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Abstract: Clays deposited in marine evaporite sequences are strongly altered and the most important
factor determining their transformation is the brine concentration. X-ray diffraction study of clay
minerals associated with the Lower and Middle Miocene evaporite formations of the Ukrainian
Carpathian Foredeep indicated that the clay mineral associations in the gypsum facies are composed
of smectite and illite, and in some samples mixed-layer chlorite-smectite and illite-smectite as well as
chlorite. In the halite facies, illite, chlorite and mixed-layer illite-smectite occur in rock salt of
Eggenburgian age (Vorotyshcha Suite); in addition to those minerals, smectite, corrensite and mixed-
layer chlorite-smectite occur in the Badenian rock salt (Tyras Suite); and in the potash facies illite and
chlorite were recorded. Such clay mineral associations resulted from aggradational transformation of
unstable and labile minerals and phases (kaolinite, smectite and mixed-layer phases) that finally pass
into illite and chlorite: minerals that are stable in an evaporite environment. In addition to brine
concentration control, another important factor in the transformations of clay minerals was sorption
of organic components on the mineral structure, that slows the transformation processes. The
association of clay minerals in the weathering zone of the evaporite deposits, besides inherited illite
and chlorite, contains also mixed-layer illite-smectite and kaolinite. The appearance of those clay
minerals in hypergene deposits is the consequence of two processes: degradational transformation
(illite-smectite) and neoformation (kaolinite) in conditions of decreased ionic concentrations during
desalination.

Keywords: clay minerals; marine evaporites; brines; Miocene; caprock; X-ray diffraction

1. Introduction

The origin of clay minerals in various geological environments (weathering, sedimentary, and
diagenetic-hydrothermal) are provided by three mechanisms of clay mineral formation: inheritance,
neoformation, and transformation [1,2].

One of these, transformation, has exceptional importance in the forming of clay mineral
associations. The concept of transformation was introduced by [3] and includes degradation
(negative transformation related to weathering and removal of matter) and aggradation (positive
transformation related to growth of the crystalline structure and incorporation of matter) [3].
Transformations of clay minerals by degradation are common in the soil-forming process, where
leaching is intense. Aggradational transformations are characteristic of the depositional environment,
where ions from concentrated solutions can participate in the building of well-structured lattices.
Illite and chlorite are typical of the premetamorphic stage of aggradation, the mixed-layer minerals
represent intermediate stages of the processes of degradation and aggradation [4,5].

One of main transformation factors of clay minerals in different geological contexts is burial
diagenesis of clay-rich deposits, for example, illitization of smectite ([6] and references therein). In

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202502.1716.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 February 2025 d0i:10.20944/preprints202502.1716.v1

2 of 28

evaporative conditions the most important factor in the transformation of clay minerals is the brine
concentration [7,8].

Clay minerals of evaporite deposits are mostly regarded as authigenic [1,7,9-12]. Transformation
or neoformation of clay minerals at the stage of sedimentation in an evaporite basin or at the stage of
diagenesis within evaporite deposits are controlled by physico-chemical conditions and in a
hypersaline environment this depends on such factors as temperature [13], lateral salinity change and
alkalinity [14], and salinity combined with higher burial-related temperatures [15,16].

Associations of clay minerals of the Lower and Middle Miocene evaporites of the Carpathian
region are well studied (see [17], for a review). Considerable attention has been paid to
transformation processes of clay minerals under the influence of brines in salt basins or buried within
deposits. Being unstable in conditions of increased salinity, allogenic minerals (kaolinite, smectite
and mixed-layer phases) are transformed, through a series of transitional phases, into illite and
chlorite [5,18]. As brine concentration increases further, the structure of those end-minerals becomes
better ordered. Less attention has been paid to degradational transformation processes of clay
minerals of the Miocene evaporites, that formed as brine concentrations decreased under the
influence of surface waters. The mechanism of these transformations is related to destabilization of
interlayer intervals of clay structures and the formation of labile phases.

The present research considers factors controlling the transformational processes of clay
minerals in Miocene evaporite deposits of the Ukrainian Carpathian Foredeep.

1.1. Geological Setting

The Miocene Carpathian Foredeep is asymmetrical and developed as a peripheral foreland basin
related to the moving Carpathian front [19]. The molasse, predominantly siliciclastic, deposits are up
to 6 km thick in the Ukrainian Carpathian Foredeep where three tectonic zones are distinguished:
outer (Bilche-Volytsya Zone), central (Sambir Nappe thrusted over the Bilche-Volytsya Zone) and
inner (Boryslav-Pokuttya Nappe thrusted over the Sambir Nappe) [19,20] (Figures 1 and 2).
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Figure 1. A, B: Location of sample sites; tectonic zonation of the Carpathian Foredeep after [21]; CF — Carpathian
Foredeep; MO — Moldova; RO — Romania; I-V — evaporite facies zones of the Tyras Suite for the Outer (Bilche-
Volytsya) Zone and below the Sambir and Boryslav-Pokuttya nappes (after [22]): I-IV indicate gypsum facies (in
the case of IV, gypsum and/or anhydrite facies), V — halite facies; the red box indicates the area of the Kalush-
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Holyn potash deposit with the distribution of exploited areas (after [23], simplified) shown in the lower part of

the figure.
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Figure 2. Regional stratigraphic scheme of Miocene strata in the Ukrainian Carpathian Foredeep (after [19],
based on [19,24-26]). Note that the boundaries of formations are strongly diachronous according to [25] but this
is here visualized only in the case of the boundary between the Stebnyk and Balych formations. The Miocene

time scale is partly recalibrated and correlated to regional stages of the Central Paratethys (after [27]).

Evaporite deposits occurring in the Carpathian Foredeep fill (Figure 2) are involved in the
thrusting of the Carpathian nappes and thus their stratigraphic sections are likely multiplied [28-31].
For example, the Lower Miocene (Eggenburgian) Vorotyshcha Suite of the inner zone shows a total
thickness more than 2000 m [32], but the primary section was 100-125 m thick (Figure 3; [31]). The
stratigraphic position of another potash deposit recorded higher in the stratigraphic section, the
Kalush-Holyn deposit, is controversial (see [33], with references therein). A recent map synthesis [34]
and the officially-approved stratigraphical scheme [23] consider that the Kalush-Holyn deposit is
related to the upper part of the Balych Suite of Karpatian age, and [35,36] correlate “the Kalush Beds”
with the Upper Badenian salt of the Wieliczka and Bochnia region (Poland).
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Figure 3. Presumed undisturbed lithological-stratigraphical sections of evaporites of the Holyn’ fields group of
the Kalysh-Holyn" deposit (after [31,37]); ba — basal anhydrite; Syl — sylvinite bed; Ka — kainite-langbeinite bed;
p — polyhalite-anhydrite bed; and the Vorotyshcha Suite in the Stebnyk Mine (after [31,38]).

The potash-bearing sequence of the Kalush-Holyn deposit consists of interbedded salt
claystones, salt-bearing breccias, potash and rock salt, up to 500 m thick [32] but it seems that only
two beds of potash salts formed during sedimentation: the lower chloride and the upper sulphate
[29-31] (Figure 3). Potash beds of the Kalush-Holyn deposit in general are composed of kainite,
kainite-langbeinite (polymineralic) and langbeinite rocks; more rare is sylvinite. Clay material is
dispersed and in the form of halopelite layers (clays containing up to 30% of various salts) which are
interbedded with beds of potash deposits or halite. Potash beds occur in salt breccia (or salt-bearing
clay) composed of fragments of clays cemented by halite. Such clay-halite rocks with silt- and clay-
rich siliciclastic rocks are commonly termed “zuber” [38—-40].

Evaporites of the Kalush-Holyn deposit occur close to the surface in the Dombrowo field where
potash deposits are dissolved by an aquifer within Upper Pleistocene alluvial deposits, the main
source of which is from rainfall [41]. A gypsum-clay caprock up to 21 m thick continues to form as
indicated by Late Pleistocene-Holocene radiometric ages of hypergene salt minerals [42].

