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 Study of foraminiferal and dinoflagellate cyst as sem blages and palynofacies oc cur ring in 2 m-thick marls crop ping out be neath a gi ant
gyp sum inter growth unit in the Borków gyp sum quarry in South ern Po land, one of the key Badenian evaporite sec tions in the Pol ish
Carpathian Foredeep Ba sin, has shown the pres ence of 49 spe cies of ben thic foraminifers and 11 spe cies of plank tonic ones, and 51
dinoflagellate (in clud ing 8 re de pos ited ones). The com po si tion of the foraminiferal fauna and its iso to pic sig nal in di cate tem per a -
ture-strat i fied, nu tri ent-rich and thus less-ox y gen ated ma rine wa ter. Changes in the rel a tive abun dance of epifaunal and infaunal spe cies
in di cate a clear en vi ron men tal change dur ing the de po si tion of the marls. A mid dle to outer shelf ma rine, well-ven ti lated en vi ron ment
with mod er ate pri mary pro duc tiv ity ex isted dur ing the de po si tion of the bot tom part of the marls. Sub se quently, infaunal bot tom-dwell -
ers be came dom i nant due to a mas sive in crease in food sup ply to the sea bot tom and shallowing of the sea to in ner – mid dle shelf depths,
and than a de creas ing trend of a rel a tive abun dance of the infaunal morphogroups is ob served un til the top of the marls that were de pos -
ited in an in ner shelf en vi ron ment with mod er ate pri mary pro duc tiv ity. The cal cu lated palaeotemperatures for par tic u lar foraminifer taxa
(Globigerina spp., Cibicidoides 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 ter beds. Palynofacies are com posed of el e ments of mixed or i gin, in clud ing ter res trial, ma rine
(mainly dinoflagellate cysts) and el e ments of un cer tain der i va tion (structureless or ganic mat ter). The palynological con tent of most sam -
ples in di cates their de po si tion in an open-ma rine ma rine en vi ron ment, in the sta ble ma rine con di tions of an open shelf ba sin with no sa -
lin ity fluc tu a tions. The sam ple just be low the gyp sum con tains no dinoflagellate cysts, per haps due to a dras tic change in the photic zone
lead ing to a com plete col lapse of the dinoflagellate flora. Very rare oc cur rence of plank tonic foraminifers in that sam ple sug gest 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 lower (colder) wa ter
beds. A shal low, cold wa ter ma rine en vi ron ment is in di cated for the top most foraminiferal as sem blage. 
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INTRODUCTION

The Paratethys de vel oped as a large epicontinental sea,
with sev eral con nec tions to other ma rine prov inces and sub ject
to the re peated oc cur rence of iso la tion and re open ing of oce -
anic path ways (Rögl, 1998). The mul ti ple stages of iso la tion re -
sulted, among other ef fects, in sa lin ity cri ses. The Mid dle Mio -
cene sa lin ity cri sis in the Cen tral Paratethys re sulted in the de -
po si tion of evaporites in the Carpathian re gion (Fig. 1). In ad di -
tion, evaporites were de pos ited in sev eral other places in the
East ern Paratethys as well as in the Red Sea and the Mid dle
East (Popov et al., 2004). In the Carpathian Foredeep Ba sin,

the evaporites are late  Badenian (Serravallian) in age (Fig. 2)
and are un der lain by deep-wa ter de pos its in more cen tral ba sin
lo ca tions. The ear lier stud ies sug gested that the on set of
evaporite de po si tion was sud den but not syn chro nous in all fa -
cies zones: the evaporites de pos ited in the ba sin cen ter pre -
ceded the be gin ning of evaporite sed i men ta tion in the mar ginal
ba sin that ex tended into the fore land (see Peryt, 2006, with ref -
er ences therein). The range of evaporite drawdown was es ti -
mated as a few tens of metres of the north ern mar gin of the
Carpathian Foredeep in Po land (B¹bel, 2004) and 50–100 m in
its ax ial part (Oszczypko, 1998). Iso to pic stud ies of Badenian
foraminifers oc cur ring be low evaporites sug gest that the in ter -
rupted com mu ni ca tion of the Paratethys with the ocean was a



con se quence of eustatic sea level fall, pos si bly re lated to cli ma -
tic cool ing (Gonera et al., 2000), and it was cou pled with a tec -
tonic clo sure of con nec tion with the Tethys (Peryt, 2006). The
de po si tion of evaporites and of the un der ly ing strata oc curred
dur ing the cool ing in ter val (be tween 14.0 and 13.5 Ma) when
the mean an nual tem per a ture dropped more than 7°C, to tem -
per a tures around 14.8–15.7°C, in Cen tral Eu rope (Böhme,
2003). A ma jor step in Mid dle Mio cene global cool ing oc -
curred at 13.82 ±0.03 Ma (Abels et al., 2005) and it trig gered a
sig nif i cant drop (~60 m) in global sea level that hin dered the
ex change of wa ter through the gate way to the Med i ter ra nean,
con se quently set ting off the Badenian sa lin ity cri sis shortly af -
ter 13.81 Ma (de Leeuw et al., 2010). 

The aim of this pa per is to pro vide in for ma tion on
foraminiferal and dinoflagellate cyst as sem blages and
palynofacies oc cur ring in marls un der ly ing a gi ant gyp sum
inter growth unit in the Borków gyp sum quarry in South ern Po -
land (Fig. 3) and to pres ent the im pli ca tions which are cru cial to 
re solve ques tions con cern ing the tran si tion from ma rine to
evaporitic con di tions (e.g., Orszag-Sperber et al., 2009). 

GEOLOGICAL SETTING

The Badenian ma rine de pos its of the north ern part of the
Carpathian Foredeep Ba sin lie transgressively on eroded Cre ta -
ceous and Ju ras sic strata (Radwañski, 1969) and are in cluded
into the Piñczów For ma tion, in clud ing var i ous car bon ate and
siliciclastic rock units up to sev eral tens of metres thick
(Czapowski, 2004). The Badenian marls of the Baranów Beds
con sti tut ing the up per mem ber of the Piñczów For ma tion are
typ i cally sev eral metres thick in the Borków area but in some

places the marls are lack ing and the gyp sum of the
Krzy¿anowice For ma tion cov ers coralline al gal lime stones of
the Piñczów For ma tion, as in di cated by ar chi val data of the
Borków quarry. The marls used to be ex posed at the en trance to 
the Borków quarry (e.g., B¹bel, 1999a: plate II, fig. 1) but now
they are cov ered, yet the lower sur face of the low est gyp sum
unit (unit a – ac cord ing to lo cal lithostratigraphical sub di vi sion
by Wala, 1962), re veals con vex i ties (Fig. 3B) which are in ter -
preted by B¹bel (1999b) as re sulted from sink ing of the grow -
ing gyp sum crys tals into muddy sub strate. Re cent ex ca va tion at 
the bot tom of the quarry ex posed the 2 m-thick marls oc cur ring
be low the low est gyp sum unit (Fig. 3C). This unit, ca. 5.3 m
thick and de scribed in de tail by B¹bel (1987), con sists of gi ant
gyp sum inter growths and is over lain by bed ded selen ites with
in ter ca la tions of alabastrine and stromatolitic gyp sum, fol -
lowed by sa bre gyp sum (Fig. 3A). 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 (Fig. 3A; B¹bel, 1991; Kasprzyk, 1993; Peryt and
Jasionowski, 1994). Gi ant gyp sum inter growths orig i nated
from den sity-strat i fied brines (Pawlikowski, 1982). This den -
sity strat i fi ca tion pos si bly started dur ing the de po si tion of the
Ervilia Bed, lo cally oc cur ring be low gyp sum in the mar ginal
part of the Carpathian Foredeep Ba sin, a thin layer (usu ally
10–15 cm) con tain ing fauna adapted to in creased sa lin ity and
low ox y gen lev els (Peryt, 2006, with ref er ences therein). 
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Fig. 1. Sim pli fied palaeogeographic re con struc tion of Cen tral

Paratethys (light grey) ca. 13.8 Ma (af ter de Leeuw et al., 2010, mod i -

fied af ter Rögl, 1998); star marks lo ca tion of the the Borków quarry
Fig. 2A – lo ca tion of the Borków quarry; grey – Mio cene de pos its of

the Carpathian Foredeep Ba sin lo cated north of the Carpathian

Overthrust (thick line); B – stra tig ra phy of the Mio cene strata in the

Borków re gion. 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 Sphenolithus heteromorphus Zone



MATERIAL AND METHODS

Five sam ples from the  ex ca va tion have been stud ied for
foraminifers and dinoflagellate cysts. Their lo ca tion is shown in
Fig ure 3. For com par i son, one sam ple (des ig nated as A) from the 
up per part of the gyp sum suc ces sion (Fig. 3A) has been stud ied
for dinoflagellate cysts; pre vi ously, in this gyp sum unit, plank -
tonic foraminifers have been re ported (Peryt et al., 1994).

The sam ples for palynology were pro cessed in the
Micropalaeontological Lab o ra tory of the In sti tute of Geo log i -
cal Sci ences, Pol ish Acad emy of Sci ences, Kraków. The stan -
dard palynological pro ce dure ap plied in cluded 38% hy dro -
chlo ric acid (HCl) treat ment, 40% hy dro flu oric acid (HF) treat -
ment, heavy liq uid (ZnCl2 + HCl; den sity 2.0 g/cm3) sep a ra -
tion, ul tra sound for 10–15 s and siev ing at 15 mm on a ny lon
mesh. No ni tric acid (HNO3) treat ment was ap plied. The quan -
tity of rock pro cessed was ap prox i mately 20 g for each sam ple.
Mi cro scope slides were made from each sam ple us ing glyc erin
jelly as a mount ing me dium. The rock sam ples, palynological
res i dues and slides are stored in the col lec tion of the In sti tute of
Geo log i cal Sci ences, Pol ish Acad emy of Sci ences, Kraków. 

