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The diapiric structures of the Polish Lowlands are tectonically deeply seated down to the autochthonous Zechstein strata ata
depth of ca. 6 km. In the process of deep burial and halokinetic diapirism, the salt rocks were subjected to diagenetic and
metamorphic transformations, with the temperature being an essential factor. Considering the thermal gradient, a tempera-
ture of up to ca. 200°C can be achieved in the salt dome within a depth range from several hundred metres to 6 km, which
may lead to transformations of the majority of salt minerals. Phase transitions of two borate minerals — boracite and congolite
from the Ktodawa salt dome — provide evidence for higher temperatures in the salt dome rocks. The authigenic euhedral
crystals of those borate minerals display their external habitus in ambient temperature in the form of regular symmetry (F43c
— pseudo-regular polyhedrons), whereas their internal structure is lower: orthorhombic (Pca24) for boracite and rhombo-
hedral (R3¢) for congolite. The heating and cooling of boracite and congolite crystals show reversible phase transition. At a
temperature of ca. 270°C, boracite crystals change their symmetry: orthorhombic <> cubic. In the case of congolite three re-
versible phase transitions within a temperature range of 50-339°C can be observed: rhombohedral «> monoclinic <
orthorhombic <> cubic symmetry. Those phase transitions, confirmed experimentally in our study, clearly document at least
local occurrences of temperatures exceeding 339°C in the Klodawa salt dome.
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INTRODUCTION lithostatic pressure the temperature of dehydration/thermal in-
stability increases from 83°C in an open system (Grube and

Brauning, 1938) to ca.167°C (MPa ~ 1000 m depth) in a closed

The rocks of salt diapirs were, and still are, subject to
diagenetic and metamorphic transformations. The two basic
factors of post-sedimentary transformations include pressure
and temperature inside salt domes. Most of salt minerals are
unstable in physical and chemical respects. For that reason,
temperature increase from several tens to above one hundred
°C, as well as pressure increase, cause their diagenetic and
metamorphic processes transformations (Borchert and Muir,
1964). Due to the geothermal gradient, rock salts in dome
structures in a depth range from several hundred metres to
5-6 km are heated up to ca. 200°C. The pressure caused by
the halokinetic displacement of salt masses initiates the migra-
tion of heated solutions along a network of cracks/fractures and
dislocations developed in the uplifting salt rock mass. Under the
influence of temperature and pressure, diagenetic and meta-
morphic processes may take place. Some typical transforma-
tions observed in the temperature range discussed, include de-
hydration/thermal decomposition of carnallite. With increasing
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system (Kern and Franke, 1986). taszkiewicz and Langier-
Kuzniarowa (1966) proved dehydration temperatures of carnal-
lite varying between 168 and 270°C.

Depending on the accompanying minerals, carnallite can
decompose at lower temperatures. For example at a tempera-
ture of ca. 72°C, carnallite-kainite rock in the presence of halite
and at 76°C in the absence of halite (Braitsch, 1971) transforms
into sylvine-kieserite rock following the reaction (Borchert and
Muir, 1964; Stanczyk-Stasik, 1976):

KCI - MgCl;, - 6H,0 + KCI - MgSO, - 3H,0 —
— KCI + MgSOy - H,0 + MgCl; - nH,O

or following Braitsch (1971):

KCI - MgCl, - 6H,0 + 2(KCI - MgSO, - 2.75H,0) —
— 3KCI + 2(MgSO; - H,0) + MgCl, + 9.5H,0

This process also exemplifies the release of considerable
quantities of magnesium-bearing solutions as a result of salt
mineral transformations. In addition, Mg can be generated from
high evaporated relict sea water occurring in caverns, brine
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pockets and porous spaces as well as in fluid inclusions, mobi-
lized during halokinetic movement.

Some evaporite minerals transform at much higher temper-
atures than is generally assumed. These include the phase
transformations of borates from the boracite group (boracite,
ericaite, congolite, trembatite), occurring in the Zechstein salt
deposits. The characteristic common feature of those borates
at room temperature (25°C), is the pseudocubic shape of the
crystals, as well as a lower symmetry of their internal structures:
orthorhombic (Pca24) in boracite and ericaite and rhombo-
hedral (R3;) in congolite and trembathite.

