolinite transforms into dioctahedral illite through 
dioctahedral Al-smectite, and then through mixed-layer 
illite-smectite (Frank-Kamenetskiy et al., 1983). Volcanic 
glass of pyroclastic material is also unstable under hyper-
saline conditions and transforms into trioctahedral smectite, 
which, in turn, transforms to chlorite through corrensite and 
mixed-layer chlorite-smectite (Drits, Kossovskaya, 1990). 

The high content of clays is a typical feature of the Fore-
carpathian evaporites so a  considerable amount of terrig-
enous clays were carried to the studied Miocene basins by 
runoff. Clay mineral composition of the underlying deposits 
differs from that of evaporites by the presence of kaolinite 
and smectite (Bilonizhka, 1979; Hryniv et al., 1993). Evi-
dently, those minerals were also carried into the evaporite 
basin, but did not persist in a saline environment and through 
the several intermediate phases have been transformed into 
illite and chlorite (Frank-Kamenetskiy et al., 1983; Bilonizh-
ka, 1992b). The Transcarpathian volcanic activity of Bade-
nian age supplied pyroclastic material to the evaporite basins. 
This is proved by thin layers of volcanic tuff and tuffite in 
Badenian evaporites of Ukraine (Korenevskiy, 1954; Dzhi-
noridze et al., 1974) and Poland (Bukowski, 1999; Dudek 
et al., 2004) and is recorded in a specific clay mineral com-
position of rock salt of the Tyras and Tereblya suites. The 
additional evidence in favour of volcanic material supply to 
the Badenian Forecarpathian evaporite basin is the presence 
of analcime (Iaremchuk, Galamay, 2009) in the silty-pelitic 
fraction of water-insoluble residue of Hrynivka, since anal-
cime is believed to be the product of volcanic glass alteration 
(Deer et al., 1966). 

The analysis of published data shows that intensity of 
clay minerals transformation in evaporites of the Carpathian 
region depends on basin brine concentration. In gypsum fa-
cies, the transformation processes are weak and clay miner-
als are mostly allogenic. In halite facies, these processes are 
clear and intermediate minerals such as smectite and mixed-
layer phases are present. In potash salt facies, stable minerals 
(illite and chlorite) are only found. 

The gypsum facies deposits (Badenian gypsum) of the 
Carpathian region were deposited in shallow-water condi-
tions from concentrated seawater, which was partly diluted 
by continental runoff (Peryt, 1996; Peryt et al., 1997, 2010). 

Low K and Mg concentrations in brines conditioned slow 
transformation of unstable clay minerals. This is why the 
pelitic fraction of water-insoluble residue consists mainly of 
allogenic minerals – dioctahedral smectite, illite and chlo-
rite. 

In halite facies deposits, clay mineral assemblages of 
rock salt contain mixed-layer minerals, illite and chlorite. 
Mixed-layer minerals are the transition phases of smectite 
and kaolinite transformation, while illite and chlorite are 
represented by both allogenic and authigenic components. 
These mineral transformation processes have not been com-
pleted due to lower brine concentration. This causes the pres-
ence of intermediate mixed-layer phases revealed in both 
Egerian–Eggenburgian and Badenian rock salt. Different 
assemblages of swelling Mg-minerals (mixed-layer chlorite-
smectite, corrensite and smectite) are present in all studied 
Badenian rock salt. These minerals are the products of pyro-
clastic material alteration.

According to Kossovskaya et al. (1975) and Sokolova 
(1982), smectite, corrensite and mixed-layer chlorite-smec-
tite are characteristic for gypsum facies. Significant amount 
of these minerals in rock salt of the Tyras and Tereblya suites 
is caused not only by Badenian volcanic activity and by ba-
sin brine concentration which was quite low (beginning of 
the halite stage) (Iaremchuk, Galamay, 2009). 

