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Oc cur rences of bo rate min er als in the Zechstein salt-bear ing de pos its of the K³odawa salt dome (cen tral Po land), and the
man ner of their de vel op ment, sug gest that the min er als were formed at high tem per a tures, that con sid er ably ex ceed the
tem per a ture es ti mated from the ther mal gra di ent (~180°C). Re search on rock salt and po tas sium-mag ne sium salts con tain -
ing congolite and boracite, re spec tively, are con sis tent with high-tem per a ture pro cesses of trans for ma tions af fect ing the salt
rocks in cer tain sec tions of the salt dome. The chem i cal com po si tion of, and daugh ter min er als oc cur ring in, pri mary fluid in -
clu sions in ha lite, orig i nat ing from the congolite zone, in di cated a very high pro por tion of po tas sium and mag ne sium in the
brines from which the ha lite crys tal lised. The ther mal trans for ma tions ob served in in clu sions in di cate a ha lite crystallisation
tem per a ture ex ceed ing 420°C. Anhydrite crys tals, co-oc cur ring with bo rate min er als, rep re sent unique fea tures as to the dis -
tri bu tion and com po si tion of solid and fluid in clu sions. These fea tures in di cate crystallisation or recrystallisation in con di tions 
that dif fered con sid er ably from those typ i cal of the salt dome, with the in volve ment of so lu tions of chang ing chem i cal com po -
si tions. The crys tals con tain mul ti ple solid in clu sions of trans par ent and non-trans par ent min er als, among which we have fo -
cused on car nal lite. The re la tion ships of car nal lite with liq uid and gas eous phases in di cate, as in the congolite zone,
mi gra tion of very highly con cen trated brines with re spect to po tas sium and mag ne sium, or even trans port of car nal lite in the
form of melt (liq uid). Mea sure ments of fluid in clu sion ho mog e ni za tion tem per a tures, within the range from 197.8 to 473.8°C,
sup ported a high-tem per a ture or i gin for these min er als in hy dro ther mal con di tions. 
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 INTRODUCTION

The min er als and evaporite rocks within salt dome struc -
tures are com monly so strongly trans formed that their com po si -
tion is dif fer ent from their orig i nal one, ow ing to sea wa ter evap -
o ra tion. The de gree of such change de pends on trans for ma -
tions dur ing diagenetic and sub se quent tec tonic pro cesses. In
par tic u lar, such hy drated min er als as gyp sum, car nal lite,
epsomite, kieserite, and langbeinite are sus cep ti ble to tem per a -
ture and pres sure changes (e.g., Borchert and Muir, 1964;
£aszkiewicz, 1967; Stañczyk, 1970, 1971; Stañczyk-Stasik,
1976; Sonnenfeld, 1984). The de com po si tion of those min er als
at in creas ing tem per a tures and pres sures re leases con sid er -
able quan ti ties of wa ter which, be ing a good po lar dis sol vent,
re acts with min er als and dis solves them. The mi gra tion of the
re sul tant so lu tions within the salt-bear ing de pos its causes ion
ex change re ac tions with the host rocks and the crystallisation of 
epigenetic min er als. An other fac tor which en hances min eral

trans for ma tion pro cesses is the re lease of so lu tions from fluid
in clu sions. 

Among the evaporite de pos its of the K³odawa salt dome
and of other salt domes in Po land (Mogilno or Inowroc³aw) there 
oc cur min er als or their parageneses whose pres ence is dif fi cult
to ex plain. Their oc cur rence can not be ex plained by sed i men ta -
tion, diagenetic or epigenetic pro cesses re sult ing from the
burial of the Zechstein salt-bear ing for ma tion, or by tec tonic ac -
tiv ity dur ing de vel op ment of the salt domes. These phe nom ena
in clude, for ex am ple, zones of bo rate min eral oc cur rences
(boracite and congolite) in rock salt and in po tas sium-mag ne -
sium salts (Wachowiak and Pieczka, 2012; Wachowiak and
Tobo³a, 2014). The form of oc cur rence of those min er als as cu -
bic blocks (congolite) or reg u lar poly he dra (boracite) in di cates
that they crys tal lised in reg u lar sys tems and in high-tem per a -
ture con di tions. Lab o ra tory stud ies on phase tran si tions in ar ti fi -
cially formed and nat u ral bo rate min er als clearly de ter mine the
tem per a tures above which those min er als crys tal lise in a reg u -
lar sys tem (for congolite: 339°C and for boracite: 270°C – Burns 
and Car pen ter, 1996, 1997; Wachowiak and Tobo³a, 2014).
”Blue ha lite” veins rep re sent an other type of salt rock al tered at
high tem per a tures (Tobo³a, 2016). Based on micro thermo -
metric de ter mi na tions of fluid in clu sions in anhydrite that oc cur
in the coloured ha lite, tem per a tures of up to 513°C were es ti -
mated (Tobo³a, 2016). In both cases the ranges of those tem -
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per a tures con sid er ably ex ceed the val ues re lated to the geo -
ther mal gra di ent, i.e. the max i mum depth to which a salt-bear -
ing for ma tion could have been bur ied. 

