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Secondary rocks are often found in salt domes. Among these, large halite crystal (LHC) veins and nests are common, as in
the Ktodawa Salt Dome of Poland. Mineralogical tests carried out on LHC here showed the presence of fluid and solid inclu-
sions in the halite crystals. The halite itself commonly exhibits birefringence, suggesting lattice stresses. Among the solid in-
clusions, anhydrite is the most common. Three types of anhydrite crystals have been distinguished as regards their size and
occurrence, while small, rounded inclusions of sylvite appear much less frequently. Fluid inclusions are generally rare and
mostly of the secondary type. This type of fluid inclusion assemblage (FIA) comprises various kinds as regards their size and
shape, as well as in their liquid-to-gas phase ratio. Primary FlAs are of two types: small, chevron-like inclusions containing
sylvite daughter minerals, and large liquid-gas inclusions with carnallite and other daughter minerals. The melting tempera-
ture of sylvite ranged from 90 to 278°C, and for carnallite from 68 to 142°C. Complete homogenization of the inclusions took
place at temperatures between 260 and 471.2°C. This indicates the high-temperature origin of the LHC and the presence of
significant amounts of K*, Mg*?, Ca*?, and SO;? ions in the solutions.
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INTRODUCTION

The development of salt domes is one of the most interest-
ing geological processes, to which many field observations and
geophysical analyses have been devoted (e.g., Trusheim,
1960; Talbot and Jackson, 1987; Talbot, 1993; Koyi, 1998).
Large-scale salt movements are related to two main forces:

— halokinesis, defined as “a collective term for all processes
connected causally with the autonomous, isostatic move-
ment of salt” (Trusheim, 1960);

— halotectonic, in which compressive tectonic forces cause
the movement of salt.

These two forces play very different roles in the develop-
ment of individual salt domes. Both are associated with petro-
logical and mineralogical changes within salt formations caused
by pressure, elevated temperature, and the movement of salt
masses. These changes result from the physical and mechani-
cal properties of evaporite minerals.

Generally, hydrated minerals such as carnallite, kieserite,
epsomite, gypsum, etc., are the most susceptible to tempera-
ture and pressure changes (Borchert and Muir, 1964; Laszkie-
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wicz, 1967; Stanczyk, 1970; Braitsch, 1971; Stanczyk-Stasik,
1976; Sonnenfeld, 1984). The decomposition of these minerals
under the influence of increasing temperature and pressure re-
leases considerable quantities of water, which is a good polar
solvent and reacts with other minerals. In contrast, minerals
such as halite and sylvite are much more resistant to tempera-
ture and pressure, but a small amount of water significantly
changes their properties by increasing their solubility with a rise
in temperature.

The migration of a salt solution within the salt deposit
causes ion exchange between the host rocks, resulting in the
crystallization of epigenetic minerals. Another way to create
epigenetic minerals is by changing the physical properties of the
salt solution, for example, its temperature. Cooling down salt
solutions often induces crystallization due to the decrease in the
solubility of most chemical compounds as temperature drops.

In the Klodawa Salt Dome (KSD), as in other salt domes in
the Polish Lowland, there are various secondary epigenetic de-
posits. Their occurrence, form, mineral composition, and rela-
tion to the surrounding rocks have been studied by Starczyk-
Stasik (1976). This study primarily focused on sulphate salts
and, to a lesser extent, on chloride salts. The presence of sec-
ondary veins and nests composed of large halite crystals (LHC)
has been recorded both in salt domes (e.g., Czapowski et al.,
2009) and in disturbed bedded salts (e.g., Banaszak et al.,
2007; Schléder et al., 2008). Although secondary veins of LHC
frequently occur in salt-bearing deposits, they have not previ-
ously been researched in detail.

LHC should be classified as part of the group of “anomalous
salts” (Kupfer, 1976, 1980, 1990; Looff et al., 2010; Looff, 2017;
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Warren, 2017) due to their coarse-grained texture and their oc-
currence in the form of veins or nests. Anomalous salts are dis-
tinguished by structural and textural features, colour, impurity
contents, and other petrological characteristics. They were first
described by Kupfer (1990), and later by Looff et al. (2010) and
Warren (2017). They form areas considered as shear zones
and locations where salt leakage occurs (Warren, 2017). Due
to their unusual development, they possess different geome-
chanical properties than the surrounding salts, and therefore,
they require special attention during salt deposit exploitation
(Looff et al., 2010; Looff, 2017).

The aim of this study is to attempt to determine the physico-
chemical conditions of LHC veins and nests formation in the
KSD, constraining the physicochemical conditions of second-
ary halite crystallization by fluid and solid inclusion studies. The
LHC veins and nests are evidently secondary formations, their
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origin linked to the various stages of salt dome formation. As
such, they mirror parameters such as temperature, pressure,
and the chemical composition of migrating brines during halo-
tectonic or halokinetic movements. Understanding these condi-
tions helps us discern the conditions surrounding salt dome for-
mation.