When brine concentration increases even up to the end 
part of the halite stage, mixed-layer minerals do not occur. 
In two samples of rock salt from the Vorotyshcha suite (top 
part of borehole 17Dr, Boryslav area), mixed-layer illite-
smectite is lacking (Iaremchuk, Hryniv, 2008). It is caused 
by a higher brine concentration, which is confirmed by the 
presence of magnesite in the same samples (according to 
Bilonizhka, 1985, magnesite proves the higher stage of 
evaporation) and by the occurrence of potash salts in the 
Boryslav area. 

The difference between the clay mineral assemblages of 
Badenian rock salt from Hrynivka and Silets’–Stupnytsya 
is also caused by variations in brine concentration in these 
areas. In the Hrynivka area (Iaremchuk, Galamay 2009), 
the lower brine concentration (beginning of the halite stage) 
favoured preservation of smectite, corrensite and mixed-
layered chlorite-smectite. Rock salt from the Silets’–Stup-
nytsya area is composed of halite that precipitated mostly 
from low-concentration brines, and only sometimes the 
basin brines reached the end of halite stage of evaporation 
(Iaremchuk, Hryniv, 2008). Occasional high concentration 
is also evidenced by 25–30 cm polyhalite layer in borehole 
348 (Petrichenko et al., 1974). As a result of increased brine 
concentration in rock salt of this area, corrensite is lacking 
and smectite is present in minor amount. 

The clay mineral assemblage in rock salt of the Solot-
vyna depression is different from the rest of the Badenian 
deposits, because here the rock salt contains mainly illite and 
chlorite. This is strange taking into account that Badenian 
volcanoes, which supplied pyroclastic material to evaporite 
basins of Transcarpathia and Forecarpathia, were located not 
far from the Solotvyna depression (Korenevskyy, 1954). 

ovych et al., 2004). Illite is characterized by good crystal-
lization and absence of swelling layers – the (001) illite peak 
is narrow and symmetrical. XRD data are confirmed by com-
plex thermal analyses (DTA-TG) (Fig. 4) – low-temperature 
endothermic peak, which reflects the dehydratation of illite, 
is accompanied by insignificant loss of weight (1%), and the 
dehydroxylation is reflected by an endothermic peak maxi-
mum at 830°С. The shift of this endothermic peak to high 

temperature (compared to those of illite) and low content of 
interlayer water allow determination of muscovite (Yarem-
chuk, 2010). Thus, the clay mineral assemblage of potash fa-
cies of the Forecarpathian evaporites consists of well-crystal-
lized illite (sometimes authigenic muscovite) and chlorite. 

In the clay fraction of all facies, there are traces of non-
clay minerals – quartz, in some samples feldspar or dolomite, 
very seldom – calcite or magnesite. 

In marine evaporites, most of clay minerals are authi-
genic (Pastukhova, 1965). It is suggested that the hyper-
saline marine depositional environment played a  major 
role in the genesis of the clay mineral assemblages (Bo-
dine, 1983). Clay minerals in a hypersaline environment 
undergo transformations under the action of different fac-
tors. In continental saline lakes, transformation of clay 
minerals depends upon temperature and can be used as 
a paleoclimatic indicator (Calvo et al., 1999). Lateral in-
crease of salinity and alkalinity was the principal factor 
controlling the smectite to illite proportion in the Jurassic 
Lake T’oo’dichi’, Morrison Formation (Turner, Fishman, 
1991). Due to solution, chemistry changes within a  con-
comitant lateral zonation of mixed-layer illite-smectite de-
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veloped, from highly smectitic in the outermost zones to 
highly illitic in the central zone (Turner, Fishman, 1991). 
The impact of salinity on the degree of smectite to illite 
transformation in salt-bearing bentonites of the East Slo-
vak basin did not reveal itself during sedimentation; but 
salinity may enhance it when combined with a  higher 
burial temperature (Uhlik et al., 2002; Honty et al., 2004). 
Experimental study of K-saturated bentonites subjected to 
multiple wetting and drying cycles (Honty et al., 2003) 
showed that NaCl concentration in solutions does not have 
straightforward effect of K fixation by smectites. It seems 
that in saline depositional settings the solution chemistry 
is a principal factor controlling the smectite to illite pro-
portion (Warren, 2006). 

