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Do lo mite is a quite com mon, al though usu ally mi nor, con stit u ent of the Badenian sul phate de pos its of the Carpathian Foredeep Ba sin. In
the autochthonous mem ber of the Wola Ró¿aniecka 7 bore hole (SE Po land) which con tains well pre served, large anhydritic pseudo -
morphs af ter selenitic gyp sum, do lo mite con sti tutes up to 75% of the rock vol ume, the rest be ing anhydrite. Dolomites mostly show
peloidal clot ted microfabrics typ i cal of microbialites and are in ter preted as prod ucts of microbially in duced pre cip i ta tion and/or
dolomitisation at tem per a tures around 40°C (as in ter preted from the d18O val ues that range from 0.4 to 2.6‰ VPDB) and in wa ter not
very dis tant from equi lib rium with at mo spheric car bon di ox ide (d13C val ues usu ally within the range of +1.0 to +1.6‰ VPDB).
Dolomites as so ci ated with lam i nated anhydrite show sim i lar d18O val ues (from +0.9 to +1.5‰ VPDB) and dif fer ent d13C val ues (from
–9.2 to –12.6‰ VPDB) than the dolomites from the peloidal clot ted microfabrics, and are linked to dolomitisation of car bon ate mud by
evaporitic hypersaline flu ids in the early diagenetic/shal low burial en vi ron ment. The de pos its of the lam i nated anhydrite orig i nated
mostly in a deeper, prob a bly strat i fied, ba sin, and car bon from the ox i da tion of or ganic mat ter dom i nated the pool of car bon ate ions.
87Sr/86Sr val ues of anhydrite (0.71058–0.71947) and car bon ates (0.71024–0.71148 in both mem bers of the Wola Ró¿aniecka 7 bore hole
are much higher than the val ues of con tem po ra ne ous Badenian sea wa ter. They in di cate strong mod i fi ca tion of sea wa ter-de rived brines
by highly ra dio genic con ti nen tal wa ters. 
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INTRODUCTION

In ter pre ta tions of the sed i men tary and diagenetic en vi ron -
ments of an cient an hyd rites are based on mod ern fa cies an a -
logues and orig i nal fea tures of the cal cium sul phate min er als.
Some Neo gene se quences con tain both pri mary gyp sum and
anhydrite de pos its with com mon pseudomorphic fea tures, in -
her ited from the pre cur sor gyp sum de pos its, giv ing thus an op -
por tu nity to com pare both min eral fa cies and to in ter pret the
orig i nal sed i men tary fa cies of the an hyd rite. One of these ex -
am ples may be found in the Mid dle Mio cene Badenian
evaporite ba sin of the Carpathian Foredeep, which was a de -
pres sion with the brine level lo cated be low the con tem po ra ne -
ous sea level (Peryt, 2001, 2006; B¹bel, 2004, 2007). These
evaporites con sist of cal cium sul phate and rarely of ha lite. The
pres ence of pot ash is still un der de bate (Hryniv et al., 2007,
with ref er ences therein). In ad di tion, lime stones with gyp sum
psudomorphs oc cur lo cally in the evaporite sec tion; they were

in ter preted by G¹siewicz (2010, with ref er ences therein) as
formed in a sed i men tary, tran si tional mi lieu be tween the car -
bon ate and the gyp sum do mains.

In the Pol ish Carpathian Foredeep pri mary gyp sum oc curs
only along the mar gin of the ba sin and sec ond ary anhydrite de -
pos its are widely dis trib uted in a more cen tral ba sin lo ca tion
(Fig. 1; Kasprzyk, 2003, with ref er ences therein). This study
fo cuses on the anhydrite sec tion (Wola Ró¿aniecka 7) lo cated
in SE Po land (Fig. 1) that con tains im por tant vol umes of do lo -
mite in var i ous parts of the sec tion (Figs. 2 and 3), with cal cite
be ing a sub or di nate com po nent. The oc cur rence of do lo mite
was ear lier re corded in the Badenian gyp sum and anhydrite,
mostly in the form of peloidal dolomicritic ma trix in nod u lar
anhydrite, do lo mite laminae in reg u larly lamiated anhydrite,
and clasts of do lo mite in anhydrite brec cias (e.g., Kubica, 1992; 
Peryt and Kasprzyk, 1992a, b, fig. 4; Kasprzyk 1993, 1995a,
2003, ta ble 2; Kasprzyk and Ortí, 1998), but its or i gin did not
at tract at ten tion. Its de tailed study, how ever, can con trib ute
sub stan tially to the un der stand ing of the sys tem from which the



evaporites pre cip i tated. The aim of this pa per is to char ac ter ize
the dolomites and the host ing sul phate fa cies, based on car bon
and ox y gen iso topes of car bon ates com bined with the study of
stron tium iso topes of the car bon ates and sulphates, and sul phur 
and ox y gen iso topes of the sulphates.

GEOLOGICAL FRAMEWORK

The Pol ish Carpathian Foredeep Ba sin (PCFB) de vel oped 
dur ing the Early and Mid Mio cene as a pe riph eral flex ural
fore land ba sin in front of the ad vanc ing Carpathian front
(Oszczypko, 2006; Oszczypko et al., 2006). Lower Mio cene
strata are mainly ter res trial in or i gin, and Mid dle Mio cene de -
pos its (from a few hun dred metres in the north ern part of the
PCFB to 3500 m in its south east ern part) were de vel oped in
ma rine set tings (Oszczypko, 2006). A mi nor con stit u ent of
the strati graphic col umn are evaporites be long ing to the
Badenian Krzyżanowice and Wieliczka for ma tions
(Alexandrowicz et al., 1982). The cal car e ous nannoplankton
in di cates that the evaporites were de pos ited dur ing the
Serravallian (NN6 zone – Peryt, 1997, 1999;
Andreyeva-Grigorovich et al., 2003), with the on set of
evaporite sed i men ta tion shortly af ter 13.81 Ma (de Leeuw et
al., 2010). In the north ern and northeast ern part of the
foredeep, a sul phate plat form (20 km wide) was de vel oped
that is com posed of sulphates (sev eral tens of metres thick)
formed mainly in sa lina en vi ron ments (Kasprzyk, 1993; Peryt 
et al., 1994; Bąbel, 2004). These sa lina en vi ron ments were
sub ject to the in flow of wa ters from the land, par tic u larly dur -
ing the de po si tion of the up per part of the gyp sum se quence
(e.g., Kasprzyk, 1993; Peryt, 1996; Bąbel, 1999). 

