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Foraminifera and cal car e ous nannoplankton from the Cre ta ceous–Paleogene (K-Pg) tran si tion in the Hy¿ne sec tion (Outer
Carpathians, south-east ern Po land) show a rel a tively com plete biostratigraphic re cord. De spite the ab sence of the Pa Zone
in turbiditic de pos its of the Pol ish Carpathians, the plank tonic foraminiferal zones of the Late Cre ta ceous–Early Paleogene
in ter val are well de fined, in clud ing (1) the late Maastrichtian Abathomphalus mayaroensis Zone and its equiv a lents, (2) the
ear li est Danian Guembelitria cretacea sec ond bloom Zone (P0 Zone), and (3) the top of the early Danian Parasubbotina cf.
pseudobulloides (P1a) Zone. The foraminiferal events re corded in the stud ied sec tion at the K-Pg tran si tion are
stratigraphically im por tant. They in clude: (1) the in ter val with A. mayaroensis oc cur rence, (2) the in ter val with grad ual dis ap -
pear ance of plank tonic foraminifera from the most com plex K-strat egy forms, through the less spe cial ized spe cies to the
large Heterohelicidae turn overs, and (3) the G. cretacea first and sec ond blooms. Fur ther more, the bloom of the op por tu nis -
tic, ben thic Bolivinita sp., the size re duc tion event, and the dis so lu tion of the tests of the plank tonic foraminifera are re corded. 
The K-Pg in ter val bioevents can be use ful for better strati graphic res o lu tion of the flysch de pos its of the Outer Carpathians.
The nannoplankton event is rep re sented by the ap pear ance of Cruciplacolithus pri mus, which marks the on set of the re turn
to more sta ble en vi ron men tal con di tions af ter the per tur ba tions at the K-Pg bound ary. The K-Pg bound ary oc curs within dark
grey marly mudstones, above the up per bound ary of the G. cretacea first bloom, and above the high est oc cur rence of the ag -
glu ti nated foraminifera Goesella rugosa, at the top of the nannofossil CC 26 Zone, and be low the deep-wa ter ag glu ti nated
foraminifera (DWAF) dom i nance. The foraminiferal as sem blages de rive from dif fer ent bathymetric zones cor re spond ing to
(1) the up per bathyal zone in the late Campanian (nannoplankton CC 22 Zone) and early late Maastrichtian (A. mayaroensis
Zone), (2) the shelf mar gin in the lat est late Maastrichtian (CC 26 nannoplankton Zone, G. cretacea first bloom), (3) the shelf
mar gin in the ear li est Danian (G. cretacea sec ond bloom, NP1/2 Zone), and (4) the mid dle–lower bathyal depth, be low a lo cal 
foraminiferal lysocline and above CCD, in the lat est early Danian (P. pseudobulloides Zone). As the foraminifera could have
been re de pos ited by turbiditic cur rents, they do not nec es sar ily show real bathymetric changes in the area of de po si tion.
Such changes have not been ob served in sed i men tary fea tures of the stud ied de pos its. Foraminiferal and nannoplankton as -
sem blages are typ i cal of the “tran si tional zone” be tween the Tethyan and Bo real do mains.
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INTRODUCTION

The K-Pg tran si tion re cords one of the larg est known mass
ex tinc tions in the Earth his tory. The causes and tim ing of the
K-Pg mass ex tinc tion have been the sub ject of high-res o lu tion
in ves ti ga tions dur ing the lat est few de cades. Most of the stud -
ied K-Pg sec tions world wide are in the At lan tic and Pa cific
oceans, and in the south west ern West ern Tethys, while sec -

tions of the north east ern West ern Tethys have been poorly ex -
plored (Keller et al., 2011a). Thus, the ana lysed Hy¿ne sec tion
serves as an im por tant and com ple men tary site in the stud ies of 
K-Pg tran si tion of the Pol ish Outer Carpathians. This tran si tion
shows the turbiditic (flysch-type) de pos its that ac cu mu lated in
the north ern mar gin of the Tethys and re cords the mass ex tinc -
tion pat tern and the as so ci ated palaeoenvironmental changes.

In turbiditic de pos its, the biostratigraphical re cord is strongly 
de pend ent on the palaeo eco logi cal pref er ences of the in dex
taxa and on the taphonomic pro cesses, such as pres er va tion,
post mor tem trans port, mix ing of as sem blages, and dis so lu tion
ef fects, which must al ways be taken into con sid er ation. The
K-Pg bound ary in the turbiditic se ries is very dif fi cult to iden tify
due to the rare oc cur rence of in dex plank tonic foraminifera,
caused by the fre quent dis per sion of microfossils in the sed i -
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ment, strong redeposition (resedimentation) lead ing to the oc -
cur rence of mixed foraminiferal as sem blages, and later tec tonic 
de for ma tions (e.g., Szyd³o, 2008, and ref er ences therein).

The Hy¿ne sec tion of fers the unique op por tu nity to ob tain
more pre cise data by com bin ing dif fer ent meth ods of dat ing
such as cor re la tion of the stan dard plank tonic zones with ben -
thic foraminifera (less af fected by the en vi ron men tal changes)
and cal car e ous nannoplankton as sem blages. Anal y sis and
cor re la tion of plank tonic with both cal car e ous and ag glu ti nated
ben thic foraminifera (the last one be ing con sid ered as the most
com mon type in the Flysch Carpathians) from the in ves ti gated
sec tion have pro vided better strati graphic res o lu tion of the
stud ied de pos its, par tic u larly that the Cre ta ceous–Paleogene
ag glu ti nated foraminiferal zonations of Geroch and Nowak
(1984) has not been cal i brated with the stan dard plank tonic
foraminiferal ones (see Olszewska, 1997, and ref er ences
therein).

The mass ex tinc tion pat tern was de scribed based on plank -
tonic foraminifera with sup port of ben thic foraminifera which
con trib ute fur ther in for ma tion about palaeoenvironmental con -
di tions. These data pro vide a new in sight into the na ture and or -
i gin of the en vi ron men tal changes that led to the K-Pg mass ex -
tinc tion as re corded on the north ern mar gin of Tethys.

GEOLOGICAL SETTING

The in ves ti gated area is lo cated in the West ern Flysch
Carpathians, which con sist of sev eral overthrust nappes and
thrust sheets. One of them, the Skole Nappe, oc cu pies the
most ex ter nal tec tonic po si tion in the Pol ish Outer Carpathians.
It is sit u ated on the NE bend of the Carpathian orogenic arc and
is bor dered by the Stebnik, Zg³obice and Boryslav–Pokuttia
units in the north and north east (Jankowski et al., 2004) and by
the Subsilesian Nappe from the south. The Skole Nappe is
com posed of Lower Cre ta ceous to Lower Mio cene ma rine de -
pos its that ac cu mu lated in the Skole Ba sin, the infill of which
was folded and thrust north ward dur ing the Mio cene (e.g.,
G¹ga³a et al., 2012).

A large part of the Skole Nappe sed i men tary suc ces sion is
oc cu pied by the Up per Cre ta ceous–Paleocene Ropianka For -
ma tion (also called the Inoceramian Beds), which is dom i nated
by turbiditic, thin- to thick-bed ded de pos its com posed of al ter -
nat ing sand stones and mudstones or marls, and de bris-flow
de pos its (e.g., Kotlarczyk, 1978, 1979; see also Bromowicz,
1974; Kotlarczyk et al., 1988; Leszczyñski et al., 1995; Œl¹czka
and Mizio³ek, 1995). Kotlarczyk (1978) sub di vided the
Ropianka For ma tion into the Cisowa Mem ber (dis tin guished
only in the Cisowa IG 1 bore hole, Wdowiarz et al., 1974;
Turonian–lower Campanian), the Wiar Mem ber (lower
Campanian–lower Maastrichtian), the Leszczyny Mem ber
(lower Maastrichtian–lower Paleocene) and the Wola
Korzeniecka Mem ber (Paleocene). The de pos its stud ied be -
long to the Wiar and Leszczyny mem bers. In the lat est de cade,
the Ropianka For ma tion was a sub ject of sev eral in ves ti ga tions
(e.g., Gasiñski and Uchman, 2009, 2011; Kêdzierski and
Leszczyñski, 2013; Gasiñski et al., 2013; Salata and Uchman,
2013; Kêdzierski et al., 2015; £apcik et al., 2016;
Kowalczewska and Gasiñski, 2018; £apcik, 2018; Waœkowska
et al., 2019).

The stud ied sec tion is lo cated at Hy¿ne, ham let Nowa Wieœ
(GPS co or di nates of the sec tion 49°55.995’N; 22°10.551’E;
±8 m; Fig. 1B), ~25 km SE of the city of Rzeszów. The sec tion
crops out (nat u ral out crop) along an un named stream and its
right trib u tary. It is com posed of turbiditic cal car e ous sand -
stones, cal car e ous siltstone, mudstone shales and dis persed

marlstone beds (Fig. 2). The lower part of the sec tion (in ter vals
A1, A2 and B) con tains more marlstones and marly shales,
apart from the mid dle part of in ter val A2, where sand stone beds 
dom i nate, up to 2 m thick. The in ter val C is built of dark grey
marly mudstones. The up per most part of the sec tion (in ter vals
C, D), con tains marlstones with very low con tri bu tion of thin
sand stone beds.