Washed res i dues for foraminiferal study were ob tained
from the marls by disaggregation us ing Na2SO4. An aliquot of
about 200–300 spec i mens of foraminifers from the
100–600 mm size frac tion was picked for the fau nal anal y ses.
Tax on omy of the foraminifers fol lows Loeblich and Tappan
(1988), Odrzywolska-Bieñkowska and Olszewska (1996) and
Cicha et al. (1998). Foraminiferal taxa were al lo cated to
morphogroups ac cord ing to Jones and Charnock (1985) and
Corliss and Chen (1988). The rel a tive abun dance of infaunal
and epifaunal forms and the rel a tive abun dance of infaunal and
epifaunal morphogroups within ben thic foraminiferal as sem -
blages were cal cu lated. The fig ured spec i mens are de pos ited in
the In sti tute of Palaeo bi ol ogy, Pol ish Acad emy of Sci ences,
War saw (ZPAL F. 59).

It is com monly sup posed that trends in rel a tive abun dance
of dif fer ent taxa are likely to be re sponses to palaeo -
environmental changes (e.g., Jorissen, 1999; Drinia et al.,
2007), and there fore the Shan non-Weaver het er o ge ne ity in dex
H(S) and rel a tive per cent ages of ben thic foraminifer spe cies
within ben thic foraminiferal as sem blages as well as the per cent
of plank tonic foraminifers within to tal foraminiferal as sem -
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Fig. 3A – the Borków quarry sec tion (af ter Peryt and Jasionowski, 1994), show ing the lo ca tion of the sam ples stud ied; left col umn of the

lithological sec tion shows gyp sum units (a–n af ter Wala, 1962); B – field  photo (June 2009) shows the gi ant gyp sum inter growth unit (ca. 5 m

thick) near the en trance to the quarry; no tice the con vex i ties be low the gi ant gyp sum inter growths; C – field photo shows the lo ca tion of sam ples

1–5 (in red) in the ex ca va tion; sam ple A co mes from the up per part of the gyp sum suc ces sion



blages (P/B ra tio) were cal cu lated. Foraminiferal spe cies di ver -
sity is much lower in stressed en vi ron ments, and when the
Shan non-Weaver in dex is be low 2, the bal ance in the as sem -
blages is dis torted by high dom i nance of a few stress-tol er ant
taxa (Drinia et al., 2007). Palaeobathymetry was es ti mated on
the ba sis of ben thic fauna char ac ter is tics and the P/B ra tio. The
per cent age of plank tonic foraminifers is one of the most con sis -
tent prox ies to as sess palaeowater depth (Drinia et al., 2007,
with ref er ences therein). 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 (Ta ble 1). 

One of the most im por tant fac tors con trol ling the dis tri bu -
tion of foraminifers is tem per a ture (Schiebel and Hemleben,
2005). To cal cu late ab so lute wa ter tem per a ture, d18O ra tios of
se lected foraminifer spe cies were used: plank tonic Globigerina 

spp., infaunal Bulimina elongata and epifaunal Cibicidoides.
In ad di tion, epifaunal Hoeglundina elegans was ana lysed.
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 Palaeo bi ol ogy, Pol ish

Acad emy of Sci ences, War szawa. 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‰. For
cal cu la tion of palaeotemperatures, the equa tions de vel oped by
Ep stein et al. (1953), Shackle ton (1974), Erez and Luz (1983),
and Bemis et al. (1998) were used.

Five sam ples from Borków quarry (four sam ples from sec -
tion I and sam ple A) were sub ject to X-ray Dif frac tion (XRD)
study us ing a Philips X’Pert PW 3020 spec trom e ter at the Cen -
tral Chem i cal Lab o ra tory of the Pol ish Geo log i cal In sti tute.
The wave length used was K-Alpha1 and the peak search pa -
ram e ter set was PC-APD.

RESULTS

FORAMINIFERS

The study of foraminifers showed the pres ence of 49 ben -
thic spe cies and 11 plank tonic spe cies. The pres er va tion of
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Ge nus Mode of live Sub strate Sa lin ity Tem per a ture Depth, environment

Bolivina infaunal–epifaunal muddy sed i ment ma rine cold to warm in ner shelf-bathyal

Bulimina infaunal mud to fine sand ma rine cold-tem per ate in ner shelf-bathyal

Cibicides epifaunal hard sub strates ma rine cold-warm 0 to >2000 m; la goons,
shelf-bathyal

Cibicidoides epifaunal hard sub strates ma rine cold shelf-bathyal

Discorbis epifaunal firm sub strates,
coarse sand ma rine tem per ate-warm 0–50 m; in ner shelf

Elphidium –
keeled epifaunal sand ma rine (35–70‰) tem per ate-warm 0–50 m; in ner shelf

Elphidium –
non-keeled infaunal mud, sand brackish-hypersaline marshes

and la goons (35–70‰) temperate-warm in ner shelf

Fursenkoina infaunal mud 30–35‰ 0–1200 m; la goons, shelf, 
up per bathyal

Globobulimina infaunal mud ma rine tem per ate-cold shelf-bathyal

Globocassidulina infaunal mud ma rine tem per ate-cold shelf-bathyal

Heterolepa epifaunal hard sub strates ma rine cold shelf-bathyal

Hoeglundina infaunal mud ma rine cold mid dle shelf-bathyal 

Lenticulina infaunal mud ma rine cold shelf-bathyal

Melonis infaunal mud, silt ma rine <10°C shelf-bathyal

Pullenia infaunal mud ma rine cold shelf-bathyal

Pyrgo
epifaunal, free or

cling ing plants or sed i ment ma rine cold shelf-bathyal

Rosalina
epifaunal, cling ing

or at tached firm sub strates ma rine tem per ate-warm 0–100 m; la goons, in ner
shelf

Spiroloculina
epifaunal, free or

cling ing sed i ment or plants ma rine-hypersaline tem per ate-warm 0–40 m; la goons, in ner
shelf

Triloculina
epifaunal, free or

cling ing mud, sand, plants ma rine-hypersaline 32–55‰ cold 0–40 m; in ner shelf, some 
bathyal spe cies

Quinqueloculina
epifaunal, free or

cling ing plants or sed i ment ma rine-hypersaline32–65‰ cold-warm 0–40 m; shelf, rarely
bathyal

Uvigerina
mainly infaunal,

some epifaunal, free muddy sed i ment ma rine cold 100 to >4500 m;
shelf-bathyal

Sa lin ity: brack ish – 0–32‰; ma rine – 32–37‰; hypersaline – >37‰; tem per a ture (of the bot tom wa ter) cold, tem per ate, warm (even in trop i cal ar eas wa ter 
deeper than » 100 m is tem per ate or cold); en vi ron ment: shelf – 0–180 m, bathyal – 180 to » 4000 m, abys sal – greater than » 4000 m; the data re late to the
main oc cur rence of each ge nus and ex clude rare oc cur rences in other en vi ron ments

T a  b l e  1

Re cent en vi ron men tal re quire ments of gen era re corded in the marls oc cur ring be low gyp sum at Borków quarry (af ter Murray, 1991, 2006)



foraminifers is good to mod er ate. In most cases it al lows de ter -
mi na tion to spe cies level. In some cases, how ever, e.g. in sam -
ples 1 and 5, the foraminiferal tests show traces of cor ro sion
and/or me chan i cal dam age that may in di cate resedimentation.
Ag glu ti nated foraminifers have been only found in sam ple 1.
The num ber of spe cies in par tic u lar sam ples var ied from 14 to
22. The list of taxa iden ti fied is shown in Ap pen dix. The dom i -
nant and com mon spe cies are il lus trated in Fig ures 4–6.

The fol low ing spe cies re corded in the ma te rial stud ied are
in ter preted to be stress (deep infaunal, dysoxic) mark ers:
Bulimina elongata, B. insignis, B. aculeata, Bolivina dilatata,
B. spathulata, Uvigerina aculeata, U. semiornata,

Praeglobobulimina pyrula, Globocassidulina oblonga,
Fursenkoina acuta and Melonis pompilioides (e.g., Spezzaferri 
et al., 2002; Báldi, 2006; Báldi and Hohenegger, 2008).
Cibicidoides austriacus, C. ungerianus, C. pseudoungerianus,
Lobatula lobatula, Sigmoilinita tenuis, Triloculina spp., Pyrgo

spp., Elphidium spp. and Hoeglundina elegans are in ter preted
to be epifaunal or oxyphylic mark ers (e.g., Báldi, 2006; Báldi
and Hohenegger, 2008). Pullenia bulloides and Sphaeroidina

bulloides, in ter preted as stress mark ers by some au thors (van
der Zwaan et al., 1990; van Hinsbergen et al., 2005; Báldi and
Hohenegger, 2008), are con sid ered by van Kouwenhoven and
van der Zwaan (2006) as oxyphylic spe cies. In the pres ent pa -
per the two spe cies are in ter preted as inbenthic forms. In -
creased per cent ages of miliolids are a proxy of in creased ven ti -
la tion in bot tom and pore wa ters (den Dulk et al., 2000).