GEOLOGICAL SETTING

The KSD is located in central Poland (Fig. 1A) and belongs
to the Izbica Kujawska-teczyca anticlinal salt structure, which is
located at the SW edge of the Mid-Polish Trough (MPT), and
extends generally NW-SE. The MPT is a deep structure which
evolved during Permian to Cretaceous time along the Teisse-
yre-Tornquist Zone. It was filled with a complete succession of

R

Brown-Red Claystone (T4b)

Red Zuber (Na4b)

PZ4

Youngest Halite (Na4b)

Underlying Halite (Na4a)
o & Pegmatite Anhydrite (A4)

o ' 3 ! 4 Younger Clay Halite
ﬂ".’ @Q '!_t-w R WARLZAWA 4000 = { (Brown Zuber) (Na3t)
207el00’s SOAAANE ;
S s o C
b r*ﬁ ‘5/ ™ .
4 iy ,& N Upper Younger Halite (Na3b)
. by : =4 0 with K-Mg salts interbeds
/ Younger Potash (K3)
o8 s : Lower Younger Halite (Na3a)
‘an 4 a0 106 kant ;—NE -
ik S o Main Anhydrite (A3)

g sulphate-carbonate-littoral facies [+ chloride facies % \(irey Pelite (T3) & Platy Dolomite (Ca3)

T . . . = h Older Potash (K2)

1#7_] chioride facies with K-Mg salts salt pillows E LEAEEEL ™ 2 Older Recessive Complex
% salt domes partly piercing the Mesozoic fm. ™ MPT Transitional Beds (Na-K2)
& salt domes completely piercing the Mesozoic fm.

C sw NE] 7
K2a '
[m] _1 g LI LI B T T W l_l_l_:_:_:_: :_l_ll ey m
07 i .
LS 500 O »| Older Halite (Na2)

f/,w.-
W

-1000 A

-1500 1

E Q+Tr sediments

T Mesozoic sediments
Cap-rock of salt dome [ PZ2 cycle
) pz3 cycle s cycle K1 - Borehole

Basal Anhydrite (A2)
Stinkschiefer (T2) & Main Dolomite (Ca2)
Upper Anhydrite (A1g)

>
Ry

Oldest Halite (Na1)

Lower Anhydrite (A1d)

JY

Kupferschiefer (T1) & Zechstein Limestone (Ca1)

Fig. 1A — map of Zechstein lithofacies distribution in NW and central Poland with location of salt structures (after Garlicki and
Szybist, 1986; MPT — Mid-Polish Trough); B — lithostratigraphic profile of the Zechstein succession in the Klodawa salt diapir (after
Garlicki and Szybist, 1991); C — geological cross-section through the upper part of the Ktodawa salt dome (after Tobota et al., 2007)
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Zechstein evaporites and Mesozoic strata (Dadlez et al., 1995;
Dadlez, 2003; Stephenson et al., 2003; Krzywiec, 2004b). This
Zechstein evaporite succession comprises four cyclothems
which are ~1500 m thick in total (Fig. 1B). Three lower cyclo-
thems (e.g., PZ1-PZ3) are complete, classical evaporite se-
quences consisting of terrigenous deposits, carbonates, sul-
phates, rock salt and potassium-magnesium salts. Only in the
uppermost part of the PZ3 cyclothem, there occurs an atypical
mixture of halite and clay minerals defined as “Younger Clay
Halite” (so-called Brown Zuber — Na3t; Fig. 1B). The uppermost
cyclothem (PZ4) shows a terrigenous-evaporite sequence. It
was subdivided into five subcyclothems (PZ4a—PZ4e) reflect-
ing cyclic climatic changes (\Wagner, 1994).

During the Late Cretaceous—Paleocene, the axial part of
MPT was uplifted and significantly eroded (Dadlez et al., 1995;
Wagner et al., 2002; Krzywiec et al., 2003; Krzywiec, 2004a,
2006). This development of the MPT had a considerable influ-
ence on the development of salt structures in this area.

The KSD is ~26 km long, 0.5-2 km wide and it reaches 8 km
depth (Burliga et al., 1995; Schléder, et al., 2007; Wachowiak,
2010; Wachowiak and Tobota, 2014; Tobota and Wachowiak,
2018; Tobota and Botor, 2020). Its upper part is asymmetrical,
with the NE side dipping moderately (55-70°) eastwards and
the SW side almost vertical (Fig. 1C). The diapir is surrounded
by deformed Mesozoic (Triassic—Jurassic) strata and it is over-
lain by Paleogene-Neogene and Quaternary deposits (Garlicki
and Szybist, 2008; Tobota and Botor, 2020).

The inner structure of the KSD is complicated. The dome is
built of fully developed evaporite layers which belong to the
Pz2-PZ4 cyclothems. The rocks of cyclothem PZ1 are partly
uncovered in the salt dome, but their stratigraphic position is
uncertain (Werner et al., 1960; Kucia, 1970; Burliga et al.,
1995). All these layers are strongly deformed and form a very
complicated inner structure of the dome. The most frequent tec-
tonic deformation is piercing of older by younger and youngest
salt, pinching out of the layers and narrow high-amplitude folds.
In the SW and NE parts of the cross-section of the diapir two
main anticlines have been distinguished (Fig. 1C). These are
elongated NW-SE and separated by a deep central syncline
built of upper sections of the PZ3 and PZ4 cyclothems (Werner
et al., 1960).

