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Integrated biostratigraphy of Upper Cretaceous deposits from an 
exceptional continental vertebrate-bearing marine section (Transylvanian 
Basin, Romania) provides new constraints on the advent of ‘dwarf dinosaur’ 
faunas in Eastern Europe 
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e Department of Natural Sciences, Transylvanian Museum Society, 2-4 Napoca Street, Cluj-Napoca 400009, Romania 
f Department of Geosciences, University of Arizona, Tucson, AZ 85721, USA 
g University of Bucharest, Department of Geology, Mineralogy and Paleontology, 1 Nicolae Bălcescu Ave., Bucharest 010041, Romania 
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A B S T R A C T   

The present paper outlines the results of a detailed study of calcareous nannofossils and small foraminifera made 
on Campanian marine deposits from the southwestern part of the Transylvanian Basin, Romania, part of the 
marine-to-continental transitional Petrești succession that yielded the oldest temporally well-constrained con-
tinental vertebrate remains in this area. These results are integrated with new and previously published paly-
nostratigraphic information as well as with novel detrital zircon geochronometry data. All three groups of fossils 
(calcareous nannofossils, small foraminifera, and palynomorphs) convergently indicate an early to middle Late 
Campanian age for the marine part of the Petrești section. Based on detrital zircon analyses, the most likely 
maximum depositional age of the studied deposits is 76 ± 1.7 Ma, thus confirming the age supported by 
microfossil assemblages. Palaeoenvironmental interpretation of the fossil assemblages recovered from the marine 
part of the Petrești section suggests that despite their flysch-like facies, these beds were deposited in a continental 
shelf setting, under suboxic conditions and frequent fluctuations in nutrient supply to the seafloor, but quite 
stable environmental conditions within the water column. The synthesis of all currently available biostrati-
graphic and geochronologic data from the Petrești succession suggests a middle-late Late Campanian start for the 
expansion of the emergent land areas that made up the latest Cretaceous Hațeg Island, earlier than previously 
accepted dates (Maastrichtian) for this event. Furthermore, it documents the establishment of a diversified 
continental vertebrate faunal assemblage by the second half of the Late Campanian on these emergent lands 
while also providing further evidence for a later, post-Campanian arrival of certain iconic Hațeg Island dinosaur 
groups such as titanosaurs and hadrosauroids. Finally, our data show that kogaionid multituberculate mammals 
were already members of the earliest known Hațeg Island faunas, extending the fossil record of this group from 
the Maastrichtian into the later part of the middle Late Campanian.   
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1. Introduction 

Upper Cretaceous marine and continental deposits outcrop in 
different areas in Romania (e.g., Apuseni Mountains, Eastern and 
Southern Carpathians; Fig. 1), but a continuous succession from marine 
to continental deposits is currently known only in the southwestern part 
of the Transylvanian Basin. Here, a several hundred-meters-thick strat-
igraphic sequence of uppermost Cretaceous deposits is exposed along 
the Sebeș River (Fig. 1), in part within a channel artificially created 
slightly more than a decade ago (e.g., Codrea et al., 20100; Vremir, 
2010; Csiki-Sava et al., 2012). This local succession exposes the upper 
part of the marine Bozeș Formation, which is apparently conformably 
covered by way of a transitional, brackish sequence that corresponds to 
the uppermost Bozeș Formation, by the vertebrate-bearing red deposits 
of the uppermost Cretaceous continental Sebeș Formation (Vremir, 
2010; Csiki-Sava et al., 2012; Vremir et al., 2014, 2015a; Ţabără et al., 
2022) (Fig. 2). 

As such, the Petrești succession appears to document the final, ter-
minal Cretaceous events of the Late Cretaceous synrift evolutionary 
stage of the Transylvanian Basin (Krézsek and Bally, 2006), character-
ized by the withdrawal of the sea that covered this area for the most part 
of the late Late Cretaceous and the subsequent emergence of the insular 

landmass of the so-called ‘Hațeg Island’, part of the Late Cretaceous 
European Archipelago (e.g., Benton et al., 2010; Vremir et al., 2014; 
Csiki-Sava et al., 2015). Most importantly, the Petrești succession also 
yielded fossils of continental vertebrates such as anuran and alba-
nerpetontid amphibians, dortokid pleurodiran turtles, diverse croc-
odyliforms, azhdarchid pterosaurs, rhabdodontid and nodosaurid 
dinosaurs, as well as multituberculate mammals (e.g., Vremir, 2010; 
Csiki-Sava et al., 2012, 2021, 2022; Brusatte et al., 2013; Vremir et al., 
2015a, 2015b; Vasile et al., 2021, 2022), members of the fauna with 
dwarf dinosaurs that inhabited the ‘Hațeg Island’ (e.g., Nopcsa, 1923; 
Weishampel et al., 1991; Benton et al., 2010; Csiki-Sava et al., 2015). 
These vertebrate remains, identified inclusively within the uppermost 
marine, as well as the transitional, beds of the Bozeș Formation (Vremir 
et al., 2014, 2015b; Csiki-Sava et al., 2021; Csiki-Sava et al., 2022; Vasile 
et al., 2021, 2022), represent the best evidence currently available for 
the inception as well as for the early taxic composition and evolutionary 
history of this unique island fauna. 

As such, the Petrești section contains a unique combination of sedi-
mentary and palaeontological records that allows deciphering the 
marine-to-continental transition that took place in the western Tran-
sylvanian area as a consequence of latest Cretaceous ‘Second Getide’ 
mountain-building processes (e.g., Săndulescu, 1984). These processes 

Fig. 1. Geological map of Sebeș-Petrești area (boxed area in inset map, left), overlaid on topographic surface, re-drawn and simplified from Vremir et al. (2013, 
2014). Inset map also highlights other Carpathian areas discussed in the text (e.g., Hațeg Basin); simplified cross section of the Eastern Carpathians according to 
Ștefănescu and Polonic (1988). 
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concluded the Late Cretaceous synrift stage of the basin evolution and 
also initiated the advent of the dwarfed dinosaurian assemblages of the 
‘Hațeg Island‘. 

In order to fully understand the tempo and patterns of these major 
end-Cretaceous palaeogeographic and biotic changes, however, it is 
critical to establish their precise temporal framework and palae-
oenvironmental context, as documented by the Petrești section, in the 
finest possible details. Thus, this study aims to contribute to a better 
understanding of these terminal Cretaceous events that led up to the 
emergence of the dwarf dinosaur fauna-bearing Hațeg Island, through: i) 
detailed analyses of the calcareous nannofossils, foraminifera and 
palynomorph content of the marine deposits from the Petrești area 
(representing the Bozeș Formation), and their thorough statistical 

interpretation in order to reconstruct the palaeoecological conditions 
that prevailed during the accumulation of the marine and the overlying 
transitional beds; and ii) development of better time constraints for 
these events by comprehensive correlation of the biostratigraphic in-
formation provided by the calcareous nannofossil assemblages with 
those provided by foraminifera and palynomorphs from the same suc-
cession, using an integrated biostratigraphic approach, further backed 
up by the first detrital zircon U-Pb geochronometry data available for 
this area. 

2. Geological setting 

The Transylvanian Basin is a major sedimentary area in the 

Fig. 2. Lithological log of the studied section with information related to the sampling points and the position of the section on Google Earth map. Blue color 
indicates deposits belonging to the marine Bozeș Formation, yellow color marks the transition from marine to continental beds, and red color designates the con-
tinental part of the Sebeș Formation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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southeastern part of the Carpathian orogenic system, filled in by sedi-
mentary deposits ranging from the Upper Cretaceous to the Pliocene (e. 
g., Huismans et al., 1997). Its evolution can be divided into four stages 
represented by distinct tectonostratigraphic megasequences: a Late 
Cretaceous synrift stage; a Paleogene sag stage; an early Miocene flex-
ural stage; and a middle to late Miocene-Pliocene back-arc basin stage 
(Krézsek and Bally, 2006). The Upper Cretaceous deposits consist of 
conglomerates, sandstones, marls, and rudist limestones, deposited in 
continental, shallow-marine, and deep-marine settings (Paraschiv, 
1979; de Broucker et al., 1998), overlying a basement that was strongly 
tectonized before and during the Early Cretaceous (Ciulavu and Bertotti, 
1994). These sediments reach their maximum thickness in the western 
part of the basin, where they consist mainly of coarse-grained sand-
stones and conglomerates (Ciulavu and Bertotti, 1994). In the south-
western part of the Transylvanian Basin, the bulk of the Upper 
Cretaceous deposits belong to the Bozeș Formation (Ghițulescu and 
Socolescu, 1941), which is a turbidite-type marine unit with a maximum 
thickness of 3000 m. 