MATERIAL AND METHODS

The field work was con ducted on the Hy¿ne sec tion (Fig. 1)
along a 591 m thick sec tion of the Ropianka For ma tion.
Twenty-seven sam ples were col lected from marls and marly
mudstones (Hy1–Hy13 and Hn1–Hn14), and from the hard
marls and mudstones eight thin sec tions were pre pared for
palaeo eco logi cal and biostratigraphical anal y ses. The sam ples
were taken from the Te part of the turbiditic se quences. For the
anal y sis of foraminifera, 400 g sam ples were pro cessed in the
lab o ra tory, us ing the con ven tional method of dis in te gra tion
(heat ing and freez ing in Glau ber’s salt). Af ter disaggregation,
the sam ples were washed through a set of sieves. Quan ti ta tive
anal y ses of foraminiferal taxa were per formed based on
aliquots of 300 spec i mens (ex cept for the sam ples where
microfossils were ex tremely scarce) from the 64–250 µm frac -
tions and sep a rately from the frac tions <64 µm in size. All the
sam ples that were ex am ined con tained foraminiferal fos sils.
The ma jor ity of them yielded abun dant and di ver si fied as sem -
blages that al lowed biostratigraphic and eco log i cal anal y ses.
The tax on omy of the foraminifera fol lows Hanzliková (1972),
Robaszynski et al. (1984), Caron (1985), Loeblich and Tappan
(1988) and Holbourn et al. (2013). Eco log i cal changes man i -
fested by morphotypes, changes in spe cific and ge neric di ver -
sity, changes in size, and changes in rel a tive abun dance in the
as sem blages fol low Murray (2006) and ref er ences therein. Se -
lected plank tonic and ben thic foraminifera spe cies from the
Hy¿ne sec tion are il lus trated in Fig ures 3 and 4.

The microfacies and microfossils were ad di tion ally de ter -
mined in eight thin sec tions. SEM im ages of microfossils and
microfacies were taken us ing a scan ning mi cro scope and a ste -
reo scopic mi cro scope Nikon SMZ 1500 with a dig i tal cam era
Nikon Coolpix-4500. The sam ples and thin sec tions an a lysed
are de pos ited at the In sti tute of Geo log i cal Sci ences of the
Jagiellonian Uni ver sity in Kraków.

A study of cal car e ous nannofossils has been con ducted on
14 rock sam ples Hy1–Hy13. The sam ples were sub jected to a
stan dard treat ment, i.e. each was thor oughly washed un der
run ning wa ter and dried. From such pre pared sam ple, a small
amount of the pre cip i tate was scraped on to a slide glass, which 
was ground into a thin fil ter af ter add ing a few drops of wa ter.
The glass was thor oughly dried over a gas burner, and a drop of 
Ca na dian balm was added. Then, it was cov ered with a
coverslip and dried in an oven. The smear slides pre pared in
this way were ex am ined us ing a light mi cro scope Nikon
Optiphot 2-pol at x1500 mag ni fi ca tion. Each slide was ob served 
un der cross-po lar ized light.

For the cal car e ous nannofossil zonation, the Cre ta ceous
zonal scheme of Sissingh (CC, 1977) and Bur nett (UC, 1998)
and the Paleogene zonal scheme of Mar tini (NP, 1970) have
been ap plied (Fig. 5). The state of pres er va tion of the nanno -
plankton in the study sam ples was rated as good, i.e. the de -
gree of recrystallization was so small that it al lowed the de ter mi -
na tion of forms to the type and spe cies. How ever, many forms
have been sig nif i cantly dam aged me chan i cally. Se lected cal -
car e ous nannoplankton spe cies from the Hy¿ne sec tion are il -
lus trated in Fig ures 6 and 7.
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Fig. 1. Lo ca tion maps of Hy¿ne sec tion

A – lo ca tion in Po land; B – lo ca tion of stud ied sec tion on the geo log i cal sketch-map of the East ern Pol ish Carpathians 
(map based on Jankowski et al., 2004, sim pli fied and mod i fied); C – de tailed geo log i cal map and lo ca tion of sam ples Hy1–Hy13,

Hn1–Hn14 (map based on Wdowiarz, 1949, mod i fied)
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Fig. 2. De tailed strati graphic sec tion with dis tri bu tion of se lected im por tant foraminifera and nannofossils
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Fig. 3. SEM im ages of se lected planktonic foraminifera from the Hy¿ne sec tion

A – Globigerinelloides prairiehillensis Pessagno, sam ple Hn9; B – Globigerinelloides prairiehillensis Pessagno, sam ple Hn4; C –
Globigerinelloides prairiehillensis Pessagno, sam ple Hn4; D – Pseudotextularia nuttalli (Voorwijk), sam ple Hn11; E – Heterohelix
navarroensis Loeblich, sam ple Hy4; F – Heterohelix navarroensis Loeblich, sam ple Hy6; G1 – Heterohelix striata Ehrenberg, sam ple Hy6;
G2 – Heterohelix striata Ehrenberg; sam ple Hy6; H – Heterohelix planata (Cushman), sam ple Hn9; I – Heterohelix labellosa Nederbragt,
sam ple Hn9; J1–J5 – Guembelitria cretacea Cushman; J1, J2; sam ple Hy6. J3, J4, sam ple Hy4. J5, sam ple Hy5; K1–K2 – Parasubbotina cf.
pseudobulloides (Plummer), sam ple Hy2; L – Planoglobulina acervulinoides (Egger), sam ple Hn9; M – Pseudotextularia intermedia De
Klasz; sam ple Hy6; N – Racemiguembelina fructicosa (Egger), sam ple Hn9; O – Planoglobulina acervulinoides (Egger), sam ple Hy7; P –
Globotruncanita cf. stuartiformis (Dalbiez), sam ple Hn4; Q – Globotruncanita stuarti (de Lapparent), sam ple Hn11; R – Abathomphalus
mayaroensis (Bolli), sam ple Hn4; S – Abathomphalus mayaroensis (Bolli), sam ple Hy11; T – Abathomphalus mayaroensis (Bolli), sam ple
Hy8; U – Abathomphalus mayaroensis (Bolli), sam ple Hy 9; V – Abathomphalus mayaroensis (Bolli), sam ple Hy9
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Fig. 4. SEM im ages of se lected ben thic foraminifera from the Hy¿ne sec tion

A – Ammolagena clavata (Jones and Parker), sam ple Hy2; B – Caudammina ovulum (Grzybowski), sam ple Hy13;
C – Annectina grzybowskii (Jurkiewicz), sam ple Hy5; D – Rzehakina fissistomata (Grzybowski), sam ple Hy7; E –
Quadrimorphina allomorphinoides (Reuss), sam ple Hn9; F – Goesella rugosa (Hanzliková), sam ple Hy6; G –
Dorothia sp., sam ple Hy3; H – Marssonella sp., sam ple Hy5; I – Remesella cf. varians (Glaessner), sam ple Hy12;J –
Brotzenella monterelensis (Ma rie), sam ple Hy6; K – Brotzenella monterelensis (Ma rie), sam ple Hn12; L –
Brotzenella monterelensis (Ma rie), sam ple Hy4; M – Dentalina sp., sam ple Hy4; N – Nodosaria sp., sam ple Hn10;
O – Bolivinita sp., sam ple Hy4; P – Bolivinita sp., sam ple Hy4; Q – Arenobulimina preslii (Reuss), sam ple Hn10; R –
Marginulina sp., sam ple Hy11; S – Astacolus sp., sam ple Hn5
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Fig. 6. Cal car e ous nannoplankton from the Hy¿ne sec tion

A, B – Cruciplacolithus pri mus Perch-Niel sen, sam ple Hy4; C, D – Cruciplacolithus tenuis (Stradner) Hay and
Mohler, sam ple Hy4; E, F – Lithraphidites prequadratus Roth, sam ple Hy6; G, H – Lithraphidites quadratus
Bramlette and Mar tini, sam ple Hy6; I – Chiastozygus litterarius (Górka) Manivit, sam ple Hy13; J –
Prediscosphaera grandis Perch-Niel sen, sam ple Hy11; K – Prediscosphaera spinosa (Bramlette and Mar tini)
Gart ner, sam ple Hy7; L – Prediscosphaera stoveri (Perch-Niel sen) Shafik and Stradner, sam ple Hy11; M –
Prediscosphaera arkhangelskyi (Reinhardt) Perch-Niel sen, sam ple Hy11; N – Eiffellithus turriseiffelii (Deflan -
dre) Reinhardt, sam ple Hy11; O – Eiffellithus eximius (Stover) Perch-Niel sen, sam ple Hy11; P – Eiffellithus
parallelus Perch-Niel sen, sam ple Hy11; Q, R – Lanternithus duocavus Locker, sam ple Hy4; S – Markalius
inversus (Deflandre) Bramlette and Mar tini, sam ple Hy6; T – Aspidolithus parcus parcus (Stradner) Noël,
sam ple Hy13; U – Micula staurophora (Gardet) Stradner, sam ple Hy13; W – Lithraphidites carniolensis
Deflandre, sam ple Hy13; Y – Ahmuellerella octoradiata (Górka) Reinhardt and Górka, sam ple Hy10; Z –
Cribrosphaerella ehrenbergii (Arkhangelsky) Deflandre, sam ple Hy11; scale bars 5 µm
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Fig. 7. Cal car e ous nannoplankton from the Hy¿ne sec tion

