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The Maastrichtian, last of the Cretaceous stage, was end-
ed by Cretaceous/Palaeogene (K-Pg) extinction event, rec-
ognized as one of the five most severe extinctions through-
out the entire Phanerozoic. Therefore, this event marks also 
beginning of a new era (the Cenozoic). Naturally, such a 
phenomenon focused the attention of many scientists, lead-
ing over time to the enunciation of two main hypotheses 
explaining possible causes of the event, i.e. an asteroid im-
pact (Alvarez et al., 1980) or intense volcanism (MacLean, 
1985). 

However, these two possible circumstances, which could 
have led to the end-Cretaceous catastrophe, differ basical-
ly in the time of duration, i.e. the rapidness of change, and 
the stratigraphic position of their record. Thus, the evidence 
of a sudden and very short-lived extraterrestrial bolide im-
pact ending the Maastrichtian would have been recorded 
in post-impact deposits belonging stratigraphically to the 
youngest Danian, or the Cenozoic. In contrast, volcanism 
during some period before the extinction event should have 
left its footprint below the K-Pg boundary. 

Indeed, many studies of the uppermost Maastrichtian 
deposits revealed their individual geochemical feature that 
may be linked to phase 2 of Deccan volcanism, initiated 

ca. 250 kyr before the end of Cretaceous (e.g., Abrajevitch  
et al., 2015; Punekar et al., 2016; Sprain et al., 2019).  
The geochemical studies have been supplemented by the pa-
laeontological record predating directly the K-Pg extinction 
event and indicating pronounced changes in, for instance, 
foraminiferal assemblages (e.g., Tantawy et al., 2009; 
Dubicka and Peryt, 2012; Keller et al., 2016; Dameron  
et al., 2017; Mateo et al., 2017), ammonites (e.g., Marshall 
and Ward, 1996) or nannofossils (e.g., Sheldon et al., 2010; 
Thibault and Husson, 2016). 

However, the environmental changes, recorded in  
a global scale, also affected other marine or terrestrial bi-
ota throughout the entire Maastrichtian (e.g., Hallam and 
Perch-Nielsen, 1990; Barrera and Savin, 1999; Li and 
Keller, 1999; Nordt et al., 2003). For example, the dino-
saurs, iconic Mesozoic animals, gradually became extinct, 
starting at least 7 Myr before K-Pg boundary (Sloan et al., 
1986; Brusatte et al., 2015; Sakamoto et al., 2016). 

Other changes on land were marked by angiosperm radi-
ation in the Cretaceous. While the angiosperm onset is dat-
ed as mid-Cretaceous (Davis et al., 2005) they became the 
most species-rich group among other plant clades during the 
Maastrichtian (Wing and Boucher, 1998; Peralta-Medina 
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and Falcon-Lang, 2012). This angiosperm radiation, fol-
lowed by their predominance, probably influenced the fre-
quency and severity of surface wildfires, because the an-
giosperms fuelled more ecologically harmful fires (Belcher 
and Hudspith, 2017). Furthermore, the disappearance of the 
inoceramids, one of the most interesting bio-events preced-
ing the K-Pg boundary event, happened around the early/
late Maastrichtian transition (the so-called mid-Maastrich-
tian Event, MME; see Voigt et al., 2012). This extinction is 
also attributed to the Maastrichtian environment (climate) 
changes (e.g., MacLeod, 1994; Elorza and Garcı́a-Garmilla, 
1998; Gómez-Alday et al., 2004). In addition, six ammonite 
extinctions occurred throughout the Late Cretaceous, most-
ly during the Maastrichtian (Marshall and Ward, 1996). 

Altogether, the Maastrichtian environmental changes may 
be visualised as climate changes that ended the Cretaceous 
warm greenhouse or, at times, hothouse conditions, and 
gradually transformed into a cold greenhouse climate mode 
(e.g., Linnert et al., 2014). Accordingly, the Maastrichtian 
is generally considered to have been much colder than the 
rest of the Cretaceous ages and possibly even the coolest 
(e.g., Huber et al., 2018). Naturally, the question arises: 
what drove this climate cooling? One of the main factors 
evoked here is the reorganization of deep ocean circulation 
by Atlantic cold, high-latitude, deep or intermediate water 
masses (MacLeod and Huber, 1996; MacLeod et al., 2011; 
Donnadieu et al., 2016) that resulted in a long-term cli-
mate switch. Meaningfully, the cooling was accompanied 
by, or followed, Late Cretaceous tectonic events, such as 
mid-Maastrichtian Laramide tectonism or subsidence of the 
Rio Grande Rise-Walvis Ridge (Frank and Arthur, 1999), 
also reorganizing the northern Tethys margin (e.g., Masse 
et al., 1995), as well as, low rate of ocean crust production 
resulting in the long-term fall of sea level (Larson, 1991). 
Diastrophism and a fall in sea level enhanced chemical 
weathering and gave rise to a subsequent decrease in the 
level of atmospheric CO2 (Gale, 2011). The Maastrichtian 
lowstand resulted in a reduction in the area occupied by epi-
cratonic and marginal seas and triggered the re-appearance 
of shelf-break and caballing fronts (Hay, 2008) that facilitat-
ed better ventilation of the deep ocean (Gale, 2011). 

Interestingly, the primary cause driving the Maastrichtian 
climate change and finally leading to the K-Pg extinction 
event may have come from space. Nimura et al. (2016) ar-
gue that our solar system encountered one of the dark clouds 
located within the Milky Way Galaxy disk during the last  
8 Myr of the Cretaceous. This resulted in a sunshield effect, 
hence, global cooling, sea-level fall and other large-scale 
phenomena. The idea is based on the observation of an in-
creasing extraterrestrial index, reflected in the abundance 
of iridium in Maastrichtian pelagic sediments, and fits well 
with the dinosaur genus survival rate, proposed by Sloan et 
al. (1986) for the same time period. 