The Bozeș Formation, the main marine lithostratigraphic unit 
exposed in the Petrești section (Fig. 1), is characterized by the presence 
of turbidite-type sequences consisting of two different types of sedi-
mentary material: the first type is made up of greywacke sandstones and 
mudstones alternating with grey marls, and the second one, of micro-
conglomerates, sandstones, and grey marls (Silye and Bălc, 2011; Bălc 
et al., 2012). The origin of the Bozeș Formation sedimentary material 
was tracked back to two major sources: i) a low- to medium-grade 
metamorphic source, suggested by the large amount of garnet, 
epidote, and staurolite, and ii) an older sedimentary source pointed out 
by the ultra-stable mineral group of zircon, tourmaline, and rutile (Pojar 
et al., 2014). The depositional setting of this formation was recon-
structed as located on a convergent continental margin, in connection 
with a volcanic arc developed atop a thin continental crust (Zaharia 
et al., 2016). 

As discussed above, in the Petrești section (also cited previously as 
Petreștii de Jos, e.g., Codrea et al., 2010, or as Petrești-Arini, e.g., Csiki- 
Sava et al., 2012), the studied uppermost Cretaceous deposits crop out as 
a seemingly continuous, >750 m thick succession of marine-to- 
terrestrial beds accumulated in the southwestern marginal areas of the 
Transylvanian Basin towards the end of the Late Cretaceous synrift stage 
of the basin evolution. In the lower (i.e., upstream, given the general dip 
of the deposits towards the basin interior) part of the local succession, 
the shallowing-upward marine deposits that belong to the upper part of 
the Bozeș Formation consist of an alternation between the dominant 
dark grey-coloured claystone/marlstone deposits and intercalated beds 
of lighter grey, fine sandstones (Electronic Supplement - Fig. 1A-C) 
amounting to >600 m in stratigraphic thickness (Fig. 2). 

Although initially the age of the marine beds of the upper Bozeș 
Formation was suggested to extend into the early Maastrichtian, based 
on a preliminary assessment of the calcareous nannofossil assemblages 
and incomplete ammonite specimens they yielded (Csiki-Sava et al., 
2012), it was later revised as being restricted to the early-mid Late 
Campanian (Vremir et al., 2014; Ţabără et al., 2022). Towards the top of 
the probably fully marine section of the Bozeș Formation, which contain 
ammonite coil fragments and solitary corals, small charred plant re-
mains also appear, suggesting evolution towards a shallower, nearshore 
environment (Vremir et al., 2014, 2015a). These nearshore deposits also 
yielded the oldest vertebrate fossils on record from the Petrești succes-
sion, represented by remains of rhabdodontid ornithopod dinosaurs 
(Zalmoxes sp.) and indeterminate azhdarchid pterosaurs (Vremir et al., 
2014). These are the oldest known members of the latest Cretaceous 
Hațeg Island ecosystem (Vremir et al., 2014; Csiki-Sava et al., 2016). 

In the upper (i.e., downstream) part of the Petrești section, a tran-
sition towards more brackish environments was observed, represented 
by the uppermost Bozeș Formation beds that are slightly coarser- 
grained, more sandy, and yield a mainly brackish mollusk fauna (Vre-
mir et al., 2014; Ţabără et al., 2022; Fig. 2). These grey-coloured 

uppermost, brackish Bozeș deposits grade into the similarly grey- 
coloured beds of the basalmost Sebeș Formation that were interpreted 
to represent estuarine and channel deposits overlain by wetland- 
lacustrine ones, as they lack the brackish mollusk fauna of the under-
lying strata (Vremir et al., 2014). A mixed microvertebrate- 
macrovertebrate bonebed was reported to occur within the basal 5 m 
of this grey continental unit (Vremir et al., 2015a, 2015b; Vasile et al., 
2021, Vasile et al., 2022; Fig. 2 – L0/c). It yielded a diverse vertebrate 
fauna composed of different aquatic, semi-aquatic, and purely terrestrial 
taxa, including dinosaurs and multituberculate mammals; all of the taxa 
recovered from the bonebed are typical for the Hațeg Island faunal as-
semblages synthesized by Csiki-Sava et al. (2015). 

Towards the top of the local succession, the remainder of the 
outcropping basal part of the continental Sebeș Formation is charac-
terized by the dominance of fine-grained, red-coloured deposits of 
fluvial (mainly floodplain) origin (Electronic Supplement - Fig. 1D-F). 
Vertebrate remains were discovered at several different levels from 
these red sandy-silty mudstone beds, including those of dortokid turtles, 
rhabdodontid ornithopod dinosaurs, and kogaionid multituberculates, 
all typical members of the faunas that inhabited the Hațeg Island (Csiki- 
Sava et al., 2012; Vremir et al., 2014, 2015a). 

3. Materials and methods 

The main focus of the present study, the uppermost Cretaceous ma-
rine succession of the Bozeș Formation cropping out at Petrești, was 
sampled thoroughly for calcareous nannofossils and foraminifera ana-
lyses; a small number of samples also originate from the uppermost 
transitional beds of the Bozeș Formation, as well as from the basalmost, 
mainly grey-coloured beds of the overlying continental Sebeș Formation 
(Fig. 2). The majority of the samples used in this study were collected 
during a systematic sampling campaign in 2017, covering mostly the 
lower, fully marine part of the Bozeș Formation from the local 
outcropping section. The 2017 sampling was aimed at extending and 
completing the previous, stratigraphically less extensive calcareous 
nannofossils-oriented sampling reported by Csiki-Sava et al. (2012) and 
Vremir et al. (2014); for more details on the 2017 sampling see Ţabără 
et al. (2022), who studied part of these samples regarding their paly-
nological content. Subsequently, seven samples covering the brackish- 
estuarine beds of the Bozeș-Sebeș formational transition were also 
collected in the summer of 2021, amounting to a total of 66 micro-
palaeontological samples used in this study. Furthermore, in addition to 
the 18 samples from the 2017 fieldwork previously studied palynolog-
ically by Ţabără et al. (2022), three of the samples collected in 2021 
from the uppermost, transitional part of the Bozeș Formation section 
were also analyzed for their palynomorph content in order to better 
constrain the age of these deposits and to achieve a more precise cor-
relation with the calcareous nannofossil and foraminiferal data derived 
from the same samples. Finally, four samples were collected for detrital 
zircon U-Pb geochronometry investigations from the coarser-grained, 
silty-sandy levels interbedded within the mainly silty-shaly deposits 
that were preferentially sampled for their micropalaeontological and 
palynological content (Fig. 2). 

In assessing the chronostratigraphy/age of the Petrești section de-
posits, we have adopted the two-fold subdivision of the Campanian 
Stage, with short Lower and relatively long Upper substages, proposed 
by Gradstein et al. (2020) for the European Upper Cretaceous; never-
theless, whenever relevant, we will also mention corresponding chro-
nostratigraphic subdivisions of the tri-partite Campanian stratigraphic 
scheme developed for the Western Interior Seaway, with three more or 
less equally long substages (Lower, Middle, and Upper Campanian, 
sensu WIS). Furthermore, in order to constrain more precisely the 
stratigraphic position of the different bioevents discussed, for sake of 
convenience, we use the informal terms ‘lower’, ‘middle’, and ‘upper’ to 
roughly designate quasi-equal subdivisions of the lengthy (about 9 Myr 
long) European Upper Campanian, and the terms ‘lower’ and ‘upper’ to 
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refer to corresponding parts of the much shorter (<3 My) European 
Lower Campanian. 