Two gyp sum mem bers, build ing the mar ginal part of the
sul phate plat form, are dis tin guished in the Badenian of the

north ern part of Carpathian Foredeep: a lower mem ber of
mostly autochthonous, selenitic fa cies, and an up per mem ber
com posed mainly of allochthonous, clastic de pos its (Kasprzyk, 
1999). To wards the south, in the subsurface, gyp sum is re -
placed by anhydrite. Kasprzyk and Ortí (1998) rec og nized two
anhydrite mem bers within the Badenian evaporite de pos its.
The lower anhydrite mem ber, with well pre served, large
pseudo morphs af ter selenitic gyp sum, formed by
synsedimentary anhydritization in the sul phate plat form set -
ting, and the up per mem ber anhydrite that orig i nated due to
both syndepositional, in ter sti tial anhydrite growth and to early
to late diagenetic re place ment of gyp sum in the ba sin cen tre
and on the plat form (Kasprzyk and Ortí, 1998; Kasprzyk,
2003). Anhydritization pat terns ob served in the Badenian
could have been linked to the pro gres sive vari a tion in
physicochemical con di tions of the brines across the Badenian
evaporite ba sin (Kasprzyk, 1995b, 2003). The over ly ing lam i -
nated anhydrite and brec cias, widely dis trib uted in the
foredeep, are equiv a lent to the up per (clastic, allochthonous)
gyp sum mem ber (Kasprzyk and Ortí, 1998). In the south ern
part of the foredeep the anhydrite de pos its, up to 20 m-thick,
con sist of lam i nated anhydrite with brec cia in ter ca la tions
(Kasprzyk and Orti, 1998; Peryt et al., 1998; Peryt, 2000;
Kasprzyk, 2003), and change lat er ally into ha lite de pos its
(Garlicki, 1979).

The Wola Różaniecka 7 bore hole sec tion is com posed of
two parts. The lower, autochthonous mem ber con tains nod u -
lar anhydrite (1.7 m), with com mon elon gated nod ules re sem -
bling pseudo morphs af ter large gyp sum crys tals (Fig. 2)
which are em bed ded in a car bon ate-clay ma trix (very abun -
dant in places), fol lowed by bed ded anhydrite and then by a
9 m thick unit of pseudomorphic anhydrite af ter large sel e nite
gyp sum crys tals (Figs. 2 and 3) with com mon car bon ate
streaks, lam i nated in ter vals, and ce ment be tween the sul phate
crys tals (Fig. 3). The up per most part of the pseudomorphic
anhydrite af ter large gyp sum crys tals ap pears slightly
brecciated, and it is fol lowed by the up per, clastic mem ber
(Fig. 2) of a to tal thick ness of around 25 m. Anhydrite brec cia
de pos its (9.0 m thick) oc curs in the lower part of the clastic
mem ber and are fol lowed by lam i nated, of ten dis torted,
anhydrite (Figs. 2 and 4) with brec cia in ter ca la tions (Peryt,
2000, fig. 7) and car bon ate laminae (Fig. 4A); the to tal thick -
ness of these mostly lam i nated de pos its is 14 m. Lam i nated
anhydrite shows mi nor dis tur bances (fold ing) of lamina sets
and trun ca tions of laminae by ero sional sur faces and of ten
con tains clastic anhydrite laminae show ing grad ing (Peryt,
2000, fig. 4); lam i na tion is very reg u lar, pla nar (Fig. 4B) or
slightly len tic u lar. The top of the anhydrite se quence con sists
of recrystallized gyp sum of brecciated ap pear ance (2 m
thick). Over all, the lithological suc ces sion of the Wola
Różaniecka 7 bore hole is char ac ter is tic of a sul phate plat -
form/sul phate ba sin tran si tion (Peryt, 2000; Fig. 1). 

The Badenian an hyd rites of the Wola Różaniecka area are
over laid by ca. 1 km of Mio cene siliciclastic de pos its. As the
ero sion of Mio cene strata in the area in ves ti gated  was roughly
500–780 m (Dudek, 1999), the max i mum burial of anhydrite
can be es ti mated as more than 1.5 km. 
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Fig. 1. Lo ca tion map of the Wola Różaniecka 7 bore hole
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MATERIAL AND METHODS

