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The occurrence of both the blue and violet halites is one of the most interesting phenomena in nature. Despite numerous lab-
oratory and field works, their origin in natural evaporitic environments has not been satisfactorily explained. In the Ktodawa
Salt Dome (Zechstein, Central Poland), blue or violet halites occur relatively frequently. Their accumulations differ in size
and intensity of colours. In this paper, petrological features of anhydrite crystals derived from one of the largest outcrops of
the blue halite at the Klodawa Salt Mine are presented. Anhydrite is one of solid inclusions encountered in blue-coloured ha-
lite crystals. Special attention was paid to fluid inclusions present in this anhydrite. The microthermometric measurements
showed two directions of homogenisation, i.e., towards the liquid phase (LG—L, LL—L) or towards the gas phase (LG—G).
In the former case, the temperatures ranged from 174 to 513°C, whereas in the latter one, the values from 224 to 385°C were
measured. The composition of inclusions is relatively variable. We can observe transparent and opaque daughter minerals
as well as CO; in the liquid phase accompanied by a variable amount of methane or hydrogen sulphide. These features of in-
clusions indicate that anhydrite crystals and, thus, blue halite were formed under the influence of hydrothermal conditions.
Observations in the mine workings combined with petrological studies enable to conclude that blue colouration of halite crys-
tals is controlled by three factors: a high temperature, reducing conditions and defects in halite lattice related to tectonic

=

stress.
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INTRODUCTION

The blue or violet halite crystals are very rare in nature al-
though they were noticed in many salt formations of various
ages. They were found, inter alia, in Cambrian KCI-deposits
from the southern part of the Siberian platform (Pusty/'nikov,
1975), Mississippian rocks of eastern Canada (Roulston and
Waugh, 1983; Waugh and Urquhart, 1983; Davison, 2009),
Lower Permian of the Solikamsk Depression in the Ural
Foredeep (Vinokurov, 1958; Ivanov and Voronova, 1972;
Smetannikov, 2011), within the Verkhnepechora Basin (lvanov
and Voronova, 1968) as well as in the Kramatorsk Series of
Donbass (Bobrov et al., 1968), Upper Permian of the Delaware
Basin, southeastern New Mexico, USA (Bickham, 2012), Upper
Permian (Zechstein) salt deposits of Germany (Borchert,
1959), Cretaceous to Paleogene (Maha Sarakham Formation)
of the Khorat Plateau, northeastern Thailand (Suwanich, 1983;
Tabakh et al., 1999), Paleogene and Neogene of Northern and
Central Iran (Rahimpour-Bonab and Alijani, 2003; Baikpour et
al., 2010), and Miocene of the Carpathian Foredeep in Ukraine
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(Korin, 1994). The nature of such colouration has been investi-
gated for over 150 years by many researchers representing var-
ious fields. One of the first scientists who undertook in-depth
analysis of blue halite was Kreutz (1892). He analysed the re-
sults of experiments and observations made by previous au-
thors, and completed a series of his own experiments on natural
and synthetic halite crystals. Based on these data Kreutz (1892)
concluded that: (1) blue colour does not fade when halite crys-
tals are heated in oxygen-free atmosphere, but disappears un-
der “flame of oxidation”; (2) previously discoloured and naturally
colourless halite crystals become coloured when heated in po-
tassium or sodium vapours, although not all originally colour-
less crystals become coloured; and (3) under the same experi-
mental conditions, synthetic halite crystals are not coloured.

These and other observations and experiments enabled
Kreutz (1892) to present the theory that the colour of halite crys-
tals originated from very small admixtures of iron or other met-
als, which were below the detection limits of analytical methods
used at that time.

The development of modern analytical methods since the
late 19th century has provided new valuable data. The new
studies (see Sonnenfeld, 1995) focused mostly on laboratory
analyses of blue halite properties and on the methods of its
colouration, and they gave rise to new hypotheses on the origin
of colour in natural halite. It was found that, in addition to the
above-mentioned factors, colouration of halite can be obtained
by crystallisation from NaCl- and KCl-saturated solutions con-
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taining 320 g/l MgCl,, by electric spark puncture and by the ac-
tion of ionizing UV, a, B and y radiations. Moreover, it was also
observed that the physico-chemical properties of artificially col-
oured halite crystals differ from the natural ones. A large num-
ber of papers concerning halite crystals colouration were re-
viewed and discussed by Sonnenfeld (1995). He concluded
that most of experimental results were obtained under condi-
tions which do not occur in the nature. He has also questioned
the widely accepted view that the colour of natural halite results
from radiation caused by radioactive decay of “)K isotope.