Nevertheless, despite the initial causes, combined pa-
laeontological and stable isotope evidence indicate cold to 
warm greenhouse and reverse changes in climate during the 
Maastrichtian (see also e.g., Barrera, 1994; Dubicka and 
Peryt, 2012; Dameron et al., 2017; Mateo et al., 2017). 

This paper focuses on calcareous nannoplankton assem-
blages and their changes through time that may have been 

driven by the assumed Maastrichtian climate changes (see 
also Linnert et al., 2016). Moreover, in the uppermost part 
of the section studied the K-Pg boundary interval already 
has been recognized and is only one of several identified 
in the Outer Carpathians (Gasiński and Uchman, 2011). 
Therefore, the stratigraphy of the Bąkowiec section also is 
challenged here. 

GEOLOGICAL SETTING
The section studied is situated in the Skole Nappe, the 

most external nappe of Polish Outer Carpathians (Fig. 1). 
This nappe embraces a series of detachments and disloca-
tions as a result of Miocene folding and northward thrusting 
(Wdowiarz, 1949). The section mostly consists of flysch 
deposits and represents the Ropianka Formation, former-
ly known as Inoceramian Beds, spanning the Turonian 
through the Paleocene (Kotlarczyk, 1978) and overlain by 
the Eocene Variegated Shale Formation (Rajchel, 1990). 
The deposits of the Ropianka Formation accumulated in the 
deep-sea part of the Skole Basin, i.e. the northern part of the 
Tethyan Ocean, bordering the East European Platform (e.g., 
Bromowicz, 1986; Łapcik et al., 2016; Łapcik, 2018). 

The section is a composite section that encompasses 
a set of isolated outcrops of the Ropianka Formation, scat-
tered between the villages of Husów and Handzlówka and 
located on the southern slope of Patria Hill (426 m a.s.l.), in 
the Bąkowiec Forest. The outcrops can be found in the left 
bank of the Handzlowski Potok Stream and along its un-
named right tributary (Fig. 1). All beds sampled are dipping 
uniformly in a SE direction, indicating a stratigraphically 
continuous, monoclinal structure for this part of the Husów 
Thrust Sheet. The main and stratigraphically uppermost 
part of the section studied (GPS coordinates: N49°58′41″; 
E22°14′51″; ±15m) reveals a 4-m-thick series of beds, 
thrust over red-coloured Eocene Variegated Shales of the 
lower thrust sheet (Wdowiarz, 1949). 

In general, the section studied is composed of medium to 
thick turbiditic beds of calcareous sandstones, interbedded 
with grey to bluish grey marls, marly siltstones and mud-
stones in the lower part and calcareous shales in the upper 
part. The sandstones are fine-grained, mostly without dep-
ositional structures (singly Tb or Tc Bouma divisions) with 
numerous calcite veins. The mudstones predominate over 
sandstones in mostly a 2:1 ratio.

MATERIAL AND METHODS
The set of hemipelagic soft marls or calcareous shales 

sampled by authors during the fieldwork were used in the 
preparation of nineteen microscope slides by means of the 
simple smear slide technique (Bown and Young, 1998). The 
slides were used in the qualitative and semi-quantitative ex-
amination of calcareous nannofossils under a Nikon Eclipse 
E600 Pol cross-polarised light microscope at 1000x magni-
fication. The semi-quantitative data used in this study con-
cern the abundance of given nannofossil taxon in relation to 
the abundance of other taxa recognized in the assemblage, 
represented by 300 specimens counted (its percentage; see 
Bown and Young, 1998). 
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The calcareous nannofossil data then were used in the 
calculation of the Temperature Index (TI; see Watkins and 
Self-Trail, 2005), the Nannofossils Index of Productivity 
(NIP; see Eshet and Almogi-Labin, 1996) and the biodiver-
sity Shannon Index (SI; see Shannon and Weaver, 1949). 
Owing to the non-continuous occurrence of a few taxa 
throughout the section, their absence with values of 0 are 
replaced with 0.001 in order to obtain the continuity in data 
necessary for similarity calculations. 

Temperature Index (TI)

TI values were estimated on the basis of the mutual re-
lationships of warm- vs. cool-/cold-water nannofossil taxa 
in every sample slide. For this estimation, Watznaueria 
barnesiae (Black), Ceratolithoides spp. and Micula murus 
(Martini) were considered to represent warm-water taxa, 
and Ahmuellerella octoradiata (Górka), Arkhangelskiella 
cymbiformis Vekshina, Eiffellithus turriseiffelii (Deflandre), 
Micula staurophora (Gardet) or Prediscosphaera cre- 
tacea (Arkhangelsky) cool-water taxa (see Bukry, 1973; 
Thierstein, 1976, 1981; Wise, 1983; Watkins, 1992; 
Watkins et al., 1996; Bergen and Sikora, 1999; Less, 2002). 
The TI calculation was carried out using the formula pro-
posed by Watkins and Self-Trail (2005): TI = [(% warm 
taxa) /(% warm taxa + % cold taxa)] × 100.

