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ARTICLE INFO ABSTRACT

Keywords: The Czech part of the Upper Silesian Basin is still a home of bituminous coal mining in Europe. The underground
Evaporite mines there feature rich assemblages of evaporite minerals that precipitate from the water flowing through the
Coal . mines. The minerals occur in stalactites, rarely as cave pearls. The predominant mineral of the stalactites is halite
1;::11,1?;: e"eral (NaCl). The first group consists of halite stalactites with sylvite (KCl), carnallite (KMgCls-6H>0), and rare gypsum
Halide (CaS04-2H0) and baryte (BaSO4) on their surface. Orange coloration may be caused by lepidocrocite or aka-
Brines geneite (both Fe-oxyhydroxides). In the second group, halite is covered by carnallite, kralikite (BaClp-2H20), and
SrCly hydrates. In the third group, halite is associated with burkeite [Nag(CO3)(SO4)2], blodite [NayMg
(SO4)2-4H20], kainite [KMg(S04)Cl-3H20], thénardite (NaySO4), and trona [NagH(CO3)2-2H20]. Some of the
stalactites are dominated by sulfates, with starkeyite, hexahydrite, epsomite (all representing MgSO4 hydrates),
or thénardite. The fourth group comprised a single sample, a stalactite with a-calcium formate and krélikite. All
these minerals precipitate from brines that acquire their dissolved load primarily from Early Badenian
groundwater bodies, frequently in direct contact with the Carboniferous basement rocks. These are fossil marine
waters with total mineralization >10 g-l_l, rich in NaCl, locally also in CH4 and COq, and enriched in Sr2+, Ba2+,
I and Br . These types of water also led to precipitation of the newly described mineral kralikite. Owing to the
low solubility of baryte, kralikite can only form from water strongly depleted in sulfate. The brines are locally
mixed with sulfate-rich acid mine drainage water, resulting in some sulfate-rich compositions observed in this
work. Our study highlights some processes tightly linked to coal and coal mining, namely formation of secondary
mineralization underground and its possible environmental impact during and after the mining. As the coal
mines are being successively shut down, this aspect should be prominent for the middle- to long-term elimination

of hazards related to recent and current coal mining.
1. Introduction recovered from coal or coal ash on an industrial level (e.g., uranium: U.
S.A. - U.S. Energy Information Agency, 2011, Czechoslovakia — Aulicky
Coal is a complex geomaterial which contains predominantly organic et al., 2003; germanium: China, Russia - Sverdrup and Haraldsson,
matter, but also water, gaseous substances, and minerals. The mineral 2024). Some of the coal minerals seem to carry a valuable resource for
content plays crucial role in amount of the volatile matter and ash left the future, such as uranium (Jedrzejek et al., 2025), germanium (Dai
after coal burning (Thomas, 2013). In some cases, metals were et al., 2014; Dedovets, 2025), lithium (Zhao et al., 2019; Wei et al.,
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2020), rare earth elements (Dai et al., 2016a, 2016b), niobium (Dai
et al.,, 2016b) and others. On the other hand, there may be some po-
tential risks connected with the coal mineralization as well. Potentially
harmful or toxic chemical elements present in the coal minerals may be
released during coal washing, coking, burning, storage of ash, as well as
coal weathering in the mines (e.g., Wagner and Hlatshwayo, 2005;
Bartonova et al., 2020; Wei and Song, 2020; Hu et al., 2022; Wang et al.,
2024; Wei et al., 2024). Considering the scientific aspects, minerals in
coal may be useful for establishing the paleoenvironmental conditions in
the coal swamps, as well as the post-depositional geological processes
(Vassilev et al., 2010a, 2010b; Thomas, 2013; Finkelman et al., 2019).
For these reasons, and with the support of new techniques of mineral-
ogical research, coal mineralization has been studied in previous de-
cades across many sedimentary basins of the world.

Some of coal mineralization is primary (e.g., quartz, clay minerals,
carbonates), representing particulate matter transported into the coal
swamp. However, most of the minerals recognized from coal are prod-
ucts of later processes, such as diagenesis, hydrothermal alteration, or
other late modifications (see Finkelman et al., 2019, for details). Our
study is dealing with uncommon and poorly studied minerals that
originate from salt brines. There are similar mineralizations known from
several coal occurrences, e.g., Bobov Dol, Bulgaria (halite, sylvite -
Vassilev et al., 1994), Sozopol Bay, Bulgaria (halite - Yossifova et al.,
2011), Qiangtang Basin, China (halite, anhydrite - Fu et al., 2013), Ruhr
District, Germany (halite, gypsum (Grobe and Machel, 2002; Tran et al.,
2020), Pera-Lakkos, Greece (halite, sylvite - Kalaitzidis et al., 2010),
Acigol Basin, Turkey (halite, gypsum — Karayigit et al., 2015), and
Karapinar-Ayranci, Turkey (halite, gypsum, bassanite - Oskay et al.,
2016).

Our study focused on the Czech part of the Upper Silesian Basin
(hereinafter CUSB), one of very few locations of remaining bituminous
coal mining in Europe (Sivek et al., 2020). The territory hosts the last
active underground mine, which will probably cease production in early
2026 due to the high operation costs, as well as the European efforts
towards green energy transition (e.g., Apostu et al., 2022; Elavarasan
et al., 2022; Filipovi¢ et al., 2022). During the coal extraction, the
mineralogical studies were to a great extent limited by complicated
access to the mines and quickly advancing workplaces, usually not
allowing to preserve any interesting geological sites. However, after the
mine closure, the new geological and mineralogical material will
become completely inaccessible, with an exception of a few samples
stored in archives and museums. Therefore, in the last decade, we
focused on rescue research of some interesting mineralizations related to
the salt brines that flow into the coal mines. The results, which include
some minerals new for coal, rare worldwide, and one new mineral
(approved by the International Mineralogical Association, Commission
on New Minerals and Mineral Names), are presented in this article.

2. Geological settings and previous studies

The Upper Silesian Basin is among the last bituminous coal basins
with active mining in Europe. It is the most important of these basins in
terms of its recent production (Stary et al., 2024; Malon and Tyminski,
2025).

The Upper Silesian Basin is an erosional relic of an originally larger
structure, with roughly triangular shape and a present area of ca. 7000
km?2. Most of it belongs to Poland, while the Czech part covers ca. 1550
km? - Fig. 1 (Dopita et al., 1997). The basin is situated within the the
basin belt stretching in the eastern tropical Pangea, affected by the
Variscan Orogeny. The basin represents the final evolutional stage of the
larger Moravo-Silesian Basin (Kalvoda et al., 2008) which opened dur-
ing the early Devonian as a shallow marine basin and turned into a deep
marine synorogenic basin during the Tournaisian and Viséan (Kalvoda
et al., 2008). The basin sedimentation became terrigenous during the
Serpukhovian with presence of coal swamps and frequent marine in-
gressions (Jirasek et al., 2018). Following a sedimentation hiatus, the

Table 1

Locations of the CUSB mines dumps mentioned in the text. Arranged in alpha-

betical order.
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Mine Municipality GPS coordinates No. in
Fig. 1
9. kvéten (also Sucha - Stonava N 49° 48.013'E 018° 1
Stonava) 30.190°
- . N 49° 49.366' E 018°
Barbora (also 1. mdj) Karvina-Doly 28.446" 2
W ., N N 49° 50.525'E 018°
Cs. pionyr Petivald 24.130° 3
= . N 49° 50.745'E 018°
CSA - Jan Karel Karvina-Doly 20.786" 4
- Lo . N 49° 50.354' E 018°
CSA - Jindtich Karvina-Doly 28.025" 5
- N 49° 49.063' E 018°
CSM Stonava 32.910° 6
Havifov-Dolni N 49° 48.652' E 018°
Dulda Sucha 26,515 7
. Ostrava-Moravska N 49° 49.270' E 018°
Hlubina (Ostrava) Ostrava 16,685’ 8
” . N 49° 48.308'E 018°
Jeremenko Ostrava-Vitkovice 16.220° 9
. N 49° 48.565'E 018°
Ludvik Ostrava-Radvanice 21.445" 10
. N 49° 49.783 E 018°
Lazy Orlova-Lazy 26.678" 11
Petr Bezrué Ostrava-Slezskd N 49° 50.528' E 018° 12
Ostrava 18.474
P B . N 49° 51.824'E 018°
Rudy ifjen Ostrava-Hermanice 18.957° 13
Salamoun Ostrava-Moravska N 49° 49.879' E 018° 14
Ostrava 16.769

early Pennsylvanian sediments were purely continental, with significant
amounts of peat as a precursor of economic coal seams (Oplustil et al.,
2022). The sedimentary record in the CUSB ends with Bashkirian units
due to later erosion, while in the neighbouring Polish territory, it con-
tinues into the early Kasimovian (Laurin et al., 2024).