Pre vi ous study (Wachowiak and Pieczka, 2012; Wacho -
wiak and Tobo³a, 2014) con cerned the boracite min er als from
K³odawa salt dome and their phase trans for ma tion. The pur -
pose of the pres ent study was to check whether fac tors in di cat -
ing high-tem per a ture rock trans for ma tion have been pre served
in the salt-bear ing rocks con tain ing bo rate min er als. Such in di -
ca tors have al ready been iden ti fied in microthermometric stud -
ies of fluid in clu sions that gave a re li able pic ture of the tem per a -
ture and pres sure con di tions and chem i cal com po si tion of the
so lu tions from which crystallisation started (e.g., Roedder,
1984a; Goldstein and Reynolds, 1994). Pet ro log i cal and micro -
thermometric study has been car ried out on ha lite and anhy -
drite crys tals.

GEOLOGICAL SETTING

The K³odawa salt dome is one of sev eral tens of salt struc -
tures oc cur ring in the Pol ish Low lands (Fig. 1). It is sit u ated at
the SW edge of the Mid-Pol ish Trough (e.g., Dadlez, 1989,
2001; Dadlez et al., 1995; Krzywiec, 2004, 2006; Krzywiec et
al., 2017). The salt dome is a frag ment of a large tec tonic salt
struc ture stretch ing from £êczyca near £ódŸ to Izbica Kujawska 
(Werner et al., 1960; Burliga et al., 1995; Krzywiec, 2004). The
lon ger axis of the whole struc ture and of the salt dome is par al lel 

to the po si tion of the Mid-Pol ish Trough, in an ap prox i mate
SE–NW di rec tion. 

The ris ing salt rocks pierced through the Me so zoic cover
over a dis tance of ~26 km and a width of 2 km. They cre ate a
form of a tec tonic horst, lean ing from NE to SW. The evaporite
lay ers are steep, at an gles of 70–85°. The salt-bear ing suc ces -
sion is built of the evaporites of four cyclothems: PZ1, PZ2,
PZ3, and PZ4 (Fig. 2). The PZ2 and PZ3 cyclothems are com -
plete, clas si cal evaporite se quences that con sist of the fol low -
ing de pos its: terrigenous de pos its, car bon ates, sulphates, rock
salt and po tas sium-mag ne sium salts. The rocks of cyclothem
PZ1 are partly un cov ered in the K³odawa salt dome, but their
strati graphic po si tion is un cer tain (Werner et al., 1960; Kucia,
1970; Burliga et al., 1995). 

In the bot tom part of the PZ4 cyclothem no typ i cal
terrigenous or car bon ate de pos its are pres ent. Two thick units
of evaporite-terrigenous salts, the so-called zubers, each
>100 m thick, com pris ing the up per parts of the PZ3 and PZ4
cyclothems, are char ac ter is tic of the Up per Perm ian salt suc -
ces sion of the K³odawa salt dome. 

Halokinetic (Trusheim, 1957) and halotectonic pro cesses
(Poborski, 1970, 1971, 1974) as so ci ated with diapirism re -
sulted in ex ten sive me chan i cal de for ma tions of the salt lay ers.
The evaporite rocks and min er als were also sub jected to
meta somatic, diagenetic, and meta mor phic al ter ations. The
pri mary par ent al kali “en closed” in the salt dome, or al kali orig i -
nat ing from the in flow of ex ter nal wa ter, or re sid ual al kali orig i -
nat ing from the meta mor phism and/or melt ing of less re sis tant
salt min er als played a con sid er able role in the geo chem i cal
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Fig. 1. Part of a Zechstein lithofacies map and the lo ca tion of salt struc tures
in the £ódŸ-Konin area (af ter Garlicki and Szybist, 1986) 
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trans for ma tion pro cesses. Such so lu tions used voids, fis -
sures, and dis lo ca tion zones to pen e trate the whole salt dome
mass. High tem per a tures and pres sures in deeper and some
higher salt dome sec tions were the main stimu la tors of those
pro cesses.

METHODS

Anhydrite and celestine crys tals were leached out, to gether
with bo rate min er als, from 15 sam ples col lected from level 750
of the K³odawa Salt Mine (Wachowiak and Tobo³a, 2014). Thirty 
crys tals 0.6 to 2 mm in size were se lected from these sam ples,
af ter pre lim i nary se lec tion un der a bin oc u lar mi cro scope. They

had smooth sur faces al low ing for di rect mi cro scopic
ob ser va tions of in clu sions. Twenty other in di vid ual
crys tals char ac ter ized by coarse sur faces and the
pres ence of fluid in clu sions were se lected. Thick sec -
tions (thick ness ~200 mm) were pre pared. 

The frag ments of rock salt in which congolite was
iden ti fied were cut into 2 mm thick plates (Wachowiak
and Tobo³a, 2014). The salt sam ples were cut by a
Struers Minitom slow-speed saw. Later, the plates
were grounded and pol ished on both sides. In the case
of the larger ha lite crys tals, slides were re ceived as a
re sult of split ting up along the cleav age sur faces. 

The anal y sis of fluid in clu sions, in clud ing in ves ti ga -
tion of the ho mog e ni za tion tem per a ture in the anhy -
drite crys tals, was car ried out un der a Nikon Eclipse
E600 po lar iz ing mi cro scope, equipped with 5x, 10x,
20x, 50x, and 100x lenses. A UV 365 nm wave length
lamp was used for ad di tional ex ter nal light ing. The mi -
cro scope was equipped with a THMSG 600 re place -
able freez ing-heat ing ta ble, with Linkam ac ces so ries,
that en abled temperature mea sure ments in the range
from –196 to 600°C, with an ac cu racy of up to 0.1°C.
Be fore the tem per a ture mea sure ment, the stage was
cal i brated by pure H2O-CO2 syn thetic in clu sions (Tm =
–56.9°C), and pure H2O in clu sions (crit i cal den sity of
Tmice = 0.0°C, Th = 374°C). 