Nannofossil Index of Productivity (NIP)

The NIP was calculated according to the formula used 
by Eshet and Almogi-Labin (1996 and references therein). 
The nannofossil observations allowed the authors to rec-
ognize two groups, characterizing productivity conditions: 
(I) a low-productivity group that consists of Eiffellithus 
spp. (E. gorkae Reinhardt, E. turriseiffelii or E. paralle-
lus Perch-Nielsen), Microrhabdulus decoratus Deflandre 
and Prediscosphaera spp. (P. cretacea or P. grandis 
Perch-Nielsen) and (II) a high-productivity group, includ-
ing Biscutum spp. [B. melaniae (Górka) or B. dissimilis 
Wind and Wise]. The NIP value was computed as follows:  
NIP = Group II / Group I (log).

Shannon Index (SI)

In addition to the NOS, the Shannon Index (SI):

SI = – 
i = 1
∑

 s

 pi ln pi

(see Shannon and Weaver, 1949) was calculated to deter-
mine biodiversity changes in the calcareous nannofossil 
assemblage along the section studied. Furthermore, the 
CaCO3 content, in compliance with the Scheibler volumet-
ric method, as well as the δ13C and δ18O stable isotope ratios 
were measured for each rock sample. For the latter results, 
powdered rock samples were reacted with oversaturated 
100% orthophosphoric acid at 70 °C in a Kiel II automated 
reaction system and measured with a Delta Plus isotope-ra-
tio mass spectrometer at the Institute of Earth Sciences, 
University of Graz, Austria. The reproducibility of replicate 
analyses for standards (in-house and NBS 19) and sediment 

samples was better than ±0.1‰ for δ13C and ±0.12‰ for 
δ18O. All carbonate isotopic values are quoted relative to 
VPDB. The multivariate method of R-mode cluster analy-
sis (Anderberg, 1973; Tan et al., 2006) using the Pearson 
Correlation Coefficient (PCC) was computed for all data 
collected. Cluster analysis using PCC was performed only 
for those variables that show continuous (or almost contin-
uous) occurrence throughout the section studied. The statis-
tical calculations were made using the PAST data analysis 
package (Hammer et al., 2001).  

Fig. 1. Location map. A. Location of the study area in  
the Skole Nappe (modified after Książkiewicz, 1956). B. Map 
of the study area (modified after Gasiński and Uchman, 2011). 
Tectonic units and localization of Variegated Shale after Wdowiarz 
(1949). Place of sampling (Bak.0, etc.) with beds orientation. 
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RESULTS 
Calcareous nannofossils

Forty-three species of twenty-seven genera of calcare-
ous nannofossils were identified in the microscopic slides 
studied (Fig. 2; Tab. 1). This provides a fully statistically 
significant package of assemblages except for those from 
four slides, i.e. Bak.0, Bak.3, Bak.4, and Bak.10g, in which 
the nannofossil assemblage does not exceed 300 specimens. 
The number of species or taxa counted (NOS) varies from 
10 in sample slide Bak.10g to 31 in Bak.0 (on average 22). 

The state of preservation of the nannofossil assem-
blage was determined as the visual degree of recogniz-
ability of the specimen (see Kędzierski and Leszczyński, 
2013). All assemblages studied (beside Bak.10g) repre-
sent a good-to-moderate or good state of preservation. 
Furthermore, no significant sign of dissolution or etching 
damage was noted as impacting on the taxonomic recogniz-
ability of specimens counted.

In general, sample slides contain moderately diverse nan-
nofossil assemblages with the predominance of W. barne-
siae and M. staurophora. Their combined contribution in 

assemblage total abundance varies from 34.7% in sample 
slide Bak.10g to 89.3% in Bak.11. 

The less abundant taxa, such as Arkhangelskiella spp., 
Broinsonia spp., Chiastozygus spp., Cribrosphaerella ehren-
bergii (Arkhangelsky), Eiffellithus spp., Prediscosphaera 
spp. and Reinhardtites spp., altogether constitute roughly 
8.2% of the total assemblage (Bak.11) to 40.1% (Bak.2). 

Accordingly, other taxa, such as Arkhangelskiella spp. 
(mostly A. cymbiformis), account for 10.6% of all taxa in 
sample Bak.2 to 0.3% in Bak.10h, Broinsonia spp. [B. par-
ca parca (Stradner), B. enormis (Shumenko)] 7.9% (Bak.4) 
to 1.0% (Bak.10b), Chiastozygus spp. (Ch. synquadriperfo-
ratus Bukry, Ch. bifarius Bukry) 0.3% (Bak.10e, Bak.10h) 
to3.5% (Bak.0), C. ehrenbergii  1.6% (Bak.11) to 11.8% 
(Bak.3), Eiffellithus spp. (E. gorkae, E. parallelus, E. turri-
seiffelii)  0.3% (Bak.11) to 7.6% (Bak.0), Prediscosphaera 
spp. (P. cretacea, P. grandis) from barren slides (Bak.10g, 
Bak.11) to 11.5% (Bak.2), Reinhardtites levis Prins and 
Sissingh from barren slides (Bak.2, Bak.3, Bak.6) to 6.7% 
(Bak.10g) (Fig. 4). 

A rare occurrence of A. octoradiata, Biscutum spp. (B. 
melaniae, B. dissimillis), M. decoratus, Ceratolithoides spp. 
was noted as well. 