The youngest evaporite deposits in the Carpathian Foredeep Basin are of late Badenian age (see
[43]). These are included, in Ukraine, in the Tyras Suite and consist of gypsum in the peripheral parts
(e.g. [44-48]) laterally passing through anhydrite [49] into halite interbedded with siliciclastic
deposits (e.g. [50,51]). In Poland, the latter are included in the Wieliczka Formation [52], with
references therein, and in Romania in the Cosmina Formation [53], with references therein.

2. Materials and Methods

2.1. Material
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For this research we applied our previously published mineralogical data on clay minerals
[17,54-61], considered here in more detail and from a different perspective. Eleven samples of the
pelitic fraction of water-insoluble residue contained in the Tyras gypsum in five gypsum quarries
have been studied: four quarries are in Ukraine (Shchyrets, Pisky, Verenchanka, and Nagoryany) and
one in Moldova, at the boundary with Ukraine (Criva) (Figure 1). These samples represent various
parts of the gypsum stratigraphic section and various lithological varieties of gypsum (stromatolitic,
bedded, laminated, sabre, massive gypsum and gypsum breccia).

Twenty-three samples of the pelitic fraction of water-insoluble residue contained in the Tyras
rock salt were from the Silets-Stupnytsya (boreholes 348, 671, 6 samples) and Hrynivka (borehole 525,
17 samples) localities . Ten samples of the pelitic fraction of water-insoluble residue of rock salt from
the Vorotyshcha Suite (Eggenburgian) have been studied; they include samples from the following
boreholes: Verkhniy Strutyn (borehole 29, 3 samples), Boryslav (borehole 17Dr, 4 samples), and
Dolyna (borehole 9MD, 3 samples). The sample set from the Kalush-Holyn deposit (Holyn,
Dombrovo, Northern Kainite and Khotyn fields) included 12 samples from the potash rocks (kainite,
langbeinite, kainite-langbeinite, polyhalite, sylvinite), 12 from halite and halopelite layers, and 4 from
salt-bearing breccia. From the Dombrovo quarry, ten samples of clays were taken from the gypsum-
clay caprock: 4 of them from the northern escarpment of the quarry at the level of +265 m and 6 of
them from the eastern escarpment of the quarry at the level of +277 m in boreholes 714 and 747. The
thicknesses of the gypsum-clay caprock were there 4.0 and 7.5 m, respectively (Figure 4). Six samples
of clays from the gypsum-clay caprock were taken from the upper, middle and lower parts of the
gypsum-clay caprock above potash rocks (samples 2308, 2309, 2310) and above the salt-bearing
breccia (samples 2305, 2306, 2307).
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Figure 4. Sections above the potash rocks and salt-bearing breccia, Dombrovo Quarry, Kalush-Holyn deposit.
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2.2. Methods

Associations of clay minerals have been studied in the pelitic fraction by X-ray diffraction (XRD),
differential thermal analysis (DTA), derivative thermogravimetry (DTG), thermogravimetric analysis
(TG) and scanning electron microscopy (SEM).

The pelitic fraction was separated by decantation. First, evaporite samples were dissolved in
distilled water and washed to complete elimination of salt minerals. From the resultant insoluble
residue the sand fraction was separated and a finer fraction was washed in several steps until a stable
suspension was obtained. According to the present methodology, particles smaller than 0.005 mm
occur in stable suspension 40 minutes after shaking in a 5-cm-column [62]).

XRD patterns were obtained using two different powder diffractometers: DRON-0.5 and ADP-
2.0. The operating conditions for DRON-0.5 were: 34 kV, 4 mA, Ni-filtered Cu-radiation, and a speed
of counter movement of 2 °/min. For ADP-2.0, the operating conditions were 30-36 kV, 9-15 mA, with
different wavelengths of radiation used. These included Fe-filtered Co-radiation at 0.025 20/step
with a counting time of 1.5 s and Mn-filtered Fe-radiation with a counting time of 0.75 s. For some
samples in the 6-14 ° 20 interval, counting times were 1.5 or 3.0 s.

Identification of clay minerals by XRD was based on the methodology of recognition of
aluminosilicates in mineral associations [62,63]. To define clay minerals, oriented preparations were
obtained by applying several drops of suspension of pelitic particles on a glass plate and drying at
room temperature.

Oriented preparations: air-dried, ethylene-glycolated and heated at T=550 °C for 1 hour were
studied. For determination of the kaolinite content in the presence of chlorite, samples were
processed by a 15% solution of hydrochloric acid during a heating time of 2.5 h (T=80 °C). Chlorite
minerals under such circumstances decompose completely, and kaolinite remains stable even when
subjected to concentrated hydrochloric acid. Randomly oriented aggregates of pelitic particles were
studied to determine the structural type of the clay minerals (060 peak position, interval 74-98 °20).

Differential thermal and thermogravimetric analysis was performed on a Q-1500 D
derivatograph of the Paulik-Paulik-Erdey system. The analysis was carried out at the temperature
range of 20-1000 °C with a heating rate of 10 °C/min in air. Aluminum oxide served as a reference
substance. Endothermic and exothermic effects recorded during such thermal analysis indicate
structural features of the clay minerals, and thermal destruction by oxidation of organic matter [64].

Scanning electron microscopy (SEM) analysis was carried out with a Jeol-JSM 6490 instrument.

3. Results

3.1. Gypsum Facies

The pelitic fraction of the water-insoluble residue of the Badenian gypsum samples studied
contains two main clay minerals: a considerable amount of smectite and a little illite [57]. In addition,
in some samples mixed-layer chlorite-smectite and a small content of illite-smectite as well as chlorite
were found (Table 1, Figure 5).

Table 1. Mineral composition of the pelitic fraction of water-insoluble residue of the Badenian gypsum in the

Ukrainian and Moldavian Carpathian Foredeep basin.

Clay minerals

. Sample qﬂo- _Il- Other
Locality number Gypsum type Sn.le- rite- lite- Cl:llO- I.l- minerals
ctite sme- sme- rite lite
ctite ctite
2313 Stromatolitic gypsum ++ - + - + Ca+
Shchyrets 2316 Bedded gypsum +H+ (1) - (+)  ++ Q+

2317 Gypsum breccia ++ - + -+ Ca ++
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2319 Sabre gypsum ++ o+ + -+ Q)
Pisky 2320 ISEras.s—litkiz:1 gypsum  ++ - (+) + + Q+
2301 aminated gypsum N ~ 4 QW s
with salin spar
Verenchank 822 Grass-like gypsum ~ ++ + (+) - + Fs(+),Ca+
a (borehole Fs (+), Do ++,
20) 20 Sabre gypsum ++ + + - + Ca+
Nagoryany 818 Sabre gypsum ++ - - +  + Q(+),Fs(+)
Criva 102 Massive gypsum  ++  (+) + - +? -
borehol
( O;Z) ¢ 113 Massive gypsum + + + - - Ca ++

