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Foraminifers oc cur ring in marls un der ly ing the Mid dle Mio cene Badenian gyp sum in the north ern Pol ish Carpathian
Foredeep in one bore hole sec tion [M³yny (Busko) PIG 1] and in two dewatering pits in op er at ing quar ries (Leszcze and
Borków) con tain well-pre served foraminifers. Sixty-seven spe cies of ben thic and twenty-one spe cies of plank tonic
foraminifers are re corded in the 12-m-thick sec tion of the M³yny bore hole. Ben thic as sem blages are char ac ter ized by the
dom i nance of Bulimina and Uvigerina while plank tonic as sem blages are com posed mainly by warm-wa ter orbulinids and
Globigerinoides spp. in the lower part of the M³yny sec tion and by tem per ate-cold wa ter Globigerina spp. in the up per part of
the M³yny sec tion as well as the Leszcze and Borków sec tions. The tax o nomic com po si tion of foraminiferal as sem blages
makes it pos si ble to dis tin guish two foraminiferal zones in the M³yny bore hole: the Orbulina suturalis and Uvigerina costai
zones, and only the lat ter zone is ac ces si ble at Leszcze and Borków. The ben thic foraminiferal suc ces sions in the stud ied in -
ter val sug gest ox y gen a tion and pro duc tiv ity changes in the Carpathian Foredeep Ba sin prior to the Badenian sa lin ity cri sis.
Four in ter vals of low ered ox y gen a tion and/or el e vated or ganic flux to the sea-floor are rec og nized; the in ter vals in which
foraminiferal as sem blages sug gest ma rine en vi ron ments with low ered ox y gen a tion in bot tom wa ters al ter nate be tween the
in ter vals where stress mark ers form less than 50% of the ben thic foraminiferal as sem blages. Ben thic as sem blages are mod -
er ately to highly di ver si fied, and spe cies have more equal fre quen cies. The upsection de crease in the pro por tion of plank -
tonic foraminifers re flects the shallowing of the ba sin ac com pa nied by a de crease in the tem per a ture gra di ent be tween the
up per (warmer) and deeper (colder) wa ter beds. The av er age palaeotemperature of wa ter based on d18O of Uvigerina and
Globigerina de creased by ca. 2 and ca. 6°C, re spec tively (from 9.9 and 17.4°C in the Orbulina suturalis Zone to 7.9 and
11.5°C in the Uvigerina costai Zone, re spec tively). Be low the gyp sum, the d18O val ues of both ben thic and plank tonic
foraminifers show quite large vari a tions pos si bly due to the sa lin ity in crease. Co eval dom i na tion of ben thic foraminiferal as -
sem blages by Bulimina sug gests in creased sur face wa ter pro duc tiv ity and an in creased or ganic flux to the sea-floor prior to
the on set of evaporite de po si tion and/or sa lin ity in crease.
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INTRODUCTION

The Paratethys was an epicontinental sea that de vel oped
as a relic of the Tethys. It ex isted from the Early Oligocene to
late Mid dle Mio cene times, and un til the Mid dle Mio cene it was
in com mu ni ca tion with the nor mal ma rine en vi ron ments of the
Med i ter ra nean Ba sin and In dian Ocean (e.g., Harzhauser and
Piller, 2007; Filipescu and Silye, 2008; Beldean et al., 2010).
The re peated oc cur rence of iso la tion re sulted in sev eral sa lin ity
cri ses in the Carpathian re gion and other places in the East ern
Paratethys as well as in the Red Sea and the Mid dle East (Rögl, 
1998; Popov et al., 2004). The Mid dle Mio cene sa lin ity cri sis in
the Cen tral Paratethys started shortly af ter 13.81 ± 0.08 Ma, as
in di cated by 40Ar/39Ar dat ing of vol ca nic tuffs be low and within

the Badenian salts in south ern Po land (de Leeuw et al., 2010).
The ma jor step in Mid dle Mio cene global cool ing is dated at
13.82 ± 0.03 Ma in the Med i ter ra nean (Abels et al., 2005) and
be cause of this tem po ral re la tion ship the cool ing is in ter preted
to be the trig ger of evaporite de po si tion (de Leeuw et al., 2010).
The tem per a ture de cline af ter the Mio cene cli ma tic op ti mum
(Böhme, 2003) that pre ceded evaporite de po si tion found its ex -
pres sion in the dis ap pear ance of warm-wa ter plank tonic
foraminiferal as sem blages and the ex pan sion of the cool-wa ter
pop u la tions that was re corded both in the Paratethys (e.g.,

Szczechura, 1982; Gonera et al., 2000; Báldi, 2006; Ková�ová
et al., 2009) and the Tethys area (Bicchi et al., 2003). The sig nal 
of the Badenian cool ing trend in the Carpathian Foredeep is
stron ger than in the Med i ter ra nean (Bicchi et al., 2003) pos si bly
due to the chang ing cir cu la tion (Báldi, 2006).

A pi lot study of the up per most part of marls (2-m-thick) un -
der ly ing the Badenian gyp sum in one lo cal ity in south ern Po -
land (Borków, Nida River Val ley; Fig. 1) showed that a clear en -
vi ron men tal change took place dur ing the de po si tion of the
marls, from a mid dle to outer ma rine shelf, well-ven ti lated en vi -
ron ment with mod er ate pri mary pro duc tiv ity to an in ner shelf en -
vi ron ment (Peryt and Gedl, 2010). The marls were de pos ited in
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tem per a ture-strat i fied wa ter, and the cal cu lated palaeotempe -
ratures for par tic u lar foraminifer taxa (Globigerina spp., Cibici -
doides spp. and Bulimina elongata) show a slight upsection de -
crease and a de crease in the tem per a ture dif fer ences be tween
the bot tom and in ter me di ate wa ters (Peryt and Gedl, 2010). At
the Borków site there is a clear upsection de crease in the fre -
quency of plank tonic foraminifers within a 2 m-in ter val of marls
al beit the plank tonic forms, al though very rare, oc cur even be -
low the gyp sum, be ing ac com pa nied by ben thic taxa. Peryt and
Gedl (2010) con cluded that the time du ra tion be tween the on set 
of the Badenian sa lin ity cri sis and the on set of gyp sum pre cip i -
ta tion was there fore much shorter than in the Messinian of the
Med i ter ra nean (about 60,000 years; Lozar et al., 2010). 

The aim of this pa per is to es ti mate tem per a ture, depth, sa -
lin ity, and ox y gen a tion of the wa ter col umn prior to Badenian
evaporite sed i men ta tion in the north ern part of the Cen tral
Paratethys. To achieve this, foraminifers from marls which un -
der lie the gyp sum in one bore hole sec tion (Busko [M³yny]
PIG 1) have been stud ied (Figs. 1 and 2). In ad di tion, one key
lo cal ity (Leszcze) and an other lo cal ity (Borków), which was sub -
ject to a pi lot study (Peryt and Gedl, 2010), were ana lysed
(Figs. 1 and 3). The es ti mate of en vi ron men tal fac tors such as
depth, sa lin ity, and ox y gen con tent of wa ter prior to evaporite
sed i men ta tion was done us ing the data on en vi ron men tal re -
quire ments of re cent Med i ter ra nean foraminifers (see re view in
Murray, 1991, 2006). For more de tailed en vi ron men tal anal y sis
of the marls, sta ble car bon and ox y gen iso topes of se lected
foraminifer taxa have been stud ied. 

GEOLOGICAL SETTING

The Badenian de pos its in the north ern part of the Carpa -
thian Foredeep Ba sin in Po land lie transgressively on eroded
Cre ta ceous and Ju ras sic strata (Radwañski, 1969; Oszczypko
et al., 2006). The Badenian sec tion is tri par tite ow ing to the oc -
cur rence of the Krzy¿anowice For ma tion (gyp sum de pos its up
to 50 m thick) in the mid dle. Be low the gyp sum var i ous car bon -
ate and siliciclastic rock units up to sev eral tens of metres thick
oc cur; they are in cluded into the Piñczów For ma tion (Czapo -
wski, 2004). The up per part of the Piñczów For ma tion is com -
posed of marls of the Baranów Beds. These marls are sev eral
metres thick in the Borków area (Peryt and Gedl, 2010), they at -
tain the thick ness of ca. 10 m in the Gacki Quarry that is ad ja -
cent to the Leszcze Quarry (see  Alexandrowicz and Para -
choniak, 1956 and B¹bel et al., 2010, fig. 1C), and 100 m in the
north ern part of the Po³aniec Trough (Wilczyñski, 1984), a tec -
tonic unit lo cated east of the Borków gyp sum quarry. In the
marls tuffite in ter ca la tions oc cur: Bukowski (2011) re corded a
thin (6 cm thick) rhyolitic tuffite in ter ca la tion ca. 3.6 m be low the
gyp sum base in the M³yny (Busko) PIG 1 bore hole that can be
cor re lated with the Wiatowice tuffite (Bukowski et al., 2010) and
with the tuffite from Gacki (Dudek and Bukowski, 2004). In the
marls rich foraminiferal as sem blages are ob served. Peryt and
Gedl (2010) have shown the pres ence of 49 spe cies of ben thic
foraminifers and 11 spe cies of planktonics in a 2-m-thick marl
out crop ping in the Borków gyp sum quarry, and Dudziak and
£uczkowska (1991) re corded 24 spe cies (in clud ing two plank -
tonic spe cies, Globigerina decoraperta and Globigerina gluti -
nata) in a sam ple oc cur ring ca. 1 m be low the top of the marls at
Gacki and in di cated that they rep re sent the Uvigerina costai
Zone.