Fig. 2. Calcareous nannofossil in cross-polarized light. A. Ahmuellerella octordiata, sample Bak.0. B. Arkhangelskiella cymbiform-
is, sample Bak.10a. C. Broinsonia parca parca, sample Bak.1. D. Prediscosphaera cretacea, sample Bak.10b. E. P. grandis, sample 
Bak.9. F. Cribrosphaerella ehrenbergii, sample Bak.10c. G. Loxolithus armilla, sample Bak.10a. H. Calculites obscurus, sample Bak.10d.  
I. Biscutum melaniae, sample Bak.5. J. Eiffellithus parallelus, sample Bak.2 K. E. turriseiffelii, sample Bak.10c. L. Microrhabdulus 
decoratus, sample Bak.10a. M. Micula prinsii, sample Bak.10a. N. M. staurophora, sample Bak.11. O. Uniplanarius trifidus, sample 
Bak.10e. P. Staurolihites sp., sample Bak.10c. Q. Watznaueria barnesiae, sample Bak.10e. R. Reinhardtites levis, sample Bak.10d.  
The scale bar equals 2 μm. 
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TI, NIP and SI indexes

The TI value varies from 20.4 in sample Bak.2 to 62 in 
samples Bak.10e and Bak.10h. The highest values of TI are 
indicative of the upper part of section, where they reach 
about 50 or above, i.e. samples Bak.10a through Bak.10h. In 
contrast, in the lower part of the section that is characterized 
by the predominance of cold-/cool-water taxa, the TI values 
remain about 30, on average. 

NIP values vary from –0.4 for the nannofossil assemblage 
in slide Bak.10h to –4.8 in Bak.2. The highest negative val-
ues (i.e. in Bak.2, Bak.10f, Bak.10g, and Bak.11) indicate 
assemblages with an absence of any high-productivity taxon 
(0 was replaced by 0.001 in these cases). 

SI values oscillate between 1.165 in slide Bak.11 and 
2.545 in Bak.0. The highest SI values of about 2 character-
ize the assemblages in the lower part of section for the most 
part. In contrast, a decreasing trend in values is observed 
in the upper part, starting from sample Bak.8 and upwards. 

Stable isotopes

The bulk rock δ13C stable isotope ratio values vary from 
0.7 in samples Bak.1 to 2.3 in sample Bak.6 and for δ18O 
from –4.0 (Bak.3) to –1.6 (Bak.6). The highest fluctuations 
in ratio of both carbon and oxygen isotopes values occur in 
the bottom part of the section. The δ18O isotope ratio values 
log shows two positive excursions at the base of the sec-
tion studied, as follows: –3.8 value (Bak.0) shifts to –1.7 
(Bak.2) and –4.0 (Bak.3) to –1.6 (Bak.6). The above part of 
the section is characterized by a continuous slight decrease 
in the stable oxygen isotope ratio values. Likewise, the car-
bon stable isotope ratio values log also shows two positive 
excursions in the lower part of the section: 0.8 (Bak.4) to 
2.3 (Bak.6) and 1.0 (Bak.9) to 2.0 (Bak.10a), and then they 
gradually increase upwards. The latter excursion in oxygen 
isotope ratio values follows the positive shift in the value of 
the δ13C isotopes ratio. 

Statistical analysis

The statistical analysis relies on the multivariate method 
of R-cluster analysis (Anderberg, 1973; Davis, 1986), of the 
variables representing data continuity, or almost continuity, 
along the section studied. The sixteen variables correlated in 
this study are: NIP, SI, NOS, CaCO3, TI, δ13C, δ18O as well as 
the abundance of the nannofossil genera (Cribrosphaerella, 
Eiffellithus, Arkhangelskiella, Broinsonia, Chiastozygus, 
Micula, Watznaueria, Prediscosphaera, Reinhardtites,). 
The variables similarity, using the Pearson correlation co-
efficient and the pair-group (UPGMA) algorithm were 
calculated for their clustering (Anderberg, 1973; Tan  
et al., 2006). Cluster analysis is a nonparametric method 
and does not need to make any assumptions on popula-
tion distribution. Additionally, the grouping of variabilities 
was imposed on 0.3 level of similarity coefficient, splitting 
variabilities into three separate groups: the first cluster (I) 
containing Cribrosphaerella spp., SI, Eiffellithus spp., 
NOS, the second cluster (II) including Arkhangelskiella 
spp., Prediscosphaera spp., Broinsonia spp., CaCO3, 

Chiastozygus spp. and the third (III), which consists of 
Reinhardtites spp., Watznaueria spp., TI, δ13C, δ18O (Fig. 3).  
The other two variabilities accordingly indicate for NIP  
r = 0.13 and Micula spp. r = –0.07 value variance, ban-
ning these from clusters by assumed a 0.3 grouping level.  
The cophenetic correlation value reaches CPCC = 0.7616, 
hence the clustering can be considered as a good/reliable 
(Farris, 1969).

DISCUSSION
Taphonomy

Owing to its tiny dimension and fragile structure, calcar-
eous nannoplankton are commonly considered to be micro-
fossils particularly susceptible to dissolution and/or over-
growth during their pre- and post-burial history. The latter 
property especially affects nannofossil damage/dissolution 
resistance (see Steinmetz, 1994; Bown and Young, 1998). 
Experimentally obtained, the nannofossil dissolution index 
displayed a taxa dissolution resistance continuum, starting 
from solid, cubic forms, such as Micula spp., through coc-
coliths with an unperforated central area (W. barnesiae) and 
ending with fragile muroliths, such as Zeugrhabdotus spp. 
(Thierstein, 1980). Therefore, the dominance of dissolution 
resistance taxa in a nannofossil assemblage can evidenc-
es a taphonomic filtering. For instance, Roth and Bowdler 
(1981) ascertained that nannofossil assemblages containing 
40% or more Watznaueria spp. are influenced by the disso-
lution effect. However, this taxon has been recognized as 
r-selected strategy life one, therefore, its dominance can be 

Fig. 3. Dendrogram showing the results of R-mode cluster  
analysis from the Bąkowiec section; NIP – Nannofossils Index 
of Productivity, SI – Shannon Index, NOS – Number of Species,  
TI – Temperature Index. 
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Sample

Specimens counted

Number of sepciesa

Ahmuellerella octoradiata

Ahmuellerella sp.