The re search was based on pet ro log i cal ob ser va tions of
20 thin sec tions that were stained with Aliz a rin Red S and po -
tas sium ferri cyanide (as de scribed by Dick son, 1966) to as sist
the iden ti fi ca tion of do lo mite and to as sess the Fe con tent of the 
car bon ates. In ad di tion, three se lected sam ples (nos. 6, 15 and
39) were sub ject to XRD ex am i na tion which showed that do lo -
mite is the main (sam ple 6) or the only car bon ate min eral pres -
ent (sam ples 15 and 39). Four thin sec tions were stud ied with
cathodoluminescence (CL). In ad di tion, Scan ning Elec tron Mi -
cros copy (SEM) ex am i na tion (mostly in back scat tered mode)
and microprobe anal y ses were car ried out. Six teen car bon ate
sam ples were se lected for ox y gen and car bon iso tope de ter mi -
na tion in the Mass Spec trom e try Lab o ra tory at the Maria Cu -
rie-Skłodowska Uni ver sity in Lublin, Po land; mix tures of do -
lo mite and cal cite were ana lysed. For the iso to pic anal y ses,
CO2 gas was ex tracted from the sam ples by re ac tion of do lo -

mite with H3PO4 (McCrea, 1950) at 50°C in a vac uum line for

at least 24 h. Re sults for and d18O were cor rected for the acid
frac tion ation ac cord ing to Rosenbaum and Sheppard (1986).
The gas was pu ri fied of H2O on a P2O5 trap and col lected on a
cold fin ger. Iso to pic com po si tions were ana lysed us ing a mod i -
fied Rus sian MI1305 tri ple – col lec tor mass spec trom e ter
equipped with a gas ion source. Iso baric cor rec tion was ap -
plied. Af ter sub se quent nor mali za tion to mea sured in ter na -
tional stan dards, the iso to pic com po si tion was ex pressed in per
mille (‰) rel a tive to the VPDB in ter na tional stan dard and sep -

a rately to PDB. An a lyt i cal pre ci sion of both d13C and d18O in
sam ples and stan dards was better than ±0.08‰.

87Sr/86Sr ra tios were de ter mined in five car bon ate sam ples
and three anhydrite sam ples at the Iso tope Geo chem is try Lab o -
ra tory, Kraków Re search Cen tre of In sti tute of Geo log i cal Sci -
ences, Pol ish Acad emy of Sci ences, fol low ing the pro ce dure
de scribed by Peryt et al. (2010). Dis solved sam ples were first
loaded on a stan dard cat ion col umn (DOWEX 50W-X12 resin).
The col lected Sr frac tion was fur ther pu ri fied on an Eichrom
Sr-spec resin and, af ter con vert ing to ni trates, the sam ple was
ana lysed on an MC ICPMS Nep tune in 2% HNO3. Iso to pic ra -
tios were cor rected for in stru men tal mass bias by nor mal iz ing
to 86Sr/88Sr = 0.1194 us ing ex po nen tial law. Reproducibility of
the SRM987 over the pe riod of anal y ses was 87Sr/86Sr =
0.710263 ±13 (2SE, n = 4), which is iden ti cal with long term
reproducibility for nearly 2 years 87Sr/86Sr = 0.710263 ±13
(2SE, n = 180). The re sults ob tained were nor mal ized to the
rec om mended SRM987 value 87Sr/86Sr = 0.710248. Pre ci sion
of in di vid ual of 87Sr/86Sr ra tios in Ta ble 1 re fers to the last sig -
nif i cant dig its and is at 2SE level.

RESULTS

PETROLOGY

Car bon ates oc cur ring in the autochthonous mem ber of the
Wola Różaniecka 7 anhydrite sec tion are do lo mite and, sec -
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Fig. 3A – lam i nated do lo mite microbialites (beige) with rare pseudo morphs af ter sel e nite gyp sum crys tals, sam ple 6; B – dolomitic sed i ment
(beige) fill ing intercrystalline po ros ity be tween for mer selenitic gyp sum crys tals (now anhydrite pseudo morphs), sam ple 7; C – dolomitic

stromatolites (beige) with in ter ca la tions of sel e nite (?orig i nally grass-like) gyp sum (now anhydrite pseudo morphs), sam ple 15



ond arily in some sam ples only, cal cite; they fill the spaces be -
tween the anhydrite crys tals (pseudo morphs af ter the for mer
gyp sum sel e nite crys tals) and/or they are a con stit u ent of
anhydrite-car bon ate mi cro bial laminites (Figs. 3 and 5A–C). In 
both cases, they ex hibit peloidal or dense micritic fab rics with
dis tinct lam i na tion (Fig. 5A–C) of pos si ble mi cro bial or i gin.
The peloids prob a bly com prise mainly mi cro bial pre cip i tates
and lo cally fe cal pel lets (Fig. 6). The car bon ates con tain nei ther 
micro fauna nor bioclasts. Very lit tle terrigenous ma te rial (in di -
vid ual quartz or feld spar grains or mica flakes) was ob served.

Dolomicrite is the dom i nant con stit u ent of the peloids
(Fig. 7A, B, E, F) whereas cal cite forms ce ment that oc cludes
pore spaces be tween the peloids (Fig. 7A–C). Do lo mite crys -
tals are  a few mm across and cal cite crys tals are up to 10 mm in

size. Other im por tant authigenic min eral is ce lest ite that usu ally 
con sti tutes up to few per cent of the car bon ates (Fig. 7B–F). It
forms vari ably-sized (up to sev eral tens of mm) crys tals ho mo -
ge neously dis persed within the rock. Ad di tion ally, vari able
amounts of anhydrite ce ment are pres ent (Figs. 6 and 7).