Experimental studies of pure synthetic phases of the end-
member magnesium-ferrous borate components — Mgs;B;043Cl
and Fe3B;043Cl — indicated their reversible phase transitions
with increase in temperature (e.g., Sueno et al., 1973; Dowty
and Clark, 1973; Schmid and Tippmann, 1978). During heating
to a temperature of ca. 264°C, synthetic boracite Mgz;B;043Cl
transforms from orthorhombic (Pca2,) to cubic (F43c). How-
ever, synthetic congolite Fe3B;043Cl was subjected to three-
phase transitions: from a rhombohedral structure (R3C) at
room temperature to monoclinic (Pc) at ca. 255°C, to orthorho-
mbic (Pca2,) at ca. 270°C and finally to cubic (F43c) at ~336°C.

Studies on natural boracite, trembathite and congolite crys-
tals confirmed high-temperature phase transformations in the
borates analysed, although those changes were documented
for wider temperature ranges than those previously reported.
Such wide ranges are due to the heterogeneous chemical com-
position of natural phases, with variable proportions of Mg2+ and
Fe?* (Burns and Carpenter, 1996, 1997).

Due to considerable temperature deviations of the phase
transitions between natural and synthetic borates, it was the in-

tention of the authors to determine experimentally the tempera-
ture values of the respective phase transitions occurring at vari-
ous points within the natural boracite and congolite crystals
from the Ktodawa salt dome (central Poland; Fig. 1). A study of
the phase transitions and their temperatures in borate minerals
can be a contribution to the determination of the thermal condi-
tions existing in salt diapirs.

GEOLOGICAL SETTING

The Klodawa salt dome is part of the anticlinal salt structure
of Izbica Kujawska-teczyca, with a length of about 60 km and a
width up to 3 km, trending generally in NW-SE direction (Fig. 1).
The salt structure is situated at the SW edge of the Kujawy part
of the Mid-Polish Trough and it is the largest tectonic unit of this
kind in the Polish Lowlands (e.g., Dadlez et al.,1995, 1998;
Dadlez, 1997; Krzywiec, 2004, 2006).

In its central section, the Upper Permian Zechstein strata
have pierced through the Mesozoic cover over a distance of ca.
26 km and a width of ca. 2 km, creating the Ktodawa salt dome
(Werner et al., 1960). In transverse cross-section, the dome
has the form of a salt wall, ca. 6 km high, inclined to SW and
widening with depth. In the horizontal plane the dome is
elliptical.

In the lithostratigraphic profile of the Klodawa salt dome
(Fig. 2), evaporite and minor siliciclastic rocks of four cyclo-
thems: PZ1 (Werra), PZ2 (Stassfurt), PZ3 (Leine) and PZ4
(Aller), have been distinguished and described (Werner et al.,
1960; Charysz, 1973; Garlicki and Szybist, 1986; Tarka, 1992;
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Fig. 2. A stratigraphic profile of the Klodawa salt dome
with boracite and congolite levels (from Charysz, 1973;
Garlicki and Szybist, 1986, modified)

Burliga et al., 1995; Tobota and Natkaniec-Nowak, 2008; Bur-
liga, 2011). The total thickness of the Zechstein salt deposits el-
evated in the Ktodawa dome is about 1,500 m.

The lowest cyclothems (PZ1 and PZ2) and the lower part of
PZ3 are mainly represented by rock salts, with a few layers of
potash salts, anhydrite, claystone and carbonate. Higher
Zechstein cyclothems, the middle and top beds of the PZ3 and
the PZ4 cyclothem, are dominated by evaporite-terrigenous de-
posits (clayey salts or zubers), interbedded with rock salt and
anhydrite.

Due to halokinesis (Trusheim, 1960), the salt beds have
been strongly folded, while more rigid anhydrite and claystone
beds were fractured. The anticline cores are composed of the
PZ1 and PZ2 deposits, mainly rock salt. The limb sections
contain younger deposits of the lower and middle part of the
PZ3 cyclothem. Two main marginal anticlines are separated
by a central syncline built of the youngest Zechstein deposits,
i.e., of the upper sections of the PZ3 and PZ4 cyclothems
(Werner et al., 1960).

OCCURRENCE OF BORATE MINERALS
IN THE KLODAWA SALT DOME

Four different borate minerals have been detected in the
Klodawa salt dome:

— boracite (Hanczke, 1969; Fijat, 1973; Wachowiak, 1998);

— szaibelyite (Fijat, 1970, 1973; Wachowiak, 1998);

— congolite (Wachowiak and Pieczka, 2012);

— trembatite (Wachowiak and Pieczka, 2012).