Chem i cal anal y ses of the anhydrite and celestine
were per formed us ing a JEOL SuperProbe JXA-8230
elec tron microprobe (EMP) at the Lab o ra tory of Crit i cal
El e ments at the Uni ver sity of Sci ence and Tech nol ogy,
Kraków. The EMP was op er ated in the wave length-dis -
per sion mode at an ac cel er at ing volt age of 15 kV, a
probe cur rent of 20 nA for anhydrite and 15 kV and
15 nA for celestine, as a fo cused beam with a di am e ter
of 10 mm. Count ing times of 10 s on peaks and 5 s on
both (+) and (–) back grounds were used. The fol low ing
stan dards, lines and crys tals were used: Kyan ite (AlKa, 
TAPH), bar ite (SKa, PETL; BaLa, PETL), cal cite
(CaKa, PETH), KBr (KKa, PETH), MgO (MgKa,
TAPH), SrSO4 (SrKa, PETJ).

RESULTS

SOLID INCLUSIONS IN HALITE CRYSTALS FROM 
THE AREA OF THE CONGOLITE OCCURRENCE 

The ha lite crys tals, which build the par ent rock of
the congolite, con tain nu mer ous anhydrite in growths
and var i ous types of fluid in clu sion as sem blages. The

dis tri bu tion of anhydrite in growths var ies. In the case of salt that
is mac ro scop i cally white or light pink in col our, the in growths
cre ate streaks com posed of loosely dis trib uted in di vid u als, eas -
ily vis i ble only with crossed polars (Fig. 3A, B). The in growths
are con cen trated mainly at the ha lite crys tal bound aries, less of -
ten they oc cur as streaks or sin gle dis cor dant in di vid u als. The
size of sin gle in growths ranges from sev eral dozen
micrometres to ~0.5 mm. The inter growths are mostly anhedral
with cy lin dri cal or oc ca sion ally round shapes (Fig. 3C). Less of -
ten, there are subhedral and anhedral crys tals (Fig. 3D). 

The oc cur rence of sur face in clu sions is a char ac ter is tic fea -
ture ob served in all the sam ples. The size of these in clu sions
ranges from sev eral to about ~10 mm, oc ca sion ally, they reach
30 mm (Fig. 3D). Small in clu sions are cy lin dri cal or round, while
the larger ones are char ac ter ized by ir reg u lar shapes. The in clu -
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Fig. 2. Gen er al ized lithostratigraphic cross-sec tion through 
the Zechstein salt-bear ing suc ces sion of the Kujawy re gion

(af ter Garlicki and Szybist, 1991)
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sions are filled with a gas eous phase, lo cally with a small par tic i -
pa tion (sev eral %) of a liq uid phase. Quite of ten, a brown ish sub -
stance of or ganic or i gin ap pears on anhydrite crys tal sur faces.
The sub stance does not cause ex ci ta tion in UV light. It cre ates
blurred and ir reg u lar flasers and con cen tra tions (Fig. 3C, D). 

The anhydrite also forms very small crys tals with sev eral
micrometres in size. They have anhedral and round shapes

(Fig. 3C, E). Such anhydrite crys tals ap pear ei ther within the
anhydrite con cen tra tions noted above or ac com pany sin gle
larger crys tals, and lo cally they oc cur in the places where ha lite
crys tals seem to be pure. Sin gle crys tals of that type, evenly dis -
trib uted in ha lite, as well as mostly oc cur ring with flasers of
larger crys tals, have pure sur faces. They are less of ten ac com -
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Fig. 3. Mi cro scopic im ages of “thick” plates

A, B – anhydrite con cen tra tions and fluid in clu sion as sem blages, within white and pink rock salt (A – 1N, B – XN); C – co-oc cur -
ring anhydrite crys tals, of anhedral and euhedral shape (1N); they are sur rounded by very fine dis cor dant anhydrite crys tals
(marked by ar rows); D – anhydrite crys tals with fine in clu sions on their sur faces (black points), with a com po si tion that is hard to
iden tify and two large gas in clu sions (1N); E – con cen tra tion of very fine anhydrite crys tals ac com pa nied by a brown ish sub stance 
(1N); F – larger con cen tra tions of anhydrite flasers in grey-brown salt (1N) 



pa nied, mostly when they cre ate larger and more com pact con -
cen tra tions, by a brown ish sub stance (Fig. 3E). 

There are more anhydrite con cen tra tions and streaks in
those frag ments of rocks which are mac ro scop i cally col oured
grey-brown. Anhydrite crys tals are packed densely there, con -
tact ing each other, and gen er ally pos sess ing larger di men sions 
(Fig. 3F). They are ac com pa nied by larger quan ti ties of brown
ma te rial and in places they cre ate con cen tra tions among
anhydrite crys tals. 

Be sides anhydrite there oc curs very rarely celestine. It
forms euhedral to subhedral crys tals the range of sev eral to
hun dreds of micrometres in size. Lo cally within large celestine
crys tals, an anhydrite ingrowth oc curs (Fig. 4). 

