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Tax o nomic, quan ti ta tive and iso to pic study of foraminifera from mudstone and claystone xe no liths in cor po rated into slump fa cies of the
Strat i fied Salt Mem ber of the Wieliczka de posit shows that the ma jor ity of xe no liths rep re sent the CPN 8 biozone (Wielician substage,
Badenian, Mid dle Mio cene). The share of the CPN 7 biozone is mi nor; it was re corded in two of 26 sam ples ana lysed. The source area of
xe no liths was the basinal part of the Carpathian Foredeep, lo cated far off the shore line (shal low-wa ter taxa are not pres ent in the sam -
ples); it rep re sents the up per bathyal zone, in ox y gen ated con di tions. Inbenthic, eutrophic and op por tu nis tic foraminifers dom i nate the
ben thic en vi ron ment of the CPN 8 span of time. In creased d18O val ues of the Globigerina bulloides tests (from +1.7‰ in CPN 7 to
+2.3‰ in CPN 8 sed i ments) was due to the change from the Mid dle Mio cene Cli mate Op ti mum to the Mid dle Mio cene Cli mate Tran si -
tion at the CPN 7/CPN 8 boundary. This palaeoclimate event is the marker of the Moravian/Wielician chronostratigraphic bound ary in
the Cen tral Paratethys. The Wielician shows the dis tinct tax o nomic re duc tion of the Moravian plank tonic foraminifera and in cludes the
Globigerina bulloides Acme.
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INTRODUCTION

Badenian evaporites are wide spread in south ern Po land
(Fig. 1). They are mainly com posed of gyp sum and anhydrite
with interbeds of clayey rocks and form a con tin u ous ho ri zon
through out most of the Carpathian Foredeep (Fig. 1B). In a
nar row strip (a few kilo metres wide) along the Carpathian
overthrust and in the Silesia Ba sin area the chlo ride fa cies oc -
curs (Wieliczka For ma tion – Garlicki, 1994): rock salt en -
riched with gyp sum and anhydrite and with interbeds of
claystones, siltstones and oc ca sional sand stones. The
Wieliczka Fm. var ies in thick ness from 30 m to over 100 m
(Garlicki, 1979).

The Wieliczka de posit were formed due to fold ing and el e -
va tion of the salt-bear ing succession. This tec tonic rep e ti tion
has mul ti plied the thick ness of the salt lay ers. The Wieliczka
de posit ex tends over a dis tance of about 10 km, and its
north-south extent var ies be tween 800 and 900 m. The salt de -
posit has a com plex in ter nal struc ture (Gaweł, 1962) and a very 

vari able thick ness (1–350 m). The great est ob served thick ness
is in the cen tral part of the de posit.

Foraminifera are pres ent in var i ous types of de tached
blocks/clasts of marl and clay (xe no liths) within the salt de pos -
its of the Wieliczka de posit and in siliciclastic rocks over ly ing
and un der ly ing the de posit. Stud ies by Reuss (1867), Małecki
(1954), Łuczkowska (1967, 1978, 1985, 1995), Alexandrowicz 
(1975) and Łuczkowska and Rolewicz (1990) in di cated that in
most of the xe no liths the as sem blage of the Uvigerina costai
Zone (IIC and IID as sem blages af ter Alexandrowicz, 1963),
and less fre quently the as sem blage of the Orbulina suturalis
Zone (IIA and IIB as sem blages), oc cur (cf. Fig. 2). Rocks over -
ly ing the Wieliczka de pos its con tain foraminifera of the early
Velapertina indigena Zone (IIIA as sem blage; Fig. 2).

It is dif fi cult to de ter mine the con di tions in which de pos its
of the Wieliczka Fm. orig i nated based on mac ro scopic ob ser -
va tion of li thol ogy due to fre quent post-sed i men tary blur ring of 
the pri mary struc tural fea tures. In ad di tion, the en tire de posit
has un der gone suc ces sive phases of tec tonic de for ma tion, con -
sid er ably com pli cating the in ter nal struc ture and mak ing it dif -



fi cult to de ter mine pri mary depositional con di tions. This ar ti cle 
pres ents new data con cern ing lithologically atyp i cal de vel op -
ment of the Strat i fied Salt Mem ber (SSM af ter Ślączka and
Kolasa, 1997), where sedimentological ob ser va tions and anal -
y sis of foraminifera shed light on these de pos its.

GEOLOGICAL SETTING

The old est rocks iden ti fied by bore holes in the di rect vi cin -
ity of Wieliczka are Car bon if er ous and Perm ian siliciclastic de -
pos its. Above these lie Ju ras sic lime stones. At Wieliczka, these
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Fig. 1. Lo ca tion map

A – Cen tral Paratethys ma rine sed i men ta tion (white) af ter Rögl and Steininiger (1984); 
B, C – lo ca tion of the Wieliczka Salt Mine (C) (af ter Garlicki, 1979)

Fig. 2. Cen tral Paratethys strati graphic units and lo ca tion of the sam ples stud ied (dashed line) 



were found at depths of 300–400 m (Gaweł, 1962). They in -
cline at a slight an gle (4–18°) to the south and south-east. The
Ju ras sic de pos its are over lain by Lower Badenian marly
claystones, siltstones and sand stones (Skawina Fm. af ter
Alexandrowicz et al., 1982). 