In recent years, detailed observations and studies on the
occurrence of blue halite were carried on at the Ktodawa Salt
Dome (Natkaniec-Nowak and Tobota, 2003; Tobofa et al.,
2007; Janiow et al., 2008). As a result of this research, 19 key
exposures were described together with their relations to the
surrounding rocks and mineral composition, as well as with vi-
sual estimation of the intensity, variability, hue and saturation of
colour. Standard microscopic examinations of thin sections of
blue halite revealed the presence of birefringent areas in the
crystals. Unfortunately, their correlation with coloured areas
was difficult because halite colours are invisible in thin sections
(Heflik et al., 2008). Similarly, in thick sections, in which blue
colour is clearly visible under transmitted light, characteristic bi-
refringence does not coincide with coloured areas, but both fea-
tures coexist side by side. Moreover, observations of thick sec-
tions revealed also the common presence of intergrowths, both
transparent and opaque. The SEM-EDS examinations showed
that transparent intergrowths are the mixtures of sodium, mag-
nesium and potassium chlorine compounds, whereas opaque
intergrowths are iron sulphides, although their crystal habits do
not correspond to well-known and most common minerals,
such as pyrite or marcasite (Tobota and Natkaniec-Nowak,
2008). The fluid inclusion studies demonstrated the presence of
several inclusion types differing in geometric patterns. The in-
clusions are filled with highly concentrated brines as well as with
gases (CO,, CO, COS, Oy, N, CHy4, C3Hg), with aromatic hydro-
carbons and with liquid, long-chained hydrocarbons (Tobota
and Wesetucha-Birczynska, 2008; Wesetucha-Birczynska et
al., 2008). Structural studies of halite samples with varying de-
grees of staining showed deformation of the symmetry of regu-
lar structure (Zelek et al., 2007, 2014; Stadnicka and Zelek,
2008). All these data clearly demonstrated the complexity of
processes leading to the formation of coloured varieties of halite
in the salt dome.

The aim of present studies is to estimate the formation tem-
perature of the blue salts. Previous investigations carried out for
blue halite crystals suggested in some cases high temperatures,
up to 347°C (Tobota and Wesetucha-Birczynska, 2008). How-
ever, these data should be treated with caution because of some
halite properties such as easy recrystallisation and reaction with
solutions contained in inclusions (e.g., Roedder, 1984b). Hence,
more precise and credible data can be obtained for minerals co-
existing with the blue halite. Anhydrite, accompanied by iron
sulphides (pyrite) and quartz, is the most common mineral. Such
paragenesis as well as the fluid inclusions assemblage (FIA) in
anhydrite crystals document atypical conditions of the blue halite
formation and the thermal impact on salt rocks.

GEOLOGICAL SETTING

The Ktodawa Salt Dome is located in the Kujawy region
(Central Poland, Fig. 1). This region is characterized by the
most complete lithostratigraphic succession and the maximum
thickness of the Zechstein salt-bearing formation. Detailed data
concerning the relationships of salt-bearing formation to the

surrounding rocks, its tectonics, lithostratigraphy and facies
changes can be found in a number of publications (see e.g.,
Dadlez, 2003; Dadlez et al., 1995; Krzywiec, 2004, 2006). The
Klodawa Salt Dome belongs to the Izbica Kujawska—t.eczyca
salt ridge, which is considered as the largest salt diapir in Po-
land. Studies on the diapir structure indicated its strong NW-SE
elongation. The length of the diapir is about 26 km, and its width
varies from 0.5 to 2 km (e.g., Werner et al., 1960; Tarka, 1992;
Burliga, 2014; Burliga et al., 1995). The geological cross-sec-
tions show the asymmetrical shape of the diapir: its NE slope
dips moderately eastward at 55-70°, but its SW slope is almost
vertical. The diapir is enclosed within deformed Mesozoic (Tri-
assic—Jurassic) and, partly, Neogene deposits, and is covered
by Quaternary and Neogene sediments. The Ktodawa salt de-
posit is built mainly of rocks representing fully developed
Zechstein PZ2-PZ4 cyclothems. These are claystones,
dolomites, anhydrites, rock salts and K-Mg salts. The lower-
most Zechstein cyclothem PZ1 is known only as tectonically
transported blocks (Charysz, 1973; Burliga et al., 1995).

The internal structure of the Klodawa Salt Dome is compli-
cated due to deformation of salt series. The main effect of salt
movement during the diapir rising is the piercing of the Older
Halite (Na2) by the Younger (Na3) and the Youngest (Na4)
halites, as well as the occurrence of tectonic pinch-outs and
high-amplitude narrow folds. Such complicated deformation re-
sulted from different rheological properties of rocks. In general,
two NW-SE elongated anticlines predominate in the SW and
NE parts of the diapir (Fig. 2). These are separated by a deep
central syncline built of the youngest salt layers (Charysz, 1973;
Tarka, 1992; Burliga, 1994).

An important role in the internal structure of the salt dome is
played by epigenetic salts. Their presence is closely associated
with salt deformation processes that facilitated migration of so-
lutions. In the Kiodawa Salt Dome the epigenetic salts form
veins and accumulations of variable size. Their mineral compo-
sition includes large halite crystals as well as polyhalite, carnal-
lite and sylvite (Stanczyk, 1970; Stanczak-Stasik, 1976).

OCCURRENCE OF THE BLUE HALITE
IN THE KLODAWA SALT DOME

The blue halite is relatively common at the Ktodawa Mine. It
was found at all main mining levels and in many interlevel work-
ings, in various rocks of the PZ2, PZ3 and PZ4 cyclothems
(Natkaniec-Nowak and Tobota, 2003; Tobota et al., 2007;
Janiow et al., 2008). The blue halite forms very diverse concen-
trations with respect to its size and colour, its contact with the sur-
rounding rocks, and the occurrence of accompanying minerals.
The halite usually forms very small accumulations (from a few to
several centimetres across) hosted in small veins or irregular ac-
cumulations of recrystallised salt. Salt crystals sometimes con-
tain intergrowths of sylvite, carnallite and polyhalite (Fig. 3A). The
blue colour appears as point clusters or small streaks within sin-
gle halite crystals. Such accumulations are most common within
the Older Halite (Na2) or Younger Halite (Na3).