All of the 66 samples were analyzed for calcareous nannofossils 
content, and all of them provided useful data for biostratigraphical and 
palaeoecological interpretations. The samples were prepared following 
the smear slides standard technique (Bown and Young, 1998), and were 
examined under a light microscope (Axiolab A) in cross and polarized 
light at 1000× magnification. A quantitative study was conducted, 
counting at least 300 specimens per sample; however, one sample 
yielded only nine specimens, while in seven other samples only 100 
specimens could be counted due to the low abundance of the calcareous 
nannofossils (Electronic Supplement – Table 1). The specimens were 
photographed using an AxioCam ERCc5s digital microscopy camera at 
the Department of Environmental Science, Babeș-Bolyai University 
(Cluj-Napoca, Romania). 

The calcareous nannofossil zonation schemes of Burnett (1998) and 
Perch-Nielsen (1985) were used to identify the biozones and assess the 
age of the studied sediments. 

Statistical methods based on the most abundant calcareous nanno-
fossil species were applied using the PAST version 3.26b software; 
Multivariate Hierarchical Clustering (MHC) by Ward’s Method and 
Principal Component Analysis (Hammer and Harper, 2006) were chosen 
to analyze the assemblages and assess variations in palae-
oenvironmental conditions. We used the arcsine square root trans-
formation – ASIN(SQRT(Data/100)) – on the relative abundance 
(percentages of counts) of the resulting raw dataset before running the 
multivariate data analysis (Kallanxhi et al., 2018; Bindiu-Haitonic et al., 
2021; Chan et al., 2022). The species selected for statistical analysis 
(representing >2% in most of the samples) are Cribrosphaerella ehren-
bergii, Eiffellithus eximius, Micula staurophora, Prediscosphaera cretacea, 
Retecapsa crenulata, Tranolithus orionatus, and Watznaueria barnesiae. In 
addition, taxa that showed an increase in relative abundance at certain 
intervals (e.g. Russellia spp.) were also added to the statistical analyses. 

The Temperature Index (TI) values were calculated for every sample 
by using the warm- vs. cool/cold-water calcareous nannofossil taxa. The 
TI calculation was done using the following formula (Watkins and Self- 
Trail, 2005): 

TI =
%warm taxa

(%warm taxa + %cold taxa)
x 100  

where: 
warm taxa – Watznaueria barnesiae, Ceratolithoides sp.; 
cold taxa – Ahmuellerella octoradiata, Arkhangelskiella cymbiformis, 

Eiffellithus turriseiffellii, Micula staurophora, Prediscosphaera cretacea, 
Gartnerago segmentatum, Kamptnerius magnificus, Prediscosphaera stoveri. 

The Nannoplankton Nutrient Index (NI) was calculated according to 
the formula used by Bottini et al. (2015), as follows: 

NI =
(Bc + Di + Ze)

(Bc + Di + Ze + Wb)
x 100 

Where: 
Bc – Biscutum constans, 
Di – Discorhabdus ignotus, 
Ze – Zeugrhabdotus erectus, and. 
Wb – Watznaueria barnesiae. 
Of the total of 66 samples, 34 were also investigated for planktonic 

and smaller benthic foraminifera (see Fig. 2). One hundred and fifty 
grams of each sample were prepared following the standard micro-
palaeontological methods described in Armstrong and Brasier (2005): 
drying, soaking in water, boiling and washing on a 63 μm mesh sieved 
with tap water, followed by drying. Where it was necessary, the residues 
were treated with 3% hydrogen peroxide, washed again using a 63 μm 
sieve, and then dried. The dried samples were weighted before and after 
processing. In the case of the samples with high foraminifera abundance, 
between 200 and 300 foraminifera specimens were picked, whereas in 

the case of those with low foraminifera abundance, all the specimens 
present on 10 picking trays were picked out and identified under an 
Optika SZM-1 stereomicroscope (Electronic Supplement – Table 2). The 
samples with <50 individuals were considered quasi-sterile and were 
excluded from further analysis. In the case of agglutinated tubular 
forms, since these individuals are often represented by fragments, we 
considered two fragments as one individual during counting. The age- 
diagnostic and representative specimens were examined and photo-
graphed using an EmCrafts CUBE II table top scanning electron micro-
scope (SEM) available at the Department of Geology, Babeș-Bolyai 
University (Cluj-Napoca, Romania). 

The biozonation schemes proposed by Petrizzo et al. (2011), Coc-
cioni and Premoli Silva (2015), Peryt and Dubicka (2015), Dubicka and 
Peryt (2016), and Peryt et al. (2022) were employed to constrain the age 
of the studied deposits. 

We have calculated several different palaeoecological proxies using 
the retrieved smaller foraminifera assemblages, such as relative abun-
dance (the number of smaller foraminifera specimens/1 g of sediment), 
rarefaction diversity index (calculated using the PAST software, 
Hammer et al., 2001) for the total foraminifera, benthic foraminifera, 
and planktonic foraminifera assemblages, respectively (Hurlbert, 1971; 
Hammer and Harper, 2006), planktonic/benthic percentages, 
epifaunal/infaunal percentages, benthic foraminifera oxygen index ̶ 
BFOI (Kranner et al., 2022), main calcareous benthic foraminifera 
genera percentages, main planktonic foraminifera family percentages, 
as well as morphogroups of calcareous benthic foraminifera (Koutsoukos 
and Hart, 1990; Cetean et al., 2011) and agglutinated foraminifera 
(Kaminski and Gradstein, 2005; Cetean et al., 2011; Setoyama et al., 
2011a, 2011b, 2013, 2017; Bindiu Haitonic, 2018; Józsa et al., 2023). 
For the foraminifera relative abundance (foraminifera/g), the plank-
tonic foraminifera relative abundance (planktonic foraminifera/g), and 
the calcareous benthic foraminifera relative abundance (calcareous 
benthic foraminifera/g) calculations, the mass of dry sediment was 
taken into account (see ES_Table2). The diversity index was computed 
by applying a rarefaction method to the dataset containing the raw 
foraminifera counts. In order to meaningfully compare two samples with 
different total number of individuals, the studied samples should be 
reduced to a common value; for total foraminifera assemblages, this 
common value was established at 100, while in the case of the benthic 
foraminifera and planktonic foraminifera assemblages, it had values of 
50, and 20, respectively. These specific values were chosen accordingly 
to the sizes of the samples (concerning the number of collected fora-
minifera), and the rarefaction method assumes diversity calculation 
through standardization and rarefaction to the sample with the smallest 
number of individuals. For the calculation of the BFOI, the samples with 
a content of <100 calcareous benthic individuals were excluded from 
the interpretations. The study of Kranner et al. (2022) brings important 
updates for the BFOI calculation: (i) agglutinated forms are considered 
in the calculations together with suboxic indicators (S) if the oxic in-
dicators (O) appear in percentages >10% (Eq. 3 - BFOI = 100*(O/(O +
D + S/2))); (ii) oxic indicators must be accounted for even if they are 
present in low percentages (Eq. 4 - BFOI = 50*(S/(S + D)-1) + O); and 
(iii) if disoxic indicators (D) are present in higher percentages than the 
oxic ones, these should also be considered in calculations (Eq. 5 - BFOI =
(100*(O/(O + D + S/2)) + 50*(S/(S + D)-1) + O/2)/2). 

The palynological investigations were carried out using an amount of 
50 g from each sample, prepared using the standard palynological 
techniques (Batten, 1999). The samples were treated with 37% HCl to 
dissolve the carbonates, followed by a 48% HF treatment to remove the 
silicate minerals. After every chemical treatment, the samples were 
washed with water to a neutral pH. The organic residue was separated 
from the denser particles using ZnCl2 with a density of 2.0 g/cm3. The 
microscopic slides were prepared using glycerine jelly as a mounting 
medium. The palynomorphs were examined using transmitted light 
microscopy under 10× and 40× objectives, using a Leica DM1000 mi-
croscope equipped with a Leica DFC420 digital camera, available at the 
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Department of Geology, “Al. I. Cuza” University of Iași, Romania. Out of 
the three new samples analyzed from the uppermost part of the Bozeș 
Formation and reported here (samples 60–62), only two proved to be 
productive, with most of the palynomorphs being recovered from sam-
ple 61. 