Hoeglundina elegans is an epifaunal spe cies (Jorissen et

al., 1998), wide spread in re cent oceans at depths rang ing from
42 to 4300 m (van Morkhoven et al., 1986). On the mud plat -
form north of Trin i dad, H. elegans ranges from 50 to 140 m;
the high est fre quen cies oc cur be tween 70 and 110 m (van
Morhoven et al., 1986). Elphidiids live at their great est abun -
dances in paralic or shelf depths (shal lower than 50 m)
(Murray, 1991, 2006; Hay ward et al., 1997).

Plank tonic foraminifers are of ten used as palaeoclimatic in -
di ca tors. Globigerina bulloides, G. praebulloides, G.

concinna, G. druryi, G. tarchanensis are in ter preted as cool in -
di ces; Globorotalia bykovae as cool-tem per ate and G. mayeri

as warm-tem per ate in di ces (Szczechura, 1982; Spezzaferri et

al., 1992, Bicchi et al., 2003). 
Sam ple 1 (–1.8 m). The ben thic foraminiferal as sem blage of 

sam ple 1 is mod er ately di verse and dom i nated by large,
thick-walled Hoeglundina elegans which forms 50% of the to tal. 
Cibicidoides spp. form 13.5% of the as sem blage. Less com mon
is Uvigerina which par tic i pates in 9% to the as sem blage;
Bolivina is al most 5%. Pullenia bulloides and Globocassidulina

oblonga are mi nor com po nents and form 3.5 and 2.5% of the as -
sem blage, re spec tively. Sin gle spec i mens of polymorphinids
and glandulinids were also re corded. The only ag glu ti nated spe -
cies, Pseudotriplasia elongata, forms more than 6%. Stress
marker spe cies form about 25% of the ben thic foraminiferal as -
sem blage. The P/B ra tio is about 70%, and H(S) is 1.83. Plank -
tonic foraminifers are very abun dant, small and in clude spec i -
mens of Globigerina bulloides, G. praebulloides, G.

tarchanensis, G. druryi and Globigerinita uvula.
Sam ple 2 (–1.25 m). The benthic foraminiferal as sem blage 

of sam ple 2 is very well-pre served. Bulimina spp. and
Fursenkoina acuta dom i nate. Each of them ex ceeds 36% of the 

as sem blage. The third most abun dant com po nent of the as sem -
blage is Globocassidulina oblonga which makes up more than
16%. Two more spe cies, Bolivina dilatata and Pullenia

bulloides, con trib ute more 3% to the as sem blage. A few plank -
tonic foraminifera: Globorotalia bykovae, Globigerina

subcretacea and G. sp., oc cur. Stress marker spe cies ex ceed
90% of the as sem blage. The P/B ra tio is 17%, and H(S) is 1.9.

Sam ple 3 (–70 cm). In sam ple 3 foraminiferal tests are very 
well-pre served. Bulimina spp. form 40% of the ben thic
foraminiferal as sem blage. Uvigerina is the sec ond most abun -
dant ge nus in this as sem blage and its con tri bu tion ex ceeds
13%. Cibicidoides spp. form 10% of the as sem blage, Melonis – 
7%. Fursenkoina acuta, Pullenia bulloides and Sphaeroidina

bulloides are less com mon com po nents of the as sem blage.
Their con tri bu tion com prises be tween 3 to 4.5%. Stress marker
spe cies form about 75% of the ben thic foraminiferal as sem -
blage. The P/B ra tio is 32%, and H(S) is 2. Globigerina spp.,
Globorotalia bykovae and G. mayeri rep re sent plank tonic
foraminifers. 

Sam ple 4 (–35 cm). The ben thic foraminiferal as sem blage
of sam ple 4 is well-pre served, dom i nated by buliminids
(Bulimina elongata, B. aculeata, B. insignis, B. sp.) which
form, as in sam ple 0–10 cm, 60% of the as sem blage.
Small-sized Bolivina spe cies are abun dant in the small est frac -
tion. Elphidium is very rare in this as sem blage while Melonis

ex ceeds 12%. Cibicidoides forms about 5% of the as sem blage.
Globocassidulina oblonga, Uvigerina (U. aculeata, U.
pudica), Fursenkoina acuta and Pullenia bulloides – not pres -
ent in sam ple 5 – con trib ute to this as sem blage from 3.0 to 4.5% 
each. Sigmoilinita tenuis is a mi nor com po nent and forms 2.5% 
of the as sem blage. Stress marker spe cies form about 80% of the 
as sem blage. The P/B ra tio is 9% and H(S) is 1.96. Plank tonic
foraminifers are rep re sented by Globigerina bulloides, G.

praebulloides and Globigerina sp.
Sam ple 5 (0–10 cm). The ben thic foraminiferal as sem blage

of sam ple 5 is dom i nated by biserial forms rep re sented mainly by 
Bulimina spp. (Fig. 7). They form al most 60% of the as sem -
blage. Bolivina is very rare in the frac tion size stud ied. In the
small est size frac tion <125 mm very small Bolivina tests dom i -
nate. The sec ond most com mon group in this as sem blage rep re -
sents Elphidium. Keeled rep re sen ta tives of this ge nus –
Elphidium crispum, E. macellum, E. aculeatum, E. argenteum

and Elphidium sp. – form more than 10% of the as sem blage.
How ever, some of these are dam aged, which may in di cate a re -
work ing or i gin. Cibicidoides and Lobatula are less com mon and
their con tri bu tion does not ex ceed 5% of the as sem blage. Sin gle
spec i mens of Globulina, Glandulina, Lagena, Reussoolina and
Guttulina oc cur in this as sem blage. Hauerinids and nonionids
are other mi nor com po nents of the as sem blage. Plank tonic forms 
are rep re sented by sin gle spec i mens of Globigerina. A sin gle
spec i men of the Cre ta ceous plank tonic foraminfer Heterohelix

re corded in this sam ple in di cates that some re worked ma te rial
may con trib ute to the as sem blage. The P/B ra tio is 3.5%, and
H(S) is 2. Stress marker spe cies form more than 60% of the ben -
thic foraminiferal as sem blage.

The re sults of all iso to pic mea sure ments of se lected
foraminifer taxa are shown in Fig ures 8 and 9. The d13C val ues
for Globigerina vary be tween –0.76 and 0.07‰, for Bulimina

elongata be tween –0.63 and 0.16‰, and for Cibicidoides be -
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Fig. 4. Ben thic foraminifers (infaunal spe cies) from marls of the Borków quarry

 (M, W – sam ple 1; A, D–H, J, K, P, Q, U, V – sam ple 2; L, N, S, T – sam ple 3; I, R – sam ple 4; B, C – sam ple 5)

A, D – Bulimina elongata; B – Bulimina sp.; A, C – Bulimina aculeata; E – Bolivina max ima; F–H – Fursenkoina acuta; I – Bolivina plicatella; J –
Bolivina antiqua; K – Bolivina dilatata; L – Uvigerina pudica; M – Uvigerina aculeata; N – Uvigerina pygmea; O – Pseudotriplasia elongata; P –
Globocassidulina oblonga; Q – Praeglobobulimina pupoides; R – Melonis pompilioides; S – Astrononion perfossum; T – Porosononion martkobi; U –
Praeglobobulimina pyrula; V – Pullenia bulloides; W – Sphaeroidina bulloides; scale bar is 200 mm
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Fig. 5. Ben thic foraminifers (epifaunal spe cies) from marls of the Borków quarry

 (F–H, P–U – sam ple 1; A–D – sam ple 2; N, O – sam ple 4; E, I–M, V, W – sam ple 5)

A, B – Cibicidoides austriacus; C, D – Anomalinoides badenensis; E – Elphidium aculeatum; F–H – Hoeglundina elegans; I – Elphidium aculeatum; J –
Elphidium sp.; K – Elphidium argenteum; L – Elphidium aculeatum; M – Elphidium macellum; N, O – Lobatula lobatula; P – Sigmoilinita tenuis; Q, R –

Cibicidoides ungerianus; S, T, U – Rosalina? sp.; V, W – Cibicidoides lopjanicus; scale bar is 200 mm
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Fig. 6. Plank tonic foraminifers from marls of the Borków quarry 

(A, B, G, H, L, O–R – sam ple 1; C–F, I, J, M, N, S, T – sam ple 3; K – sam ple 4)

A, B – Globorotalia bykovae; C, D – Globorotalia mayeri; E, F – Globigerina bulloides; G, H – Globigerina praebulloides; I, J – Globigerina concinna;
K – Globigerina druryi; L – Globigerinita uvula; M, N – Globigerinoita sp.; O, P – Globigerina tarchanensis; Q, R – Globigerina subcretacea; S, T –
Globigerina? sp.; scale bar is 100 mm



tween –0.17 and 0.9‰; thus the range of d13C val ues for par tic -
u lar taxa is 0.83, 0.79 and 1.07‰, re spec tively (Figs. 8 and 9).
In the sec tion, Bulimina elongata shows a slight up ward de -
crease in d13C val ues, and Cibicidoides and Globigerina show
slight in creases in d13C val ues (Fig. 8). The d18O val ues for
Bulimina elongata and Cibicidoides show the same pat tern:
first the val ues in crease up wards and then slightly de crease
(Fig. 8), and Bulimina elongata in vari ably shows higher val ues 
than co-oc cur ring Cibicidoides (the off set of Bulimina

elongata is 0.82 to 0.98‰). In the sec tion, Globigerina first
shows a de crease in d18O val ues and then a clear in crease

(Fig. 8). d18O val ues for Globigerina vary be tween –1.47 and
1.17‰, for Bulimina be tween 1.8 and 2.52‰, and for
Cibicidoides be tween 0.98 and 1.8‰; thus the range of d18O
val ues for Globigerina is dis tinctly greater (2.64‰) than for
Bulimina elongata (0.72‰) and Cibicidoides (0.82‰; Figs. 8
and 9). In par tic u lar sam ples, the d18O val ues for ben thic taxa
are al ways higher than the val ues for Globigerina (Fig. 8) and
for the to tal set of sam ples, d18O val ues for Globigerina are dis -
tinctly lower than the val ues for ben thic taxa (Fig. 9). Both d13C 
and d18O val ues for the to tal of Bulimina elongata are slightly
higher than for the to tal of Cibicidoides (Fig. 9). Hoeglundina
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Fig. 7. Rel a tive abun dances of dom i nant and com mon ben thic foraminiferal spe cies within as sem blages in the marls be low the gyp sum at Borków

Fig. 8. Iso tope pro files of foraminifers from Badenian marls of Borków quarry

Two sets of spec i mens of Globigerina from sam ple 4 have been mea sured;
 they are in di cated by the let ters a and b



elegans shows high d13C (2.24‰) and d18O (3.47‰) val ues
(Fig. 9). High d13C val ues are char ac ter is tic for Badenian H.

elegans in gen eral (see e.g., Báldi and Hohenegger, 2008), but
the d18O val ues ex ceed the re corded val ues, which re sults in
un re al is ti cally low palaeotemperatures (see Ta ble 2); how ever,
the state of pres er va tion of this taxon in di cates that some forms
can be re worked.