Boracite Mg3;B;043Cl was found in the PZ3 cyclothem de-
posits, in the carnallite-kieserite laminae of the top part of the
Younger Lower Halite unit (Na3d) and in the kieserite-carnallite
layers of the bottom part of the Younger Potash (K3) (Fig. 2). In
both units, boracite occurs in the form of idiomorphic, colourless
and transparent crystals, in shape comprising regular polyhe-
drons, chaotically dispersed within salt rocks.

Szaibelyite (ascharite) MgBO,(OH) is associated with
boracite in the carnallite-kieserite rocks of the PZ3 cyclothem.
The mineral occurs as microcrystalline concentrations dispersed
within the salt mass. Its crystals visible in SEM form needle-
shaped aggregates, several to several tens of micrometres long.
Individual prismatic crystals are colourless and transparent.

Congolite (Fe,Mg,Mn);[B;0+3Cl] occurs in two units of the
PZ4 cyclothem (Fig. 2):

— the Underlying Halite (Na4a0), which is the lowermost
unit of the PZ4 cyclothem. With a thickness about 3 m,
the layer is composed of white-grey-orange rock salt,
with fine regular lamination with anhydrite flasers. The
halite content ranges from 93 to 96%. The Underlying
Halite is underlain by the Brown Zuber of the PZ3 cyclo-
them, and overlain by the ca. 0.5 m thick Pegmatite
Anhydrite (A4) bed.

— the lower part of the Youngest Halite (Na4) unit, domi-
nated by pink salt. The Youngest Halite is underlain by
the Pegmatite Anhydrite and overlain by the Red Zuber.
The salt displays granoblastic structure, its blasts rang-
ing between 3 and 10 mm across. Massive and chaotic
texture is dominanting there, less often undulated or
laminated. Congolite was found in the bottom layers,
several metres above the contact with the Pegmatite
Anhydrite (Wachowiak, 2010).

In both units congolite was found in trace amounts in the
form of single crystals or crystal aggregates within the salt
rocks. The crystals show pseudo-cubic and occasionally
pseudo-tetrahedral shapes of yellow to purple-brown colour.

Trembathite (Mg,Fe,Mn);[B;0+5/Cl] was detected together
with congolite as double-phase intergrowths of pseudo-cubic
shape. These are described together with those of congolite.
The presence of a mineral with the chemical composition
(Mg 57Fe1.36Mng 07)s3B7043Cl in some crystal segments (or sec-
tors) was identified on the basis of electron microprobe analysis
(Wachowiak and Pieczka, 2012).

SAMPLING, EXPERIMENTAL FRAMEWORK
AND ANALYTICAL METHODS

The samples were collected in the Klodawa Salt Mine at a
depth of 750 m: fifteen samples, weighing ca. 6 kg each, from
the Underlying Salt and the Youngest Rock Salt in three work-
ings, within the congolite zones, and seven samples, weighing
ca. 6 kg each, in two workings, from the Lower Younger Halite
unit (Na3d) and the bottom part of the Younger Potash (K3) that
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may contain boracite. From each sample, 5-kg-aliquots were
dissolved in distilled water (until reaction with AgNO; disap-
peared). The water — insoluble residuum was dried at the ambi-
ent temperature (~ 25°C) and weighed. Quantitative and quali-
tative analyses were conducted with respect to the hardly solu-
ble minerals. Several tens of boracite and congolite crystals
were selected for further studies.

Five boracite crystals and five congolite crystals, from 0.4 to
0.9 mm each, were mounted with Super Glue on glass plates,
thinned to a thickness of about 35 um, double polished, and
coated with carbon for electron microprobe analysis. The analy-
ses were performed at the Inter-Institute Analytical Complex for
Minerals and Synthetic Substances of the University of War-
saw, using a Cameca SX 100 electron microprobe operating in
the wavelength-dispersive (WDS) mode, with the following pa-
rameters: accelerating voltage 15 kV, beam current 10 nA,
beam diameter 2 um, peak count-time 20 s, background time
10 s. The minimum detection limits for the elements analysed
were: 0.04 wt.% for Mg, 0.16 wt.% for Fe and Mn, and
0.08 wt.% for Cl. The B,Os3 content was calculated from
stoichiometry, assuming normalization of the analyses in rela-
tion to 3Mg for boracite, 3(Fe + Mn + Mg) for congolite, and
14(0,Cl) atoms per formula unit (apfu).