We performed U-Pb detrital zircon geochronology on coarser- 
grained siliciclastic samples. Three kilograms of bulk sample from 
each sampling location were crushed and then sieved in order to sepa-
rate the fraction smaller than 300 μm. Heavy mineral mass fraction 
<300 μm was separated with a high-density liquid (diiodomethane with 
a density of 3.3 g/cm3 density), followed by a further magnetic 

separation using a Frantz Magnetic Barrier Separator. The separated 
zircons were mounted in epoxy resin alongside other zircon specimens 
of known age. U-Pb isotopic analyses were performed on polished in-
dividual grains using laser ablation at the Arizona LaserChron Center, on 
an Element2 high-resolution single collector inductively coupled 
plasma-mass spectrometer (LA-ICP-MS) equipped with a Teledyne G2 
193 nm Excimer laser with a beam diameter of 30 μm (Gehrels et al., 
2008). The random selection of 100 crystals ensured an analyzed sample 
representative of the entire zircon population (Gehrels, 2014). Every 
five crystals of unknown age were bracketed by a known standard; our 
primary standards for this study were the Sri Lanka and R33 zircons, 

Fig. 3. Selected calcareous nannofossil species identified in the marine deposits of the Petrești section. A. Acuturris scotus (sample 25); B. Ahmuellerella octoradiata 
(sample 19); C. Amphizygus brooksii (sample 38); D. Arkhangelskiella cymbiformis (sample 20); E. Broinsonia parca constricta (sample 8); F. Broinsonia parca parca 
(sample 9); G. Calculites obscurus (sample 35); H. Calculites ovalis (sample 4); I. Ceratolithoides aculeus (sample 34); J. Corollithion signum (sample 3); K. Eiffellithus 
eximius (sample 4); L. Eiffellithus gorkae (sample 19); M. Eiffellithus turriseiffelii (sample 3); N. Eprolithus floralis (sample 13); O. Grantarhabdus coronadventis (sample 
19); P. Haqius circumradiatus (sample 8); Q. Lucianorhabdus windii (sample 8); R. Manivitella pemmatoidea (sample 57); S. Prediscosphaera spinosa (sample 34); T. 
Prediscosphaera stoveri (sample 17); U. Reinhardtites anthophorus (sample 17); V. Retecapsa angustiforata (sample 23); W. Tranolithus orionatus (sample 9); X. Zeugr-
habdotus embergeri (sample 35); Y. Zeugrhabdotus erectus (sample 19). 
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which have ages similar to most of our unknowns. Ages that are <90% 
concordant (discordance between 206Pb/238U and 207Pb/235U ages) 
were discarded from further analysis. For ages <1.4 Ga, the 6/8 age was 
reported and used, whereas for ages older than 1.4 Ga, we used the 5/7 
age. For the purpose of this paper, the results were plotted on probability 
density function graphs using the kernel density estimation (KDE) in the 
DensityPlotter software (https://www.ucl.ac.uk/~ucfbpve/densit 
yplotter/). Maximum depositional ages of the samples (only one of 
these, the most relevant one for the aims of the research being reported 
here) were calculated by the ISOPLOT-R package (Vermeesch, 2018). 

4. Results 

4.1. Calcareous nannofossils preservation and abundance 

In the studied samples, calcareous nannofossils (Fig. 3) appear in a 
moderate to good state of preservation and are abundant in most of 
them, with only eight out of the 66 analyzed samples containing 
specimen-poor assemblages. A total of 133 species (Electronic Supple-
ment – Appendix A and Table 1) were identified in the 66 samples. Of 
these, Watznaueria barnesiae is the dominant species in the assemblage, 
exceeding 50% in three samples and having the lowest recorded abun-
dance of 25.70%. In terms of abundance, this species is followed by 
Prediscosphaera cretacea (up to 13.40%), Tranolithus orionatus (up to 
11.11%), Eiffellithus eximius (up to 9.52%), Cribrosphaerella ehrenbergii 
(up to 8.84%), Retecapsa crenulata (up to 8.82%), and Micula staurophora 
(up to 8.67%). All of the above-mentioned species show abundance 
fluctuations along the studied section, with more than one peak of 
abundance registered for each (Fig. 4). 

Other distinctive features of the calcareous nannofossil assemblages 
observed in the studied samples are related to: i) the absence or rarity of 
the Tethyan species; ii) the presence of certain dissolution-sensitive taxa 
(e.g., Biscutum constans, Discorhabdus ignotus); and iii) the presence of 
taxa such as Russellia laswellii and Russellia bukryi that show higher 
values of abundance (up to 11.46% and 7.43%, respectively) in the 
lower part of the section, with their abundance slowly decreasing up-
wards (Fig. 4). 

Overall nannofossils abundance displays relatively low-level fluctu-
ations, with an average count of 0.95 specimens per one field of view. 
The highest values (up to 3.33 nannofossils/field of view) are recorded 
in the lower part of the studied section. 

The calculated calcareous nannofossils Species Richness is moderate 
(mean 48) and varies from 5 to 63 species per sample. The Shannon 
diversity index (H) is moderate/high (mean 7.8), with individual values 
ranging from 2.4 to 9.0. Sample Evenness (E) varies from 2.31 to as high 
as 135.6 (Fig. 5). 

The TI values recorded in the Petrești section vary from 57.2 to 86.6. 
The highest values of TI occur in the uppermost part of the section, with 
TI of 70 or above found in 24 samples. The lower and middle parts of the 
section are characterized by more widely alternating TI values, but their 
average still remains around 73.5. These values indicate the predomi-
nance of warm-water taxa in the entire studied section. The NI values 
vary from 0 (in ten samples) to 17.6, with a mean value of 5.40. A 
continuous fluctuation of the NI was identified throughout the section, 
but overall, conditions of suppressed fertility can be reconstructed for 
the latest Cretaceous marine basin near Petrești, with occasional very 
minor increases in organic nutrient content as evidenced by NI values 
above 10 recorded in only ten samples (15% of the total), mainly 
grouped in the lower part of the studied section (Fig. 5). 

Based on Pearson’s correlation matrix (Table 1) the highest positive 
correlation was found between: i) Discorhabdus ignotus and Zeugrhab-
dotus spp., Russellia spp., Micula staurophora, and Prediscosphaera creta-
cea; ii) Watznaueria barnesiae and Tranolithus orionatus and Eprolithus 
floralis; and iii) Biscutum constans and Eprolithus floralis. On the other 
hand, the highest negative correlation was identified between Watz-
naueria barnesiae and Biscutum costans, Prediscosphaera cretacea and Ta
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Russellia spp. Other, less significant positive and negative correlations 
are also shown in Table 1. 

We have employed two different statistical analyses based on the 
most abundant calcareous nannofossil species – Multivariate Hierar-
chical Clustering (MHC; Electronic Supplement - Fig. 2) and Principal 
Component Analysis (PCA; Fig. 6) – to more properly investigate their 
distribution patterns along the studied section as well as the fluctuations 
in the palaeoecological conditions under which the marine deposits 
from the Petrești section were formed. The MHC separated two main 
clusters and four sub-clusters among the studied samples, with two sub- 
clusters within each main cluster, as follows:  

- Cluster 1 contains 19 samples characterized by the lowest values of 
abundance for Watznaueria barnesiae, and it is further divided into 
two sub-clusters. In sub-cluster 1a, including 15 samples, Watz-
naueria barnesiae was registered with a relative abundance varying 
between 25.61% and 42.39%; remarkably, these values, albeit still 
rather high, are lower than those registered in most of the other 
samples (excepting those from sub-cluster 1b). Sub-cluster 1b 
grouped only four samples characterized by the highest observed 
abundance values for Russelia laswellii and R. bukry (up to 11.46% 
and 7.43%, respectively) correlated with the lowest abundance 
recorded for Watznaueria barnesiae (between 25.70% and 32.49%).  

- Sub-cluster 2a of Cluster 2 contains 31 samples without any 
distinctive features. In these, Watznaueria barnesiae still remains the 
dominant species within each individual assemblage, albeit with 

moderate values for its relative abundance. Sub-cluster 2b groups 
15 samples showing the highest amounts of Watznaueria barnesiae 
(over 43%). The remaining taxa all registered fluctuations in their 
abundance in these samples. 