FLUID INCLUSIONS IN HALITE CRYSTALS

Ge net i cally, two types of fluid in clu sion as sem blages (FIA)
can be dis tin guished within the ha lite stud ied: sec ond ary (or
pseudo-sec ond ary) and pri mary as sem blages (e.g., Roedder,
1984a, b; Goldstein and Reynolds, 1994; Goldstein, 2001;
Petrychenko and Peryt, 2004; Kovalevych et al., 2006, 2009;
Kovalevych and Vovnyuk, 2010). Most of ten, the sec ond ary in -
clu sion as sem blages oc cur in ha lite crys tals, al though some
may have formed dur ing recrystallisation pro cesses (pseudo -
-sec ond ary FIAs). Lo cally, in clu sions are dis trib uted in dense
con cen tra tions char ac ter ized by com plex courses and di verse
spa tial re la tion ships (Fig. 5A). 

FIAs oc cur both at ha lite crys tal bound aries and within crys -
tals. They form rows run ning as al most straight or wavy lines.
Par tic u lar as sem blages run in par al lel or al most par al lel, cross -
-cut ting each other or split ting off from one point (Fig. 5B). In
many cases, the co-oc cur rence (over lap ping) of many dif fer ent
pet ro log i cal types of in clu sions in one row may be ob served.
Grad ual dis ap pear ance of FIA courses within the ha lite crys tals
as well as grad ual de crease in their di men sions is com mon. It is 
char ac ter is tic of FIAs com posed of very small in clu sions (Fig.
5B, C). 

The size of fluid in clu sions var ies from ~1 to >200 mm de -
pend ing on the FIA (Fig. 5D, E). The shapes of in clu sions are
mostly reg u lar, iso met ric, cu bic, cy lin dri cal, and al most round.

Larger in clu sions oc ca sion ally have elon gated, tu bu lar shapes
(Fig. 5D). In clu sions with ir reg u lar shapes are more rare that
reg u lar ones (Fig. 5E). 

In most cases, in clu sions are filled only with a gas eous
phase, or the liq uid phase cre ates a very thin film at the bound -
aries (the film is of ten hard to iden tify in petrographic stud ies).
Liq uid-gas in clu sions, with change able phase pro por tions, oc -
cur less of ten, though the gas eous phase usu ally dom i nates
vol u met ri cally in in clu sions. In clu sions that are filled com pletely
with the liq uid phase are very rare and oc cur only in a small por -
tion of FIAs. 

Pri mary FIAs oc cur rarely in the crys tals ana lysed. This type 
of in clu sions was de vel oped some what dif fer ently than the typ i -
cal sed i men ta tion in clu sions as sem blages (e.g., Roedder,
1984a, b; Goldstein and Reynolds, 1994; Ben i son and Gold -
stein, 1999; War ren, 1999; Kovalevych and Vovnyuk, 2010).
The pri mary in clu sions form zones (ar eas) in cen tral parts of the 
crys tals. The size of in clu sions ranges from 2 to 20 mm. Lo cally
larger in clu sions, with a cu bic shape oc cur (Fig. 5F). They are
dif fer ent than the typ i cally de vel oped pri mary ha lite in clu sions
with re spect to the pres ence of daugh ter min er als that in di cate
a rel a tively large dou ble re frac tion in dex. These min er als oc cur
in all in clu sions, in the di men sions that are pro por tional to the in -
clu sion sizes. When heated to 397°C, the min er als started to
grad u ally melt and at 420°C they were com pletely dis solved in
all in clu sions. 

INCLUSIONS IN ANHYDRITE CRYSTALS

The anhydrite crys tals, leached out with bo rate min er als
from rock salt and po tas sium-mag ne sium salts, are char ac ter -
ized by atyp i cal shapes, re sult ing from crys tal trans for ma tions.
More over, anhydrite crys tals con tain sev eral types of in clu sions 
which dif fer in dis tri bu tion with re spect to the min eral axis of the
host min eral, di men sions, and pri mar ily the fill ing ma te rial.
Those in clu sions oc cur in change able quan ti ties and they are
dis trib uted ir reg u larly in par tic u lar crystals. 

In the anhydrite crys tals sep a rated from rock salt con tain ing
congolite, the most uni formly shaped type of FIA, with re spect
to in clu sion di men sions and shapes, is rel a tively fre quent. FIAs
form bands with straight courses in the mid dle sec tions of crys -
tals (Fig. 6A). The bands rarely cover the whole crys tal, and
their thick ness is up to 20 mm. They are com posed of densely
packed, very small in clu sions ~1 mm in size which should be
rec og nized as pri mary ow ing to their lo ca tion with re spect to the
crys tal. 

The ex ter nal sec tions of crys tals, as well as the crys tals
which do not con tain that type of fluid in clu sions are mostly
trans par ent (Fig. 6A). The crys tals con tain mainly elon gated
and cy lin dri cal solid or solid-gas in clu sions, with marked dom i -
nance of the solid phase. Their lon ger di men sions reach up to
50 mm and they are 30 mm wide. The solid in clu sions are filled
with a trans par ent min eral phase, with an other dou ble re frac tion 
in dex than the host min eral. These in clu sions un dergo char ac -
ter is tic trans for ma tions (“melt ing”) dur ing heat ing. This pro cess
is dis cussed in de tail be low in the case of the an hyd rites
leached out from po tas sium-mag ne sium salts orig i nat ing from
the boracite zone where sim i larly de vel oped in clu sions oc -
curred. 