The larger accumulations of blue-coloured halite crystals
reach from a few to, occasionally, several tens of metres in
length. Their outcrops were encountered at mining levels 525,
562, 600 and 750. At the level 525, a continuous zone of blue
halite was recognized within the Older Halite (Na2), over 50 m
long and from 4 to 15 m wide. It extends from the KS29-KS21
chambers through the area of KSc18 and KSc12 cylindrical
chambers, and continues towards the KS16a chamber as well
as galleries leading to the above-mentioned workings. A char-
acteristic feature of this zone is the occurrence of both
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Fig. 2. Geological cross-section through the upper part of the
Klodawa Salt Dome (after Burliga et al., 1995, simplified)
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Fig. 3A — small clusters and streaks of blue colour within halite crystal accompanied by carnallite and polyhalite (mining level
600 m, chamber KS1d); B — larger, irregular concentration of blue halite within striped salt (Older Halite) (mining level 525 m, cham-
ber KSc14); C — coarse-crystalline halite with small intergrowths of sylvite (marked by arrows) with blue rim (mining level 630 m,
gallery between chambers KS16b and KS17b); D — streaks and elongated concentration of blue halite in white halite and sylvite
(mining level 562 m, ventilation gallery between chambers KS38 and KS39); E — blocks of primary striped salt (Older Halite) with
blue rims embedded within white epigenetic vein of halite and sylvite (mining level 600 m, roof of chamber KS39); F — large blue-col-
oured halite crystals inside a vein of white carnallite with admixture of sylvite (mining level 750 m, crossing of galleries GPT2 and
GPT2a)
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epigenetic structureless veins and nests of large halite crystals,
and rock salt aggregates with preserved residual “striped”
structure (Tobota et al., 2007; Janiow et al., 2008). In the halite
crystals, blue colouration shows various patterns. The most
common features of the “striped” halites are irregular, spotty ac-
cumulations with fuzzy contours and varying degrees of blue
colour saturation (Fig. 3B). In the structureless salt aggregates,
where halite crystals occasionally exceed 20 cm in diameter,
blue colour is much rarer. It can be observed only in some halite
crystals as single spots or spot clusters, up to several milli-
metres across. Blue colouration is often associated also with
transparent solid inclusions varying in size from 0.5 to 2—-3 mm,
embedded within halite crystals which show thin blue rims
(Fig. 3C).

One of the largest accumulations of the colourful halite, ex-
tending over a distance of 12 metres (Fig. 3D), is located at the
mining level 562, in the ventilation gallery between chambers
KS38 and KS39, within the Older Halite (Na2). The main mass
comprises transparent or white halite and sylvite in various pro-
portions. The coloured halite forms strongly elongated streaks
of diffused boundaries, up to several centimetres thick, extend-
ing continuously through the enclosing white salts. The colour
of these streaks changes from light blue through bluish-violet to
dark navy blue. Locally, even purple or yellow halite crystals can
be found (Tobota et al., 2007; Janiow et al., 2008).

At the mining level 600 in the end part of chamber KS39,
there is an extension of the above-mentioned outcrop of blue
halite. However, in contrast to the accumulation at the level 562,
the greatest amounts of blue salt occur at the contact of striped
primary salts (Na2) and epigenetic sylvinite. Streaks or individ-
ual small light-blue halite crystals are observed much more
rarely. The most intense blue colour appears along the edges of
tectonic blocks of striped halite (Na2) embedded within sylvinite
veins (Fig. 3E).

Other major exposures at this mining level were found in the
galleries NW | and NE VII (Tobofa et al., 2007; Janiow et al.,
2008). They are hosted inside laminated salt of the Younger
Halite (Na3). Similarly to the above-mentioned occurrences in
the ventilation gallery and chamber KS39, the matrix of the vein
consists of white epigenetic sylvinite, within which the blue ha-
lite forms blurry streaks, up to about 20—30 cm thick and gener-
ally parallel to the course of that epigenetic vein. The largest
concentrations of halite showing the highest intensity of blue
colour are located at the contact of the vein and the Younger
Halite (Na3).

Another variety of large halite accumulation is located at the
mining level 750 (Tobota et al., 2007; Janiow et al., 2008) within
the Younger Potash Salts (K3). The wall-rocks of the vein are
composed of epigenetic carnallite with an admixture of sylvite,
in which single crystals of light-blue halite are embedded
(Fig. 3F). The coloured halite is generally scattered in the vein
as single crystals or small aggregates. Larger accumulations in
the form of streaks of darker-blue halite are observed at the
contact of the vein with K-Mg salts (K3), especially where these
salts are accompanied by the rock salt.

MATERIALS AND ANALYTICAL METHOD

For microthermometric studies we selected anhydrite crys-
tals forming solid inclusions in the blue halite. Halite samples
were collected from one of the largest documented exposure of
blue salts located in the ventilation gallery at the mining level
562. In these samples, anhydrite crystals are commonly associ-
ated with streaks or nests of opaque minerals (Heflik et al.,

2008) or form scattered single crystals. Anhydrite crystals to-
gether with other insoluble minerals were separated by dissolu-
tion of blue halite. Then, anhydrite crystals were gently crushed
because their surface roughness causes difficulties during mi-
croscopic examinations. Totally, about 200 anhydrite crystals
were selected from 67 samples. Microthermometric measure-
ments were carried on for groups of fluid inclusions which were
clearly visible under the transparent light and which contained
two phases with a constant vapour/liquid ratio.