Arkhangelskiella confusa
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Arkhangelskiella sp.
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Biscutum melaniae
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Broinsonia parca parca

Broinsona enormis

Broinsonia sp.

Calculites obscurus
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Cribrosphaerella ehenbergii

Eiffellithus gorkae

Eiffellithus parallelus

Eiffellithus turriseiffelii

Gartnerago segmentatum

Gorkaea obliqueclausus

Loxolithus armilla
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also an effect of environmental conditions that are hostile 
for other taxa (Less et al., 2004). Moreover, more recent 
studies provide evidence that nannofossil assemblages can 
preserve the primary biocenosis composition well because 
they are more resistant to dissolution than other microfos-
sils, for instance, foraminifera (Chiu and Broecker, 2008; 
Hassenkam et al., 2011). The most solution-prone taxa, such 
as Zeugrhabdotus spp. and Staurolithites spp. (Thierstein, 
1980; Roth and Bowdler, 1981; Bown and Young, 1998), 
have been found along dissolution-resistant taxa, i.e. Micula 
spp. in the nannofossil assemblages studied. This indicates 
little or no taphonomic filtering of the calcareous nanno-
plankton assemblages considered in this study. However, the 
ratio of M. staurophora and W. barnesiae abundance changes 
upward, in favour of the latter species. A similar trend, in-
terpreted as an environmental signal, was described in the 
Eastern Carpathians of Romania (Bojar and Bojar, 2013). 

Biostratigraphy

The significance of the Bąkowiec section relies on 
the claim that this is one of a few flysch localities in the 
Outer Carpathians, where the K-Pg boundary interval so 
far was identified (Gasiński and Uchman, 2011). The for-
aminifera-based biostratigraphy of the Bąkowiec section 
consists of the Maastrichtian Gansserina gansseri (Boli) 
and Abathomphalus mayaroensis (Boli) as well as early 
Paleocene P1 biozones. Additionally, the Racemiguembelina 
fructicosa Zone, as the Partial Range Zone within the lower 
part of A. mayaroensis Zone, was recognized. Furthermore, 
the K-Pg boundary interval was determined in the two tur-
bidite beds that are a forty-cm-thick part of the fifteen-me-
tres-thick section (Gasiński and Uchman, 2011). The inter-
val is marked there as an upper part of the section and placed 
in between interturbidites, yielding the last appearance of A. 
mayaroensis and the first appearance of Subbotina cancellata 
(Blow), S. triangularis (White) and Eoglobigerina cf. edita 
(Subbotina) planktic foraminifers, respectively (Gasiński and 
Uchman, 2011). In this chapter, the calcareous nannofossil 
stratigraphy of the Bąkowiec section is discussed with special 
emphasis on the uppermost Maastrichtian and alleged transi-
tion to the K-Pg boundary interval. 

The most useful calcareous nannofossil stratigraphic 
marker species recorded in the section studied is Micula 
prinsii Perch-Nielsen. This species is considered to be an 
indicator of very uppermost Maastrichtian (e.g., Perch-
Nielsen, 1981; Henriksson, 1993; Burnett, 1998), being the 
index species of the latest Maastrichtian calcareous nanno-
plankton zone in the many zonation proposed so far, e.g. 
CC26b by Sissingh (1977), Micula prinsii Zone by Perch-
Nielsen (1981) or UC20dTP, recently in the most widely 
used Burnett’s zonation (1998). Owing to the lower and 
upper boundaries, all these zones are defined by the first oc-
currence (FO) of M. prinsii and the K-Pg boundary, respec-
tively; they can be regarded as chronostratigraphic equiva-
lents. The FO M. prinsii is usually recorded close to the base 
of Chron C29r and the last Cretaceous Discoscaphites iris 
ammonite Zone (Larina et al., 2016). However, the strati-
graphic position of FO M. prinsii in sections representing 

different palaeobioprovinces is diachronous and relies on 
palaeoclimate fluctuations (Gardin, 2002; Thibault and 
Husson, 2016). It seems that M. prinsii first occurred in 
lower palaeolatitudes and then migrated poleward and back, 
depending on climate shifts. Therefore, the timespan of the 
latest Maastrichtian calcareous nannoplankton zone differs 
between palaeolatitudes, ranging from 220 Kyr to 1.2 Myr 
(see Hennebert, 2012, 2014; Thibault and Husson, 2016). 
Remarkably, Burnett (1998) used this species as an index 
nannofossil for the Tethys, hence, its occurrence out of that 
province or at its marginal part can be ephemeral, depend-
ing on climate warming and/or the inflow of warm, tropi-
cal water masses. Nevertheless, the presence of M. prinsii 
in the Bąkowiec section indicated the base of at the most  
a 1-Myr interval of the topmost Cretaceous above its FO, i.e. 
sample Bak.10a (equivalent of sample Bak.12 in Gasiński 
and Uchman, 2011). 

