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Table 1 Sampling and studies carried out in Badenian halite rocks
Jfrom Poland. Facies: N - oldest salts, ZP - green salt, SZ - shaft salt,
SD - lower spiza salt. Mineralogy (abundant minerals are indicated in
capital letters): h - halite, g - gypsum, a - anhydrite, q - quartz, d -
dolomite, ¢ - celestite.

Depth  Facies  Mineralogy Thin Fluid
(m.) (XRD) section  inclusion
study study

WIELICZKA
MINE

1 Zp H-a-q-g

2 ZP H-a-g +

3 zp H-G-a-q +

4 Sz H-a 5

5 SD A-a-g +

6 Breccia H-a-g +

7 Breccia H-g-g +
LEZKOWICE
Z-1

1 77.0 SD-SZ H-a + +

2 780 SD-SZ H-a +

3 785 SD-SZ H-a +

4 809 ZpP H-g-a +

5. 331 ZP H-g-a +

6. 835 ZP H-g-a-q +

7 1293 N H +

8 1407 N H-a + e+
WOSZCZYCE
1G-1

1 2915 SD H-a-g-c? +

2 2933 SD + +

3 2986 SZ H-g-a-q +

4 3088 ZP H-a-g ok

5 3144 ZpP H-a-g

6 3152 ZP H-g-a-d-q +

7 3205 N H-g-a + -

8 3228 N H-a-g +

9 3242 N H-a-g -

10 3247 N H-g-a +

one sample (Lezkowice, sample 5). It is formed by car-
bonate minerals and clay. The former were not clearly
detected by XRD except in one sample (dolomite in
Wieliczka, sample 6). However, under the microscope
carbonate micrite can be identified and by SEM observa-
tion calcite, and dolomite pellets were detected in some
samples from Woszczyce IG-1. Opaque minerals (pyrite)
are also frequent. In the Wieliczka samples muddy
component contains abundant quartz grains and rock
fragments.

1. Salt Mine Wieliczka

In green layered salts (ZP), halite is coarsely crystal-
line, with scattered fluid inclusions. It contains anhydrite as
laths (from 25 to 150 um long) and light blue nodules
approximately 1 cm in diameter; they are partly hydrated
to secondary gypsum. The fine-grained detrital component
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is also present and contains angular quartz grains (15 to
100 pm) and rock fragments (shales, phyllites) in a clayey
matrix, resembling the texture of wackes. Glauconite and
hematite also occur.

In shaft salt (SZ) and lower spiza salt (SD), halite is
medium to coarsely crystalline (from 200 pm to 1 cm).
Crystals are anhedral and some of them are elongated.
Primary fluid inclusions are scarce and only secondary
fluid inclusions, caused by grain boundary migration, can
be observed. Anhydrite occurs in the halite grain bounda-
ries, inside halite crystals as prismatic/rectangular crystals
(up to 1.2 mm long), and also occurs in microcrystalline
(fibrous?) zones, with larger crystals around them. Some
anhydrite crystals are partly hydrated to secondary gyp-
sum. The fine-grained detrital component is scarce and
contains mostly quartz grains and rock fragments.

In the brecciated deposit, one of the studied samples
contains coarsely crystalline halite (1 cm across). In fine-
grained detrital zones smaller euhedral halite crystals oc-
cur. Primary fluid inclusions are abundant in relics of
hopper crystals. Anhydrite occurs in the halite grain
boundaries and also inside the halite crystals as scattered
crystals (0.4 mm long), and as rounded zones (nodules?)
(1.3 mm across). Anhydrite is partly hydrated to secondary
gypsum. The fine-grained detrital component is present in
the halite grain boundaries and also constitutes a discon-
tinuous lamina. The second sample studied is a large halite
crystal (4 cm long) with tiny primary fluid inclusions
(hopper crystal).