The Skawina Fm. cor re sponds to foraminifer as sem blages
IIA to IID (Fig. 2). In the top part of these de pos its (Fig. 3) a
5-centi metre WT-1 tuffite layer oc curs (Pawlikowski, 1975;
Wiewiórka, 1979; Bukowski, 1999), the ra dio met ric age of
which has been de ter mined at 13.81 ± 0.08 Ma (de Leeuw et
al., 2010). In the up per part of the Skawina For ma tion, a grad -
ual in crease in the pro por tion of sulphates is ob served; ini tially
as gyp sum ce ment in sand stones, fol lowed by con tin u ous
anhydrite laminae and lay ers. These de pos its con tinue un in ter -
rupted into the Old est Salt com posed of a dozen lay ers of fine-
and me dium-grained salt with a coarse-grained salt layer ap -
pear ing at the top (Wiewiórka, 1988). The level of such salts
dis plays the great est vari a tion among the en tire suc ces sion of
the SSM and Spiza Salt de pos its in the up per part of the SSM,
with which it was ini tially iden ti fied. The thick ness of the Old -
est Salt is vari able and ranges be tween 2 and 20 m. 

Above the Old est Salt, an in ter ca la tion of bar ren rocks
com posed of sand stones, siltstones and anhydrite-bear ing
claystones oc curs. These de pos its were once re ferred to as
“Sub-salt Sand stone,” as it was be lieved that they com prised
the ini tial el e ment of salt sed i men ta tion (Gaweł, 1962). Their
thick ness ranges from a few to about 10 m and they oc cur in
sev eral beds. Within the sand stones, sed i men tary struc tures are 
found: cross-bed ding, rip ple-marks and con vo lute bed ding
(Bukowski, 1997). Lo cally in the cen tral part of the Sub-salt
Sand stone, a dis con tin u ous con glom er ate bed oc curs; it is
about 0.5–1.0 m thick and formed of frag ments of salt,
anhydrite, and Carpathian flysch rocks (Charysz, 1967;
Charysz and Wiewiórka, 1977). Within the Sub-salt Sand -
stone, two tuffite in ter ca la tions have been iden ti fied, termed
WT-2 and WT-3 (Pawlikowski, 1975; Wiewiórka, 1979). The
ra dio met ric age of an anal o gous tuffite layer (WT-3) from the
Bochnia Salt Mine has been de ter mined at 13.6 Ma (Dudek et
al., 2004; de Leeuw et al., 2010). In the up per part of the
Sub-salt Sand stone, in creas ingly nu mer ous lay ers of anhydrite
ap pear and the con tri bu tion of sand stones clearly di min ishes.
This rep re sents a grad ual tran si tion to the sed i men ta tion of the
Green Strat i fied Salt.

The Green Strat i fied Salt con sists of 4–5 lay ers of rock salt
sep a rated by claystone beds with anhydrite. The Green Strat i -
fied Salt is found in the form of coarse grains and in some parts, 
crys tals with sizes up to 10 cm in di am e ter. The grains are tur -
bid in ap pear ance be cause of the pres ence of clayey sus pen sion 
and nod u lar anhydrite con cen tra tions. Due to the pres ence of
clays, the ha lite crys tals take on a slightly green ish hue from
which the name of the en tire suc ces sion is de rived. Some ha lite
crys tals have a zonal (chev ron) struc ture caused by lin early po -
si tioned fluid in clu sions. In the up per parts of the salt beds clear 
de for ma tion has been ob served, which are in ter preted as ero -
sional sur faces gen er ated by flow ing wa ter (Pawlikowski,
1975). In the old est Green Strat i fied Salt layer (GSS IV), slump 
de pos its have been ob served (Fig. 4).

MATERIAL AND METHODS

The li thol ogy of the Green Strat i fied Salt was ana lysed
through out the en tire area of its oc cur rence at the Wieliczka
Salt Mine (Bukowski, 1992). Over all, a to tal of ap prox i mately

Foraminifera in slump deposits of the Badenian (Middle Miocene) Green Stratified Salt in Wieliczka, Poland 871

Fig. 3. Wieliczka lithostratigraphic pro file (af ter Wiewiórka, 1988)



500 metres of sec tions lo cated mainly at ex ploi ta tion Level III
of the mine, was stud ied. The doc u ment ing work was aimed at
se lect ing those ex po sures which al low trac ing the li thol ogy of
the lower part of the Strat i fied Salt Mem ber (Fig. 5).

Sam ples for foraminiferal study were taken from eight
sites, where atyp i cal for ma tion of the GSS IV was ob served
(Ap pen dix 1 – sup ple men tary file*). Six of these sites are lo -

cated at Level III of the mine, one is lo cated at Level IV
(Maylath Gal lery) and one sam ple at Level II n (Schwind Gal -
lery); in an E–W di rec tion the dis tance be tween sam pled sites is 
just over 1 km. A to tal of 26 rock sam ples were col lected from
the clayey-marly xe no liths oc cur ring in the GSS IV. Sam ples
were sub ject to stan dard mac er a tion pro ce dure and then
washed on a 0.1 mm sieve and the re sult ing res i due (frac tion
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Fig. 4. Pho to graphs of dif fer ent types of xe no liths oc cur ring in the Green Strat i fied Salts in Wieliczka Salt Mine

A – clast of claystone (Au gust Gal lery, Mine level III); B – blocks of claystones scat tered within GSS IV (dip head ing be tween Mine level III and IV); C –
synsedimentary de for ma tion in slump sheet (Karol Marek Gal lery, Mine level III); D – re de pos ited block of mudstone (Schwind Gal lery, Mine level II
lower); E – first and sec ond beds of Green Strat i fied Salt (Karol Marek Gal lery, Mine level III). Pho tos by J. Przybyło (A–D) and K. Bukowski (E)

*
 Supplementary files are available on website: www.gq.pgi.gov.pl

https://gq.pgi.gov.pl/gq/article/downloadSuppFile/7868/1329


above 0.1 mm) was ana lysed stereomicroscopically.
Foraminifera were de ter mined tax o nom i cally, and
their num ber in the same vol ume (ca. 1 cm3 of res i -
due) was cal cu lated.