The rock samples taken from below FO M. prinsii do 
not provide any index nannofossil species used in Burnett’s 
(1998) UCTP zones, i.e. Lithraphidites quadratus (UC20aTP 
Zone) or Ceratolithoides kamptneri (UC20cTP). Moreover, 
Micula murus, the index species for the UC20bTP Zone first 
occurs above FO M. prinsii, i.e. in rock sample Bak.10d. 
The occurrence of both species in the upper part of the 
section studied and the contemporaneous absence of other 
Tethyan index species in the section below, i.e. C. kampt-
neri Bramlette and Martini and L. quadratus Bramlette and 
Martini, may be interpreted as a record of the environmen-
tal changes that occurred during the latest Maastrichtian 
(e.g., Thibault and Husson, 2016). This means that samples 
Bak.10a and Bak.10d may represent the global warming 
period of the late Maastrichtian, shortly before the K-Pg 
boundary, that is the last ~370 Kyr of that age (see Thibault 
and Husson, 2016). Consequently, the samples from below 
Bak.10a represent the cooler time of the Maastrichtian (low-
er/upper Maastrichtian) with the predominance of Boreal or 
temperate nannofossil assemblages (see the text below). 

K-Pg boundary

The Outer Carpathians deep-sea flysch facies is charac-
terized by an incomplete sedimentary record, affected by 
the erosional activity of turbidity currents. As a result, this 
sequence of flysch rocks records a relatively small portion 
of time and consists mostly of stratigraphic gaps, namely 
“more gap than record”, as already noted by Barrell in 1917 
(see also Miall, 2014). Therefore, the K-Pg boundary in-
terval in the Bąkowiec section, as defined by Gasiński and 
Uchman (2011), indicates a record of the time that passed 
between the last and first occurrences of A. mayaroensis and 
S. cancellata, S. triangularis, E. cf. edita, and the beds yield-
ing these taxa are a record of random events that happened 
between their appearances. This could have happened, but 
did not have to happen during the K-Pg boundary interval. 

On the other hand, the chance of finding evidence of the 
K-Pg boundary, such as a rusty layer (see Molina et al., 
2006), is much smaller than, for instance, that of finding a 
record of Deccan volcanic activity, lasting for several hun-
dred Kyr of the latest Maastrichtian. Also, recognition of the 
K-Pg boundary interval, defined as a part of stratigraphic 
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record between the last and first occurrences of given taxa 
(see Gasiński and Uchman, 2011), i.e. without pointing out 
any interval index fossil, is questionable, because such a 
definition of the K-Pg boundary interval can be applied to 
any potential section or rock sample barren of fossils. 

Furthermore, the reliability of the chronostratigraph-
ic position of the K-Pg boundary that was determined on 
the basis of taxa vulnerable to environmental changes is 
doubtful. This especially concerns A. mayaroensis, which is 
considered a stenothermic, K-strategy species, susceptible 
to climate change. Its occurrence depends locally on envi-
ronmental stress that can exclude this fragile species from 
the foraminifera assemblage (see Keller and Abramovich, 
2009). Therefore, the disappearance of A. mayaroensis 
cannot be a reliable indicator of age, but rather evidence 
of environmental change (see also Kędzierski et al., 2015). 
Similarly, for instance, the nannoplankton species M. murus, 
index fossil of UC20bTP Zone, also is known as a low-lati-
tude, warm surface taxon, migrating from low-to-high lat-
itudes in accordance with Maastrichtian climate changes 
(Thibault et al., 2010). 

In summary, considering calcareous nannofossils, 
the only reliable indicators of the early Palaeogene are 
the appearance of newcomer species or the abundance 
of Thoracosphaera spp. or Braarudosphaera spp. (see 
Burnett, 1998; Kędzierski et al., 2011). None of these fea-
tures are observed in the nannofossil assemblages studied. 
Therefore, the presence of the last Maastrichtian nannofos-
sil UC20dTP Zone remains the only stratigraphic indicator 
identified and the presence of the K-Pg boundary interval 
cannot be confirmed. 

Maastrichtian climate changes recorded  
in nannofossil assemblages

The analysis of calcareous nannoplankton has been used 
many times as a tool in environmental studies, especially for 
contemporaneous or Quaternary assemblages (e.g., Winter 
et al., 1979; Giraudeau, 1992; Ziveri et al., 1995; Kinkel  
et al., 2000). Applying nannofossils older than Quaternary 
as a plausible palaeoevironmental indicator is a kind of 
problematic due to estimation of their palaeoecological 
preferences (Young, 1994). Nevertheless, the ecological 
preferences of some calcareous nannofossil taxa are well 
recognized and they can be used as a helpful tool in en-
vironmental reconstructions (e.g., Eshet and Almogi-Labin, 
1996; Lees et al., 2005; Watkins and Self-Trail, 2005; 
Sheldon et al., 2010; Pavlishina and Wagreich, 2012). 

Before any considerations of the calcareous nannofossils 
as a tool for deciphering the Maastrichtian environment,  
a general view of that time should be mentioned. The en-
vironmental perturbations affecting Maastrichtian biodiver-
sity have been the subject of many studies regarding their 
contribution to the end-Cretaceous mass extinction, which 
was presumably triggered by an extraterrestrial bolide im-
pact (e.g., Li and Keller, 1998, 1999; Olsson et al., 2001; 
Thibault and Gardin, 2010). The record of the δ18O stable 
isotopes ratio, measured in both planktic and benthic fora-
minifera (e.g., Barrera and Savin, 1999) or bulk rocks (e.g., 
Thibault et al., 2016), shows the course of temperature 

changes in the oceanic water-column throughout the 
Maastrichtian. In general, therefore, it may be assumed that 
the Maastrichtian was characterized by a gradually cooling 
climate, interrupted by two episodes of global warming pri-
or to the K-Pg boundary. The first warming encompasses the 
upper part of UC18 throughout the lower part of the UC20 
nannofossil zones and is called the early or mid-Maastrich-
tian Event (EME or MME). The second one, called the late 
Maastrichtian event (LME) is noted within UC20d Zone 
 (Li and Keller, 1998, 1999; Nordt et al., 2003; Abramovich 
et al., 2010; Sheldon et al., 2010; Thibault and Gardin, 2010). 
There are lines of evidence that the LME warming passed 
into a cooler time, with a ~2 °C drop in temperature, about 
100 kyr before the K-Pg boundary (e.g., Barrera and Savin, 
1999; Li and Keller, 1998; Hart et al., 2005). The cause of the 
LME is often linked to Deccan volcanic activity (e.g., Pardo 
and Keller, 2007, 2008; Keller, 2008; Tantawy et al., 2009). 
However, other factors also can be considered (Frank and 
Arthur, 1999; Keller, 2005; Thibault and Gardin, 2010). 