METHODS

MATERIALS

Samples of LHC were collected from the mining levels 450,
525, and 600 in the Klodawa Salt Mine. Forty-nine samples
were collected for mineralogical and fluid inclusion studies. Af-
ter macroscopic observation and description, samples were se-
lected for microscopic observation. These were prepared by
cracking along the cleavage planes of previously separated sin-
gle halite monocrystals. The thickness of the slabs was
~0.5-3 mm. In the next stage, the slabs with uneven or rough
surfaces were ground and polished with sandpaper.

INSTRUMENTS

Microscopic observations of thick plates in transmitted light
were conducted using a Motic BA-310Pol polarizing micro-
scope with 4", 10", 40" and 60" objectives, as well as a Nikon
Eclipse E600 microscope with 5", 20", 50", and 100" long-dis-
tance objectives. An additional UV source, an outside diode

lamp (365 nm), was utilized to check for the presence of hydro-
carbons.

Raman analysis was performed using a ThermoScienti-
ficTM DXR Raman Microscope operating in confocal mode,
with a 532 nm excitation line laser source (grating: 900 li-
nes/mm, spectrograph aperture: 25 pm pinhole). The acquisi-
tion time was 30 s, and the laser power was set at 5 mW. In
cases where organic matter was present, the laser power was
reduced to 2 mW to prevent its destruction. An Olympus micro-
scope with 100x, 50x, and 10x magnification objectives was
employed to focus the laser on the samples, resulting in a laser
focus diameter of ~1-2 nm. The Raman system was calibrated
against the 520.4 cm™ line of a Si-wafer.

The decomposition of Raman spectra of organic matter was
performed using Omnic v. 8.3 Peak Resolve and the Fityk 0.9.8
program (Wojdyr, 2010).

Microthermometric measurements were conducted using a
Linkam THMSG600 Geology Heating and Freezing Stage
mounted on a Nikon Eclipse E600 microscope. The stage was
calibrated using pure CO; synthetic inclusions (Tm = -56.6°C)
and known homogenization temperatures of pure H,O inclu-
sions. A heating-freezing rate of 5°C/min was applied with an
accuracy of 0.1°C. Individual halite plates were measured only
once to avoid the effect of inclusions stretching outside the ob-
servation field of the microscope, where inclusions cannot be
directly observed. Cycling was attempted in all homogenization
runs to observe the proper homogenization temperatures
(Goldstein and Reynolds, 1994). Attention was also paid to
changes in inclusion shape (Roedder, 1984b; VVanko and Bach,
2005). If noticeable changes occurred, the measurements were
interrupted.

RESULTS

MACROSCOPIC OBSERVATIONS

In the Klodawa Salt Mine, LHC often occur in the form of
veins or irregular nests. They are very common on all mining
levels and are found in almost all lithological strata. Within the
salt rock mass, the large halite veins and nests are distin-
guished by the size of the crystals, which can reach several tens
of centimetres, and the lack of an ordered structure (Fig. 2A).
These veins, which occur within the carbonates and sulphates,
often co-occur with polyhalite (Fig. 2B). The halite crystals ap-
pear macroscopically clean and transparent (Fig. 2C). How-
ever, in some veins, there are fracture systems that most fre-
guently run at an angle of ~50°.

MICROSCOPIC OBSERVATION

Under the transmitted light microscope, the halite crystals
are transparent and clear. In rare cases, they show birefrin-
gence under crossed polars, visible as a belt-like patterns that
intersect at right angles and run at an angle of 45° relative to the
cleavage surface (Fig. 2D), similarly to those observed by
Mendelson (1961) and Carter and Heard (1970). Mostly, it is
visible as one system of parallel belts or as small, irregular ar-
eas with blurred boundaries, covering only part of the crystal.

Anhydrite is the most common impurity in the halite. In all
samples analysed, anhydrite occurs in three main forms that
differ in size and shape, and locally intermediate stages are ob-
served between them. The most common form consists of large
crystals, some exceeding 500 um, with well-defined, nearly
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Fig. 2A — LHC veins cutting the Older Halite (Na,); B — LHC veins with polyhalite (Plh) on the margins
cutting the Main Anhydrite (A3); C — a large halite crystal with a system of cracks intersecting
at an angle of ~50°; D — microscopic image of birefringence in the halite crystal

euhedral shapes (Fig. 3A). However, only their corners com-
monly show a slight degree of rounding. Occasionally, crystals
are covered by fluid inclusions and an opaque substance, dis-
cussed below. Some of these crystals display systems of
cracks filled with a brown substance (Fig. 3B). These cracks
continue within the halite area over a distance of several hun-
dred micrometres, and they are marked by groups of gas inclu-
sions with dimensions of a few micrometres. Their course ends
as a gradual reduction in the size of the inclusions until they
completely disappear.

The second type of anhydrite is smaller in size (up to
~200 um). These crystals are characterized by rounded con-
tours, commonly almost spherical (Fig. 3C), or some are very ir-
regularly shaped (Fig. 3D). A characteristic feature of both
types of anhydrite crystal is the presence of inclusion groups on
their surfaces.