The re sults of tem per a ture cal cu la tions based on d18O val -
ues of foraminifers are shown in Ta ble 2. All tem per a ture equa -

tions take into ac count the d18O com po si tion of the sur round ing 
sea wa ter, that is un known. The cal cu la tions were done for
dw = 0‰ (value char ac ter is tic for re cent mean sea wa ter),
dw = –1‰ (value char ac ter is tic of re cent mean sea wa ter mixed
with fresh wa ter), and dw = +1‰ (value char ac ter is tic of re cent
con cen trated sea wa ter). How ever, dw are not con stant in time,
and Lear et al. (2000, fig. 1D) cal cu lated that dur ing the
Badenian evaporite de po si tion a global dw was lower than to -
day by ca. 0.5‰.
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Fig. 9. Plot of d13C and d18O val ues of Badenian foraminifers from marls be low

 the gyp sum of Borków quarry

d18Ow Equa tion
Taxon

Bulimina elongata Cibicides
Hoeglundina

elegans
Globigerina

+1‰ 1 11.9 11.4 10.3 12.3 13.1 16.0 14.0 14.0 16.6   6.7 15.8 17.2 28.1 25.9 20.1

+1‰ 2 12.2 11.6 10.5 12.6 13.4 16.4 15.4 14.4 17.0   6.7 16.2 17.6 28.1 26.2 21.5

+1‰ 3 12.0 11.5 10.2 12.4 12.4 16.4 15.5 14.4 17.1   7.0 16.2 17.7 28.3 26.3 21.7

+1‰ 4   8.1   7.6   6.4   8.5   9.4 12.6 11.4 10.4 13.3   2.8 12.4 14.0 26.9 24.3 18.5

  0‰ 1   8.0   7.6   6.6   8.4   9.2 11.8   9.9 10   12.4   3.3 11.7 12.9 23.1 21.1 16.6

  0‰ 2   8.1   7.6   6.5   8.5   9.3 12.1 11.1 10.2 12.7   2.9 11.9 13.4 23.4 21.6 17.0

  0‰ 3   7.6   7.1   5.8   8.0   7.9 12.0 11.0   9.9 12.6   1.7 11.8 13.2 23.7 21.7 17.1

  0‰ 4   4.1   3.6   2.6   4.4   5.2   8.0   7.1   6.1   8.6 –0.5   7.8   9.3 21.0 18.6 13.3

–1‰ 1   4.5   4.1   3.1   4.8   5.5   8.0   6.1   6.3   8.5   0.3   7.4   9.1 18.5 16.7 12.4

–1‰ 2   4.2   3.8   2.7   4.6   5.4   8.1   7.1   6.2   8.6 –0.6   7.9   9.2 19.0 17.1 12.7

–1‰ 3   3.2   2.7   1.6   3.6   3.6   7.6   6.6   5.5   8.2 –2.6   7.3   8.8 19.1 17.2 12.6

–1‰ 4   0.6   0.2 –0.7   0.9   1.6   4.2   3.2   2.3   4.6 –2.9   3.9   5.1 15.5 13.4   8.7

Sam ple 1 2 3 4 5 1 2 3 5 5 2 3 4a 4b 5

Be cause two sets of spec i mens of Globigerina from sam ple 4 have been mea sured and they dif fer slightly, the palaeotemperatures cal cu lated  for those two
sets (termed sam ples 4a and 4b) are shown sep a rately (see Fig. 8)

T a  b l e  2

Palaeotemperatures (in °C) in par tic u lar sam ples cal cu lated with the equa tions es tab lished by Ep stein et al. (1953) [equa tion 1], 
Shackle ton (1974) [equa tion 2], Erez and Luz (1983) [equa tion 3], and Bemis et al. (1998) [equa tion 4], de pend ing on d18

Ow



DINOFLAGELLATE CYSTS AND PALYNOFACIES

All sam ples stud ied con tain palynological or ganic mat ter.
Palynomorphs show very good pres er va tion. Both ter res trial and 
ma rine palynomorphs are pale-col oured; their wall struc ture is
in tact. The list of taxa iden ti fied is shown in Ap pen dix. The oc -
cur rence of dinoflagellate cysts is shown in Ta ble 3. Se lected
taxa are il lus trated in Fig ures 10 and 11. Ra tio changes of par tic -
u lar dinoflagellate cyst taxa re lated to spe cific en vi ron ments are
shown in Fig ure 12. Palaeoenvironmental pref er ences of par tic -
u lar dinoflagellate cyst taxa are based on lit er a ture data
(Morzadec-Kerfourn, 1976, 1977, 1983; Wall et al., 1977; Biffi
and Grignani, 1983; Harland, 1983; Brad ford and Wall, 1984;
Brinkhuis, 1994; Gedl, 1996, 1997, 1999; Rochon et al., 1999;
Vink et al., 2000; Marret and Zonneveld, 2003).

Dinoflagellate cysts from sam ples 2–4 and from sam ple A
com monly oc cur coated in del i cate structureless or ganic mat -
ter. Ma rine palynomorphs from other sam ples are de void of
such coats. The sam ples stud ied yielded in fre quent spec i mens
of dinoflagellate cysts re cy cled from older, Paleogene strata.
There are both Eocene (Areosphaeridium diktyoplokum) and
Oligocene (Chiropteridium sp.) taxa. Their ex cel lent state of
pres er va tion sug gests that they de rive from epicontinental
Paleogene strata rather than from co eval Carpathian ones (see
Gedl, 2005). 

Sam ples col lected from most of the sec tion (ex cept for the
top most sam ple) yielded palynofacies com posed of el e ments
of mixed or i gin, in clud ing ter res trial, ma rine (mainly
dinoflagellate cysts) and el e ments of un cer tain der i va tion
(structureless or ganic mat ter). The bulk of palynological or -
ganic mat ter of these sam ples con sists of land-de rived
palynodebris and sporomorphs rep re sented mainly by
bisaccate pol len grains. The for mer in clude black and dark
brown phytoclasts (do minant in sam ples 1, 3 and 4), cu ti cle
par ti cles (most fre quent in sam ple 4), and hyalinous par ti cles,

which most likely are of resin or i gin (their ra tio is high in sam -
ple 4, much lower in sam ple 3). Sporomorph as sem blages dom -
i nated by bisaccate pol len grains oc cur in all sam ples; their ra tio 
var ies from sev eral per cent (sam ples 2 and 3) to 30% (sam -
ples 1 and 4).

Sam ples 1–4 con tain also dinoflagellate cysts (from a few
per cent up to 10% of sam pled palynofacies). Their as sem -
blages are tax o nom i cally fairly di verse, al though al most each
one shows mi nor dom i na tion of par tic u lar taxa. The as sem -
blage from sam ple 1 shows slight en rich ment in spec i mens of
Batiacasphaera sphaerica, Spiniferites spp., and
Hystrichokolpoma rigaudiae. Rel a tively com mon are also
Systematophora placacantha and Operculodinium spp. Sam -
ple 2 yielded an as sem blage dom i nated by Palaeocystodinium

golzowense and Batiacasphaera sphaerica, with fre quent
Systematophora placacantha and Spiniferites spp. The for mer
two spe cies are also com mon in sam ple 4, as so ci ated with fre -
quent Operculodinium spp. Sam ple 3 con tains low amounts of
palynological or ganic mat ter; hence, its dinoflagellate cyst as -
sem blage con sists of in fre quent spec i mens. The dis tri bu tion of
all dinoflagellate cysts from the  ex ca va tion is shown in Ta -
ble 3. Sam ples 1–4 yielded also or ganic lin ings of foraminifera
and acritarchs (Figs. 10 and 11); they are most com mon in the
low est sam ple (1).

Two lower sam ples (1 and 2) yielded dinoflagellate cysts
re cy cled from Paleogene strata. These are sin gle spec i mens of
the ge nus Wetzeliella (found in sam ple 2), and Deflandrea

heterophlycta, Charlesdowniea sp., Areosphaeridium

diktyoplokum (sam ple 1). Sin gle spec i mens of the ge nus
Homotryblium have been found (Homotryblium tenuispinosum

– sam ple 2, and H. floripes – sam ple 1). It is not cer tain if ei ther
spe cies oc cur in situ, or they are re cy cled (see Gedl, 2005).