Microthermometric measurements were conducted with a
Linkam THMSGG600 Geology Heating and Freezing Stage
mounted on a NIKON ECLIPSE E600 microscope, using 20x,
50x and 100x objectives. The stage was calibrated using pure
CO; synthetic inclusions (Tm =-56.6°C) and known homogeni-
sation temperature of pure H,O inclusions. A heating-freezing
rate of 5°C/min was applied with the accuracy of 0.1°C. Individ-
ual anhydrite crystals were measured only once in order to
avoid the effect of inclusion stretching outside the observation
field of the microscope, where inclusion cannot be directly ob-
served. Cycling was attempted in all homogenisation runs, in
order to observe the proper homogenisation temperatures
(Goldstein and Reynolds, 1994). An attention was paid also to
the changes of inclusion shapes (Vanko and Bach, 2005). In
case of noticeable changes, the measurements were inter-
rupted.

In addition, selected samples were analysed with the
Thermo Scientific ™ DXR Raman Microscope working in confo-
cal mode, using 780 nm excitation line (diode laser, power:
24 mW). The Olympus microscope with 10x, 50x and 100x ob-
jectives was used for laser focusing.

RESULTS

SOLID INCLUSIONS IN ANHYDRITE CRYSTALS

Anhydrite crystals are among the most frequent solid inter-
growths observed in the blue halite crystals (Tobota and
Natkaniec-Nowak, 2007, 2008). Such intergrowths vary in size
from about 0.1 to 1 mm. Their shapes are usually anhedral or
rarely subhedral, often with slightly rounded edges. The major-
ity of studied anhydrite crystals are characterized by rough and
scaly surface (Fig. 4A). Under transmitted light, opaque inter-
growths can be seen within some anhydrite grains, usually as
scattered single grains or, less commonly, as small aggregates
(Fig. 4B) from a few micrometres to about 20 um across. Their
shapes vary from regular for the larger grains (Fig. 4C) through
partly regular to rarely irregular for smaller examples. The
Raman spectroscopy revealed that these solid intergrowths are
pyrite grains (Fig. 4D). Occasionally, the large crystals occur
within the fluid inclusion and occupy significant parts of their vol-
ume (Fig. 4E). As shown below, very small opaque minerals are
relatively common in fluid inclusions.

Quartz is another interesting mineral encountered in
blue-coloured halite. It was initially identified using the
SEM-EDS method (Tobota and Natkaniec-Nowak, 2007,
2008). Separated quartz crystals are always euhedral and form
elongated hexagonal prisms (Figs. 4F and 5A). Similarly to the
anhydrite crystals, their surface is very often rough (Fig. 4F),
which prevents observation of internal structure. More smooth
surfaces are displayed only by rare crystals which form short
prisms (Fig. 5A). Under the transparent light, such crystals re-
veal opaque intergrowths as well as very small (a few pum) fluid
inclusions. Quartz crystals are not only associated with halite
but are also closely related to anhydrite. Such association de-
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Fig. 4. Microscopic images

A —rough surface of anhydrite crystals; B — intergrowths of opaque minerals within anhydrite crystals (transmitted light); C — euhedral pyrite
intergrowths in anhydrite crystal (reflected light); D — Raman spectra of pyrite intergrowth in C; E — solid intergrowths associated with
two-phase fluid inclusion (transmitted light); F — euhedral quartz crystal with rough surface (transmitted light)
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Fig. 5. Microscopic images (transmitted light)

A — short euhedral quartz crystals with smoother surface and small opaque intergrowths; B — anhydrite crystal (A) with intergrowths of
euhedral quartz (Q); C — densely packed FIA in a part of anhydrite crystal, two shapes of inclusions are visible: regular, cuboid (on the left),
and highly elongated, tubular (on the right and in the upper part), some inclusions contain opaque (mainly tubular) or transparent (mainly
cuboid) minerals; D — one of the largest flattened two-phase inclusions; E — the group of small opaque minerals in large inclusion; F — tubular
inclusion with single opaque minerals located at its terminations and in the centre (single inclusion), note that the mineral in the centre divides
the inclusion into two parts of different diameters
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pends on the coexistence of both minerals when the quartz
crystals are overgrown by the anhydrite ones (Fig. 5B). In some
euhedral anhydrite crystals, observed under transmitted light,
small (up to 20 um) quartz grains can be seen, too.

FLUID INCLUSIONS — PETROGRAPHY
AND MICROTHERMOMETRIC DATA

In most anhydrite crystals, fluid inclusions were absent or
occurred only as single, randomly distributed species. Clusters
composed of several small inclusions were also relatively un-
common although hunted because such forms provide more
useful data. Larger accumulations of densely packed inclusions
were observed only occasionally (Fig. 5C).

Two types of FIA were distinguished, depending on their re-
lationships to crystallographic axes and mode of occurrence:
primary and secondary (pseudosecondary) (e.g., Roedder,
1984a; Goldstein and Reynolds, 1994). The most common in-
clusions were those identified as primary. Among the whole
population of the investigated crystals these inclusions differ in
shape, size and filling materials.

Concerning the shape of inclusions, two groups were distin-
guished: the first one comprises regular, cuboid inclusions usu-
ally slightly extended along the Z axis (rarely perpendicular to
the Z axis) or showing square cross sections. Their size varied
from a few to several micrometres but occasionally exceeded
20 pm. Inclusions exceeding 50 um in size were found only in a
few crystals (Fig. 5D). Under the transmitted light the majority of
these inclusions seem to be flattened. Thicker and larger inclu-
sions very often contain groups of opaque minerals in the form
of small (up to about 2 um), irregular, occasionally spherical
grains (Fig. 5E). Furthermore, we observed also transparent
daughter minerals of regular, cubic shapes indicating the pres-
ence of halite and sylvite, and rounded crystals.