The car bon ates of the allochthonous mem ber of the Wola
Różaniecka 7 bore hole form submillimetric to 1 cm-thick

laminae made of dolomicrite (up to 2 mm in size) with sig nif i -
cant vol umes of intercrystalline po ros ity (Fig. 8F); these
dolomitic laminae are sandwiched be tween anhydrite laminae 
(Figs. 4 and 5D) de pos ited in a deep ba sin from sus pen sion;
some gyp sum grains crys tal lized in the up per part of the brine
body and oth ers were de rived from ero sion and redeposition
of older gyp sum sed i ments (Peryt, 2000). The laminae con -

Isotopic composition of dolomite associated with Middle Miocene Badenian anhydrites 537

Fig. 4A – lam i nated anhydrite show ing com mon dis tur bances (i) that are partly due to nod ule growths and min ute faults (bro -
ken white lines), sam ple 43; B – clastic anhydrite, with rounded anhydrite clasts (<1 cm across), cov ered by pla nar lam i nated
anhydrite show ing grad ing in its lower part and  small faults (bro ken lines) and mi nor dis tur bances (i), sam ple 45
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T a  b l e  1

Iso tope data of the Badenian evaporites of the Wola Różaniecka 7 bore hole 
(ital ics in di cate stron tium iso tope re sults of anhydrite sam ples)

Sam ple
num ber

Depth
[m]

d13CVPB
[‰]

d18OVPB
[‰]

d13CVPB
[‰]

d18OVPDB
[‰] 87Sr/86Sr

2SE
(mea sure ment

pre ci sion)cal cite do lo mite

1 1121.4 1.8 –5.05   1.62 –5.86 0.719468 0.000014

2 1120.3   2.06 –1.32   1.78 –5.65

3 1119.5   1.83 –0.91   1.65 –3.7

4 1119.2   1.25 –6.2   2.12 –5.2

5 1118.8 –4.63   0.75   1.51     2.07 0.710276 0.000008

6 1118.2 –9.37   1.02 –7.35     0.38 0.710585 0.000009

0.710391 0.000007

7 1117.8 –3.64    1.36   1.26     1.87

8 1117.2 –0.69    1.61   1.56     1.83 0.710586 0.000007

11 1115.7 0.711800 0.000008

12 1115.1 –1.98    1.11  1.4   2.6

15 1112.9 –2.68 0.8   1.01     1.73 0.711476 0.000009

39 1099.2 –13.5     1.48 –10.88     1.41

41 1097.5 –13.33   2.03 –10.54   1.5

Fig. 5. Trans mit ted light pho to mi cro graphs of thin sec tions, par al lel polars

A – lam i nated mas sive car bon ate mud (left) fill ing spaces be tween the for mer gyp sum crys tals – now con verted to anhydrite (right), sam ple 5; B – lam i -
nated peloidal fill ing of the intercrystalline pore space; white is anhydrite pseudomorphed af ter len tic u lar gyp sum crys tals that oc cludes inter-peloidal and
frac ture pores, sam ple 6; C – car bon ate-gyp sum stromatolite; small stromatolitic dome (left) was com posed mainly of gyp sum (now con verted to
anhydrite) with only few car bon ate laminae while in ter sti tial space (right) is filled with lam i nated car bon ate mud, sam ple 8; D – thick car bon ate lamina in
fine lam i nated anhydrite; car bon ate mud is crowded with nu mer ous anhydrite laths and nod ules, sam ple 39
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Fig. 6. Thin sec tion pho to mi cro graphs of dolomitised microbialitic car bon ates 
from the autochthonous mem ber

A, B – peloidal fab rics with some pos si ble fil a ments in trans mit ted light, par al lel polars (A) and CL (B). Dolomicritic peloids (yel low ish or or ange
in CL) are bor dered with microsparitic cal cite (red dish in CL). Empty pore space is oc cluded with anhydrite (white in TL and dark in CL); trans -
mit ted light, par al lel polars; sam ple 6. C – clot ted fab rics with densely packed peloids rimmed with microsparitic cal cite; sam ple 6. D – peloids
form ing car bon ate stromatolitic laminae within gyp sum (now anhydrite) stromatolite; larger oval peloids could be in ter preted as fe cal pel lets,
trans mit ted light, crossed polars; sam ple 8. E, F – nu mer ous elon gated peloids (fe cal pel lets or fil a ments?), trans mit ted light, crossed (E) and par -
al lel polars (F); sam ple 15



tain nu mer ous anhydrite laths (Figs. 5D and 8A–E) and, strik -
ingly, many silt-sized quartz grains, and feld spar and
glauconite grains (Fig. 8C–E) but nei ther bioclasts nor micro -
fauna. Only traces of cal cite were de tected in back scat tered
SEM im ages (Fig. 8E). 

GEOCHEMISTRY

Ox y gen and car bon iso to pic ra tios both in do lo mite and in

cal cite are vari able. The d18 O val ues range from ca. –6 to +3‰

VPDB and the range of d13C val ues is from ca. –15 to +2‰
VPDB. Three iso to pi cally sep a rate groups of sam ples can be
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Fig. 7. SEM im ages of thin sec tions and frac tured rock sur faces of the dolomitised 
microbialitic car bon ates from the autochthonous mem ber

A – peloidal clot ted fab rics in microbialite; dolomicritic peloids are rimmed with coarser microsparitic cal cite ce ments (ar rows); B – cal cite ce ment (c) 
in the pores be tween small dolomicritic peloids (d), white patches – ce lest ite, black ar eas – pores; back scat tered SEM im age; C – min eral paragenesis
typ i cal of the car bon ates stud ied with do lo mite (d), anhydrite (a), cal cite (c) and ce lest ite (ce); D – dolomicrite (d) with euhedral ce lest ite crys tal (ce)
and anhydrite (a); E – cross-sec tions of elon gated peloids com posed of dolomicrite (d) with high intercrystalline po ros ity, em bed ded within anhydrite
ce ment (a) with abun dant ce lest ite (ce); back scat tered SEM im age; F – do lo mite crys tals with high intercrystalline po ros ity with anhydrite (a) and ce -
lest ite (ce), do lo mite (d); back scat tered SEM im age; A–C – sam ple 6; D – sam ple 8; E, F – sam ple 15



dis tin guished; their d-valves are shown in var i ous colours
(white, grey or black) in Fig ure 9.