The third type consists of very small anhydrite crystals
whose size ranges from several tens of micrometres, rarely ex-
ceeding 50 wm (Fig. 3E). They form streaks that diagonally
cross the halite crystals. They are generally oval in shape
though some can be irregular. In some cases, the anhydrite
streaks are accompanied by an opaque mass (Fig. 3F). In con-
trast to the types mentioned above, this type lacks fluid inclu-
sions on anhydrite crystal surfaces.

The anhydrite crystals are rarely accompanied by dolomite
(Fig. 4A), which was documented by Raman spectra at 176,
299, 725, 1097, 1443 cm™ (Table 1). Raman spectroscopy
clearly reveals that this dolomite is commonly accompanied by
organic matter (OM), characterized by a Raman spectrum com-
posed of two regions. The first, at 1000-1800 cm, is more in-
tensive, and the second, at 2500-3100 cm™, is weaker
(Wopenka and Pasteris, 1993; Beyssac et al., 2002, 2003,
2004; Aoya et al., 2010; Lahfid et al., 2010; Lunsdorf et al.,
2013; Kouketsu et al., 2014; Liunsdorf, 2016; Lunsdorf and
Lunsdorf, 2016). OM locally also appears on anhydrite crystal

surfaces (Fig. 4B). In all cases, the Raman spectra of the OM
show similar shapes in the first region (Fig. 5A). This distribution
indicates a low degree of thermal transformation (Kouketsu et
al., 2014). Decomposition according to the method proposed by
Kouketsu et al. (2014) revealed temperatures in the range of
110-193°C (Table 2).

In addition, oval, isotropic solid inclusions with a refractive
index lower than that of halite also occur in the halite crystals
(Fig. 5B). They are ~0.1 mm in size and often contain small gas
bubbles on their surfaces. Raman spectra show only one peak
in the low range, i.e., 199 cm™, which indicates the presence of
sylvite (Krantz and Luty, 1985; Weselucha-Birczynska et al.,
2008).

PETROGRAPHY OF FLUID INCLUSIONS IN LHC

Fluid inclusion assemblages (FIAs) are relatively rare in the
LHC. Two main types of FIA can be distinguished, depending
on their relationships to crystallographic axes and mode of oc-
currence: secondary (or pseudosecondary) and primary
(Roedder, 1984a; Goldstein and Reynolds, 1994; Goldstein,
2001, 2003). The secondary FIAs predominate in most sam-
ples analysed. This type of FIA consists of various kinds of in-
clusion, varying in size, shape, and liquid-to-gas phase ratio.
Most commonly, they form cubic or slightly elongated inclusions
(Fig. 6A). The size of inclusions ranges from a few micrometres
to >50 nm. Larger inclusions are filled with a variable gas-to-lig-
uid ratio. Typically, smaller inclusions show larger gas-to-liquid
ratio. In such FlAs, the linear course often coincides with the
cleavage surfaces. In some cases, their course gradually disap-
pears due to a reduction in the size of inclusions. At these end
parts, the FIA course is undulating (Fig. 6B). In most FIAs,
Raman spectroscopy showed no gases except for water
vapour. In a few FIAs, the presence of methane, which is char-
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Fig. 3A—large anhydrite crystals of euhedral shape (the first type); B — the same type of anhydrite crystal
as in part A with cracks filled with a brown mass; C — the second type of anhydrite crystal, of rounded
shape; D —an irregularly shaped anhydrite crystal of the second type; E — very small anhydrite crystals of
the third type; F — opaque contaminants in the third anhydrite type as streaks

acterized by Raman bands at 2917 cm?, has been identified
(Burke, 2001).

Another type of secondary FIA is composed of larger, tubu-
lar, or slightly flattened inclusions, connected to each other in
the form of a net (Fig. 6C). These FIAs transform into separated
inclusions with irregular shapes, some of which contain daugh-
ter birefringent minerals (Fig. 6D).

Remarkably flattened and large fluid inclusions occur on the
cleavage planes (Fig. 6E, F). They are frequent but challenging
to observe under a microscope in plane polarised light due to
their low thickness. They have irregular shapes with mostly
wavy boundaries. Commonly, under crossed polars, large bire-
fringent minerals are visible within the inclusions (Fig. 6F). The
interference colours in the samples vary from very bright
colours (second order) to first-order grey. Raman spectroscopy
reveals the characteristic set of peaks for carnallite (Table 1).
By considering interference colours and the optical properties

of carnallite, the approximate thickness of the inclusions can be
estimated using the Michel Lévy chart. In the samples studied,
this thickness ranges from ~5 to 10 nm due to the grey to bright
interference colours of carnallite.