The second group consists of tubular inclusions, strongly
elongated along the Z axis (Fig. 5F). Their length exceeds
50 um and the width is up to a few micrometres (3-5 um). Such
inclusions very often contain small opaque minerals in their end
parts.

Inclusions of both groups show very complex phase rela-
tions and chemical compositions. The phase ratios are highly
variable between samples, but they appear highly or fully con-
sistent in single crystals or in FIA. Therefore, the highest vari-
ability was observed between the crystals. In most crystals, gas
to liquid (GL) or liquid CO, to liquid H,O (LL) ratios are in the
range from 5 to 30% (Fig. 6A). Another group of FIA consists of
inclusions containing 85-95% of vapour phase (Fig. 6B). Be-
tween these two types there are numerous FIAs which com-
prise inclusions showing intermediate or highly variable values
of phase ratios (Fig. 6C).

Both the secondary and pseudosecondary inclusions in
anhydrite crystals are more rare than the primary FIAs. These
are arranged in narrow, sometimes curved or oblique rows
(Fig. 6D). Such FlAs always consist of very small inclusions, up
to a few micrometres across (rarely reaching 10 um). Their
shapes are irregular and rounded. In all cases these are liquid
inclusions with small (up to 15%) bubbles of gas phase.

In addition to the above-mentioned types, in a few cases we
observed separate inclusions of questionable origin. Their
shapes are either rounded and slightly elongated (Fig. 6E) or
strongly elongated and tubular (Fig. 6F). The former are filled
with the gas and liquid phases in similar proportions (~50%
V/L), whereas the latter are filled mostly with the gas phase

hosting transparent daughter minerals which separate smaller
parts of inclusion filled probably with the liquid phase.

Microthermometric measurements showed highly diversi-
fied behaviour of inclusions. During the heating, most of studied
inclusions underwent decrepitation with a rapid jumping of crys-
tals, which prevented further observations, or with a distinct un-
sealing, with often visible percolation of fluids through the cleav-
age planes. The temperatures of decrepitation and unsealing
varied in a wide range, from 116 to 530°C, but the most com-
mon values were from 350 to 450°C (Fig. 7). This indicates a
high pressure within the inclusions and the possible presence
of CO;, (e.g., Diamond, 2001). Such interpretation is supported
by a common “swelling” of inclusions and evolution of their
shapes to oval at higher temperatures (Vanko and Bach, 2005).

Reliable results of total homogenisation temperatures were
obtained for only twenty-seven FIAs measured. The process of
homogenisation showed two paths: to the liquid phase (LG—L or
LL—L) or to the gas phase (LG—QG), as revealed by the phase
ratio. The first path was observed in inclusions with very low
(5-10%) gas/liquid of liquid/liquid ratios. The lowest homogeni-
sation temperature (174°C) was observed in a single inclusion,
whereas other inclusions in this FIA remained unhomogenised,
showing only shrinkage and movements of bubbles. At higher
temperatures these inclusions showed unsealing or
decrepitation. In the remaining eight inclusions, homogenisation
temperatures varied from 371 to 513°C (Fig. 7). In the histogram
(Fig. 7), the value >520°C refers to the inclusions in which ho-
mogenisation could not be observed directly because the heat-
ing was conducted to the maximum temperature of 550°C. How-
ever, these inclusions showed some features indicating the ap-
proaching homogenisation, e.g., gradual shrinkage of the bub-
bles and their rapid movements (Roedder, 1984a).

The second homogenisation path (towards the gas phase)
provided reliable homogenisation temperatures only for nine in-
clusions, in which, after cooling to room temperature, the phase
ratios returned to the initial values. We rejected all inclusions in
which phase ratios did not return exactly to the original state
due to unsealing invisible under the microscope. We also re-
jected the inclusions in which changes in shape (swelling) were
observed. Generally, homogenisation towards the gas phase
was found in gas-dominated inclusions, but it was also re-
corded in inclusions with a similar phase ratio (Fig. 6E). In com-
parison to the first homogenisation path (i.e., towards the liquid
phase), the measured temperatures were lower and more con-
sistent: from 224 to 385°C (Fig. 7).

For both the secondary and pseudosecondary inclusions,
heating caused homogenisation only towards the liquid phase
(LG—L). Measured temperatures varied in a wide range from
325 to 451°C although most such inclusions homogenised in
the range of 400-500°C (Fig. 7).

During the cooling, highly variable behaviour of inclusions
was observed. In some crystals of the two-phase (LL) inclu-
sions, cooling caused nucleation of gas bubble within the origi-
nal liquid bubble. This perfectly proves the presence of CO; in
the liquid phase (Sterner and Bodnar, 1991; Schmidt et al.,
1995; Kirill and Graham, 1999; Bakker and Diamond, 2000;
Schmidt and Bodnar, 2000; Diamond, 2001, 2003; Van den
Kerkhof and Thiéry, 2001). In such cases, homogenisation
temperatures (Thg,,) varied in a wide range (from —42 to 5.8°C),
indicating variable density of CO,.

