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Sec ond ary rocks are of ten found in salt domes. Among these, large ha lite crys tal (LHC) veins and nests are com mon, as in
the Kłodawa Salt Dome of Po land. Min er al og i cal tests car ried out on LHC here showed the pres ence of fluid and solid in clu -
sions in the ha lite crys tals. The ha lite it self com monly ex hib its bi refrin gence, sug gest ing lat tice stresses. Among the solid in -
clu sions, anhydrite is the most com mon. Three types of anhydrite crys tals have been dis tin guished as re gards their size and
oc cur rence, while small, rounded in clu sions of sylvite ap pear much less fre quently. Fluid in clu sions are gen er ally rare and
mostly of the sec ond ary type. This type of fluid in clu sion as sem blage (FIA) com prises var i ous kinds as re gards their size and
shape, as well as in their liq uid-to-gas phase ra tio. Pri mary FIAs are of two types: small, chev ron-like in clu sions con tain ing
sylvite daugh ter min er als, and large liq uid-gas in clu sions with car nal lite and other daugh ter min er als. The melt ing tem per a -
ture of sylvite ranged from 90 to 278°C, and for car nal lite from 68 to 142°C. Com plete ho mog e ni za tion of the in clu sions took
place at tem per a tures be tween 260 and 471.2°C. This in di cates the high-tem per a ture or i gin of the LHC and the pres ence of
sig nif i cant amounts of K+, Mg+2, Ca+2, and SO4

2−  ions in the so lu tions.
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INTRODUCTION

The de vel op ment of salt domes is one of the most in ter est -
ing geo log i cal pro cesses, to which many field ob ser va tions and
geo phys i cal anal y ses have been de voted (e.g., Trusheim,
1960; Tal bot and Jack son, 1987; Tal bot, 1993; Koyi, 1998).
Large-scale salt move ments are re lated to two main forces: 

– halokinesis, de fined as “a col lec tive term for all pro cesses
con nected caus ally with the au ton o mous, iso static mo ve -
ment of salt” (Trusheim, 1960);

– halotectonic, in which com pres sive tec tonic forces cause
the move ment of salt.
These two forces play very dif fer ent roles in the de vel op -

ment of in di vid ual salt domes. Both are as so ci ated with pet ro -
log i cal and min er al og i cal changes within salt for ma tions caused 
by pres sure, el e vated tem per a ture, and the move ment of salt
masses. These changes re sult from the phys i cal and me chan i -
cal prop er ties of evaporite min er als.

Gen er ally, hy drated min er als such as car nal lite, kieserite,
epsomite, gyp sum, etc., are the most sus cep ti ble to tem per a -
ture and pres sure changes (Borchert and Muir, 1964; Łaszkie -

wicz, 1967; Stańczyk, 1970; Braitsch, 1971; Stańczyk-Stasik,
1976; Sonnenfeld, 1984). The de com po si tion of these min er als
un der the in flu ence of in creas ing tem per a ture and pres sure re -
leases con sid er able quan ti ties of wa ter, which is a good po lar
sol vent and re acts with other min er als. In con trast, min er als
such as ha lite and sylvite are much more re sis tant to tem per a -
ture and pres sure, but a small amount of wa ter sig nif i cantly
changes their prop er ties by in creas ing their sol u bil ity with a rise
in tem per a ture.

The mi gra tion of a salt so lu tion within the salt de posit
causes ion ex change be tween the host rocks, re sult ing in the
crys tal li za tion of epigenetic min er als. An other way to cre ate
epigenetic min er als is by chang ing the phys i cal prop er ties of the 
salt so lu tion, for ex am ple, its tem per a ture. Cool ing down salt
so lu tions of ten in duces crys tal li za tion due to the de crease in the 
sol u bil ity of most chem i cal com pounds as tem per a ture drops.

In the Kłodawa Salt Dome (KSD), as in other salt domes in
the Pol ish Low land, there are var i ous sec ond ary epigenetic de -
pos its. Their oc cur rence, form, min eral com po si tion, and re la -
tion to the sur round ing rocks have been stud ied by Stańczyk-
 Stasik (1976). This study pri mar ily fo cused on sul phate salts
and, to a lesser ex tent, on chlo ride salts. The pres ence of sec -
ond ary veins and nests com posed of large ha lite crys tals (LHC)
has been re corded both in salt domes (e.g., Czapowski et al.,
2009) and in dis turbed bed ded salts (e.g., Banaszak et al.,
2007; Schléder et al., 2008). Al though sec ond ary veins of LHC
fre quently oc cur in salt-bear ing de pos its, they have not pre vi -
ously been re searched in de tail.

LHC should be clas si fied as part of the group of “anom a lous 
salts” (Kupfer, 1976, 1980, 1990; Looff et al., 2010; Looff, 2017;
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War ren, 2017) due to their coarse-grained tex ture and their oc -
cur rence in the form of veins or nests. Anom a lous salts are dis -
tin guished by struc tural and tex tural fea tures, col our, im pu rity
con tents, and other pet ro log i cal char ac ter is tics. They were first
de scribed by Kupfer (1990), and later by Looff et al. (2010) and
War ren (2017). They form ar eas con sid ered as shear zones
and lo ca tions where salt leak age oc curs (War ren, 2017). Due
to their un usual de vel op ment, they pos sess dif fer ent geome -
chanical prop er ties than the sur round ing salts, and there fore,
they re quire spe cial at ten tion dur ing salt de posit ex ploi ta tion
(Looff et al., 2010; Looff, 2017).

The aim of this study is to at tempt to de ter mine the physico -
chemical con di tions of LHC veins and nests for ma tion in the
KSD, con strain ing the physicochemical con di tions of sec ond -
ary ha lite crys tal li za tion by fluid and solid in clu sion stud ies. The
LHC veins and nests are ev i dently sec ond ary for ma tions, their

or i gin linked to the var i ous stages of salt dome for ma tion. As
such, they mir ror pa ram e ters such as tem per a ture, pres sure,
and the chem i cal com po si tion of mi grat ing brines dur ing halo -
tectonic or halokinetic move ments. Un der stand ing these con di -
tions helps us dis cern the con di tions sur round ing salt dome for -
ma tion.