The Serpukhovian paralic Ostrava Formation within the Czech part
(Fig. 1b) contains up to 170 coal seams with an average thickness of
0.73 m, while the Bashkirian continental Karvina Formation (Fig. 1b)
hosts up to 90 coal seams with an average thickness of 1.80 m. The li-
thology of the coal-bearing sequences is rather simple: it is dominated by
sandstones over siltstones, while claystones and conglomerates are less
important (Havlena, 1982; Dopita and Kumpera, 1993). Dozens of un-
derground mines were operating during the 20" century in an area of ca.
400 km? aiming for both Serpukhovian and Bashkirian coals, with the
peak production of of bituminous coal reaching 25 million tons in 1979
(Dopita et al., 1997).

Hydrogeological conditions of the CUSB are under significant influ-
ence of coal mining. The most important natural sources of mine waters
are (from the surface down): 1) Quaternary groundwater bodies, 2)
Early Badenian groundwater bodies, frequently in a direct contact with
the Carboniferous rock massif, 3) fissure system waters of the Carbon-
iferous rock mantle, 4) primary waters bound to tectonic zones of the
Upper Carboniferous and the underlying rocks. For the purpose of this
study, we must emphasize the reservoir number 2, where confined
aquifers reach thickness up to 268 m and pressure up to 10 MPa. From a
geochemical point of view, these are fossil marine waters with total
mineralization >10 g-1"%, rich in NaCl, locally also in CH4 and CO,. They
are enriched in Sr?*, Ba®*, I and Br™, and generally have very low
(SO4)2’ content. They were responsible for the water bursts in mine
workings, as well as for the evaporite mineralization described in this
work (Dopita and Kumpera, 1993; Grmela, 1997; Labus, 2005; Dvorsky
et al., 2007).

The so-called Variegated Beds, stretching across several lithostrati-
graphic units, are also partly connected to the mineralization described
later. These are epigenetically altered segments and bodies of coal-
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Fig. 1. Generalized map showing: A) the position of the studied area within the Central Europe, B) the geology of the Czech part of the Upper Silesian Basin
(according to Oplustil et al., 2022), and c) the location of the dumps mentioned in the text. Their GPS locations are given in Table 1.

bearing sediments. The alteration includes color change of sediments, as
well as deterioration in the technological parameters of the coal. Some
sulfates (alunite, anhydrite, gypsum, thénardite) were reported from
such bodies (Kralik, 1980; Klika, 1999; Klika and Osovsky, 1999).

The occurrence of salt stalactites has long been known from mine
workings in the studied area. The oldest description of halite was
mentioned by Kucera (1926) from the Salamoun Mine in Ostrava, with
more details on this sample given by Jaros (1927). New localities were P.
Bezru¢ and Ludvik mines (Krufa, 1951). Due to the post-WWII boom of
coal mining, five new halite localities were discovered across the whole
Czech part of the Upper Silesian Basin (summarized by Krufa, 1973).
Carbonate precipitates from the mine waters were noticed by some
authors, e.g. (Mastalir, 1926-1928; Krufa, 1951). Due to its pressuposed
mineralogical uniformity and zero economic value, the interest for such
common evaporite mineralization in coal mines was lost and new sites
were mostly not published. The most recent work of Matysek et al.

(2014) was dealing with the origin of sulfates in the mines. They are also
connected to the infiltration of salt brines and generation of acid mine
drainage mineral association, but the article excluded most of the
halides.

3. Material and methods

The samples from the CSA - Jan Karel, Lazy, and CSM mines were
collected by the authors. We also examined significant part of the halite
stalactites from the mineralogical collections of Ostrava Muzeum in
Ostrava, Moravian Muzeum in Brno, and Prof. PoSepny's Geological
Pavilion of the VSB-Technical University of Ostrava.

Microscopic investigations and SEM-EDS microanalysis were con-
ducted on a FEI Quanta 650 FEG scanning electron microscope (SEM).
The analyses were made on natural fracture surfaces without coating
under the following conditions: 15 kV beam voltage, 8-10 nA current,
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5-6 um beam diameter, and a vacuum of <10~ Pa. The identification
and quantification of spectral lines was performed using the decompo-
sition method employing holographic peak deconvolution. Photomi-
crographs were obtained with a backscattered electron (BSE) detector in
chemical gradient mode.

For most of the described minerals with an exception of kralikite,
more reliable wavelength-dispersive spectroscopic (WDS) microanaly-
ses could not be performed due to several reasons: 1) thin sections of
chloride and sulfate phases are difficult to prepare because the halite
matrix, as well as the investigated minerals themselves, are soft, water
soluble, commonly porous, and most of them occur only on their top
surface of halite as micrometer-sized crystals; and 2) WDS takes longer
than EDS, needs high vacuum and higher beam voltage and current,
which result in beam damage caused by mineral dehydration. In fact,
many investigated mineral phases are so sensitive that their evaporation
was observed even during the EDS analysis.

Powder X-ray diffraction (PXRD) data of kralikite were collected
with a Bruker D8 ADVANCE with DAVINCI design (Friedrich Schiller
University Jena), and with CuKa radiation, Ni filter, and with a Lynxeye
1D detector. A step size of 0.02° 26 and the total measurement time was
48 h. Lattice parameters were refined using the program GSAS (Larson
and Von Dreele, 2004). The PXRD analyses of other investigated min-
erals was carried out using a Bruker-AXS D8 Advance (VSB-Technical
University in Ostrava) instrument with a 26/0 measurement geometry
and the positionally sensitive detector LynxEye under the following
conditions: radiation CuKa/Ni filter, 40 kV current, 40 mA voltage, step
mode with a step of 0.014° 26, a time 0.25 s per step, and a summation of
five measurements. The qualitative analysis of diffraction patterns was
performed using the EVA software (Bruker-AXS) and the database PDF-
2, release 2011 (International Centre for Diffraction Data). The Rietveld
method using the TOPAS software, version 5 (Bruker) was applied to
verify the analyses and compute the unit cell parameters of mineral
phases.

Microchemical analyses of kralikite were performed using wave-
length dispersive X-ray spectroscopy (WDS) with an electron micro-
probe (CAMECA SX100, analyst R. Skoda) at the Laboratory of Electron
Microscopy and Microanalysis of the Faculty of Science at Masaryk
University in Brno. The standards used were baryte (BaLa), albite
(NaKa), sanidine (KKa), wollastonite (CaKa), SrSO4 (SrLa), hematite
(FeKw), NaCl (CIKa), and PbBry (BrLa). The measurement conditions
were: acceleration voltage 15 kV, beam current 4 nA, beam diameter 8
pm.