Fig. 4. XRD (a, b) and DTA-TG (c) data for pelitic fraction  
of water-insoluble residue from potash salts of the Sambir 

Zone of the Carpathian Foredeep 
a – minerals: muscovite (Mu), chlorite (Ch) and magnesite (Mg); b – on the 
X-ray diagrams, the (001) peak is well shaped, narrow, close to symmetric, 
which evidence insignificant content of interlayer of water and smectite 
packets in crystal structure, which is typical for muscovite; c – endothermic 
peak of dehydration (DTA pattern), with corresponding loss of water – about 
1% (TG pattern)
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Rock salt of the Solotvyna depression precipitated from 
brines of quite high concentration – the end of halite stage. 
However, mixed-layer minerals are present in some samples 
of rock salt from Silets’–Stupnytsya in spite of similar con-
centration. The temperature in the Solotvyna depression did 
not exceed 40ºC (Kityk et al., 1983), so it did not affect the 
processes of mineral transformation. The possible explana-
tion is insignificant input of pyroclastic material to this part of 
the Badenian evaporite basin due to specific wind direction. 

Similar composition of clay minerals from rock salt fa-
cies is observed in Badenian evaporites of the Carpathian re-
gion outside Ukraine. Smectite and mixed-layer illite-smec-
tite with illite, chlorite and kaolinite occur also in Badenian 
rock salt deposits of Wieliczka, Poland (Langer-Kuźniarowa 
et al., 2002) and in the Transylvanian basin, Romania, where 
they are accompanied by minor amounts of other clay miner-
als (Bican-Brisan, Hosu, 2006). 

At a high degree of evaporation – in potash salt facies, 
the unstable clay minerals fully transform and only illite and 
chlorite occur in potash salts of the Vorotyshcha and Tyras 
suites (Bilonizhka, 1992a).

The effect of temperature on clay minerals transforma-
tion in hypersaline settings reveals itself during both sedi-

mentation (Calvo et al., 1999) and burial at a higher tem-
perature (Uhlik et al., 2002; Honty et al., 2004). Under pro-
gressive salinization in a marine evaporite basin, not only 
concentration of brines, but also the temperature increase. 
Thus, according to fluid inclusion studies, brine temperature 
in Miocene evaporite basins of the Carpathian region did 
not exceed 40ºC for halite facies, and it reached 60ºC for 
potash salt facies (Petrichenko, 1988). Burial temperatures 
probably were not higher; otherwise, they would be record-
ed by halite-hosted fluid inclusions due to halite ability to 
easily recrystallize. In the Mukacheve depression, the burial 
temperature reached 75–83ºC (Petrichenko, 1989) and fluid 
inclusions in halite have gas bubbles in contrast to the So-
lotvyna depression where the burial temperatures were not 
so high. However, the clay mineral assemblage from the 
Mukacheve depression contains mixed-layer minerals not 
observed in the Solotvyna depression (although this is the 
Solotvyna depression where the occurrence of mixed-layer 
clay minerals is expected). To our opinion, all this evidenc-
es that it was brine concentration that formed clay mineral 
composition, while the temperature (either basin brine or 
burial) was too low to affect the clay mineral assemblages 
of the Carpathian region. 

Conclusions

All data on clay minerals of Miocene evaporites from 
the Carpathian region show decrease in the amount of 
swelling minerals and the better ordering of the clay miner-
al structure with the increase of basin brines concentration. 
Gypsum deposits contain mainly allogenic clay minerals: 
dioctahedral smectite, illite and chlorite, characteristic for 
relatively low brine concentration, and minor amount of 
authigenic minerals – trioctahedral smectite and illite – ev-
idence of the onset of mineral transformation under brine 
influence. In halite deposits, illite, chlorite and mixed-
layer illite-smectite are present. Rock salt of the Tyras 
and Tereblya suites contains also smectite, corrensite and 
mixed-layer chlorite-smectite. Such a mineral assemblage 
is caused by Badenian volcanic activity – pyroclastic mate-
rial supply to the evaporite basin and its transformation in 

a saline environment. The chlorite and illite association in 
pelitic fraction of evaporites of potash salt facies evidence 
the termination of unstable clay minerals, and the ordering 
of the illite structure sometimes even resulted in the occur-
rence of authigenic muscovite. 