GEOLOGICAL SETTING 

The KSD is lo cated in central Po land (Fig. 1A) and be longs
to the Izbica Kujawska-Łęczyca an ti cli nal salt struc ture, which is 
lo cated at the SW edge of the Mid-Pol ish Trough (MPT), and
ex tends gen er ally NW–SE. The MPT is a deep struc ture which
evolved dur ing Perm ian to Cre ta ceous time along the Teisse -
yre- Tornquist Zone. It was filled with a com plete suc ces sion of
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Fig. 1A – map of Zechstein lithofacies dis tri bu tion in NW and cen tral Po land with lo ca tion of salt struc tures (af ter Garlicki and
Szybist, 1986; MPT – Mid-Pol ish Trough); B – lithostratigraphic pro file of the Zechstein suc ces sion in the Kłodawa salt diapir (af ter
Garlicki and Szybist, 1991); C – geo log i cal cross-sec tion through the up per part of the Kłodawa salt dome (af ter Toboła et al., 2007)



Zechstein evaporites and Me so zoic strata (Dadlez et al., 1995;
Dadlez, 2003; Stephenson et al., 2003; Krzywiec, 2004b). This
Zechstein evaporite suc ces sion com prises four cyclothems
which are ~1500 m thick in to tal (Fig. 1B). Three lower cyclo -
thems (e.g., PZ1–PZ3) are com plete, clas si cal evaporite se -
quences con sist ing of terrigenous de pos its, car bon ates, sul -
pha tes, rock salt and po tas sium-mag ne sium salts. Only in the
up per most part of the PZ3 cyclothem, there oc curs an atyp i cal
mix ture of ha lite and clay min er als de fined as “Youn ger Clay
Ha lite” (so-called Brown Zuber – Na3t; Fig. 1B). The up per most 
cyclothem (PZ4) shows a terrigenous-evaporite se quence. It
was sub di vided into five subcyclothems (PZ4a–PZ4e) re flect -
ing cy clic cli ma tic changes (Wag ner, 1994). 

Dur ing the Late Cre ta ceous–Paleocene, the ax ial part of
MPT was up lifted and sig nif i cantly eroded (Dadlez et al., 1995;
Wag ner et al., 2002; Krzywiec et al., 2003; Krzywiec, 2004a,
2006). This de vel op ment of the MPT had a con sid er able in flu -
ence on the de vel op ment of salt struc tures in this area. 

The KSD is ~26 km long, 0.5–2 km wide and it reaches 8 km 
depth (Burliga et al., 1995; Schléder, et al., 2007; Wachowiak,
2010; Wachowiak and Toboła, 2014; Toboła and Wachowiak,
2018; Toboła and Botor, 2020). Its up per part is asym met ri cal,
with the NE side dip ping mod er ately (55–70°) eastwards and
the SW side al most ver ti cal (Fig. 1C). The diapir is sur rounded
by de formed Me so zoic (Tri as sic–Ju ras sic) strata and it is over -
lain by Paleogene-Neo gene and Qua ter nary de pos its (Garlicki
and Szybist, 2008; Toboła and Botor, 2020). 

The in ner struc ture of the KSD is com pli cated. The dome is
built of fully de vel oped evaporite lay ers which be long to the
PZ2–PZ4 cyclothems. The rocks of cyclothem PZ1 are partly
un cov ered in the salt dome, but their strati graphic po si tion is
un cer tain (Werner et al., 1960; Kucia, 1970; Burliga et al.,
1995). All these lay ers are strongly de formed and form a very
com pli cated in ner struc ture of the dome. The most fre quent tec -
tonic de for ma tion is pierc ing of older by youn ger and youn gest
salt, pinch ing out of the lay ers and nar row high-am pli tude folds.
In the SW and NE parts of the cross-sec tion of the diapir two
main anticlines have been dis tin guished (Fig. 1C). These are
elon gated NW–SE and sep a rated by a deep cen tral syncline
built of up per sec tions of the PZ3 and PZ4 cyclothems (Werner
et al., 1960).

METHODS 

MATERIALS

Sam ples of LHC were col lected from the min ing lev els 450,
525, and 600 in the Kłodawa Salt Mine. Forty-nine sam ples
were col lected for min er al og i cal and fluid in clu sion stud ies. Af -
ter mac ro scopic ob ser va tion and de scrip tion, sam ples were se -
lected for mi cro scopic ob ser va tion. These were pre pared by
crack ing along the cleav age planes of pre vi ously sep a rated sin -
gle ha lite monocrystals. The thick ness of the slabs was
~0.5–3 mm. In the next stage, the slabs with un even or rough
sur faces were ground and pol ished with sand pa per.

INSTRUMENTS

Mi cro scopic ob ser va tions of thick plates in trans mit ted light
were con ducted us ing a Motic BA-310Pol po lar iz ing mi cro -
scope with 4×, 10×, 40× and 60× ob jec tives, as well as a Nikon
Eclipse E600 mi cro scope with 5×, 20×, 50×, and 100× long- dis -
tance ob jec tives. An ad di tional UV source, an out side di ode

lamp (365 nm), was uti lized to check for the pres ence of hy dro -
car bons.

Raman anal y sis was per formed us ing a ThermoScien ti -
ficTM DXR Raman Mi cro scope op er at ing in con fo cal mode,
with a 532 nm ex ci ta tion line la ser source (grat ing: 900 li -
nes/mm, spec tro graph ap er ture: 25 µm pin hole). The ac qui si -
tion time was 30 s, and the la ser power was set at 5 mW. In
cases where or ganic mat ter was pres ent, the la ser power was
re duced to 2 mW to pre vent its de struc tion. An Olym pus mi cro -
scope with 100x, 50x, and 10x mag ni fi ca tion ob jec tives was
em ployed to fo cus the la ser on the sam ples, re sult ing in a la ser
fo cus di am e ter of ~1–2 µm. The Raman sys tem was cal i brated
against the 520.4 cm–1 line of a Si-wa fer.

The de com po si tion of Raman spec tra of or ganic mat ter was 
per formed us ing Omnic v. 8.3 Peak Re solve and the Fityk 0.9.8
pro gram (Wojdyr, 2010).