Other minerals: Q — quartz; Fs — feldspar; Do — dolomite; Ca — calcite. Content in a sample: ++ considerable; +

small; (+) admixture; +? presence in doubt; — mineral lacking.
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Figure 5. XRD data (left side) and DTA and TG data (right side) of the pelitic fraction of the water-insoluble
residue of Badenian gypsum deposits; A — Shchyrets Quarry, sample 2316; B — Pisky Quarry, samples 2320. Left
side: The smectite (001) reflection of 1.54-1.58 nm is shifted to 1.73 nm in preparations saturated with ethylene
glycol. Mixed-layer illite-smectite is defined by small peak of 1.18 nm, which after saturation moved to the low-
angle side. After heating, the labile packets shrank: for illite-smectite to 1.0 nm, and peaks of 1.26, 1.15 nm (within
8.8-9.6 °20) indicate a chlorite-smectite admixture. Oriented preparations: 1 — air-dried, 2 — ethylene-glycolated;
3 — heated at T = 550 °C. Sm — smectite; Ch — chlorite; It — illite; mixed-layer: I-S — illite-smectite, C-S — chlorite-
smectite; Q — quartz. Right side: Endothermic peak of the loss of interlayer water a by smectite and illite
admixture (115, 150 °C DTA pattern), with corresponding mass loss of about 6% (TG pattern). Exothermic peaks
with maxima of 340, 345 and 430 °C (DTA pattern) characterize the combustion of organic matter with
corresponding mass loss of 1.3-1.9% (TG pattern). Curves: DTA — differential thermal, TG — thermogravimetric

analysis.
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Smectite was recorded in all samples studied and is defined by a broad basal reflection (001) of
high intensity. In some samples this diffractional maximum is split at the apex, with interlayer spaces
at 1.51-1.58 and 1.63 nm, that when ethylene-glycolated are shifted to 1.68-1.71 and 1.73 nm,
respectively. The broadening of the (001) reflection with a release of the 1.63 nm line on the diffraction
picture of the air-dried preparation is an indication of two minerals of the smectite group (Figure 5).
The position of the (060) reflection of preparations of randomly oriented pelitic particles at 0.149—
0.150 nm indicates a dioctahedral type of smectite structure although in that interval a weakly-
expressed 0.153 nm reflection also occurs that can indicate an admixture of trioctahedral smectite. A
trioctahedral structure similarly may indicate chlorite but this reflection was recorded also in samples
were chlorite is absent. Thus, smectite in the pelitic fraction is heterogeneous: there occurs a mixture
of Al-Fe dioctahedral allogenic, and a small quantity of Mg trioctahedral authigenic, material [57]. In
thermally treated preparations reflections at 1.51-1.63 nm are shifted to 0.98 nm, and in some
preparations, in the area of low angles, there are additional reflections of small intensity and poor
separability which correspond to chlorite and chlorite-smectite (Figure 5). Illite was recorded in most
samples but its content is small. It was diagnosed based on 0.98, 0.49, and 0.332 nm reflections that
do not change their location in ethylene-glycolated conditions and during thermal treatment. Illite
corresponds to a dioctahedral structure type but the interlayer space of the (060) reflection at 0.149
nm is superimposed on the same reflection of smectite.

On the DTA curve a profound low-temperature endothermic effect of the loss of interlayer water
is noted in the temperature range of 115-150 °C. It corresponds to a mass loss (5.1-6.9%, Figure 5
according to the TG curve) by smectite, which dominates in the samples, and by illite as well as
mixed-layer chlorite-smectite and illite-smectite, which are present in small amounts. Illite on the
DTA curves shows a low-temperature endo-effect that corresponds to the loss of interlayer water and
is superimposed on the endo-effect of smectite across the whole temperature range. Since interlayer
intervals of illite are able to include a smaller amount of water molecules and to release them at
somewhat lower temperature (compared to smectite), on the DTA curve a weak endo-effect in the
range of 500-700 °C corresponds to the release of constitutionally bound water from the smectite
structure (1.5-2.7%) as well as from illite and mixed-layer phases. The small endo-effect, in the
temperature range of 800-900 °C, corresponds to release of the residue of constitutionally bound
water and destruction of the structure. In the case of subsequent temperature increase from the
decomposition products, a new mineral crystallises and this is expressed by the appearance of an
exo-effect on the DTA curve (Figure 5) [65]. Exothermic peaks in the region of 300-480 °C (DTA curve)
characterize the combustion of organic matter with corresponding mass loss of 1.3-1.9% (TG curve).

An SEM microphotograph (Figure 6A) shows the crystal shape of smectite from the pelitic
fraction of water insoluble residue of the Badenian gypsum.

30kV  X9,000 2uym 0068 1154 SEI

25KV X9,000  2uym 0068 11 50 SEIl
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Figure 6. SEM microphotographs of clay minerals of the pelitic fraction of water-insoluble residue of Badenian
gypsum (A-Pisky Quarry, sample 2320) and Badenian rock salt (B and C — Hrynivka 525 borehole, sample 1357)
as well as SEM microphotographs of illite in the pelitic fraction of water-insoluble residue of Eggenburgian rock
salt (D, E — Boryslav 17 Dr borehole, sample 2570) and Badenian rock salt (F — Hrynivka 525 borehole, sample
1350). A — smectite — leaf-like curved plates with bright rims; B — smectite — semi-transparent twisted and bent
plates; C — corrensite — aggregates of ordered pseudohexagonal plates; D — illite — elongated plates with sharp,
locally split, ends within an aggregate; E — illite — isometric plates with uneven contours; F — illite — aggregates

of isometric plates.

3.2. Halite Facies

llite, chlorite and mixed-layer illite-smectite occur in rock salt of Eggenburgian age
(Vorotyshcha Suite). In addition to those minerals, trioctahedral smectite and mixed-layer chlorite-
smectite occur in Badenian rock salt (Tyras Suite), and, at the Hrynivka and Silets-Stupnytsya sites,
corrensite was also recorded (Table 2, Figure 7).
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Figure 7. XRD data of the pelitic fraction in water-insoluble residue of Eggenburgian (A-C) and Badenian rock
salt (D-F). After heating (curves 3), reflections at 1.23 and 1.26 nm suggest the presence of corrensite, and in the

range of 1.23-0.99 nm — chlorite-smectite with predominantly smectite packets; D,E,F — the convex raised
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background (halo) is a sign of adsorption of amorphous organic compounds on clay particle surfaces. A —
Verkhniy Strutyn 29 borehole, sample 2574; B — Boryslav 17Dr borehole, sample 2570; C — Dolyna 9MD borehole,
sample 863; D - Silets-Stupnytsya 671 borehole, sample 48; E — Silets-Stupnytsya 348 borehole, sample 902; F -
Hrynivka 525 borehole, sample 1357. Oriented preparations: 1 — air-dried; 2 — ethylene-glycolated; 3 — heated at
T =550 °C; Sm — smectite; Co — corrensite; Ch — chlorite; It - illite; mixed-layer: I-S —illite-smectite, C-S — chlorite-

smectite; Q — quartz; Do — dolomite; Fs — feldspar; Bk — machine background, H — halo.

Table 2. Mineral composition of the pelitic fraction of water-insoluble residue, rock salt of the Ukrainian

Carpathian Foredeep.
Clay minerals
Sample - -
Depth Corre Chlorite Illite- .
numbe Smect- . or __ .. Other minerals
r [m] e n- - smectit e Illite

site smectite e
Borehole 29, Verkhniy Strutyn, Vorotyshcha Suite
2573 562 - - - + ++  ++ Q(+),Fs—, Do-, Ca—, Ma-
Q (+), Fs (+), Do+, Ca—, Ma

2574 626 - - _ + T+ it

2575 698 - - - ++ ++ ++ Q(+),Fs+ Do-, Ca—, Ma-
Borehole 17Dr, Boryslav, Vorotyshcha Suite

2567 352 - - - - ++ ++ Q+ Fs+, Do—-, Ca—, Ma ++

2566 353 - - - - ++ ++ Q++ Fs+ Do—, Ca—, Ma+

2569 377 - - (+) + o+ Q+ Fs (+), Do (), Ca— Ma

2570 409 _ B B N s Q(+), Fs— Do (+), Ca—, Ma

Borehole 9MD, Dolyna, Vorotyshcha Suite
Q- Fs (+), Do (+), Ca—, Ma

858 38 - - +? + ++ ++
859 73 - - - + ++ ++ Q+, Fs(+), Do—, Ca—, Ma—-
863 152 B B _ N - - Q (+), Fs (+), Do —, Ca—, Ma