The micro-X-ray diffraction (p-XRD) and micro-X-ray fluorescence
(n-XRF) data were collected at the beamline of the Synchrotron Radia-
tion Laboratory for Environmental Studies (SUL-X) at the synchrotron
radiation source of the KIT, Karlsruhe, Germany. A silicon (111) crystal
pair with a fixed beam exit was used as a monochromator. The X-ray
beam was aligned to an intermediate focus and then collimated by slits
located at the distance of the intermediate focus to about 100 x 100 pm
and subsequently focused with a Kirkpatrick-Baez mirror pair to about
50 x 50 pm at the sample position.

Surface of the samples was mapped with p—XRF to identify spots with
a significant Ba signal. At these spots, p-XRD analyses were carried out.
The p-XRD data were acquired in transmission mode with a Photonic
Science CCD detector XDI VHR-2150. For our experiments, the beamline
was operated at a constant energy of 14 keV (A = 0.886 A). Powdered
LaBg was used as the calibrant to verify the wavelength and to refine the
sample-to-detector distance. The images were integrated with the pro-
gram Fit2D (Hammersley, 2016), and the 1D XRD patterns were further
used for a full-profile refinement with the program Topas (Bruker).

To ensure congruence of the natural kralikite and its synthetic
(BaCly-2H20) counterpart, the photoemission spectral characteristics
were determined by X-ray photoelectron spectroscopy (XPS) using a PHI
5000 VersaProbe II (Physical Electronics) spectrometer with a mono-
chromatic AlK, source (15 kV, 50 W and photon energy of 1486.7 eV).
The spectra were measured in the vacuum of 1.1 x 10~ Pa at the

International Journal of Coal Geology 319 (2026) 104990

temperature of 21 °C. High resolution Ba3d5 and Cl2p spectra were
acquired by setting the pass energy to 23.500 eV and the step size to
0.200 eV. For all measurements was used dual beam charge compen-
sation. The XPS spectra were evaluated using the MultiPak (Ulvac - PHI,
Inc.) software. All binding energy (BE) values were referenced to the
adventitious Cls peak at 284.80 eV.

4. Results

For the purpose of clarity, this section is divided into 1) description
of evaporite associations, 2) description of individual minerals, and 3) a
part devoted to the description of new mineral kralikite. The ideal
formulae are given in Section 4.2.

4.1. Description of evaporite associations

Halite stalactites can be divided into four groups based on their
composition. The basis of all salt stalactites is coarse crystalline halite.

The first group comprises samples composed of almost pure halite
which forms stalactites with more or less prominent skeletal develop-
ment of cubic crystal aggregates (Fig. 2a, b) on their outer and inner
surfaces. These are monomineral, with only rare microscopic baryte or
its strontium-rich variety on the stalactite surface (Fig. 2c, d). Excep-
tionally, microscopic crystals of sylvite up to 60 pm (usually <10 pm) in
size (Fig. 2e, f), gypsum crystals, and, even more rarely, carnallite have
also been found on the surfaces of the stalactites. Carnallite forms
euhedral to subhedral tabular crystals growing on the outer surfaces of
halite straws. It was identified in first three types of halite stalactites.
The occurrence of bischofite, which sometimes accompanies carnallite
on the surfaces of stalactites, might be a product of secondary hydration
during the sample storage. These stalactites most likely originated from
mixed waters, or waters with significant sulfate content. Typically, this
type of stalactite was observed on the shaft supports of the CSA South
and Dukla mines, but are known from the museum samples from other
places (Barbora, Cs. pionyr, Suché-Stonava mines) as well.

According to PXRD, the uncommon orange to red-colored stalactites
of the first group (Rudy fijen and Sucha-Stonava mines) contain lep-
idocrocite and akaganeite, usually in equal proportions. In SEM-EDS,
both minerals are difficult to distinguish, forming aggregates of very
thin coatings (Fig. 3a) and flaky crystals (Fig. 3b).

The second group is represented by stalactites with a more varied
composition of microscopic phases on the surface or even in the central
channels. In cases, columnar and octahedral halite habitus was noticed
(Fig. 3c, d). Carnallite (Fig. 3e) and kralikite were found in relatively
large quantities on halite stalactite surfaces. Such material came from
the museum samples located at the Hlubina Mine. Only rarely and at
only two locations (CSA Mine — Jan Karel Shaft, and CSA — Jindfich
Shaft), there were microscopic crystals of apparently two different SrCly
hydrates (Fig. 3f) and several other unidentified phases (MgCl; hydrate,
Na—Ca sulfate chloride).

The third group is represented by stalactites and salt crusts from the
Lazy site and single museum sample from the Sucha-Stonava Mine,
which have a very diverse composition.

The halite straws (elongated hollow cylindrical tubes) at the Lazy site
were beige in color and had a bumpy surface. It is likely that the
mineralization originated from an highly concentrated solution and that
the surface bumps represent the remains of trapped gas bubbles. The
base material of the straws is halite. Well-defined growth zones can be
observed on the fracture surfaces, separated by other phases and cav-
ities. The surface bumps, approximately 3-5 mm in size, are hollow and
contain microcrystalline mineralization composed of water-soluble
phases. Powder XRD identified burkeite, blodite, kainite, thénardite,
and trona in these cavities. Thermonatrite was identified only tenta-
tively. Blodite (Fig. 4a) was found more commonly in flat crusts formed
by dripping of water on the mine base surface. Blodite locally pre-
dominates over halite and is glassy, white to very light greenish in color.
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— 500 ym —

Fig. 2. Back-scattered electron images of group I and II halite stalactite minerals. A — cubic halite crystal with partial skeletal development, CSA mine, crosscut
11,006; B — skeletal development of halite crystal, CSA mine, crosscut 11,006; C — aggregate of tabular Sr-rich baryte, CSA Mine, Jan Karel Shaft; D — Sr-rich acicular
baryte bow-ties, CSA Mine, Jindfich Shaft; E, F — euhedral cubooctahedral sylvite crystals, 1. maj Mine.

A separate type of mineralization was found in small crusts and stalac-
tites at the edges of the mineralized zone. Some of the stalactites were
formed by dominant magnesium sulfates (starkeyite - Fig. 4b, with ad-
mixtures of hexahydrite, epsomite, and questionable pentahydrite) as
well as stalactites dominated by thénardite.

Other phases were found in accessory amounts on the surfaces of
beige-colored halite straws: kainite (Fig. 4b), konyaite (Fig. 4c), sylvite,
bromine- and exceptionally also iodine-rich sylvite (Fig. 4d), as well as
KBr (Fig. 4e) and the tentatively identified syngenite (Fig. 4f) and
thermonatrite. Bromine-rich sylvite to KBr, often with an admixture of
iodine, formed very thin coatings up to 25 pm in size and only about 1-2
pm thick on the surfaces of the straws. These coatings consist of indi-
vidual cubic crystals of micrometer size (Fig. 4e). Hydroglauberite
(Fig. 5a) with a small admixture of glauberite and traces of bassanite
mixed with gypsum were found in the reaction zone between the salt
mineralization and the coal seam. The newly described mineral kralikite
has been found quite abundantly on the surfaces of stalactites, but it
occurs only in locations where the water does not contain dissolved

sulfate.

Kralikite is not observable on the surfaces of stalactites either
macroscopically or using optical microscopy due to its transparency,
irregular distribution, other present mineral phases, and uneven sta-
lactite surfaces. The only way to verify its presence is by SEM using back-
scattered electron imaging. It forms thin tabular crystals, usually
imperfectly bounded, up to 25 pm long and only 3-5 pm thick, growing
parallel to the surface of halite straws, more rarely also in central
channels. Details of its identification are given in Section 4.3.