A – Braarudosphaera bigelowii (Gran and Braarud) Deflandre, sam ple Hy4; B – Cyclagelosphaera reinhardtii
(Perch-Niel sen) Romein, sam ple Hy4; C – Biscutum mag num Wind and Wise, sam ple Hy6; D – Biscutum
constans (Górka) Black, sam ple Hy6; E – Lucianorhabdus cayeuxii Deflandre, sam ple Hy11; F –
Microrhabdulus decoratus Deflandre, sam ple Hy11; G, H – Cruciplacolithus tenuis (Stradner) Hay and Mohler,
sam ple Hy4; I – Arkhangelskiella cymbiformis Vekshina, sam ple Hy6; J – Reinhardtites le vis Prins and
Sissingh, sam ple Hy11; K – Chiastozygus amphipons (Bramlette and Mar tini) Gart ner, sam ple Hy11; L –
Prediscosphaera cretacea (Arkhangelsky) Gart ner, sam ple Hy11; M – Nephrolithus frequens Górka, sam ple
Hy6; N – Watznaueria barnesae (Black) Perch-Niel sen, sam ple Hy11; O – Thoracosphaera sp. Kamptner,
sam ple Hy6; P – Biscutum constans (Górka) Black, sam ple Hy11; Q – Calcicalathina oblongata (Wors ley)
Thierstein, sam ple Hy11; R – Angulofenestrellithus snyderi Bukry, sam ple Hy13; S – Ceratolithoides ac ule us
(Stradner) Prins and Sissingh, sam ple Hy8; T – Calculites obscurus (Deflandre) Prins and Sissingh, sam ple
Hy13; scale bars 5 µm



RESULTS

FORAMINIFERAL ASSEMBLAGES

Eighty-three taxa (spe cies and gen era), rep re sent ing plank -
tonic, cal car e ous ben thic and ag glu ti nated foraminifera and 74
cal car e ous nannoplankton spe cies have been iden ti fied in the
stud ied ma te rial (Figs. 2–7, Ta ble 1, Ap pen dix 1*). Based on
changes in the com po si tion of foraminiferal as sem blages, such
as vari a tions in morphotypes, changes in spe cific and ge neric
di ver sity, changes in the size, rel a tive abun dance, and the state 
of pres er va tion, five in ter vals have been dis tin guished in the
Hy¿ne sec tion: A1, A2, B, C and D. They are char ac ter ized by
the rel a tive dom i nance of one of the ma jor foraminiferal groups
and each in ter val is char ac ter ized by a rel e vant foraminiferal
as sem blage.

ASSEMBLAGES OF INTERVALS A1 AND A2

The di ver sity, abun dance and pres er va tion of foraminiferal
tests vary in the stud ied as sem blages that in clude plank tonic
foraminifera both large, or na mented, com plex morphotypes
with sin gle-keeled and dou ble-keeled taxa, and small, sim ple
non-keeled taxa. 

In the as sem blage of in ter val A1 (sam ples Hy13–Hy12,
Fig. 2), Globotruncana arca, G. sp., Globigerinelloides pra -
iriehill en sis and Heterohelix sp. are pres ent.

The cal car e ous ben thic taxa are poorly pre served and rep -
re sented mostly by small forms of sin gle cal car e ous ben thic
taxa, in clud ing Eponides sp., Osangularia sp. and Dentalina sp. 
Ag glu ti nated taxa are com mon and better pre served. They in -
clude Ammodiscus sp., Caudammina, Karrerulina, Recur -
voides, Ammosphaeroidina pseudopauciloculata, Dorothia
crassa, Kalamopsis grzybowskii, Conglophragmium sp. and
Rzehakina sp.

The as sem blage of in ter val A2 (sam ples Hy11–Hn14,
Fig. 2) con tains more di verse plank tonic foraminifera, in clud ing
G. arca, G. bulloides, G. linneiana, G. petaloidea, Globo trun -
canita stuarti, Gl. stuartiformis, Globotruncanella petaloidea,
Contusotruncana contusa, Abathomphalus mayaroensis, Hed -
ber gella holmdelensis, H. monmouthensis, Heterohelix
globulosa, H. moremani, H. navarroensis, H. stria ta, Globigeri -
nelloides prairiehillensis, Pseudotextularia nuttalli, Pseudotex -
tu laria elegans, Racemiguembelina fructicosa, Planoglobulina
acervulinoides, Rugoglobigerina rugosa, and Archaeoglobige -
rina blowi (Fig. 3).

In the lower part of in ter val A2, the foraminifera are most di -
ver si fied tax o nom i cally. Their pres er va tion var ies from well
(par tially filled or empty tests) to poorly pre served, and their
abun dance ranges from nu mer ous to rare, de pend ing on the
sam ple. In the up per part of the in ter val, many tests es pe cially
plank tonic foraminifera show traces of dis so lu tion (Hy8).

Ben thic cal car e ous foraminifera are rep re sented by the
most abun dant spec i mens of Cibicidoides and Gyroidinoides,
as well as by Gavelinella, Osangularia, Flabellina, Dentalina,
Nodosaria, Pleurostomella, Frondicularia, Marginulina, Quadri -
morphina, Allomorphina, Glandulina, Astacolus (Fig. 4N, R, S).
Ag glu ti nated foraminifera are rel a tively rare (ex cept for sam ple
Hy11). They are rep re sented by Rhabdammina, Nothia,
Ammodiscus cretaceus, Glomospira, Caudammina ovula,
Conglophragmium, Rzehakina inclusa, Recurvoides,
Trochamminoides, Saccammina and some taxa of cal car e -

ous-ce mented ag glu ti nated forms, such as Gaudryina, Tritaxia, 
Arenobulimina, Dorothia, Goesella rugosa and Arenobulimina
preslii (Fig. 4).

This in ter val is char ac ter ized by cal car e ous nannoplankton
spe cies such as: Aspidolithus parcus constrictus, A. parcus
parcus, Ahmuellerella octoradiata, Arkhangelskiella cymbi -
formis, Biscutum constans, B. mag num, Calcicalathina
oblongata, Calculites obscurus, Ceratolithoides ac ule us, Chia -
stozygus amphipons, Cretarhabdus crenulatus, Cribro -
sphaerella ehrenbergii, Cyclagelosphaera deflandrei, C. rein -
hardtii, Discorhabdus ignotus, Eiffellithus turriseiffelii, Eprolithus 
moratus, Gartnerago segmentatum, Kamptnerius magnificus,
Lithraphidites bolii, Lucianorhabdus cayeuxii, Markalius
inversus, Micula concava, Microrhabdulus decoratus,
Okkolithus aus tra lis, Prediscosphaera arkhangelskyi, P. creta -
cea, P. honjoi, P. cf. grandis (frag ment), P. ponticula, P. stoveri,
P. spinosa, Reinhardtites anthoporus, R. le vis, Rhagodiscus
angustus, Staurolithites imbricatus, Tranolithus cf. phacelosus,
Thoracosphaera sp., Watznaueria barnesae, W. biporta,
Zeugrhabdotus noeliae (Figs. 6 and 7).

Ad di tion ally, frag ments of inoceramid shells and spines of
echinoderms are pres ent.

ASSEMBLAGE OF INTERVAL B

Stratigraphically higher in the sec tion, the as sem blage of
the in ter val B was dis tin guished in sam ple Hy6 (Fig. 2). It is
char ac ter ized by a de crease in di ver sity in com par i son with the
as sem blage from in ter val A2. It con tains mainly sim ple small,
non-keeled, thin-walled Guembelitria cretacea and thin-walled,
biserial heteroheliciids (Heterohelix div. sp.). The keeled and
non-keeled trochospiral forms of plank tonic foraminifera are ex -
cep tion ally rare and rep re sented by sin gle forms of Globo -
truncana bulloides and Rugoglobigerina rugosa. The fin est
frac tion (<64 µm) con tains biserial, small, heteroheliciids and a
high num ber of G. cretacea (Fig. 3). Gen er ally, the foraminiferal 
tests are poorly pre served and many of them show traces of
dis so lu tion. The plank tonic foraminifera from in ter val B are
smaller in com par i son to plank tonic foraminifera from in ter vals
A1 and A2. Ben thic ag glu ti nated forms are pres ent, al though
spec i mens of ag glu ti nated with cal car e ous ce ment Goesella
rugosa, Reme sella varians and Arenobulimina preslii are very
scarce.

The as sem blage of cal car e ous nannoplankton in clude:
Ahmuellerella octoradiata, Arkhangelskiella cymbiformis, Biscu -
tum constans, B. mag num, Calculites obscurus, Cribrosphae -
rella ehrenbergii, Cyclagelosphaera deflandrei, C. reinhardtii,
Eiffellithus gorkae, E. turriseiffelii, E. paralellus, Lithraphidites
quadratus, Markalius inversus, Micula decus sata, Nephrolithus
frequens, Orastrum colligatum, Predi scosphaera arkhangelskyi,
P. cretacea, P. spinosa, R. surirella, Tranolithus phacelosus,
Zeugrhabdotus diplogrammus (Figs. 6 and 7).