There are two dis tinct groups of car bon ates in the
autochthonous mem ber in terms of car bon and ox y gen iso -

topes. The group oc cur ring in the lower part of the mem ber
(sam ples 1–4), where the car bon ate vol ume is neg li gi ble, is

char ac ter ized by pos i tive d13C sig na tures (av er age +1.7‰
VPDB in cal cite and +1.8‰ VPDB in do lo mite) and mod er -
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Fig. 8. Car bon ates in the lam i nated anhydrite, sam ple 39

A, B – do lo mite laminae (do lo mite or ange in B) with nu mer ous anhydrite laths (a); A – trans mit ted light pho to mi cro graph, par al lel polars do lo mite; B –
CL; C – dense dolomicrite with anhydrite (a) laths or nod ules and abun dant terrigenous ma te rial, q – de tri tal quartz grains, g – glauconite grain, trans mit -
ted light pho to mi cro graph, crossed polars; D – close-up of glauconite grain (g), trans mit ted light pho to mi cro graph, par al lel polars; E – do lo mite lamina
with anhydrite laths (a) and abun dant terrigenous ma te rial (q – quartz, f – feld spar), c – cal cite (?de tri tal grain), no tice very high intercrystalline po ros ity;
back scat tered SEM im age; F – highly po rous dolomicrite con sti tut ing car bon ate laminae, SEM im age of frac tured sur face 



ately neg a tive d18O val ues (av er age –3.4‰ VPDB in cal cite
and –5.1‰ VPDB in do lo mite). In turn, the group oc cur ring in
the up per part of the autochthonous mem ber (sam ples, 5–8, 12,

15) re cords lower d13C val ues and higher d18O val ues. The

mean d13C value of this group is –3.8‰ VPDB in cal cite and
+1.4‰ VPDB in do lo mite (sam ple 6 was ex cluded from that
cal cu la tion as it showed anom a lous, iso to pi cally very light val -

ues). The d18O val ues of this group are slightly pos i tive both in
cal cite (av er age 1.1‰ VPDB) and in do lo mite (av er age +1.8‰ 
VPDB; Fig. 9).

The car bon ates in the allochthonous mem ber re cord low

d13C val ues which im ply a sig nif i cant con tri bu tion of or ganic

car bon. The d13C val ues in do lo mite range from –12.6 to

–9.2‰; the av er age value is –11.0‰ VPDB. The d18O val ues
of do lo mite are sim i lar to those in the sec ond group of car bon -

ates of the autochthonous mem ber, and the av er age d18O value

is 1.3‰ VPDB. The d18O sig na tures in cal cite are slightly

higher (av er age +1.9‰ VPDB) and the d13C val ues are sig nif i -
cantly lower (av er age –13.7‰ VPDB) than in the do lo mite.

The 87Sr/86Sr ra tios in three anhydrite sam ples
of the Wola Różaniecka 7 bore hole range from
0.71058 in sam ple 6 to 0.71947 in sam ple 1 (Ta -
ble 1 and Fig. 2). The range of 87Sr/86Sr ra tios in
five car bon ate sam ples is much smaller (from
0.71024 in sam ple 43 to 0.71148 in sam ple 15; the 
av er age is 0.71059 ±0.00051 – Fig. 2 and Ta -
ble 1). In one sam ple (no. 6) Sr iso tope val ues for
car bon ate and sul phate have been mea sured and it
ap peared that they dif fer only slightly (0.71059 for 
sul phate and 0.71039 for car bon ate).

INTERPRETATION AND DISCUSSION

We in ter pret the car bon ates oc cur ring within
the anhydrite sec tion as hav ing orig i nated in the
same sed i men tary en vi ron ment in which the sul -
phate de pos its have ac cu mu lated. This en vi ron -
ment was con trolled by sea wa ter, con ti nen tal wa -
ter even tu ally re cy cling pre vi ously de pos ited
evaporites, and un der ground wa ter as in di cated
ear lier by sev eral lines of geo chem i cal ev i dence
(e.g., Liszkowski, 1989; Petrichenko et al., 1997;
Eastoe and Peryt, 1999; Cendón et al., 2004). A
pre vi ous sul phur and ox y gen iso tope study of
twenty anhydrite sam ples from the Wola
Różaniecka 7 bore hole showed a range of d18O
val ues from 12.4 to 16.4‰ (av er age 13.7 ±1.0‰)
and a range of d34S val ues from 21.9 to 25.7‰
(av er age 23.4 ±1.1‰; Fig. 2), and in most cases
both the d18O and d34S are higher than the con tem -
po ra ne ous ma rine val ues (Peryt et al., 2002;
Fig. 10). The re corded great spread of d34S and
d18O val ues in the Badenian sulphates (Fig. 9B)
was in ter preted as due to the re cy cling of pre vi -
ously formed evaporites, al ready dur ing gyp sum
pre cip i ta tion in the Carpathian Foredeep Ba sin
(Peryt et al., 2002). How ever, the high d34S val ues 

of the sul phate min er als as re corded in the Wola Różaniecka 7
bore hole could have re sulted from iso tope frac tion ation dur ing
microbially me di ated re duc tion of SO4

2-  to S2– bear ing spe cies:
if sul phate re duc tion takes place in a closed ba sin set ting, the
re sid ual dis solved SO4

2-  would have a higher d34S value than
the orig i nal sea wa ter (Utrilla et al., 1992; Palmer et al., 2004).