The Badenian marls in the stud ied quar ries are over lain by
the gi ant gyp sum inter growths unit (see B¹bel, 1987) fol lowed
by bed ded selen ites with in ter ca la tions of alabastrine and
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Fig. 1. Lo ca tion map 

A – palaeogeographic re con struc tion of the Cen tral Paratethys
(Early Badenian ma rine sed i men ta tion; af ter Rögl, 1998); B –
Carpathian Foredeep Ba sin in Po land (grey); C – lo ca tion of sec -
tions stud ied (grey – oc cur rence of Badenian sulphates; af ter Kas -
przyk, 1993, mod i fied by Gonera et al., 2012, fig. 1)



stromatolitic gyp sum, over lain by sa bre gyp -
sum. The up per part of the gyp sum se quence 
con sists pri mar ily of var i ous fa cies of clastic
gyp sum (B¹bel, 1991; Kasprzyk, 1991,
1993). In the Po³aniec Trough the Badenian
marls are over lain by nod u lar an hyd rites con -
sid ered by Kasprzyk (1991) to be sabkha de -
pos its, how ever, such an in ter pre ta tion con -
trasts with the gen eral palaeogeographic pat -
tern as the M³yny (Busko) PIG 1 bore hole is
lo cated in the north ern, more basinal lo ca tion
of the Po³a niec Trough, and the Borków and
Leszcze quar ries are lo cated in the Piñczów
area, Nida River Val ley, in a more nearshore
lo ca tion (Kwiatkowski, 1974). The gyp sum
sec tion in the M³yny (Busko) PIG 1 bore hole
and Leszcze out crop are cov ered by Up per
Badenian siliciclastic fa cies (Machów For ma -
tion); at Borków, Qua ter nary siliciclastics oc -
cur above the gyp sum, but in the sink holes
Up per Badenian marls with quite abun dant
foraminiferal as sem blages can be found
(Peryt, 2013).

MATERIAL AND METHODS

Sev enty-four sam ples from three sec tions have been stud -
ied for foraminifers: 41 sam ples from the M³yny (Busko) PIG 1

bore hole sec tion (N 50°33’20.8’’, E 20°44’04.9’’; Fig. 1), 12

sam ples from the Leszcze Quarry N 50°27.315’, E 20°36.180’;
Fig. 3A) and 21 sam ples from the Borków Quarry

(N 50°33.518’, E 20°37.973’; Fig. 3B), in ad di tion to five sam -
ples from the Borków Quarry stud ied pre vi ously (Peryt and
Gedl, 2010). 

In the M³yny (Busko) PIG 1 bore hole, the in ter val un der ly ing
Badenian sulphates oc curs at a depth of 188–200 m (the bore -
hole was stopped then) and it con sists of marls that are dark
beige in col our in the lower part of the in ter val (195–200 m),
then are beige (192–195 m) and grey ex cept in the up per most
part where they are black in col our. As al ready men tioned, a
thin tuffite in ter ca la tion is seen at a depth of ca. 191.6 m. In the
lower part of stud ied in ter val, bi valves (ei ther whole shells or
their frag ments) oc cur, and in the up per part phytogenic ma te -
rial oc curs (G. Czapowski, pers. comm., 2010). In Leszcze and
in Borków, sec tions 1.25 and 2.4 m thick, re spec tively, ex posed
in dewatering pits were stud ied; the sec tion in Borków is lo cated 
four metres apart from the sec tion sub ject to pi lot study (Peryt
and Gedl, 2010, fig. 3C).

Washed res i dues for foraminiferal study were ob tained from 
the rocks by disaggregation us ing Na2SO4. An aliquot of about

200–300 spec i mens of foraminifers from the 125–700 mm size
frac tion was picked un der a mi cro scope for the fau nal anal y ses. 
Well-pre served spec i mens were sep a rated for iso to pic anal y -
ses and then ul tra son i cally cleaned in or der to re move par ti cles
ad hered to the tests. The tax on omy of the foraminifers fol lows
Loeblich and Tappan (1987), Odrzywolska-Bieñkowa and
Olszewska (1996) and Cicha et al. (1998). The stratigraphically
and palaeoenviron mentally im por tant spec i mens were stud ied
in de tail and doc u mented us ing a Philips XL20 SEM (Figs. 4–9).

The rel a tive abun dance of infaunal and epifaunal forms
within ben thic foraminiferal as sem blages, sim ple ben thic di ver -
sity, the Shan non-Weaver het er o ge ne ity in dex H(S) (Buzas
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Fig. 2. Strati graphic po si tion of suc ces sion stud ied

Red as ter isk for Leszcze and Borków sec tions and red bar for M³yny (Busko) PIG 1
bore hole; the Mio cene time scale af ter Hilgen et al. (2009), partly recalibrated and cor -
re lated to re gional stages of the Cen tral Paratethys; the lower limit of Badenian
evaporites af ter de Leeuw et al. (2010); cal car e ous nannoplankton zones af ter Peryt
(1997), NN5 Sph. het. Z = NN5 Sphenolites heteromorphous Zone; lithostratigraphy af -
ter Jasionowski (1997) and Oszczypko-Clowes et al. (2012); foraminiferal zones af ter:
(1) – Mandic et al. (2002), (2) – £uczkowska (1964) and Alexandrowicz (1963)

Fig. 3. Pho to graphs of sam pling sites

A – Leszcze, B – Borków; red lines (A – 1.25 m long;
B – 2.4 m long) show the sec tions sam pled 



and Gib son, 1969), and plank tonic foraminifers within to tal
foraminiferal as sem blages (P/B ra tio) were cal cu lated. The
palaeoenvironmental in ter pre ta tion based on foraminifers ap -
plies the re quire ments of pres ent-day rep re sen ta tives of re -
corded taxa (Thomas, 1980; van der Zwaan, 1982; Culver,
1988; Lutze and Thiel, 1989; Verhallen, 1991; Murray, 1991,
2006; Sjoer dsma and van der Zwaan, 1992; Kaiho, 1994;
Hohenegger, 2005; Kouwenhoven and van der Zwaan, 2006;
Kaminski, 2012). Palaeobathymetry was es ti mated on the ba -
sis of ben thic fauna char ac ter is tics and the P/B ra tio (100 ´
plank tonic fora minifera/to tal foraminifera).

Changes in wa ter sa lin ity and other en vi ron men tal pa ram e -
ters such as pro duc tiv ity, ox y gen level in bot tom wa ters, were in -
ter preted us ing qual i ta tive and quan ti ta tive anal y ses (Murray,
2006). To es ti mate the level of ox y gen a tion of the sea-floor the
ben thic foraminifera were grouped into oxic, suboxic and dysoxic 
in di ca tors ac cord ing to Thomas (1980), van der Zwaan (1982,
1983), Verhallen (1991), Jorissen et al. (1992), Kaiho (1994),

LoubPre (1996, 1997), Bernhard and Sen Gupta (1999), Kou -
wenhoven and van der Zwaan (2006) and Kaminski (2012). 

The fol low ing taxa are in cluded into the oxic group: Cibi -
cidoides spp., Heterolepa dutemplei, Lobatula lobatula, Sipho -
nina reticulata, Anomalinoides spp., Cibicides sp., Hansenisca
soldanii, Oridorsalis umbonatus. Oxic in di ces rep re sent epi -
faunally liv ing spe cies. Taxa tol er ant of suboxic en vi ron ments
are: Lenticulina spp., Nodosaria spp., Laevidentalina spp., Me -
lonis pompilioides, Pullenia bulloides, P. miocenica, Sphaero -
idina bulloides, Cassidulina laevigata, Globobulimina pyrula,
and taxa tol er ant of dysoxic en vi ron ments – Bolivina spp.,
Bulimina spp., Uvigerina spp., Fursenkoina acuta, Praeglo -
bobulimina pyrula, Globocassidulina spp.

Foraminifers tol er ant of suboxic en vi ron ments rep re sent
mostly shal low infaunally liv ing spe cies, while foraminifers tol er -
ant of dysoxic en vi ron ments rep re sent mostly deep infauna and 
spe cies with op por tu nis tic be hav iour. They are com monly used
as stress mark ers (e.g., van der Zwaan et al., 1999; van
Hinsbergen et al. 2005).

Changes in plank tonic foraminiferal as sem blages were
used to re con struct palaeoclimatic changes. Plank tonic fora -
minifera were grouped into cool-tem per ate in di ces (Globigerina 
bulloides, G. praebulloides, G. tarchanensis, G. diplostoma, G.
concinna, Globorotalia bykovae) and warm in di ces (Orbulina
suturalis, O. bisphaerica, Globigerinoides spp., Para globo -
rotalia mayeri, P. siakensis; Szczechura, 1982, 1984, 2000;
Spezzaferi et al., 2002; Bicchi et al., 2003).

The d18O and d13C ra tios of two foraminifer taxa: Globi -
gerina (in most cases, G. bulloides) and Uvigerina (mostly U.
aculeata), were stud ied in 52 sam ples to es ti mate ab so lute wa -
ter tem per a ture. In a few cases when Uvigerina spec i mens
were too rare to al low for iso to pic stud ies, I used Bulimina for
that pur pose, the taxon ap plied in the pi lot study at Borków
(Peryt and Gedl, 2010), as both had sim i lar en vi ron men tal re -
quire ments. I as sume that the iso tope val ues for Globigerina
and Uvigerina are in dic a tive of the sur face and deep-wa ter iso -
tope com po si tion, re spec tively. Foraminifer tests were re acted
with 100% phos pho ric acid at 75°C us ing a KIEL IV on line au to -
matic car bon ate prep a ra tion line con nected to the Finnigan Mat 
delta plus mass-spec trom e ter at the Light Sta ble Iso topes Lab -
o ra tory of the In sti tute of Geo log i cal Sci ences and In sti tute of
Paleobiology, Pol ish Acad emy of Sci ences, Warszawa. All iso -
to pic data were re ported in per mil rel a tive to VPDB re lated to
NBS 19. The pre ci sion (reproducibility of rep li cate anal y ses) of

both car bon and ox y gen iso tope anal y ses was usu ally better
than ±0.2‰. To cal cu late palaeotemperatures, the equa tion es -
tab lished by Ep stein et al. (1953) was ap plied.

The fig ured spec i mens are de pos ited in the In sti tute of
Paleobiology, Pol ish Acad emy of Sci ences, War szawa (ZPAL
F. 59).