After electron microprobe analysis, carbon was removed
from the boracite and congolite crystals. The crystals were sub-
jected to optical tests, in transmitted light under an Olympus
BX-12 polarizing microscope. Later, thin plates of particular
crystals were detached from the glass plates and subjected to
thermal tests under a Nikon Eclipse E600 polarizing micro-
scope, equipped with a replaceable THMSG 600 freezing-heat-
ing table with Linkam accessories, allowing for the measure-
ment of temperatures from —196 to 600°C, with the accuracy of
0.1°C. Before the measurements started, the temperature was
calibrated using pure CO, synthetic inclusions (Tm = —56.6°C)
and the known homogenization temperature of pure H,O inclu-
sions. The heating rate of the samples was 1°C/min.

RESULTS

BORATE MINERAL CHARACTERISTICS

Boracite. Boracite was identified in the residuum of the
hardly water — soluble mineral fraction in four of seven samples
from the carnallite-kieserite laminae of the Younger Lower Ha-
lite unit and in three samples collected from the kieserite-car-
nallite rock of the Younger Potash (K3). The content of the
hardly soluble residuum in those samples ranges from 0.4 to
1.1 wt.%. Monocrystalline anhydrite, constituting from 70 to
95% of the mineral substance volume, is the dominat hardly
soluble mineral. The boracite content ranges from 5 to
20 vol.%. In two samples collected from the kieserite-carnallite
rock, small quantities of szaibelyite (ca. 1-2%) were found. In
addition, trace quantities of euhedral quartz and pyrite crystals
were detected.

Boracite occurs in the form of authigenic, idiomorphically de-
veloped crystals, with the shape of pseudo-regular polyhedra,
mostly pentagonal dodecahedra. The crystals are colourless and
transparent, with strong lustre (Fig. 3). Their size ranges from
tenths of a millimetre to ca. 1.5 mm across. The mineral is colour-
less in thin sections, with grey and white-grey interference
colours of the first order. Marginal parts of crystals contain
polysynthetic lamella twinning, perpendicular to the crystal edges

Fig. 3. Boracite crystals from carnallite-kieserite layers
(Younger Potash — K3, Klodawa salt dome)

(Fig. 4A—C). The spot chemical composition of selected points in
the crystals B1, B2, B3 is given in Appendix 1*: Mg, Fe and Mn
displayed as oxides (MgO, FeO, MnQO). The MgO content of
these crystals varies between 25.46 and 30.96 wt.%. Fe** re-
placing Mg ranges from 0.00 to 7.42 wt.% of FeO, while the Mn**
content ranges from 0.00 to 0.25 wt.% of MnO. The Fe and Mn
contents are increased in the centre and at the edges of the crys-
tals (Appendix 1; Figs. 4B, B’ and 5A-D). Nevertheless, in most
of the microprobe analyses, the contents of Fe and Mn do not ex-
ceed the detection thresholds of 0.16 wt.%. The average chemi-
cal formula of most of the boracite crystals can be determined as
(Mgz.e7F€0.03MnNg 004)B7043Cl. Those small admixtures of Fe and
Mn influenced, however, the temperature of boracite phase tran-
sitions.

Insignificant differences in the chemical composition of par-
ticular zones in the crystals are hardly visible in BSE images
(Fig. 4A’, B’, C’). In some crystals, Fe enrichment is seen in the
form of lighter bands (Fig. 4B’). The chemical composition of the
peripheral zone, enriched in Fe (crystal B2, point 4), is ex-
pressed by the formula (Mgz.gsFeo.13Mno 01)B7043Cl.

THERMAL STUDIES OF BORACITE CRYSTALS

When boracite crystals (B-2 and B-3) were heated (Fig. 5),
the optical properties started to change, becoming isotropic at a
temperature of 210°C. This is attributed to a change in the crys-
talline lattice from orthorhombic to cubic symmetry. At higher
temperatures, a slow and gradual isotropization followed, first at
points and then irregularly in various parts of the crystals (Fig.
5B, F). From the temperature of 264°C, specified as the point of
synthetic boracite phase transition (e.g., Sueno et al., 1973;
Schmid and Tippmann, 1978), a fast, concentric-zonal extinc-
tion of interference colours continued (Fig. 5C, G). In the narrow
temperature range of 269-270°C, the main phase transition

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1170
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Crystal B2

Crystal B3

Crystal B2 BSE

Crystal B3 BSE

Fig. 4. Representative types of boracite crystals from the Ktodawa salt dome

A, B, C — microscope images under crossed polars;
A’, B’, C’' — BSE images; numbers indicate microprobe analyses

process occurred. About 98% of crystals were subjected to
isotropization. The interference colours were observed only in
central and peripheral crystal bands, mostly in those enriched in
Fe (Fig. 5D, H). Total isotropization took place at 271°C. During
slow cooling of the crystals, the reverse structural transforma-
tion, from cubic to orthorhombic symmetry, was detected at
similar temperatures.