87Sr/86Sr val ues of anhydrite (0.71058–0.71947) and car -
bon ates (0.71024–0.71148) in the Wola Różaniecka 7 bore hole 
are much higher than the val ues of the con tem po ra ne ous
Badenian sea wa ter (e.g., McArthur et al., 2001; Fig. 2). The
on set of Badenian evaporite de po si tion in the Pol ish Carpathian 
Foredeep is dated at 13.81 ±00.8 Ma based on 40Ar/39Ar dat ing
of vol ca nic tuffs be low the Badenian salts in South ern Po land
(de Leeuw et al., 2010). As sum ing that the max i mum du ra tion
of evaporite de po si tion was 600.000 years (de Leeuw et al.,
2010) and tak ing into con sid er ation the up per and lower con fi -
dence lim its (McArthur et al., 2001), the global oce anic
87Sr/86Sr val ues would range from 0.708797 and 0.708816. The 
de par tures of the Sr-iso tope val ues of an hyd rites and car bon -
ates of the Wola Różaniecka 7 bore hole in di cate strong mod i fi -
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Fig. 9. Plot of d18O vs d13C val ues (‰ VPDB) for car bon ates
from the Wola Różaniecka 7 sec tion



ca tion of sea wa ter-de rived brines by highly ra dio genic con ti -
nen tal wa ters (cf. Kasprzyk et al., 2007; Peryt et al., 2010).

The d18O in the car bon ate pre cip i tates is de pend ent on the
ox y gen iso tope com po si tion of the wa ter in which they were
formed and the tem per a ture of pre cip i ta tion (An der son and

Ar thur, 1983). The d13C of to tal dis solved car bon in any given 
wa ter mass is a func tion of sev eral fac tors which in clude the
amount of CO2 con trib uted by: or ganic mat ter deg ra da tion

(with d13C val ues around –25‰ VPDB), dis so lu tion of
pre-ex ist ing car bon ate rocks (usu ally +1 to +2‰), in volve -
ment of at mo spheric CO2 (–6 to –7‰) as well the ex tent of
equil i bra tion of at mo spheric CO2 with wa ter masses (+1 to
+2‰ at about 25°C) and the ex tent of photosynthetic with -
drawal of 12C into or ganic mat ter from the wa ter mass (An der -
son and Ar thur, 1983). 

Dolomites as so ci ated with evaporites are com monly in ter -
preted as prod ucts of dolomitisation re lated to evaporitic flu -

ids with high d18O val ues (re flux and sabkha mod els – e.g.,
Machel, 2004). The small do lo mite bod ies em bed ded within
gyp sum (now anhydrite) de pos its in the Wola Różaniecka 7
sec tion could be re lated to hypersaline flu ids with a high
Mg2+/Ca2+ ra tio orig i nated due to gyp sum pre cip i ta tion which 
re sulted in the re moval of the Ca2+ ions from the brine. 

Most dolomites in the autochthonous part of the sec tion
can be in ter preted as prod ucts of microbially in duced pre cip i -
ta tion and/or dolomitisation. The dolomites ex hibit peloidal
clot ted microfabrics typ i cal of microbialites. Do lo mite pre -
cip i ta tion within mi cro bial mats has been ob served in many
evaporitic enviromments such as Lagoa Vermelha in Brasil
(Vasconcelos and McKenzie, 1997), lakes in the Coorong La -
goon area in Aus tra lia (Wright and Wacey, 2005) and in the
Abu Dhabi sabkha in the Ara bian/Per sian Gulf (Bontognali et 
al., 2010). It was also shown in ex per i men tal stud ies that mi -
cro bial me di a tion is the only known mech a nism to pre cip i tate
do lo mite un der earth sur face con di tions in both anoxic as well 

aer o bic en vi ron ments (e.g., Vasconcelos et al., 1995;
Warthmann et al., 2000; van Lith et al., 2003; Sanchez-

 Raom«n et al., 2008), al though cer tainly the ex per i men tal re -
sults do not ap ply to all cases.

The dolomites in the lam i nated anhydrite of the up per part
of the Wola Różaniecka 7 sec tion do not show mi cro bial
microfabrics and prob a bly have a dif fer ent or i gin than
microbially in duced pre cip i ta tion: they may be re lated to
dolomitisation of car bon ate mud by evaporitic hypersaline flu -
ids in the early diagenetic/shal low burial en vi ron ment.

A pre cise es ti ma tion of the do lo mite pre cip i ta tion tem per a -
ture (or ox y gen iso to pic com po si tion of wa ter) is dif fi cult not
only be cause of the un known ox y gen com po si tion of wa ter (or
tem per a ture) but also be cause of the un cer tainty about the frac -
tion ation fac tor be tween do lo mite and the pa ren tal flu ids (see
Vasconcelos et al., 2005; Wacey et al., 2007). Re cent stud ies
have shown that at low tem per a tures the wa ter-do lo mite frac -
tion ation fac tor is much lower than at high tem per a tures
(Vasconcelos et al., 2005). The equa tion for the low tem per a -
ture microbially me di ated sed i men tary do lo mite given by
Vasconcelos et al. (2005) pro duces vis i bly dif fer ent re sults if it
is com pared to the usu ally used equa tion for high-tem per a ture
dolomites by Fried man and O’Neil (1977) (see Fig. 11A, B). In
the case stud ied the equa tion for the low tem per a ture dolomites

should be ap plied. Rather low d18O val ues (+1 to +2‰ VPDB)
in the dolomites stud ied in di cate pre cip i ta tion at rel a tively high

tem per a tures. For ex am ple, if an ar bi trary d18O value of wa ter
as high as +4 SMOW is as sumed, then the do lo mite pre cip i ta -

tion tem per a ture should fall some where near 40°C (see

Fig. 11A). The as sump tion of a higher d18O value of wa ter
would re sult in much higher tem per a tures of dolomitisation
which seems to be un re al is tic. Strong de ple tion in the heavier
ox y gen iso tope in the do lo mite of the low er most part of the

autochthonous mem ber (d18O val ues as low as –6‰ VPDB –
Ta ble 1 and Fig. 2) could be ex plained by diagenetic al ter ation
re lated to higher tem per a tures in a deeper burial en vi ron ment
(see Fig. 11).