Two types of primary FIA have been distinguished based on
their distribution and manner of occurrence. The first type is
very rare and was found in only two samples. These inclusions
are liquid-solid, and their size ranges from a few to ~20 nm (Fig.
7A). In comparison to the typical primary FIAs that form chevron
or hopper structures in sedimentary halite (Holdoway, 1973;
Roedder, 1984b; Kovalevich et al., 1997; Galamay et al., 2019),
they are less densely packed and appear larger. Furthermore,
they contain cubic optically anisotropic daughter minerals. The
size of these daughter minerals is proportional to the volume of
the inclusions. Microscopic observations, supported by Raman
analysis, indicates the presence of sylvite.
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in reflected light of an anhydrite euhedral crystal with two small dolomite crystals accompanied by OM;
B — Raman spectra and microscopic image of anhydrite with low concentrations of OM

The second type of FIA is more frequent and diverse in
terms of inclusion composition. It is composed of large inclu-
sions, reaching up to ~2 mm. These inclusions are widely
spaced, as shown in Figure 7B, in contrast to the first type. They
can also form groups of several inclusions or occur as separate
inclusions within the halite crystals. In this type of FIA, inclu-
sions exist in two phases: liquid—gas (LG) or liquid—solid (LS) or
solid—gas (SG); or in three phases: liquid—gas—solid (LGS). The
SG inclusions are difficult to distinguish from LG inclusions mi-
croscopically but can be clearly differentiated in microthermo-

metric measurement. The LG inclusions usually have a large
gas bubble occupying ~30% of the inclusion volume (Fig. 7C).
The daughter minerals in LS, SG and LGS inclusions are sylvite
and carnallite. Sylvite is less common than carnallite and occurs
as small crystals (Fig. 7D). Carnallite is clearly visible micro-
scopically due to its high birefringence (Fig. 8A) and has been
confirmed by a characteristic set of peaks (Table 1) in Raman
spectroscopy. The ratio of carnallite volume to the inclusion vol-
ume varies from ~20 to ~80%. Locally, carnallite is accompa-
nied by small crystals of epsomite, which are not visible in mi-



Tomasz Tobota / Geological Quarterly, 2024, 68: 20

Table 1

Daughter minerals found in inclusions with their diagnostic Raman bands

Mineral Raman bands [cm™] References
Carnallite 100, 120, 202, 657, 1645, 3247, 3433 Weber et al. (2017, 2018)
Dolomite 176, 299, 725, 1097, 1443 Frezzotti et al. (2012)
Epsomite 369, 447, 612, 984, 1095, 1672, 3303 Wang et al. (2006)

i . 281, 433, 440, 457, 480, 595, 602, 631, 654, 661, 711, 1005, 1013, 1085,
Gorgeyite 1115, 1137, 1161, 1164, 1175,1187,1215, 3525, 3579 Kloprogge et al. (2004)
Polvhalite | 436.448, 464, 477, 620, 626, 641, 652, 987 991, 1014, 1069, 1094, 1130, Wollmann et al. (2008),

Y 1144, 1165, 1181, 3288, 3437 Jentzsch et al. (2012), Cheng et al. (2019)
; Krantz and Luty (1985),
Sylvite 199 Wesetucha-Birczynska et al. (2008)

Underlined peak values are the main Raman peaks of the minerals

A24_04x10a
A24_01x10aNX
A24_01x10b

A24_01x10d
A24_01x50a

Raman intensity [a.u.]

Raman intensity [a.u.]

1700 1600 1500 1400 1300

Raman shift [cm™]

1200

3500 3000 2500 2000 1500

Raman shift [cm™]

1000 500

Fig. 5A — a set of Raman spectra for OM in LHC; B — Raman spectra and microscopic image
of a rounded sylvite inclusion in LHC

Table 2

The main statistical parameters for homogenization temperatures obtained
from microthermometric measurements and distributions of Raman spectra

Dissolution temperature Bulk homogenization | Temperature from OM
Sylvite Carnallite temperature decomposition

[°C] [°C] [°C] [°C]
Min 90.6 68.1 223.4 110.2
Max 278.0 142.0 471.2 193.0
Aver. 142.0 102.0 324.4 159.6
SD 49.9 24.3 73.6 32.2
CV [%] 351 23.8 22.7 20.2

SD - standard deviation, CV — variation coefficient

croscopic observation but show additional very weak peaks at
369, 447, 612 cm™ and a strong peak at 984 cm™ in Raman
spectroscopy (Table 1). Furthermore, carnallite is accompa-
nied by polyhalite. Polyhalite is also difficult to distinguish micro-
scopically due to its small size but can be easily identified in
Raman spectroscopy by its two characteristic peaks at 991 and
1017 cm™, among others (Table 1). Gorgeyite is very rarely

found as very small (a few microns) daughter minerals accom-
panying sylvite in fluid inclusions (Fig. 8B).

Single inclusions (Fig. 9A) occur very rarely in the samples
analysed. They have a spherical shape and are ~100 nm in di-
ameter. Raman spectroscopy reveals the presence of N, and
H.,S gases at 2331 and 2611 cm™, respectively (Burke, 2001).
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Fig. 6. Microscopic images of secondary FIAs of: A— cubic or slightly elongated inclusions; B — undulat-
ing end parts of the FIA course; C — tubular or slightly flattened FIAs; D — the same as in C in crossed
polars with a small birefringent mineral visible; E, F — remarkably flattened and large fluid inclusions with
vapour bubbles (VB) (arrows mark boundary of inclusion) and with a birefringent daughter mineral (E —
1N, F — XN)

MICROTHERMOMETRIC MEASURMENTS

The first type of primary FIA (Fig. 7A), characterized by
sylvite as a daughter mineral, exhibited a gradual dissolution of
sylvite during the heating experiments. Dissolution initiates at
36°C, with complete homogenization of sylvite observed at
90.6°C (Table 2). Continued heating led to homogenization in
the subsequent inclusions, with the highest homogenization
temperature recorded at 278°C. Most sylvite dissolution tem-
peratures are <150°C (Fig. 9B), while homogenization temper-
atures exceeding 150°C are sporadic and characterized by a
wide range of values.