Microthermometric mea sure ments were con ducted us ing a
Linkam THMSG600 Ge ol ogy Heat ing and Freez ing Stage
moun ted on a Nikon Eclipse E600 mi cro scope. The stage was
cal i brated us ing pure CO2 syn thetic in clu sions (Tm = –56.6°C)
and known ho mog e ni za tion tem per a tures of pure H2O in clu -
sions. A heat ing-freez ing rate of 5°C/min was ap plied with an
ac cu racy of 0.1°C. In di vid ual ha lite plates were mea sured only
once to avoid the ef fect of in clu sions stretch ing out side the ob -
ser va tion field of the mi cro scope, where in clu sions can not be
di rectly ob served. Cy cling was at tempted in all ho mog e ni za tion
runs to ob serve the proper ho mog e ni za tion tem per a tures
(Gold stein and Reynolds, 1994). At ten tion was also paid to
changes in in clu sion shape (Roedder, 1984b; Vanko and Bach,
2005). If no tice able changes oc curred, the mea sure ments were 
in ter rupted.

RESULTS

MACROSCOPIC OBSERVATIONS

In the Kłodawa Salt Mine, LHC of ten oc cur in the form of
veins or ir reg u lar nests. They are very com mon on all min ing
lev els and are found in al most all lithological strata. Within the
salt rock mass, the large ha lite veins and nests are dis tin -
guished by the size of the crys tals, which can reach sev eral tens 
of centi metres, and the lack of an or dered struc ture (Fig. 2A).
These veins, which oc cur within the car bon ates and sulphates,
of ten co-oc cur with polyhalite (Fig. 2B). The ha lite crys tals ap -
pear mac ro scop i cally clean and trans par ent (Fig. 2C). How -
ever, in some veins, there are frac ture sys tems that most fre -
quently run at an an gle of ~50°.

MICROSCOPIC OBSERVATION

Un der the trans mit ted light mi cro scope, the ha lite crys tals
are trans par ent and clear. In rare cases, they show bi refrin -
gence un der crossed polars, vis i ble as a belt-like pat terns that
in ter sect at right an gles and run at an an gle of 45° rel a tive to the
cleav age sur face (Fig. 2D), sim i larly to those ob served by
Mendelson (1961) and Carter and Heard (1970). Mostly, it is
vis i ble as one sys tem of par al lel belts or as small, ir reg u lar ar -
eas with blurred bound aries, cov er ing only part of the crys tal.  

Anhydrite is the most com mon im pu rity in the ha lite. In all
sam ples ana lysed, anhydrite oc curs in three main forms that
dif fer in size and shape, and lo cally in ter me di ate stages are ob -
served be tween them. The most com mon form con sists of large 
crys tals, some ex ceed ing 500 mm, with well-de fined, nearly
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euhedral shapes (Fig. 3A). How ever, only their cor ners com -
monly show a slight de gree of round ing. Oc ca sion ally, crys tals
are cov ered by fluid in clu sions and an opaque sub stance, dis -
cussed be low. Some of these crys tals dis play sys tems of
cracks filled with a brown sub stance (Fig. 3B). These cracks
con tinue within the ha lite area over a dis tance of sev eral hun -
dred micrometres, and they are marked by groups of gas in clu -
sions with di men sions of a few micrometres. Their course ends
as a grad ual re duc tion in the size of the in clu sions un til they
com pletely dis ap pear.

The sec ond type of anhydrite is smaller in size (up to
~200 mm). These crys tals are char ac ter ized by rounded con -
tours, com monly al most spher i cal (Fig. 3C), or some are very ir -
reg u larly shaped (Fig. 3D). A char ac ter is tic fea ture of both
types of anhydrite crys tal is the pres ence of in clu sion groups on
their sur faces.

The third type con sists of very small anhydrite crys tals
whose size ranges from sev eral tens of micrometres, rarely ex -
ceed ing 50 mm (Fig. 3E). They form streaks that di ag o nally
cross the ha lite crys tals. They are gen er ally oval in shape
though some can be ir reg u lar. In some cases, the anhydrite
streaks are ac com pa nied by an opaque mass (Fig. 3F). In con -
trast to the types men tioned above, this type lacks fluid in clu -
sions on anhydrite crys tal sur faces.

The anhydrite crys tals are rarely ac com pa nied by do lo mite
(Fig. 4A), which was doc u mented by Raman spec tra at 176,
299, 725, 1097, 1443 cm–1 (Ta ble 1). Raman spec tros copy
clearly re veals that this do lo mite is com monly ac com pa nied by
or ganic mat ter (OM), char ac ter ized by a Raman spec trum com -
posed of two re gions. The first, at 1000–1800 cm–1, is more in -
ten sive, and the sec ond, at 2500–3100 cm–1, is weaker
(Wopenka and Pasteris, 1993; Beyssac et al., 2002, 2003,
2004; Aoya et al., 2010; Lahfid et al., 2010; Lünsdorf et al.,
2013; Kouketsu et al., 2014; Lünsdorf, 2016; Lünsdorf and
Lünsdorf, 2016). OM lo cally also ap pears on anhydrite crys tal

sur faces (Fig. 4B). In all cases, the Raman spec tra of the OM
show sim i lar shapes in the first re gion (Fig. 5A). This dis tri bu tion 
in di cates a low de gree of ther mal trans for ma tion (Kouketsu et
al., 2014). De com po si tion ac cord ing to the method pro posed by 
Kouketsu et al. (2014) re vealed tem per a tures in the range of
110–193°C (Ta ble 2).

In ad di tion, oval, iso tro pic solid in clu sions with a re frac tive
in dex lower than that of ha lite also oc cur in the ha lite crys tals
(Fig. 5B). They are ~0.1 mm in size and of ten con tain small gas
bub bles on their sur faces. Raman spec tra show only one peak
in the low range, i.e., 199 cm–1, which in di cates the pres ence of
sylvite (Krantz and Luty, 1985; Wesełucha-Birczyńska et al.,
2008).