Actualistic prin ci ples have been ap plied to
palaeoenvironmental eval u a tion of the foraminifera
re gard ing bathymetry (e.g., Murray, 1973, 1991;
Gib son, 1989). The ox y gen-nu tri ent con di tions in
these hab i tats have been es ti mated based on the
foraminifer ecogroup pro por tion (Gonera, 2001 and
Baldi, 2006, with ref er ences therein). For the as sess -
ment, the fol low ing were adopted as epibenthic taxa: 
Miliolina, Lenticulina, Eponides, Cibicides,
Heterolepa and Hansenisca. The fol low ing taxa
were adopted as inbenthic foraminifera: Nodo -
sariidae, Lagena, Glandulina, Bolivina, Cassi -
dulina, Globocassidulina, Bulimina, Uvigerina,
Valvulineria, Sphaeroidina, Nonion, Melonis, and
Pullenia. Cer tain char ac ter is tic taxa are prox ies of
trophic con di tions (van der Zwaan, 1985; Jorrisen et
al., 1992). The fol low ing are con nected with or -
ganic-rich (eutrophic) niches: Bolivina, Bulimina,
Uvigerina, Globocassidulina laevigata and
Valvulineria. Valvulineria and Cibicides are also
treated as op por tu nis tic taxa, hav ing an eco log i cal
pref er ence for ex tremely un sta ble trophic con di tions 
(Gonera, 2001; with ref er ences therein).

Globigerina bulloides, Uvigerina spp. and
Bulimina spp. were se lected for iso to pic anal y ses.
Well-pre served tests of ben thic (Uvigerina,
Bulimina) and plank tonic (Globigerina bulloides)
foraminifera have been ana lysed as re gards ox y gen
and car bon sta ble iso topes. The spec i mens filled by
py rite/evaporites were avoided dur ing the pick ing.
There fore it is as sumed that the ef fect of in fill ing by
these min er als on the sta ble iso tope com po si tion was 
neg li gi ble. This method was ap plied in the anal y sis
of 22 rocky sam ples (xe no liths) with the use of 43
weighed foraminiferal-test sam ples, which yielded
the fol low ing pairs of data: d18O and d13C for each
weighed sam ple. The de ter mi na tion of d18O and
d13C was car ried out in the GeoZentrum Nordbayern 
Lab o ra tory of the Friedrich-Al ex an der-Universität
in Erlangen-Nürnberg, Ger many. All val ues are re -
ported in permil rel a tive to V-PDB by as sign ing a
d13C value of +1.95‰ and a d18 O value of –2.20‰
to NBS19. Reproducibility was checked by rep li cate 
anal y ses of lab o ra tory stan dards and is better than
±0.01–0.03‰.

RESULTS

SEDIMENTOLOGICAL OBSERVATIONS

In ter ca la tions of siliciclastic ma te rial sep a rat ing
the par tic u lar beds of Green Strat i fied Salt are
clastic-evaporite de pos its 0.5 to 1.0 m thick. These are 
mudstones and claystones with anhydrite lay ers, con -
sist ing mainly of clay min er als, quartz, gyp sum,
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anhydrite and ha lite. These are clearly lam i nated rocks of a light
to dark gray col our. The laminae are 0.1 mm to sev eral milli -
metres thick. The de pos its are sep a rated by lay ers of anhydrite
sev eral centi metres thick, and a char ac ter is tic ten dency of de -
creas ing sul phate to ward the top of the GSS is ob served. An hyd -
rites are hard, com pact, and are white in col our with a slightly
blu ish tinge. These also oc cur in the form of par al lel lay ers, of ten 
with an enterolithic struc ture and in op pos ing in ter sect ing veins.
Anhydrite also oc curs in the form of iso lated nod ules of a size
be tween sev eral milli metres and sev eral centi metres.

In the west ern and cen tral parts of the Wieliczka de posit (the
area be tween Barycz and Saint Kinga Shaft), the thick ness of the 
GSS is about 12 m, with an av er age thick ness of salt lay ers rang -
ing be tween 0.5 and 3 m. In many gal ler ies in the east ern part of
the mine, a con stant pat tern is ob served: the top three salt lay ers
(I–III) are formed in a sim i lar man ner, while the low est one (IV
in Fig. 3) is char ac ter ized by a very clear in crease in thick ness: in
the west ern part of the bed, it has a con stant thick ness of ap prox i -
mately 0.5 m, and to the east, the thick ness in creases to reach its
max i mum value of ap prox i mately 30 m in the vi cin ity of the
Wil son Shaft (near the Gal lery no. 3–393 in Fig. 5).

In GSS IV, not only the thick ness, but also the li thol ogy de -
parts con sid er ably from those of the typ i cal GSS bed (i.e. GSS
I–III). From the top to the bot tom of GSS IV, the fol low ing
lithologically dis tinct parts are clearly dis tin guished:

– A (about 20–50 cm thick): a large quan tity of clay ma te -
rial, which cre ates a kind of a ma trix in which sin gle,
usu ally rounded, crys tals of trans par ent ha lite and
anhydrite nod ules oc cur; clay con tent is ca. 60%;

– B (sev eral me ters thick): stained-glass struc ture salt is
pres ent, long axes of claystone and siltstone xe no liths
(10–20 cm in di am e ter) are ori en tated par al lel to the
top/base of the layer;  

– C (a few me ters thick): with an in creas ing pro por tion of
nod u lar anhydrite (lo cally up to sev eral tens of per cent),
also with a sig nif i cant in crease in the size of scat tered
claystones and siltstones xe no liths (blocks and clasts),
reach ing a size be tween sev eral tens of centi metres and
sev eral me ters across;

– D (up to sev eral me ters thick): there is a clear pre dom i -
nance of the clayey frac tion in which frag ments of
sulphates and ha lite are set; mac ro scop i cally, the de posit 
re sem bles marly claystone with ha lite crys tals.