Boreholes 348 and 671, Silets-Stupnytsya, Tyras Suite

902 132 + + + + + + Q(+), Fs—, Do—, Ca—, Ma-—
907 172.5 - - ++ + + + Q+Fs— Do+, Ca—, Ma-
58 272 + - ++ + (+) + Q+ Fs— Do+ Ca—, Ma-
54 302 - - ++ (+) + + Q(+),Pt—, Do+ Ca—, Ma—
47 449 +? - ++ + (+) + Q(+),Pt—, Do+, Ca—, Ma—
48 464 + + + (+) (+) + Q+ FsDo—-, Ca—, Ma -

Borehole 525, Hrynivka, Tyras Suite

1342 304 + ++ + +) + + Q+, Fs(+),Do-, Ca—, Ma-

1344  310.1 + + + + + + Q+ Fs(+),Do—, Ca—, Ma-

1348 330 +? - ++ (+) (+) + Q+ Fs— Do-, Ca—, Ma-

1350 342 + +? ++ + (+) + Q (+), Fs (+), Do+, Ca+ Ma

Q (+), Fs—, Do ++, Ca—, Ma

1352 362 + +? ++ +) (+) +

1354 376 - - ++ + + ++ Q+,Fs(+), Do+ Ca+, Ma-—
1356 395-399 + ++ (+) - (+) + Q+ Fs—, Do+ Ca—, Ma-
1357 410411 + ++ + + + Q-, Fs—, Do+, Ca—, Ma —

1361 444-448 +  ++ (4 )+ Q (+), Fs (+), ]30 + Ca—, Ma
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1362 454-456 ++ +? (+) + + + Q(+),Fs— Do+, Ca—, Ma-
1364 474 + ++ + - (+) + Q(+),Fs—, Do+ Ca—, Ma-
1365 480 +? ++ + + (+) + Q- Fs— Do+ Ca—, Ma-

1366 489 - +? ++ - + ++ Q(+), Fs—, Do+ Ca—, Ma-
1369 518 o+ o+ (&) - @ o+ W Fs)DoxCasMa
1370 521-528 + - ++ + (+) ++ Q+, Fs(+), Do+ Ca+, Ma-
1371 532 + +? ++ (+) + + Q+ Fs(+),Do—, Ca—, Ma-
1372 536 + - ++ + + + Q+, Fs(+), Do—, Ca—, Ma—-

Other minerals: Q — quartz, Fs — feldspar, Do — dolomite, Ca — calcite, Ma —magnesite; Content in a sample: ++

considerable; + small; (+) admixture; +? presence in doubt; — mineral lacking.

Clay minerals of both suites studied contain dioctahedral illite and trioctahedral chlorite that are
indicated by reflections (060) at 0.149 and 0.153 nm; for both of them Fe-Mg-chlorite is recorded. Its
composition is indicated by smaller intensities of the first and third basal reflections by comparison
with the second one. Illite and chlorite from the Eggenburgian rock salt has intense, distinct basal
reflections (Figure 7A-C) indicating that these are well crystallised, while in the Badenian rock salt
illite is characterized by a considerable asymmetry of the first basal reflection at 1.0 nm in the area of
small angles that could have resulted from poor crystallisation, a content of interlayer water or
swelling packets (Figure 7D-F). Clay minerals of the Badenian rock salt contain more swelling
minerals than the Eggenburgian rock does. Mixed-layer illite-smectite was diagnosed by small
reflections in the field of 1.12-1.28 nm that in ethylene-glycolated preparations was shifted to 1.46
nm. Chlorite-smectite was diagnosed by a series of 1.42-1.51 nm reflections shifted to 1.60-1.71 nm.

Smectite is diagnosed by the behaviour of (001) reflections with an interlayer distance of 1.51-
1.55 nm in air-dried preparations that in ethylene-glycolated are shifted to 1.71 nm and in
diffractograms of thermally-treated samples decreased to 0.98 nm. This diffraction maximum has
various forms and a series of low-intensity lines of poor resolution that indicate a content of chlorite
packets in the smectite structure [65]. Corrensite is established by reflections: 1.42-1.46; 0.70-0.77;
0.472; 0.353 nm on diffractograms of air-dried preparations, in ethylene-glycolated ones they acquire
values of 1.60; 0.78; 0.355 nm, and on the diffractograms of preparations heated at 550 °C reflection
in the field 1.23-1.26 nm is observed. A reflection of 2.88 nm is reported for corrensite in the literature;
on the diffractograms of the samples studied it has the form of an inflection or is completely absent,
which may indicate some disorder in the corrensite structure [65].

On the X-ray curves of the pelitic fraction of the Eggenburgian and Badenian rock salt, the area
of low angles is fixed by a series of reflections that do not cover the diffraction from the basal planes
of the clay structures. These reflections do not change their position in ethylene-glycolated
conditions, and part of them remains on diffractograms after thermal processing (Figure 8) [60].
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Figure 8. XRD data in the area of small angles of the pelitic fraction in water-insoluble residue of the
Eggenburgian (A — Dolyna 9MD borehole, sample 863) and Badenian (B — Hrynivka 525 borehole, sample 1354)
rock salt. Scattered lines of low intensity with d 1.73-2.91 nm indicate the existence of interlayer spaces of clay
structures filled with organic compounds (curves 1, 2). Organic matter trapped in the structure, resistant to high
temperature processing (lines with d 2.91-1.58 nm of the region 3-7 °20 in the diffractogram, curves 3). Oriented

preparations: 1 — air-dried; 2 —ethylene-glycolated; 3 — heated at T = 550 °C. It —illite, Ch — chlorite.

All diffraction spectra of the pelitic fraction of the Badenian rock salt show an increased position
of line of background and a halo with a large number lines of low intensity and poor separability in
the area of the 22-36 degree 20, Fe Ka radiation (Figure 7D-F). In addition, the first two basal
reflections (001) and (002) are extended at the base, and their intensity is too low for the main lines of
minerals which prevail in a sample. In the area of low angles of diffraction, distinct peaks of low
intensity with interlayer distances 2.91-1.54 nm are recorded that, however, do not coincide with the
reflection (001) of corrensite — 2.84 nm. Thus, on diffractograms of air-dried and ethylene-glycolated
preparations distinct lines 2.70; 2.61; 2.51; 2.40-2.37; 2.21; 2.05; and 1.91 nm are recorded, and among
these the reflections 2.73-2.70; 2.51; 2.21 and 2.05 nm are particularly frequent; at the Hrynivka site
they occur on all diffraction curves (air-dried or ethylene-glycolated). After the thermal treatment (T
=550 °C) distinct peaks remain: 2.76-2.63; 2.40-2.30; 2.05; 1.78-1.58 nm (Figure 8).

Diffractometric curves of oriented preparations of the pelitic fraction from the Eggenburgian
rock salt showed that these sites lack a marked halo and increased background (which is
characteristic of the Badenian rock salt) (Figure 7A-C). On the DTA curve of the pelitic fraction of
water-insoluble residue of the Eggenburgian and Badenian rock salt, a distinct low-temperature
endo-effect is noted with a maximum (110-140 °C) which corresponds to the loss of interlayer water
(1.8-3.4 % as the mass loss on the TG curve). On Figure 9 for the Eggenburgian rock salt, sample 2570,
which contains illite, chlorite and a small amount of illite-smectite the loss of interlayer water is 3.4
% (Figure 9A), while for Badenian rock salt, sample 902, in which small amounts of illite, chlorite as
well as swelling minerals and phases — smectite, corrensite, chlorite-smectite and illite-smectite — are
present, the loss of interlayer water is smaller at 2.4 % (Figure 9B). The small loss of interlayer water
was caused by the presence of captured organic compounds in interlayer spaces of those labile
structures. The exothermic effect in the temperature interval of 230-480 °C corresponds to a process
of thermooxidative destruction of organic matter related to clay particle surfaces. Endothermic effects
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at the DTA curves within 480-810 °C correspond to dehydroxilation, i.e. discharge of constitutional
water of clay minerals and structural destruction. Also, organic compounds sorbed by interlayer
spaces are lost in this temperature interval (Figure 9).
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Figure 9. DTA-TG data for the pelitic fraction of water-insoluble residue of the Eggenburgian (A —Boryslav 17Dr
borehole, sample 2570) and Badenian (B - Silets-Stupnytsya 348 borehole, sample 902) rock salt. A —endothermic
peak is due to the loss of interlayer water by an illite and illite-smectite admixture at 120 °C (DTA pattern), with
corresponding mass loss of about 3.4% (TG pattern); B — endothermic peak of the loss of interlayer water by clay
minerals at 110 °C (DTA pattern), with corresponding mass loss of about 2.4% (TG pattern); the insignificant
mass loss is due to replacement of part of the interlayer water by organic compounds in the interlayer spaces of
labile minerals. Curves: DTA - differential thermal, DTG - differential thermogravimetricc TG -

thermogravimetric analysis.