According to the Principal Component Analysis, the first two prin-
cipal components are relevant (Fig. 6), and together, these explain 
around 65% of the variability present in the relative abundance of the 
main calcareous nannofossil taxa. Principal Component 1 explains 
51.27% of the observed variance, and negatively correlates the samples 
with a significant participation of Russellia laswellii and R. bukryi (>0.4 
correlation loadings) with those with Watznaueria barnesiae (less than 
− 0.60 correlation loadings). Principal Component 2 accounts for 
13.84% of the observed variance and separates the samples with 
Watznaueria barnesiae and Russellia laswellii (>0.5 correlation loadings) 
from those with Prediscosphaera cretacea (less than − 0.50 correlation 
loadings). 

4.2. Smaller foraminifera: Preservation, abundance, diversity, BFOI, 
main groups and morphogroups 

The foraminifera assemblages (Fig. 7) are generally characterized by 
moderate to poor preservation of the specimens. For a better under-
standing of the sequence of the paleoecological conditions, we consider 
as the basal part of the sedimentary sequence the interval between 0 and 
410 m (the interval of samples 1–26), the middle part between 410 and 

Fig. 4. Abundance patterns of the dominant and subdominant calcareous nannofossil species plotted along the sampling interval together with the distribution of the 
main identified clusters. Zeugrhabdotus diplogrammus and Biscutum constans are illustrated for Zeugrhabdotus spp. and Biscutum spp. groups. Lithological column - not 
to scale. 
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488 m (samples 26–38) and the upper part the interval between 488 and 
680 m (samples 39–66). The values of foraminifera relative abundance 
per 1 g of sample (see Materials and Methods chapter) shows important 
variations along the sampled section, as samples/intervals rich in fora-
minifera alternate with sterile/quasi-sterile ones. The highest relative 
abundance values have been recorded in samples 38 and 26 (221 and 
200 specimens/g), compared to the minimum values recorded in sam-
ples 23 and 41 as well as in the upper part of the section (2 and 3 
specimens/g) (Fig. 8). The maximum relative abundance is recorded in 
samples 12 and 26 (39 and 25 specimens/g) for planktonic foraminifera, 
respectively in samples 38 and 28 (197 and 196 specimens/g) for 
benthic foraminifera; meanwhile, the minimum values of the relative 
abundance were noticed in samples 7 and 16 as well as in the upper part 
of the section (1 individual/1 g) for planktonic foraminifera, respec-
tively in samples 23 and 41, as well as in the upper part of the section (1 
individual/1 g) for benthic foraminifera. 

From the total of 130 identified foraminifera species, 40 (30.7%) are 
agglutinated benthic, 63 (48.4%), calcareous benthic, and only 27 
(20.7%) are planktonic (Electronic Supplement – Appendix B and 
Table 2). The percentage abundance of the planktonic forms registers an 
increase from the base to the middle/top part of the section (from a 
minimum of 6.45% in sample 16 to a maximum of 80% in sample 47), 
while the benthic forms display a minimum participation of 20% in 

sample 47 and a maximum of 93.55% in sample 16 (Fig. 8). The relative 
percentages calculated according to the mode of life show that the 
epifaunal taxa (such as species of Ammosphaeroidina, Epistomina, Gyro-
idinoides) dominate in the basal and middle parts of the sampled section 
(with a maximum abundance of 79.35% recorded in sample 7). These 
epifaunal taxa are, however, surpassed in abundance by the infaunal 
forms (different species of Bolivinoides, Praebulimina, Pseudouvigerina) in 
the middle/upper part of the section, with a maximum presence value of 
78.26% for the latter registered in sample 41 (Fig. 9). 

Analysis of the relative abundance distribution of the main calcar-
eous benthic foraminifera genera highlights first of all the particular 
(albeit not very high) percentage values recorded for the genus Bolivi-
noides, which was identified only in samples 11 and 12 (with a maximum 
of 1.20% in sample 11) (Fig. 9). The genus Epistomina shows fluctuating 
values throughout the succession, with both the maximum values 
(12.12%, sample 5) and the lowest ones (0.47% in sample 12) recorded 
in the basal part. Meanwhile, in the stratigraphic interval placed be-
tween samples 32 and 41, this genus was not identified. The infaunal 
taxa Praebulimina and Pseudouvigerina increase in percentage starting 
with the middle part of the succession, although it is interesting to note 
that their relative abundance values are somewhat negatively corre-
lated, i.e., high percentage values of Praebulimina (such as in samples 38 
to 47, with an average of 38.82%) correspond to low values for the genus 

Fig. 5. Species Richness, Shannon Diversity Index, Evenness, vertical distribution of relative calcareous nannofossils abundance, calcareous nannofossils temperature 
index, and calcareous nannofossils nutrient index data from the Petrești section (SW Transylvanian Basin). For color coding of the different clusters, see text and 
Fig. 4. Lithological column - not to scale. 
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Pseudouvigerina (Fig. 9) and vice versa. The highest percentages of 
Pseudouvigerina were recorded in the middle part of the succession 
(samples 26 and 28: 31.69%, respectively 25.95%). The highest per-
centage values of the different planktonic foraminifera families, calcu-
lated from the total count of planktonic foraminifera, are registered by 
the Hedbergellidae, Globotruncanidae, and Heterohelicidae (with an 
average of 23.05%, 13.14%, and 24.54%, respectively), followed in 
order of decreasing abundance by the Globigerinelloididae (average 
17.66%) and Rugoglobigerinidae (average 10.89%) (Fig. 9). 

The resulting values of the benthic foraminifera oxygen index (BFOI) 
to the sea floor range from − 40 (sample 16) to 13.5 (sample 30; Fig. 8). 
The calcareous benthic foraminifera were divided into two main mor-
phogroups: Ch-A and Ch-B (Electronic Supplement - Fig. 3), according to 
the classification proposed by Koutsoukos and Hart (1990). Mor-
phogroup Ch-A was separated based on the presence of low to high 
trochospiral and planispiral morphotypes, and it records maximum 
values of up to 75% in the base of the succession (sample 4). The Ch-B 
morphogroup shows maximum abundance values of 80% in the mid-
dle part of the succession (sample 41) (Electronic Supplement - Fig. 3) 
due to the large number of foraminiferal individuals characterized by 
elongate tests generally corresponding to/pointing at an infaunal 
deposit-feeding strategy. Separation of the agglutinated foraminifera 
into morphogroups (Electronic Supplement - Fig. 3) revealed the pres-
ence of all important categories in the studied samples except for mor-
photype M3b (Ammolagena clavata). The different agglutinated 
foraminifera morphogroups display different abundance values across 
the studied samples. The most abundant morphotypes are the M3c type 
(Ammosphaeroidina spp., Cystammina spp., Paratrochamminoides spp.) 
with a maximum abundance of 37.8% (sample 30), the M4a type 
(Haplophragmoides spp.) reaching 100% in sample 43, and the M4b type 
(Ammobaculites spp., Karrerulina spp., Reophax spp.) with a maximum 

abundance value of 42.86% in sample 41 (Electronic Supplement - 
Fig. 3). 

4.3. Palynofloral assemblage 

In our previous palynological investigation of the Petreşti section 
(Ţabără et al., 2022), we noted the absence of continental and/or marine 
palynomorphs at the top of the Bozeș Formation, an absence that was 
due to a combination between poor preservation of palynomorphs in 
this part of the section and a much sparser sampling, corrected by our 
renewed sampling of 2021, focused on that particular segment of the 
local succession. In order to mitigate this sampling shortcoming, we 
conducted palynological analyses of three new samples collected from 
this stratigraphical interval (Fig. 2), which allowed us to outline a 
palynological assemblage (Fig. 10) represented mainly by pollen and 
spores (Fig. 10B–P), besides a minor fraction of dinoflagellates 
(Fig. 10A). Two of the three analyzed samples (i.e., samples 60 and 61) 
were productive. Overall, this newly identified palynomorph assem-
blage shows a composition largely similar to that previously reported 
from the Bozeș Formation (see Ţabără et al., 2022), although a number 
of primitive angiosperm pollen taxa assigned to the Normapolles group, 
e.g., Longanulipollis fornicatus, Pseudopapillopollis cf. praesubhercynicus, 
Trudopollis rusticus, Trudopollis granulosus, and Trudopollis lativerrucatus, 
represent new occurrences reported from this section. 