PETROGRAPHY OF FLUID INCLUSIONS IN LHC 

Fluid in clu sion as sem blages (FIAs) are rel a tively rare in the
LHC. Two main types of FIA can be dis tin guished, de pend ing
on their re la tion ships to crys tal lo graphic axes and mode of oc -
cur rence: sec ond ary (or pseudosecondary) and pri mary
(Roedder, 1984a; Goldstein and Reynolds, 1994; Goldstein,
2001, 2003). The sec ond ary FIAs pre dom i nate in most sam -
ples ana lysed. This type of FIA con sists of var i ous kinds of in -
clu sion, vary ing in size, shape, and liq uid-to-gas phase ra tio.
Most com monly, they form cu bic or slightly elon gated in clu sions 
(Fig. 6A). The size of in clu sions ranges from a few micrometres
to >50 µm. Larger in clu sions are filled with a vari able gas-to-liq -
uid ra tio. Typ i cally, smaller in clu sions show larger gas-to-liq uid
ra tio. In such FIAs, the lin ear course of ten co in cides with the
cleav age sur faces. In some cases, their course grad u ally dis ap -
pears due to a re duc tion in the size of in clu sions. At these end
parts, the FIA course is un du lat ing (Fig. 6B). In most FIAs,
Raman spec tros copy showed no gases ex cept for wa ter
vapour. In a few FIAs, the pres ence of meth ane, which is char -
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Fig. 2A – LHC veins cut ting the Older Ha lite (Na2); B – LHC veins with polyhalite (Plh) on the mar gins
cut ting the Main Anhydrite (A3); C – a large ha lite crys tal with a sys tem of cracks in ter sect ing 

at an an gle of ~50°; D – mi cro scopic im age of bi refrin gence in the ha lite crys tal
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ac ter ized by Raman bands at 2917 cm–1, has been iden ti fied
(Burke, 2001).

An other type of sec ond ary FIA is com posed of larger, tu bu -
lar, or slightly flat tened in clu sions, con nected to each other in
the form of a net (Fig. 6C). These FIAs trans form into sep a rated 
in clu sions with ir reg u lar shapes, some of which con tain daugh -
ter birefringent min er als (Fig. 6D).

Re mark ably flat tened and large fluid in clu sions oc cur on the 
cleav age planes (Fig. 6E, F). They are fre quent but chal leng ing
to ob serve un der a mi cro scope in plane polar ised light due to
their low thick ness. They have ir reg u lar shapes with mostly
wavy bound aries. Com monly, un der crossed polars, large bire -
fringent min er als are vis i ble within the in clu sions (Fig. 6F). The
in ter fer ence colours in the sam ples vary from very bright
colours (sec ond or der) to first-or der grey. Raman spec tros copy
re veals the char ac ter is tic set of peaks for car nal lite (Ta ble 1).
By con sid er ing in ter fer ence colours and the op ti cal prop er ties

of car nal lite, the ap prox i mate thick ness of the in clu sions can be
es ti mated us ing the Michel Lévy chart. In the sam ples stud ied,
this thick ness ranges from ~5 to 10 µm due to the grey to bright
in ter fer ence colours of car nal lite.

Two types of pri mary FIA have been dis tin guished based on 
their dis tri bu tion and man ner of oc cur rence. The first type is
very rare and was found in only two sam ples. These in clu sions
are liq uid-solid, and their size ranges from a few to ~20 µm (Fig.
7A). In com par i son to the typ i cal pri mary FIAs that form chev ron 
or hop per struc tures in sed i men tary ha lite (Holdoway, 1973;
Roedder, 1984b; Kovalevich et al., 1997; Galamay et al., 2019), 
they are less densely packed and ap pear larger. Fur ther more,
they con tain cu bic op ti cally anisotropic daugh ter min er als. The
size of these daugh ter min er als is pro por tional to the vol ume of
the in clu sions. Mi cro scopic ob ser va tions, sup ported by Raman
anal y sis, in di cates the pres ence of sylvite.
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Fig. 3A – large anhydrite crys tals of euhedral shape (the first type); B – the same type of anhydrite crys tal
as in part A with cracks filled with a brown mass; C – the sec ond type of anhydrite crys tal, of rounded
shape; D – an ir reg u larly shaped anhydrite crys tal of the sec ond type; E – very small anhydrite crys tals of
the third type; F – opaque con tam i nants in the third anhydrite type as streaks 

https://doi.org/10.1127/njmm/1997/1997/433.
https://doi.org/10.7306/gq.1490
https://doi.org/10.1016/S0024-4937(00)00043-8


The sec ond type of FIA is more fre quent and di verse in
terms of in clu sion com po si tion. It is com posed of large in clu -
sions, reach ing up to ~2 mm. These in clu sions are widely
spaced, as shown in Fig ure 7B, in con trast to the first type. They 
can also form groups of sev eral in clu sions or oc cur as sep a rate
in clu sions within the ha lite crys tals. In this type of FIA, in clu -
sions ex ist in two phases: liq uid–gas (LG) or liq uid–solid (LS) or
solid–gas (SG); or in three phases: liq uid–gas–solid (LGS). The 
SG in clu sions are dif fi cult to dis tin guish from LG in clu sions mi -
cro scop i cally but can be clearly dif fer en ti ated in microthermo -

metric mea sure ment. The LG in clu sions usu ally have a large
gas bub ble oc cu py ing ~30% of the in clu sion vol ume (Fig. 7C).
The daugh ter min er als in LS, SG and LGS in clu sions are sylvite 
and car nal lite. Sylvite is less com mon than car nal lite and oc curs 
as small crys tals (Fig. 7D). Car nal lite is clearly vis i ble mi cro -
scop i cally due to its high bi refrin gence (Fig. 8A) and has been
con firmed by a char ac ter is tic set of peaks (Ta ble 1) in Raman
spec tros copy. The ra tio of car nal lite vol ume to the in clu sion vol -
ume var ies from ~20 to ~80%. Lo cally, car nal lite is ac com pa -
nied by small crys tals of epsomite, which are not vis i ble in mi -
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Fig. 4A – Raman spec tra at points P1 (anhydrite) and P2 (do lo mite with OM) and a mi cro scopic im age 
in re flected light of an anhydrite euhedral crys tal with two small do lo mite crys tals ac com pa nied by OM;

B – Raman spec tra and mi cro scopic im age of anhydrite with low con cen tra tions of OM



cro scopic ob ser va tion but show ad di tional very weak peaks at
369, 447, 612 cm–1 and a strong peak at 984 cm–1 in Raman
spec tros copy (Ta ble 1). Fur ther more, car nal lite is ac com pa -
nied by polyhalite. Polyhalite is also dif fi cult to dis tin guish mi cro -
scop i cally due to its small size but can be eas ily iden ti fied in
Raman spec tros copy by its two char ac ter is tic peaks at 991 and
1017 cm–1, among oth ers (Ta ble 1). Görgeyite is very rarely

found as very small (a few mi crons) daugh ter min er als ac com -
pa ny ing sylvite in fluid in clu sions (Fig. 8B).