An exceptional sulfate mineralization was detected on the surface of
a halite stalactite from the sample No. 97090 (Prof. Poepny's Geological
Pavilion, Sucha-Stonava Mine). In this sample, magnesium sulfate of
unknown hydration state and gypsum accompany omongwaite. The
latter mineral forms elongated needles with pseudohexagonal shape and
length up to 50 pm (Fig. 5e). Unfortunately, there are no available de-
tails linked with the geological situation of this specific sample.

The fourth group is formed by a single halite museum sample with
unique mineralization. The sample is stored in the Moravian Museum in
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Fig. 3. Back-scattered electron images of group I and II halite stalactite minerals. A — thin coating of teared up Fe-oxides; B — acicular aggregate of unspecified Fe-
oxide; C — columnar halite; D — octaheral halite crystals on magnesium sulfate; E — thick tabular crystals of carnallite (Cna) on halite (HI); F — SrCl, with uncertain
hydratation state (whitish) on halite (HI). A, C, D: CSA Mine, Jindiich Shaft, B, E, F: CSA Mine, Jan Karel Shaft.

Brno (sample Nos. a885-a892, Hlubina Mine). It is a halite stalactite
with a-calcium formate and kralikite on its surface. Calcium formate
was identified using powder XRD and EDX analysis. It forms pure white
tuft-like (Fig. 5f) to kidney-shaped aggregates consisting of microscopic
acicular crystals on a fragment of a halite stalactite. The PXRD data
correspond well to the orthorhombic modification of calcium formate.
The measured lattice parameters were: a = 13.4349(3), b = 10.1825(3)
and ¢ = 6.2877(2) A and are slightly larger than those reported by
Watanabé and Matsui (1978): a = 13.407, b = 10.192, ¢ = 6.282 A.
Qualitative EDX microanalysis confirmed the main elements Ca, C, O
and minor impurities of Na and Cl. Abundant kralikite was also found on
the surface of the studied stalactite. Unfortunately, nothing more is
known about the history and detailed origin of the sample.

Carbonate stalactites were noticed only in museum samples. The
one from Jeremenko Mine is composed of a mixture of calcite and
aragonite with minor monohydrocalcite and halite (Ostrava Museum
sample No. M398). Its surface is covered by well developed calcite
rhombic crystals. The cave pearls from the Sverma Mine (Ostrava

Museum sample No. M2890) are composed of radially-arranged
columnar aragonite with botryoidal surface, sometimes forming long
prismatic crystals in open spaces.

4.2. Description of the individual evaporite minerals

Unit-cell data of all phases identified by powder X-ray diffraction
(PXRD) are given in the Electronic Supplementary Material Tables S1 to
S22.

4.2.1. Phases identified with confidence

a-CALCIUM FORMATE Ca(HCOO), — was detected together with
krélikite on the surface of a stalactite on a sample from the collection of
the Moravian Museum in Brno, forming white irregular aggregates
(Fig. 5f) composed of thin tabular on the surface of halite stallactite. It
was verified by qualitative SEM-EDS microanalysis and powder X-ray
diffraction.

AKAGANEITE (Fe**,Ni2")g(OH,0)16Cl1 25-nH20 - is, together with
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Fig. 4. Back-scattered electron images of group III halite and sulfate stalactite minerals from the Lazy Mine. A — crystal structure of blodite stalactite; B — tabular
kainite (Kai) aggregate on starkeyite (Ske); C — druse of thin tabular konyaite; D — Br-rich sylvite (Syl) on halite (HI) accompanied by burkeyite (Bke); E — KBr showing

partial cubic crystal faces on halite (HI); F - thin tabular crystals of syngenite.

lepidocrocite, a component of the surfaces of orange-colored halite
stalactites (Fig. 3a, b) according to powder X-ray diffraction. Supporting
data for its confirmation were obtained by SEM-EDS, showing a nickel-
free variety.

ARAGONITE CaCOs - is a major component of precipitation crusts
and cave pearls from the Sverma Mine. It has been verified by powder X-
ray diffraction analysis.

BARYTE BaSO4 — microscopic baryte and sometimes its strontium-
rich variety is commonly present on the surfaces of halite straws,
which are formed by crystallization from waters rich in dissolved sul-
fate. These are tabular (Fig. 2¢) or needle-shaped (Fig. 2d) crystals,
mostly up to 5 pm in size. The so-called radiobaryte (radium-bearing
baryte, see Ulrych et al., 2007; Randa et al., 2010) is present as a
dominant component of crusts that form in pipes that drain water from
mines (e.g. Jirasek et al., 2020). These crusts have the appearance of
macroscopically homogeneous, beige coatings, but microscopically are
formed by tabular crystals of a maximum of 20 pm in size. They are in
fact not a product of evaporation, but rather of mixing of mine waters

with different chemical composition. The same baryte was recorded
from the discharge waters in the Polish part of the Upper Silesian Basin
(e.g. Courbet et al., 2016; Wysocka et al., 2019).

BASSANITE Ca(S04)-0.5H20 — was detected by PXRD as an admix-
ture in a hydroglauberite-impregnated coal sample.

BISCHOFITE MgCly-6H20 — accompanies carnallite on the surfaces of
halite stalactites. Its genesis is probably linked with hydration of
carnallite during the storage. Determination only by SEM-EDS
microanalyses.

BLODITE NapMg(S04)2-4H20 - is the dominant component of min-
eral crusts from the Lazy Mine, formed mostly by imperfectly developed
crystals (Fig. 4a). It is white to very light greenish. It has been verified by
both SEM-EDS and PXRD.

BURKEITE Nag(CO3)(S04)2 — was found in the cavities of stalactites
from the Lazy Mine. The cavities are filled with a powdery, light beige
mass. Burkeite in this mass forms microscopic spherical aggregates,
resulting from the oriented growth of tabular crystals (Fig. 5d). It was
verified by both SEM-EDS and PXRD.



D. Matysek et al.

b
100 pm

—— 100 ym ———

40 ym

International Journal of Coal Geology 319 (2026) 104990

S

ET—

Fig. 5. Back-scattered electron images of group III and IV halite and sulfate stalactite minerals. A — acicular hydroglauberite (Hglb) surrounded by halite (Hl); B —
tabular thénardite; C — thin lamellar thermonatrite aggregate; D — trona blades (Tn) inside cavity filled by burkeyite (Bke); E — pseudohexagonal omongwaite crystals
in the halite vug; F — aggregate of a-calcium formate (Ca-f) on halite (Hl). A-D: Lazy Mine, E: Sucha-Stonava Mine, F: Hlubina Mine.

CALCITE CaCOs - is a main component of a smooth, light gray to
beige stalactite from the collections of the Ostrava Museum (Jeremenko
Mine, sample M398). Verified by PXRD.

CARNALLITE KMgCls-6H30 - is relatively common on the surfaces of
halite straws, but always only in microscopic dimensions. It forms
mostly subhedral tabular crystals there (Fig. 3e). It has only been veri-
fied by SEM-EDS.

EPSOMITE MgSO4-7H20 - forms a glassy white admixture of sulfate
stalactites and crusts at the Lazy Mine. It dehydrates quickly.

GLAUBERITE NayCa(SO4)2 — was detected as an impurity in a
hydroglauberite-impregnated coal sample. It is formed by dehydration
of hydroglauberite. It was verified both by SEM-EDS microanalysis and
PXRD.

GYPSUM CaS04-2H,0 - is only accessory on salt stalactites. It forms
on the surfaces of stalactites arising from waters with higher content of
sulfate ions. There it forms scattered microscopic crystals of variable
size. At the Lazy Mine, it was found together with hydroglauberite on the
surface of the coal seam, under the crust of evaporites.