Frag ments of salt and anhydrite pres ent in the silty-clayey
sed i ment are scat tered and dis trib uted cha ot i cally. There is no
sign of the cur rents ac tiv ity, graded bedding or lam i na tion. The
layer is bor dered by sand stones of the Sub-salt Sand stone (at
the bot tom), and by siltstones and claystones form ing the
terrigenous in ter ca la tion be tween GSS III and GSS IV (at the
top). Fur ther east, the GSS IV layer grad u ally thins un til it com -
pletely dis ap pears in the Sułków area where the pres ence of
anhydrite with claystone was dis cov ered at this
lithostratigraphic po si tion (Bukowski, 1992). The to tal ex tent
of this un usu ally formed GSS IV level in an E–W di rec tion is
about 3 km.

FORAMINIFERA

Residua of the micropalaeontological sam ples (mudstone
and claystone xe no lith blocks and clasts) of the B and C parts of 

GSS IV con sists of microfossils and min eral par ti cles. The
min eral grains in all the sam ples are sim i lar, com pris ing py rite
and evaporite min er als (anhydrite and gyp sum of sec ond ary or -
i gin). In some sam ples, small amounts of pyroclastic quartz are
pres ent. Py rite is found in a num ber of forms; sticks of most
likely or ganic or i gin are com mon (Bathysiphonidae or
coprolite pseudomorphs). 

Foraminifera are abun dant in twenty four of the sam ples,
while in two sam ples only scarce spec i mens are pres ent (Ap -
pen dix 1). Be sides foraminifera, in some sam ples small
amounts of carbonised plants, and sin gle bolboforms,
ostracods, chitin frag ments of larger or gan isms, sea ur chins,
and sponge spicules were also found.  

Plank tonic foraminifera of sam ples 56 and 37 are typ i cal of
IIB as sem blage CPN 7 (Orbulina suturalis Zone; Fig. 2). In the 
re main ing twenty two sam ples, the tax o nomic set of
foraminifera is typ i cal of the Uvigerina costai Zone (IIC, IID
as sem blages). sam ples 64 and 28 are bar ren of foraminifera;
they may be long to the Uvigerina costai Zone due to the scar -
city or ab sence of foraminifera in some de pos its of IIC zone
(Alexandrowicz, 1963, with ref er ences therein).

The sam ples placed in the CPN 7 Orbulina suturalis Zone
(sam ples 37 and 56) are char ac ter ized by tax o nom i cally var ied
plank ton (Ap pen dix 1), which rep re sents 71.4% (sam ple 37)
and 70.1% (sam ple 56) of the foraminifera as sem blage.
Globigerinoides quadrilobatus dom i nates in the plank ton (78
and 60% re spec tively) and Globigerina bulloides is the sec ond
most fre quent taxon (11.4 and 28.4% re spec tively). Among the
ben thic foraminifera, Bulimina spp. dom i nate in sam ple 37
(42%) while in sam ple 56, Nodosariidae and Sphaeroidina
bulloides are dom i nant (19% and 10% re spec tively), and quite
com mon are: Bulimina (7.8%), Valvulineria complanata
(6.7%) and Melonis pampilioides (7.0%).

In the sam ples of CPN 8 (Uvigerina costai Zone) the fauna
of pe lagic foraminifera is monotypic. Only Globigerina
bulloides is pres ent, with its per cent age vary ing con sid er ably
(Fig. 6). Among ben thic foraminifera, three taxa are clearly
dom i nant: Bulimina spp., Uvigerina spp. and Valvulineria
complanata. Over all, these amount to be tween 41% (sam ple
33) and 100% (sam ple 15) of the ben thic foraminifera, ac -
count ing on av er age for 75% of their com po si tion (Fig. 7). In
some sam ples, Pseudotriplasia minuta, the in dex taxon of the
IID as sem blage, is pres ent. In some sam ples of this zone,
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Fig. 6. Per cent age of Globigerina bulloides, pres ence 
of Pseudotriplasia and abun dance of Valvulineria
 in the Uvigerina costai Zone sam ples of GSS IV

https://gq.pgi.gov.pl/gq/article/downloadSuppFile/7868/1329
https://gq.pgi.gov.pl/gq/article/downloadSuppFile/7868/1329


Nodosariidae, Sphaeroidina bulloides and Cibicides
pseudoungerianus amount for a sig nif i cant per cent age. 

The d18O value of Globigerina bulloides tests (plank tonic
foraminifera) in the Orbulina suturalis Zone reaches +1.7‰
and is lower than in youn ger sam ples (Ap pen dix 2). The
Globigerina bulloides tests in the Uvigerina costai Zone reach

an av er age d18O value of +2.3 ± 0.2‰ (af ter elim i nat ing the

bor der val ues in sam ple 53). The av er age value of d18O of
Uvigerina spp. and Bulimina spp. (ben thic foraminifera) in
CPN 7 (Orbulina suturalis Zone) sam ples are: +2.2‰
(Uvigerina) and +2.0‰ (Bulimina). In CPN 8 (Uvigerina
costai Zone) these val ues are higher: +3.0 ± 0.2‰) and +2.9 ±
0.2‰) re spec tively.