2. Lezkowice Z-1

In the oldest salts (N), halite is medium-to-finely
crystalline. Smaller euhedral crystals (250 um - 0.5 mm)
occur associated with the fine-grained detrital component.
Larger anhedral crystals are elongated and up to 8 mm
long. Primary fluid inclusions are frequent in the larger
halite crystals being relics of hopper crystals. Zones of
clear halite are also present. Secondary fluid inclusions
originated by grain boundary migration can be observed.
Anhydrite forms nodules (3.5 mm across) with a mi-
crocrystalline texture. Larger prismatic anhydrite crystals
arise from the periphery of these nodules. Anhydrite is also
present as scattered laths (up to 0.8 mm long). These laths
are absent in clear halite zones. Fine-grained detrital com-
ponent occurs among the halite grain boundaries and is
also lacking in clear halite zones.

In green layered salts (ZP), halite is coarse crystalline
(1.5 cm) but euhedral crystals (200 pm - 1 mm) occur as-
sociated with the fine-grained detrital horizons. Primary
fluid inclusions can be observed in relics of hopper crystals
(8 mm - > 2 cm). Clear halite zones are also present. Sec-
ondary fluid inclusions originated by grain boundary mi-
gration also exist. Anhydrite occurs in two varieties:
nodules replaced by secondary gypsum porphyroblasts
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preserving anhydrite relics, and tiny anhydrite laths (80 pm
long). The fine-grained detrital component occurs around
the anhydrite nodules and among the halite crystals, and
can also form laminae. Sample 6 is petrographically simi-
lar to the oldest salts described above.

In shaft salt (SZ) and lower spiza salt (SD), halite is
medium to coarsely crystalline (up to 1 cm across). Zones
of cloudy halite can be observed. Small anhydrite nodules
(1-2 mm across) and scattered fine-grained detritus also
occur.

3. Woszczyce IG-1 (Upper Silesia)

In the oldest salts (N), halite is mainly coarse crystal-
line (1 cm across) but smaller euhedral crystals (from 150
um to 0.5 mm) are also recorded. Primary fluid inclusions
are abundant corresponding to relics of hopper crystals (up
to 9 mm) and secondary fluid inclusions originated by
grain boundary migration also occur. Anhydrite is present
in two varieties: blue coloured nodules (up to 5 mm
across), often hydrated to secondary gypsum, in which
larger prismatic crystals arise from the periphery of the
nodules; and large rectangular crystals (up to 2.4 mm long)
partly hydrated to secondary gypsum. Dolomite occurs as
square ("sucrosic") crystals (from 30 to 120 um long) that
occur preferentially in the halite grain boundaries and lo-
cally are asscociated with fluid inclusions caused by grain
boundary migration. A fine-grained detrital component is
present among the halite crystals and around the anhydrite
nodules. It contains tiny anhydrite crystals and opaque
minerals.

In green layered salts (ZP), halite is coarsely crystalline
(up to 3 cm) but smaller (less than 3 mm) euhedral crystals
also exist, partly replaced by anhydrite. In some crystals
primary fluid inclusions are preserved corresponding to
relics of hopper crystals up to 1 cm. Anhydrite occurs as
large elongated crystals associated with the fine-grained
detrital component. Many of them are partly hydrated to
secondary gypsum. Locally, lutecite was observed replac-
ing anhydrite. Anhydrite also occurs as poikilitic cement in
the fine-grained detrital component. This component is
abundant and contains dark elongated dolomite pellets,
identified by SEM-EDS, and gypsum crystals. Samples 4
and 5 contain coarse crystalline halite with relics of hopper
crystals and a scattered fine-grained detrital component.

In shaft salt (SZ) and lower spiza salt (SD), halite is
coarse crystalline with relics of hopper crystals and a fine-
grained detrital component in variable amounts.

Bromine

All the analyzed halite samples have bromine contents
between 20 and 40 ppm, in accordance with previously
published data (Garlicki & Wiewiorka, 1983). These low
values result from precipitation in a weakly concentrated

brine where halite recycling in slightly concentrated
seawater took place (Holser et al., 1972; Garcia-Veigas et
al., 1995).