RESULTS

FORAMINIFERA

M£YNY (BUSKO) PIG 1 BOREHOLE

The ex am ined sed i ments con tain well-pre served fora -
minifers. Sixty-seven spe cies of ben thic and twenty-one spe -
cies of plank tonic foraminifers were re corded in the stud ied in -
ter val of the M³yny PIG 1 bore hole (Ap pen dix 1* and Figs. 4–9).
Ben thic as sem blages are char ac ter ized by the dom i nance of
Bulimina and Uvigerina while plank tonic ones are com posed
mainly of orbulinids and Globigerinoides spp. in the lower part of 
the sec tion and of Globigerina spp. in its up per part. 

Fig ure 10 shows the rel a tive per cent abun dances of com -
mon and dom i nant spe cies, i.e. spe cies that show abun dance
>5% in at least in one sam ple, the di ver sity of ben thic as sem -
blages, and rel a tive abun dances of plank tonic and ben thic
foraminifers as well as rel a tive abun dances of dysoxic, suboxic
and oxic spe cies or groups of spe cies. 

In the M³yny (Busko) PIG 1 sec tion, sim ple spe cies di ver sity
of ben thic foraminifers is low to mod er ate and var ies be tween 8
and 26. H(S) val ues vary be tween 1.8 and 2.8. Low est val ues
cor re spond to low di ver si fied and with high dom i nance ben thic
foraminiferal as sem blages, which in this sec tion cor re late with
as sem blages where deep infaunal spe cies (= stress mark ers)
are dom i nant. 

Ben thic foraminiferal as sem blages are dom i nated by cal -
car e ous forms; ag glu ti nated foraminifera are rep re sented by
only four spe cies: Vulvulina pennatula, Spiroplectinella cari -
nata, Spirotextularia cf. fistulosa and Martinotiella communis.
They are pres ent mainly only in the lower part of the stud ied in -
ter val and com pletely dis ap pear 6 m be low the base of the gyp -
sum ex cept for Martinotiella communis which is also re corded in 
small num bers in the up per part of sec tion. The ag glu ti nants are 
a mi nor con trib u tor to the as sem blages and usu ally do not ex -
ceed 10% ex cept of the 2-m-thick in ter val in the lower part of the 
sec tion where they form up to 20% of the as sem blages.

Heterolepa dutemplei is a com mon com po nent of the lower
and mid dle parts of the sec tion. Its con tri bu tion to as sem blages
var ies from 2 to 20%. Cibicidoides spp., Melonis pompilioides,
Pullenia miocenica, Sphaeroidina bulloides are re corded in the
en tire sec tion but their abun dances fluc tu ate. In places they
form up to 20% of the as sem blages. Nodosariaceans are com -
mon in the lower part of the sec tion, then, in its mid dle part, they
are not re corded and they re ap pear in small num bers in the up -
per part of the sec tion. In that part of the sec tion the first oc cur -
rences of two spe cies were found: Hoeglundina elegans which
about 2 m be low the gyp sum forms 20% of the as sem blage and 
Fursenkoina acuta which at the level about 1 m be low the gyp -
sum forms 25% (Fig. 10). 

Bulimina and Uvigerina are the dom i nant foraminifers in the
whole sec tion. The abun dances of the two groups fluc tu ate sig -

144 Danuta Peryt

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1080

http://gq.pgi.gov.pl/gq/article/downloadSuppFile/8217/1472


Foraminiferal record of the Middle Miocene climate transition prior to the Badenian salinity crisis 145

Fig. 4. Ben thic foraminifers from the M³yny (Busko) PIG 1 bore hole 

A, B – Vulvulina pennatula; C – Spirotextularia cf. fistulosa; D – Spiroplectinella carinata; E – Spiroplectinella sp.;
F1, F2 – Nonion com mune; G – Martinotiella communis; H – Bolivina viennensis; I – Bulimina striata; J – Uvigerina
pygmea; K1, K2 – Siphonina reticulata; L – Cancris auriculus; M–O – Laevidentalina elegans; P – Lenticulina
echinata; Q, R – Lenticulina inornata; S – Nodosaria hispida; T, X, Z – Stilostomella adolphina; U – Stilostomella sp.

1; V1, V2, W – Heterolepa dutemplei; Y – Stilostomella lepidula; scale bar is 200 mm; A, C, G, N, S–U, W – sam ple
38; B, D, H–L, O, P, V – sam ple 41; E, R – sam ple 37; F, Q – sam ple 36; I, M, X, Y – sam ple 24; M, Z – sam ple 21
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Fig. 5. Ben thic foraminifers from the M³yny (Busko) PIG 1 bore hole 

A – Sphaeroidina bulloides; B1–B3 – Neoeponides schreibersi; C1, C2 – Pullenia miocenica; D1, D2 – Melonis
pompilioides; E1, E2 – Lobatula lobatula; F1, F2 – Hansenisca soldanii; G1, G2 – Cibicidoides ungerianus;  H1–H3 –

Cibicidoides austriacus; I1–I3 – Oridorsalis umbonatus; J – Sigmoilinita tenuis; scale bar is 200 mm; A, E – sam ple 38;
B – sam ple 37; C, D – sam ple 20; F–I – sam ple 41; J – sam ple 9
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Fig. 6. Ben thic foraminifers from the M³yny (Busko) PIG 1 bore hole 

A1–A3 – Anomalinoides badenensis; B1–B3 – Anomalinoides sp.; C1–C3 – Valvulineria complanata; D – 
Globobulimina pyrula; E1, E2 – Cibicides  sp.; F – Sphaeroidina bulloides; G1–G3 – Neoeponides schreibersi; H1,

H2 – Cibicidoides ungerianus; I1–I3 – Cibicidoides pseudoungerianus; scale bar is 200 mm; A, C – sam ple 14; B –
sam ple 21; D – sam ple 12; E, H, I – sam ple 7; F – sam ple 9; G – sam ple 36
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Fig. 7. Ben thic foraminifers from the M³yny (Busko) PIG 1 bore hole 

A–C – Uvigerina aculeata; D, E – Uvigerina hispida; F – Uvigerina semiornata; G – Bolivina sp.; H, I – Bolivina
dilatata; J – Bolivina scitula; K – Bolivina cf. dilatata max ima; L – Uvigerina pygmoides; M, N – Bulimina striata; O –
Bulimina untonsa; P, R – Fursenkoina sp.; Q – Fursenkoina acuta; S–V – Bulimina subulata, W – Bulimina elongata;

X1, X2 – Valvulineria complanata; Y1–Y3 – Heterolepa dutemplei; scale bar is 200 mm; A–F, T, X – sam ple 7; G, H, P 

– sam ple 12; I–K,– sam ple 9; L–N, Q–S, U–W – sam ple 6; O – sam ple 15; Y – sam ple 26
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Fig. 8. Plank tonic foraminifers from the M³yny (Busko) PIG 1 bore hole 

A1, A2 – Tenuitella obesa; B1, B2 – Tenuitella subcretacea; C1, C2 – Tenuitellinata juvenilis; D1, D2 – Globoturborotalita
sp.; E1, E2 – Paragloborotalia transsylvanica; F1, F2 – Globigerina bulloides; G1, G2, I1, I2 – Paragloborotalia sp.; H1,
H2 – Paragloborotalia siakensis; J1, J2 – Paragloborotalia mayeri; scale bar is 100 µm; A–C, E, G–J – sam ple 36; D, F –
sam ple 7
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Fig. 9. Plank tonic foraminifers from the M³yny (Busko) PIG 1 bore hole 

A1, A2 – Globigerinoides immaturus; B1, B2 – ?Tenuitella sp.; C1, C2, D1, D2, G1, G2 – Globigerinoides
quadrilobatus; F1, F2 – Globigerinoides trilobus; E1, E2 – Globigerinoides primordius; H, I, L, M – Orbulina bilobata;

J, K – Orbulina suturalis; scale bar is 100 mm; A–C, F – sam ple 24; D, E, G, H, J–L – sam ple 36; I, M – sam ple 37



nif i cantly, form ing from 0 to 85% of the as sem blages. In places
their con tri bu tion to the as sem blages is equal but in most cases
their abun dances show op po site ten den cies: an in crease in the
abun dance of rep re sen ta tives of one ge nus is ac com pa nied by a 
de crease in rep re sen ta tives of the sec ond one. In the top most
part of the sec tion Uvigerina al most dis ap pears while Bulimina,
mainly B. elongata, forms up to 80% of the as sem blage. Bolivina
is pres ent in the en tire sec tion but only at the level about 2 m be -
low the gyp sum it forms al most 10% of the as sem blage. 

The con tri bu tion of plank tonic foraminifera var ies sig nif i -
cantly through out the sec tion. In its lower part the P/B ra tio is
rather high and var ies be tween 60 to 85%. Then, it de creases
to 25–40%, and again in creases to 80%. In the up per part of the 
sec tion the P/B ra tios drop to 2–30% ex cept for a short in ter val
at 2 m be low the gyp sum where it in creases to 57%. In the up -
per most 0.6-m-thick in ter val just be low the gyp sum plank tonic
foraminifers are very rare. 

The low er most (3 m thick) part of the sec tion yields an
abun dant warm-wa ter plank tonic foraminiferal as sem blage
com posed mainly by orbulinids (i.e., Orbulina suturalis and O.
bilobata) and Globigerinoides spp. (G. trilobus, G. immaturus,
G. primordius and G. bisphericus). Paragloborotalia siakensis
and P. mayeri are also re corded in this in ter val. This warm-wa -
ter plank tonic fauna sud denly al most com pletely dis ap pears
8 m be low the gyp sum. Only Globigerinoides trilobus is re -
corded as a very rare com po nent in plank tonic as sem blages in
the next five metres and its high est oc cur rence is re corded 3 m
be low the gyp sum. The suc ceed ing plank tonic as sem blage is
dom i nated by Globigerina bulloides, which is a cool wa ter in -
dex. Cool-tem per ate spe cies, e.g. Globorotalia bykovae, are
sub or di nate.