ASSEMBLAGE OF INTERVAL C

The as sem blage of in ter val C (sam ples Hy4, Hy5, from the
dark grey marly mudstones) dis plays the most im por tant
changes in re la tion to pre vi ous as sem blages. Among them, the
most char ac ter is tic fea ture is the size re duc tion of plank tonic
and cal car e ous ben thic foraminifera. They are smaller in com -
par i son with forms from in ter vals A1, A2 and B (Fig. 4J–L). The
dom i nance of small-sized Heterohelix sp. and Guembelitria
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T a  b l e  1

Age and synchronicity of plank tonic and ben thic foraminiferal and cal car e ous nannoplankton bioevents across 
the Cretaceous–Paleogene bound ary in ter val (Late Cre ta ceous–Early Paleogene)

DWAF – deep-wa ter ag glu ti nated foraminifera; CCD – car bon ate com pen sa tion depth; FL – foraminiferal lysocline (Ken nett, 1982); OCF –
or ganic car bon flux; FO – first oc cur rence; lo – low est oc cur rence ob served in the sec tion; ho – high est oc cur rence ob served in the sec tion;
BESS – bioevents of sig nif i cant strati graphi cal im por tance: (1) A. mayaroensis–Abathomphalus mayaroensis oc cur rence in the sec tion, (2)
GDPBF – grad ual dis ap pear ance of plank tonic bathypelagic foraminifera, (3) Guembelitria cretacea 1 – Guembelitria cretacea first bloom
Zone sensu Peryt, 1980, Guembelitria cretacea 2 – Guembelitria cretacea sec ond bloom Zone sensu Pardo et al. (1996)
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cretacea in the fine frac tions (<64 µm) is ob served. Tests of
Globigerinelloides sp., and sin gle trochospiral taxa of Rugoglo -
bigerina with glob u lar, or na mented cham bers, oc cur spo rad i -
cally. Keeled, large foraminiferal plank tonic spe cies are ab sent.

The ben thic foraminifera of in ter val C con tain both the cal -
car e ous and ag glu ti nated, epifaunal and infaunal forms (Fig. 4). 
The most abun dant taxa are the cal car e ous Brotzenella
monterelensis (Fig. 4J–L), Cibicides sp., Osangularia sp.,
Globoquadrina sp., and Planulina sp. Ad di tion ally, a sin gle
spec i men of Nodosaria sp. is pres ent in the 64–150 µm frac -
tion, along with the dom i nance (up to 50%) of Bolivinita sp.
(Fig. 4) in the small est (<64 µm) frac tion.

The ag glu ti nated foraminifera of in ter val C are dom i nated
by tu bu lar op por tu nis tic forms, such as: Bathysiphon sp.,
Nothia excelsa and Rhabdammina cylindrica and Ammolagena 
clavata (sam ple Hy5). Sin gle tests of Glomospira charoides,
rel a tively abun dant Rzehakina fissistomata and Annectina
grzybowskii, and com par a tively rare R. epigona are pres ent.
They co-oc cur with glauconite grains and glass spher ules.

The in ter val C is char ac ter ized by the pres ence of many re -
de pos ited Cre ta ceous spe cies of cal car e ous nannoplankton
such as: Aspidolithus parcus parcus, Braarudosphaera sp.,
B. bigelowii, Calculites obscurus, Cyclagelosphaera reinhardtii, 
Lithraphidites prequadratus, Micula concava, M. staurophora,
Nephrolithus frequens, Watznaueria barnesae, Zeugrhabdotus 
sigmoides. Some early Danian spe cies, such as Cruci pla -
colithus pri mus, C. tenuis and Lanternithus duocavus are also
pres ent (Figs. 6 and 7).

ASSEMBLAGE OF INTERVAL D

In the as sem blage of in ter val D (sam ples Hy2, Hy3, Hy1),
the plank tonic foraminifera are ab sent, ex cept for sin gle, poorly
pre served spec i mens of Parasubbotina cf. pseudobulloides (in
sam ple Hy2) with poorly vis i ble fea tures of cham bers and ap er -
tures, which cause dif fi cul ties in tax o nomic iden ti fi ca tion. The
ben thic foraminifera are dom i nated by ag glu ti nated taxa with
or gan i cally ce mented walls, such as Ammodiscus sp.,
Annectina grzybowskii, Caudammina ovulum, Glomospira div.
sp., Nothia sp., Rhabdammina sp., Recurvoides spp., R. fissi -
stomata, Trochammina sp., Trochamminoides sp. and Sa -
ccam mina sp., and with an ex cep tion ally large con tri bu tion of
Ammolagena clavata. More over, a few ag glu ti nated with cal -
car e ous ce ment Dorothia beloides and Gaudryina pyramidata,
and sin gle rep re sen ta tives of the ben thic cal car e ous gen era
Gyroidinoides and Cibicidoides are pres ent. In this in ter val,
there is lack of cal car e ous nannoplankton.

INTERPRETATION AND DISCUSSION

FORAMINIFERAL BIOSTRATIGRAPHY

The foraminiferal as sem blages con sist of di verse as so ci a -
tions of plank tonic and ben thic foraminifera, among which sev -
eral taxa are typ i cal of the Late Cre ta ceous and Early
Paleogene. For biostratigraphic con sid er ations, the stan dard
plank tonic foraminiferal zonations pro posed by Caron (1985),
Robaszyñski and Caron (1995), Premoli-Silva et al. (2003),
Premoli-Silva and Verga (2004), Berggren and Pearson (2005), 
and Ogg et al. (2016) are used. For ben thic ag glu ti nated
foraminifera, the zonations by Geroch and Nowak (1984) and
Olszewska (1997) are fol lowed.

In the low est part of the Hy¿ne sec tion, the as sem blage of
in ter val A1 (Fig. 3) is dom i nated by Heterohelix spp. and

Hedbergella spp. No in dex plank tonic foraminiferal spe cies
have been rec og nized, ex cept for Globotruncanella petaloidea
that may in di cate an ear li est Campanian–lat est Maastrichtian
time in ter val. A sim i lar as sem blage was de scribed from the up -
per Campanian to lower Maastrichtian de pos its of the
Subsilesian Nappe (Machaniec, 2000; Machaniec et al., 2000,
2001, 2005; Leœniak and Machaniec, 2001; Machaniec and
Zapa³owicz- Bilan, 2005). The ag glu ti nated spe cies Rzehakina
inclusa (Fig. 5) is char ac ter is tic of the Up per Cre ta ceous to the
Lower Paleogene in the Al pine-Carpathian re gion of South ern
and Cen tral Eu rope (Geroch and Nowak, 1984). In the Pol ish
Carpathians, Morgiel and Olszewska (1981) rec og nized the
R. inclusa as sem blage of Campanian–Maastrichtian age,
based on the max i mum oc cur rence of this spe cies. Olszewska
(1997) de scribed the R. inclusa Zone as late Campanian to
Maastrichtian in age and de fined it as the in ter val zone from the
low est oc cur rence of the nom i nate taxon to the low est oc cur -
rence of Rzehakina fissistomata.

The first plank tonic foraminiferal zone has been dis tin -
guished in the foraminiferal as sem blage of in ter val A2. It is
Abatho mphalus mayaroensis Zone sensu Caron (1985), which
was de fined by the to tal range of A. mayaroensis and dates the
late Maastrichtian in the Tethyan realm (Fig. 5). In the stud ied
sec tion, the sam ples above the high est oc cur rence of A. maya -
roensis con tain only a sin gle spec i men of keeled plank tonic
Cre ta ceous foraminifera, i.e. Globotruncana arca. The dis ap -
pear ance of Cre ta ceous keeled plank tonic foraminifera is in -
con sis tent with the def i ni tion of the up per bound ary of the A.
mayaroensis Zone (Caron, 1985; Premoli-Silva and Verga,
2004). The A. ma yaroensis Zone, ac cord ing to Caron (1985),
should ex tend up to the K-Pg bound ary, es pe cially in the low
geo graph ical lat i tudes. How ever, A. mayaroensis is usu ally a
rare spe cies, even at low lat i tudes for which it is typ i cal (Molina
et al., 2006; Keller and Abramovich, 2009), or it can be even ab -
sent therein (Speijer and van der Zwaan, 1996; Tshakreen et
al., 2017).

The Outer Carpathian bas ins and the stud ied sec tion were
lo cated in the mid dle lat i tudes, in which A. mayaroensis oc -
curred rel a tively widely and its first ap pear ance is dated to the
ear li est late Maastrichtian. This spe cies con tin ues un til the
Maastrichtian–Paleogene bound ary, e.g., in the Subsilesian
Nappe (Gasiñski et al., 2001; Machaniec, 2002; Tshakreen and 
Gasiñski, 2004), and in the East ern Carpathians (£abãrã et al.,
2017). How ever, dis ap pear ance of the in dex spe cies A. maya -
roensis be fore the mass ex tinc tion at the K-Pg bound ary has
been re corded in the stud ied sec tion (Ta ble 1). A sim i lar trend
was ob served by Kêdzierski et al. (2015) in the Ropianka For -
ma tion of the Skole Nappe.

The as sem blage above the high est oc cur rence of A. maya -
roensis (sam ple Hy8; Figs. 2 and 5) and be low the high est oc -
cur rence of Contusotruncana contusa and Racemiguembelina
fructicosa (sam ple Hn14; Figs. 2 and 5) is char ac ter ized by
grad ual dis ap pear ance of the or na mented, large plank tonic,
keeled forms such as Abathomphalus, Contusotruncana,
Globotruncanita and Globotruncanella, as well as or na mented,
large, spe cial ized Heterohelicidae e.g. Racemiguembelina,
Planoglobulina, Pseudotextularia. This change is pos si bly co -
eval with the plank tonic foraminiferal CF2 Zone (sensu Li and
Keller, 1998), whose top is de ter mined by the last oc cur rence
(LO) of Gansserina gansseri in the late Maastrichtian.

An other stratigraphically im por tant bioevent in the as sem -
blage of in ter val A2 (sam ple Hy12) is the low est oc cur rence of
the cal car e ous-ce mented ag glu ti nated spe cies Remesella
varians. For the first time R. varians was de scribed from the up -
per most Cre ta ceous to Paleocene in the NW Cau ca sus
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(Glaessner, 1937). This spe cies was also re ported from
Maastrichtian–Paleocene de pos its of the North At lan tic (e.g.,
Kuhnt et al., 1989) and West ern Tethys (Kaminski and
Gradstein, 2005), and from the mid dle–up per Maastrichtian
(Malata et al., 1996; B¹k, 2004) and Paleocene de pos its of the
North ern Tethys (Baliniak, 2018).