The chemical compositions of particular crystal points with
phase transition temperatures at those points (Appendix 1) indi-
cate clearly that a small difference in the Fe content causes a
change of the phase transition temperature even by several °C.
The concentric-zonal extinction of interference colours (isotro-
pization) at various temperatures, which depends on the chemi-
cal composition of the zones (Appendix 1 and Fig. 5) empha-
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T=269.4°C

Fig. 5. Microscope images of boracite crystals upon heating (crossed polars)

A-D — crystal B2, E-H — crystal B3; for other explanations see Figure 4
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sizes and demonstrates the subtle concentric-zonal change-
ability of the chemical composition of some of the boracite crys-
tals under investigation.

Congolite. Congolite crystals were identified in five out of
15 samples. Two samples were collected from the Underlying
Halite and three samples of the Youngest Halite (Pink Salt) at a
distance of 3-6 m from the top of the Pegmatite Anhydrite.
Congolite crystals were found in trace quantities, from several
to about a dozen crystals in each sample, varying between 0.05
and 1.1 mm in size, depending on the sample. This mineral oc-
curs as an euhedral, well-developed, slightly transparent, yel-
low, light purple, purple-brown to brown crystals (Figs. 6 and 7).
The cubic and tetrahedral shapes of the crystals, with truncated
edges and corners, are often observed. Those are para-
morphoses of the low-temperature varieties of congolite (o),
with rhombohedral symmetry in ambient temperature, after the
high-temperature variety § which has a cubic structure above
336°C (hextetrahedral symmetry class, F43c space group)
(Schmid and Tippmann, 1978; Burns and Carpenter, 1996).
Under the microscope, the congolite crystals are transparent
and colourless in thin sections at room temperature. Optical
tests conducted in convergent light indicated that it was opti-
cally a uniaxial mineral (=), which unequivocally distinguished
the mineral as congolite from the biaxial ericaite (Wachowiak
and Pieczka, 2012).

In crystals oriented parallel to the (001) plane, one can see
polysynthetic lamella twinning. In polarized light, the concen-
tric-zonal or sectoral-zonal structures are clearly visible, reflect-
ing the diverse chemical compositions of the crystals (Fig.
8A-C). The sectors (subcrystals) are oriented at various angles
with respect to each other, which is demonstrated by a wide
range of interference colours, from first order grey of the to the
second order blue and green. Polysynthetic twinning crossing
at 90° is clearly visible (Fig. 8C).

Point chemical analyses by microprobe and BSE images
show the diverse chemical composition of the crystals investi-
gated (Appendixes 2 and 3; Fig. 8A’—C’). This is due to the fact
that congolite forms solid solutions, which at each point of a crys-
tal have a different combination of Fe, Mg, and Mn contents, from
(Fe2.8Mdo.12Mng.08)B7013Cl to (Fe+.51Mg1.42Mno.07)B7013Cl.

The crystal C-2 (Fig. 8A, A’) is an aggregate of several
subcrystals, each with one or several crystallisation centres.

Fig. 6. Congolite crystals from Youngest Halite (Na4) strata,
Klodawa salt dome

1 mm

Fig. 7. Congolite crystal within rock salt
(Youngest Halite — Na4; Klodawa salt dome)

The centres (nuclei) have maximum iron enrichment and mini-
mum magnesium content. A typical chemical content of the nu-
cleus at the point C-2/23 can be expressed by the formula
(Fe2.77Mgo.1sMng 0)B7043Cl. The zones which are depleted in
Fe are developed around the centres, and the typical formula at
C-2/7 is (Fez'ogMgo'35Mn0'06)B7013C|. These are followed by
zones strongly enriched in Mg; their chemical content is similar
to that of point C-2/61: (Fe.72Mg1.23Mng 05)B7043Cl.

The crystal C-5 (Fig. 8B, B’) has a simple zonal structure,
with the internal zone enriched in Fe, the diagonal zoning of
which is a characteristic feature of that crystal and can also be
observed in many other crystals. The chemical differentiation
develops by bands, in parallel to the diagonal XY of the thin sec-
tion. The maximum iron content was observed in the central
part of the crystal, at points 22, 32, 33, and 41, corresponding to
a chemical formula of [(Fe;.sMgo.12Mng 0s)B7043Cl]. The highest
magnesium content was determined at the edge zones and cor-
ners of the crystal. At point 44, the magnesium and iron con-
tents are Comparable [(Fe1_48Mg1_44Mn0_03)87013CI].