LESZCZE

The stud ied 1.25 m thick marls un der ly ing the gyp sum
yielded very well-pre served foraminiferal as sem blages con sist -
ing of 47 ben thic taxa and 5 plank tonic spe cies (Fig. 11 and Ap -
pen dix 2). The num ber of ben thic spe cies is 23–26 in the lower
0.8 m of the sec tion; then it drops to 6 in the sam ple from the
bed un der ly ing the gyp sum. The H(S) di ver sity in dex var ies
from 2.3–2.5 in the lower 0.8 m of the sec tion, but then drops to
1.5 in the sam ple be low the gyp sum. Bulimina spp. and
Uvigerina spp. dom i nate among ben thic foraminiferal as sem -
blages (Fig. 11), form ing 60 to 80% of the as sem blages. Sim i -
larly as in the M³yny (Busko) PIG 1 bore hole, Bulimina elongata
forms 80% of the as sem blage in the sam ple be low the gyp sum.
Fursenkoina acuta is also an im por tant com po nent of the as -
sem blages in the up per part of the sec tion. Pullenia bulloides,
Sphaeroidina bulloides, Melonis pompilioides and Cibicidoides
spp. are com mon. Rare spe cies in this in ter val are: Hoeglu -
ndina elegans, Sigmoilinita tenuis, Laevidentalina spp., Stilo -
stomella, Glandulina hispida, Lobatula lobatula, and Pseudo -
triplasia elongata – the only ag glu ti nated form in the sec tion.

Plank tonic foraminifera form 30–40% of the foraminiferal
as sem blages in the lower 0.8 m of the sec tion. In the 0.4 m thick 
in ter val be low the gyp sum their con tri bu tion to the as sem blages 
drops to 2–5% (Fig. 11). They con sist of Globigerina spp.
(mainly G. bulloides). The spe cies Globorotalia bykovae also
oc curs rarely. The tax o nomic com po si tion of these as sem -
blages is in dic a tive of tem per ate-cold wa ter.

BORKÓW

The stud ied 2.4 m thick marls un der ly ing the gyp sum sho -
wed the pres ence of 49 ben thic foraminiferal spe cies and 11

plank tonic ones (see Peryt and Gedl, 2010, ap pen dix 1). Ben thic
foraminiferal as sem blages are al most com pletely com posed of
cal car e ous taxa. Only two ag glu ti nated spe cies (Pseudotriplasia
elongata and Vulvulina pectinata) oc cur spo rad i cally in the low er -
most part of the sec tion. The num ber of ben thic spe cies var ies
from 5 (in the 8 cm thick in ter val un der ly ing the gyp sum) to 19 (in
the low er most part of the sec tion). The H(S) val ues vary in sig nif i -
cantly through out al most the en tire sec tion with val ues be tween
2.3 to 2.5. Only in the up per most 20-cm-thick bed just be low the
gyp sum the H(S) val ues drop to 1. Ben thic foraminiferal as sem -
blages from this sec tion are char ac ter ized by high dom i nance
and low di ver sity (Fig. 12). Bulimina pre dom i nates in the sec tion.
In its lower part it forms 15 to 30% of the as sem blages and in its
up per part the abun dance of Bulimina grows rap idly to 80%.
Other im por tant con tri bu tors are Bolivina, Fursenkoina and
Uvigerina. They form at dif fer ent lev els up to 25% of the as sem -
blages – Bolivina in the lower part, Fursenkoina – in the mid dle
and Uvigerina in the up per part of the sec tion. Hoeglundina
elegans ap pears sud denly and has its acme at 1.8 to 2.4 m be -
low the gyp sum (Fig. 12). In this part of the sec tion it forms up to
40% of the as sem blages. Com mon are also Globocassidulina
oblonga (up to 15%), Pul lenia bullo ides, Melonis pompilioides
and the oxic marker – Cibicidoides. Elphidium is very rare in the
up per part of the sec tion. 

Plank tonic foraminifera form 15 to 30% of the as sem blages
ex cept in two sam ples where their con tri bu tion in creases sig nif i -
cantly – up to 50% at 0.5 m be low the gyp sum and to 70% about 
2.0 m be low the gyp sum. Cold and cool-tem per ate spe cies are
pres ent. The as sem blage is dom i nated by Globigerina bulloi -
des; mi nor con tri bu tors are: G. praebulloides, G. tarchanensis,
G. diplostoma, G. concinna, and Globorotalia bykovae.

STABLE ISOPES

The re sults of sta ble iso to pic anal y ses are given in Ap pen -
dix 3 and Fig ures 13A–15, but in sev eral cases the mea sured
val ues were omit ted dur ing sub se quent in ter pre ta tions due to
the in ferred diagenetic al ter ations that af fected both ben thic
and/or plank tonic foraminifers. The re li able data are shown in
Fig ure 13B and are sum ma rized in Ta ble 1. 

M£YNY (BUSKO) PIG 1 BOREHOLE

The ben thic car bon iso tope re cord (d13Cb) of the M³yny sec -
tion shows a small vari a tion through out the ma jor part of the

sec tion, with the d13C val ues be ing close to 0‰, how ever, at 8 to 
10 m be low the gyp sum there is a neg a tive ex cur sion down to
–2.5‰. Ca. 3.1 m be low the gyp sum there is an other, smaller
ex cur sion (down to –1.2‰) fol lowed by an in crease (to ca.
–0.3‰ 2.6 m be low the gyp sum). The up per 2 m of the sec tion

show vari a tion of d13C val ues from –0.3 to –1.5‰ (Fig. 14). The

plank tonic car bon iso tope re cord (d13Cp) shows a very sim i lar

pat tern to the d13Cb re cord, with most val ues rang ing from 0.5 to
1.0‰ and with an ex cur sion (8 to 10 m be low the gyp sum) down 
to –2.9‰, and a slight de crease (to –0.64‰) in the top most 2 m
of the sec tion, but with two em i nent neg a tive ex cur sions (down
to be low –5‰ in that part). In ad di tion, there is one pos i tive ex -
cur sion (to 1.66‰) 7.7 m be low the gyp sum, just above the neg -
a tive ex cur sion (Fig. 14).

The ben thic ox y gen iso tope re cord (d18Ob) shows a sim i lar

trend of changes as the d13Cb re cord ex cept in the up per part of
the sec tion (Fig. 14): be low the ex cur sion down to –2.8‰ the
val ues vary from 1.2 to 1.7‰, and above the ex cur sion they are
from 1 to 2.6‰; the small est value co in cides with the small neg -
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a tive ex cur sion of the d13Cb (Fig. 14). The plank tonic ox y gen
iso tope re cord also shows a sim i lar trend of changes as the

d13Cp re cord (Fig. 14).

LESZCZE

The ben thic car bon iso tope re cord (d13Cb) in the Leszcze
sec tion shows a grad ual de crease, from 0.15‰ 1.3 m be low the 
gyp sum to –0.85‰ 25 cm be low the gyp sum, and then it in -
creases to 0.29‰, but just be low the gyp sum it shows a small
fall (to 0.1‰). The plank tonic car bon sta ble iso tope re cord
(d13Cp) shows a very sim i lar pat tern – it de creases from 0.62‰
1.3 m be low the gyp sum to –0.66‰ 25 cm be low the gyp sum
and then it in creases to 0.36‰ (there is no slight de crease oc -
cur ring in the ben thic re cord). The ben thic ox y gen iso tope re -
cord (d18Ob) shows quite a grad ual de crease from the base of

the sec tion to 0.8 m be low the gyp sum, from ca. 3 to 0.5‰, and
then it grad u ally in creases to 2.72‰ at the top most part, with
the only ex cur sion noted at the depth ca. 0.6 m be low the gyp -
sum where the d18Ob val ues reaches 4.08‰. The plank tonic ox -
y gen iso tope re cord (d18Op) shows a very sim i lar trend (ex cept
there is no ex cur sion): from 2.15‰ at the base to –0.2‰ 25 cm
be low the gyp sum, and then to ca. 1.1‰ at the top of the sec tion 
(Fig. 15).

BORKÓW

The ben thic car bon sta ble iso tope re cord (d13Cb) of the
Borków sec tion var ies be tween –0.38 and 0.16‰, with a max i -
mum re corded 1.8 m be low the base of the gyp sum. Min ima are 
ob served 1.6 and 2.0 m be low the gyp sum (Fig. 15). Two shifts
to wards more pos i tive val ues (by ca. 0.5 and 0.4‰; Fig. 15) are
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Fig. 11. The Leszcze sec tion stud ied

A–H – for ex pla na tions see Fig ure 10 

Fig. 12. The Borków sec tion stud ied

A–H – for ex pla na tions see Fig ure 10



fol lowed by a clear slightly in creas ing trend and 
then, in the up per most part of the sec tion, a de -
creas ing trend of d13Cb val ues (Fig. 15). The
plank tonic car bon iso tope re cord (d13Cp) fluc tu -
ates be tween –0.77 and 0.46‰ and has a sim -
i lar pat tern as d13Cb ex cept at 1.8 m be low the
gyp sum where the neg a tive shift (by 0.8‰) co -
in cides with the pos i tive shift (by 0.5‰) of
d13Cb. The ben thic ox y gen iso tope re cord
shows quite a grad ual in crease from the base
of the sec tion to 0.8 m be low the gyp sum, from
ca. 1.7 to 2.5‰, and then it grad u ally de -
creases to 2.0‰ in the top most part. In con -
trast to the d13C re cords, the plank tonic d18O
re cord shows a very dif fer ent pat tern ex cept for 
the top most part of the sec tion (Fig. 15). The
d18O val ues are rang ing be tween –1.47 to
1.34‰ (Fig. 15).

INTERPRETATION AND DISCUSSION

The tax o nomic com po si tion of the fora -
miniferal as sem blages makes it pos si ble to
dis tin guish two foraminiferal zones in the
M³yny (Busko) PIG 1 bore hole sec tion: the
Orbulina suturalis and Uvigerina costai zones
(cf. £uczkowska, 1964; Szczechura, 1984;
Gonera et al., 2012; Fig. 10). The bound ary
be tween the two zones is lo cated at a depth of
196.3 m. In Leszcze and Borków only the
Uvigerina costai Zone was found. 