During the subsequent cooling down to the temperature of
—192°C, no visible changes were observed in most of the inclu-
sions. Such behaviour may result from several reasons. First of
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Fig. 6. Microscopic images (transmitted light)

A - FIA with constant and low gas/liquid ratio (marked by arrows); B — FIA with a significant prevalence of gas phase (marked by arrows); C —
inclusions with highly variable gas/liquid ratio (marked by arrows); D — secondary or pseudo-secondary inclusions; E — single inclusion (cen-
tre) filled with liquid and gas phases in similar proportions; F — tubular inclusion (centre) filled with gas phase (lower part of darker rim)
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Fig. 7. Histogram of temperatures of:

A — decrepitation, B — primary fluid inclusions homogenising towards liquid phase, C — primary
fluid inclusions homogenising towards gas phase, D — secondary fluid inclusions homogenising
towards liquid phase

all, both the small size of inclusions and their flattened (tabular)
shapes often precluded proper observations and interpretation
(see e.g., Bodnar, 2003). The second reason can be the
metastability of fluids presumably related to high salinity of the
aqueous phase. As stated above, some observed inclusions
contained daughter minerals (halite or sylvite) indicating that
the migrating solution was fully saturated with respect to chlo-
rine salts. In addition, we found intergrowths of sylvite and car-
nallite in blue halite, suggesting the presence of large amounts
of potassium and magnesium in the percolating brines. Such a
high salinity of brines enclosed in inclusions may result in their
metastability during the cooling (Roedder, 1984a; Bodnar,
2003; Diamond, 2003). Another reason of metastability may be
the admixture of other volatiles, as CH, or H,S (Diamond,
2003). The presence of such gases was recorded in a few sin-
gle-phase liquid inclusions, which nucleated gas bubbles during
the cooling below —100°C and freezing below —140°C. The
melting temperatures were in the range from —87.9°C to
—87.1°C and the homogenisation temperatures varied from
—61.5°C to —60.5°C. Such values may suggest the presence of
CH,4 in amounts of 80 mol.% (Diamond, 2003).

DISCUSSION

The previous studies of the blue halite from the Klodawa
Salt Dome showed that its occurrences are closely connected
with the epigenetic rocks and that it does not occur in primary
salts, as yet (Natkaniec-Nowak and Tobota, 2003; Tobota et al.,
2007; Janiow et al., 2008). The formation of such rocks was re-
lated to the migration of solutions rich in potassium and magne-
sium. The larger accumulations of blue halite were also related
to disjunctive tectonic disturbances. Such a position of blue ha-
lite in the Ktodawa Salt Dome is in accordance with the occur-
rence of blue salts in other formations (Borchert, 1959; Boborov
et al., 1968; Ilvanov and Voronova, 1968, 1972; Roulston and
Waugh, 1983; Waugh and Urquhart, 1983; Korin, 1994;
Sonnenfeld, 1995; Tabakh et al., 1999; Davison, 2009;
Smetannikov, 2011). They occur most frequently in the vicinity

of fractures, shear zones or faults where salts are subjected to
crushing and brecciation. These processes facilitated the per-
colation of solutions, and recrystallisation and crystallisation of
epigenetic salts (sylvite or carnallite). Within the blue halite
crystals, solid inclusions of sylvite surrounded by colourless
halo of halite were sometimes noticed. It may be an argument
against the influence of radioactivity originating from potassium
(Sonnenfeld, 1995). In the Klodawa Salt Dome, similar features
of blue halite were noticed very often (Heflik et al., 2008). More-
over, the blue halite veins also contain colourless halite crystals
or large parts of crystals devoid of blue colouration with numer-
ous sylvite inclusions. It may very well support the idea of insuf-
ficient effect of radiation of “°K from sylvite.

Analyses of anhydrite crystals separated from the largest
accumulation of blue halite in the Ktodawa Salt Dome allowed
us to determine their origin more precisely. Petrological obser-
vations and, especially, microthermometric studies revealed
that the conditions of their formation were highly complicated
and considerably different from the commonly accepted forma-
tion models of epigenetic evaporites in salt domes (e.g.,
Borchert and Muir, 1964; Kuhn, 1968; Stanczyk, 1970;
Braitsch, 1971; Stanczyk-Stasik, 1976). In these models, the
main source of water is decomposition of hydrated minerals
during the burial of salt formations (i.e., under increasing tem-
perature and pressure) and the reactions between minerals.
Such solutions have specific physicochemical properties con-
trolled by the relationships between evaporite minerals and the
burial depths. In this context, both the chemical and physical
properties of solutions from which the anhydrite and other min-
erals (pyrite, quartz) as well as blue halite and other chlorine
minerals have crystallised seem to be very variable.

The first indication of such unusual properties of solutions
is the occurrence of euhedral pyrite and quartz within the
anhydrite crystals (Figs. 4C, F and 5A, B). Their euhedral hab-
its suggest that these minerals crystallised at the first stage,
under free crystal growth conditions, from solutions with in-
creased concentrations of iron, sulphide and silica. It is sug-
gested that these minerals were the nuclei for subsequently
crystallising anhydrite.



582 Tomasz Tobota

The iron sulphides were still present in solution during the
crystallisation of anhydrite crystals. These minerals crystallised
at the surface of anhydrite, in the form of small subhedral crys-
tals. Located close to each other, such embryonic crystals cre-
ated barriers to the growth of anhydrite, and, thus, limited the
formation of tubular inclusions (Fig. 5F) or more isometric inclu-
sions (Fig. 5C, E) if larger accumulations were observed. Such
genesis of inclusions is a relatively common phenomenon (e.g.,
Roedder, 1984a; Goldstein and Reynolds, 1994).