The crystal C-6 (Fig. 8C, C’) shows simple zoning, without
sectoral subdivision. In the crystal centre there are several crys-
tallisation nuclei enriched in Fe, with the composition
(Fez_ggMgo_45Mn0_26)B7013C|, (p0|nt 28), covered by Iarge crys-
tallization area, rich in magnesium; at the point C-6/31, the com-
position is (Fe.95MgoesMng09)B7013Cl. The marginal parts of
the crystal are also Fe-enriched: (Fe; 51Mgo.30Mno.19)B7043Cl at
point C-6/46.

THERMAL STUDIES OF CONGOLITE CRYSTALS

When the crystal C-5 was heated (Figs. 9 and 10), a change
in its optical properties (interference colours) began to be ob-
served at 50°C, at the Mg-rich edges and corner zones (Fig.
9B). With increasing temperature, the area of transformation
gradually expanded towards the Fe-rich crystal centre (Fig. 9C,
D). Up to a temperature of 210°C (Fig. 9D) the crystal segments
and zones enriched in magnesium underwent structural trans-
formation displayed by the change of interference colours from
blue, violet of the second order to grey and white-grey of the first
order. This change can be attributed to the transition from
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Crystal C-6 . Crystal C-6 BSE

Fig. 8. Representative types of congolite crystal, oriented parallel to the (001) plane

A, B, C — microscope images under crossed polars; A’, B, C' — BSE images; for other explanations see Figure 4

rhombohedral to monoclinic symmetry, reported in synthetic — in the band with the chemical composition similar to pure
congolite crystals by Schmid and Tippman (1978). congolite [(Fe2sMgo.12Mnoeg)B7013/Cl at point 41], from
Within the temperature range of 210-270°C (Fig. 9D-F) rhombohedral symmetry to monoclinic one at 230-255°C,
two phase transitions were observed at the same time: followed by orthorhombic at about 260-270°C.
— in the parts of the crystal enriched in magnesium, from At 290°C, crystal isotropization started, proceeding from
monoclinic symmetry to orthorhombic; bands and sectors with the chemical composition enriched in

Mg towards the central area which is richer in Fe (Fig. 10A-E).
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Fig. 9. Microscope images of congolite crystal C-5 upon heating (crossed polars)

T = 30-270°C; for other explanations see Figure 4

The zones of the highest Fe content (points 32 and 41; Appen-
dix 3) were subjected to complete transition to structures with
cubic symmetry 338°C (Fig. 10F).

Observations of phase transformations in crystals C-2 and
C-6 supported the process described above and, in particular,
the clear dependence of the transformation temperature on
hemical composition (Fe to Mg ratio). The temperature differ-
ences of those transformations at points of similar chemical
composition in various crystals ranged within 2—-8°C.

During the thermal studies, we observed clear changes in
the optical properties (double refraction) of congolite, during the
transition from rhombohedral symmetry to monoclinic, compris-
ing a change in maximum interference colours from blue and
green of second order to first order grey and white-grey. The
course of those transitions developed within a wide range of
temperatures, from 50 to about 255°C. The transitions of mono-
clinic symmetry into orthorhombic were difficult to observe ow-
ing to the similar optical properties of those phases (similar in-

terference colours). The third transition to regular symmetry
was easily noticeable in particular crystal sectors and zones ow-
ing to a clear disappearance of interference colours in narrow
temperature ranges.

INTERPRETATION AND DISCUSSION

In natural crystals of the borates from the Klodawa salt
dome, phase transitions developed within much wider tempera-
ture ranges than in the case of pure synthetic crystals. In addi-
tion, the transformation temperature was slightly higher (by sev-
eral °C).

In synthetic Mg3B;043Cl, the phase transition from orthorho-
mbic structure (Pca2,) to cubic structure (F43c) took place at
ca. 264°C (e.g., Sueno et al., 1973; Schmid and Tippmann,
1978). In natural boracite crystals from the Ktodawa salt deposit



552 Jacek Wachowiak and Tomasz Tobota

Fig. 10. Microscope images of congolite crystal C-5 upon heating (crossed polars)

T=290-338°C; for other explanations see Figure 4

a gradual change of optical properties during heating (loss of in-
terference colours) was noted within a wide temperature range
of 210-270°C. Nevertheless, the main phase transition pro-
cess, i.e. from orthorhombic structure (Pca2,) to cubic (F43c),
took place at a very narrow temperature range of 269-270°C
(Fig. 5D, H).