The iso to pic sig na ture of the two ben thic taxa ana lysed
(Uvigerina spp. and Bulimina spp.) is sim i lar in the case of

d18O (Ap pen dix 2). The re sem blance be tween the two in the

d13C re cord is less clear; while it is sim i lar in some sam ples and
in the oth ers it dif fers.

The re cord of d13C in CPN 8 Globigerina bulloides is
highly vari able (we have only one sig na ture from CPN 7). The
value var ies be tween –0.3‰ and +2.0‰, with a mean value of

+0.7 ± 0.6‰. The vari abil ity is equally high for d13C in
Uvigerina spp. (mean value of –0.2 ± 0.4‰) and Bulimina spp.
(mean value of –0.1 ± 0.4‰).

INTERPRETATION

SEDIMENTOLOGY

The pres ence of sub ma rine mass move ments in the
Wieliczka de posit has al ready been de scribed by Kolasa and
Ślączka (1985a, b) and Ślączka and Kolasa (1997). Ac cord ing to 
these au thors, co he sive flow de pos its and olistostromes oc cur in
the up per parts of the Strat i fied Salt Mem ber (Fig. 3) and Salt
Brec cia Mem ber. Small-scale de for ma tion caused by mass
move ments is also ob served in siliciclastic in ter ca la tions. One of
these is in GSS IV (Fig. 4D) and rep re sents a shift which prob a -
bly arose due to small grav i ta tional flows of unlithified de pos its.

The un usual de vel op ment of the de pos its de scribed in GSS
IV in di cates that these were cre ated as a re sult of co he sive flow
dur ing sed i men ta tion. Such a hy poth e sis is cor rob o rated by the
fol low ing: 

– bed thick ness is sev eral times greater than usual;
– both the for ma tions ly ing above and be low the base

level of salt are aligned and show no in ter nal dis tur -
bance;

– in GSS IV, blocks and clasts of the Skawina Fm., the
Old est Salt and the Sub-salt Sand stone are found;

– scat tered blocks (xe no liths) are ob served to be aligned
(long axes par al lel flow);
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Fig. 7. The rel a tive fre quen cies (per cent ages) of the most com mon ben thic taxa in the Uvigerina costai Zone 
sam ples of GSS IV
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– typ i cal de for ma tion patches are ob served (frag ments of
beds, one of whose edges is bent up wards (Fig. 4D);

– in the mid dle part of the level, the larg est blocks of
siliciclastic rocks are found;

– at the base, no larger frag ments are found, but the pro -
por tion of par tic u late clayey ma te rial, formed by crush -
ing dur ing the slip page, in creases;

– be low the base, there are no silty-clay in ter ca la tions
which are usu ally found be neath the salt bed; most
likely flow oc curred im me di ately on top of this layer,
which led to it be ing mixed with salt.

PALAEOENVIRONMENT OF THE XENOLITH SAMPLES

De spite much knowl edge of the in flu ence of bathymetry
and tem per a ture on the dis tri bu tion of foraminifera, nu mer ous
other fac tors play a role, and the en vi ron men tal con di tions de -
ter min ing the dis tri bu tions of foraminifera are still be ing in ves -
ti gated (Murray, 2001). How ever, some taxa are used as in di -
ces and prox ies for cer tain hab i tats that fa cil i tate
palaeoenvironmental reconstruction. 

Ap pen dix 3 shows the pro por tion of eco log i cal in di ca tors
(foraminifera ecogroups) in the sam ples ana lysed. In the ma te -
rial ana lysed, Valvulineria, as foraminifera of or ganic-rich
(eutrophic)  con di tions, is “ca pa ble” of gen er at ing the larg est
num bers (Fig. 7).

The taxa in di cate a nor mal ma rine en vi ron ment (Murray,
1991; Bé, 1977). In the sam ples stud ied, there is no ad mix ture
of shal low-wa ter taxa. The low pro por tion of Bolivina (Ap pen -
dix 1), a taxon which is well-adapted to ox y gen-deficienct con -
di tions (Perez-Cruz and Machain-Castillo, 1990), may in di cate 
that the ben thic en vi ron ment of the foraminifera ana lysed was
suf fi ciently ox y gen ated; none the less taxa typ i cal of or -
ganic-rich con di tions are com mon in many sam ples (Ap pen -
dix 3). The data con cern ing the pro por tion of in di ca tor
ecogroups in the xe no liths (Ap pen dix 3) pro vide in for ma tion
on ox y gen and nu tri ent con di tions of their hab i tats, and hence
of the palaeoenvironment of the par ent rock. 

In the CPN 7 de pos its (sam ples 37 and 56), the pro por tion of
plank tonic foraminifera ex ceeds 70%, and their tax o nomic com -
po si tion is di verse and is typ i cal of warm seas (Ap pen dix 1; Bé,
1977). Nu mer ous Globigerinoides in di cate that the shal low pe -
lagic zone was richer in food than the deeper parts (the other
plank tonic taxa are not nu mer ous). As can be in ferred from eco -
log i cal data (e.g., Murray, 1991 with ref er ences therein) the ben -
thic foraminifera of these sam ples are char ac ter is tic of the outer
shelf/up per bathyal zone. It was a warm-wa ter, nor mal ma rine
en vi ron ment of depth ex ceed ing 200 m. 

The plank tonic foraminifera as sem blage in the de pos its as -
signed to CPN 8 is rad i cally dif fer ent (Ap pen dix 3). Only
Globigerina bulloides is pres ent and its quan tity is ex tremely
vari able (mean value 45.5%, s = 33.7). In the ben thic
foraminifera as sem blage the pro por tion of taxa typ i cal of or -
ganic-rich con di tions var ies sig nif i cantly (from 1.8 to 81.5%).
In the CPN 8 group of sam ples, op por tu nis tic foraminifera con -
stantly ac count for a sig nif i cant pro por tion of the sam ple (mean 
value 44.9%, s = 30.4), ex ceed ing 92% of its com po si tion in
some sam ples. 