According to our SEM data the pelitic fraction of the halite facies mostly consists of particles 2—
4 pm in size, although some tabular and bulky particles as small as 0.5 um are present. SEM
microphotographs show smectite, corrensite (Figure 6B,C) and illite (Figure 6D-F).

3.3. Potash Facies

The association of clay minerals of the Miocene potash facies of the Carpathian Foredeep is
composed of illite and chlorite (Table 3, Figure 10). Chlorite in the Kalush-Holyn deposit is a
trioctahedral Fe-Mg (more rarely a Mg-Fe) mineral. Dioctahedral illite in these deposits is
characterized by structural ordering that is expressed by the form of the first basal reflection and its
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location on the diffractogram. The 001 reflections of illite from the salt-bearing breccia are widened
on their low-angle side, while those from the potash rocks are sharp and symmetrical; for some of
them (kainite-langbeinite rocks) that reflection is relatively narrow (of small width), and enabled
diagnosis of that mineral as mica [54,59]. It is not fully explained to what extent those were
structurally ordered. In the potash rocks, illite is transformed into mica either fully [66] or partially
[54]. By mica we mean a stable, ordered form of illite with a small K* deficit in the interlayer intervals.
For such mica-like clay minerals the following terms are commonly applied: illite 2M:1 or muscovite
2Mi. We use the term “mica” because the determination of polytype structures was not applied. Our
study of diffractograms of pelitic fraction of the potash-bearing rocks of both air-dried and ethylene-
glycolated preparations show that the basal 001 reflections are bifurcated at the top, with (d) 0.99 and
1.0 nm (Figure 10A4,B4). Our results suggest that illite as well as mica is present in the pelitic fraction.
When scanning in slow motion at angles of 8-13 °20@ in diffractograms, clear splits are seen (see
Figure 10A4,B4) which indicates the occurrence of the structurally similar minerals, mica and illite.
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Figure 10. XRD data of the pelitic fraction of water-insoluble residue from the potash facies of the Kalush-Holyn
potash deposit. Intense, narrow basal reflections of illite and chlorite indicate that these are well crystallised. The
reflections at 1.07 nm (at angles of 10.4 °20) is the basal reflection of mica, in the interlayer space of which relic
hydrated K* cations are still present. A split 001 reflection (scanning in slow motion —4), indicates the occurrence

of the structurally similar minerals, mica and illite. A — halite from alternation of halite and halopelite layers,
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Holyn, sample 2185; B — langbeinite rock, Dombrovo, sample 2250. Oriented preparations: 1 — air-dried; 2 -
ethylene-glycolated; 3 — heated at T = 550 °C; 4 — part of the diffraction curve scanned in slow motion. It — illite;

Ch - chlorite; Ma — magnesite.

Table 3. Mineral composition of the pelitic fraction of water-insoluble residue of potash rocks and salt- bearing

breccia from the potash facies of the Kalush-Holyn potash salt deposit.

. Sample . Clay minerals Other
Locality numger Lithology Illitz Chlorite minerals
Dombrovo 3 Clayey kainite rock ++ ++ -
Northern Kainite ¢, Kainite rock o -
field
Northern Kainite g Kainite rock o -
field
Dombrovo 2251 Kainite rock ++ ++ Ma+
Dombrovo 2 Langbeinite rock ++ ++ *
Dombrovo 1105 Langbeinite rock ++ + *
Dombrovo 2250 Langbeinite rock ++ ++ Ma+
Dombrovo 1 Kainite-langbeinite rock ~ ++ ++ Ma+
Dombrovo 1097a  Kainite-langbeinite rock ~ ++ ++ Ma+
Dombrovo 2249  Kainite-langbeinite rock ~ ++ ++ Ma+
Khotyn field 1017 Sylvinite ++ ++ Ma+
Dombrovo 5 Clayey polyhalite rock ++ ++ -
Northe?‘n Kainite 1006a Salt-bearing breccia ++ ++ Ma+
field
Khotyn field 1019 Salt-bearing breccia ++ ++ -
Dombrovo 1117 Salt-bearing breccia ++ ++ -
Holyn 219 Halite from sa'lt—bearing - - Ma+t
breccia
Holyn 1035 Greenish-grey halite from - N B
the potash rocks
Holyn 1039 Greenish-grey halite from - N Ma+
the potash rocks
Dombrovo 1097 Greenish-grey halite from - N Ma+
the potash rocks
Halite from alternated
Dombrovo 14 halite and halopelite ++ + Ma+
layers
Halite from alternation of
Dombrovo 15 halite and halopelite ++ + Ma+
layers
Halite from alternated
Holyn 2185 halite and halopelite ++ ++ Ma+
layers
Northern Kainite Hali'te from alterna'ted
field 1026 halite and halopelite ++ + -
layers
Greenish-grey halite from
Holyn 1060 alternated halite and ++ + -

halopelite layers

Halite from alternated
Holyn 1062 halite and halopelite ++ + *
layers
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Halopelite from alternated
Dombrovo 25 halite and halopelite ++ + Ma+
layers

Halopelite from alternated
Dombrovo 1096 halite and halopelite ++ + *
layers

Halopelite from alternated
Dombrovo 1104 halite and halopelite ++ + -
layers

Other minerals: Ma — magnesite, * — carbonate not determined. Content in a sample: ++ considerable; + small; —

mineral lacking.

Thermogravimetric analysis of the pelitic fraction of potash rock at low temperature (up to 200
°C) showed an endothermic effect due to the loss of interlayer water by illite, indicating a mass loss
of almost 1% (Figure 11B). Such a small loss of interlayer water at a significant content of illite in the
sample corroborates the XRD data indicating that the mica-like mineral with a reflection at 1.0 nm is
composed of illite and mica. A high-temperature endothermic effect with a maximum at 575 °C in
the DTA curve, which is accompanied by a 9.4% mass loss in the TG curve, is responsible for the
dehydroxilation of illite and chlorite as well as magnesite dissociation (Figure 11B).
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Figure 11. DTA-TG data for the pelitic fraction of water-insoluble residue from the potash facies of the Kalush-
Holyn potash deposit. A — endothermic peak due to the loss of interlayer water by illite at 150 °C (DTA pattern),
with corresponding mass loss of about 3.2% (TG pattern); halite from salt-bearing breccia, Holyn, sample 2219;
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B - the endothermic effect of the loss of interlayer water by illite (105 °C, DTA pattern) corresponds to a mass
loss of about 1% (TG pattern) and the effect of dehydroxylation of clay minerals and of magnesite dissociation
corresponds to a loss of mass of 9.4% (TG pattern); kainite rock, Dombrovo, sample 2251. Curves: DTA -

differential thermal, DTG — differential thermogravimetric, TG — thermogravimetric analysis.

On the SEM microphotographs the pelitic fraction of the potash facies (Figure 12) are observed
particles of both clay and pelitic dimension, and in places aggregates of particles. The
pseudohexagonal particles in Figure 12D may be 2M1mica, and isometric particles with smoothened
outlines may be illite.