Sin gle in clu sions (Fig. 9A) oc cur very rarely in the sam ples
ana lysed. They have a spher i cal shape and are ~100 µm in di -
am e ter. Raman spec tros copy re veals the pres ence of N2 and
H2S gases at 2331 and 2611 cm–1, re spec tively (Burke, 2001).
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T a  b l e  1

Daugh ter min er als found in in clu sions with their di ag nos tic Raman bands

Min eral Raman bands [cm–1] Ref er ences

Car nal lite 100, 120, 202, 657, 1645, 3247, 3433 Weber et al. (2017, 2018)

Do lo mite 176, 299, 725, 1097, 1443 Frezzotti et al. (2012)

Epsomite 369, 447, 612, 984, 1095, 1672, 3303 Wang et al. (2006)

GØrgeyite
281, 433, 440, 457, 480, 595, 602, 631, 654, 661, 711, 1005, 1013, 1085,

1115, 1137, 1161, 1164, 1175,1187,1215, 3525, 3579 Kloprogge et al. (2004)

Polyhalite 436, 448, 464, 477, 620, 626, 641, 652, 987 991, 1014, 1069, 1094, 1130,
1144, 1165, 1181, 3288, 3437

Wollmann et al. (2008), 
Jentzsch et al. (2012), Cheng et al. (2019)

Sylvite 199
Krantz and Luty (1985),

Wesełucha-Birczyńska et al. (2008)

Un der lined peak val ues are the main Raman peaks of the min er als

Fig. 5A – a set of Raman spec tra for OM in LHC; B – Raman spec tra and mi cro scopic im age 
of a rounded sylvite in clu sion in LHC

T a  b l e  2

The main sta tis ti cal pa ram e ters for ho mog e ni za tion tem per a tures ob tained 
from microthermometric mea sure ments and distri bu tions of Raman spec tra

Dis so lu tion tem per a ture Bulk ho mog e ni za tion
tem per a ture 

[°C]

Tem per a ture from OM
de com po si tion

[°C]
Sylvite

[°C]

Car nal lite

[°C]

Min   90.6   68.1 223.4 110.2

Max 278.0 142.0 471.2 193.0

Aver. 142.0 102.0 324.4 159.6

SD   49.9   24.3   73.6   32.2

CV [%]   35.1   23.8   22.7   20.2

SD – stan dard de vi a tion, CV – vari a tion co ef fi cient

https://www.sciencedirect.com/science/article/abs/pii/S0924203108000982?via%3Dihub
https://doi.org/10.1002/jrs.5463
https://doi.org/10.1016/j.gca.2006.05.022
https://doi.org/10.1103/PhysRevB.31.2599
https://doi.org/10.2138/am-2004-2-302.
https://doi.org/10.1016/j.vibspec.2012.03.007.
https://doi.org/10.1016/j.gexplo.2011.09.009
https://doi.org/10.1016/j.vibspec.2019.04.007.
https://doi.org/10.1016/S0024-4937(00)00043-8


MICROTHERMOMETRIC MEASURMENTS

The first type of pri mary FIA (Fig. 7A), char ac ter ized by
sylvite as a daugh ter min eral, ex hib ited a grad ual dis so lu tion of
sylvite dur ing the heat ing ex per i ments. Dis so lu tion ini ti ates at
36°C, with com plete ho mog e ni za tion of sylvite ob served at
90.6°C (Ta ble 2). Con tin ued heat ing led to ho mog e ni za tion in
the sub se quent in clu sions, with the high est ho mog e ni za tion
tem per a ture re corded at 278°C. Most sylvite dis so lu tion tem -
per a tures are <150°C (Fig. 9B), while ho mog e ni za tion tem per -
a tures ex ceed ing 150°C are spo radic and char ac ter ized by a
wide range of val ues.

The sec ond type of pri mary FIA showed a greater spread of
re sults dur ing microthermometric ex per i ments. In the case of
in clu sions con tain ing car nal lite as a daugh ter min eral, the ini tial
changes oc curred at low tem per a tures. These changes are re -
lated to the slow dis so lu tion of car nal lite. The ini tial point of car -

nal lite dis so lu tion is dif fi cult to ob serve di rectly un der the mi cro -
scope due to lim ited vis i bil ity. Car nal lite dis solves at ~1°C
above room tem per a ture. The fi nal dis so lu tion tem per a ture
ranges from 68.1 to 142°C (Ta ble 2). The dis so lu tion tem per a -
ture of the car nal lite daugh ter min eral falls within a nar rower
range and ap pears to be more ho mo ge neous com pared to the
sylvite daugh ter min eral (Fig. 9C). In clu sions with smaller
daugh ter min er als ex hib ited lower fi nal dis so lu tion tem per a -
tures. The fi nal dis so lu tion tem per a ture in creases as the ra tio of 
daugh ter min eral vol ume to in clu sion vol ume rises.

In in clu sions where the ra tio of car nal lite vol ume to in clu sion 
vol ume is small, car nal lite does not im me di ately be come ev i -
dent dur ing cool ing to room tem per a ture. Small cu bic min er als,
likely sylvite, oc ca sion ally ap pear ex clu sively in these in clu -
sions. Nev er the less, car nal lite re-emerges as a daugh ter min -
eral af ter a few days. Con versely, rapid cool ing to –160°C fre -
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Fig. 6. Mi cro scopic im ages of sec ond ary FIAs of: A – cu bic or slightly elon gated in clu sions; B – un du lat -
ing end parts of the FIA course; C – tu bu lar or slightly flat tened FIAs; D – the same as in C in crossed
polars with a small birefringent min eral vis i ble; E, F – re mark ably flat tened and large fluid in clu sions with
vapour bub bles (VB) (ar rows mark bound ary of in clu sion) and with a birefringent daugh ter min eral (E –
1N, F – XN)



quently re sults in the ap pear ance of a large num ber of small
birefringent min er als (Fig. 9D).