The re sults of the sta ble iso tope anal y ses pro vide ad di tional
in for ma tion on the en vi ron men tal fea tures of the xe no liths.
Globigerina bulloides, Uvigerina spp. and Bulimina spp. are
com monly ana lysed taxa in iso to pic stud ies of re cent and fos sil
foraminifera (Kováčová and Hudáčková, 2009). Avail able iso -
to pic data on the CPN 8 time span (Ap pen dix 2; Fig. 8), al lows
us to pres ent sta tis ti cally gen er al ized con clu sions. 

The state of wa ter col umn strat i fi ca tion for the sam ples as -
signed to the CPN 8 Zone is cal cu lated by D d18O be tween G.
bulloides (pe lagic) and ben thic taxa. The dif fer ence is 0.7‰.
As the foraminifera taxa of the biozone in di cate nor mal sa lin ity
of sea wa ter, tem per a ture is clearly re spon si ble for this dif fer -
ence. The tem per a ture dif fered by ap prox i mately 4°C be tween
the deeper pe lagic zone and the bot tom of the ba sin. On the
other hand, the bot tom tem per a ture can be es ti mated at ap prox -
i mately 5–7°C (which fol lows from the thermocline con di tions
at a depth ex ceed ing 200 m). These es ti mates in di cate that the
av er age tem per a ture of the pe lagic wa ter amounted to ap prox i -
mately 9–11°C.

The car bon iso tope re cord mea sured in the plank tonic
foraminifera in di cates highly di verse sur face wa ter pro duc tiv -
ity con di tions when their test formed. High pro duc tiv ity at the
sur face pro vided or ganic mat ter (and food) to the ben thic com -
mu nity. How ever, this sup ply was highly vari able (large fluc tu -

a tions of d13C val ues in Fig. 8A), and the pri mary pro duc tion at
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Fig. 8. Plot of foraminiferal ox y gen and car bon iso tope val ues
 of sam ples from GSS IV

A – Globigerina bulloides; B – Bulimina spp. and Uvigerina spp. mean val -
ues; in ad di tion, colours char ac ter ise the sam ples in terms of the oc cur rence 
of Pseudotriplasia and Valvulineria: white symbols in di cate the sam ples
lack ing Pseudotriplasia and with small num bers of Valvulineria (data on
sam ple 65 are not in cluded in B)
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the sur face would have to be equally un sta ble. This would be
de ter mined by an un sta ble nu tri ent in flow to the photic layer of
the sea. As the sam ples ana lysed are xe no liths, it has to be con -
cluded that ei ther the strength of these pro cesses (nu tri ent sup -
ply and pri mary pro duc tion de vel op ment) was sub ject to strong 
fluc tu a tions (from ex plo sion to dis ap pear ance), or we are deal -
ing with some kind of tem po ral suc ces sion (as we ob serve de -
tached, re de pos ited blocks). If this is the lat ter case, the only
one of the di rec tions, to wards ei ther ex plo sion or dis ap pear -
ance, has oc curred.

To re solve this ques tion the fol low ing taxa can be used as
in di ces of strati graphic se quence: Pseudotriplasia as typ i cal of
IID and sam ples con tain ing al most ex clu sively Valvulineria
(acme in ter val of this taxon) as typ i cal of IIC (Alexandrowicz,
1963). Xe no lith sam ples in GSS IV ana lysed ac cord ing to
these strati graphic keys dis play char ac ter is tic iso tope val ues
(Fig. 8). Both in the plank tonic (Fig. 8A) and in the ben thic
foraminifers (Fig. 8B), sam ples con tain ing abun dant
Valvulineria (sam ples: 65, 69, 68, 38, 27 and 15) pro vide a re -

cord of a lower tem per a ture (more pos i tive d18O val ues) than
that ob served in IIB (sam ple 56) and a de fi ciency of food sup -

ply (highly pos i tive d13C in Fig. 8). Sam ples con tain ing
Pseudotriplasia (sam ples: 20, 40, 67, 33, 26, 54, 39 and 29)
dis play tem per a ture sim i lar to those re corded by sam ples with

Valvulineria, while the con tent of d13C in those is much lower

(more neg a tive d13C val ues in Fig. 8) which in di cates an large
in put of or ganic mat ter from pri mary pro duc tion dur ing sed i -
men ta tion of this youn ger biostratigraphic unit.

DISCUSSION

The ba sic prob lem for re search ers ana lys ing the Wieliczka
de posit en coun ter is the or i gin of its in ter nal struc ture. Gaweł
(1962), and then Poborski and Skoczylas-Ciszewska (1963),
as sumed that the tec tonic trans for ma tion of the south ern most
part of de posit (now the Salt Brec cia Mem ber) oc curred as a re -
sult of overthrusting of the rock mass from the Carpathian
orogen from the south to the north, and then su per im pos ing this 
on the north ern most part of the de posit (now Strat i fied Salt
Mem ber). This hy poth e sis con sti tutes the so-called tec tonic
model of de posit for ma tion. Połtowicz (1977) pre sented a sim i -
lar con cept, with the dif fer ence that he sug gested the salt de -
posit to be formed not as a re sult of the ad vanc ing Carpathian
orogen, but via grav i ta tional slides caused by the dis tur bance of 
the bal ance be tween the Carpathian Foredeep and the
Carpathians. The north ward shift of the ba sin bot tom sub si -
dence zone with the Carpathian Ba sin to the north with si mul ta -
neous el e va tion of the Carpathian Moun tains led to the cre ation 
of de tach ment zones within the rock mass, and then their
flowing in the direction of the depression being created.