Fluid in clu sions (liq uid-gas) oc curred very rarely in the crys -
tals stud ied, in the form of sin gle in di vid u als with di men sions of
sev eral milli metres. Their po si tions and pet ro log i cal fea tures
made it im pos si ble to carry out re li able ho mog e ni za tion tem per -
a ture mea sure ments. 
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Fig. 4. SEM-EDS im age of celestine crys tals with small
anhydrite in clu sions (A – anhydrite, C – celestine)
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Densely packed pri mary in clu sions were not found within
the anhydrite crys tals oc cur ring in the po tas sium-mag ne sium
salt con tain ing boracite, as was the case of anhydrite crys tals
co-oc cur ring with congolite. How ever, there were many more
fluid in clu sions. These in clu sions dis played strongly elon gated
and tu bu lar shapes (Fig. 6B). They were ar ranged with their

lon ger axes in par al lel to each other and also par al lel to the
crys tal lo graphic axes. The lon ger axes of in clu sions reached up 
to 400 mm, with the width from 1 to 5  mm. These were liq uid-gas
in clu sions, mostly with the liq uid phase dom i nant. The phase
pro por tions were rel a tively sta ble in par tic u lar crys tals or their
sec tions, al though there were con sid er able dif fer ences be -
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Fig. 5. Mi cro scope im ages (1N) of in clu sions in ha lite

A – con cen tra tions of sec ond ary fluid in clu sion as sem blages in ha lite; B – co-oc cur ring as sem blages of large and very fine in clu -
sions, mainly filled with a gas phase, with par al lel and cross ing courses; some as sem blages in di cate losses of the courses; C –
char ac ter is tic dis ap pear ance of an as sem blage of very fine in clu sions within a ha lite crys tal; D – three in clu sion as sem blages. In
the up per right cor ner, part of a dis ap pear ing as sem blage of very fine gas in clu sions; in the cen tral sec tion, an as sem blage of
large in clu sions, with change able phase pro por tions and elon gated in clu sions; on the left-hand side, a frag ment of an in clu sion
as sem blage with ir reg u lar shapes; E – in clu sions with ir reg u lar shapes, liq uid-gas and gas in clu sions; F – an as sem blage of pri -
mary in clu sions with daugh ter min er als



tween the in clu sions orig i nat ing from dif fer ent anhydrite crys -
tals. In clu sions with more iso met ric cy lin dri cal shapes were ob -
served less fre quently (Fig. 6C). More over, some in clu sions of
that type con tained fixed phase pro por tions. 

Ho mog e ni za tion tem per a tures could be mea sured for
those FIAs with fixed phase pro por tions (vapour vol ume
~30%); how ever, for the anhydrite crys tals stud ied this was

pos si ble only in fif teen cases (Ta ble 1). The val ues ob tained
vary from 197.8 to 473.8°C, and the tem per a tures be long to two 
ranges (Fig. 6D), with tem per a tures rang ing up to 350°C be ing
less com mon. The higher tem per a ture range (i.e. >400°C) has
a fre quency of 4. In gen eral, ho mog e ni za tion pro ceeded to -
wards the liq uid phase, though in one of the in clu sions we also
found ho mog e ni za tion to wards the gas phase, at ~350°C. In
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Fig. 6. Mi cro scopic im ages of anhydrite crys tals

A – relic of a pri mary in clu sion as sem blage in an anhydrite crys tal (dark band in the cen tral sec tion of the crys tal), sur rounded by a
trans par ent lin ing con tain ing (1N); B – elon gated liq uid-gas in clu sions with un even phase pro por tions (1N); C – liq uid-gas in clu -
sions with cy lin dri cal shapes and sta ble phase pro por tions (1N); D – his to gram of tem per a tures of ho mog e ni za tion; E – con cen -
tra tions of round, non-trans par ent min eral as sem blages oc cur ring within an anhydrite crys tal; F – in growths of trans par ent
min er als with nee dle-like habit; these min er als prob a bly crys tal lised just be fore anhydrite and were over grown by anhydrite
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sev eral cases, we found in clu sions or whole as sem blages that
did not un dergo ho mog e ni za tion at tem per a tures of up to
500°C, and they dis played Brownian mo tion fea tures. There -
fore, their ho mog e ni za tion may oc cur in higher tem per a tures. In 
many crys tals, decrepitation, with rapid jumps of crys tals, oc -
curred at tem per a tures ex ceed ing 300°C.

Solid and solid-gas in clu sions are very of ten pres ent in
anhydrite crys tals, in which three types that are clearly dis tinct
as re gards op ti cal fea tures and forms of oc cur rence are en -
coun tered. The first type forms com pact, non-trans par ent con -
cen tra tions whose shapes are ir reg u lar and round, with di men -
sions rang ing from sev eral tens of micrometres to ~150 mm
(Fig. 6E). They are made of min er als with a short-co lum nar
habit and di men sions of sev eral micrometres. 

The sec ond type oc curs as con cen tra tions of in di vid ual
trans par ent crys tals char ac ter ized by a nee dle-like habit (Fig.
6F). Most of ten, these nee dle-like crys tals spread in var i ous di -
rec tions from their com mon cen tre, and their length reaches up
to 50  mm. Quite of ten, they are ac com pa nied by ir reg u lar and
small con cen tra tions of the first type. 