Microthermometric measurements indicated very clearly
that anhydrite was formed under high-temperature conditions,
i.e., at temperatures exceeding in most cases 250°C. In some
analysed crystals, formation temperatures significantly ex-
ceeded the critical point of water, which indicates high salinity of
solutions (Knight and Bodnar, 1989). Such a temperature range
cannot be explained in terms of burial of salt formation and de-
velopment of the Ktodawa Salt Dome. According to the results
of geological and geophysical studies, the Zechstein salt forma-
tion and the salts in the Klodawa dome were not buried suffi-
ciently deep to attain such high temperatures (e.g., Dadlez et
al., 1995; Dadlez, 2003; Krzywiec, 2004, 2006). It is particularly
valid for salts enclosed in the salt domes because the uplift of
domes started in the Early and Middle Triassic (Krzywiec,
2004), and because the domes have not been covered by thick
overburden.

Other important features which can be genetic indicators of
solutions include the chemical composition and general behav-
iour during heating and cooling. Observations of inclusions con-
firmed the presence of liquid CO, with considerable amounts of
CH,4 and, probably, also H,S. The occurrence of these compo-
nents in the whole population of inclusions is highly variable, but
in a single FIA or in fragments of anhydrite crystals the chemical
composition is quite stable. This suggests that the migration en-
vironment was rather homogeneous, but it was subjected to
rapid chemical changes in time. Considering the P-T condi-
tions, the variability of migration environment is also very
well-pronounced by different directions of homogenisation (i.e.,
towards the liquid or gaseous phases), which indicates that the
entrapment of fluids in inclusions took place first of all under
highly variable pressures. Calculation of homogenisation pres-
sure in inclusions using the programs of Bakker (2003, 2009,
2012) reveal the pressure in the range of 8.0-73.1 MPa for ho-
mogenisation toward the liquid phase and 3.9-27.2 MPa for ho-
mogenisation toward the gas phase. Therefore, solution densi-
ties (molar volumes) were also highly variable (see e.g.,
Roedder, 1984a; Goldstein and Reynolds, 1994; Diamond,
2003). On the contrary, formation temperatures seem to be less
variable because no significant differences were observed be-
tween the temperatures of homogenisation towards the liquid
and gas phases. Such behaviour of inclusions combined with
high temperatures of homogenisation may be related to migra-
tion of hydrothermal solutions. According to numerous authors
(e.g., Diamond, 1990, 2001; Xu and Pollard, 1999; Yao et al.,
1999; Xu, 2000; Baker and Lang, 2001; Graupner et al., 2001;
Wilkinson, 2001; Fedele et al., 2005), hydrothermal systems re-
veal high variability of the amount of volatile (gaseous) and
non-volatile components, their mutual relations as well as P-T
conditions. The most common minerals which crystallise in
such environments are quartz and numerous sulphides of
heavy metals. This paragenesis was also found in the studied
blue halite crystals accompanying the anhydrite. The quantita-
tive predominance of the anhydrite over quartz and sulphides in
blue salts is probably related to the secondary enrichment of
primary hot solutions in calcium sulphate, which took place dur-
ing migration through the salt formation.

A wide range of homogenisation temperatures measured in
analysed anhydrite crystals is also typical of an environment in
which several formation stages of different temperatures and
pressures can be distinguished. Furthermore, in the hydrother-
mal veins, local pockets of vapour phases are common (Dia-
mond, 1990, 2001). This fairly well explains the presence of the
groups of inclusions within anhydrite crystals, which show ho-
mogenisation towards the gas phase.

The occurrence of hydrothermal veins in the upper part of
the Ktodawa Salt Dome is a result of geological evolution of this
structure, particularly of the tectonics of the sub-Zechstein
basement. Analysis of seismic data from the Ktodawa region re-
vealed a system of faults in the basement, which were responsi-
ble for tectonic subsidence during the Zechstein sedimentation.
Such tectonic activity influenced the development of salt struc-
tures (Wagner et al., 2002; Krzywiec, 2004). Simultaneously,
these faults might have been the pathways for migration of hy-
drothermal solutions (Fig. 8). When migrating through the salt
formation, these solutions must have changed their chemical
composition by dissolution of rocks in the oldest Zechstein
cyclothems (Lower Anhydrite, Oldest Halite, probably also Old-
est Potash and Upper Anhydrite). In this way, the solutions be-
came enriched in Ca, Na, K and Mg sulphates and chlorides.
Further ascension of hydrothermal solutions through the grow-
ing salt structure caused their gradual cooling and precipitation

A\

Fig. 8. Scheme of deformation evolution of salt structure
with migration paths of hydrothermal solutions
(after Koyi et al., 1993, modified)

White arrows — salt movement direction, grey arrows — direction of
hydrothermal solutions migration
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of some minerals due to their solubilities at higher tempera-
tures. Such mechanism explains very well the occurrence of nu-
merous intergrowths of sylvite or carnallite in blue halite (Tobota
and Natkaniec-Nowak, 2007, 2008).

The presence of hydrothermal solutions beneath the salt for-
mation might have played a crucial role in the tectonic evolution
of the Ktodawa Salt Dome. The migration of hot, high-pressured
solutions through the salt formations significantly facilitated the
vertical flow of salt masses. The leaching properties of solutions
combined with high temperature and pressure might have influ-
enced the tectonic movements because the solutions worked
like a lubricant between the salt blocks. Moreover, their migration
affected chemically and thermally the surrounding salts causing,
for example, precipitation of minerals which are not genetically
related to the marine evaporites, e.g., borates (\Wachowiak and
Pieczka, 2012; Wachowiak and Tobota, 2014).