The youn ger as sem blage of the next in ter val B (sam ple
Hy6) is char ac ter ized by a very high num ber of Heterohelix
spp., Globigerinelloides spp. and a bloom of the very small
spec i mens of Guembelitria cretacea (Fig. 3 and Ta ble 1) in the
fine frac tion (<64 µm) found for the first time in the Outer
Carpathians. Guembelitria cretacea was iden ti fied in the up per
Maastrichtian of the Mid dle Vistula River Val ley in Po land. Due
to the lack of Abathomphalus mayaroensis in that area, the in -
dex spe cies was re placed by G. cretacea (Peryt, 1980). Thus,
the G. cretacea Zone sensu Peryt is the equiv a lent of the plank -
tonic foraminiferal A. mayaroensis Zone (Caron, 1985), char ac -
ter is tic of shal low, high lat i tude mar ginal bas ins (Peryt, 1980
and ref er ences cited therein). The co-oc cur rence of G. cretacea
and rep re sen ta tives of Heterohelix spp. and Globigerinelloides
spp. are also char ac ter is tic of the south- east ern mar gin of
Tethys (Is rael, Egypt, In dia), where the char ac ter is tic ex tinc tion
of keeled forms started be low the K-Pg bound ary
(Mukhopadhyay, 2012, 2016; Keller et al., 2016; Punekar et al.,
2016; Keller et al., 2018 and ref er ences cited therein).
Non-keeled plank tonic foraminifera are very abun dant and rel a -
tively di verse in the in ter val stud ied, which is typ i cal of the
Maastrichtian (Hart, 1999).

The as sem blage of in ter val B also con tains cal car e ous-ce -
mented ag glu ti nated spe cies Goesella rugosa. Ac cord ing to
Geroch and Nowak (1984), the LO of G. rugosa in di cates the
late Maastrichtian. These au thors ar gued that, the LO of
G. rugosa co in cides in the Pol ish Outer Carpathians with the
K-Pg bound ary and with the base of the low est oc cur rence of
Rzehakina fissistomata. This con cept is in full agree ment with
ob ser va tions from north ern Spain (Kuhnt and Kaminski, 1997).
The co-oc cur rence of R. varians and G. rugosa is re stricted to
the late Maastrichtian (Kuhnt and Kaminski, 1997).

An other sig nif i cant in crease in the abun dance of plank tonic
Guembelitria cretacea is ob served in the as sem blage of in ter val 
C and has been con sid ered as the sec ond bloom of this spe -
cies. The G. cretacea Zone is an acme zone char ac ter ized by
abun dant oc cur rence of the Maastrichtian sur vi vor spe cies.
The sec ond bloom of this spe cies is ob served af ter the K-Pg
tran si tion event (e.g., Smit and Romein, 1985; Gallala and
Zaghbib-Turki, 2010). The G. cretacea sec ond bloom Zone in -
di cates the low er most Paleocene in ter val, called the P0 Zone
(e.g., Berggren et al., 1995; Ogg and Hinnov, 2012). In the stud -
ied sec tion, the acme G. cretacea Zone has been dis tin guished
for the first time in the Outer Carpathians. So far, none of these
blooms was ob served in the other turbiditic se ries of the Pol ish
Carpathians, but it has been dis tin guished at the Lechówka
sec tion in the Lublin Up land, E Po land, in the far Carpathian
fore land (Machalski et al., 2016).

Fi nally, in the Hy¿ne sec tion, the stan dard Abathomphalus
mayaroensis Zone sensu Caron (1985) com prises, in a strati -
graphic or der: (1) in ter val with A. mayaroensis oc cur rence, (2)
in ter val with a grad ual dis ap pear ance of keeled taxa, and (3) in -
ter val with the G. cretacea first bloom. It seems that these
bio-events have a great strati graphic sig nif i cance, es pe cially in
the sec tions where there is lack of A. mayaroensis oc cur rence.
The lat est Maastrichtian to the ear li est Paleocene ma rine sed i -
ments con tain G. cretacea as an im por tant com po nent, which is 
used to rec og nize the K-Pg tran si tion as a sur vi vor taxon across 
the bound ary (Hofker, 1978; Smit, 1982; Canudo et al., 1991;
Liu and Olsson, 1992; Abramovich et al., 2002, 2010; Keller,

2002, 2004; Coccioni and Luciani, 2006; Keller et al., 2016).
The Guembelitria cretacea Zone was de fined for the first time
as the in ter val rang ing from the K-Pg bound ary to the FOs of
Paleogene spe cies (Smit, 1982). It was mod i fied by Keller
(1988) into sub di vi sions in clud ing the P0a – G. cretacea sub -
zone, then was re vised as the P0 Zone from the mass ex tinc -
tion of Maastrichtian spe cies to the LO of Parvularugo -
globigerina eugubina (Keller et al., 1995). D’Hondt and Keller
(1991) and Pardo et al. (1996) de fined the P0 Zone as the par -
tial range of G. cretacea fol low ing the ex tinc tion of large
globotruncaniids and pre ced ing the FO of P. eugubina.

Ac cord ing to Geroch and Nowak (1984) the FO of Rze -
hakina fissistomata is in the early Paleocene. In the Hy¿ne sec -
tion, it was ob served in the P0 Zone. This spe cies is known in
the Pol ish Outer Carpathians from the Paleocene (Morgiel and
Olszewska, 1981; Geroch and Koszarski, 1988; Olszewska,
1997; Oszczypko et al., 2005; Waœkowska-Oliwa, 2008, and
pa pers cited therein). How ever, the low est ap pear ances of
R. fissistomata seem to be diachronous. Its low est oc cur rence
is re corded in the up per most Maastrichtian of the Skole Unit,
Outer Carpathians, Po land (Kêdzierski et al., 2015). There fore,
the Paleocene age is not as signed to the first oc cur rence of
R. fissistomata in the north ern Tethys. Nev er the less, the low est 
oc cur rence of the R. fissistomata bioevent is ap prox i mately re -
lated to the K-Pg tran si tion. An other very char ac ter is tic ag glu ti -
nated spe cies of this zone, Annectina grzybowskii, as an equiv -
a lent of the in dex taxon in the case of ab sence of R. fissi -
stomata (Geroch and Nowak, 1984), is ob served in the Hy¿ne
sec tion.

In in ter val D (Hy1, Hy3, Hy2), the in dex taxon Parasub -
botina cf. pseudobulloides (Fig. 3, K1, K2) in di cates the P1a
Zone in the up per part of the Early Paleocene. The foraminiferal 
as sem blages con tain also a few cal car e ous ben thic
foraminifera and the cal car e ous-ce mented ag glu ti nated forms.
of Dorothia crassa. How ever, the youn gest foraminiferal as so -
ci a tion from the top of the suc ces sion con tains mainly typ i cal
deep-wa ter ag glu ti nated foraminifera with or ganic ce ment
(DWAF), such as Ammodiscus sp., Caudammina sp., Hormo -
sina sp., Recurvoides sp., Rzehakina sp., Caudammina excel -
sa, Caudammina cf. ovula, and Hormosina velascoensis.

CALCAREOUS NANNOPLANKTON BIOSTRATIGRAPHY

Sam ples Hy13–Hy10 are as signed ei ther to the CC 22
Zone (up per Campanian) or UC15e due to lack of marker taxa
that would al low dis crim i na tion be tween them. The as sig na tion
to the zones is based on the first ap pear ance of the youn gest
taxon.

Sam ples Hy8–Hy6 were in cluded ei ther in the late
Maastrichtian CC 26 Zone (Sissingh, 1977) or in the UC 20b
Zone (Bur nett, 1998) due to the oc cur rence of Lithraphidites
quadratus and Nephrolithus frequens. There are no youn ger
forms in these sam ples, such as Micula prinsii, which ap pear in
the up per most part of the CC 26 Zone.

The nannoplankton as sem blage from sam ple Hy4 is dom i -
nated by re de pos ited Late Cre ta ceous forms, such as Aspido -
lithus parcus parcus, Braarudosphaera sp., Braarudosphaera
bigelowii, Calculites obscurus, Cyclagelosphaera reinhardtii,
Lithraphidites prequadratus, Micula concava, Micula stauro -
phora, Nephrolithus frequens, Watznaueria barnesae and
Zeugrhabdotus sigmoides. The pres ence of Cruciplacolithus
tenuis, Cruciplacolithus pri mus and Lanternithus duocavus
(Figs. 6 and 7) al lows as crip tion of sam ple Hy4 to the NP1
Markalius inversus Zone (lower Danian). Ac cord ing to Mar tini
(1970), the NP1 Zone is de fined by LO of Cre ta ceous
coccoliths to FO of Cruciplacolithus tenuis.
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In the stud ied cal car e ous nannoplankton as sem blages, the
up per most part of the CC 26 Zone has not been de ter mined
due to the lack of Micula prinsii Perch-Niel sen. In ear lier stud ies
(Jugowiec-Nazarkiewicz, 2007), M. prinsii was re corded in the
Wêglówka Marl (Bezmiechowa), Rybie Sand stone and Frydek
Marl-like de pos its in the Pluskawka stream sec tion of the
Subsilesian Nappe. M. prinsii was found in the top part of the
A. mayaroensis Zone in the Gaj sec tion of the Skole Nappe
(Kêdzierski et al., 2015).