HALITE NacCl - is the principal component of halite stalactites and a
minor component of carbonate and sulfate (Matysek et al., 2014) sta-
lactites. It is also the only evaporite mineral that has been reported from
mines in the Czech part of the Upper Silesian Basin so far. It mainly
forms relatively long and thin straws of white color. They are also
commonly colored by iron oxides or oxyhydroxides to orange or by coal
dust to gray to black. The straws tend to have signs of cubic crystal
development, sometimes highly skeletal (Fig. 2a, b) on the surface and
in the central channel. Abundant octahedral halite crystals (Fig. 3d)
were noticed at CSA Mine, Jindfich Shaft.

HEXAHYDRITE MgSO4-6H20 — forms an admixture in sulfate sta-
lactites and crusts at the Lazy Mine. It was verified by SEM-EDS and
powder X-ray diffraction.

KAINITE KMg(SO4)Cl-3H,0 — was detected as a microscopic (SEM)
component in the form of imperfectly developed crystals (Fig. 4b) on the
surfaces of halite stalactites from the Lazy Mine. It was verified by SEM-
EDS and PXRD.

KONYAITE NayMg(SO4)2-5H20 — was found in only one sample from
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the Lazy Mine. It forms microscopic, flattened crystals (Fig. 4c) on the
surface of a beige-colored stalactite. It was verified based on SEM-EDS
microanalysis and powder X-ray diffraction.

KRALIKITE BaCl,-2H,0 — occurs on surfaces, less often in the central
channels of halite stalactites, which were formed by evaporation of
sulfate-free waters. It forms microscopic, thin tabular, usually imper-
fectly developed crystals (Fig. 6). It has been verified by SEM-EDS, SEM-
WDS, and XPS methods. For the full description see Section 4.3.

The mineral was recognized in number of occurrences across the
active mines in the Czech part of the Upper Silesian Basin. The best
documented are: 1. Mining Plant I, CSA Mine (Jan Karel), crosscut 0930;
2. Mining Plant I, CSA Mine, crosscut 01202; 3. Mining Plant II, CSM
Mine, crosscut 5301, stationing 1450 m, tectonic zone E1; 4. Hlubina
Mine, halite stalactites stored in a collection of Mineralogical-
petrographical Department of the Moravian Museum in Brno (No.
885-892).

LEPIDOCROCITE Fe**O(OH) — is, together with akaganeite (Fig. 3a,
b), a component of the surfaces of orange-colored halite stalactites ac-
cording to powder X-ray diffraction. It has been also verified by SEM-
EDS.

MONOHYDROCALCITE CaCO3-H;0 - is a minor component of
smooth, light gray to beige calcite stalactite from the collections of the
Ostrava Museum (coming from Jeremenko Mine, sample No. M398).
Verified by PXRD, in association with minor halite.

PENTAHYDRITE MgSO4-5H50 — according to powder X-ray diffrac-
tion, it forms only a minor admixture in sulfate stalactites and crusts at
the Lazy Mine.

STARKEYITE MgS04-4H20 - is the main component of sulfate sta-
lactites and crusts at the Lazy mine. These stalactites are dull white,
powdery and disintegrate easily (Fig. 4b). It has been verified by SEM-
EDS and powder X-ray diffraction.

SYLVITE KCl - was found only as scattered microscopic cuboocta-
hedral crystals (Fig. 2e, f) on the surfaces of halite stalactites. Some
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sylvite contains significant amount of Br (Fig. 4d) and even I, passing
into yet undescribed mineral with nominal composition KBr. It was
verified by SEM-EDS.

TACHYHYDRITE CaMgyClg-12H20 - is formed by the action of
vacuum on salt stalactites during SEM-EDS analyses. According to
powder X-ray diffraction analyses, tachyhydrite is the main component
of nodules and hollow spherical formations (blebs) that are released
from stalactites in vacuum. It must be, therefore, considered an
anthropogenic/artificial phase.

THENARDITE Na,SO4 — is a significant component in some of the
halite stalactites from the Lazy Mine, identified by powder X-ray
diffraction. Thénardite was found on irregularly developed, short sta-
lactites with rough surface. It also forms an admixture in other types of
stalactites at the Lazy site. Its irregular, flat microscopic crystals
(Fig. 5b) can be observed in SEM. It was verified by both SEM-EDS and
PXRD.

TRONA NazH(CO3)2-2H,0 — was found in the cavities of stalactites
from the Lazy Mine. The cavities are filled with a powdery, light beige
mass. Trona forms irregular thin tabular crystals (Fig. 5d) in this mass. It
was verified by PXRD and SEM-EDS.

4.2.2. Tentatively identified phases

HYDROGLAUBERITE Na;gCa3(SO4)g-6H;0 — was found in the reac-
tion zone between the coal seams and the halite crust. The coal sample is
heavily impregnated with a white fibrous mineral (Fig. 5a), which ac-
cording to powder X-ray diffraction corresponds to hydroglauberite.
Problem is that proper structure of hydroglauberite including its space
group was not yet published. It was also verified by SEM-EDS
microanalysis.

OMONGWAITE NayCas(SO4)¢-3H20 — forms elongated needles with
pseudohexagonal shape up to 50 pm long (Fig. 5e). They came from a
museum halite sample from the Sucha-Stonava Mine, accompanied by
magnesium sulfate and gypsum. It is the fourth reported occurrence of

Fig. 6. Back-scattered electron images of kralikite from the CSA Mine, Jan Karel Shaft. A — thin tabular with dominant (010) crystal faces; B — thick tabular kralikite
crystal; C - krélikite (Kke) aggregate on halite (HI) with younger carnallite (Cna); D — kralikite (Kke) aggregate on halite (HI).



D. Matysek et al.

this mineral worldwide (Mees et al., 2008; Schorn et al., 2013; Sainz de
Baranda Graf and Gaspar Sintes, 2023). It was detected only by SEM-
EDS microanalyses.

SYNGENITE K3Ca(S04)2-H20 — was detected in only one sample from
the Lazy Mine. It forms microscopic tabular crystals on the surface of a
beige-colored halite stalactite (Fig. 4f). It was detected only by SEM-EDS
microanalyses.

THERMONATRITE NayCO3-H50 — was found in the cavities of halite
stalactites from the Lazy Mine. The cavities are filled with a powdery,
light beige mass. Thermonatrite, which forms microscopic, pointed
crystals (Fig. 5¢) in such mass, was interpreted only on the basis of SEM-
EDS microanalyses.

4.2.3. Phases that do not correspond to known minerals

SrCl,-2H,0? and SrCly-6H0? — microscopic crystals, < 20 pm in size
(Fig. 3f), sometimes with well developed crystal faces, are present on
halite stalactites from the CSA Mine, Jan-Karel Shaft.

KBr and K(L,Br)? - on the surfaces of beige halite stalactites from the
Lazy Mine, these phases form very thin coatings, sometimes with hints
or fully developed cubic crystals with a size of up to 1-2 pm (Fig. 4e). Its
detection is based on SEM-EDS microanalyses, which are only approxi-
mate due to the small grain sizes. However, the high content of Br and
sometimes I in connection with K in the measured spots is indisputable.

4.3. New mineral kralikite, BaCly-2H,0 (IMA 2019-070a)

In 2019, a proposal of a new mineral BaCly-2H20 labeled IMA
2019-070 was submitted to the International Mineralogical Association,
Commission on New Minerals and Mineral Names (IMA-CNMMN). It
was finally approved in July 2024 with the name kralikite.

The identity of kralikite with synthetic BaCl-2H,0 was proven by
four independent methods, namely by 1) quantitative microchemical
analysis using wavelength-dispersive X-ray spectroscopy (WDS), 2)
powder X-ray diffraction (PXRD) and 3) synchrotron-based micro-X-ray
diffraction (p-XRD), and 4) X-ray photoelectron spectroscopy (XPS).
Some of the properties of the new mineral could not be determined on
natural samples because of the size and association. Many difficulties
were encountered because kralikite grows on halite; both minerals are
water-soluble, transparent to white. It is impossible to distinguish them
by optical means and manufacture thin sections from the rough surface
of the halite stalactites, capturing precisely the microscopic crystals of
kralikite. Therefore, we refer in some properties to earlier data for
synthetic material.