The second type of primary FIA showed a greater spread of
results during microthermometric experiments. In the case of
inclusions containing carnallite as a daughter mineral, the initial
changes occurred at low temperatures. These changes are re-
lated to the slow dissolution of carnallite. The initial point of car-

nallite dissolution is difficult to observe directly under the micro-
scope due to limited visibility. Carnallite dissolves at ~1°C
above room temperature. The final dissolution temperature
ranges from 68.1 to 142°C (Table 2). The dissolution tempera-
ture of the carnallite daughter mineral falls within a narrower
range and appears to be more homogeneous compared to the
sylvite daughter mineral (Fig. 9C). Inclusions with smaller
daughter minerals exhibited lower final dissolution tempera-
tures. The final dissolution temperature increases as the ratio of
daughter mineral volume to inclusion volume rises.

In inclusions where the ratio of carnallite volume to inclusion
volume is small, carnallite does not immediately become evi-
dent during cooling to room temperature. Small cubic minerals,
likely sylvite, occasionally appear exclusively in these inclu-
sions. Nevertheless, carnallite re-emerges as a daughter min-
eral after a few days. Conversely, rapid cooling to —160°C fre-
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Fig. 7. Microscopic images of primary FIAs of: A—small, cubic inclusions with anisotropic daughter min-
erals; B —large, cuboid two-phase (LG) inclusions; C — example of a large fluid inclusion with gas a bub-
ble occupying ~30% of the inclusion volume; D — large inclusion without gas bubble but with sylvite as
daughter mineral

quently results in the appearance of a large humber of small
birefringent minerals (Fig. 9D).

In the secondary type of inclusions, such as those found in
the flattened inclusions on the cleavage planes (Fig. 6E, F), a
similar range of final dissolution for carnallite was recorded.

The low-temperature observations of inclusions with carnal-
lite or sylvite (the second type of primary FIAs) associated with
vapour bubbles (LG, SG, LGS) do not indicate the formation of
ice. The only changes observed in these inclusions pertain to
the size of the daughter minerals. The increase in carnallite vol-
ume was slight. In the case of inclusions with sylvite as the
daughter mineral, small new crystals often appear (Fig. 9E).

Complete homogenization of inclusions was observed ex-
clusively in the LG® L direction. The values of homogenization
temperature are very high (Table 2). The homogenization tem-
perature distribution, depicted in Figure 9F, reveals two distinct
ranges: 260-350°C and 420-471.2°C. The first range was
more commonly observed (Fig. 9F).

DISCUSSION

Several inferences regarding the origin of LHC veins can be
derived from the results reported. The first is the birefringence
of halite crystals, an exceptionally rare phenomenon that has
been observed in what is commonly referred to as “blue halite”
(Sonnenfeld, 1995; Heflik et al., 2008; Zelek et al., 2008, 2015;
Weselucha-Birczynska et al., 2012), as well as in “bituminous
salts” (Tobota, 2010), and in the Lotsberg Formation in Canada

(Tobota and Kukiatka, 2020). It can be attributed to strain within
the crystal lattice (Mendelson, 1961; Carter and Heard, 1970),
as it is well known that uniaxial stress induces birefringence in
optically anisotropic materials. Also in halite crystals, induced
birefringence was observed at uniaxial pressures of
2.75-3.05 MPa (Cyran et al., 2023). However, this birefrin-
gence disappears once the pressure is released. In the case of
LHC from the Klodawa dome, this birefringence is permanent,
indicating lasting changes in the internal structure of the crys-
tals. These changes are related to the state of stress in the salt
rock mass during the formation of LHC veins. This stress state
caused the formation of cracks and allowed the migration of sa-
line solutions.

Establishing the origin of the solutions from which significant
halite crystallization occurred is essential. Within the salt de-
posit, several sources of free water exist. The transformation
from gypsum to anhydrite has been considered (Borchert and
Muir, 1964; Braitsch, 1971; Schleder et al., 2008). This transfor-
mation can occur under elevated temperatures or pressures.
Borchert and Muir (1964 p. 132) reported that 1 m* of gypsum
is transformed into 0.62 m® of anhydrite and 0.486 m® of
CaSOy-saturated liquid. This liquid has the capacity to dissolve
halite and K-Mg minerals as it migrates through the salt rock.
Another source of free water generation involves the transfor-
mation of hydrous K-Mg minerals during metamorphic pro-
cesses. The most common reaction involves the decomposition
of carnallite, resulting in the formation of hardsalts and the re-
lease of MgCl,-saturated solutions (Borchert and Muir, 1964).
Other mineral transformations, such as epsomite to kieserite,
the decay of kainite, and reactions between minerals such as
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Fig. 8. Raman spectra and microscopic image of: A — fluid inclusion with carnallite daughter mineral
(image with partly XN); B — fluid inclusion with gérgeyite daughter mineral (image at 1N)

kainite and carnallite or kainite and kieserite, can also result in
the release of significant amounts of water (Braitsch, 1971).