Gymnosperm pollen represents the most abundant taxonomic group 
in the newly identified assemblage and includes typical Mesozoic rep-
resentatives of Araucariaceae (i.e., Araucariacites australis). Among an-
giosperms, the pollen of Juglandaceae (Subtriporopollenites constans) and 
Myricaceae also occur in high abundance. Fern spores such as Deltoi-
dospora, Laevigatosporites, Polypodiaceoisporites, and Triplanosporites are 
the most common pteridophytes represented. 

Fig. 6. Principal Component Analysis carried out using selected calcareous nannofossil taxa, and the distribution of the identified clusters and sub-clusters within the 
first two principal components. 
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Fig. 7. Selected elements of the latest Cretaceous foraminifera assemblages from the Petrești section, southwestern Transylvanian Basin. a. Bathysiphon sp. (sample 
1); b. Reophax subfusiformis (sample 7); c. Haplophragmoides horridus (sample 4); d. Ammobaculites subcretaceus (sample 19); e. Stilostomella sp. (sample 19); f. Astacolus 
linearis (sample 12); g. Bolivinoides sp. (sample 11); h. Bolivinoides laevigatus (sample 11); i-j. Pseudouvigerina rudita (samples 26 and 28); k. Lenticulina sp. (sample 10); 
l. Epistomina sp. 1 (sample 10); m. Epistomina sp. 2 (sample 26); n. Brotzenella monterelensis (sample 7); o. Quadrimorphina varsoviensis (sample 19); p. Planoheterohelix 
globulosa (sample 32); q. Planoheterohelix sp. (sample 42); r. Muricohedbergella sp. (sample 30); s. Rugoglobigerina rugosa (sample 12); t. Contusotruncana plummerae 
(sample 11); u. Globotruncana linneiana (sample 10); v. Globotruncanella minuta (sample 10). 
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4.4. Detrital zircon geochronology 

Out of the four sandstone samples collected and submitted to detrital 
zircon U-Pb geochronometry analyses (Fig. 2), the results of one are 
currently available and bear relevance to the dating of the Petrești 
succession. Sample IV, reported here, is located in the upper marine-to- 
continental transitional part of the local succession (Fig. 2), and yielded 
110 zircon grains that were analyzed for geochronology (raw mea-
surement data are presented in the Electronic Supplement – Table 3, and 
in Fig. 11A). Remarkably, the great majority of these zircons (77, rep-
resenting 70%) have Late Cretaceous ages, indicating that this sample is 
primarily a siliciclastic-volcaniclastic rock derived from the erosion of 
the nearby volcanic arc stretching across the Apuseni Mountains and 
western Southern Carpathians (northwest and west to the Petrești area) 
— a volcanic arc that formed in response to the closure of the Neo- 
Tethys and is locally known as the banatitic arc (Berza et al., 1998; 
Gallhofer et al., 2015). Individual ages within the dominant Late 
Cretaceous component of the analyzed sample range from 76 to 82 Ma 
(with associated errors; Fig. 11B) and yield a mean calculated maximum 
depositional age (MDA) of about 80 Ma (Electronic Supplement – Fig. 4, 
but see below, Discussions). 

The remainder of the zircons from the sample fall into the Neo-
proterozoic to Silurian age range with minor Variscan metamorphic 
grains, a spectrum that is common in the nearby Dacian basement 

(Balintoni et al., 2014; Stoica et al., 2016). They are complemented here 
(and elsewhere, where the Dacian basement supplies detritic material) 
by a few Proterozoic grains typically older than 2 Ga. 

5. Discussion 

5.1. Biostratigraphy and biochronology 

As noted in the Materials and Methods section, our chronostrati-
graphical/biochronological discussions will employ the bipartite divi-
sion of the Campanian as presented in Gradstein et al. (2020), with 
further informal refining of this scheme through the usage of the terms 
lower, middle (only for the Upper Campanian) and upper to designate 
roughly equal subintervals of the two stages. 

There are a number of calcareous nannofossil biozonation schemes 
developed/proposed for the Campanian, including the cosmopolitan 
biozonation schemes of Sissingh (1977– CC Biozones), Perch-Nielsen 
(1985 – CC Biozones), and Bralower et al. (1995 – NC Biozones), 
respectively, an array of regional schemes proposed for northwestern 
Europe such as those of Burnett (1991 – Germany), Crux (1982 – En-
gland), Mortimer (1987 – Southern Norwegian and Danish North Sea – 
NK Biozones), Bergen and Sikora (1999 – Norwegian North Sea, KN 
Biozones), and Burnett (1998 – UC Biozones – for Boreal, Austral, and 
Tethyan-intermediate sites). 

Fig. 8. Plots of relative abundance, diversity indices (rarefaction), percentages of planktonic, benthic, epifaunal and infaunal foraminifera, and benthic foraminifera 
oxygen index of the latest Cretaceous foraminifera assemblages from the Petrești section (for abbreviations, see Materials and Methods). Lithological column - not 
to scale. 
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All of the above-mentioned biozonation schemes employed certain 
important marker bioevents to define the boundaries between the 
different biozones. But since the relevant marker species are not 
continuously present in our study section, and thus no clear bioevent 
could be emphasized, we will briefly present the identified marker 
species and their occurrence patterns in the investigated material. The 
presence of Calculites obscurus was identified in 35 samples, with a 
higher abundance in the lower part of the section and a decrease in 
abundance upwards. The following taxa were identified in low numbers: 
Broinsonia parca parca (in 23 samples), Marthasterites furcatus (in 10 
samples), and Ceratolithoides aculeus (in five samples). In addition, the 
presence of Eiffellithus eximius and Reinhardtites anthophorus was re-
ported continuously or quasi-continuously, in the uppermost part of the 
section. 

Accordingly, it can be concluded that the age of studied marine 
section is definitely not younger than the middle Late Campanian, and 
even the basalmost, grey-coloured beds of the overlying and dominantly 
continental Sebeș Formation may still fall within the middle Upper 
Campanian (Fig. 12). 

Indeed, based on the co-occurrence of Ceratolithoides aculeus, Eiffel-
lithus eximius, and Reinhardtites anthophorus, the marine deposits of the 
Bozeș Formation from the Petrești section can be assigned to the 
Tethyan-Intermediate Province Zones UC15b to UC15e (Burnett, 1998)/ 
CC20–CC22 Biozones (Perch-Nielsen, 1985), corresponding to the late 

Early Campanian to late Late Campanian. The first occurrence datum 
(FO) of C. aculeus is marked at the base of the UC15b subzone (about 79 
Ma)/CC20 Zone (Perch-Nielsen, 1985), corresponding to the middle of 
the early Late Campanian based on Gradstein et al. (2020) (= early 
Middle Campanian in the tripartite scheme). In addition, the presence of 
E. eximius and R. anthophorus, both having their last occurrence datum 
(LO) in the later part of the middle Late Campanian (within the UC15e 
subzone of Burnett, 1998, at about 75.93–80.97 Ma and 75.93–76.82 
Ma, respectively), restricts the age of these deposits as no younger than 
the late Late Campanian, including here the uppermost Bozeș beds 
yielding calcareous nannofossil assemblages (upper part of the transi-
tional deposits – sample 64), and even the two samples collected from 
the basalmost beds of the continental Sebeș Formation. It is worth 
emphasizing here that the reported (albeit unexpected) presence of 
marine calcareous nannofossils within these deposits can be attributed, 
probably, to sporadic intrusions of marine waters into this marginal 
continental setting, reconstructed as an estuarine-coastal plain palae-
oenvironment (Vremir et al., 2014). 