The third type of in clu sions is most com mon and it con sists
of the in clu sions of cy lin dri cal, elon gated and el lip ti cal shape.
Their di men sions reach from sev eral to >100  mm (Fig. 7A). Lo -
cally, es pe cially in the case of larger in di vid u als, those in clu -
sions are ac com pa nied by small quan ti ties of the liq uid, gas or
solid phases. These phases are char ac ter ized by other op ti cal

prop er ties than those of the main mass of those in clu sions. The
in clu sions are com posed of trans par ent min er als dem on strat -
ing very in tense in ter fer ence colours un der crossed polars (Fig.
7B). Some of this type of solid in clu sion un der went char ac ter is -
tic trans for ma tions dur ing microthermometric stud ies. Dou ble
re frac tion dis ap peared and the crys tals fill ing the in clu sion were
clearly melt ing within the tem per a ture range from 172.5 to
184°C. That pro cess was of ten ac com pa nied by gas eous
phase nu cle ation. Cool ing of those in clu sions be low the ob serv -
able melt tem per a tures caused crystallisation of the min eral.
The min eral crys tal lised in the form of sev eral small crys tals
(Fig. 7C, D) which did not fully fill the in clu sion space. Most of -
ten, a bub ble of the gas phase de vel oped. Dur ing sub se quent
cool ing, the bub ble vol ume was re duced and the re main ing
sec tion of the in clu sion was filled by the liq uid.

Less of ten, es pe cially in large in clu sions, we could also ob -
serve more com plex trans for ma tions. Dur ing the melt ing pro -
cesses of the dou ble-re frac tion min eral, con cur rent and rapid
crystallisation oc curred in sev eral places of the iso tro pic min -
eral, in the form of cubes (Fig. 7E). Fur ther heat ing caused very
slow and grad ual melt ing of those crys tals, al though they did not 
fully dis solve at tem per a tures up to 230°C. Cool ing of such in -
clu sions down to a much lower tem per a ture than the melt ing
tem per a ture of the orig i nal min eral fill ing the in clu sion (~130°C), 
caused rapid crystallisation of an other min eral with a dif fer ent
dou ble re frac tion in dex (Fig. 7F).

STRONTIUM CONTENT IN ANHYDRITE CRYSTALS

Point chem i cal anal y sis was con ducted on sev eral
anhydrite crys tals. This re vealed very high stron tium con tents
rang ing from 989 to 9597 ppm with an av er age of 4244 ppm
and me dian of 4042 ppm. The stron tium most of ten oc curs in
range 3000–6000 ppm (Fig. 8A). In sin gle anhydrite crys tals the 
con tent of stron tium is not uni form and does not show any ob vi -
ous spa cial pat tern (Fig. 8B). 

DISCUSSION

The de vel op ment, and mainly the pres ence of the in clu -
sions, in di cate con sid er able ther mal trans for ma tions af fect ing
the salt rocks un der dis cus sion. In clu sions in ha lite, which can
be rec og nized as pri mary ow ing to their spa tial ar range ment
(e.g., Kovalevych et al., 2002; Kovalevych and Vovnyuk, 2010
with ref er ences therein), are rare. These in clu sions dif fer from
typ i cal pri mary FIAs de vel oped dur ing sed i men ta tion, with re -
spect to the infill ma te rial. They dis play the pres ence of daugh -
ter min er als oc cur ring in a pro por tional quan tity with re spect to
vol ume. That phe nom e non, sim i larly to the fixed pro por tion of
gas eous to liq uid phase in FIAs (e.g., Roedder, 1984a, b;
Goldstein and Reynolds, 1994; Goldstein, 2001) in di cates a ho -
mo ge neous na ture of brines from which ha lite crys tal lised and
their sat u rated char ac ter. Con se quently, the tem per a ture of
com plete dis so lu tion of those min er als, of 420°C, in di cates that
ha lite crystallisation de vel oped in high-tem per a ture con di tions.
The oc cur rence of such daugh ter min er als as car nal lite sup -
ports a con sid er able con tent of po tas sium and mag ne sium in
the brines mi grat ing within the salt dome. These min er als re -
mained in an ionic con di tion dur ing that mi gra tion and were later 
cap tured by ha lite in high-tem per a ture con di tions. Later, when
the salt dome rocks were cool ing down, car nal lite crys tal lised in
in clu sions, in pro por tion to the re duc ing dis so lu tion ra tio for po -
tas sium-mag ne sium chlo rides, with tem per a ture drop. The mi -

T a  b l e  1

Ho mog e ni za tion tem per a tures 
of in clu sions in the anhydrite crys tals

Sam ple no.
Ho mog e ni za tion

tem per a ture Th [°C]

ab01
347.1

455.6

ab08 318.6

a01
350.0*

414.0

a02 237.7

a03
272.7

286.0

a05
249.6

197.8

a06

422.3

414.7

434.2

452.4

470.3

473.8

>500

min 197.8

max 473.8

mean 362.3

* – ho mog e ni za tion to wards gas phase

https://gq.pgi.gov.pl/article/view/7640/6220


gra tion of carnalite in the form of rel ict crys tals can be ex cluded
be cause of their con stant vol u met ric ra tio to in clu sion vol ume. 