The pres ence of cal cite ce ments in the up per part of the
autochthonous mem ber which post date do lo mite re flects pos si -
ble changes in chem is try and in tem per a ture of the pore flu ids
af ter the dolomitisation pro cess. The cal cite with d18O sig na -
tures sim i lar to those of the do lo mite had to pre cip i tate from
wa ter ei ther of sig nif i cantly lower tem per a ture or that was iso -
to pi cally heavier than in the case of the do lo mite (Fig. 11). The
d18O value of cal cite is 2.6‰ lower than co ex ist ing do lo mite if
both min er als pre cip i tated in iso to pic equi lib rium at the same
tem per a ture from the same so lu tion (Vasconcelos et al., 2005).
When us ing the equa tion for high-tem per a ture dolomites the
dis crep ancy is even much larger (4–7‰ – see Vasconcelos et
al., 2005). As a de crease in tem per a ture seems to be rather un -
re al is tic dur ing the prog ress of diagenesis, then the  en rich ment
in the heavy ox y gen iso tope should be ex plained by an other
mech a nism. Anhydritization and con se quently ex pul sion of
hydration wa ter with a higher con tent of the heavy ox y gen iso -
tope into pore space might be one such mech a nism caus ing in
the in crease in the d18O of pore flu ids. Gyp sum hydration wa ter
is en riched by ca. 4‰ com pared to the wa ter from which it pre -
cip i tates (Gonfiantini and Fontes, 1963). In turn, the cal cites
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Fig. 10. Plot of d18O and d34S val ues in the anhydrite from the
Wola Różaniecka 7 bore hole (data af ter Peryt et al., 2002)

The box shows the range of val ues for Mio cene gyp sum de pos ited from
nor mal ma rine brines (af ter Paytan et al., 1998 and Zak et al., 1980)
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Fig. 11. Re la tion ship be tween pre cip i ta tion tem per a ture and ox y gen iso to pic com po si tion of wa ter for
dolomites (A, B) and cal cites (C) ac cord ing to equa tions given re spec tively by Vasconcelos et al. (2005)

and Fried man and O’Neil (1977) for low- (A) and high-tem per a ture (B) dolomites: 1000 ln a do lo -

mite-wa ter = 2.73 ́  106 T–2 + 0.26 and 1000 ln a do lo mite-wa ter = 3.2 ́  106 T–2 + 1.5 as well by Fried man

and O’Neil (1977) for cal cite (C): 1000 ln a cal cite-wa ter = 2.78 ´ 106 T–2 – 2.89, and its in ter pre ta tion

for the Wola Różaniecka 7 sec tion. Grey-col ored ver ti cal bars re fer to d18O val ues mea sured in do lo -
mite and cal cite, ar rows mean pos si ble pre cip i ta tion tem per a tures at as sumed ox y gen iso to pic com po -
si tion of wa ter



de pleted in heavier ox y gen from the lower part of the
autochthonous mem ber had to pre cip i tate ei ther at sig nif i cantly 
higher tem per a tures or from pre sum ably as cend ing wa ter with
lower d18O val ues, or pos si bly due to a com bi na tion of both
fac tors.

The car bon ates stud ied pre cip i tated in wa ter with vari able
con tri bu tions of dis solved in or ganic car bon orig i nated due to
or ganic mat ter de com po si tion. Dur ing the diagenesis of car -
bon ate de pos its the car bon is usu ally a con ser va tive el e ment
that does not change its iso to pic com po si tion very much (e.g.,
Ban ner and Hanson, 1990) and thus it can serve as a
palaeoenvironmental proxy. Gen er ally, the car bon ates from the 
allochthonous mem ber con tain much more car bon of or ganic
or i gin than those from the autochthonous mem ber. Such di ver -
gence in the car bon iso tope com po si tion in car bon ates of both
in ter vals is ev i dence for dif fer ent or i gins of the car bon ate ions
in the wa ter from which they have pre cip i tated. 

The car bon ates from the autochthonous mem ber are
mainly mi cro bial pre cip i tates that orig i nated in a shal low sub -
aque ous en vi ron ment. Al though some sam ples ana lysed con -
tain car bon ate ions orig i nated due to or ganic mat ter ox i da tion, 
it seems that gen er ally wa ter was not very dis tant from equi -
lib rium with at mo spheric car bon di ox ide. A sim i lar phe nom e -
non was ob served in the case of the re cent mi cro bial
dolomites form ing in the evaporitic lakes in the Coorong area

(Wacey et al., 2007). The d13C val ues of the cal cium car bon -
ate laminae within the allochthonous mem ber are very de -
pleted in the heavier car bon iso tope and thus they un ques tion -
ably in di cate a very sig nif i cant con tri bu tion of car bon ate de -
rived from or ganic mat ter de com po si tion. The lo cus and the
mech a nisms of pre cip i ta tion of those car bon ates seem to be
rather am big u ous. On the one hand, the car bon iso to pic sig na -
ture clearly sug gests wa ter with a high con tent of car bon di ox -
ide of or ganic or i gin. Such en rich ment could take place in aer -
o bic and, sub se quently, in pos si bly an aer o bic con di tions as -
so ci ated with sul phate bac te rial re duc tion (e.g., Pi erre, 1989),
within a strat i fied and poorly mixed brine body. On the other
hand, the car bon ate in ter ca la tions con tain ing extrabasinal
terrigenous siliciclastic ma te rial could have pre cip i tated due
to new sur face wa ter in puts into the ba sin.