The other effect of migration of high-temperature solutions
within the salt dome is the appearance of blue or violet
colouration of halite crystals hosted within the salt layers. The
colouration of halite is closely related to high temperatures
(above 250°C) providing energy as well as related to reducing
conditions documented by the appearance of sulphides. The
above-mentioned factors are probably responsible for the cre-
ation of defects, their migration and aggregation in the halite
crystal structure. Presumably, an important role was played
also by the high contents of potassium and sodium in solutions.
Such conditions are in accordance with laboratory experiments
of Kreutz (1892) who found that such colour of halite may be ob-
tained by heating its crystals in potassium or sodium vapours,
although this mechanism applies only to some natural crystals.
Similarly limited is the theory of radioactive damage of halite lat-
tice caused by radiation from “°K isotope. Such mechanism of
blue colouration of halite crystals is either not supported in natu-
ral environments or it plays rather minor role, as demonstrated
by Sonnenfeld (1995) who summarized arguments against the
radiation as the cause of halite colouration. However, even if
temperature is considered as a main reason of halite
colouration, unsolved remain the problems of colour variations
and of the forms of colouration observed on the micro-scale
within the single crystals (Heflik et al., 2008) and on the scale of
particular exposures in mine workings (Natkaniec-Nowak and
Tobota, 2003; Tobota et al., 2007; Janiow et al., 2008). Variabil-
ity of blue colouration was observed also in artificially irradiated
natural halite crystals (Schléder and Urai, 2005, 2007; Schléder
et al.,, 2007, 2008) and interpreted generally as a result of
stress. It must be emphasized that during the gamma-irradia-
tion, the blue colouration of halite was obtained at the tempera-
ture of 100°C, whereas at lower temperature (35°C) the brown
colour appeared.

Both the irradiation and the temperature cannot affect se-
lectively only particular parts of halite accumulations. Therefore,
additional factors are expected for both the emergence and the
consolidation of colour. Some observations made at the
Klodawa Salt Mine suggest that the tectonic stress and, particu-
larly, the strain developing in the shear zones may affect the
crystal lattice of halite. Such evidence was found in the expo-
sure located in chamber KS39, at the mining level 600 m
(Fig. 3E) where the halite of intense blue colour occurs only at
the contact of primary striped salts and the epigenetic ha-
lite-sylvite vein. Similar position of the main concentration of
blue halite was observed in the exposure at the mining level
750 m (Janiow et al., 2008). Still, however, single blue halite
crystals were encountered there within the carnallite vein
(Fig. 3F). This position of blue halite suggests that these crys-
tals are of primary or partly secondary (recrystallised) origin and
they underwent tectonic disturbances. Such tectonic involve-

ment caused defects of the halite structure, whilst colourless
crystals might have precipitated in the veins during the later mi-
gration of the solutions. The blue halite streaks or single crys-
tals inside the veins of epigenetic salts may be relics of the de-
fected crystals. The smaller exposures in the Klodawa Salt
Dome do not show such unequivocal evidence, but all of them
are strictly associated with shear zones (Tobota et al., 2007;
Janiow et al., 2008).

These conditions of blue halite formation explain very well
why there is no blue halite in the primary potassium-magnesium
salts despite the presence of radioactive potassium isotope K
in the ratio, normal for such sediments. Moreover, the migration
of hydrothermal solutions through the Klodawa Salt Dome might
have resulted in the appearance of minerals which are not di-
rectly related to these formations, as boracite and congolite
(Wachowiak and Pieczka, 2012; Wachowiak and Tobota, 2014).
Influence of increasing temperature in the diapir was also men-
tioned by Wagner and Burliga (2014) for the Stinking Shale and
the Main Dolomite. It was determined on the basis of measure-
ments of random reflectance of organic matter.

It should be pointed out that the contribution of temperature
to the formation of blue halite in some salt deposits, as well as
their association with igneous rocks or magmatic solutions,
such as those found in salt deposits in Germany, is significant
(Borchert, 1959). Moreover, blue halite was also found in a
kimberlite pipe in the form of xenoliths (Polozov et al., 2008).

CONCLUSIONS

The origin of blue or violet halite crystals in natural environ-
ments has not been adequately explained so far. Numerous
laboratory experiments using various methods of halite
colouration do not reflect the natural conditions (Sonnenfeld,
1995). The most common opinion that radioactive decay of po-
tassium “°K isotope is responsible for halite colouration does
not explain adequately the accumulation of blue halite in the salt
formations because, up to now, blue halite has not been found
in the primary potassium salt beds.

Studies on anhydrite intergrowths in blue halite from one of
the largest underground exposures in the Klodawa Salt Dome
indicate that blue colouration of halite is a combined effect of at
least three factors: (1) high temperatures (above 250°C) result-
ing from migration of hydrothermal solutions within the salt for-
mation, (2) reducing conditions, as demonstrated by the occur-
rence of sulphide minerals, (3) defects of crystal structure,
caused by the tectonic activity and, especially, by the stress de-
veloped in the shear zone.

The origin of hydrothermal solutions is related to the base-
ment of Zechstein salt formations and to the development of
salt diapirs (cf. Wagner and Burliga, 2014). Their migration
through the salt formation caused the evolution of their chemi-
cal composition. First of all, the solutions became enriched in
some ions: K, Mg, Ca, Na, Cl and SO, due to dissolution of the
lower part of the Zechstein salt formations. The processes of
dissolution and recrystallisation facilitated the tectonic move-
ments and the development of the salt diapir but they also re-
sulted in changes of mineral composition of beds within the salt
dome and in the appearance of minerals which are not typical of
marine evaporites.
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