In the sec ond ary type of in clu sions, such as those found in
the flat tened in clu sions on the cleav age planes (Fig. 6E, F), a
sim i lar range of fi nal dis so lu tion for car nal lite was re corded.

The low-tem per a ture ob ser va tions of in clu sions with car nal -
lite or sylvite (the sec ond type of pri mary FIAs) as so ci ated with
vapour bub bles (LG, SG, LGS) do not in di cate the for ma tion of
ice. The only changes ob served in these in clu sions per tain to
the size of the daugh ter min er als. The in crease in car nal lite vol -
ume was slight. In the case of in clu sions with sylvite as the
daugh ter min eral, small new crys tals of ten ap pear (Fig. 9E).

Com plete ho mog e ni za tion of in clu sions was ob served ex -
clu sively in the LG→L di rec tion. The val ues of ho mog e ni za tion
tem per a ture are very high (Ta ble 2). The ho mog e ni za tion tem -
per a ture dis tri bu tion, de picted in Fig ure 9F, re veals two dis tinct
ranges: 260–350°C and 420–471.2°C. The first range was
more com monly ob served (Fig. 9F).

DISCUSSION

Sev eral in fer ences re gard ing the or i gin of LHC veins can be 
de rived from the re sults re ported. The first is the bi refrin gence
of ha lite crys tals, an ex cep tion ally rare phe nom e non that has
been ob served in what is com monly re ferred to as “blue ha lite”
(Sonnenfeld, 1995; Heflik et al., 2008; Zelek et al., 2008, 2015;
Wesełucha-Birczyńska et al., 2012), as well as in “bi tu mi nous
salts” (Toboła, 2010), and in the Lotsberg For ma tion in Can ada

(Toboła and Kukiałka, 2020). It can be at trib uted to strain within
the crys tal lat tice (Mendelson, 1961; Carter and Heard, 1970),
as it is well known that uni ax ial stress in duces bi refrin gence in
op ti cally anisotropic ma te ri als. Also in ha lite crys tals, in duced
bi refrin gence was ob served at uni ax ial pres sures of
2.75–3.05 MPa (Cyran et al., 2023). How ever, this bi refrin -
gence dis ap pears once the pres sure is re leased. In the case of
LHC from the Kłodawa dome, this bi refrin gence is per ma nent,
in di cat ing last ing changes in the in ter nal struc ture of the crys -
tals. These changes are re lated to the state of stress in the salt
rock mass dur ing the for ma tion of LHC veins. This stress state
caused the for ma tion of cracks and al lowed the mi gra tion of sa -
line so lu tions. 

Es tab lish ing the or i gin of the so lu tions from which sig nif i cant 
ha lite crys tal li za tion oc curred is es sen tial. Within the salt de -
posit, sev eral sources of free wa ter ex ist. The trans for ma tion
from gyp sum to anhydrite has been con sid ered (Borchert and
Muir, 1964; Braitsch, 1971; Schléder et al., 2008). This trans for -
ma tion can oc cur un der el e vated tem per a tures or pres sures.
Borchert and Muir (1964: p. 132) re ported that 1 m3 of gyp sum
is trans formed into 0.62 m3 of anhydrite and 0.486 m3 of
CaSO4-sat u rated liq uid. This liq uid has the ca pac ity to dis solve
ha lite and K-Mg min er als as it mi grates through the salt rock.
An other source of free wa ter gen er a tion in volves the trans for -
ma tion of hy drous K-Mg min er als dur ing meta mor phic pro -
cesses. The most com mon re ac tion in volves the de com po si tion 
of car nal lite, re sult ing in the for ma tion of hardsalts and the re -
lease of MgCl2-sat u rated so lu tions (Borchert and Muir, 1964).
Other min eral trans for ma tions, such as epsomite to kieserite,
the de cay of kainite, and re ac tions be tween min er als such as
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Fig. 7. Mi cro scopic im ages of pri mary FIAs of: A – small, cu bic in clu sions with anisotropic daugh ter min -
er als; B – large, cuboid two-phase (LG) in clu sions; C – ex am ple of a large fluid in clu sion with gas a bub -
ble oc cu py ing ~30% of the in clu sion vol ume; D – large in clu sion with out gas bub ble but with sylvite as
daugh ter min eral

https://link.springer.com/article/10.1007/s00710-014-0348-0
https://www.sciencedirect.com/science/article/abs/pii/S0924203111001652?via%3Dihub
https://doi.org/10.3390/min10100868
https://doi.org/10.1016/0037-0738(94)00093-A
https://doi.org/10.1007/s00531-007-0275-y
https://doi.org/10.1063/1.1728278
https://doi.org/10.1016/j.enggeo.2022.106975.


kainite and car nal lite or kainite and kieserite, can also re sult in
the re lease of sig nif i cant amounts of wa ter (Braitsch, 1971).

A third mech a nism to be con sid ered in tec toni cally de formed
salt de pos its is as so ci ated with ha lite recrystallization and the ex -
pul sion of pri mary fluid in clu sions (Roedder, 1984b; Schléder et
al., 2008). Schléder et al. (2008) cal cu lated that ~0.012 m3 of wa -
ter is re leased per 1 m3 of de formed ha lite dur ing rec rys -
tallization. In the case of LHC veins in the Kłodawa Salt Dome,

ha lite pre cip i ta tion re sulted from a so lu tion that was fully sat u -
rated with NaCl. How ever, fluid in clu sion stud ies in di cate that the
so lu tion were highly en riched in K and Mg chlo rides. This par tic u -
lar chem i cal com po si tion could not solely re sult from car nal lite
de com po si tion, which forms so lu tions fully sat u rated with MgCl2
and KCl; it must also have a low NaCl con tent. Fur ther more,
these so lu tions could not dis solve a sig nif i cant amount of ha lite
due to the high con cen tra tion of chlo ride ions.
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Fig. 8. Raman spec tra and mi cro scopic im age of: A – fluid in clu sion with car nal lite daugh ter min eral
(im age with partly XN); B – fluid in clu sion with gØrgeyite daugh ter min eral (im age at 1N)

https://doi.org/10.1007/s00531-007-0275-y
https://doi.org/10.1007/s00531-007-0275-y