Furthermore, regarding calcareous nannoplankton, the 
Maastrichtian was the only time in the Mesozoic life-his-
tory of this group, when its species richness distinctively 
declined. That is, the preceding Campanian time evidenced 
its highest number of 149 species, followed by a slight de-
crease to 131 in the early Maastrichtian and an eventual drop 
to merely 9 species that survived the end-Cretaceous extinc-
tion event (see Bown et al., 2004). However, this rough-
ly exponential trend can be challenged when examined in 
greater detail. For instance, Thibault and Husson (2016) 
showed periodic variation in the diversity of nannofossil as-
semblages during the late Maastrichtian. The high-diversity 
assemblages were replaced by low-diversity ones and the 
reverse, in relation to supposed climatic changes occurring 
during the latest Maastrichtian (UC20 Zone). Moreover,  
a comparison of data from different palaeolatitudes shows 
that the low-latitude sites (i.e. Tethys) recorded an addition-
al warm period about 30–40 kyr before the K-Pg boundary, 
not detected at Boreal or Indian Ocean (high-latitude) sites. 
The last Maastrichtian climatic changes visible in nannofos-
sil assemblage diversity variations are assigned solely to the 
UC20dTP Zone, i.e. above the FO M. prinsii (Thibault and 
Husson, 2016). 

In this study, the semi-quantitative calcareous nanno-
fossil data allowed calculation of environmental indicators 
as follows: Temperature Index (TI), Nannofossil Index of 
Productivity (NIP) and Shannon Index (SI, see chapter 
above) (Figs 4, 5). 

The first indicator (TI), showing the ratio of percent-
ages of warm/cold (cool-)-water taxa, splits the section 
studied into two parts. The lower part, embracing samples 
Bak.0–Bak.9, is characterized by the dominance of cold-/
cool-water taxa in nannofossil assemblages (>50%), where-
as assemblages from the upper part (Bak.10a–h) are domi-
nated by warm-water taxa. In the lower part of the section, 
one exception is made for sample Bak.8 showing 48.7% TI 
value, which seems to be a result of the increasing abun-
dance of W. barnesiae, a warm-water taxon, sensitive to 
temperature fluctuations. In contrast, the upper part of the 
section (Bak.10a–h) reveals twofold higher TI values than 
the lower one. The increase of TI values upward section, 
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Fig. 4. The percentage of the main calcareous nannofossil groups with SI and NOS changes in the Bąkowiec sec-
tion. Temperature conditions estimated by TI (blue highlight – predominance of cool-water assemblages, red highlight –  
predominance of warm-water assemblages). 
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Fig. 5. Late Maastrichtian changes in bulk δ13C and δ18O, in the CaCO3 content, and in NIP and TI in the Bąkowiec section 
(Poland) with foraminiferid biostratigraphy (Gasiński and Uchman, 2011). Comparison to Elle section in Tunisia (Thibault 
and Husson, 2016 – (1), (2), (3) references and explanations therein). Black dashed line – correlation to base of warm period 
about 30–40 kyr or ~250 kyr (Sprain et al., 2019) before K-Pg boundary. 
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accompanied by the increasing abundance of W. barnesiae, 
and appearance of low-latitude M. prinsii may be interpreted 
as a record of end-Cretaceous warming preceding the K-Pg 
boundary event, linked to expansion of warm Tethyan wa-
ter into northern basins (e.g., Sheldon et al., 2010; Thibault 
and Gardin, 2010). The species M. prinsii is considered 
a low-latitude taxon, never recorded in the Boreal province. 
It rarely was found in the Outer Carpathians (Jugowiec-
Nazarkiewicz, 2007; Bojar and Bojar, 2013) and its sole 
appearance in the northern Carpathians basins seems to be 
related to the most eruptive phase of Deccan volcanism, 
which coincides with the range of the UC20dTP Zone (Sprain 
et al., 2019) or to the additional warming period 30–40 kyr  
before the K-Pg boundary, postulated by Thibault and 
Husson (2016; Fig. 5). 

The NIP indicator describes the level of primary pro-
duction of the upper part of water column. The positive 
or slightly negative NIP values mean an enhanced level of 
productivity, while values below –2 indicate low primary 
production (see Eshet and Almogi-Labin, 1996). In the sec-
tion studied, NIP values lower than –2 are seen in samples 
Bak.2, Bak.10f, Bak.10g and Bak.11, indicating low-pro-
duction assemblages, whereas the rest of the values can 
be interpreted as the record of a moderate level of primary 
production, slightly decreasing through time, i.e. between 
samples Bak.3 and Bak.10d, where the NIP values be-
come progressively smaller. This decreasing trend of NIP is  
accompanied by increasing trend in TI that may evidence of 
weakening influence of fertile, cold Boreal waters in favour 
of the Tethyan ones during the UC20dTP Zone warming.  
The decrease in CaCO3 content upward in the section and 
likewise NIP may indicate a direct linkage between these 
two parameters (Fig. 5). 