The Orbulina suturalis Zone in cludes the
lower part of the stud ied sec tion of the M³yny
(Busko) PIG 1 bore hole com pris ing the in ter val 
con tained be tween sam ples 41 to 33 (3.5 m
thick) with an abun dant warm wa ter plank tonic
foraminiferal as sem blage com posed mainly of
orbulinids and Globigerinoides spp. Rare Glo -
bo rotalia mayeri and G. siakensis are also
pres ent. The up per bound ary is placed at the
level of the high est oc cur rence of Orbulina
suturalis. The lower bound ary of the zone has
not been de tected, due to the pres ence of
Orbulina suturalis in the low er most sam ple
ana lysed.

It is com monly sup posed that trends in the
rel a tive abun dance of dif fer ent foraminiferal
taxa are likely to be re sponses to palaeo -
environmental changes (e.g., Buzas and Gib -
son, 1969; Murray, 1991, 2006) and it is the or -
ganic flux which in flu ences by its amount, kind
and qual ity not only the num bers of in di vid u als
but also the spe cies com po si tion of as sem -
blages (Lutze and Coulbourn, 1984; Jorissen
et al., 1995; Altenbach et al., 1999; Gooday et
al., 2001). A high flux of or ganic mat ter to the
sea-floor causes low ox y gen con cen tra tions
within the sed i ment pore wa ters be cause ox y -
gen is used in ox i da tion of the or ganic ma te rial. 
Infaunal spe cies dom i nate in as sem blages as -
so ci ated with rel a tively high or ganic-car bon
fluxes and epifaunal ones in more oligotrophic
en vi ron ments (Corliss and Chen, 1988; Go -
oday, 1994; Thomas, 1990; Jorissen et al.,
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Fig. 13. Plot of d13C and d18O for all data (A) 
and for dataset ig nor ing ab nor mal val ues (B)



1995). Foraminiferal spe cies di ver sity is much lower in stressed 
en vi ron ments and as sem blages are char ac ter ized by high
dom i nance. The H(S) val ues be low 2 in di cate that the bal ance
in the as sem blages is dis torted by high dom i nance of a few
stress-tol er ant taxa (Buzas and Gib son, 1969). 

The ben thic foraminiferal suc ces sions in the stud ied sec -
tions sug gest ox y gen a tion and pro duc tiv ity changes in the
Carpathian Foredeep Ba sin prior to the Badenian sa lin ity cri sis.
Four in ter vals of low ered ox y gen a tion and/or el e vated or ganic
flux to the sea-floor al ter nated with in ter vals where ox y gen
stress was not so se vere, are rec og nized in the most com plete
sec tion stud ied (the M³yny sec tion). Buliminina and Uvigerina
are present con tin u ously in the stud ied in ter val; in sev eral
places they dom i nate the as sem blages; Uvigerina ex ceeds
60% while Bulimina even 80%. They are rep re sen ta tives of
stress mark ers, as they are deep infaunally liv ing or gan isms. In
the ma te rial stud ied the deep infauna is rep re sented also by
Bolivina spp., Fursenkoina acuta and Globocassidulina
oblonga. Of this group only Fursenkoina acuta briefly forms
25% of the as sem blage in the up per most part of the Uvigerina
costai Zone. Oxic spe cies in the stud ied in ter val are mi nor con -
tri bu tors to the as sem blages. Their abun dance fluc tu ates be -
tween 2 and 20%.

In ter vals with ben thic as sem blages in which stress-tol er ant
taxa ex ceed 50% of the to tal and with high dom i nance [H(S)
val ues are <2.2] are in ter preted as hav ing formed un der con di -
tions of low ered ox y gen lev els and high or ganic flux. 

Eight as sem blages have been dis tin guished in the M³yny
sec tion (Figs. 10 and 16).

As sem blage O1 oc curs at the base of the sec tion (depth
199.5–200.0 m). The as sem blage is rel a tively highly di ver si fied
and with low dom i nance. The H(S) value is 2.8. Spiroplectam -
minids (Spiroplectinella carinata, Vulvulina pennatula), Martino -
tiella communis, Melonis pompilioides, Sphaeroidina bulloides,
Heterolepa dutemplei, Cibicidoides spp., Hansenisca soldanii,
Siphonina reticulata, Stilostomella spp. and nodosariaceans
(Laevidentalina elegans, Lenticulina spp.) are the com mon
com po nents of this as sem blage. Stress mark ers (Bulimina
costata, Uvigerina aculeata and Bolivina spp.) form only 14.4%, 
and oxic spe cies (Heterolepa dutemplei, Cibicidoides spp.,
Sigmoilinita tenuis) 8.6% of the as sem blage. The as sem blage
in di cates a mesotrophic, close to oligotrophic, ma rine en vi ron -
ment.

As sem blage D1 in the 0.7-m-thick in ter val (depth 198.8 to
199.5 m) is dom i nated by Uvigerina spp., which com prise up to
64% of the as sem blage. Other stress mark ers: Bulimina (B.
costata, B. elongata) and Bolivina (Bol. dilatata, Bol. hebes)
form 5%. Melonis pompilioides, Hansenisca soldanii, nodo -
sariaceans, and spiroplectamminids are com mon taxa. Oxic
taxa form only 3% of the to tal as sem blage. The H(S) value is
2.2. The high dom i nance of infaunal forms (Uvigerina, Bulimina, 
Bolivina), low H(S) value and low oxic com po nent sug gest low
ox y gen lev els at the sea-floor caused by en hanced or ganic car -
bon flux and mesotrophic to eutrophic en vi ron ment.

As sem blage S2 oc curs in a 2.7-m-thick in ter val (depth
196.1 to 198.8 m). Two subassemblages (S2a and S2b) are
rec og nized: S2a – with com mon Bulimina (23%), spiro -
plectamminids (20%), Heterolepa dutemplei (10%) and nodo -
sariaceans (up to 19%), and the S2b subassemblage in which
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Fig. 14. Ben thic and plank tonic d13C and d18O iso tope re cords for the M³yny (Busko) PIG 1 bore hole sec tion 
and cal cu lated palaeotemperatures of am bi ent sea wa ter



Uvigerina dom i nates and ex ceeds 30%, Melonis pompilioides,
Heterolepa dutemplei and spiroplectamminids are com mon,
and nodosariaceans are very rare or ab sent. Nonion com mune
in this subassemblage reaches 5%. The H(S) value in as sem -
blage S2 reaches 2.72. As sem blage S2 re flects a re turn to
mesotrophic, close to oligotrophic con di tions in sur face wa ters
and low ered food sup ply, which re sulted in good ox y gen a tion at 
the sea-floor and rel a tively high di ver si ties.

As sem blage D2 in the 3.4-m-thick in ter val (depth 192.7 and 
196.1 m) is char ac ter ized by high con tri bu tion of stress mark ers 
which form from 50 to 91% of the as sem blage. The H(S) val ues

are be tween 2 and 2.2. Two subassemblages (D2a and D2b)
are rec og nized: the D2a subassemblage with Bulimina (42%)
and Uvigerina (24%). Cibicidoides spp., Heterolepa dutemplei,
Melonis pompilioides and Spiroplectinella carinata are com mon 
spe cies; oxic spe cies (mainly Cibicidoides spp. and Heterolepa
duemplei) form 19% of the to tal. The D2b subassemblage is
dom i nated by Uvigerina, which reaches up to 61%; Bulimina is
also com mon (up to 27%) and oxic Heterolepa dutemplei
(10%). The oxic spe cies com pose 5 to 16% of the subas -
semblage. 
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Fig. 15. Ben thic and plank tonic d13C and d18O iso tope re cords for the Leszcze and Borków sec tions
 and cal cu lated palaeotemperatures of am bi ent sea wa ter



The foraminiferal re cord from the 8-m-thick marls un der ly -
ing the gyp sum in di cates a lon ger pe riod of high pri mary pro -
duc tiv ity and eutrophication of sur face wa ters in ter rupted by a
few short last ing pe ri ods with a re turn to mesotrophic, nearly
oligotrophic con di tions.

As sem blage D2 rep re sents pe riod of high pri mary pro duc -
tiv ity and low bot tom-wa ter ox y gen con tent. The high dom i -
nance of Uvigerina and Bulimina and low con tent of oxic spe -
cies con firm un fa vour able con di tions for the epifauna. The
dom i nance of foraminiferal as sem blages firstly by Bulimina
over Uvigerina and then by Uvigerina over Bulimina may be
prob a bly ex plained by the dif fer ent nu tri tional re quire ments of
the two groups. 

As sem blage S3 in the 0.7-m-thick in ter val at 192.0 to
192.7 m depth, is rel a tively highly di ver si fied and shows low
dom i nance. Stress mark ers do not reach 30%. Oxic spe cies
form 23% of the as sem blage. Abun dant is Pullenia (21%); com -
mon – Melonis pompilioides (5%). Af ter a lon ger ab sence
Laevidentalina spp. and Stilostomella spp. re ap pear in this as -
sem blage. The H(S) value is 2.52. The low con tri bu tion of
stress mark ers, low dom i nance, and rel a tively high di ver sity
sug gest mesotrophic con di tions.