Ac cord ing to Perch-Niel sen et al. (1982), Berggren and
Pearson (2005) and Molina et al. (2006), a com plete K-Pg sec -
tion should con tain, from the bot tom up wards, the lat est
Maastrichtian nannofossil Micula prinsii Zone, early Danian
plank tonic foraminifera Guembelitria cretacea Zone (P0, in -
clud ing the K-Pg bound ary clay), and Parvularugoglobigerina
eugubina Zone (P1a). How ever, im me di ately above the K-Pg
bound ary, an in ter val with sparse nannofossils is pres ent in
most sec tions. There fore, the rel a tively low res o lu tion of
biozones does not ex clude pos si ble hi a tuses in sec tions con -
sid ered so far to be biostratigraphically com plete (MacLeod and 
Keller, 1991). In the stud ied sam ples, the Paleocene as sem -
blage is dom i nated by re de pos ited Cre ta ceous taxa.
Thoracosphaera sp. is very rare and Braarudosphaera is rep re -
sented by a few spec i mens in sam ple Hy4. How ever, the pres -
ence of Cruciplacolithus tenuis, Cruciplacolithus pri mus and
Lanternithus duocavus al lows in clud ing sam ple Hy4 to the
NP1/2 Zone (early Danian).

In the Hy¿ne sec tion, the K-Pg bound ary is placed be tween
the foraminiferal zones of Abathomphalus mayaroensis (lower
late Maastrichtian) and Guembelitria cretacea (ear li est
Paleocene), and be tween the cal car e ous nannoplankton zones 
of CC26 and NP1/2 (Fig. 5).

PALAEOECOLOGY

Com po si tion of the foraminiferal as sem blages, their quan ti -
ta tive anal y sis in the Hy¿ne sec tion and in ter pre ta tions of rel e -
vant en vi ron men tal con di tions are pre sented in Fig ure 8. The
plank tonic/ben thic (P/B) foraminifera ra tio (= plank tonic/plank -
tonic + ben thic) is re garded to be an in di ca tor of
palaeobathymetry and palaeoproductivity (e.g., Berggren and
Diester-Haass, 1988; van der Zwaan et al., 1990; van
Hinsbergen et al., 2005). Gen er ally, plank tonic forms are the
most abun dant in the open ma rine en vi ron ments. Thus, high
per cent ages of plank tonic foraminifera in the as sem blages may 
in di cate a long dis tance from the shore. On the other hand, ben -
thic foraminifera, ex clud ing infaunal forms (van der Zwaan et
al., 1990), rely on or ganic mat ter that can reach the sea floor.
Gen er ally, less ben thic foraminifera in the as sem blages in di -
cate greater depths. How ever, the ben thic pop u la tions can be
re duced due to low ox y gen con cen tra tions (Jorissen et al.,
1995). This may in flu ence the ra tio of pe lagic to ben thic forms,
but in the Hy¿ne sec tion, there is no ev i dence of dis tur bances
caused by ox y gen changes.

The epipelagic/bathypelagic foraminiferal ra tio (Fig. 8,
Epi/Bathy), in ad di tion to palaeobathymetric es ti ma tions, is
use ful for de ter min ing the off shore dis tance (Sliter, 1972; Sliter
and Baker, 1972). The r-type strat e gies (r-se lected) small-sized 
and sim ple morphotypes with glob u lar bi-, triserial, planispiral or 
trochospiral cham ber ar range ments, such as heteroheliciids,
hedbergelliids and globigerinelloidiids (Caron and Home wood,
1983; Petrizzo, 2002) are re garded as epipelagic and pre fer
near-sur face wa ter en vi ron ments (<200 m). Such spe cies have 
high re pro duc tive po ten tial and can be con sid ered as in di ca tors 
of un sta ble en vi ron ments, whereas K-strat egy (K-se lected)
spe cial ist taxa, com plex morphotypes, keeled and highly or na -

mented, e.g. globotrun caniids, are char ac ter ized by low re pro -
duc tive po ten tial. They can be con sid ered as in di ca tors of sta -
ble en vi ron ments, and are be lieved to live as bathypelagic
forms in the bathyal zone (>200 m) out side the con ti nen tal shelf
(Hart and Bailey, 1979; Hart, 1980; Caron and Home wood,
1983; Leckie, 1987; Hemleben et al., 1989; Petrizzo, 2002;
BouDagher- Fadel, 2012; Schiebel and Hemleben, 2017).

The ra tio of ag glu ti nated to cal car e ous ben thic forms can be 
a good in di ca tor of sea-level changes, thus, the high per cent -
ages of ag glu ti nated foraminifera (DWAF) in the as sem blages
may be con nected with deep en ing of the en vi ron ment (Cetean
et al., 2011). Dom i nance of cal car e ous forms in the as sem -
blages may be in ter preted as a rel a tive sea-level rise com monly 
as so ci ated with a trans gres sion in the mar ginal part of the ba -
sin. Dur ing ma rine flood ing, terrigenous siliciclastic ma te rial is
harder to ob tain for ag glu ti nat ing foraminifera. This ra tio of ag -
glu ti nated to cal car e ous ben thic foraminifera may also be con -
nected with the ocean acid i fi ca tion that took place dur ing the
ter mi nal Maastrichtian (Gasiñski et al., 2012; Punekar et al.,
2016). It is not pre cluded that the cal car e ous forms are af fected
by an acidic en vi ron ment and are dis solved in the worst case.

The ag glu ti nated tu bu lar forms are re garded as sus pen sion
feed ers (Jones and Charnock, 1985; Nagy, 1992). The in -
crease in abun dance of tu bu lar forms (Sus. f./Other agg. Pa -
ram e ter) may sig nal high fre quency of turbiditic cur rents and
nu tri ent sup ply. There fore, the sus pen sion feed ers/other ag glu -
ti nated foraminifera ra tio is a good in di ca tor of or ganic car bon
flux (OCF) in the flysch-type bas ins of high terrigenous in flux
(Kaminski and Kuhnt, 1995; Reolid et al., 2008).

In the as sem blage of in ter val A1 (late Campanian, sam ples
from the base of the pro file (Hy13, Hy12, nannoplankton C 22
Zone) ben thic foraminifera pre vail. In sam ple Hy13, only ben -
thic fauna is pres ent and con sists of both ag glu ti nated and cal -
car e ous ben thic foraminifera in sim i lar amounts. Up in the pro -
file, in sam ple Hy12, more cal car e ous ben thic forms ap pear
and bathypelagic forms dom i nate in the small pop u la tion of
plank tonic spe cies. In the same in ter val, ag glu ti nated
foraminifera drop in num ber, but they are mostly a sus pen sion
feed ers morphotype. The dom i nance of such morphotype in the 
as sem blage in di cates a higher or ganic mat ter flux to the ba sin
in the late Campanian.

In ter val A2 (early late Maastrichtian, A. mayaroensis Zone,
Hy11 to Hy7) shows fluc tu a tions of the P/B ra tio and a con tin u -
ous dom i nance of epipelagic forms amongst plank tonic
foraminifera. Ag glu ti nated forms are scarce al most through out
the en tire A2 part of the pro file. More ag glu ti nated spe cies are
ob served at the top of the in ter val, which are rep re sented by two 
peaks on the Agg/Calc graph (sam ples Hn12, Hy7; Fig. 8).

Abathomphalus mayaroensis is ob served in the as so ci a tion
of in ter val A2 in keeled, K-strat egy, bathypelagic spe cies re lated
to a sta ble en vi ron ment and rel a tively deep-wa ter con di tions that
are char ac ter is tic of open-ma rine wa ters (Smit, 1982). In the up -
per part of in ter val A2 and in the next in ter val B, the spe cies di -
ver sity be gan to de cline, the in dex taxon A. mayaroensis is no
more ob served and most of the bathypelagic plank tonic
foraminifera be came ex tinct. Sev eral rea sons for the ab sence of
A. mayaroensis and other bathypelagic forms (be low the K-Pg
bound ary) can be in voked. The most pos si ble ex pla na tion of the
dis ap pear ance of A. mayaroensis, a bathypelagic form, is eco -
log i cal in sta bil ity re ferred to bathymetric and cli ma tic changes.
A. mayaroensis oc curs deeper than the up per bathyal depths
(Farouk, 2014 and ref er ences therein). Its dis ap pear ance cor re -
sponds with the lat est Maastrichtian (66.8 Ma) eustatic sea-level
drop by ~75 m, which was ob served in the West ern Tethys (Haq
et al., 1988; Haq, 2014) and the Ara bian Plat form (Haq and
Al-Qahtani, 2005). This change may have dis turbed eco log i cal
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Fig. 8. Quan ti ta tive anal y sis of foraminiferal as sem blages of the stud ied sam ples



con di tions in the ba sin, and A. mayaroensis is re ferred to
non-sta ble eco log i cal con di tions due to cli ma tic changes that
caused, e.g., rapid warm ing pulses (see Keller and Abramovich,
2009; Kêdzierski et al., 2015). This agrees with the fact that most
of the Cre ta ceous bathypelagic plank tonic foraminifera went ex -
tinct at the K-Pg bound ary (Keller, 2001; Keller et al., 2018). Our
study shows the grad ual turn overs of the Maastrichtian plank -
tonic foraminifera be low the K-Pg bound ary. It started with dis ap -
pear ance of the larg est and most spe cial ized K-strat egy dwell ers 
of trop i cal to sub-trop i cal deep wa ters, such as Abathomphalus,
Contusotruncana, Globotruncanita and Globotruncanella, fol -
lowed by the less spe cial ized, large, com plex Heterohelicidae,
such as Racemiguembelina, Planoglobulina and Pseudotex -
tularia, and the trochospiral, or na mented Rugoglobigerina as the 
last one (Figs. 2 and 5; Ta ble 1).