4.3.1. Occurrence

Kralikite forms single morphological type in the studied material.
The mineral grows on the surface of halite stalactites. It occurs as thin to
thick tabular crystals (Fig. 6a, b); max. 160 x 120 x 10 pm in size
forming crystalline aggregates up to 350 um in size (Fig. 6¢, d).

The mineral was recognized in number of occurrences across the
active mines in the Czech part of the Upper Silesian Basin (see Section
4.2.1). The best documented one, which is considered to be the type
locality, is Mining Plant I, CSA Mine (Jan Karel), crosscut 0930.

Associated minerals are halite, carnallite, sometimes akaganeite,
lepidocrocite, on some samples also baryte, sylvite, and SrCly-nH,0O
phases. The mineral is of the evaporite origin. It is subrecently formed in
the environment of hypersaline brines (Pluta and Zuber, 1995; Matysek
et al., 2014) stored in the Miocene aquifer (Labus, 2005) entering both
active and abandoned bituminous coal mine works.

4.3.2. Physical, chemical, and other properties

Both natural and synthetic BaCly-2H50 are colourless (Winchell and
Emmons, 1931), with the white streak recognized in synthetic material
(Haidinger, 1824). Lustre is vitreous inclining to pearly in case of syn-
thetic material, both natural and synthetic compounds are transparent
(Haidinger, 1824). Fluorescence was not recognized either on synthetic
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(Hao et al., 2003) or natural phase.

Mohs hardness of synthetic material equals to 2.5 (Haidinger, 1824).
There is no good cleavage (Winchell and Emmons, 1931), confirmed in
this work by SEM investigation on synthetic BaCly-2H20. Tenacity was
recognized as brittle - sectile and fracture as conchoidal on synthetic
material (Haidinger, 1824).

Published measured density for the synthetic material is 3.097
g~cm’3 (Lide, 2007). Calculated density is 3.103 g‘cm’3 for the unit-cell
given by Padmanabhan et al. (1978), 3.109 g-cm™ for the unit-cell
given by Bochkova et al. (1980).

It is optically biaxial (4): with values @ = 1.635, § = 1.646, y =
1.660, respectively a = 1.6295(6), f = 1.64191(10), y = 1.65829(10)
according to Winchell and Emmons (1931) and Wulff and Heigl (1931),
both for for sodium light with 589 nm.

Birefringence value 0.025 for sodium light (589 nm) was published
by Winchell and Emmons (1931), while Wulff and Heigl (1931) got
slightly different value for the same light wavelenght. Measured 2 V
angle equals to 84° 50' at ca. 625-750 nm and 83° 46’ at 589 nm
(Winchell and Emmons, 1931). The optic plane is 010, Z ~ ¢ = 8°
(Winchell and Emmons, 1931). Information about light dispersion and
pleochroism is not available.

From the collected high resolution Ba3d5 and CI2p XPS spectra on
both the natural specimens and a synthetic analogue, we proved that
there are identical bonding schemes in both structures (see overlaid
spectra on Electronic Supplementary Material Figs. S1 and S2). The
Ba3d5 spectral band at 781 eV is close to previously published value of
781.6 eV for BaCly-2H,0 (Seyama and Soma, 1984), whereas Cl2p
spectral band at 199.5 eV is close to values typical for CaCl, and other
alkaline earth metal a metal chlorides. Therefore, both studied phases
could be considered as mutual analogues.

Kralikite is soluble in water and alcohol, and potentially dangerous
to humans due to its release of highly toxic Ba>" ions.

4.3.3. Chemical composition

Analytical data for kralikite (average of 8 spot analyses) are given in
Table 2. On the basis of (Cl + Br) = 2 atoms per formula unit (apfu), the
empirical chemical formula is (BaggsCag10Nag.03Sro.02Feo.01)
£1.02(Cl1.99Br0.01)52.0002H20 (Table 3).

The simplified formula is (Ba,Ca)Cly-2H50. The ideal formula is
BaCly-2H50, which requires Ba 56.22, C1 29.03, H,0 14.75, total 100 wt
%. The theoretical water content is 14.75%, the molecular weight is
244.266 g-mol~!. The water content has not been determined directly
due to the size of the natural aggregates. The mineral dehydrates easily
in the vacuum of the electron microprobe.

4.3.4. Crystal structure and data

Two independent methods, micro-X-ray diffraction (p-XRD) and
powder X-ray diffraction (PXRD), clearly proved structure of investi-
gated natural kralikite and its identity with the synthetic BaCly-2H50.
Unit cell parameters are given in Table 4, while the complete X-ray
diffraction data and given in Electronic Supplementary Material

Table 2
Chemical data (in wt%) for kralikite. H,O* - calculated based on the ideal
content of 2 H,O in the formula.

Constituent Mean Range (n = 8) Stand. Dev. (o)
Ba 51.63 47.15-57.05 3.68
Na 0.32 0.15-0.68 0.17
K 0.06 0.02-0.16 0.04
Ca 1.83 1.02-2.98 0.62
Sr 0.74 0.63-0.82 0.08
Fe 0.19 0.00-0.44 0.13
Cl 31.11 29.06-33.32 1.20
Br 0.22 0.00-0.35 0.10
H,0* 14.75

Total 101.96 97.36-105.56 3.00
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Chemical composition of kralikite based on the WDS microanalyses (wt%) and calculation of its empirical formula coefficients based on the total of 2 anions. H,O* -

calculated based on the ideal content of 2 H,O in the formula.

Average 1 2 3 4 5 6 7 8
Ba 51.62 54.76 57.05 56.21 49.83 51.72 47.61 47.15 48.68
Ca 1.83 1.65 1.02 1.44 2.35 1.11 2.21 2.98 1.89
Sr 0.74 0.65 0.63 0.63 0.82 0.78 0.82 0.81 0.79
Na 0.32 0.25 0.24 0.15 0.68 0.25 0.38 0.16 0.45
K 0.06 0.16 0.06 0.04 0.04 0.02 0.05 0.04 0.08
Fe 0.19 0.13 0.00 0.10 0.12 0.25 0.23 0.28 0.44
Cl 31.11 30.72 30.87 30.98 32.27 29.06 30.25 33.32 31.42
Br 0.22 0.28 0.00 0.28 0.23 0.18 0.35 0.24 0.17
H,0* 15.86 15.67 15.68 15.80 16.45 14.81 15.45 16.98 16.01
Total 101.96 104.28 105.55 105.62 102.79 98.19 97.36 101.95 99.93
Structural formulae (apfu)
Ba?*" 0.854 0.917 0.954 0.933 0.795 0.916 0.809 0.728 0.798
Ca* 0.104 0.095 0.058 0.082 0.128 0.067 0.129 0.158 0.106
Sr2t 0.019 0.017 0.017 0.016 0.020 0.022 0.022 0.020 0.020
Na® 0.032 0.024 0.024 0.015 0.065 0.026 0.039 0.015 0.044
K* 0.004 0.010 0.004 0.003 0.002 0.001 0.003 0.002 0.005
Fe3* 0.008 0.005 0.000 0.004 0.005 0.011 0.010 0.011 0.018
z 1.020 1.068 1.057 1.052 1.015 1.044 1.011 0.933 0.991
Ccl- 1.994 1.992 2.000 1.992 1.994 1.994 1.990 1.994 1.995
Br 0.006 0.008 0.000 0.008 0.006 0.006 0.010 0.006 0.005
z 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
H,0* 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Table 4
Comparison of selected crystallographic parameters for krélikite type material and synthetic BaCl,-2H,0 phase. Note: Rwp for PXRD is 0.0622.
Material Natural type material Natural type material Synthetic Synthetic
Source this study this study Padmanabhan et al. Bochkova et al. (1980)
(1978)