As pre vi ously men tioned, the bac te rial re duc tion of sul -
phate ions in the bot tom wa ter might ac count also for the ob -

served higher d34S val ues in the allochthonous mem ber than in
the autochthonous mem ber (Fig. 2) as, dur ing or ganic mat ter
de com po si tion, sul phate-re duc ing bac te ria pref er en tially uti -
lize lighter sul phate ions en rich ing the re main ing frac tion in
heavier iso topes (e.g., Kaplan, 1983). On the other hand, re duc -
ing con di tions should even tu ally lead to dis so lu tion of gyp sum
de pos ited at the ba sin bot tom as in the Dead Sea bot tom sed i -
ments (see War ren, 1989, p. 141) which is not the case, at least
in the sec tion stud ied. More over, the car bon ates and as so ci ated
anhydrite clearly do not show any ev i dence of be ing de pos ited
in an aer o bic con di tions. The car bon ates are light in col our
(whit ish or beige) and do not con tain e.g. py rite or or ganic mat -
ter, which is in dic a tive of ox y gen ated wa ter. There fore, it
seems that the car bon ates of the allochthonous mem ber in the
Wola Różaniecka 7 sec tion have pre cip i tated and de pos ited in
an aer o bic en vi ron ment. 

The sedimentological char ac ter is tics of the allochthonous
mem ber in di cate that the car bon ates have been de pos ited from
sus pen sion. The car bon ates pre cip i tated some where in the sur -
face wa ters or in the wa ter col umn and def i nitely not at the bot -
tom. They formed dis tinct laminae within lam i nated
allochthonous gyp sum (now con verted to anhydrite) mainly of
turbidite or i gin (cf. Kasprzyk and Ortí, 1998; Peryt, 2000). Car -
bon ate in ter ca la tions are prob a bly re lated to the wa ter in puts
that caused supersaturation with re spect to cal cium car bon ate.
Mix ing of the wa ter with brine with a high con tent of or ganic
car bon ate could be re spon si ble for cal cium car bon ate pre cip i ta -
tion. It seems that the pres ence of the dis persed clastic ma te rial
is un am big u ously as so ci ated with the cal cium car bon ate pre -
cip i ta tion, so the wa ters that trans ported the clastics into the ba -
sin at the same time trig gered the pre cip i ta tion of cal cium car -
bon ate.

CONCLUSIONS

The geo chem i cal study of car bon ates and sulphates oc cur -
ring within the Badenian anhydrite sec tion of the Wola
Różaniecka 7 (SE Po land) sup ports ear lier con cepts (based on 
lithofacies and geo chem i cal stud ies of the sulphates) ad vo cat -
ing the im por tant role played by con ti nen tal wa ters dur ing the
de po si tion of the allochthonous evaporites in the Carpathian
Foredeep Ba sin. In ad di tion, this study in di cates that the con -
ti nen tal wa ters have been the con trol ling fac tor also dur ing the 
de po si tion of the autochthonous evaporites. These wa ters
were highly ra dio genic dur ing the evaporite de po si tion as in -
di cated by 87Sr/86Sr val ues of anhydrite (0.71058–0.71947)
and car bon ates (0.71024–0.71148) that are much higher than
the val ues of the con tem po ra ne ous Badenian sea wa ter. In

most cases both the d18 and d34S val ues of anhydrite are higher 
than the con tem po ra ne ous ma rine val ues due to the re cy cling
of gyp sum.

The dolomites of the autochthonous mem ber ex hibit
peloidal clot ted microfabrics typ i cal of microbialites. These
microbially-pre cip i tated dolomites formed in a sa lina en vi -
ron ment. The do lo mite of the up per, allochthonous mem ber
has a dif fer ent or i gin: the car bon ate mud pre cip i tated chem i -
cally due to mix ing of brine with river wa ter in the mar ginal
part of the ba sin, was resedimented to ward the ba sin cen tre,
and then dolomitised. Ox y gen iso tope sig na tures are prac ti -
cally iden ti cal in the up per part of the autochthonous mem ber
and in the allochthonous mem ber (av er age +1.1 and +1.9‰
VPDB in cal cite and +1.8 and +1.3‰ VPDB in do lo mite, re -
spec tively) be cause the dolomitising fluid in both cases was a
chem i cally sim i lar brine at the stage of gyp sum de po si tion.
Car bon iso tope sig na tures are dif fer ent in the up per part of the 
autochthonous mem ber and the allochthonous mem ber (av er -
age –3.8 and –13.7‰ VPDB in cal cite and +1.4 and –11.0‰
VPDB in do lo mite, re spec tively) due to vari able con tri bu tions 
of or ganic car bon. The de po si tion of the autochthonous mem -
ber took place in a very shal low sub aque ous en vi ron ment, in
wa ter not very dis tant from equi lib rium with at mo spheric car -
bon di ox ide, and the or ganic car bon con tri bu tion was small.
In the allochthonous mem ber that orig i nated mostly in the
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deeper, prob a bly strat i fied, ba sin, car bon from or ganic mat ter
ox i da tion dom i nated in the pool of car bon ate ions. 

Rather low d18O val ues in the stud ied dolomites in di cate

pre cip i ta tion at rel a tively high tem per a tures ca. 40°C where a

d18O value of wa ter = +4 SMOW is as sumed, and a de ple tion in 
the heavier ox y gen iso tope in the do lo mite of the low er most
part of the autochthonous mem ber is ex plained by diagenetic
al ter ation re lated to higher tem per a tures in a deeper burial en vi -
ron ment. The pres ence of cal cite ce ments in the up per part of
the autochthonous mem ber which post date dolomitisation re -

flects pos si ble changes in the chem is try and tem per a ture of the
pore flu ids af ter the dolomitisation pro cess. 
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