The Shannon Index (SI) is a diversity measure, i.e. as-
semblages dominated by one or a few taxa are character-
ized by low SI values, in contrast to highly diversified ones.  
The low SI values revealed in the Bąkowiec section cor-
relate with the NIP, indicating advancing eutrophication 
linked to enhanced Tethyan warm-water influence during 
the latest Maastrichtian. On the other hand, low SI values 
noted across the UC20dTP Zone may be partly a result of 
acidification of surface water during the late Maastrichtian 
warming (the so-called dissolution interval; see Dameron  
et al., 2017; Fig. 4). 

The lowest δ13C stable isotopes ratio values have been 
measured in the lower part of the section studied (Bak.0 
through Bak.4 and then Bak.9). There are two positive 
shifts of δ13C ratio noted below sample Bak.10b: the first 
occurs in the lower part of the R. fructicosa Zone (Bak.4 
to Bak.6) and the second one falls into lower part of the 
A. mayaroensis Zone. These shifts may reflect two epi-
sodes of increasing primary production recognized in the 
Maastrichtian, i.e. MME and LME, respectively. The latter 
is more completely recorded in the section studied, owing 
to a continuous series of samples starting from Bak.10a 
through Bak.10h. The higher δ13C values in this part, ac-
companied by low NIP and SI values and the dominance of 
r-selected W. barnesiae species also seem to be linked to a 
warming event, triggering a eutrophication and biocalcifi-
cation crisis (e.g., Erba, 2004). 

The δ18O stable isotopes ratio value can be significantly 
altered, owing to carbonate dissolution and/or reprecipita-
tion implying a diagenetic overprint, whereas the δ13C ratio 
may reveal a pristine signal (e.g., Barrera and Keller, 1990). 
The low values of both δ18O ratio and CaCO3 [%] content 
may indicate a higher concentration of clay minerals that 
causes a sample to become more resistant (less permeable) 
to water-rock interaction causing eventual secondary migra-
tions of oxygen stable isotopes. Therefore, samples from the 
bottom part of the section (e.g., Bak.0 or Bak.4) are more 
likely to be diagenetically altered than samples taken from 
higher levels. However, a decreasing number of A. cymbi-
formis, considered a cold-water species, in samples Bak.0, 
Bak.3 and Bak.4 also could be the result of water tempera-
ture rising that is recorded by the negative shift of the δ18O 
ratio log (though, in contrast, TI values remain low in sam-
ples Bak.2 and Bak.3; Fig. 5). 

Cluster analysis

The multivariate R-mode clustering combines several 
variables, such as: abundances of nannofossil genera with 
a continuous record, geochemical data (δ13C, δ18O, CaCO3) 
and environmental indicators, i.e. TI, NIP, NOS and SI. As a 
result, three clusters have been recognized (Fig. 3). 

Cluster I is described by a strong positive variance be-
tween SI and abundance of Eiffellithus spp. and low-
er similarity of this pair with NOS and the abundance of 
Cribrosphaerella spp. All these variables clustered here are 
related to meso-to-oligotrophic conditions. 

Cluster II shows a strong correlation of Arkhangelskiella 
spp. (mostly A. cymbiformis) and Prediscosphaera spp., 
two taxa abundant in Boreal realm, as well as the next two 
Broinsonia spp. and Chiastozygus spp. The CaCO3 content 
that has fallen into this cluster made a linkage between 
cold-water influences and carbonate production. 

The strongest positive variance among the variables com-
pared is shown in cluster III, i.e. between Watznaueria spp. 
abundance and TI. This cluster also embraces the stable iso-
topes ratio values and Reinhardtites spp. abundance vari-
ability. In contrast to cluster I, this one seems to group vari-
ables linked with meso-to-high productivity periods, related 
to changes in water column temperature (climate changes?) 
and/or taphonomic filtering. 

In summary, the clusters revealed three groups of vari-
ables linked to different environmental settings, char-
acterizing sedimentation in the Skole Basin during the 
Maastrichtian. These settings can be recognized as:  
(I) meso-to-oligotrophic, low-productivity waters domi-
nated by K-selected species; (II) cold-water, Boreal influ-
ence waters related to lowstand and enhanced carbonate 
resedimentation; (III) warm-water, Tethyan influence, re-
lated to highstand and dissolution interval related to acid-
ification (Fig. 6). 

CONCLUSIONS
The flysch deposits of the Bąkowiec section yielded mod-

erately to well-preserved calcareous nannofossil assemblag-
es, comprising 43 species of 27 genera recognized here. 
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The occurrence of the zonal marker species Micula 
prinsii defined the lower boundary of the UC20dTP Zone, 
the last Maastrichtian nannofossil zone, which encompasses  
the last 4 metres of the section studied. The rest of the sec-
tion is located below FO M. prinsii and falls into the low-
er-upper Maastrichtian UC20a-cTP composite zone. 

There is no evidence of the K-Pg boundary in the light of 
the investigation of calcareous nannofossils. 

The calcareous nannofossil assemblage taxonomic com-
position analysis and stable isotope ratio changes revealed 
a climatic shift from cold to warm around the beginning of 
the UC20dTP.   

The UC20dTP Zone recognized in the Bąkowiec section 
represents the last Maastrichtian warming event several, kyr 
before the K-Pg boundary, or the second warming pulse, 
about 250 kyr before the K-Pg boundary that may reflect  
the second phase of Deccan volcanism. 

Cluster analysis of the combined nannofossil and iso-
tope data show three clusters that are interpreted as groups 
of variables, characterizing three different environmental  
factors: trophic conditions and Boreal and Tethyan waters. 
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