In our study, the composition of planktonic foraminiferal assem-
blages shows similarities to those described from the Central European 
Basin (Peryt et al., 2022) and their low diversity, as well as the signifi-
cant participation of Planoheterohelix globulosa, P. planata, Hedbergella 
globulosa, Globigerinelloides asper, G. bolli, Contusotruncana plummerae, 
Globotruncana arca, G. ventricosa, and C. plummerae (identified in 

Fig. 9. Percentages of the main calcareous benthic foraminifera genera and of the main planktonic foraminifera families in the uppermost Cretaceous succession 
from Petrești, Southwestern Transylvanian Basin. Lithological column - not to scale. 
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samples 1–12), is characteristic of the Contusotruncana plummerae In-
terval Zone of the Upper Campanian in the Bottacione section and in 
Central European basins (Petrizzo et al., 2011; Coccioni and Premoli 
Silva, 2015; Peryt et al., 2022). There are recommendations stating that 
G. ventricosa (present in samples 1–12) should be used with caution in 
biozones for tropical and subtropical areas, and correlated with marker 
species such as C. plummerae, as it has its FO at the base of the Con-
tusotruncana plummerae Zone in the Central European Basin (Peryt et al., 
2022), whereas in the more southerly Italy it appears in the upper part of 
the Contusotruncana plummerae Zone (Petrizzo et al., 2011). 

On the other hand, the species that define the upper part of the 
C. plummerae Zone (Rugoglobigerina pennyi and Radotruncana calcarata) 
were not identified in our samples; thus, in order to develop a better 
constrained biostratigraphic framework, we additionally used the data 
provided by calcareous benthic foraminifera as well. The main 
biostratigraphic markers of the calcareous benthic foraminifera group 
are Bolivinoides decoratus, B. granulatus, B. laevigatus, and Brotzenella 
monterelensis (all of these identified in the basal part of the section, in 
samples 1–12). From these, B. monterelensis was identified in Romania 
with a relatively long stratigraphic range, more precisely in Lower to 
Upper Campanian chalk deposits from Southern Dobrogea (Neagu, 

1992) and in upper Santonian–Upper Campanian clayey deposits from 
the Ceahlău Nappe of External Dacides (Cetean et al., 2011). Setoyama 
et al. (2017) reported B. monterelensis from Lower to middle Campanian 
deep marine deposits in the Labrador Sea; Podobina (1995) and Alek-
seev and Kopaevich (1997) identified the same species in Upper Cam-
panian deposits from Crimea and Siberia; and Robaszynski et al. (2005) 
reported it from Upper Campanian chalk deposits of the Paris Basin. 
Gawor-Biedowa (1992) described the biozone with B. monterelensis as 
being characteristic of the upper part of the Lower Campanian from 
Poland. Subsequently, Peryt and Dubicka (2015) and Dubicka and Peryt 
(2016) attributed B. decoratus species to the uppermost Lower Campa-
nian–middle Upper Campanian, B. granulatus species to the upper Lower 
Campanian to lower Upper Campanian, B. laevigatus species to the upper 
Lower Campanian to middle Upper Campanian, and Brotzenella mon-
terelensis to the middle Campanian to middle Upper Campanian in the 
Upper Cretaceous deposits of Poland and Ukraine,. 

Meanwhile, based on a wide assembly of samples originating from 
different sites, including boreholes recovered by the Deep Sea Drilling 
Project/Ocean Drilling Program, and from museum and university col-
lections with worldwide coverage (e.g., Ehrenberg, Cushman, Petters, 
and McGugan collections), Georgescu (2018) proposes a middle 

Fig. 10. Selected palynomorphs (dinoflagellate cyst, angiosperm and gymnosperm pollen, and cryptogam spores) identified in the uppermost part of the Bozeș 
Formation (scale bar: 30 μm). A. Samlandia cf. vermicularia, isolated operculum (sample 61); B. Trudopollis rusticus (61); C. Trudopollis granulosus (61); D. Trudopollis 
lativerrucatus (60); E. Oculopollis praedicatus (61); F. Longanulipollis fornicatus (61); G. Krutzschipollis crassis (61); H. Pseudopapillopollis cf. praesubhercynicus (61); I. 
Suemegipollis triangularis (61); J. Interporopollenites proporus (61); K. Camarozonosporites insignis (61); L. Triplanosporites microsinuosus (61); M. Araucariacites australis 
(60); N. Araucariacites australis (61); O. Subtriporopollenites constans (61); P. Myricipites sp. (61). 
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Campanian to lower Maastrichtian stratigraphic range for B. decoratus, a 
Campanian–Maastrichtian range for B. granulatus, and an uppermost 
Lower Campanian–lower Maastrichtian range for B. laevigatus. Jaff 
(2021), Jaff et al. (2014), and Jaff and Lawa (2019) defined the Bolivi-
noides decoratus, Bolivinoides laevigatus, and Brotzenella monterelensis – 
Brotzenella stephensoni biozones characteristic to Upper Campanian de-
posits from Iraq. In our local biozonation scheme, we will rely mainly on 
the existing data from the Carpathian and peri-Carpathian areas as well 
as from the Bottacione section. Accordingly, considering together the 
somewhat poorly constrained biostratigraphic data based on planktonic 
and calcareous benthic foraminifera, we tentatively suggest a middle 
Late Campanian age for the basal and middle parts of the studied de-
posits. However, for the upper part of the section (samples 48–66; 495 m 
to 680 m) where the samples are quasi-sterile, barren in foraminifera, 
the (bio)stratigraphic assessments must rely primarily on calcareous 
nannofossil assemblages, palynological data, and detrital zircon results. 

Preliminary palynostratigraphic results from the Petrești succession 
have been presented recently by Ţabără et al. (2022); according to these 
previous results, the age for the largest part of the marine Bozeș For-
mation beds at Petrești can be constrained to the middle to later parts of 
the Campanian. Subsequently obtained new data from the transitional 
part of the succession (samples 60–62 in Fig. 2), not suitably covered by 
the earlier 2017 sampling reported by Ţabără et al. (2022) now 
contribute further time constraints for the palynostratigraphy of the 
Petrești succession. Similarly to the local palynological assemblages 
reported by Ţabără et al. (2022), those recovered from the new samples 
are represented mainly by pollen and spores of continental origin. 
Dinoflagellate cysts that belong to the marine phytoplankton still have 
rare occurrences in these newly identified assemblages, again repli-
cating the pattern found previously by Ţabără et al. (2022). Neverthe-
less, an isolated operculum assigned to the dinoflagellate Samlandia cf. 
vermicularia (Fig. 10A) was identified in sample 61. According to Slimani 
et al. (2021), the first occurrence of Samlandia vermicularia characterizes 
the base of Samlandia mayi Zone of Slimani (2001) of the Upper Cam-
panian in the Netherlands, Belgium, and Poland. The last occurrence of 
S. vermicularia is reported from the lower part of the Florentinia 
mayi–Samlandia mayi dinocyst Subzone in Poland (Niechwedowicz and 
Walaszczyk, 2022), corresponding to the lower Maastrichtian, and thus 
the presence of this dinoflagellate restricts the geological age of the 

palynological assemblage derived from the top of the Bozeș Formation 
to the Late Campanian–early Maastrichtian time interval. 

Besides the dinocyst Samlandia cf. vermicularia, certain pollen taxa 
representing early angiosperms of the Normapolles group identified in 
samples 60 and 61 are also useful to date Upper Cretaceous deposits. 
Three such taxa (i.e., Krutzschipollis crassis, Trudopollis rusticus, and 
T. granulosus), described mainly from Turonian–Campanian deposits of 
Hungary, Bulgaria, and France (Góczán, 1964; Góczán and Siegl-Farkas, 
1989; Góczán and Siegl-Farkas, 1990; Antonescu and Odin, 2001; 
Polette and Batten, 2017; Pavlishina et al., 2019), occur exclusively in 
sample 61. Other taxa identified recently in the uppermost part of the 
Bozeș Formation, i.e., Oculopollis praedicatus, Longanulipollis fornicatus, 
and Trudopollis lativerrucatus, are typical for the upper Upper Creta-
ceous, mainly the Santonian–Maastrichtian. Of these, the latter two taxa 
– L. fornicatus and T. lativerrucatus – are mentioned here for the first time 
from Upper Cretaceous deposits in Romania. 