The K-Pg bound ary mass ex tinc tion is com monly as so ci -
ated with the ocean acid i fi ca tion that was al ready ob served in
the other Skole Nappe sec tions (Gasiñski et al., 2012). The
tests of plank tonic foraminifera from the top of in ter val A2 (sam -
ple Hy8, Ta ble 1) and from in ter val B (sam ple Hy4, Ta ble 1)
show traces of dis so lu tion. This may be in ter preted as the re sult 
of the dis so lu tion of shells due to sea acid i fi ca tion. The acid i fi -
ca tion event is re lated to the K-Pg bound ary (Tyr rell et al., 2015
and ref er ences therein).

In the fine and small-sized frac tions (<64 µm and
64–150 µm), a higher num ber of plank tonic in di vid u als is pres -
ent and they are dom i nated by Guembelitria, Heterohelix and
Globigerinelloides. The tests of plank tonic foraminifera of in ter -
vals B and C and ben thic cal car e ous foraminifera of in ter val C
show a dis tinct de crease in size (Figs. 3J1–J5 and 4L, O, P).
Larger forms are sig nif i cantly more nu mer ous in the older as -
sem blages from in ter vals A1 and A2 (Fig. 4J and K). The mor -
pho log i cal size re duc tion of foraminifera (the so-called Lilliput
ef fect) as a re sponse to en vi ron men tal stress (Schmidt et al.,
2004; Har ries and Knorr, 2009; Keller and Abramovich, 2009;
Keller et al., 2011b) is also an im por tant fea ture of the K-Pg
tran si tion in the stud ied sec tion.

The foraminifera from the fine frac tion (<64 µm) of in ter vals
B and C are char ac ter ized by a sig nif i cant in crease in abun -
dance (bloom) of small, plank tonic, op por tu nis tic Guembelitria
cretacea. This spe cies is known to sur vive in en vi ron men tally
un sta ble con di tions of shelf or even shal lower neritic ar eas, and 
it is char ac ter is tic of mar ginal seas (e.g., Kroon and Nede -
rbragt, 1990). In the as sem blage of in ter val C, the co eval bloom 
of cal car e ous ben thic, infaunal Bolivinita sp. (Bolivinita-type) is
ob served. The Bolivinita sp. bloom in the New Zea land re gion
took place in the outer shelf to bathyal depths, and the
bathymetry is con sid ered a ma jor con trol ling fac tor of its strati -
graphic dis tri bu tion (Scott, 1965, 2017).

The in ves ti gated de pos its show low di ver sity of foraminifera 
with dom i nance of two spe cies con sti tut ing up to 70% of the to -
tal as sem blage. The sig nif i cant dom i nance of the op por tu nis tic
spe cies (r-type strat e gies), rep re sented by epipelagic plank -
tonic G. cretacea, and shal low-wa ter small spe cies of cal car e -
ous ben thic with thin tests, such as Bolivinita sp. (or
Bolivina-type), usu ally in di cates the high en vi ron men tal stress
(Frezza et al., 2005). The next im por tant foraminiferal bioevent
re corded in in ter val C, slightly above the K-Pg bound ary, is that
the ben thic as sem blage is dom i nated by cal car e ous epifaunal
morpho groups be long ing to Cibicides and Brotzenella (Peryt et
al., 2002). A sim i lar event has been noted in the same strati -
graphi cal po si tion in Tu ni sia, where the as sem blages are also
com posed al most en tirely of epifaunal spe cies. The struc ture of 
the ben thic foraminiferal as sem blages and the fau nal turn over
are con trolled by the food sup ply to the sea floor (cf. Peryt et al.,
2002, 2004). The oc cur rence of the bloom ing G. cretacea and

Bolivinita-type op por tu nis tic spe cies (and the very high ra tio
(>95%) of plank tonic epipelagic/plank tonic bathypelagic
(epi/bathy), dis solved foraminiferal tests (Gasiñski et al., 2012,
2013; Punekar et al., 2016), and the “Lilliput ef fect” of their tests
(re duc tion in size) in di cate stress en vi ron men tal con di tions dur -
ing the Guembelitria first and Guembelitria sec ond blooms that
cor re spond to the CC 26 and NP1/2 cal car e ous nannoplankton
zones in the stud ied sec tion (Ta ble 1).

In the fine (<64 µm) frac tions of sam ples from the in ter val C
(Hy4, Hy5), glass spher ules can be ob served (Ta ble 1). The
pres ence of glass spher ules was also noted in the B¹kowiec
sec tion of the Skole Nappe (D¹bek and Wójcik-Tabol, 2018), in
the same strati graphi cal po si tion. The spher ules therein and in
the Hy¿ne sec tion may in di cate that ejected dust has got into
the sed i ment af ter the mul ti ple im pact events, e.g. Chicxulub
im pact, Deccan Traps. The glass spher ules with nickel-rich
spinel grains were re corded from the K-Pg bound ary clay at
Lechówka, Lublin Up land, SE Po land (Brachaniec et al., 2014).
These events are re lated to the K-Pg bound ary, which cor re -
sponds to the base of the so-called bound ary clay with an
anom a lous irid ium (Ir) con cen tra tion known world wide (Molina
et al., 2009; Schulte et al., 2010, and ref er ence therein).

The re sponse of foraminiferal as sem blages to the K-Pg en -
vi ron men tal stress was re flected in var i ous bioevents. The
palaeobathymetrical changes are man i fested by di ver sity and
abun dance of foraminifera with spe cific depth re quire ments. At
the base of in ter val A2, the bathypelagic plank tonic forms are
rel a tively di verse and com mon, but the as sem blage is dom i -
nated by ben thic spe cies. There fore, the as sem blage of in ter val 
A2 may rep re sent the up per bathyal zone. A grad ual de crease
in abun dance of plank tonic bathypelagic spe cies and an in -
crease in abun dance of plank tonic epipelagic spe cies sug gest
a shallowing of depositional en vi ron ment (Gasiñski, 1997). The
lat est Maastrichtian is char ac ter ized by a de crease in
bathypelagic and in ter me di ate plank tonic foraminifera and in
spe cies di ver sity (Keller, 2001). The sea shallowing may also
be the rea son for the ab sence of nannoplankton in many sec -
tions of the K-Pg bound ary, but there are no signs of shallowing
in the sed i men tary re cord of in ves ti gated sec tions. The as sem -
blages of the up per part of in ter val B and the lower part of in ter -
val C (di rectly above the K-Pg bound ary) show a grad ual de -
crease in abun dance of epipelagic taxa un til their com plete dis -
ap pear ance at the top of in ter val C. In the Paleogene part of the
sec tion, the cal car e ous ben thic taxa are less di verse or even
ab sent (sam ple Hy5) and they are com pletely re placed by the
ag glu ti nated forms in the as sem blage of in ter val D. This turn -
over is also ob served in other K-Pg sec tions of the Skole Nappe 
(Gasiñski and Uchman, 2011). In the up per most part of the
stud ied sec tion (in ter val D, sam ples Hy1–Hy3), the
foraminiferal as sem blage in di cates dis tinctly dif fer ent en vi ron -
men tal con di tions. The most com mon taxa rep re sent or -
ganic-ce mented deep-wa ter ag glu ti nated foraminifera (DWAF;
Kuhnt et al., 1989), e.g. Glomo spira, Hormosina,
Paratrochamminoides and Recurvoides. Tu bu lar forms are rare 
in the as sem blage of in ter val D. Am molagena clavata is ex cep -
tion ally abun dant, which is re garded as an in di ca tor of mid dle to
lower bathyal set tings above the car bon ate com pen sa tion
depth (CCD) and be low the lo cal foraminiferal lysocline and it
has been de scribed from high di ver sity foraminiferal as sem -
blages of turbiditic de pos its (Kaminski and Gradstein, 2005;
Waœkowska-Oliwa, 2005; Waœkowska, 2014; Fontanier et al.,
2008). Ad di tion ally, ag glu ti nated foraminifera with cal car e ous
ce ment, e.g. Dorothia, Gaudryina, Areno bulimina, oc cur in this
foraminiferal as sem blage. They con firm the depositional en vi -
ron ment above CCD (e.g., Baliniak, 2018 and ref er ences
therein). Along with ag glu ti nated foraminifera, poorly pre served
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sin gle spe cies of plank tonic Parasubbotina cf. pseudobulloides
and very rare cal car e ous ben thic foraminifera Cibicidoides and
Gyroidinoides oc cur. A sim i lar com po si tion of the foraminiferal
as sem blages was re corded in the lower Paleocene de pos its of
the Subsilesian Nappe (Waœkowska- Oliwa, 2005).

Ac cord ing to Haq (2014), the global eustatic sea level fell in
the lat est Maastrichtian and was fol lowed by a sea-level rise in
the late early Danian. The in ferred rel a tive sea-level changes in
the in ves ti gated sec tion re veal a good co in ci dence with the re -
gional and eustatic sea-level changes dur ing the
Maastrichtian–early Danian (Haq et al., 1988; Hardenbol et al.,
1998; Haq, 2014 and ref er ences therein). We have also noted
that wa ter-depth changes are only one pos si ble cause of
foraminiferal vari a tion; other changes, such as tem per a ture or
food sup ply cor re lated with pro duc tiv ity, might be the prox i mate
cause of vari a tion in the com po si tion of as sem blages.