In the synthetic congolite crystals (Fe;B;043Cl), the final
phase transition from orthorhombic to cubic symmetry was de-
tected at ca. 336°C. In the natural congolite crystals from
Ktodawa the isotropization process, which determines the mini-
mum temperature of transition from orthorhombic structure
(Pca24) to cubic (F43c), was developed within 290-338°C.

The above phase transition temperature ranges closely
match the results of the research conducted on natural borac-
ites and congolite from the borate deposits of Sussex, New
Brunswick, Canada (Burns and Carpenter, 1996, 1997).

The reasons for a considerable expansion of the tempera-
ture ranges in which phase transitions occurred in congolite
were the differences in the chemical composition of particular
points, zones, and sectors in the crystal. The ratio of the Fe?
and Mg?* ions plays a principal role in the phase transition pro-
cess. The transition temperature increases with an increase in
Fe content in the mineral. A significant role at higher tempera-
tures of phase transitions can also be played by a slight admix-
ture of Mn.

The preserved regular habit of boracite and congolite crys-
tals, typical of high-temperature { varieties, and simultaneously
revealing their lower internal symmetry, indicate that these min-
erals originated by epigenetic recrystallisation during diage-
nesis or metamorphism of salt rocks at high temperatures. The
[-boracite crystals developed above 270°C, and the 3-congolite
crystals recrystallised above 338°C. These are minimum tem-
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peratures, determined on the basis of structural transitions of
those minerals, whereas the temperatures occurring in the salt
dome could have been much higher. In the subsequent stages
of diapir formation, as a result of gradual cooling of the upper
sections of the dome, borate crystals underwent a transition of
internal structure to lower symmetry, though preserving the cu-
bic habit fixed at high temperatures. What has remained after
phase transition is the frequently observed presence of typical
microstructures, resembling polysynthetic lamella twinning
(Figs. 4A and 8C).

The development, geochemical composition, form, and di-
verse local distribution of the boracite and congolite in the
Ktodawa salt dome indicate different origins for these minerals.

Boracite is associated with szaibelyite and their occurrence
is restricted to the carnallite-kieserite layer of the Younger Pot-
ash and the underlying Lower Younger Halite. Both boracite
and szaibelyite are secondary minerals, formed during meta-
morphism of primary borate minerals, such as e.g. hydro-
boracite, kaliborite or pinnoite (Fijat, 1973; Yarzhemskiy, 1984).
In the early stage of diagenesis and during deep burial, low-
temperature a-boracite (Borchert and Muir, 1964) could recry-
stallise from primary hydrated borates. In subsequent phases
of diapir uplift, as a result of the development of cracks and tec-
tonic dislocations reaching the pre-Zechstein basement
(Znosko, 1957; Krzywiec, 2004), and owing to steep stratifica-
tion of salt layers, geochemical as well as thermal transforma-
tions of salt rocks occurred under the influence of migrating, hot
highly concentrated brines, probably also including hydrother-
mal circulation originating from the pre-Zechstein basement. In
addition to fissures and tectonic dislocations, specific “thermal
pathways” may have been provided by cracked and crushed
layers of anhydrite, as well as by unstable potassium-magne-
sium salts. That phase of the diagenesis/metamorphism should
have been associated with the development of the high-tem-
perature variaty of 3-boracite and probably of szaibelyite.

In contrast to boracite, the origin of congolite was not directly
associated with K-Mg salts. Congolite typically occur regularly in
pure rock salts, jointly with the Pegmatite Anhydrite, at a distance
of several metres from the bottom and top of that layer. This rock
is certainly directly associated with congolite recrystallisation in
that part of the deposit. The Pegmatite Anhydrite is strongly af-
fected by tectonics, displaying cracked and displaced layer, with
a thickness from 20 cm to 1 m. The rock is intersected by irregu-
lar veins and lenses of epigenetic halite, making up from several
to about 30 vol.%. Therefore, we can suppose that the cracked
and porous Pegmatite Anhydrite layer represents the migration
path for the hot borate brines from which congolite crystallised in
the surrounding rocks during cooling. The lower K3 potash salt
bed may have been the source of the borate solutions. Migration
of solutions in the cracked and locally karstified salt diapir must
have been quite frequent.