A third mechanism to be considered in tectonically deformed
salt deposits is associated with halite recrystallization and the ex-
pulsion of primary fluid inclusions (Roedder, 1984b; Schléder et
al., 2008). Schléder et al. (2008) calculated that ~0.012 m? of wa-
ter is released per 1 m® of deformed halite during recrys-
tallization. In the case of LHC veins in the Ktodawa Salt Dome,

halite precipitation resulted from a solution that was fully satu-
rated with NaCl. However, fluid inclusion studies indicate that the
solution were highly enriched in K and Mg chlorides. This particu-
lar chemical composition could not solely result from carnallite
decomposition, which forms solutions fully saturated with MgCl,
and KClI; it must also have a low NaCl content. Furthermore,
these solutions could not dissolve a significant amount of halite
due to the high concentration of chloride ions.
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Fig. 9A — Raman spectrum and microscopic image of a single, oval gas (N, and H,S) inclusion; B — histo-
gram of sylvite daughter mineral dissolution temperatures; C — histogram of carnallite daughter mineral
dissolution temperatures; D — microscopic image of fluid inclusion with large carnallite daughter mineral

after heating and then fast cooling; E —
of the complete homogenization of inclusions

Three forms of anhydrite crystal found in the LHC reflect
varying conditions during vein growth and the chemical compo-
sition of percolating solutions. The large anhydrite crystals may
be regarded as remnants of original sedimentary anhydrite
crystals which accompanied primordial halite. Euhedral crystals
showing only minor signs of leaching were likely preserved due
to the rapid growth of the surrounding LHC, protecting them
from the corrosive effects of percolating solutions. These crys-
tals likely represent the initial stage of solution migration during
which small amounts of hydrocarbons (bitumen) were trans-
ported. The origin of hydrocarbons may relate to the basement
of the salt formation (Tobota and Botor, 2020) or the main dolo-
mite (Czechowski et al., 2011; Wagner and Burliga, 2014). The
manner in which they occur, specifically in the fracture planes of
anhydrite crystals, suggests that fissuring within shear zones
was the prevailing process during this initial stage. This fissure

inclusion with sylvite daughter mineral after cooling; F — histogram

propagation allowed solution migration and caused halite
recrystallization.

Conversely, the second and third types of anhydrite crystals
were exposed to aggressive solutions for extended periods.
The third type of anhydrite, consisting of very small crystals ar-
ranged in streaks, should be regarded as the youngest, as it
formed through crystallization from solutions that migrated
within large halite fractures.

Sylvite in the form of oval solid inclusions indicates that this
mineral crystallized from solutions earlier than halite in the
veins, and then the change in pressure and temperature condi-
tions as well as the chemistry of the solutions caused its partial
dissolution and replacement by halite.

Fluid inclusion studies provide the most informative data re-
garding pressure, temperature, chemical composition of fluids,
and fluid migration (Roedder, 1984a; Goldstein and Reynolds,
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1994; Goldstein, 2001). Very rare occurrence of primary FIAs in
the samples analysed imply a slow growth rate of halite. The
presence of carnallite and sylvite daughter minerals indicates
that the solutions were highly saturated with K and Mg chloride
during the crystallization or recrystallization of LHC. The disso-
lution temperatures of sylvite daughter minerals in a high range
(90.6-278°C) and carnallite daughter minerals in the range
68.1-142°C indicate that the minimum solution temperature
during the migration exceeded 70°C. Assuming a thermal gra-
dient of 33°C/km (similar to the present conditions), the depth of
LHC crystallization is estimated to be >2 km.