As sem blage D3 re corded in the 2-m-thick in ter val at a
depth of 190.0 to 192.0 m is sub di vided into three sub -
assemblages: D3a, D3b and D3c. Subassemblage D3a (in the
lower 0.7 m, at 191.3 to 192.0 m depth) is dom i nated by
Uvigerina which reaches 50%; Bulimina forms only 6%. Sub -
oxic Melonis pompilioides com prises up to 15% of the sub -
assemblage. Oxic spe cies are less com mon. Cibicidoides spp.
do not ex ceed 8%. The H(S) value drops to 2. Sub assemblage
D3b (in the 0.9-m-thick in ter val at 190.4 to 191.3 m depth) dif -
fers from the pre vi ous subassemblage by the de crease in the
abun dance of Uvigerina. In subassemblage D3b, Uvigerina
and Bulimina con trib ute in sim i lar num bers and form 53% of the 
as sem blage. Melonis pompilioides is other com mon spe cies
reach ing 19%. Oxic mark ers are not abun dant and form only
5% of the subassemblage. The H(S) value is 2.5. Sub -
assemblage D3c in the up per 0.4 m, at 190.0 to 190.4 m depth,
is dom i nated by Uvigerina which forms up to 53.5% of the sub -
assemblage. Bulimina does not ex ceed 15%. Melonis pomp -
ilioides, Sphaeroidina bulloides, Stilostomella spp. are com mon 

taxa. Oxic spe cies (mainly Cibicidoides spp.) form 6% of the to -
tal. The H(S) value is 2.2. The subassemblage D3c is rec og -
nized in the low er most 0.3-m-thick part of the Borków sec tion.
At this site, how ever, Bolivina, along with Bulimina  and Uvi -
gerina, is an im por tant con trib u tor to the as sem blage; its con -
tent ex ceeds 20%. As sem blage D3 re flects a lon ger pe riod of
eutrophic, close to mesotrophic con di tions in sur face wa ters
and low ered ox y gen a tion at the sea-floor. 

As sem blage S4 oc curs in the 0.4-m-thick in ter val (at 189.6
to 190.0 m depth) where stress mark ers form only 30%. The
oxic spe cies (mainly Hoeglundina elegans and Cibicidoides
spp.) are pres ent in sim i lar pro por tions, form ing up to 31% of
the as sem blage. Melonis pompilioides, Lenticulina, Nodosaria,
and Stilostomella are also com mon in this as sem blage. The
H(S) value is 2.8. In the Borków Quarry, as sem blage S4 is re -
corded 1.6 to 2.0 m be low the gyp sum. As sem blage S4 with its
low con tri bu tion of stress mark ers, low dom i nance and rel a -
tively high di ver sity in di cates a short-lived re turn to meso -
trophic, close to oligotrophic, con di tions.

As sem blage D4 re corded in the 1.6-m-thick in ter val at 188.0
to 189.6 m depth is sub di vided into three subassem blages: D4a,
D4b and D4c. Subassemblage D4a (in the 0.6-m–thick in ter val,
at 189.0 to 189.6 m depth) is char ac ter ized by ben thic fora -
miniferal as sem blages where the con tri bu tion of stress mark ers
is very high and var ies in sig nif i cantly (75 to 83%). The H(S) val -
ues are be tween 1.9 and 2.6. Uvigerina and Bulimina dom i nate
the as sem blages. Uvigerina forms be tween 33 and 60% of the
as sem blages, and Bulimina 13 to 37%. Oxic spe cies are mi nor
con tri bu tors and do not ex ceed 7% of the as sem blages. Sub -
assemblage D4b oc curs in the 0.3-m-thick in ter val (at
188.7–189.0 m depth) where stress mark ers form ca. 50%
Bulimina – 37%, Uvigerina – 9%); Pullenia miocenicais abun dant 
and reaches 25% in this as sem blage. Oxic mark ers (mainly
Cibicidoides and Cibicides) form 24% of as sem blage. The H(S)
val ues are be tween 2 and 2.4. Sub assemblage D4c oc curs in the 
up per most 0.7-m-thick in ter val (at 188.0–188.7 m depth) just be -
low the gyp sum and is dom i nated by Bulimina; its con tri bu tion
var ies from 57 to 80%, while Uvi gerina be comes a mi nor com po -
nent and drops to less than 2%. Fursenkoina acuta reaches 25% 
in the lower part. The H(S) val ues are 1.8 to 1.9.
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Sum mary of d18O and d13C sta tis tics for each lo cal ity stud ied 

Lo cal ity n Taxon
d13C [‰ VPDB] d18O [‰ VPDB]

range mean SD range mean SD

M³yny (Busko)
PIG 1

to tal
21 U –1.53 to 0.27 –0.42 0.5  0.99 to 2.62 1.88 0.49

18 G –0.65 to 1.66   0.36 0.56 –1.38 to 2.02 0.72 1.06

U.c. Zone
17 U –1.53 to 0.27 –0.50 0.50 0.99 to 2.62 1.97 0.48

14 G –0.64 to 1.66   0.26 0.60 –1.38 to 2.02 1.03 0.96

O.s. Zone
  4 U –0.69 to 0.25 –0.09 0.41 1.21 to 1.74 1.44 0.23

  4 G 0.48 to 1.02   0.71 0.23 –1.10 to 0.17 –0.37  0.53

Leszcze
9 U –0.85 to 0.15 –0.22 0.39 0.5 to 4.08 2.24 1.11

12 G –0.66 to 0.62   0.02 0.45 0.16 to 2.21 1.3  0.81

Borków
11 U –0.38 to 0.11 –0.10 0.18 1.57 to 2.53 2.06 0.27

14 G –0.76 to 0.46 –0.01 0.31 –1.47 to 1.34 0.38 0.73

TOTAL
44 U –0.31 0.43 1.99 0.64

44 G   0.15 0.49 0.77 0.95

U – Uvigerina; G – Globigerina; U.c. Zone – Uvigerina costai Zone; O.s. Zone – Orbulina suturalis Zone



As sem blage D4 oc curs in a 1. 6-m-thick marl un der ly ing the 
gyp sum in the Borków Quarry and in a 1.2-m-thick marl be low
the gyp sum out crop ping in the Leszcze Quarry.

As sem blage D4 re flects again a pe riod with high pri mary
pro duc tiv ity and eutrophic con di tions in sur face wa ters and
highly dysoxic wa ters at the seafloor. The youn gest
subassemblage D4c with very high dom i nance of Bulimina in di -
cates prob a bly not only very low ox y gen lev els at the sea-floor
caus ing stress for ben thic life, but prob a bly also in creased sa -
lin ity as Bulimina is tol er ant of both dysoxia and high bot -
tom-wa ter sa lin ity (Verhallen, 1991). The H(S) di ver sity in dex is
used as a mea sure of the sta bil ity of the en vi ron ment. In
open-ma rine outer shelf to slope en vi ron ments, the H(S) value
is about 3 (Murray, 1991; Drinia et al., 2007). De creas ing val -
ues of H(S) sug gest in creas ing en vi ron men tal stress and in -
creased dom i nance and low di ver sity in pop u la tions. The H(S)
val ues <2 in di cate a high dom i nance of a few tol er ant taxa. In

upwelling ar eas with high pri mary pro duc tiv ity foraminiferal di -
ver sity is re duced. The depth in the sed i ment down to which or -
gan isms can live is de ter mined by ox y gen avail abil ity, and in the 
pres ence of ox y gen, the ver ti cal dis tri bu tion of or gan isms is
con trolled by food avail abil ity (Jorissen et al., 1992). High rates
of pri mary pro duc tion at the sur face lead to an aer o bic bac te rial
blooms in the ox y gen min i mum zone of mid-wa ters and on the
sea-floor be neath. In eutrophic re gions deep infaunal spe cies
dom i nate as sem blages un der dysaerobic con di tions (Corliss
and Chen, 1988; Jorissen et al., 1995). Bulimina, Bolivina,
Uvigerina are cal car e ous foraminifers that pro lif er ate in such
en vi ron ments (Bernhard, 1986; Perez-Cruz and Machain-
 Castillo, 1990). Fluc tu a tions of abun dances of stress mark ers in 
the as sem blages re flect changes in ox y gen a tion and the pres -
er va tion of or ganic mat ter at the sea-floor. As sem blages D1,
D2–D4 and with low val ues of H(S) (<2.2) rep re sent pe ri ods
with high or ganic flux and dysoxic con di tions at the sea-floor.
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Fig. 16. Sum mary of en vi ron men tal changes prior to the Badenian Sa lin ity Cri sis in the north ern part
of the Pol ish Carpathian Foredeep Ba sin in ferred from changes in foraminiferal as sem blages 

in the M³yny (Busko) PIG 1 bore hole

A – depth; B – sam ple num ber; C – pro por tion of dysoxic, suboxic and oxic forms in ben thic foraminiferal as sem blages; D –
ben thic foraminiferal as sem blages (see the text for ex pla na tion); E – rel a tive changes in eutrophication of sur face wa ters; F – 
abun dance fluc tu a tion of plank tonic and ben thic forms in foraminiferal as sem blages; G – sea level changes; H – cli ma tic
changes; I – foraminiferal zones



The  Bulimina and Uvigerina groups are taxa with high tol er -
ance to dysoxia and in creased sa lin ity (van der Zwaan, 1982,
1983; Lutze and Colbourn, 1984; Verhallen, 1991; Jorissen et

al., 1992; LoubPre, 1994, 1996). How ever, al ter na tions of peak
abun dances of the two groups may be re lated to the amount,
kind and qual ity of or ganic mat ter in put to the sea-floor (Lutze
and Coulbourn, 1984; Jorissen et al., 1995; Altenbach et al.,
1999; Gooday et al., 2001; Peryt et al., 2002) es pe cially if the
two groups have spe cific and dif fer ent nu tri tional re quire ments
(van der Zwaan, 1982).

As sem blages S2–S5 char ac ter ize pe ri ods of ame lio rated
ox y gen a tion con di tions at the sea floor (suboxic en vi ron ments). 
In these as sem blages taxa tol er ant for suboxic en vi ron ments
form 37 to 50% of the as sem blages, and the H(S) value is >2.2.
Spiroplectamminids, Lenticulina, Laevidentalina, Pullenia,
Melonis pompilioides, Sphaeroidina bulloides, Nonion com -
mune are com mon; in places they form up to 25% of the as -
sem blage (e.g., Pullenia miocenica at depths of 192.2 and
188.65 m). Oxic spe cies rep re sented by Heterolepa dutemplei,
Cibicidoides spp. and Hoeglundina elegans rarely reach 20%. 

As sem blage O1 is com posed of sev eral spe cies that are
equally abun dant. The H(S) val ues are >2.8. Dysoxic taxa form
only 13.5% of this as sem blage. Oxic spe cies form 12%. The
larg est com po nent con sists of spe cies that live as shal low
infauna and are tol er ant to suboxic en vi ron ments. They form up 
to 75% of the as sem blage. This as sem blage re flects the pe riod
of high est ox y gen a tion level at the sea-floor in the en tire stud ied 
sec tion. 