Changes in clay mineral assemblages (vanishing of 
swelling minerals and structure ordering) in evaporites of 
the Carpathian region were caused by an increase of concen-
tration of basin brines which is in accordance with the con-
clusions about transformations of clay minerals in evaporite 
basins (Frank-Kamenetskiy et al., 1983; Bilonizhka, 1992b). 
Volcanic activity had also strong impact on clay minerals 
composition – pyroclastic material alteration results in the 
occurrence of smectite, corrensite and mixed-layer chlorite-
smectite. 
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tion in hypersaline settings reveals itself during both sedi-

mentation (Calvo et al., 1999) and burial at a higher tem-
perature (Uhlik et al., 2002; Honty et al., 2004). Under pro-
gressive salinization in a marine evaporite basin, not only 
concentration of brines, but also the temperature increase. 
Thus, according to fluid inclusion studies, brine temperature 
in Miocene evaporite basins of the Carpathian region did 
not exceed 40ºC for halite facies, and it reached 60ºC for 
potash salt facies (Petrichenko, 1988). Burial temperatures 
probably were not higher; otherwise, they would be record-
ed by halite-hosted fluid inclusions due to halite ability to 
easily recrystallize. In the Mukacheve depression, the burial 
temperature reached 75–83ºC (Petrichenko, 1989) and fluid 
inclusions in halite have gas bubbles in contrast to the So-
lotvyna depression where the burial temperatures were not 
so high. However, the clay mineral assemblage from the 
Mukacheve depression contains mixed-layer minerals not 
observed in the Solotvyna depression (although this is the 
Solotvyna depression where the occurrence of mixed-layer 
clay minerals is expected). To our opinion, all this evidenc-
es that it was brine concentration that formed clay mineral 
composition, while the temperature (either basin brine or 
burial) was too low to affect the clay mineral assemblages 
of the Carpathian region. 

Conclusions

All data on clay minerals of Miocene evaporites from 
the Carpathian region show decrease in the amount of 
swelling minerals and the better ordering of the clay miner-
al structure with the increase of basin brines concentration. 
Gypsum deposits contain mainly allogenic clay minerals: 
dioctahedral smectite, illite and chlorite, characteristic for 
relatively low brine concentration, and minor amount of 
authigenic minerals – trioctahedral smectite and illite – ev-
idence of the onset of mineral transformation under brine 
influence. In halite deposits, illite, chlorite and mixed-
layer illite-smectite are present. Rock salt of the Tyras 
and Tereblya suites contains also smectite, corrensite and 
mixed-layer chlorite-smectite. Such a mineral assemblage 
is caused by Badenian volcanic activity – pyroclastic mate-
rial supply to the evaporite basin and its transformation in 

a saline environment. The chlorite and illite association in 
pelitic fraction of evaporites of potash salt facies evidence 
the termination of unstable clay minerals, and the ordering 
of the illite structure sometimes even resulted in the occur-
rence of authigenic muscovite. 

Changes in clay mineral assemblages (vanishing of 
swelling minerals and structure ordering) in evaporites of 
the Carpathian region were caused by an increase of concen-
tration of basin brines which is in accordance with the con-
clusions about transformations of clay minerals in evaporite 
basins (Frank-Kamenetskiy et al., 1983; Bilonizhka, 1992b). 
Volcanic activity had also strong impact on clay minerals 
composition – pyroclastic material alteration results in the 
occurrence of smectite, corrensite and mixed-layer chlorite-
smectite. 
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