Figure 12. SEM microphotographs of clay minerals in the pelitic fraction of water-insoluble residue of the potash
facies of the Kalush-Holyn potash deposit. Morphology of illite (It) and mica (Mc): illite particles are of isometric
shape; the pseudo-hexagonal-shaped particles are supposedly mica. A — halite of salt-bearing breccia (Holyn,
sample 2219), B — kainite-langbeinite rock (Dombrovo, sample 2249), C — kainite rock (Dombrovo, sample 2251),
D - halite from alternation of halite and halopelite layers (Holyn, sample 2185).

3.4. Weathering Zone of the Kalush-Holyn Deposit

Our data indicate that the association of clay minerals in the hypergene deposits — in gypsum-
clay caprock, above potash rocks and salt-bearing breccia — contain, in addition to illite and chlorite,
consistently mixed-layer illite-smectite, and in five samples kaolinite was additionally found that was
not recorded in the evaporite deposits before dissolution (Table 4).

Table 4. Mineral composition of the pelitic fraction of water-insoluble residue of the weathering zone of the

Kalush-Holyn potash salt deposit, Dombrovo quarry.

Clay minerals

Sample . - Other
numger Lithology Illite Chlorite Hhte,- I.(a.o " minerals
smectite linite
Clays from the gypsum-clay caprock above potash rocks
2253 Clay with gypsum ++ ++ + - Ma+
2255 Clay with syngenite ++ ++ + - -
2257 Clay with mirabilite ++ ++ + - Ma+
2300 Clay with syngenite ++ ++ + - Ma+
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Grey clay, upper part of the gypsum-

2308 ++ + + -
clay caprock
2309 Grey clay, middle part of the . N N B
gypsum-clay caprock
2310 Grey clay, lower part of the gypsum- - - . N B

clay caprock

Clays from the gypsum-clay caprock above the salt-bearing breccia

Grey clay, upper part of the gypsum-
clay caprock

2305 ++ + + -

Grey clay with gypsum and
2306 syngenite, middle part of the ++ + + - -
gypsum-clay caprock

Grey clay, lower part of the gypsum-

2307 clay caprock

++ + + Ma+

Other minerals: Ma — magnesite. Content in a sample: ++ considerable; + small; — mineral lacking.

A mixed-layer phase shows a considerable asymmetry of the first basal reflection of 1.0 nm in
the area of low angles and small reflections at 1.04-1.28 nm. In ethylene-glycolated preparations, the
width of the basal line (001) of illite diminishes and the additional reflections decrease on its low-
angles side to 1.51 nm and can be traced between reflections at 1.0 and 1.7 nm. All this gives an
opportunity to diagnose such a mixed-layer phase as illite-smectite mainly of illite composition with
a small proportion of smectite [67].

The first basal reflection of illite is shifted from its low-angles side by an admixture of mixed-
layer phase. The location of line (060) (0.149-0.150 nm) indicates that illite in the gypsum-clay caprock
is dioctahedral.

Reflection 1.38-1.40 nm does not change the location on diffractograms of ethylene-glycolated
preparations, therefore, this line is the basal reflection (001) of chlorite. The location of line (060) on
diffractograms of preparations of randomly oriented pelitic particles (0.153-0.155 nm) indicates that
chlorite in the gypsum-clay caprock is trioctahedral.

A clearly defined line 0.70 nm, available on diffractograms of samples subject to solution by hot
HC], indicates the presence of kaolinite. It was recorded in half of the samples of gypsum-clay
caprock studied.

4. Interpretation

4.1. Brine Concentration Control

We consider that the most important factor in the transformation of clay minerals is the brine
concentration [7,8] and the higher the water mineralization, the more advanced are the
transformation processes [1]. An increased brine concentration causes aggradational transformation
of clay minerals: changes involving structural ordering through the capture of cations and a decrease
in molecular volume. This is clearly supported by the example of transformation of unstable and
labile minerals and phases (kaolinite, smectite and mixed-layer phases) that pass into illite and
chlorite, these minerals being stable in an evaporite environment. Kaolinite is stable in acid conditions
at pH ~5 [68]. In an evaporite basin pH conditions depend on brine concentration: the pH value at
the sulphate-carbonate stage is ~8.6 and decreases to 7.0-7.5 at the halite stage [69]. In evaporite
deposits, kaolinite is destroyed in the middle of the halite stage; in deposits of higher stages it occurs
very rarely [70]. As well as kaolinite destruction, its illitization is possible [71], but this process has
not been proven in marine conditions [5]. The clay mineral assemblage of the Badenian gypsum is
represented mainly by allogenic clay minerals (dioctahedral smectite, illite, rarely chlorite) and it
indicates a relatively low brine concentration in the evaporite basin. The presence of a small content
of authigenic minerals (trioctahedral smectite and illite), and mixed-layer chlorite-smectite and illite-
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smectite, indicates the beginning of aggradational transformation processes [57]. Smectite in
evaporite basins has two modes of provenance: allogenic, dioctahedral smectite from the land, while
trioctahedral smectite forms through the decomposition of volcanic glass of pyroclastic material,
where volcanism is coeval with salt accumulation. Thus, transformation of smectite occurred through
mixed-layer illite-smectite and chlorite-smectite to dioctahedral illite and trioctahedral chlorite [5,65].
At the sulphate-carbonate stage of halogenesis the content of potassium ion increases from 1.5 to 3.9
g/l [72] so at this stage the transformation of unstable allogenic clay minerals was only initiated.
However, the concentration of brines from which the Badenian gypsum precipitated was
considerably lower due to an important inflow of continental water into the Badenian evaporite basin
[73-77]. The low concentration of K+ and Mg?* ions caused a slow transformation of unstable clay
minerals.

The clay mineral association in the Badenian rock salt (Hrynivka and Silets-Stupnytsya sites)
contains minerals with labile (swelling) structures: smectite, corrensite and mixed-layer chlorite-
smectite with an admixture of illite, chlorite and illite-smectite. Such an association of clay minerals
is consistent with the influence of contemporaneous volcanism [17,56,60]. During the decomposition
of volcanic glass of pyroclastic material that entered the salt basin, trioctahedral smectite was formed
that was subject to further transformation through mixed-layer phases into chlorite, this being the
end product of a number of transformations [65]. This interpretation explains the presence of a
considerable number of swelling clay minerals, but it does not answer why they did not transform in
the Badenian salt-forming basin under the influence of brines.

One of the reasons may be low brine concentrations. Geochemical conditions in the Miocene
evaporite basins of the Ukrainian Carpathian Foredeep were influenced by substantial inflow of
continental water [73-80]. Low concentrations of K* and Mg?* ions caused slow transformation of
unstable clay minerals. Authigenic trioctahedral Mg-smectite is the initial clay mineral at the
sulphate-carbonate stage of halogenesis (e.g. [10,65] and due to its transformation through
intermediate mixed-layer phases, a number of clay minerals originated.

In the Eggenburgian and Badenian rock salt, the brine concentration during halite precipitation
was determined through the use of an ultramicrochemical method [75 and references therein] that
indicated, at the Hrynivka site, a low brine concentration from which the halite crystallised [56]. In
the Silets-Stupnytsya site, although halite crystallised from brines of high concentration, the
association of clay minerals is the same as in the rock salt of the Hrynivka site. So, it is insufficient to
explain the considerable content of swelling clay minerals in the Badenian rock salt only by the
influence of brine concentration on the transformation of clay minerals. In addition to brine
concentration, another significant factor must have influenced the transformation of layered
aluminosilicates, slowing their aggradational transformation. This influence likely involved organic
compounds, sorbed by interlayer intervals of labile clay minerals (smectite, corrensite and mixed-
layer phases), that prevented the entrance of inorganic cations (potassium, magnesium and other)
and increased the resistance of those minerals to transformation in the conditions of a salt-forming
basin. Diffractograms of clay minerals of the Hrynivka and Silets-Stupnytsya sites show the presence
of sorbed organic compounds (see below).