The anal y sis of the foraminifera as sem blages, yielded from
the in ves ti gated sec tion, show a few peaks on the ra tio curve,
rep re sent ing the con tent of sus pen sion feed ers (ben thic ag glu -
ti nated tu bu lar forms such as Nothia excelsa, Rhizammina
indivisa, Rhabdammina cy lin dri cal). These peaks based on the
high fre quency of the sus pen sion-feed ing or gan ism in di cate an
or ganic car bon flux (OCF) to the ba sin. Some of these in -
creases in abun dance of sus pen sion feed ers were ob served in
in ter vals A2 in Abathomphalus mayaroensis Zone in late
Maastrichtian and above the K-Pg tran si tion in the up per part of
Zone P0 (see Fig. 8), what can be con nected with of OCF in
ear li est Danian. This in di cates fluc tu a tions of or ganic mat ter
flux to the mar ginal part of the Skole Ba sin floor in the stud ied
time in ter val.

It must also be taken into con sid er ation that some
sedimentological sig nals of shallowing or deep en ing are not ob -
served due to poor con di tion of the ex po sures. Foraminiferal
tests are rel a tively well pre served, gen er ally not frag mented or
bro ken (de spite the fact that the in ves ti gated de pos its were
trans ported by tur bid cur rents from shal lower zones). It also
should be no ticed that the pre vail ing part of the stud ied sed i -
ments was trans ported by turbiditic cur rents, which orig i nated in 
shal lower zones. There fore, the palaeobathymetric in ter pre ta -
tions based on the com po si tion of foraminiferal as sem blages
are re lated more to their pri mary sed i men tary en vi ron ment than
to the fi nal depositional ar eas. Nev er the less, the changes in as -
sem blages may ex press some bathymetric trends and
sea-level dy nam ics in the mar ginal parts of the ba sin, which in -
flu ences source ma te rial of the de pos its. There are some peaks 
on the ra tio curves (Fig. 8), which have been ig nored in the in -
ter pre ta tion be cause they are based on a too small num ber of
spec i mens, e.g. the epi/bathy ra tio peak at the top of the pro file,
caused by one epipelagic spec i men in the en tirely plank tonic
group, or the peaks in sus pen sion feed ers/other ag glu ti nated
(Sus. f./Other agg.), caused by, e.g., the oc cur rence of only one 
tu bu lar foraminifera in the ag glu ti nated as sem blage or just a
few spec i mens in to tal (Fig. 8). This sit u a tion may also be sim -
ply ex plained by redeposition or re work ing of sed i ments in
flysch-type bas ins.

The com po si tions of the Late Cre ta ceous foraminiferal
plank tonic as sem blages (see pre vi ous chap ter and Fig. 2) are
char ac ter is tic of the “tran si tional zone” be tween the Tethyan
(e.g., Contusotruncana contusa, Globotruncana arca, G. bullo -
ides, G. linneiana, Globotruncanita stuarti, Abathomphalus
mayaroensis) and Bo real (e.g., Globigerinelloides prairiehillen -
sis, Hedbergella holmdelensis, H. monmouthensis, Heterohelix
globulosa, H. reussi) biogeoprovinces (Gasiñski, 1997, 1998).
They are sim i lar to the ear lier de scribed foraminiferal as sem -
blages of the Ropianka For ma tion of the Skole Nappe (Gasiñski 
and Uchman, 2009).

The ex am ined as sem blages con tain a mix ture of low-, mid -
dle- and high-lat i tude spe cies of cal car e ous nannoplankton.
The known high-lat i tude cool-wa ter (Bo real Ream) in di ca tors
(Lees, 2002; Mutterlose et al., 2005; Thibault et al., 2012) in -
clude Ahmuellerella octoradiata, Arkhangelskiella cymbiformis,
Biscutum constans, Cribrosphaerella daniae, Kamptnerius
magnificus, Lucianorhabdus cayeuxii, Nephrolithus frequens,
and Prediscosphaera stoveri. Warm-wa ter taxa con fined to low
and mid dle palaeolatitudes of the Tethyan Realm (Thierstein,
1980; Perch-Niel sen, 1985) in clude Watznaueria barnesae,
Ceratolithoides ac ule us, Eiffellithus sp. and Lithraphidites
quadratus (Figs. 6 and 7). This sug gests a con nec tion be tween
the Tethyan and Bo real realms. The mixed char ac ter of the
high- and low-lat i tude cal car e ous nannoplankton is typ i cal of
the Late Cre ta ceous in the Outer Carpathians (Švábenická,
2001; Jugowiec-Nazarkiewicz, 2007; Kêdzierski et al., 2015)
and it is ob served in all the Late Cre ta ceous sam ples from the
Hy¿ne sec tion.

Ac cord ing to Thierstein (1980), Micula staurophora is a
highly dis so lu tion-re sis tant form and is con sid ered a good in di -
ca tor of poor nannofossil pres er va tion and diagenetic en hance -
ment. How ever, the in ves ti gated sam ples con tain very few
spec i mens of this taxon. Gardin and Monechi (1998) and
Gardin (2002) sug gested that the ap pear ance of
Cruciplacolithus pri mus marks the on set of the re turn to more
sta ble en vi ron men tal con di tions af ter the per tur ba tions at the
K-Pg bound ary. Braarudosphaera is a spo radic taxon in the
stud ied sam ples, and no blooms of Braarudosphaera were ob -
served. The blooms as well as the Braarudosphaera gen era
them selves are con sid ered as in di ca tors of shal low-wa ter en vi -
ron ments. The bloom is prob a bly re lated to nu tri ent en rich ment
(Peleo-Alampay et al., 1999; Kelly et al., 2003). Braarudo -
sphaera bigelowii seems to pre fer mar ginal seas and eutrophic
en vi ron ments (Cunha and Shimabukuro, 1997).

CONCLUSIONS

The de tailed biostratigraphical study shows a nearly con tin -
u ous re cord of the K-Pg tran si tion in the Hy¿ne sec tion. The
changes of ben thic and plank tonic foraminifera and cal car e ous
nannoplankton were in flu enced by a se ries of en vi ron men tal
cri ses rec og nized world wide. Such a com plete re cord of events
and changes is unique in the north ern mar gin of Tethys. The
plank tonic foraminiferal zones char ac ter iz ing the late
Maastrichtian-early Danian in ter val are pres ent. They in clude:

– the stan dard Abathomphalus mayaroensis Zone sensu
Caron (1985), which com prises bioevents of im por tant
strati graphic sig nif i cance: – the in ter val with
A. mayaroensis oc cur rence; – the in ter val with a grad ual 
dis ap pear ance of keeled and large racemiguembelinid
taxa; – the in ter val with the G. cretacea first bloom;

– the G. cretacea sec ond bloom Zone (P0 Zone) that cor -
re sponds to the nannofossil NP1/2 Zone, in di cat ing the
ear li est Danian;

– the P. pseudobulloides (P1a) Zone that in di cates the top 
of the early Danian.

The lower up per Maastrichtian foraminiferal as sem blages are
highly di verse, with taxa show ing K-strat egy and r-strat egy, and
well-pre served plank tonic taxa with a mix ture of epifaunal and
infaunal ben thic morphogroups sug gest ing a sta ble en vi ron ment.

In the stud ied sec tion, the mass ex tinc tion at the K-Pg
bound ary is re corded be low the thin dark grey marly mudstones 
layer. The grad ual dis ap pear ance of the Maastrichtian plank -
tonic foraminifera be low the K-Pg bound ary, from the larg est,
most spe cial ized, through less spe cial ized large heteroheliciids



to the small sim ple r-strat egy forms is ob served. The grad ual
ex tinc tion of many Cre ta ceous spe cies in the lat est
Maastrichtian char ac ter izes most of the con tin u ous K-Pg
bound ary sec tions, dem on strat ing the great com plex ity of var i -
ous en vi ron men tal changes. The K-Pg in ter val bioevents at the
Hy¿ne sec tion can be use ful for better strati graphic res o lu tion of 
the Outer Carpathians. The G. cretacea sec ond bloom (P0)
Zone is char ac ter ized by blooms of op por tu nis tic plank tonic
and ben thic shal low infaunal foraminifera spe cies and by low di -
ver sity of plank tonic foraminifera. The ben thic foraminifera are
di verse and dom i nated by epifaunal taxa. The stud ied
foraminiferal as sem blages de rive from dif fer ent bathymetric
zones. They can be re ferred to (1) the zone not deeper than the
up per bathyal depths, above FL in the late Campanian and
early late Maastrichtian, (2) a depth cor re spond ing to the zone
not deeper than the shelf mar gin dur ing the lat est Maastrichtian
and ear li est Danian, and (3) the mid dle-lower bathyal depth, be -
low LF and above CCD, in the late early Danian. The rel a tive

sea-level changes in ferred for the sec tion re veal a good co in ci -
dence with the re gional and global eustatic sea-level changes
dur ing the Maastri chtian– early Danian. How ever, the de pos its
of the sec tion were trans ported mainly by turbiditic cur rents
from shal lower zones, and the bathymetric changes re flect the
sit u a tion in the source area of the de pos its, not nec es sar ily in
the fi nal place of de po si tion. The mixed char ac ter of the high-
and low-lat i tude cal car e ous nannoplankton, sim i larly to
foraminifera, sug gests a con nec tion be tween the Tethyan and
Bo real realms.
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