A sim i lar or i gin can be as sumed for ha lite that cre ated the
back ground for bo rates. Ex per i men tal stud ies on NaCl and KCl
so lu tions at high tem per a tures and pres sures (Sterner et al.,
1988; Knight and Bodnar, 1989; Bodnar and Vityk, 1994)
showed that ha lite dis so lu tion rap idly in creased above 100°C.

Con se quently, hot so lu tions were able to carry large quan ti ties
of dis solved so dium chlo ride. When such so lu tions are cooled,
the ex cess of NaCl is re leased and it crystallises in the form of
ha lite. Since the min i mum tem per a ture of daugh ter min eral dis -
so lu tion was 420°C, ha lite had to crys tal lise at much higher
tem per a tures. 
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Fig. 7. Mi cro scopic im ages of anhydrite crys tals

A, B – in growths of trans par ent min er als, with cy lin dri cal shapes; a large in clu sion con tains two com po nents; the smaller part on
the left con tains an iso tro pic min eral and the larger one on the right clearly shows dou ble re frac tion (A – 1N, B – XN); C, D – a large

in clu sion be fore heat ing (C) and at the tem per a ture of 174°C (D), where par tial melt ing of an anisotropic min eral oc curred, with gas 

phase nu cle ation; E – in clu sion of the orig i nally anisotropic min eral heated to a tem per a ture of 230°C (1N); within that in clu sion,

cu bic iso tro pic min er als can be seen; F – the same in clu sion as in E af ter cool ing be low 130°C; within that in clu sion, at the place of
melt, a min eral of other than orig i nal in ter fer ence colours has crys tal lised (XN), while iso tro pic min er als have re mained



The sec ond ary in clu sions oc cur ring in the ha lite were highly 
di verse pet ro log i cally. They were filled with a gas phase which
in di cated con sid er able mi gra tion of gases af ter for ma tion of the
salt dome. 

High tem per a ture trans for ma tions of the salt rocks in which
boracite and congolite crys tals oc curred were sup ported by pet -
ro log i cal ob ser va tions of fluid in clu sions and microthermo -
metric stud ies of anhydrite crys tals. Dif fer ences be tween the
congolite and boracite oc cur rence zones can be also ob served. 
In the congolite zone, FIA bands lo cally oc cur in the cen tral sec -
tions of crys tals, com posed of very small and densely packed
in clu sions. These in clu sions show that the cen tral sec tions of
crys tals were frag ments which had orig i nated in com pletely dif -
fer ent con di tions to those in which the ex ter nal sec tions formed. 
The pri mary FIAs oc cur in the cen tral sec tions, in di cat ing that
these parts of the crys tals are relicts de vel oped dur ing anhy -
drite crys tal sed i men ta tion. Their dif fer ent or i gin is sup ported by 
fluid in clu sion dis tri bu tion, which is sim i lar to that of other oc cur -
rences of pri mary anhydrite (Tobo³a, 2014). Lack of pri mary
FIAs in the anhydrite crys tals from the boracite zone sug gests
that the trans for ma tion pro cess was more com plete than in the
congolite zone, or that the chem i cal com po si tion of brines was
more prone to such far-reach ing changes. How ever, the ex ter -
nal sec tions of the anhydrite crys tals, rep re sent ing a com pletely 
dif fer ent de vel op ment, formed in other con di tions. Those sec -
tions are dis tin guished by a very small quan tity of fluid in clu -
sions and nu mer ous car nal lite in growths. In that re spect, they
are sim i lar to the anhydrite crys tals from the boracite zone. 

The microthermometric mea sure ments give ex cel lent ev i -
dence re gard ing the hy dro ther mal en vi ron ment be cause they
give the tem per a ture of the so lu tions from which the min er als
crys tal lised. Microthermometric mea sure ments car ried out on
anhydrite crys tals from the boracite zone in di cate that these are 
ei ther frag ments or whole crys tals which de vel oped at tem per a -
tures from 200 to >500°C. Such high tem per a tures, with a wide
range of vari a tion at the same time, sug gested a hy dro ther mal
or i gin of the so lu tions from which anhydrite and bo rate min er als
crys tal lised. In ad di tion, the ap pear ance of the in clu sions that
in di cated ho mog e ni za tion to wards the gas phase was con sis -
tent with a hy dro ther mal or i gin of the min er als, with lo cally de -
vel op ing “pock ets” of di verse phys i cal and chem i cal con di tions
(Di a mond, 1990, 2001). 

Solid in clu sions were ad di tional fac tors in di cat ing di verse
growth con di tions of the anhydrite crys tals. De tailed petro -
graphic re search on these solid phases will be pub lished sep a -

rately be cause mi cro scopic ob ser va tions in trans mit ted light
could not iden tify such phases clearly. In the case of the third
type of in clu sions, with clear dou ble re frac tion, our ob ser va tions 
showed that we dealt with car nal lite. The melt ing tem per a tures
showed by our mea sure ments (172.5–184°C) were gen er ally
con sis tent with re search con ducted in DTA, DTG, and TG by
£aszkiewicz and Langier-KuŸniarowa (1966) and Emons and
Fanghänel (1989). Those au thors showed that the first en do -
ther mic ef fect as so ci ated with car nal lite dehydrati sation ap -
peared at a tem per a ture of 168°C. Small tem per a ture de vi a -
tions re sulted from ex per i men tal con di tions be cause the in clu -
sions con sti tuted closed sys tems and also prob a bly con ti nent
small quan ti ties of res i due brine. Wa ter par ti cles re leased dur -
ing ther mal trans for ma tions re acted with dis in te grat ing car nal -
lite to make car nal lite melt. 