An increased brine concentration causes aggradational transformation of clay minerals —
changes targeted to the structural ordering through the capture of cations and the decrease of
molecular volume. This process is clearly supported by the example of transformation of unstable
and labile minerals and phases (kaolinite, smectite and mixed-layer phases) that were supplied to
Miocene evaporite basins of the Carpathian Foredeep from the continent and through a number of
transformations, transformed into illite and chlorite; minerals stable in an evaporite environment.
Those two minerals compose the association of clay minerals in the Kalush-Holyn potash deposit.

Potassium enters the interlayer spaces of smectite and mixed-layer phases due to electrostatic
forces of attraction of cations to negatively-charged siloxane sheets, where the excess of negative
charge is created by Al moving into tetrahedral positions in the place of Si and Al replacing Mg, Fe?*
in octahedral positions [81]. Illitization of smectite as a pure phase as well as packages in mixed-layer


https://doi.org/10.20944/preprints202502.1716.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 February 2025 d0i:10.20944/preprints202502.1716.v1

20 of 28

phases is through a heterogeneous reaction that is described by the equation [82]:
montmorillonite + K+ — illite + (Fe?*, Mg?*) + 5iOx.

In evaporitic conditions smectite is magnesium-rich; during its aggradational transformation the
entrance of potassium in the mineral structure leads to liberation of silicon and magnesium, which
cause the crystallisation of magnesium-rich chlorite and authigenic quartz. The process of illitization
of smectite in hypersaline conditions is accompanied by further development of the illite structure.
The generally accepted crystallisation order during progressive illitization is as follows:

smectite — I-5, random — I-S, ordered — illite, 1IMa — muscovite, 2M (e.g., [83]). Such
transformation is noted during the diagenetic change of smectite at a temperature of ~360 °C [84]. In
an evaporitic environment, we infer that, rather than temperature, the main factor is high salinity that
caused a further aggradation of illite. This is why micas of 2M1 polytype are the only stable minerals
among the entire series of aggradational transformation of smectite at progressively higher salinities.
Better ordering of the illite structure and its transformation to mica is observed in clay minerals of
the Kalush-Holyn potash deposit.

Thin intercalations of tuffs and tuffites occurring in the Kalush-Holyn deposit [85,86] indicate
that pyroclastic material was also supplied to the evaporite basin. During the decomposition of
volcanic glass, trioctahedral smectite was formed that through chlorite-smectite was finally
transformed into trioctahedral chlorite. No intermediate products of this transformation were
recorded, though. In clay minerals related to the rock salt occurring in the Sambir zone of the
Ukrainian Carpathian Foredeep an excess of mixed-layer phases was observed [56,60] and they are
clearly fixed products of decomposition of pyroclastic material. A more complex picture emerges
from study of the Tyras gypsum. [57] concluded that the composition of clay minerals in that gypsum
does not indicate volcanogenic input into the evaporite basin, possibly because the decomposition of
pyroclastic material that leads to the formation of trioctahedral smectite had just begun due to low
brine concentration in the basin, this conclusion being supported by an admixture of trioctahedral
smectite in the pelitic fraction. However, [87] recorded a bed 5-20 cm thick of bentonite clay that is a
local marker of the Badenian gypsum in the region between the Seret and Zbruch rivers.

4.2. Organic Matter Control

Previous research indicated that the low reactivity of clay minerals may be attributed to the
presence of organic matter in the samples [88], and that this anomalous lack of evolution (i.e.,
transformations) of clay minerals is due to specific interactions between organic matter and clay
minerals [89].

Clay mineral particles actively sorb organic compounds both onto outer surfaces and in the
mineral structure, in interlayer intervals. In the first case, their surface defects and sides
perpendicular to the silicate sheets, broken chemical bonds of which actively contribute to sorption
of organic ions [90], and to a lesser extent onto cleavage surfaces. Due to the high dispersion of clay
particles, the total surface is large and can adsorb a significant amount of organic matter. Organic
matter (including scattered and epigenetic) as well as others amorphous materials in diffractograms
appears in the form of a halo which looks like a broad hump of low intensity. The position of the
amorphous halo (°20) on the diffractograms is correlated with the material of the X-ray tube anode
and varies in the d/n range of 0.88-0.225 nm [91]. The halos with maxima of 0.45 and 0.34-0.37 nm
characterise the sapropel and aromatic components of organic matter, respectively [92]. The presence
of a halo on diffractograms of clay minerals in the field 22-36 °2© may be caused by the adsorption
of amorphous organic matter onto clay surfaces. Adsorption of organic compounds is characteristic
on external surfaces of all types of clay particles, though intercalation of organic compounds into
interlayer intervals is typical only for swelling structures. In labile interlayer intervals of clay
minerals, organic molecules may be preferentially intercalated from a solution relative to cations of
alkaline or alkaline earth elements, and can also replace those cations in these intervals [90,93]. At the
same time the crystal lattice of smectite and mixed-layer phases becomes disordered extended along
the C axis [94], leading to the appearance of additional low-intensity reflections in the 3-7 °20 area
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of the diffractograms. Lesser adsorption is characteristic of illite, though only for swelling packages
in its structure.

Organic ions or compounds, that in the clay mineral structure occupy exchange positions, are
linked by Van der Waals bonds. An additional factor in retaining aliphatic organic compounds is the
similarity of the structure of hydrocarbon chains, composed of hydrogen tetrahedra, to certain
directed elements in the layered aluminosilicate (clay mineral) sheets, represented by siloxane
tetrahedra [95].

The diffraction spectra of clay minerals associated with rock salt of the Carpathian Foredeep
Basin are interpreted both in terms of sorption of organic compounds on the surfaces and in the
mineral structure. All spectra of the basal reflections of the Badenian rock salt show an increased
position of the line of background and halo with numerous lines of low intensity in the area of 22-36
°20. The pelitic fraction of both the Badenian and Eggenburgian rock salt in the area of low angles
(4-7 °20) is fixed by a series of reflections, that do not cover the diffraction from the basal planes of
the clay structures. These reflections do not change their position in ethylene-glycolated conditions,
and a part of them remains on diffractograms after thermal treatment (T = 550 °C) [60].

The possible influence of epigenetic organic matter (bitumen) on the transformation of clay
minerals remains controversial, especially as regards the duration of the processes involved. At the
stages of sedimentation and early diagenesis, syndepositional, biochemically decomposed organic
matter in a brine-saturated deposit in an evaporite basin, adsorbed onto labile clay minerals, became
intercalated into the interlayer spaces, hindering the entrance of inorganic cations and slowing their
transformation. Epigenetic organic matter got into evaporite deposits considerably later, at the late
diagenetic stage. In the Carpathian Foredeep the formation of regional overthrusts created pathways
of bitumen migration that are geochemically recorded in the Miocene evaporite deposits of that
region (e.g., [96]). Bitumen compounds are undoubtedly adsorbed onto clay minerals; there remains
an unresolved question as to how this influenced the transformation of the clay minerals. We
commonly assume that in a lithified evaporite succession the transformation of clay minerals
continued, although at a slower rate, and intercrystal brines in the deposit provided a supply of
cations or organic compounds. That is, epigenetic organic matter also participated in the
transformation of clay minerals in the Badenian evaporite deposits.

Organic compounds captured by the structure prevent the entrance of inorganic cations in
interlayer intervals. This stopped or slowed the transformation of clay minerals, and increased their
resistance to changes in physico-chemical conditions of the environment. In evaporite deposits, as
salt concentration increases, the clay minerals transform, ordering their structure and decreasing the
number of swelling minerals [59]. The final products of such transformation during the progressive
evaporite process are illite and chlorite. Smectite and mixed-layer chlorite-smectite are characteristic
only of the initial, sulfate-carbonate stage of evaporation. At the halite stage, only a small content of
mixed-layer phases is present, and the main minerals are illite and chlorite. The same is the case for
the association of clay minerals in the Eggenburgian rock salt of the Vorotyshcha Suite — this is
represented by illite and chlorite with a small content of mixed-layer illite-smectite, rarely (only in
two samples out of ten) with an insignificant admixture of mixed-layer chlorite-smectite [55].