The top sam ple (5) con tains no ma rine palynomorphs, be -
ing dom i nated by sporomorphs (mainly bisaccate pol len
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T a  b l e  3

Oc cur rence of dinoflagellate cysts in the marls be low the gyp sum at Borków

 Asterisked are re de pos ited (Paleogene) forms
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Fig. 10. Dinoflagellate cysts and acritarchs from Borków quarry 

(A–L, P, R, U, V – sam ple 1; M–O – sam ple 3; S, T – sam ple 2)

A, B – Batiacasphaera sphaerica; C – Cordosphaeridium min i mum; D, E – Operculodinium piaseckii (the same spec i men, var i ous foci); F–I –
Cerebrocysta poulsenii (F, G and H, I – same spec i mens, var i ous foci); J – Svenkodinium sp. (acritarch); K, L – Labyrinthodinium truncatum (same spec i -
men, var i ous foci); M–O – Imperfectodinium septatum (same spec i men, var i ous foci); P–R – Systematophora placacantha (same spec i men, var i ous foci);
S – Melitasphaeridium choanophorum; T, U – Nematosphaeropsis labyrinthus (same spec i men, var i ous foci); V – Unipontidinium aquaeductum; scale
bar re fers to all mi cro pho to graphs
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Fig. 11. Dinoflagellate cysts and foraminifer or ganic lin ing from the Borków quarry 

(A, E–G, I–K, N – sam ple 3; B, O – sam ple 2; C, D, H, L – sam ple 1; M – sam ple A)

A – Impagidinium sp.; B – Operculodinium centrocarpum; C – Spiniferites ramosus; D – Systematophora placacantha; E, F – Pentadinium laticinctum

(same spec i men, var i ous foci); G – foraminifer or ganic lin ing; H – Hystrichokolpoma rigaudiae; I, J – Operculodinium sp.; K – Selenopemphix

nephroides; L – Lingulodinium machaerophorum; M – Systematophora cf. placacantha; N – Operculodinium sp. (O. microtriainum?); O –
Palaeocystodinium golzowense; scale bar re fers to all mi cro pho to graphs



grains), and lesser amounts of cu ti cle re mains. Highly dis -
persed structureless or ganic mat ter also oc curs.

Sam ple A con tains much higher amounts of palynological
or ganic mat ter than sam ples from be low the gyp sum and its
palynofacies is dif fer ent. It con sists al most ex clu sively of pol -
len grains, with a very mi nor ad di tion of dark brown
phytoclasts and cu ti cle par ti cles (up to 5%). Dinoflagellate
cysts are very rare. Sev eral spec i mens of Spiniferites sp.,
Systematophora placacantha, Systematophora cf.
placacantha, and a sin gle spec i men of Lingulodinium sp. have
been found. Dinoflagellate cysts are well-pre served, but of ten
they are cov ered with an or ganic coat. Much more fre quent are
ovoid palynomorphs, which most likely rep re sent
Prasinophytea re sem bling the ge nus Leiosphaeridia.

CLAY MINERALS

The re sults of XRD study of sam ples from the Borków
quarry show that ex cept for sam ple 5, the com po si tion of the
marls un der ly ing the gyp sum and sam ple A is very sim i lar when

the ma jor min er als are taken into ac count. Sam ple 5 shows a
poorer as sem blage of clay min er als as only smectite and illite oc -
cur. In ad di tion, the sam ple is lack ing feld spars and py rite that
oc cur in the un der ly ing rocks (and in sam ple A; Ta ble 4).

INTERPRETATION AND DISCUSSION

Foraminifers, dinoflagellate cysts, palynofacies and clay
min er als oc cur ring in marls be low the Badenian gyp sum at
Borków in di cated a clear en vi ron men tal change dur ing the de -
po si tion of marls (Fig. 13). The plank tonic/ben thic (P/B) ra tio
of foraminifers var ies be tween 70% (in the low er most sam ple)
and 3% (in the top most sam ple) in di cat ing a shelf en vi ron ment
with ten dency to shallowing of the sea through time. Rich and
di verse dinoflagellate cyst as sem blages and in par tic u lar the oc -
cur rence of off shore taxa such as Impagidinium (rare) and more 
fre quent Nematosphaeropsis (e.g., Morzadec-Kerfourn, 1977;
Wall et al., 1977; Harland, 1983; Dale, 1996; Rochon et al.,
1999; Vink et al., 2000) also in di cate an open ma rine en vi ron -
ment (Fig. 12). The dinoflagellate cyst as sem blages con sist
gen er ally of cos mo pol i tan spe cies typ i cal for a shelf en vi ron -
ment (e.g., Spiniferites ramosus, Operculodinium

centrocarpum). On the other hand there are Polysphaeridium

spec i mens, the motile-stage of which is be lieved to have in hab -
ited near-shore wa ters, fre quently with in creased sa lin ity (e.g.,
Wall and Dale, 1969; Dale, 1976; Wall et al., 1977; Harland,
1983; Morzadec-Kerfourn, 1983) are very rare or lack ing, and
also other dinoflagellate cysts spe cies tol er ant of re duced or in -
creased sa lin ity like Lingulodinium machaerophorum (e.g.,
Wil liams, 1971; Morzadec-Kerfourn, 1976, 1977; Reid and
Harland, 1977) show no in creased ra tio. Palynofacies anal y sis
in di cates a high, grad u ally in creas ing up wards, fre quency of
pol len grains. The clay min eral as so ci a tion in the marls stud ied 
(Ta ble 4) and in par tic u lar the dom i nance of the illite-chlorite
as so ci a tion, sug gests al ti tude-con trolled, well-drained source
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Fig. 12. Ra tio changes of par tic u lar dinoflagellate cyst taxa re lated to spe cific en vi ron ments in the marls be low the gyp sum at Borków

Sam ple
des ig na -

tion
Main com po nents Clay min er als

A gyp sum, quartz, cal cite, 
feld spar, py rite, clay min er als

smectite, illite, 
kaolinite, chlorite

5 quartz, gyp sum, cal cite, 
clay min er als smectite, illite

4 quartz, cal cite, py rite, gyp sum, 
feld spar, clay min er als

smectite, illite, 
kaolinite, chlorite

2 quartz, cal cite, py rite, 
feld spar, clay min er als

smectite, illite, 
kaolinite, chlorite

1 quartz, cal cite, gyp sum, 
feld spar, clay min er als

smectite, illite, 
kaolinite, chlorite

T a  b l e  4

The re sults of XRD study of sam ples from Borków quarry



ar eas, and rapid trans por ta tion of the terrigenous sup ply
(Eslinger and Pevear, 1988). The lack of kaolinite in the top -
most sam ple (Sam ple 5) may be re lated to cli mate change as
kaolinite points to in tense hy dro ly sis un der warm and hu mid
cli mate. In the Badenian evaporite ba sin of Transylvania,
kaolinite is dom i nant in mar ginal ar eas, whereas illite, chlorite
and smectite be come sig nif i cant phases to wards the ba sin
(Bican-Briºan and Hosu, 2006). 

Sam ple 5 ap peared bar ren as far as dinoflagellate cysts are
con cerned, which might in di cate a dras tic change in the photic
zone lead ing to a com plete col lapse of the dinoflagellate flora.
Ultimately, the lack of dinoflagellate cysts may be re lated to
post-depositional fac tors, e.g., higher ox i da tion at the clay/gyp -
sum bound ary due to in creased wa ter flow, but it is re mark able
that sam ple A con tains dinoflagellate cysts; thus the lack seems
to be a pri mary fea ture that finds its ex pres sion in the
foraminiferal as sem blage re corded in that part of the sec tion.

Us ing in for ma tion on pres ent morphotypes of ben thic
foraminifera (Jones and Charnock, 1985; Corliss and Chen,
1988), four as sem blages have been rec og nized (I–IV) which
re flect changes in the rel a tive abun dance of epifaunal and
infaunal spe cies (Fig. 13). As sem blage I (sam ple 1) is in ter -
preted to rep re sent a mid dle to outer shelf ma rine, well-ven ti -
lated en vi ron ment with mod er ate pri mary pro duc tiv ity. A flux
of or ganic de tri tus is suf fi cient to sus tain infaunal bot -
tom-dwell ers. Some where be tween sam ples 1 and 2 an im por -
tant change in the struc ture of ben thic foraminiferal as sem -
blages took place, and as sem blage II (sam ple 2) is com posed

al most en tirely of infaunal spe cies (90% of the as sem blage).
This as sem blage, dom i nated by infaunal bot tom-dwell ers, re -
flects a mas sive in crease in food sup ply to the sea bot tom and
shallowing of the sea to in ner – mid dle shelf depths. As sem -
blage III (sam ples 3 and 4) is char ac ter ized by a small de crease
in the abun dance of infaunal forms, and it in di cates
mesotrophic con di tions at in ner – mid dle shelf depths. The
trend of de creas ing rel a tive abun dance of the infaunal
morphogroups con tin ued in as sem blage IV (sam ple 5), where
the con tri bu tion of this group de creases to 60%. As sem blage
IV is in ter preted to rep re sent an in ner shelf en vi ron ment with
mod er ate pri mary pro duc tiv ity.