Three forms of anhydrite crys tal found in the LHC re flect
vary ing con di tions dur ing vein growth and the chem i cal com po -
si tion of per co lat ing so lu tions. The large anhydrite crys tals may
be re garded as rem nants of orig i nal sed i men tary anhydrite
crys tals which ac com pa nied pri mor dial ha lite. Euhedral crys tals 
show ing only mi nor signs of leach ing were likely pre served due
to the rapid growth of the sur round ing LHC, pro tect ing them
from the cor ro sive ef fects of per co lat ing so lu tions. These crys -
tals likely rep re sent the ini tial stage of so lu tion mi gra tion dur ing
which small amounts of hy dro car bons (bi tu men) were trans -
ported. The or i gin of hy dro car bons may re late to the base ment
of the salt for ma tion (Toboła and Botor, 2020) or the main do lo -
mite (Czechowski et al., 2011; Wag ner and Burliga, 2014). The
man ner in which they oc cur, spe cif i cally in the frac ture planes of 
anhydrite crys tals, sug gests that fis sur ing within shear zones
was the pre vail ing pro cess dur ing this ini tial stage. This fis sure

prop a ga tion al lowed so lu tion mi gra tion and caused ha lite
recrystallization.

Con versely, the sec ond and third types of anhydrite crys tals 
were ex posed to ag gres sive so lu tions for ex tended pe ri ods.
The third type of anhydrite, con sist ing of very small crys tals ar -
ranged in streaks, should be re garded as the youn gest, as it
formed through crys tal li za tion from so lu tions that mi grated
within large ha lite frac tures. 

Sylvite in the form of oval solid in clu sions in di cates that this
min eral crys tal lized from so lu tions ear lier than ha lite in the
veins, and then the change in pres sure and tem per a ture con di -
tions as well as the chem is try of the so lu tions caused its par tial
dis so lu tion and re place ment by ha lite. 

Fluid in clu sion stud ies pro vide the most in for ma tive data re -
gard ing pres sure, tem per a ture, chem i cal com po si tion of flu ids,
and fluid mi gra tion (Roedder, 1984a; Goldstein and Reynolds,
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Fig. 9A – Raman spec trum and mi cro scopic im age of a sin gle, oval gas (N2 and H2S) in clu sion; B – his to -
gram of sylvite daugh ter min eral dis so lu tion tem per a tures; C – his to gram of car nal lite daugh ter min eral
dis so lu tion tem per a tures; D – mi cro scopic im age of fluid in clu sion with large car nal lite daugh ter min eral
af ter heat ing and then fast cool ing; E – in clu sion with sylvite daugh ter min eral af ter cool ing; F – his to gram
of the com plete ho mog e ni za tion of in clu sions

https://doi.org/10.7306/gq.1127
https://doi.org/10.1016/j.saa.2020.118121


1994; Goldstein, 2001). Very rare oc cur rence of pri mary FIAs in 
the sam ples ana lysed im ply a slow growth rate of ha lite. The
pres ence of car nal lite and sylvite daugh ter min er als in di cates
that the so lu tions were highly sat u rated with K and Mg chlo ride
dur ing the crys tal li za tion or recrystallization of LHC. The dis so -
lu tion tem per a tures of sylvite daugh ter min er als in a high range
(90.6–278°C) and car nal lite daugh ter min er als in the range
68.1–142°C in di cate that the min i mum so lu tion tem per a ture
dur ing the mi gra tion ex ceeded 70°C. As sum ing a ther mal gra -
di ent of 33°C/km (sim i lar to the pres ent con di tions), the depth of 
LHC crys tal li za tion is es ti mated to be >2 km. 

GØrgeyite was dis cov ered as a daugh ter min eral within the
fluid in clu sions; it is an ex cep tion ally rare sul phate dou ble salt in 
evaporite de pos its and is closely re lated to syngenite. In eva -
porite en vi ron ments, it has been iden ti fied in only a few lo ca -
tions. It was first de scribed by Mayrhofer in the Ischler salt de -
posit (Leopold-Ho ri zon), Salzburg, Aus tria (Mayrhofer, 1953). It 
was also found in Lake Inder, Kazakhstan and then in other
places such as Greece, Ger many and China (Kloprogge et al.,
2004). Re cently, this min eral was dis cov ered in ha lite within the
Nippawalla Group of Kan sas and in the Opeche Shale of North
Da kota (Prchlik, 2023). In the Pol ish part of the Zechstein sed i -
men tary ba sin, this is the first doc u mented oc cur rence of this
min eral. GØrgeyite was also dis cov ered in a geo ther mal en vi -
ron ment in It aly, as re ported by Cavarretta et al. (1983). Stud ies 
on sul phate syn the sis con ducted by Klo progge et al. (2004)
sug gest a high-tem per a ture (>100°C) gen e sis for this min eral,
which is gen er ally con sis tent with the tem per a tures of ho mog e -
ni za tion of fluid in clu sions in ha lite crys tals noted in this study.
More over, the pres ence of this min eral in fluid in clu sions in di -
cates a high con cen tra tion of Ca+2 and SO4