Specific properties of boracite and congolite are the pre-
mises for the recognition of the thermal history of salt domes.
Precise determination of the minimum temperature required for
the development of the high-temperature varieties of 3-boracite
(~270°C) and B-congolite (~338°C) defines the temperatures
occurring in at least in some parts of the salt dome.

The source of such high temperatures needs to be consid-
ered. Such classical factors as pressure and temperature gradi-
ents, being key factors that cause plastification and halokinetic
movement of salt masses as well as the transformations of most
salt minerals, could not raise temperatures above 200°C. Energy
provided as a result of friction forces developing in the relocating
salt masses also does not seem to be an adequate mechanism
to generate a temperature in the range of 300—400°C, mainly
owing to the very good thermal conductivity of salt rocks and a

lack of insulating layers, both within the salt dome and at the con-
tact zone with the surrounding rocks. The energy generated by
the decomposition of radioactive elements, such as potassium
K*in sylvine and carnallite may not be sufficient due to the scar-
city of these isotopes.

We may, however, assume that these factors exert a com-
bined regional influence on the thermal conditions occurring in
salt domes.

Therefore, the main sources of additional energy causing
local temperature increases to several hundred °C may be
sought in the deep pre-Zechstein strata, and the energy release
and distribution should be associated with the diapir uplift pro-
cesses. The tectonic movements of the pre-Zechstein strata of
the Mid-Polish Trough in subsequent orogenic stages, starting
from the Triassic, were the primary factors causing halokinetic
activities of salt masses (e.g., Znosko, 1957; Krzywiec, 2004).
Deep stratal cracking and tectonic dislocations accompanying
those movements may have been favourable for the migration
of hot brines to the upper portions of the salt dome.

The presence of intrusions under some salt deposits, e.g.
the basalt dyke under the potash deposit in Buggingen, Upper
Rheinland (Braitsch et al., 1964), dolerite intrusions in the Cam-
brian carbonate-evaporite deposit in the East Siberian salifer-
ous basin (Knipping, 1989; Grishina et al., 1992), indicate the
possibility of occurrence of such thermal activities. Unfortu-
nately, our knowledge of the structure of deep sections of the
salt domes in the Polish Lowlands, and especially of the nature
of the domal contact with pre-Zechstein basement, is limited be-
cause of a lack of drilling data. The presence of igneous phe-
nomena under the Mid-Polish Trough may be excluded, al-
though hydrothermal activity increasing heat flow to the higher
sections of salt domes is quite probable. In addition, the latter
activity is the only realistic supposition explaining the occur-
rence of high temperatures, of some 300—-350°C and possibly
even higher, in certain sections of the salt diapir.

CONCLUSIONS

The borate crystals of the Klodawa salt dome are paramor-
phoses of low-temperature varieties of a-boracite, with orthor-
hombic symmetry, and of a-congolite, with rhombohedral sym-
metry, after high-temperature 3 varieties of both minerals,
which had regular symmetry. Thermal studies of these minerals
indicated reversible phase transitions taking place close to the
temperatures indicated by other authors (Ito et al., 1951; Sueno
et al., 1973; Schmid and Tippmann, 1978; Burns and Carpen-
ter, 1996, 1997).

Boracite crystals change their symmetry from orthorhombic
to cubic at ca. 270°C, and in the case of congolite at 339°C.
During cooling of the crystals, the transformation of the symme-
tries to lower temperature forms occurred at the same tempera-
tures. The phase transition temperatures of boracite and con-
golite clearly indicate that the rocks of the Ktodawa salt dome,
or at least some of the dome sections, were heated to much
higher temperatures (exceeding 338°C) than those resulting
from the geothermal gradient only. The sources of such high
temperatures may be identified in tectonic activities affecting
the deep pre-Zechstein strata and the resulting hydrothermal
events. The tectonic relocations within and outside the salt
dome became specific thermal paths within such fractured rigid
rocks as anhydrite or clay-salt deposits (zubers), as well as the
salt masses themselves being good heat carriers. In addition to
hydrothermal solutions, the primary brines enclosed in the salt
dome and the solutions developed as a result of post-depo-
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sitional dehydration of evaporites were the main heat carriers.
Hot solutions, pressed out from deep sections of the salt dome,
were subjected to relocation through fissures in the diapir and
penetrated even the highest sections of the dome, becoming
the main reason for the diagenetic and metamorphic transfor-
mations of salt rocks and minerals.
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