A rapid change in the ben thic foraminiferal as sem blage is
seen in sam ples taken from the lower part of the interval stud -
ied. The as sem blage re corded in sam ple 1, dom i nated by the
epifaunal spe cies Hoeglundina elegans, an oxyphylic marker,
sug gest ing well-ox y gen ated bot tom wa ter, is re placed in sam -
ple 2 by an as sem blage where H. elegans is al most ab sent and
deep infaunal, stress-tol er ant taxa rep re sented mainly by
Bulimina elongata, B. aculeata, B. insignis, Bolivina dilatata,

Fursenkoina acuta, Globocassidulina oblonga  and Melonis

pompilioides dom i nate, sug gest ing ox y gen de fi ciency at the
sed i ment-wa ter in ter face. This change in the com po si tion of
ben thic foraminiferal as sem blages may re flect change of the
ma rine en vi ron ment from close to oligotrophic to mesotrophic
or eutrophic con di tions. 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 the ox y gen is used in ox i da tion of the or -

Palaeoenvironmental changes preceding the Middle Miocene Badenian salinity crisis in the northern Polish Carpathian Foredeep Basin ... 501

Fig. 13. Sum mary di a gram of pro por tion of infaunal and epifaunal morphogroups within ben thic foraminiferal 

as sem blages, morphotypic as sem blages, fau nal events, fluc tu a tions of trophic con di tions, changes in bathymetry, 

and main events within dinoflagellate cyst as sem blages dur ing de po si tion of marls be low the gyp sum at Borków



ganic ma te rial. Infaunal spe cies dom i nate in ben thic
foraminiferal as sem blages as so ci ated with rel a tively high or -
ganic-car bon fluxes (e.g., Corliss and Chen, 1988; Jorissen et

al., 1995; Peryt et al., 2002), and epifaunal ones in more
oligotrophic en vi ron ments (Thomas, 1990; Gooday, 1994;
Jorissen et al., 1995). In highly oligotrophic re gions all food
par ti cles will be con sumed or oxi dised at the sed i ment sur face
and the un der ly ing sed i ment will con tain only small quan ti ties
of or ganic mat ter, which can not sus tain an abun dant infaunal
pop u la tion.

Sig nif i cant num ber of spec i mens of Hoeglundina elegans

in sam ple 1 are more or less dam aged which may sug gest that
some of them are resedimented, sug gest ing that the in dig e nous
as sem blage is not so strongly epifauna-dom i nated and thus re -
flects a nor mal ma rine mesotrophic en vi ron ment. Ac cord ingly, 
the change would be less dras tic – from meso- to eutrophic
con di tions in the near-sur face wa ters. It was prob a bly caused
by shallowing as in di cated by the upsection de crease in the
share of plank tonic foraminifers within the to tal foraminifer as -
sem blage up to their very rare oc cur rence in the top most sam -
ple. This shallowing, re sulted from sea level fall, could in duce
in creased ero sion by in cised rivers and thus an in flux of abun -
dant nu tri ents caus ing the eutrophication of near-sur face wa -
ters and the ox y gen def i cit in bot tom wa ters. The as sem blages
of plank tonic foraminifers are dom i nated by rep re sen ta tives of
ge nus Globigerina that are cool wa ter in di ces. Warm-tem per -
ate in di ces such as Globorotalia mayeri are rare in sam ple 3. A
shal low, cold wa ter ma rine ba sin is in di cated for the as sem -
blage of sam ple 5 (cf. Ta ble 1).

The re corded d13C val ues of ben thic foraminifers, and in
par tic u lar the con sis tently lower val ues of infaunal Bulimina

elongata com pared to epifaunal Cibicidoides and
Hoeglundina sup port the con cept of microhabitat ef fects on
test com po si tion (McCorkle et al., 1990). McCorkle et al.
(1990) con cluded that d13C dif fer ences be tween spe cies with
sim i lar ver ti cal dis tri bu tion in the sed i ments and interspecific
d18O dif fer ences in di cate that taxon-spe cific vi tal ef fects also
in flu ence test com po si tion, and vi tal ef fects are thought to be
re flected in the heavy d18O val ues of Hoeglundina elegans

(Fig. 9) and the off set to ward the higher d18O val ues in
Cibicidoides com pared to Bulimina elongata (Fig. 9; cf.
Fig. 14). How ever, the foraminiferal d18O val ues are close to
iso to pic equi lib rium and thus they can be used for re li able
palaeotemperature cal cu la tion (McCorkle et al., 1990). There
is some dif fer ence be tween the cal cu lated val ues de pend ing
on the equa tions used (Ta ble 2). The cal cu la tions based on
equa tions de vel oped by Ep stein et al. (1953), Shackle ton
(1974), and Erez and Luz (1983) gave very sim i lar re sults,
whereas the cal cu lated val ues with the use of equa tion de vel -
oped by Bemis et al. (1998) are lower by 3–4°C. This dif fer -
ence was no ticed by Grunert et al. (2010) in the case of the
Lower Mio cene of the North Al pine Fore land Ba sin and ex -
plained by Shackle ton’s (1974) equa tion hav ing been de rived
from ben thic uvigerinids, and so its ap pli ca tion to plank tonic
foraminifers be ing in ap pro pri ate. Bemis et al. (1998) con -
cluded that the ex ist ing palaeotemperature equa tions over es ti -
mate tem per a tures by 3–5°C rel a tive to Globigerina bulloides

equa tions when am bi ent tem per a ture var ies from 15–25°C.

How ever, the same dif fer ence was noted in the case of other
taxa (Ta ble 2). The data pub lished by Durakiewicz et al.

(1997) in di cate that the palaeotemperatures cal cu lated with
the use of equa tions pro posed by Shackle ton (1974) are very
close to, or iden ti cal with, the val ues re sult ing from equa tions
based on plank tonic foraminifers (Erez and Luz, 1983) and
molluscs (Ep stein et al., 1953). In Fig ure 14 we show the vari -
a tion of palaeotemperatures in the Borków sec tion cal cu lated
with the use of equa tions es tab lished by Shackle ton (1974)
and Bemis et al. (1998) for d18Ow of +1‰, 0 and –1‰. In all
these cases the palaeotemperature shows a slight up ward de -
crease (Fig. 14), and the dif fer ences in palaeotemperatures
cal cu lated for par tic u lar taxa in di cate that the wa ter col umn
showed a tem per a ture gra di ent (Ta ble 2) which de creased
through time (Fig. 14). Dif fer ences be tween the bot tom and
in ter me di ate wa ter tem per a ture dur ing the de po si tion of the
strata stud ied were 3.8oC (sam ple 4) – 7.7°C (sam ple 1), and
the tem per a ture de creased in this in ter val by 1.7°C for the bot -
tom wa ter layer and 5.1°C for the in ter me di ate wa ter layer if
the equa tion pro posed by Shackle ton (1974) is ap plied (Ta -
ble 2). Very sim i lar d18O curves and palaeotemperatures cal -
cu lated for bot tom (Uvigerina sp.) and in ter me di ate wa ter
(Globigerina bulloides) foraminifers were found in the DNV
sec tion (Slovakia) of the Vi enna Ba sin around the NN5–NN6
bound ary (Kováèová et al., 2009, fig. 8).

How ever, the pos si ble ef fect of sa lin ity in crease has to be
taken into ac count. The foraminifer as sem blage of sam ple 1 in -
di cates nor mal sea wa ter con di tions. Dur ing Badenian times the
dw was ca. 0.5‰ lower than to day (cf. Lear et al., 2000) and
thus we as sume that the dw was first –0.5‰, and then ca. 0‰
dur ing de po si tion of sam ple 2 (Fig. 15). Sub se quently, it could
in crease by up to +0.5‰ dur ing de po si tion of sam ple 3 and
+1.0‰ (or more) dur ing the de po si tion of the up per sam ples
(4 and 5); the d18Ow = +1‰ was re corded, for ex am ple, in the
Med i ter ra nean (Pi erre, 1999), and in the Red Sea it is still
higher (+2‰; Craig, 1966). In such a sce nario, the ac tual
palaeotemperature curves for Bulimina elongata and
Cibicidoides would be close to lin ear, in creas ing upsection.
The curve for Globigerina is more com plex be cause of a clear
ex cur sion to wards higher val ues in sam ple 2. The sud den in -
crease of palaeotemperature for Globigerina in this sam ple
(Figs. 14 and 15) is in ter preted as an ar ti fact, pos si bly re lated to
re worked spec i mens in the sam ple ana lysed. Con se quently, the
palaeotemperature curves for Globigerina would be also close
to lin ear, very slightly in creas ing upsection (Fig. 15). There
was a dif fer ence in tem per a ture be tween the up per wa ter layer
and the lower wa ter layer as in di cated by curves for Bulimina

elongata and Globigerina (Fig. 15); for Globigerina, two
curves are shown that are based on dif fer ent equa tions
(Shackle ton, 1974; Bemis et al., 1998) be cause, as raised by
Grunert et al. (2010, p. 138), the equa tion es tab lished by
Shackle ton (1974) has been de rived from ben thic uvigerinids
and hence its ap pli ca tion to plank tonic foraminifers seems in -
ap pro pri ate. These palaeotemperature curves show that the dif -
fer ence be tween the wa ter lay ers grad u ally de creased, and at
the end of the de po si tion of the marls was neg li gi ble (if at all
pres ent). At the same time the sa lin ity of wa ter was slightly in -
creas ing (Fig. 15), as is oth er wise to be ex pected con sid er ing
the anti-estuarine cir cu la tion pat tern in the Cen tral Paratethys
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(Gonera, 2001) com bined with the oc cur rence of silled bas ins
such as the Carpathian Foredeep (Báldi, 2006).