A dif fer ent hy poth e sis was pre sented by Kolasa and
Ślączka (1985a, b). Based on the many doc u mented re de pos -
ited sed i ments (olistostromes) oc cur ring both in the Salt Brec -
cia Mem ber and in the Strat i fied Salt Mem ber (Ślączka and
Kolasa, 1997), they con cluded that the de ter min ing fac tor in
the for ma tion of the salt suc ces sion was sub ma rine mass move -
ments. In their model, boul der de pos its are thought to have
flowed from the south to the top of the stratiform de posit in the

form of a mas sive un der wa ter land slide, cre at ing a sys tem of
olistostromes. In both the tec tonic mod els (Gaweł, 1962;
Poborski and Skoczylas-Ciszewska, 1963; Połtowicz, 1977)
and the sed i men tary model (Kolasa and Ślączka, 1985a, b),
salts have been formed as a result of the evaporation of
seawater.

Fa cies dif fer en ti a tion in the salt-bear ing de pos its in di cates
chang ing depth and sed i men ta tion rate dur ing the de po si tion of
the salt suc ces sion along with clastic de pos its. Variation in
grain com po si tion and the pres ence of dif fer ent types of sed i -
men tary struc tures are ob served de pend ing on the dis tance
from the ba sin mar gins, the depth and bot tom mor phol ogy. The 
in creased sa lin ity of the sea wa ter is also re flected in the for ma -
tion of the de pos its. Thus the ap pear ance of the rock salt suc -
ces sion is pre ceded by a de crease in the size of de tri tal grains,
the oc cur rence of hor i zon tal lam i na tion, an in creased con tent of 
sulphates, and gen er ally a de crease in the rate of clastic sed i -
men ta tion. Dur ing sed i men ta tion on an in clined slope, co he -
sive flows were gen er ated, which flowed down car ry ing
silty-salt de pos its. These flows were de pos ited in lo cal de pres -
sions in the form of salt claystone micrite (marly claystone with 
halite crystals) and clayey salt zuber that were saturated with
sulphates to varying degrees.

The tax o nomic com po si tion of plank tonic foraminifera
(Globigerinina) in the xe no liths (re de pos ited clasts and blocks)
is the same as in the other parts of the Carpathian Foredeep Ba -
sin in the Orbulina suturalis Zone (IIB as sem blage of CPN 7),
and Uvigerina costai Zone (IIC, D as sem blages of CPN 8). On
the other hand, the ben thic foraminifera in the xe no liths can be
as signed to a par tic u lar part of the Skawina Beds sed i men ta -
tion. The xe no lith as sem blages dif fer from those of the Up per
Silesia re gion by a neg li gi ble pro por tion of “Lanzendorf fauna” 
(Alexandrowicz, 1963; Gonera, 1997) and, by an ab sence of
coastal, shal low-wa ter foraminifera the xe no liths dif fer from
the Skawina Beds known from the vi cin ity of Kraków
(Alexandrowicz, 1964) and parautochthonous Badenian sed i -
ments of the Carpathians (Gonera, 1994). The tax o nomic com -
po si tion of foraminifera in xe no liths re sem bles that of the
Skawina beds de scribed by Kirchner (1956) from the basinal
part of the Carpathian Foredeep sea (Bochnia–Mielec–Pilzno
in Fig. 1). This sim i lar ity is clearly due to the same
palaeoenvironmental con di tions of the Carpathian Foredeep
Ba sin and the source area of the xe no liths. 

At pres ent, the clos est lo ca tions with sim i lar foraminiferal
fauna are those lo cated in the vi cin ity of Skawina
(Alexandrowicz, 1973), Wrząsowice (Gonera et al., 1990) and
Konary (Łuczkowska, 1955). All of these are sit u ated SW of
the Wieliczka Salt Mine, in the autochthonous Badenian de pos -
its of the Carpathian Foredeep. How ever, the Skawina Beds at
Konary con tain a con sid er able ad mix ture of coastal, shal -
low-wa ter foraminifera, which are not pres ent in GSS IV xe no -
liths. In turn, the Skawina Beds around Skawina (their
stratotype lo ca tion) con tain a sig nif i cant pro por tion of
“Lanzendorf fauna” (cf. Grill, 1941), which is only sub or di nate 
in GSS IV xe no liths. The Wrząsowice site has an iden ti cal tax -
o nomic com po si tion as in the xe no liths, but the Wrząsowice
pro file has con glom er ate in ter ca la tions within the Uvigerina
costai Zone, and such peb bles are not pres ent in the xe no liths of 
GSS IV. This would in di cate that the GSS IV sed i men tary ba -
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sin was sourced by Skawina Beds of “purely” deep-wa ter fa -
cies, which was part of the Bochnia–Mielec–Pilzno fa cies de -
scribed above.

Xe no liths ana lysed in strati graphic or der have char ac ter is tic
iso tope val ues (Fig. 8). Both plank ton and benthos of the CPN 7
sam ples (IIB as sem blage) have higher palaeotemperature re -
cords (as in di cated by d18O val ues) than those of cor re spond ing
iso topes in sam ples with Valvulineria (Ap pen dix 2; Fig. 8).
Sam ples with Pseudotriplasia have tem per a tures sim i lar to those 
of Valvulineria sam ples, while the d13C con tent in those is much
lower, which in di cates a higher in put of or ganic mat ter (pri mary
pro duc tion in crease). Sim i lar char ac ter is tics of ox y gen and car -
bon sta ble iso topes oc cur in the Moravian and Wielician de pos its 
of the Skawina For ma tion in the Up per Silesia Ba sin
(Durakiewicz et al., 1997; Gonera et al., 2000, 2003; Gonera and 
Bukowski, 2012). The dif fer ence is in the d13C con tents in IIB:
in the Up per Silesia Ba sin d13C are more pos i tive (prob a bly due
to weaker pri mary pro duc tion).