4.3. Fresh Water Control During Hypergenesis

Clay minerals of the hypergenesis zone deposits of the Carpathian Foredeep have been studied
only rarely: [97] found illite and mixed-layer illite-smectite in the gypsum-clay caprock of Dombrovo
Quarry, the Kalush-Holyn deposit, and [98] recorded kaolinite and illite in the gypsum-clay caprock
of the Stebnyk deposit.

The hypergene deposits of the Kalush-Holyn potash salt accumulation are exposed in
Dombrovo Quarry, where in the gypsum-clay caprock the association of clay minerals contains, in
addition to illite and chlorite, also mixed-layer illite-smectite, and in half of the samples additionally
kaolinite was found that was not recorded in the evaporite rocks before they suffered the dissolution
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by fresh water. Associations of clay minerals above the potash rocks as well as above salt-bearing
breccia do not differ (see Table 4).

In the weathering zone of the Kalush-Holyn deposit, fresh, surface waters come into contact with
evaporites and dissolve them. A considerable decrease in brine concentration causes degradational
transformation of the clay minerals. Our data indicate that the associations of clay minerals of the
weathering zone, in addition to illite and chlorite, inherited from evaporite deposits, contain also
mixed-layer illite-smectite and kaolinite — minerals that have originated in deposits of the hypergene
zone. The appearance of these clay minerals in hypergene deposits is a consequence of transformation
(degradation) of clay structures and neoformation when ionic concentrations decrease under the
influence of fresh surface waters. Degradational transformation of mica and illite is the reverse
process to aggradation and acts to leach potassium from the structure with water molecules
penetrating into interlayer spaces. To restore electrostatic equilibrium, Fe and Mg ions migrate into
the structure, from octahedral sheets to interlayer intervals, and Al moves from tetrahedral to
octahedral positions. Degradation starts from the peripheries of clay particles. As size decreases,
specific surface area increases which promotes migration and element liberation. Structural defects
accelerate the degradation process [4].

During degradational transformation, mica is completely converted into illite that in interlayer
intervals contain partly hydrated potassium ions [84,99]. With continued formation of labile
interlayer intervals, mixed-layer illite-smectite appears. Ionic bonds are moderately strong and are
difficult to break, which explains the small content of mixed-layer illite-smectite. The capture of
potassium by mixed-layer illite-smectite and its transition into illite (aggradational transformation)
happens more easily than the reverse process —leaching of potassium and transformation of illite into
mixed-layer illite-smectite (degradational transformation). We infer that kaolinite in hypergene
deposits of the Kalush-Holyn accumulation is authigenic newly-formed mineral. This is indicated by
an absence of clay minerals in the evaporite deposits that could be transformed in kaolinite. Kaolinite
forms during the reaction of Al-(hydr)oxides that are released during intense leaching, with silica in
weakly acidic conditions (pH ~5), when silica activity is low and the concentration of basic cations is
low [68].

Let us consider if such conditions occurred in the gypsum-clay caprock. During dissolution of
potash deposits from the lower part of the gypsum-clay caprock, conditions in the brine were weakly
acidic, as during sedimentation of the potash deposits. Thus, in the precipitation field of K-Mg salts,
pH values decreased to 5.7 [69,72]. Similar results were obtained in a fluid inclusion study of Miocene
evaporites of the Carpathian Foredeep [100]: pH ranged from 4.5 to 6.6, averaging 5.6. Kaolinite
formed only in the lower part of the gypsum-clay caprock; in its middle and upper parts kaolinite
appears, and it increases upwards. Its presence indicates that conditions existed here that have
favoured its preservation. Oxides and hydroxides of aluminium and silicon, necessary for the
crystallisation of kaolinite, were released during the degradation of illite to mixed-layer illite-
smectite. All this indicates that during the formation of the gypsum-clay caprock there existed the
physico-chemical conditions necessary for kaolinite crystallisation.

4.4. Burial Depth and Geothermal Regime Control

The Eggenburgian and Badenian evaporites studied occur at depths of 600-700, rarely 1500 m
[23]. The thermobarimetric analysis of fluid inclusions in the Miocene evaporite deposits of the
Ukrainian Carpathian Foredeep indicates that the temperature at the diagenesis stage in the halite of
the salt-bearing breccia was 35-40 °C and 60-80 and even 110 °C in the potash facies [101,102].
However, those higher values are explained by [102] as due to various exothermic reactions related
to evaporite minerals such as the conversion of metastable mineral phases and minerals into stable
ones or radioactive decay of potassium.

Surface heat flow within the Ukrainian Carpathian fold-thrust belt and adjacent East European
platform varies from 35 to 130 mW/m?, with lower values dominating the East European platform
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[103]. Heat flow has not been elevated in the nappes adjacent to the East European platform since the
Oligocene [104].

A geothermal gradient of ~37 °C/km is assumed as a maximum value for the Ukrainian
Carpathians (including the Carpathian Foredeep) [105]. Based on analysis of fluid inclusions, [106],
and references therein proposed slightly higher (up to 3-5° C/km) gradient estimates than those
proposed by [104].

[105] concluded that the outermost and innermost Carpathian thrust sheets were heated to less
than 60 °C and less than ~120 °C, respectively; the heating depended entirely on burial, and the
cooling occurred in two main phases (15-30 °C/m.y. between ca. 12 and ca. 5 Ma, 3-6 °C/m.y. from ca.
5 Ma to the present), and was induced by exhumation. The pressure and temperature in the Miocene
evaporite deposits of the Ukrainian Carpathian Foredeep did not reach values characteristic of the
late diagenesis and anchizone, and thus the transformation processes of clay minerals in those
deposits are controlled by other causes than pressure and temperature.

5. Conclusions

Brine concentration control is the most important factor determining the clay mineral
transformation of marine evaporite sequences. Clay minerals associated with the gypsum, halite and
potash facies of the Miocene evaporite formations of the Ukrainian Carpathian Foredeep reflect the
increased concentration of brines that promoted the aggradational transformation of labile clay
minerals into illite and chlorite that are stable in hypersaline conditions. Further ordering of the
structure led to transformation of illite into mica.

Brine concentration decrease (inflow of fresh water) led to slowing of transformation of clay
minerals, and as a result in the Badenian gypsum and rock salt, an association untypical for the
gypsum and halite facies originated: only a small content of mixed-layer phases in the gypsum facies
and, in the halite facies, a considerable amount of labile swelling minerals that did not transform into
illite and chlorite.

Organic matter control is another important (but local) factor of transformation of clay minerals
of the Miocene evaporites. Organic compounds, sorbed by labile clay minerals and mixed-layer
phases, prevented the entrance of inorganic cations into their interlayer intervals, suspending or
delaying their aggradational transformation. A large number of labile clay minerals in the Badenian
rock salt (smectite, corrensite and mixed-layer phases) are still present owing to organic compounds
captured by the structures of these minerals.

Clay minerals of the Badenian rock salt interacted with epigenetic organic matter entering the
Miocene evaporite deposits during the origin of regional overthrusts in the Carpathian Foredeep that
created pathways of bitumen migration.

Fresh water control in hypergene conditions during the dissolution of evaporite deposits by
fresh surface waters is the common factor determining the clay minerals’ degradational
transformation that involves partial leaching of potassium from the interlayer spaces of illite and the
formation of illite-smectite (degradational transformation) and kaolinite (neoformation) in the
gypsum-clay caprock of Dombrovo Quarry (the Kalush-Holyn potash deposit).
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