2−  in the so lu tions,
which is cor rob o rated by the pres ence of polyhalite in the large
ha lite veins and as a min eral ac com pa ny ing car nal lite in in clu -
sions. Con sid er ing the to tal in clu sion ho mog e ni za tion, the tem -
per a ture of LHC crys tal li za tion should be ad justed to higher val -
ues and deeper ar eas of or i gin. These data should be treated
with great cau tion due to the prop er ties of ha lite, such as ease
of recrystallization, high re ac tiv ity with brine, and low me chan i -
cal strength. These prop er ties may in flu ence on the ob tained
ho mog e ni za tion tem per a tures through shrink age or swell ing of
in clu sions (Hardie et al., 1983; Roedder 1984a, b). Con sid er ing
ho mog e ni za tion tem per a ture as the low est tem per a ture of en -
trap ment of fluid in in clu sions, the first range (260–350°C; Fig.
9F and Ta ble 2) would cor re spond to depths from ~7.9 to
~10.5 km. This range of Zechstein for ma tion burial is slightly
larger than the pres ent-day depth, and there are no in di ca tions
of greater burial of these de pos its (Dadlez et al., 1995; Ste -
phenson et al., 2003; Krzywiec, 2004b). The sec ond range
(420–471.2°C; Fig. 9F and Ta ble 2) might raise ques tions due
to the high val ues. These high ho mog e ni za tion tem per a tures
might be ex plained by the un seal ing of in clu sions, al though no
signs of such a pro cess were ob served dur ing the pet ro log i cal
ob ser va tions. More over, it should be also taken into ac count
that in clu sions which were pre vi ously un sealed in the next
stage were sub ject to re seal ing given the PTV con di tions and
there fore they rep re sent a high tem per a ture en vi ron ment. Ba -
sed on fluid in clu sions, the tem per a ture of LHC for ma tion is
higher than that re sult ing from burial of the strata and in di cate
the in put of ad di tional ther mal en ergy, such as via hy dro ther mal 
so lu tions. The in flu ence of hy dro ther mal so lu tion in the KSD
has been dis cussed in sev eral pa pers (Wachowiak and Toboła, 
2014; Toboła, 2016; Toboła and Wachowiak, 2018; Toboła and
Botor, 2020). The most re lated, in terms of pet ro log i cal fea -
tures, to the LHC are blue salts (Toboła et al., 2007; Toboła and
Natkaniec-Nowak, 2008; Toboła, 2016). Blue ha lite usu ally
forms large crys tals, but these are dis tin guished by col our from

pur ple through blue to navy blue and brown. Based on the
microthermometric mea sure ments of fluid in clu sions in
anhydrite crys tals in cluded in blue ha lite crys tals, the for ma tion
tem per a ture of these rocks was over 250°C (Toboła, 2016). Ad -
di tional ev i dence sup port ing a high tem per a ture in flu ence on
the KSD salt rocks was ob tained from bo rate min er als
(Wachowiak and Toboła, 2014; Toboła and Wachowiak, 2018).
The phase tran si tion and crys tal shapes in di cate that in some
ar eas of the KSD, tem per a tures ex ceeded 339°C. 

Con sid er ing the pet ro log i cal and fluid in clu sion stud ies
noted above, it can be con cluded that the LHC veins and nests
formed at el e vated tem per a tures due to the in flu ence of hy dro -
ther mal phe nom ena. The tem per a tures of their for ma tion
should be es ti mated in the range from 100 to >350°C. The ther -
mal con di tions of their for ma tion are sim i lar to those for the for -
ma tion of blue salts. How ever, the ab sence of col our may be at -
trib uted to the ab sence of cer tain fac tors, such as re duc ing con -
di tions (Toboła, 2016). Sim i lar to blue ha lite, the so lu tions re -
spon si ble for LHC crys tal li za tion were en riched with ions such
as K+, Mg+2, Ca+2, SO4

2− . This en rich ment is likely as so ci ated
with dis so lu tion of the old est, older, and youn ger po tas sium-
 mag ne sium lay ers. The old est po tas sium-mag ne sium salts
have not been dis cov ered in the KSD and other salt domes in
Po land up to now. How ever, they should be ex pected in the
deep est part of the Zechstein basin, as they have been found in
its pe riph eral ar eas (Peryt and Skowroński, 2021). In the KSD,
the older and youn ger K-Mg salts of ten ex hibit pet ro log i cal fea -
tures in di cat ing a sub stan tial de gree of trans for ma tion (Burliga
et al., 1995; Misiek, 1997). 

The pro cess of crys tal li za tion of rel a tively large amounts of
LHC in the KSD should be as so ci ated with a de crease in the
tem per a ture of the so lu tions, be cause the pos si bil ity of evap o -
ra tion within the salt domes is very lim ited. Dur ing micro -
thermometric mea sure ments, there was no trace of the boil ing
pro cess that could lead to the re lease of min er als in the veins
(Roedder, 1964b). The sol u bil ity of NaCl is de pend ent on tem -
per a ture, es pe cially in the range over 100°C (Braitsch, 1971;
Bodnar and Vityk, 1994; Bodnar, 2003). There fore, brines that
are fully sat u rated in NaCl in con di tions of higher tem per a tures
will pre cip i tate an ex cess of NaCl as ha lite dur ing cool ing.

The pres ence of or ganic mat ter (OM) in cluded in LHC may
orig i nate from two sources: the Main Do lo mite (Ca2) or the
Zechstein sub strate, as sug gested in ear lier stud ies (Toboła
and Botor, 2020). Due to the low de gree of coalification, the or i -
gin of OM from the Main Do lo mite (Ca2) is more prob a ble. The
tem per a tures ob tained from the dis tri bu tion of Raman spec tra
(Ta ble 2) are slightly lower than the ho mog e ni za tion tem per a -
tures of the fluid in clu sions. This dif fer ence can be ex plained by
the short con tact time of OM with hy dro ther mal so lu tions, not al -
low ing for full car bon iza tion. 

CONCLUSIONS

Fluid in clu sions and pet ro log i cal stud ies of veins and nests
of LHC within KSD re vealed that: 

– this type of salt was formed in shear zones, where the con ti -
nu ity of rock salt lay ers was bro ken, which al lowed the mi -
gra tion of so lu tions into the salt dome;

– heal ing of the veins by LHC took place some times un der ac -
tive shear stresses, as shown by the bi refrin gence of ha lite;

– the veins were formed at el e vated tem per a tures rang ing
from 100 to over 350°C, which in di cates the in flu ence of hy -
dro ther mal so lu tions;
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– their crys tal li za tion took place from so lu tions sig nif i cantly
en riched in ions such as K+, Mg+2, Ca+2, SO4

-2, and their
source was con nected with dis so lu tion of pot ash-mag ne -
sium lay ers,

– the main pro cess of crys tal li za tion of LHC from per co lat ing
so lu tions is as so ci ated with a tem per a ture de crease of the
mother brines dur ing mi gra tion.
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