Fluid inclusions

The analysis of fluid inclusions was performed by the
Cryo-SEM-EDS methodology described by Ayora &
Fontarnau (1990) and improved by Ayora ef al. (1994a,b)
and Garcia-Veigas (1995). This method allows quantita-
tive analysis of the electrolytes present in fluid inclusions
by direct microanalysis of frozen salt samples in SEM-
EDS equipment.

In this method, a slice of halite about 1 cm® by 1 mm
thick is placed in a sample holder with four droplets of
solutions of known composition. The sample holder is then
immersed in liquid N, and introduced in a lateral cryo-
chamber of a Scanning Electron Microscope at -170°C.
Inside the cryo-chamber, the mineral is broken and a flat,
pristine surface is obtained. which contains a number of
frozen fluid inclusions. The surfaces of the halite and the
droplets are coated with aluminium in order to avoid sur-
face electric charging. The holder is placed in the chamber
of the SEM and the electron probe is focused in a few mi-
crons volume over frozen fluid inclusions or droplets and
an Energy Dispersive Spectrum (EDS) in a Si-Li detector
is obtained. The work conditions are established at 15 kV
of probe energy, 1.5 nA of beam current and 200 s count-
ing time. The peak-to-background ratio (Ip/Ib) of the EDS
peaks for the elements present in the droplets defines a
linear regression where the (Ip/Ib) of the elements in fluid
inclusions are interpolated, to obtain the chemical compo-
sition of the fluid inclusions. This methodology allows the
quantitative analysis of major solute chemistry (Na, Mg, K,
Ca, Cl and SOy) in natural brines trapped in primary fluid
inclusions in halite.

Due to the scarcity of primary fluid inclusions in the
halite from the Wieliczka salt mine, the determinations
were performed in samples from the boreholes Lezkowice
Z-1 (Bochnia area) numbered 1, 7 and 8, and Woszczyce
IG-1 (Upper Silesia) numbered 2, 4 and 7. The results of
Cryo-SEM-EDS analysis are shown in Table 2.

The composition of the fluid inclusions corresponds to
the system Na-Cl-Mg-SO,-K that can be considered as a
marine brine. The average compositions (Table 2) are
similar to the composition of concentrated seawater at the
beginning of halite precipitation (McCaffrey ef al., 1987)
(Table 3).

All the analyzed fluid inclusions have very similar
compositions suggesting that the mother brines did not
vary significantly from Upper Silesia to the Bochnia area.
This is in agreement with the idea that the three sub-basins
described in the Badenian evaporite basin had free and
continuous water/brine exchange (Garlicki, 1979). Differ-
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ences may be caused by minor variations in the composi-
tion of the mother brines, or due to analytical errors of the
technique (less than 10%).

On the other hand, the homogeneity in the fluid inclu-
sion compositions, from the oldest salts to the lower
spiza salts suggests that the original brines reached a
steady state during the deposition of the halite recorded
in the studied sections. This steady state can be attained
if the amounts of Na and Cl lost by halite precipitation
are compensated by the inflow of a brine enriched in
both elements so that a recycling mechanism of an older
halite deposit is necessary.

Table 2 Average composition (in mol/l) of the components in the fluid
inclusions analyzed from the Badenian salt deposit in Poland.
Analyses performed by Cryo-SEM-EDS

Na Mg S04 cl K

LEZKOWICE

Z-1
1 427 0.54 0.14 5.46 0.15
7 4.39 0.50 0.12 5.50 0.06
8 428 0.44 0.12 5.52 0.07

WOSZCZYCE

IG1
2 4.14 0.57 0.15 5152 0.13
4 4.38 0.57 0.14 5.57 0.08
v/ 4.30 0.44 0.14 5.46 0.07

Table 3 Composition of Inagua brines during the evaporation path of
seawater at several stages: inflow seawater, beginning of gypsum
precipitation, beginning of halite precipitation, first brine evaporated
in laboratory and beginning of potassium and magnesium salts
precipitation. Original data from McCaffrey et al. (1987).