Plank tonic foraminifera are pres ent through out the M³yny
sec tion ex cept in the top most 0.2 m thick bed be low the gyp sum 
where this group is prac ti cally ab sent. In the lower part of the
sec tion (i.e., most of the Orbulina suturalis Zone) the P/B ra tio
val ues are high (60–85%). At the Orbulina suturalis/Uvigerina
costai bound ary in ter val the P/B de creases to 30–50% and
again in creases up to 80% in the mid dle part of the Uvigerina
costai Zone. The up per part of the zone is char ac ter ized by low
P/B val ues. 

Warm-wa ter plank tonic foraminifera (i.e. Orbulina and
Globigerinoides) dom i nate plank tonic foraminiferal as sem bla -
ges in the Orbulina suturalis Zone. Mi nor con tri bu tors to the as -
sem blages are Paragloborotalia mayeri and P. siakensis  – also 
in di ca tors of oligotrophic warm-wa ters. Plank tonic fora miniferal
as sem blages from the Uvigerina costai Zone are char ac ter ized
by the high dom i nance of Globigerina bulloides.

Globigerinoides is a sur face-dweller com mon in warm,
oligotrophic wa ters of the mixed layer with high est abun dances
in re gions where there is a per ma nent ver ti cal strat i fi ca tion of
the wa ter col umn (Hemleben et al., 1989; Di Stefano et al.,
2010).  Orbulina – an in ter me di ate wa ter dweller liv ing mainly at
50–100 m – is usu ally as so ci ated with rel a tively warm and
oligotrophic sur face wa ters (Hemleben et al., 1989; Armstrong
and Brasier, 2005). Globigerina bulloides is a mixed-layer,
cold-wa ter dweller adapted to more eutrophic wa ters, tol er ant
for a wide range of typ i cal oce anic sa lini ties  (Pujol and Ver -
gnaud- Grazzini, 1995; Majewski, 2003; Majewski and Bohaty,
2010). Globorotalia is a deeper wa ter dweller liv ing mainly be -
low 100 m, adapted to cooler, more eutrophic wa ters (Arm -
strong and Brasier, 2005).

The upsection de crease in the pro por tion of plank tonic
foraminifers re flects the shallowing of the ba sin ac com pa nied
by a de crease in the tem per a ture gra di ent be tween the up per
(warmer) and deeper (colder) wa ters. The re place ment of in ter -
me di ate warm wa ter plank tonic foraminiferal as sem blages by
as sem blages dom i nated by Globigerina (mainly G. bulloides) is 
re lated to the Mid dle Mio cene cli mate tran si tion. This event was 
widely re corded in the mid dle Badenian of the Paratethys area

(e.g., Gonera et al., 2000; Gonera, 2001; Hudá�ková and
Spezzaferri, 2002; Böhme, 2003; Jiménez- Moreno et al., 2005;
Báldi, 2006; Harzhauser and Piller, 2007). It should be men -
tioned that al ready Szczechura (1982) in ter preted the re place -
ment of the as sem blage of plank tonic fora minifers with
Globigerinoides spp. and orbulinids by the as sem blage with
Globigerina spp. (mainly G. bulloides) and Globo rotalia byko -
vae as due to the cli mate cool ing; con se quently, she dis tin -
guished the oc cur rence of two ecozones be low the eva porites:
a Globigerinoides ecozone and a Globigerina ecozone.

d13C and d18O val ues of foraminifers are com monly ap plied
for palaeoenvironmental in ter pre ta tions of the Cen tral Para -
tethys in the Badenian (e.g., Durakiewicz et al., 1997; Gonera et 
al., 2000; Báldi, 2006; Báldi and Hohenegger, 2008; Kováèová
and Hudáèková, 2009; Kováèová et al., 2009; Peryt and Gedl,
2010; Bukowski, 2011; Holcová and Demeny, 2012; Gonera
and Bukowski, 2012). The ear lier stud ies have shown large

variabilities which, as in di cated by Holcová and DemJny
(2012), in di cate sam ple inhomogeneity even in well-pre served
foraminiferal sam ples, due to pri mary en vi ron men tal vari a tion
and post mor tem mix ing of tests of var i ous pop u la tions and
sources. To tal foraminiferal sam ples re ported in this pa per had

a mean d13C value ca. 0‰ (–0.31 ± 0.43‰ for Uvigerina and

0.15 ± 0.49‰ for Globigerina). Ac cord ingly, the d13C val ues of
Uvigerina are lower than those of Globigerina (Ta ble 1) which is
the nor mal case, since an in creased flux of or ganic mat ter to the 
sea-floor re sults in an in crease in light car bon in infaunal ben -
thic foraminifera (McCorkle et al., 1990); hence bot tom wa ters

con tain de pleted d13C (Broecker and Peng, 1982). The same is
char ac ter is tic for the Up per Silesia Ba sin where Gonera and
Bukowski (2012) re ported a sim i lar mean value for Uvigerina
(0.07 ± 0.11‰ in IIC and –0.42 ± 0.46‰ in IID) and a slightly
higher mean value for  Globigerina (0.53 ± 0.28‰ for IIC and
0.29 ± 0.4‰ for IID); very sim i lar val ues were re corded in the
M³yny (Busko) PIG 1 bore hole (Ta ble 1). How ever, this is not
the case in Moravia (Holcová and Demeny, 2012, fig. 11) and
Vi enna Ba sin (Kováèová and Hudáèková, 2009; Kováèová et

al., 2009) where Globigerina has lighter d13C val ues than the
ben thic taxa. The foraminiferal sam ples from the Po³aniec

Trough had a mean d18O value of 1.99 ± 0.64‰ for Uvigerina
and 0.77 ± 0.95‰ for Globigerina. In Up per Silesia, Uvigerina

shows a sim i lar mean d13O value (2.06 ± 0.72‰ for IIC and 2.54 
± 0.27‰ for IID; Gonera and Bukowski, 2012). In con trast,

Globigerina shows a slightly higher mean d13O value in Up per
Silesia (1.28 ± 1.11‰ in IIC and 1.88 ± 0.19‰ in IID; Gonera
and Bukowski, 2012) than in the M³yny (Busko) PIG 1 sec tion

(Ta ble 1). The av er age d18O value of Globigerina in the Vi enna
Ba sin (0.25‰ ac cord ing to Kováèová and Hudáèková, 2009) is
lower than in the M³yny (Busko) PIG 1 sec tion and Up per

Silesia; a still lower value (ca. –1‰; see Holcová and DemJny,
2012, fig. 11) is re corded in Moravia.

For cal cu la tion of palaeotemperatures, var i ous equa tions
are used but all gen er ally fol low the orig i nal equa tion es tab -
lished by Ep stein et al. (1953). How ever, due to var i ous cor rec -
tions the fi nal tem per a ture val ues can dif fer sub stan tially (Ap -
pen dix 4) al though the trends of tem per a ture changes based on 
cal cu la tions with var i ous equa tions re main sta ble. All tem per a -
ture equa tions take into ac count the iso to pic com po si tion of the
sea wa ter where the car bon ate was pre cip i tated, which is un -
known. In ad di tion, the pos si ble ef fect of sa lin ity in crease has to
be taken into ac count when in ter pret ing the fos sil re cords in the
in ter vals prior to evaporite de po si tion (see dis cus sion in Peryt
and Gedl, 2010). For sim plic ity it was ac cepted, dur ing the first
ap prox i ma tion, that the Paratethys was an epicontinental sea of 

slightly el e vated sea wa ter sa lin ity (d18Owa ter = 0.1‰ SMOW as
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in di cated by rel ict wa ter oc cur ring in strata be low the Badenian
evaporites – see dis cus sion in Bukowski, 2011). Fig ures 14 and 
15 show the in ter preted palaeotemperature in three sec tions

stud ied, as sum ing d18Owa ter = 0.1‰ SMOW, and Ta ble 2 shows
the ranges of palaeotemperatures for two taxa as sum ing var i -

ous d18Owa ter val ues: –1, 0, 0.1 and 1‰. For the palaeotem -
perature cal cu la tion of the to tal set of sam ples, the range of
max i mum and min i mum val ues was es tab lished tak ing into ac -
count main val ues and the stan dard de vi a tion (plus or mi nus).

In their study of Badenian foraminifera from the Vi enna Ba -
sin Kováèová et al. (2009) as sumed a d18Owa ter of 0‰, and cal -
cu lated palaeowater tem per a tures, if the equa tion of Ep stein et
al. (1953) is ap plied, would be 6.3–8.5°C for ben thic forami -
nifers (mostly Uvigerina) and 9.7 to 17.7°C for Globigerina.
Those val ues are sim i lar to the re sults from this study. When
d18Owa ter of 0‰ is used for the cal cu la tion of palaeowater tem -
per a ture, the ranges of mean val ues would be 6.3–7.8°C for
Uvigerina and 10.1–13.8°C for Globigerina, and they in crease
to 11–11.7°C for Uvigerina and 10–18°C for Globigerina when
a d18Owa ter of 1‰ is used in cal cu la tions. In the mod ern Med i ter -
ra nean d18Owa ter = 1‰ was re corded (Pi erre, 1999), and in the
Red Sea it is still higher (2‰; Craig, 1966) while the Black Sea
has a value of –3‰ (Latal et al., 2006). Tak ing into ac count the
geo log i cal con text the ex is tence of lo cal vari a tions of the
d18Owa ter in the Cen tral Paratethys both in time and space casts
no doubt.