The other im por tant fea ture of car nal lite ther mal trans for -
ma tion, vis i ble by mi cro scopic ob ser va tions, is the dou ble na -
ture of its melt ing dur ing heat ing. The first is sim ple melt ing
(grad ual dis ap pear ance of car nal lite) with gas phase nu cle -
ation. Dur ing sub se quent cool ing car nal lite crys tal lised but
some parts of the in clu sions was still filled with a liq uid and gas
phase. The sec ond path of ther mal trans for ma tion de pends on
de com po si tion into sylvite and mag ne sium chlo ride so lu tion.
Fur ther heat ing in di cates that sylvite can partly dis solve in very
dense Mg-Cl so lu tions. Cool ing of such in clu sions make them
filled with two min er als (sylvite and bischofite). Both path ways
are gen er ally in line with lab o ra tory in ves ti ga tions on car nal lite
ther mal de com po si tion de scribed by e.g. Emons and Fan -
ghänel (1989). The small dif fer ences be tween our ob ser va tions 
and the lab o ra tory tests noted above re sulted from dif fer ent
con di tions of car nal lite de com po si tion. In the lab o ra tory tests
the car nal lite de com po si tion was car ried out in iso baric con di -
tions (Emons and Fanghänel, 1989), while in the in clu sions
tested by us there was an isochoric con di tion. The other fac tor
which has an in flu ence on be hav iour dur ing car nal lite de com po -
si tion is a small amount of brine in the in clu sions. 

The pres ence of such car nal lite in growths within anhydrite,
and in par tic u lar a large pro por tion of car nal lite in re spect of a liq -
uid phase, sug gested that po tas sium and mag ne sium chlo rides
oc curred tem po rarily in brines in very large con cen tra tions, and
they may even have trav elled in a melted form. The or i gin of the
po tas sium and mag ne sium is con nected with dis so lu tion of pri -
mary K-Mg salt lay ers by mi gra tion of a hot so lu tion. 

An other im por tant in di ca tor of anhydrite for ma tion is the
stron tium con cen tra tion. Ac cord ing to the many stud ies of Sr
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Fig. 8A – his to gram of stron tium con tents in anhydrite crys tals; B – dis tri bu tion of stron tium in anhydrite crust

https://gq.pgi.gov.pl/article/view/8706/pdf_1164
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con tents in anhydrite and the dis tri bu tion co ef fi cient, sed i men -
tary an hyd rites have diadochically in cluded stron tium in the
range ~1500 to ~2500) ppm (e.g., Zherebtsova and Volkova,
1966; Kühn, 1968; Braitsch, 1971; Dean, 1978; Holser, 1979;
Hryniv and Peryt, 2010). In the anhydrite stud ied the Sr con -
tents are much higher than in com mon sed i men tary anhydrite
which show that the so lu tion was en riched in stron tium. More -
over, chem i cal anal y sis of sin gle crys tals (Fig. 8B) in di cated a
high vari a tion of stron tium con tents in the so lu tions. A tem po -
rary sur plus of stron tium con tents in the so lu tions re sulted in
pre cip i ta tion of celestine.  

CONCLUSIONS

Our anal y sis of salt rocks con tain ing bo rate min er als have
in di cated that such for ma tions were sub jected to con sid er able
ther mal trans for ma tions. Min i mum tem per a tures of the re -
crystallisa tion pro cesses and trans for ma tions were de ter mined
based on the ho mog e ni za tion tem per a tures of fluid in clu sions
in the anhydrite which oc curred to gether with boracite, as well
as with ref er ence to the melt ing of daugh ter min er als in pri mary
FIAs in ha lite, con tain ing congolite. These tem per a tures were
in the range from ~200 to >400°C. The tem per a tures are sim i lar 
to those ob served in the trans for ma tion phases of boracite and
congolite (Wachowiak and Tobo³a, 2014), show ing the pos si bil -

ity of di rect crystallisation in a reg u lar sys tem at high tem per a -
tures (con sid er ing salt dome con di tions). Con se quently, con di -
tions typ i cal of hy dro ther mal sys tems are sug gested by: high
ho mog e ni za tion tem per a tures, a wide range of those tem per a -
tures, as well as the pres ence of in clu sions, with their ho mog e -
ni za tion to wards gas.

The oc cur rence of pri mary in clu sions in the anhydrite crys -
tals, sep a rated from rock salts con tain ing the congolite, in di -
cated that the trans for ma tion pro cess in this area was weaker
than in boracite area. That does not mean that the tem per a -
tures were lower; they were rather as so ci ated with a di verse
chem i cal com po si tion of brines in both cases. This is sup ported
by nu mer ous trans par ent and non-trans par ent solid in clu sions
in anhydrite crys tals from the bo rate zone, which are not pres -
ent in the anhydrite sep a rated from the rock salt con tain ing
congolite. How ever, the pres ence of car nal lite in growths is a
com mon fea ture, and this in di cates a very large con cen tra tion
of the po tas sium and mag ne sium chlorides in solution.
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