Method p-XRD PXRD s-XRD s-XRD
Used equipment synchrotron radiation diffractometer Bruker-AXS D8 Advance, CuKa radiation, CuKa radiation, diffractometer DRON-1,5, MoKa

source ANKA, wavelength A = 1.5406 A wavelength ) = radiation

14 keV wavelength A = 1.5406 A

0.886 A
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P2,/n P2y/n P2,/n P2;,/c
a(A) 6.7424(43) 6.7225(8) 6.7215(2) 6.717(5)
b (A) 10.9258(64) 10.906(1) 10.9080(3) 10.900(6)
c(A) 7.1326(51) 7.1301(8) 7.1316(2) 9.696(6)
B 90.943(48) 91.101(6) 91.173(5) 132.7(1)
V (A% 525.36(59) 522.64(10) 522.28 521.713
z 4 4 4 not given

Tables S23, S24 and Figs. S3 to S5.

A full description of the crystal structure including atomic positions
and displacement parameters is given for the synthetic phase by Pad-
manabhan et al., 1978. The structure is composed of Ba?*-centered
polyhedra, with Ba?* being coordinated by five CI~ ions and four H,0
molecules (Padmanabhan et al. (1978) proposed 4Cl + 4H50 coordi-
nation). Ba’" polyhedra are sharing edges and form puckered 010
layers. The layers share edges and corners with adjacent corners to build
a compact polyhedral network structure (Fig. 7).

Alternative structure analysis was published by Bochkova et al.
(1980), which is based on single crystal X-ray diffraction. Both works
provide an apparently topologically identical structure but differ in their
description.

4.3.5. Name and type material

The proposed mineral is named in honour of Ing. Jifi Kralik, CSc.
(1933-1986) who graduated at Vysoka skola banska in Ostrava (Cze-
choslovakia) and worked there under the supervision of prof. dr. Jar-
oslav Kokta, renowned Czechoslovak mineralogist. Ing. Kralik spent
most of his professional career at Department of Mineralogy, Petrog-
raphy and Geochemistry at Vysoka skola banskd in Ostrava, but also
held lectures at the Havana University in Cuba between 1964 and 1965.
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Fig. 7. Polyhedral representation of the crystal structure of kralikite projected
onto (100) (after Padmanabhan et al., 1978). Brown polyhedra house the Ba*"
cations in nine-fold coordination with with O and Cl, blue circles correspond to
H atoms. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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His research focused on clay minerals, mostly applied to the Upper
Silesian Basin, and biomineralization. His scientific career was signifi-
cantly hampered after 1968 by the political development in Czecho-
slovakia. We believe that he would have otherwise become a prominent
world-renowned mineralogist in his field. He was also an excellent
teacher, author or co-author of 1 scientific monograph, approximately
63 scientific articles, 44 proceeding papers, one geological map, 3
textbooks, and number of unpublished research reports (Kudelasek,
1987).

The holotype is deposited in the collection of the Department of
Mineralogy and Petrology of the National Museum in Prague, Cirkusova
1740, Praha 9 (Czech Republic) under the catalogue number: P1P 19/
2019. Part of the holotype is deposited in collection of the
Mineralogical-petrological department of the Moravian Museum in
Brno, Zelny trh 6, Brno (Czech Republic) under the catalogue number: A
11366. Another study material was deposited in the collection of the
Geological museum of F. Posepny at VSB-Technical University of
Ostrava.

5. Discussion
5.1. Genesis of CUSB evaporites

Evaporite minerals (both halides and sulfates) in the Czech part of
the Upper Silesian Basin are similar to the common products of the
marine water evaporation, as well as to some non-marine evaporites (e.
g., Lindberg, 1946; Stewart, 1963; Casas et al., 1992; Jones and Renaut,
1996; Babel and Schreiber, 2014). However, there are major differences
among the minerals described here and marine evaporites, such as: 1)
chemical composition of brine, 2) constant chemical composition of the
brines in time, and 3) generally low evaporation fraction.

The Upper Silesian hypersaline brines are highly mineralized and
rich in Ba®" (up to 1800 mg-11), Sr?* (up to 450 mg-11), Br™ (up to 600
mgl1™Y), and I" (up to 120 mgl~!). Examples of their chemical
composition are given in Table 5 and publications of Pluta and Zuber
(1995), Grmela (1997), Labus (2005), Dvorsky et al. (2007), and
Matysek et al. (2014).

In our case, mineral precipitation is driven by succesive saturation of
the solution at the constant temperature and ambient pressure in the

Table 5
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underground spaces. Therefore, all minerals with solubility higher than
that of halite are bound to the outer and inner surfaces of the halite
stalactites. Neither phase transitions (dehydration reactions or meta-
somatic replacement) nor recrystallization were noticed.

The primary content of (SO4)%~ in brines is very low. The brines mix
locally with acid mine drainage (AMD) waters generated by the pyrite
weathering and strata of sulfate-bearing Variegated Beds (epigenetically
altered segments and bodies of coal-bearing sediments) (Kralik, 1980;
Klika, 1999; Klika and Osovsky, 1999). This mixing is documented by a
continuous series beween halite precipitates (groups I and II of the halite
stalactites in this study) and purely sulfate efflorescences as an AMD
product in the USB mines described by Matysek et al. (2014). An in-
termediate group are the halite stalactites of group III.

5.2. Comments on origin of some phases

Some of detected minerals call for a deeper discussion. The first of
them is tachyhydrite that is not of natural origin and therefore does not
comply with the definition of a mineral. Its origin is related to release of
residual solutions from fluid microinclusions in halite under the vacuum
conditions in SEM (chamber pressure 50 Pa). Under such conditions,
micropores gradually appear on the observed surface and visibly enlarge
until they almost foam (Fig. 8a). At the same time, bud-like formations
emerge from the intercrystalline surfaces on the surface of the halite
stalactites. These gradually solidify and, according to PXRD, contain
predominantly tachyhydrite, while several weak diffraction lines belong
to other unidentified phase(s). Almost all halite stalactites from groups 1
and 2 behave in this way.

Another case of possibly laboratory-grown phase in our research is
bischofite. Its rare occurrence is probably linked with the hydration of
carnallite during its storage, rather than to direct precipitation. How-
ever, such reaction is not a one-step process (Cheng et al., 2015; Hamze
et al., 2024).

Uncertain is the origin of orthorhombic a-Ca(HCOO)2. While
tetragonal p-Ca(HCOO), was recognized in nature and described under
name formicaite (Chukanov et al., 1999), the orthorhombic polymorph
does not have status of an approved mineral. It was described only from
(Chukanov et al., 2021) sediments of the Alkali Lake (Oregon, U.S.),
where it originates from anthropogenic chlorophenolic compounds that

Chemical composition (mg-171) of the selected mine waters from the places close to evaporite occurrences. For OKD, a.s. company prepared by Labtech Laboratories,
accredited by Czech Accreditation Institute, now in the archive of authors. Note: b.d.l. - below detection limit, NA - not analysed.