Foraminiferal ox y gen and car bon sta ble iso topes have been 
mea sured at Borków (Fig. 1) be low evaporite de pos its (Peryt
and Gedl, 2010). Bulimina elongata and Globigerina bulloides

d18O re cords for this site are: +1.7‰, +2.6‰ and –1.5‰,
+1.2‰, re spec tively. These val ues lo cate the sam ples near the
CPN 7/8 bound ary, even if no foraminifer in dex taxa are found

in these de pos its. At the site, d13C val ues are al most the same
for ben thic and plank tonic foraminifera (–0.7 to +0.1‰ in
Bulimina elongata and –0.7 to 0.0‰ in Globigerina bulloides), 
which is ob served nei ther in the Up per Silesia Ba sin nor in the
GSS IV Skawina Beds xe no liths.

In the Devinska Nová Ves Badenian faciostratotype sec tion 
(east ern part of the Vi enna Ba sin) the foraminifers of the
CPN 8 have been ana lysed by Kováčová and Hudáčková
(2009). Globigerina bulloides and Uvigerina semiornata in

these de pos its have d18O val ues of +0.2 (SD 0.6) and +1.9 (SD
0.2) re spec tively. 

Plank tonic foraminifera (Globigerinoides trilobus) of the
Badenian stratotype sec tion in Baden-Sooss (west ern part of

the Vi enna Ba sin) dis play d18O os cil la tion near –1.6‰ (Báldi

and Hohenegger, 2008) and their d13C os cil lates around
+2.6‰. Ben thic foraminifera of this sec tion (Hoeglundina

elegans) have d18O val ues +1.8‰ in the lower part and +2.0‰

in the up per part (Báldi and Hohenegger, 2008), while its d13C
is at the level of +2.0‰ in the lower part, in creas ing to +2.8‰
in the up per part of the sec tion. These data in di cate that the
Baden-Sooss stratotype sec tion con tains de pos its cor re spond -
ing to as sem blages IIA–IIB of the Up per Silesia Ba sin. The
youn ger units, be low the Badenian evaporite (IIC–IID as sem -
blages), de vel oped in both the Up per Silesia Ba sin (Bicchi et
al., 2003) and the cur rently ana lysed sources area of the
GSS IV clasts, are not pres ent in the Baden-Sooss de pos its.

The CPN 8 de pos its in the three ar eas men tioned –
Devinska Nová Ves, Up per Silesia and GSS IV xe no liths – can
be palaeogeographically ar ranged with re gard to foraminiferal

d18O val ues. Uvigerina  and Globigerina bulloides data, as
palaeotemperature in di ces of the ba sin bot tom and pe lagic wa -
ters, in di cate shal lower and warmer wa ters in the area of
Devinska Nová Ves, whereas Silesia Ba sin had deeper and
cooler pe lagic wa ters. In turn, the deep est and most cool pe lagic 
wa ters were in the part of the Carpathian Foredeep where the
par ent strata of the xe no liths de scribed from Wieliczka GSS IV
orig i nated.

CONCLUSIONS

1. Our stud ies sup port the model of sub ma rine redeposition
of salt de pos its in Wieliczka de scribed by Kolasa and Ślączka
(1985a, b) and Ślączka and Kolasa (1997).

2. Dur ing the Green Strat i fied Salt (GSS) IV sed i men ta tion
on an in clined slope, sub ma rine mass move ments (land slides,
sub ma rine flows) were gen er ated. Salts flow ing into the deeper
parts of the ba sin were mixed with ear lier for ma tions: the
Skawina Beds, the Old est Salt and Sub-salt Sand stone, de bris
from which have been pre served in GSS IV. 

3. The ma jor ity of GSS IV marls and clays xe no liths be long 
to the IIC–IID as sem blages (Uvigerina costai Zone of the
Badenian). The IIB as sem blage (Orbulina suturalis Zone) has
only been found in two sam ples (out of 26 ana lysed).

4. Foraminifera in the xe no liths rep re sent the up per bathyal
biofacies of the Skawina Fm., tax o nom i cally anal o gous to that
de scribed by Kirchner (1956) from the ba sinal part of the
Badenian ma rine ba sin in Po land (Bochnia–Mielec–Pilzno
area).

5. The foraminifer as sem blage of the Uvigerina costai Zone 
in the sam ples stud ied is typ i cal of the below-evaporatic
Wielician else where in the Carpathian Foredeep Ba sin
(Alexandrowicz, 1963). This is con sis tent with the
biostratigraphic im por tance of Valvulineria and Pseudotripla -
sia as in dex taxa for the below-evaporite Wielician in the ba sin
part of the Carpathian Foredeep.

6. The Globigerina bulloides Acme and un sta ble trophic
con di tions in the pe lagic realm of CPN 8 are in di ca tors of the
Mid dle Mio cene Cli mate Tran si tion in the Carpathian

Foredeep area. The mean d18O value for Globigerina bulloides

re corded in GSS IV at this time is 2.3‰ (with s 0.2).
7. Bulimina and Uvigerina in cor po rate in their shells sim i -

lar amounts of d18O. There fore, com par a tive anal y ses are pos -
si ble for iso to pic stud ies per formed on only one of these taxa,
ei ther Uvigerina or Bulimina, in dif fer ent lo ca tions.
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