Based on these as sump tions and us ing the equa tion pro -
posed by Shackle ton (1974), tem per a ture es ti mates for
Bulimina elongata and Globigerina vary from ca. 7°C and ca.
15°C in sam ple –1.8 m to 12°C and ca. 17°C in the top sam ple,
re spec tively (for the top sam ple we ap plied the pro jec tion from
the ear lier trend shown by Globigerina). When, how ever, the
equa tion es tab lished by Shackle ton (1974) is used for Bulimina 

elongata only and the equa tion pro posed by Bemis et al. (1998) 
is used for globigerinids (see Grunert et al., 2010, for dis cus -
sion), the tem per a ture for Globigerina would rise from ca.
11 to ca. 13°C in the in ter val stud ied, and the dif fer ence be -
tween the lower and the up per wa ter beds would thus fall from
4 to 1°C (cf. Fig. 15). 

The re corded trends in d13C and d18O val ues of the
foraminifer taxa stud ied from Borków is in ac cor dance with the 
long-term trends ob served by Gonera et al. (2000) in
Globigerina bulloides and Uvigerina spp. in the Badenian
strata be low evaporites in Up per Silesia. Durakiewicz et al.

(1997) and Gonera et al. (2000) used the d18O val ues of cal cite
from foraminifer tests in the in ter pre ta tion of palaeo -
temperatures and con cluded that the trend ob served in Up per
Silesia in di cates a tem per a ture de crease. This de cline in tem -
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Fig. 14. Palaeotemperature curves for foraminifer taxa in the Borków marls cal cu lated with the equa tions 

es tab lished by Shackle ton (1974) (A) and Bemis et al. (1998) (B), de pend ing on d18Ow = +1‰, 0‰ or –1‰

Fig. 15. Palaeotemperatures of Bulimina elongata (cal cu lated with the

equa tion es tab lished by Shackle ton, 1974) and Globigerina (cal cu lated

with the equa tion es tab lished by Shackle ton, 1974 – dashed line, and

by Bemis et al., 1998 – dot ted line) as sum ing changes of  d18Ow (see text

for dis cus sion)



per a ture has been doc u mented by the dis place ment of
warm-wa ter plank tonic foraminiferal as sem blages and the ex -
pan sion of the cool-wa ter pop u la tions (Gonera et al., 2000;
Bicchi et al., 2003). The re place ment of warm-wa ter plank -
tonic foraminifers by cold-wa ter as sem blages is also doc u -
mented in the mid dle/up per Badenian of the Vi enna Ba sin
(Hudáèková and Spezzaferi, 2002; Kováèová and Hudáèková,
2009). The ef fect of pos si ble in creased sa lin ity prior to the de -
po si tion of evaporites which would re sult into an in crease in
d18O val ues was ig nored be cause no ev i dence of an im por tant
en vi ron men tal change in terms of sa lin ity was found (Gonera
et al., 2000, p. 235). How ever, it was sug gested that
foraminifer spe cies oc cur ring in the strata un der ly ing
evaporites were tol er ant to in creased sa lin ity (Gonera et al.,
2000; cf. Gonera, 2001). 

The most out stand ing fea ture of the dinoflagellate cyst as -
sem blages is an in crease of peridinioids in sam ples 2 and 4
(Fig. 12). The very fre quent oc cur rence of Palaeocystodinium

and, less com mon, protoperidinioids may be re lated to nu tri -
ent-rich (eutrophic) wa ters (e.g., Wall et al., 1977; Biffi and
Grignani, 1983; Bujak, 1984; Duffield and Stein, 1986). So far, 
no such peridinioid-rich as sem blage has been de scribed from
Mio cene strata of the Carpathian Foredeep (Gedl, 1996, 1997,
2005). This in crease of nu tri ent avail abil ity can not be rather re -
lated to fresh wa ter in flux, since we ob serve no en rich ment in
palynodebris that should oc cur in the case of in creased river ac -
tiv ity. This phe nom e non might be re lated to a par tic u lar wa ter
strat i fi ca tion lead ing to the de vel op ment of the wa ter den sity
gra di ent pre vent ing or ganic mat ter sink ing and lead ing to its
con cen tra tion in the photic zone. Palynofacies anal y sis and in
par tic u lar a high, grad u ally in creas ing up wards, fre quency of
pol len grains in di cates that a large pro por tion of the ter res trial
par ti cles were trans ported into the ba sin by wind or floated on
the sea sur face, which is typ i cal for high sea level phases. No
di rect in flux of land-de rived par ti cles can be de tected. Sim i lar
pol len-grain dom i na tion has been noted from evaporites and
un der ly ing strata from other lo cal i ties of the Carpathian
Foredeep (Gedl, 1997, 1999, 2004; Peryt et al., 1997).

IMPLICATIONS

The foraminiferal re cord of en vi ron men tal changes lead ing
to the Messinian sa lin ity cri sis (MSC) showed that the plank -
tonic foraminifera dis ap pear first, and the last oc cur rence of
ben thic foraminifers marks the on set of the MSC (Gennari et

al., 2009). In some sec tions of the Med i ter ra nean Messinian,
the on set of the MSC pre dates the on set of gyp sum pre cip i ta -
tion by about 60 000 years (Lozar et al., 2010). At the Borków
site there is a clear upsection de crease in 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. It is rea son able to 
con clude 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 much shorter than in the Messinian of the Med i ter ra nean. 

The pat tern of changes in the Badenian is some what dif fer -
ent due to two fac tors. The first fac tor is ex pressed in the var i -
ous gen eral geo graph ical po si tions of evaporite bas ins in the

Badenian and the Messinian which oc curred in pe riph eral parts
of the Badenian ba sin (and thus were sub ject to greater lo cal
con trol) in con trast to the Messinian where evaporites were
mostly ba sin-cen tred. This, in turn, im plies that var i ous cir cu la -
tion pat terns of wa ter masses oc curred in both bas ins. The sec -
ond fac tor is the dif fer ence in scale – the Badenian ba sin of the
Carpathian Foredeep was much smaller in area than the
Messinian ba sin of the Med i ter ra nean. The en vi ron men tal
changes in the Badenian pre-evaporite and evaporite bas ins of
the Carpathian Foredeep had a step-like na ture, in con trast to
the grad ual en vi ron men tal changes in the Messinian.

De spite those fun da men tal dif fer ences, there are also some
sim i lar i ties. In the Messinian, foraminifers in the pre-evaporite
unit show sig nif i cant changes in bot tom-wa ter ox y gen a tion
(Goubert et al., 2001). Ag glu ti nated foraminifers are ex tremely 
rare in the pre-evaporite lev els that are char ac ter ized by high
fre quen cies of buliminaceans and bolivinaceans. Foraminiferal 
as sem blages of the up per most part of the pre-evaporite unit in -
di cate a shallowing trend (Goubert et al., 2001). In the
Messinian, strat i fi ca tion of the wa ter col umn, re sult ing in
dysoxic bot tom wa ter and oligotrophic, nor mal sa lin ity wa ters
at the sur face, oc curred (Goubert et al., 2001). In the Messinian
of the Med i ter ra nean, ques tions con cern ing the tran si tion from
ma rine to evaporitic con di tions still re main (see
Orszag-Sperber et al., 2009, with ref er ences therein) al though
re cent study in Cy prus dem on strates that a sig nif i cant drop in
wa ter level oc curred that pre dated the de po si tion of the lower
gyp sum, and this event is var i ously rep re sented in sev eral other
bas ins of the Med i ter ra nean (Orszag-Sperber et al., 2009). The
same con clu sion re sults from study of the marls un der ly ing the
gyp sum in the Borków sec tion.

CONCLUSIONS

Four foraminiferal as sem blages have been rec og nized in
marls oc cur ring be low the Badenian gyp sum in the north ern
Carpathian Foredeep Ba sin; the as sem blages re flect changes in
the rel a tive abun dance of epifaunal and infaunal spe cies
(Fig. 13). As sem blage I (the old est one) is in ter preted to rep re -
sent a mid dle to outer shelf, well-ven ti lated en vi ron ment with
mod er ate pri mary pro duc tiv ity. A flux of or ganic de tri tus is suf -
fi cient to sus tain the infaunal bot tom-dwell ers. Sub se quently, an
im por tant change in the struc ture of the ben thic foraminiferal as -
sem blages took place, and as sem blage II is com posed al most en -
tirely of infaunal spe cies, be ing dom i nated by infaunal bot -
tom-dwell ers and thus re flect ing a large in crease in food sup ply
to the sea bot tom and shallowing of the sea to in ner – mid dle
shelf depths. As sem blage III is char ac ter ized by a small de crease
in abun dance of infaunal forms, and it in di cates mesotrophic
con di tions at in ner – mid dle shelf depths. The trend of de creas -
ing rel a tive abun dance of the infaunal morphogroups con tin ued
in as sem blage IV (oc cur ring just be low the gyp sum in the sec -
tion stud ied) that is in ter preted to rep re sent an in ner shelf en vi -
ron ment with mod er ate pri mary pro duc tiv ity.