Mine Lazy Dukla CSA — Jan Karel

Sample No. 2947 3543 10,184 10,220 4001 7151 7152 12,833 14,384
pH 7.6 7.8 7.1 7.2 7.0 7.1 6.8 6.2 7.7
Mineralization 24,700 29,300 65,073 71,875 80,400 63,800 164,000 118,000 15,400
Anions

clr 14,800 18,000 29,340 45,990 50.300 40,000 102,000 76,100 8140
Br~ 78.9 88.3 369.1 231 231 184 474 310 33
I 4.9 2.5 18.7 10.2 b.d.l 2.3 15.7 b.d.l. b.d.l
SO?.* 25.5 b.d.L 820.3 513.4 b.d.l. 26.5 b.d.L b.d.L 1190
HCO3%~ 334 159 120.6 112.3 70.2 122 68.2 124 677
Cco3~ b.d.l b.d.l NA NA b.d.l b.d.l b.d.l b.d.l b.d.l
Cations

Na™ 8530 9960 28,800 20,700 22,500 17,700 44,300 29,200 4670
K+ 102 146 455 272 385 470 789 582 176
Ca?* 534 609 3763 2926 4780 3900 11,800 7830 361
Mg>* 261 315 1372 1101 1640 1260 3320 2430 129
Feyor b.d.l b.d.l 1.1 0.1 b.d.l 0,1 b.d.l b.d.l 0.10
Mn** 0.44 b.d.l 0.01 1.8 0.28 1,68 7.89 5.76 0.85
Sr2t 21.1 29.9 NA NA 162 103 402 277 5.92
Ba?" 7.6 37.3 NA NA 330 32 556 761 0.19
Li* 1.81 3.39 NA NA 8.13 9.93 18.80 7.83 1.86
AR b.d.l b.d.l NA NA 0.05 0.07 0.04 b.d.l b.d.l
NHj 4.89 b.d.l 3 17.04 3.45 18.48 51.12 51.20 6.65
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Fig. 8. Back-scattered electron images of tachydrite (Thy) blebs and spherical aggregates produced during electron microscope observation. A: Jan Karel Mine, B:

CSA Mine.

inhibit methanogenesis and enhance formate concentration. In case of
our research, only one halite stalactite sample was found to contain
abundant a-Ca(HCOO); on its surface, accompanying kralikite. There is
no clear evidence for either natural or artificial origin. Synthetic a-Ca
(HCOO), is used as an animal food preservant (summary in ESFA, 2014)
and in construction industry for accelerating cement mortar and con-
crete (Geng et al., 2024). On the other hand, we see no reason to use this
compound in underground coal mines in 1959, when the sample was
collected, or later in the museum storage (no other samples stored in
similar shelf were “contamined™). Obviously it is younger than kralikite,
which is a proven product of natural brine evaporation.

5.3. Kralikite

Krélikite represents the first natural occurrence of barium chloride
dihydrate, which is a common and long-known chemical. Its Chemical
Abstract Service (CAS) number is CAS 10326-27-9. For the synthetic
material, the infrared spectra are available for various spectral regions
(Miller and Wilkins, 1952; Venkatesh and Neelakantan, 1966; Fukush-
ima, 1971; Brink, 1972; Jain et al., 1976; Lutz et al., 1978). The near-
infrared spectra were given by McCarthy and Walker (1990), far-
infrared spectra were published by Fukushima and Kataiwa (1970).
Raman spectra were published by Venkatesh and Neelakantan (1966),
Jain et al. (1976), Lutz et al. (1978), and Kondyurin and Shkrabo (1998).
The latter authors point out two crystallographically non-equivalent
positions of HyO in the structure. Polarized Raman spectrum of syn-
thetic material was reported by Kanasaka et al. (1994).

Standard thermodynamic properties for the synthetic phase were
published by Lide (2007). Thermogravimetric (TG) and differential
thermal analysis (DTA) of synthetic BaCly-2H,0 was published by Paulik
et al. (1968), Buzagh-Gere et al. (1972), and Wendlandt and Simmons
(1972). Dehydration kinetics at 100 °C was described by Simmons and
Wendlandt (1972), at 313-334 K by Osterheld and Bloom (1978), at
stable temperatures ranging from 53.8 to 64.6 °C by Tanaka (1982).
Differential scanning calorimetric analysis (DSC) was published by
Guarini and Spinicci (1972).

The field of stability of various BaCl, hydrates is addressed by Fen-
stad and Fray (2006) in a binary system BaCly-HoO phase diagram. In
addition to BaCly-2H-O0, there is also BaCl,-H>0 and BaCl,-0.5H,0 with
limited stability. The only natural phase from this system is new mineral
kralikite, while natural anhydrous BaCl, was described recently under
name vegrandisite (Kodera et al., 2024).

5.4. Importance of the investigated evaporite mineralization
There are several reasons to consider and investigate the minerali-

zation described in this contribution. The first reason is of mineralogical
nature since our contribution greatly enhanced the diversity of minerals
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know from coal (Finkelman et al., 2019). Due to the unique chemistry of
local brines, there is a potential for the description of few more new
minerals in the future (e.g., Sr chlorides, Br analogue of sylvite). This
study also points out that it is possible to study interesting geochemical
processes in the environment of coal mines, mostly overlooked from the
mineralogical perspective.

The second reason for interest in brines entering the coal matter is
environmental. During the seam sampling, coal mine geologists avoid
places with obvious evaporite mineralization, and the values for both
chlorine and barium are highly variable across the basin. However,
borehole data from the Polish part of the basin (whole coal, dry basis)
given by Rozkowska (1987) yielded 63-18,871 ppm Cl, which is far
exceeding the maximum values for global medium- and high-rank coals
(2300 ppm) or for global Late Carboniferous—Early Permian coals (max.
2290 ppm - all from Dai et al., 2025). For barium in Czech part of the
Upper Silesian Basin, only the values from coal ash are available. They
vary from 17 to 6170 ppm for various lithostratigraphical unit (Pesek
et al., 2010).

Since the evaporite mineralization is highly soluble in water, there
are significant environmental impacts related to the mine water
discharge (e.g. Pluta, 2001; Bondaruk et al., 2015; Harat et al., 2015;
Janson, 2024). These problems become even more prominent during the
long-term flooding of the mines (in the Czech part, last one ceased
production in February 2026). Since coal was used in local power plants,
part of the chlorine, barium, and other elements was already released to
the environment together with the gas emissions (e.g. Pluta and Plewa,
2018). Part of the evaporite mineralization was extracted with the coal
tailing and stored in the heaps, which are also significant sources of
uncontrolled release of elements like Cl, Br, and I into the environment
(see Herzig et al., 1986; Matysek and Jirasek, 2022).

6. Conclusions

The mine workings of the Czech part of the Upper Silesian Basin
house an exceptionally rich evaporite assemblage. It contains a number
of phases identified in the common seawater evaporites as well as some
phases that are not typical for these chemical sediments. The main
reason thereof is the specific chemical composition of the brines in the
environment studied, with elevated content of Ba%*, Sr?*, CI~, Br~, and
I.

Evaporite mineralization itself represents an interesting scientific
subject since the brine composition differs from the fluid usually
encountered in near-surface environments, such as meteoric water or
seawater-derived brine. However, the more important aspect of this
mineralization is environmental. Due to the long history of coal mining
in the Upper Silesian region, gas emissions from coal burning, discharge
of mine waters, and storage of tailing on heaps, this mineralization has a
potential of affecting the streams and soils on the surface. Because of
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high solubility of most of the minerals described here, the load of dis-
solved and potentially toxic elements can fluctuate quickly and in a
fashion that is not entirely predictable.

Future studies will be hampered by complicated access to suitable
mining works and many of the sites will likely not be accessible soon. It
is not only the approaching closure of coal mines. Another difficulty
arises from the fact that these mineralizations occur in places with brine
seepage and long-term evaporation, located mainly in abandoned mine
workings with restricted ventilation as a prevention of coal self-ignition.
Such sites are dangerous or impossible to reach and this situation will
certainly only worsen with time. However, we can expect similar min-
eralizations in some bituminous coal basins at the Polish side of the
Upper Silesian Basin, which share similar hydrogeological and hydro-
geochemical situation.
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