Gorgeyite was discovered as a daughter mineral within the
fluid inclusions; it is an exceptionally rare sulphate double saltin
evaporite deposits and is closely related to syngenite. In eva-
porite environments, it has been identified in only a few loca-
tions. It was first described by Mayrhofer in the Ischler salt de-
posit (Leopold-Horizon), Salzburg, Austria (Mayrhofer, 1953). It
was also found in Lake Inder, Kazakhstan and then in other
places such as Greece, Germany and China (Kloprogge et al.,
2004). Recently, this mineral was discovered in halite within the
Nippawalla Group of Kansas and in the Opeche Shale of North
Dakota (Prchlik, 2023). In the Polish part of the Zechstein sedi-
mentary basin, this is the first documented occurrence of this
mineral. Gérgeyite was also discovered in a geothermal envi-
ronmentin Italy, as reported by Cavarretta et al. (1983). Studies
on sulphate synthesis conducted by Kloprogge et al. (2004)
suggest a high-temperature (>100°C) genesis for this mineral,
which is generally consistent with the temperatures of homoge-
nization of fluid inclusions in halite crystals noted in this study.
Moreover, the presence of this mineral in fluid inclusions indi-
cates a high concentration of Cca*? and SO‘;2 in the solutions,
which is corroborated by the presence of polyhalite in the large
halite veins and as a mineral accompanying carnallite in inclu-
sions. Considering the total inclusion homogenization, the tem-
perature of LHC crystallization should be adjusted to higher val-
ues and deeper areas of origin. These data should be treated
with great caution due to the properties of halite, such as ease
of recrystallization, high reactivity with brine, and low mechani-
cal strength. These properties may influence on the obtained
homogenization temperatures through shrinkage or swelling of
inclusions (Hardie et al., 1983; Roedder 1984a, b). Considering
homogenization temperature as the lowest temperature of en-
trapment of fluid in inclusions, the first range (260-350°C; Fig.
9F and Table 2) would correspond to depths from ~7.9 to
~10.5 km. This range of Zechstein formation burial is slightly
larger than the present-day depth, and there are no indications
of greater burial of these deposits (Dadlez et al., 1995; Ste-
phenson et al., 2003; Krzywiec, 2004b). The second range
(420-471.2°C; Fig. 9F and Table 2) might raise questions due
to the high values. These high homogenization temperatures
might be explained by the unsealing of inclusions, although no
signs of such a process were observed during the petrological
observations. Moreover, it should be also taken into account
that inclusions which were previously unsealed in the next
stage were subject to resealing given the PTV conditions and
therefore they represent a high temperature environment. Ba-
sed on fluid inclusions, the temperature of LHC formation is
higher than that resulting from burial of the strata and indicate
the input of additional thermal energy, such as via hydrothermal
solutions. The influence of hydrothermal solution in the KSD
has been discussed in several papers (\Wachowiak and Tobota,
2014; Tobota, 2016; Tobota and Wachowiak, 2018; Tobota and
Botor, 2020). The most related, in terms of petrological fea-
tures, to the LHC are blue salts (Tobota et al., 2007; Tobota and
Natkaniec-Nowak, 2008; Tobota, 2016). Blue halite usually
forms large crystals, but these are distinguished by colour from

purple through blue to navy blue and brown. Based on the
microthermometric measurements of fluid inclusions in
anhydrite crystals included in blue halite crystals, the formation
temperature of these rocks was over 250°C (Tobota, 2016). Ad-
ditional evidence supporting a high temperature influence on
the KSD salt rocks was obtained from borate minerals
(Wachowiak and Tobota, 2014; Tobota and Wachowiak, 2018).
The phase transition and crystal shapes indicate that in some
areas of the KSD, temperatures exceeded 339°C.

Considering the petrological and fluid inclusion studies
noted above, it can be concluded that the LHC veins and nests
formed at elevated temperatures due to the influence of hydro-
thermal phenomena. The temperatures of their formation
should be estimated in the range from 100 to >350°C. The ther-
mal conditions of their formation are similar to those for the for-
mation of blue salts. However, the absence of colour may be at-
tributed to the absence of certain factors, such as reducing con-
ditions (Tobota, 2016). Similar to blue halite, the solutions re-
sponsible for LHC crystallization were enriched with ions such
as K*, Mg, Ca*, SO;?. This enrichment is likely associated
with dissolution of the oldest, older, and younger potassium-
magnesium layers. The oldest potassium-magnesium salts
have not been discovered in the KSD and other salt domes in
Poland up to now. However, they should be expected in the
deepest part of the Zechstein basin, as they have been found in
its peripheral areas (Peryt and Skowronski, 2021). In the KSD,
the older and younger K-Mg salts often exhibit petrological fea-
tures indicating a substantial degree of transformation (Burliga
et al., 1995; Misiek, 1997).

The process of crystallization of relatively large amounts of
LHC in the KSD should be associated with a decrease in the
temperature of the solutions, because the possibility of evapo-
ration within the salt domes is very limited. During micro-
thermometric measurements, there was no trace of the boiling
process that could lead to the release of minerals in the veins
(Roedder, 1964b). The solubility of NaCl is dependent on tem-
perature, especially in the range over 100°C (Braitsch, 1971;
Bodnar and Vityk, 1994; Bodnar, 2003). Therefore, brines that
are fully saturated in NaCl in conditions of higher temperatures
will precipitate an excess of NaCl as halite during cooling.

The presence of organic matter (OM) included in LHC may
originate from two sources: the Main Dolomite (Ca2) or the
Zechstein substrate, as suggested in earlier studies (Tobotfa
and Botor, 2020). Due to the low degree of coalification, the ori-
gin of OM from the Main Dolomite (Ca2) is more probable. The
temperatures obtained from the distribution of Raman spectra
(Table 2) are slightly lower than the homogenization tempera-
tures of the fluid inclusions. This difference can be explained by
the short contact time of OM with hydrothermal solutions, not al-
lowing for full carbonization.

CONCLUSIONS

Fluid inclusions and petrological studies of veins and nests
of LHC within KSD revealed that:

— this type of salt was formed in shear zones, where the conti-
nuity of rock salt layers was broken, which allowed the mi-
gration of solutions into the salt dome;

— healing of the veins by LHC took place sometimes under ac-
tive shear stresses, as shown by the birefringence of halite;

— the veins were formed at elevated temperatures ranging
from 100 to over 350°C, which indicates the influence of hy-
drothermal solutions;
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— their crystallization took place from solutions significantly
enriched in ions such as K*, Mg, Ca'?, SO,? and their
source was connected with dissolution of potash-magne-
sium layers,

— the main process of crystallization of LHC from percolating
solutions is associated with a temperature decrease of the
mother brines during migration.
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