Palynological data, in turn, show no ma jor change of
palaeoenvironment dur ing the time di rectly pre ced ing chem i cal 
sed i men ta tion in the Borków sec tion. En vi ron men tal con di -
tions within the photic zone were sta ble, fully ma rine con di -
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tions of an open shelf ba sin with out sa lin ity fluc tu a tions. Nei -
ther cli ma tic nor wa ter tem per a ture changes were inferred. The
only in sta bil ity may re fer to fluc tu a tion of trophic con di tions in
the photic zone. Par tic u lar sam ples yielded dinoflagellate cyst
as sem blages en riched in peridinioids, which com monly ap pear
in eutrophic en vi ron ments. Their “blooms” were pre sum ably
ini ti ated by nu tri ent ac cu mu la tion as so ci ated with wa ter strat i -
fi ca tion. There is no sign of fresh wa ter in flux: land in flu ences
seem to be lim ited to air-borne trans por ta tion of pol len grains
(pos si bly also floated). There fore, the ob served changes of
ben thic foraminifera as sem blages may be re lated to fluc tu a -
tions of pri mary pro duc tiv ity within the photic zone, whereas
land-de rived or ganic mat ter in flux was rather sta ble. Pe ri ods of
in creased eutrophication leaded to de po si tion of in creased
amounts of or ganic mat ter at the bot tom, caus ing thus wors en -
ing of liv ing con di tions at the floor, which fa voured the
infaunal dwell ers. An other con se quence of sur face wa ter
eutrophication might have been a de crease in plank tonic
foraminifers, re corded in the up per part of the sec tion.

The com po si tion of the foraminiferal fauna in the marls
pre ced ing the gyp sum pre cip i ta tion and its iso to pic sig nal in di -
cate tem per a ture-strat i fied, nu tri ent-rich and thus less-ox y gen -
ated ma rine wa ter. The upsection de crease of share of plank -
tonic foraminifers within the to tal foraminiferal as sem blage up
to their very rare oc cur rence in the top most sam ple re flects the

shallowing of the ba sin dur ing the de po si tion of the in ter val
stud ied that was ac com pa nied by a de crease in tem per a ture gra -
di ent be tween the up per (warmer) and lower (colder) wa ter lay -
ers. The as sem blages of plank tonic foraminifers are dom i nated
by the rep re sen ta tives of ge nus Globigerina that are cool wa ter
in di ces. A shal low, cold wa ter ma rine en vi ron ment is con -
cluded for the top most foraminiferal as sem blage. The com po si -
tion of foraminiferal as sem blages does not al low for  un equiv o -
cal con clu sions re gard ing an in crease in wa ter sa lin ity dur ing
the de po si tion of the up per most part of the marls stud ied, but an 
even tual sa lin ity in crease would im ply an in crease in wa ter
tem per a ture as well (cf. Figs. 14 and 15).
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APPENDIX

Fau nal ref er ence list of the iden ti fied foraminifers and
dinoflagellate cysts. Tax on omy of the Foraminifera fol lows
Cicha et al. (1998); their de scrip tions and rep re sen ta tive il lus -
tra tions can be found in the same pub li ca tion. Dinoflagellate
cyst full tax o nomic ci ta tions are given in Fensome and Wil -
liams (2004); asterisked are re de pos ited (Paleogene) forms.

FORAMINIFERA

Anomalinoides badenensis (d’Orbigny, 1846) (Fig. 5C, D)
Astrononion perfossum (Clodius, 1922) (Fig. 4S)
Bolivina antiqua d’Orbigny, 1846 (Fig. 4J)
Bolivina dilatata Reuss, 1850 (Fig. 4K)
Bolivina plicatella Cushman, 1930 (Fig. 4I)
Bolivina max ima Cicha and Zapletalova, 1963 (Fig. 4E)
Bulimina aculeata d’Orbigny, 1846 (Fig. 4C)
Bulimina elongata d’Orbigny, 1846 (Fig. 4A, D)
Bulimina insignis £uczkowska, 1953 

Bulimina sp. (Fig. 4B)
Cibicidoides austriacus (d’Orbigny, 1846) (Fig. 5A, B)
Cibicidoides lopjanicus (Myatlyuk, 1950) (Fig. 5V, W)
Cibicidoides pseudoungerianus (Cushman, 1922)
Cibicidoides ungerianus (d’Orbigny, 1846) (Fig. 5Q, R)
Elphidium aculeatum (d’Orbigny, 1846) (Fig. 5E, I, L)
Elphidium argenteum Parr, 1945 (Fig. 5K)
Elphidium crispum (Linné, 1758)
Elphidium macellum (Fichtel et Moll, 1798) (Fig. 5M)
Elphidium sp. (Fig. 5J)
Eponides repandus (Fichtel et Moll, 1798)
Fursenkoina acuta (d’Orbigny, 1846) (Fig. 4F–H)
Fursenkoina pauciloculata (Brady, 1884)
Glandulina ovula d’Orbigny, 1846
Guttulina communis d’Orbigny, 1826
Globocassidulina oblonga (Reuss, 1850) (Fig. 4P)
Globulina punctata d’Orbigny, 1826 
Heterolepa dutemplei (d’Orbigny, 1846)
Hoeglundina elegans (d’Orbigny, 1826) (Fig. 5F–H)
Lagena striata (d’Orbigny, 1839)
Lobatula lobatula (Walker et Ja cob, 1798) (Fig. 5N, O)
Melonis pompilioides (Fichtel et Moll, 1798) (Fig. 4R)
Nonion tumidulus Pishvanova, 1960
Porosononion martkobi (Bogdanowicz, 1947) (Fig. 4T)
Praeglobobulimina pyrula (d’Orbigny, 1846) (Fig. 4Q, U)
Pseudotriloculina consobrina (d’Orbigny, 1846)
Pseudotriplasia elongata Ma³ecki, 1954 (Fig. 4O) 
Pullenia bulloides (d’Orbigny, 1826) (Fig. 4V)
Pyrgo sp.
Reussoolina apiculata (Reuss, 1851)
Riminopsis boueanus (d’Orbigny, 1846) (Fig. 5V)
Rosalina? sp. (Fig. 5S–U)
Sigmoilinita tenuis (Czjzek, 1848) (Fig. 5P)
Spiroloculina tenuissima Reuss, 1867
Sphaeroidina bulloides d’Orbigny, 1826 (Fig. 4W)
Triloculina sp.
Uvigerina aculeata d’Orbigny, 1846 (Fig. 4M)
Uvigerina pudica £uczkowska, 1955 (Fig. 4L)
Uvigerina pygmea d’Orbigny, 1826 (Fig. 4N)
Valvulineria bradyana (Fornasini, 1900)
Globigerina bulloides d’Orbigny, 1826 (Fig. 6E, F)
Globigerina concinna Reuss, 1850 (Fig. 6I, J)

Globigerina druryi Akers, 1960 (Fig. 6K)
Globigerina praebulloides Blow, 1959 (Fig. 6G, H)
Globigerina subcretacea (£omnicki, 1901) (Fig. 6Q, R)
Globigerina tarchanensis Subbotina et Chutzieva, 1950
(Fig. 6O, P)
Globigerina? sp. (Fig. 6S, T)
Globigerinita uvula (Ehrenberg, 1862) (Fig. 6L)
Globigerinoita sp. (Fig. 6M, N)
Globorotalia bykovae (Aisenstat, 1960) (Fig. 6A, B)
Globorotalia mayeri Cushman et Ellisor, 1983 (Fig. 6C, D)

DINOFLAGELLATE CYSTS

Areosphaeridium diktyoplokum* (Klumpp, 1953) Eaton, 1971
Batiacasphaera sphaerica Stover, 1977 (Fig. 10A, B)
Cerebrocysta poulsenii de Verteuil et Norris, 1996 (Fig. 10F–I)
Charlesdowniea sp.*
Cordosphaeridium min i mum (Morgenroth, 1966) Benedek,
1972 (Fig. 10C)
Dapsilidinium pseudocolligerum (Stover, 1977) Bujak et al., 1980
Dapsilidinium sp.
Deflandrea heterophlycta* Deflandre et Cookson, 1955
Heterosphaeridium? sp.
Homotryblium floripes (Deflandre et Cookson, 1955) Stover 1975
Homotryblium sp.
Hystrichokolpoma rigaudiae Deflandrea et Cookson, 1955
(Fig. 11H)
Impagidinium sp. (Fig. 11A)
Imperfectodinium septatum Zevenboom et Santarelli, 1995
(Fig. 10M–O)
Imperfectodinium? sp.
Labyrinthodinium truncatum Piasecki, 1980 (Fig. 10K, L)
Lejeunecysta sp.
Lingulodinium machaerophorum (Deflandre et Cookson,
1955) Wall, 1967 (Fig. 11L)
Melitasphaeridium choanophorum (Deflandre et Cookson,
1955) Harland et Hill, 1979 (Fig. 10S)
Nematosphaeropsis labyrinthus (Ostenfeld, 1903) Reid, 1974
(Fig. 10T, U)
Operculodinium centrocarpum (Deflandre et Cookson, 1955)
Wall, 1967 (Fig. 11B)
Operculodinium israelianum (Rossignol, 1962) Wall, 1967
Operculodinium piaseckii Strauss et Lund, 1992 (Fig. 10D, E)
Operculodinium sp. (Fig. 11I, J, N)
Palaeocystodinium golzowense Al ber ti, 1961 (Fig. 11O)
Pentadinium laticinctum Gerlach, 1961 (Fig. 11E, F)
Polysphaeridium zoharyi (Rossignol, 1962) Bujak et al., 1980
Pyxidiniopsis sp.
Selenopemphix nephroides (Benedek, 1972 ) (Fig. 11K)
Spiniferites pseudofurcatus (Klumpp, 1953) Sarjeant, 1970
Spiniferites ramosus (Ehrenberg, 1838) Mantell, 1854 (Fig. 11C)
Spiniferites sp.
Systematophora placacantha (Deflandre et Cookson, 1955)
Davey et al., 1969 (Figs. 10P R and 11D)
Systematophora cf. placacantha (Deflandre et Cookson, 1955)
Davey et al., 1969 (Fig. 11M)
Unipontidinium aquaeductum (Piasecki, 1980) Wrenn, 1988
(Fig. 10V)
Wetzeliella sp.*
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