Na Mg SO; Cl K
Seawater 0.49 0.05 0.03 0.59 0.01
Gypsum 2.05 0.23 0.12 2.44 0.04
Halite 4.48 0.51 0.118 5.24 0.10
Laboratory 2.92 1.93 0.69 5.44 0.36
Potassium salts 0.63 3.53 1.19 591 0.67

Discussion

The geochemical study (fluid inclusion composition
and bromine contents in halite) of Badenian rock salts of
the Carpathian Foredeep in Poland indicates that halite is
partly recycled in origin. The recycling of early halite de-
posits located at the basin margin is a common process at
the final stage of many saline formations, as it has been
reported in the Messinian salt deposits of Central Sicily
basin and Lorca basin (Spain) (Garcia-Veigas ef al., 1995)
and in the Eocene potash basin of Navarra (Spain) (Ayora
et al., 1994b).

As stated above, the homogeneity in the composition
of fluid inclusions (steady state) and the low bromine
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contents in salt, can be achieved by the inflow of waters
enriched in Na and Cl by dissolution of an older halite
deposit. With the available data it is not possible to
determine the source of the inflow (marine, continental
or mixed) or the evaporitic formation recycled (the
Zechstein salt rocks or the earlier halite deposits of the
Badenian basin).

In order to mantain the halite precipitation in a steady-
state condition, an inflow enriched only in Na-Cl is re-
quired but, in this case, the contents of potassium,
magnesium, and sulphate would be lower than those ob-
tained in the analyzed fluid inclusions because the mother
brine would achieve the saturation in halite in an early
stage of concentration. This situation is recorded in the
composition of fluid inclusions in the upper section of the
Messinian halite formation of Lorca basin (Spain) (Ayora
et al. 1994a; Garcia-Veigas, 1995) where the brine compo-
sition shows a continuous decrease in Mg and K, and an
increase in Na contents.

Although the composition of the fluid inclusions stud-
ied is very similar to the composition of seawater at the
beginning of halite precipitation, it could also be
achieved by the evaporation of a special type of conti-
nental waters (Ayora ef al., 1994a). However, the
connection of the Badenian Carpathian Foredeep with
the open sea is accepted in the literature (Rogl & Miiller,
1978; Czapowski, 1994).

The relics of hopper halite crystals that exist in the
studied halite samples show some features that are in ac-
cordance with the idea that halite precipitation took place
in a calm brine body that had reached a steady state com-
position. These crystals have an inner core where fluid
inclusions are disorientated suggesting the equilibrium of
the brine, without a marked salinity gradient, and with no
variations and no supersaturation. This situation can be
achieved in a deep brine or in a stratified brine. The
orientation of fluid inclusions that can be observed in the
outer part of these crystals is related to their large size:
when halite crystals reach a critical size, a preferential
development of cube edges over cube faces occur due to
a mass transfer problem (Batchelder & Vaughan, 1967).

Polyhalite is absent or, at least, very scarce in Badenian
salt deposit. This mineral grows interstitially during early
diagenesis replacing initially a precursor sulphate mineral
(gypsum or anhydrite) and after the halite crystals. The
halite replacement starts from the grain boundaries sur-
rounded by muddy sediment. Primary sedimentary depos-
its of polyhalite are unknown, as far as we know. In the
predicted evaporation sequences this mineral precipitates
only if potassium is abundant in the brine, and also magne-
sium, although in a lower degree. In the Eocene potash
formation of the Navarra basin polyhalite occurs in the
lower part, below the potash beds, but is lacking in the
upper halite unit which formed from a K-poor brine
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(Rosell, 1983; Ayora et al., 1994b). In the halite samples
studied from the Badenian salts, potassium contents are
also very low in the fluid inclusions indicating a low con-
centration of this element in the mother brines.
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