How ever, there is a clear tem po ral change as far as the
palaeotemperature of wa ter in which foraminifers lived is con -
cerned, at the bound ary be tween the Orbulina suturalis and
Uvigerina costai zones (Fig. 14; cf. Ta ble 1). The av er age
palaeotemperature of wa ter based on the d18O of Uvigerina de -
creased by ca. 2°C (from 9.9°C in the Orbulina suturalis Zone to 
7.9°C in the Uvigerina costai Zone when d18Owa ter = 0.1‰

SMOW, and from 13.5 to 11.4°C when d18Owa ter = 1‰ SMOW).
An even greater de crease (ca. 6°C) is char ac ter is tic for
Globigerina (from 17.4 in the Orbulina suturalis Zone to 11.5°C
in the Uvigerina costai Zone when d18Owa ter = 0.1‰ SMOW, and 
from 21.5 to 15.2°C when d18Owa ter = 1‰ SMOW). In the M³yny
(Busko) PIG 1 sec tion only the up per most part of the Orbulina
suturalis Zone was avail able to study, so the ear lier ben thic ox y -
gen iso tope re cord re mains enig matic. In the Med i ter ra nean
Sea, this re cord shows a grad ual trend to ward heavier val ues
be tween ~14.95 and 13.95 Ma (Mourik et al., 2011; cf. Miller et
al., 1991). As in di cated by Mourik et al. (2011), be tween ~14.0
and 13.9 Ma, open ocean re cords show a short in ter val char ac -
ter ized by rel a tively light ben thic d18O val ues as so ci ated with a
warm phase, al though this sig nal seems to be ab sent in the
Med i ter ra nean. In turn, no sim i lar trend is ob served in the plank -
tonic d18O re cord (Mourik et al., 2011). The global Mid dle Mio -
cene cool ing is re flected in the ben thic ox y gen iso tope re cord,
show ing a ~0.6‰ in crease be tween ~13.95 and 13.76 Ma.
Mourik et al. (2011) con cluded that bot tom wa ter tem per a ture in 
the Med i ter ra nean did not change sig nif i cantly at that time.
Much stron ger changes in the wa ter palaeo temperature as in di -
cated by both the ben thic and plank tonic d18O re cords in the
M³yny (Busko) PIG 1 sec tion (Fig. 14) are in con cert with the
stron ger sig nal of the Badenian cool ing trend in the Carpathian
Foredeep as sumed by Bicchi et al. (2003) and Báldi (2006).

Be low the gyp sum, the d18O val ues of both ben thic and
plank tonic foraminifers show quite large vari a tions (Figs. 14 and 
15), which is pos si bly due to the sa lin ity in crease (see Peryt and 
Gedl, 2010, for dis cus sion).

On the ba sis of sedimentological anal y ses, coastal up welling
has been re peat edly sug gested for Cen tral Paratethys dur ing the 
Early Mio cene (Grunert et al., 2010, with ref er ences therein) and
the Mid dle Mio cene (e.g., Gonera, 2001; Key et al., 2013).
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T a  b l e  2

Range of and mean palaeotemperatures for Uvigerina and Globigerina as sum ing 
that d18Owa ter was –1‰, 0‰, 0.1‰ and +1‰. 

Lo cal ity Taxon
Range of palaeotemperatures [oC] as sum ing that d18Owa ter was

–1‰ SMOW 0‰ SMOW 0.1‰ SMOW 1‰ SMOW

M³yny (Busko)
PIG 1

U 1.8 to 7.4 5.2 to 11.3 5.5 to 11.7 11.2 to 15.4

G 3.8 to 17.0 7.3 to 21.5 7.7 to 22.0 11.2 to 26.3

Leszcze
U -2.6 to 9.3 0.3 to 13.3 0.6-13.7 3.6 to 17.5

G 3.1 to 10.6 6.6 to 14.7 7.0 to 15.1 10.4 to 19.1

Borków
U 2.1 to 5.3 5.5 to 9.0 5.8 to 9.4 9.2 to 13.0

G 6.2 to 17.4 9.9 to 22.0 10.3 to 22.4 13.9 to 26.8

TOTAL
U 1.7 to 5.8 5.1 to 9.6 5.4 to 9.9 8.7 to 13.6

G 4.8 to 12 8.4 to 16.1 8.8 to 16.6 12.4 to 20.6

Mean palaeotemperatures [oC] as sum ing that d18Owa ter was

–1‰ SMOW 0‰ SMOW 0.1‰ SMOW 1‰ SMOW

M³yny (Busko)
PIG 1

U 4.3 7.8 8.2 11.7

G 8.5 12.4 12.8 16.6

Leszcze
U 2.8 6.3 6.7 10.1

G 6.3 10.1 10.5 14.1

Borków
U 3.6 7.2 7.6 11

G 9.8 13.8 14.2 18.1

TOTAL
U 3.7 7.3 7.6 11.1

G 8.3 12.2 12.6 16.4

Palaeotemperatures cal cu lated with the for mula given by Ep stein et al. (1953)



Foraminifers that cal cify in an upwelling en vi ron ment yield higher
d18O val ues and lower d13C val ues (e.g., Faul et al., 2000;
Peeters et al., 2002). Upwelling causes higher d18O val ues in re -
sponse to mix ing with upwelled deeper, colder wa ters, and lower
d13C val ues re sult from mix ing with upwelled deeper, more nu tri -
ent-rich wa ters con tain ing older dis solved in or ganic car bon with
low d13C val ues (Key et al., 2013, with ref er ences therein).
Foraminiferal sam ples re ported in this pa per had a mean d13C
value of –0.31‰ (Uvigerina) and 0.15‰ (Globigerina) and a
mean d18O value of 1.99‰ (Uvigerina) and 0.77‰ (Globigerina), 
and thus d13C val ues are clearly lower than the range in mean
global val ues (ca. 1.6‰ about 14 to 13.8 Ma; Zachos et al.,
2001). The d13C re sults can be in ter preted as sup port for
upwelling, and Key et al. (2013) sug gested that there could have
been upwelling along the north ern mar gin of Carpathian Fore -
deep if the dom i nant winds were out of the west, as they could
have caused upwelling due to the Coriolis ef fect (cf. Grunert et
al., 2010). Con trary to ex pec ta tions, the d18O val ues of fora -
minifers de ter mined in this study do not show the pre dicted
higher val ues: the mean d18O value for Uvigerina is around the
mean global value (ca. 1.6 to 2.0‰ from 14 to 13.8 Ma; Zachos
et al., 2001), and ac cord ingly, I do not use iso tope data from
foraminifera to ar gue for upwelling in the stud ied part of Cen tral
Paratethys dur ing the Mid dle Mio cene. 

CONCLUSIONS

1. Seventy-four sam ples of marls oc cur ring be low the mid-
 Badenian gyp sum in three sec tions from the north ern part of the 
Po³aniec Trough, north ern Pol ish Carpathian Foredeep Ba sin:
M³yny (Busko) PIG 1 bore hole sec tion and Leszcze and
Borków quar ries, yielded rich foraminiferal as sem blages. In the
M³yny (Busko) PIG 1 bore hole, sixty-seven ben thic and twenty-
 one plank tonic taxa were found. 

2. Ben thic foraminiferal as sem blages (mostly cal car e ous
forms; ag glu ti nated foraminifera are rep re sented only by four
spe cies) of the stud ied in ter val (12 m thick) in the M³yny bore -
hole are char ac ter ized by the dom i nance of Bulimina and 
Uvigerina. Plank tonic foraminifers are com posed mainly of
warm-wa ter orbulinids (Orbulina suturalis and O. bilobata) and
Globigerinoides spp. in the lower part of the sec tion and by
cool-wa ter Globigerina spp. in the up per part. 

3. Tax o nomic com po si tion of foraminiferal as sem blages
makes it pos si ble to dis tin guish two foraminiferal zones in the
M³yny bore hole: Orbulina suturalis and Uvigerina costai. The
bound ary be tween the two zones is lo cated at a depth of

196.3 m. In the Leszcze and Borków quar ries only the Uvi gerina 
costai Zone is ac ces si ble. 

4. The foraminiferal re cord from the Uvigerina costai Zone
of the M³yny sec tion in di cates a lon ger pe riod of high pri mary
pro duc tiv ity and eutrophication of sur face wa ters in ter rupted by
a few short last ing pe ri ods with a re turn to mesotrophic or nearly 
oligotrophic con di tions.

5. The ben thic foraminiferal suc ces sions in the stud ied in -
ter val sug gest ox y gen a tion and pro duc tiv ity changes in the
Carpathian Foredeep Ba sin prior to the Badenian sa lin ity cri sis.
Four in ter vals of dysoxic con di tions al ter nated with in ter vals
with good ox y gen a tion at the sea-floor, and eight as sem blages
have been dis tin guished in the M³yny sec tion.

6. The upsection de crease in the pro por tion of plank tonic
foraminifers re flects the shallowing of the ba sin ac com pa nied
by a de crease in the tem per a ture gra di ent be tween the up per
(warmer) and deeper (colder) wa ters. The re place ment of in ter -
me di ate warm-wa ter plank tonic foraminiferal as sem blages by
Globigerina-dom i nated as sem blages (mainly G. bullo ides) is
re lated to the Mid dle Mio cene cli mate tran si tion widely re corded 
in the mid dle Badenian of the Paratethys area.

7. The d18O and d13C ra tios of two foraminiferal taxa: Globi -
gerina (in most cases, G. bulloides) and Uvigerina (mostly U. ex 
gr. peregrina), were stud ied in 52 sam ples. To tal foraminiferal
sam ples re ported in this pa per had a mean d13C value of –0.31
± 0.43 for Uvigerina and 0.15 ± 0.49‰ for Globigerina, and a
mean d18O value of 1.99 ± 0.64‰ for Uvigerina and 0.77 ±
0.95‰ for Globigerina. There is a clear change in the palaeo -
temperature of wa ter in which foraminifers lived at the bound ary 
be tween the Orbulina suturalis and Uvigerina costai zones. The 
av er age palaeotemperature of wa ter based on the d18O of
Uvigerina de creased by ca. 2°C and based on the d18O of
Globigerina by ca. 6°C. The ob served changes in the wa ter
palaeotemperature are in con cert with the stron ger sig nal of the
Badenian cool ing trend in the Carpathian Foredeep as sumed
pre vi ously by Bicchi et al. (2003) and Báldi (2006).

8. Be low the gyp sum, the d18O val ues of both ben thic and
plank tonic foraminifers show quite large vari a tions that are pos -
si bly due to the sa lin ity in crease.
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