An interesting occurrence in the newly recovered palynological 
assemblage from the Petrești section is that of Pseudopapillopollis cf. 
praesubhercynicus, previously considered a biostratigraphic marker for 
the Maastrichtian in Hungary (Góczán, 1964; Góczán and Siegl-Farkas, 
1990) and for the upper Maastrichtian in Romania (Antonescu, 1973; 
Antonescu et al., 1983), respectively. Later, however, this same taxon 
was reinterpreted as a marker species for the uppermost lower Campa-
nian to the lowermost Maastrichtian interval in Romania (Ion et al., 
1998). Other occurrences of this taxon have been reported from Cam-
panian deposits from France (Tercis les Bains section; Antonescu and 
Odin, 2001) and Hungary (Siegl-Farkas and Haas, 2002). Taxa such as 
Camarozonosporites insignis, Interporopollenites proporus, Suemegipollis 
triangularis, and Triplanosporites microsinuosus are also present in sample 
61; these have also been previously identified in the lower–middle part 
of the Bozeș Formation from the Petrești section (Ţabără et al., 2022), as 
well as from Campanian–lower Maastrichtian deposits of the Hațeg 
Basin (Ţabără and Slimani, 2019; Botfalvai et al., 2021). 

In summary, the occurrence of key taxa such as the marine dinofla-
gellate Samlandia cf. vermicularia in association with continental paly-
nomorphs of the Normapolles group such as Krutzschipollis crassis, 
Pseudopapillopollis cf. praesubhercynicus, Trudopollis rusticus, and 
T. granulosus is considered to be broadly age-diagnostic. This assemblage 
brackets the age of the deposits from the uppermost Bozeș Formation at 

Fig. 11. (A) KDE plot of the 206Pb/238U age spectrum of the detrital zircon population of sample IV from the uppermost Cretaceous transitional beds of Petrești 
section (see Fig. 2), southwestern Transylvanian Basin, showing two major peaks, a prominent Late Cretaceous (Campanian, see text and Fig. 11B) one representing a 
pene-contemporaneous volcanic arc signal, and an Ediacaran-Ordovician one, typical for the nearby metamorphic basement. Graphed using Density Plotter (Ver-
meesch, 2018); small open circles at the bottom of x axis show ages of individual samples. (B) Distribution of 206Pb/238U ages and individual errors of the detrital 
zircons forming the Late Cretaceous peak (77 ages), with their weighted mean (80.16 Ma - Campanian) and errors (95% confidence intervals) drawn as horizon-
tal lines. 
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Petrești (i.e., the topmost 12 m of the Bozeș Formation succession, right 
below the estuarine basal beds of the Sebeș Formation) to between the 
Late Campanian and the earliest Maastrichtian. 

To summarize the previously discussed biostratigraphic information, 
the uppermost Cretaceous deposits from the Petrești section belong to 
three distinctive lithological entities whose ages/chronostratigraphic 
positions are constrained as follows (Fig. 12):  

- The main body of the Bozeș Formation, corresponding to the largest 
part of the locally exposed section (meters 0 to about 595 in the 
measured stratigraphic log, Fig. 2): a lower Upper Campanian to 
middle Upper Campanian marine unit with a lithology typical for a 
turbiditic facies, represented by an alternation of sandstones and 
mudstones/shales. The microfossil assemblages of this entity include 
calcareous nannofossil assemblages typical for UC15b to UC15e 
biozones (late Early to late Late Campanian) and small foraminifera 
ones characteristic for a Late Campanian age. Our new results are 
consistent with those of the study of Ţabără et al. (2022) which re-
ported a palynomorph assemblage documenting the presence of the 
middle and upper parts of the Campanian within this part of the local 

succession. Macroinvertebrates such as corals, inocerams, and oys-
ters were found to be common in this unit, alongside with rare 
ammonite coil fragments (Vremir et al., 2014). 

- A transitional succession marking the passage from marine to con-
tinental deposits (between 595 and 640 m in the local log; Fig. 2), 
interpreted to represent a near-shore to estuarine, brackish envi-
ronment with generally coarser sediments (dark grey marly siltstones 
and mudstones) containing calcareous nannofossils and paly-
nomorphs but entirely devoid of foraminifera. The calcareous nan-
nofossil assemblages are similar to those described from the 
underlying marine beds (and their presence is probably due to 
episodic intrusions of normal marine waters into these brackish 
coastal-estuarine settings), and the identified palynomorphs are 
suggestive of a Late Campanian–early Maastrichtian age. The Bozeș- 
Sebeș formational contact was drawn on lithological grounds within 
this transitional succession by Vremir et al. (2014), and this lithos-
tratigraphic interpretation is followed here as well (Fig. 2). The 
contact is located at the base of the first thicker and coarser-grained 
bed of silty-sandy marls covered by a thick, prominent sandy- 
conglomerate bed interpreted as a channel deposit. The 

Fig. 12. Distribution of the stratigraphically significant microfossils, completed with results of detrital zircon U-Pb geochronometry for the Petrești succession, 
southwestern Transylvanian Basin. Lithological column - not to scale. 
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stratigraphically lowest occurrences of isolated dinosaur and ptero-
saur fossils described from the uppermost part of the Bozeș Forma-
tion as the oldest known members of the Hațeg Island 
palaeoecosystem originate from the lower, brackish marine part of 
this transitional succession (Vremir et al., 2014; see Fig. 2 - L0/a, L0/ 
b). Meanwhile, the lowest-lying rich continental vertebrate accu-
mulation reported preliminarily by Vremir et al. (2015b; see also 
Vasile, 2021, 2022) is located slightly higher within the basalmost 
Sebeș Formation, right above the formational contact and below the 
thick channel deposit marking the onset of typical continental sedi-
mentation (Fig. 2 – L0/c).  

- The basal part of the continental Sebeș Formation (from about 640 m 
upwards in the local log), characterized by alternating floodplain 
and channel deposits, represented by dominantly reddish, sometimes 
green-mottled mudstones, sandstones, and rare microconglomerates, 
with vertebrate fossils discovered from several different levels (Csiki- 
Sava et al., 2012; Brusatte et al., 2013; Vremir et al., 2014, 2015a; 
Fig. 2 – L1a, L1b). Although reliable and precise age constraints 
(even palynomorphs) are currently unavaible for these beds, they are 
regarded as (probably earliest to early) Maastrichtian in age based on 
their vertebrate fossil content, largely similar to that of other 
Maastrichtian vertebrate-bearing units of the southwestern Tran-
sylvanian area (e.g., Csiki-Sava et al., 2016). 

Most notably, the preliminary results of an entirely new dating 
approach for this section, that is, detrital zircon U-Pb geochronometry, 
are largely congruent with these integrated biostratigraphy conclusions. 
The sample reported here (Petrești IV) was collected from the thick and 
coarse sandstone-conglomerate bed from the basalmost Sebeș Formation 
(Fig. 2 - between 645 and 650 m) directly overlying the dark grey silty 
mudstones that host the stratigraphically lowest-lying multitaxic con-
tinental vertebrate fossil accumulation recorded in the Petrești succes-
sion (Vremir et al., 2015b; Vasile et al., 2021, 2022). As noted above (see 
Results and Electronic Supplement – Fig. 4), the maximum depositional 
age (MDA; Vermeesch, 2021) of this sample – remarkably enriched in 
latest Cretaceous-age ‘banatitic’ zircons – was estimated to be about 80 
Ma, largely similar with the average pooled age of these zircons 
(Fig. 11B). Lack of plateaus of different ages in the banatitic zircon U-Pb 
age spectrum (Fig. 11B) is indeed broadly consistent with the entire 
population being the result of one eruption, thus being of the same (=
calculated mean) age. 

Nevertheless, this statistical average calculated using the approach 
advocated by Vermeesch (2021) may well be different from the actual 
MDA of the deposit, depending on whether some of these zircons are 
instead inherited grains from a longer-lived magma chamber (ante-
crysts) or, alternatively, whether they originate from (and thus reflect 
the age of) several, temporally closely spaced volcanic events fitting into 
the recorded age range (about 76 to about 82 Ma). Our detrital zircon 
data cannot resolve this; furthermore, there is no knowledge of a nearby 
volcanic center(s) that would represent the immediate source(s) of these 
grains. However, as the typical banatitic volcanic centers regionally are 
known to have been stratovolcanoes, we speculate that the youngest 
recorded zircon grain age of 76 ± 1.7 Ma approximates better the actual 
maximum age of this sedimentary unit. Given the dominance of young 
igneous grains in this sample, identifying the source rock as a 
siliciclastic-volcaniclastic deposit resulted from the erosion of volcanic 
apparatuses from the nearby banatitic volcanic arc, it is likely that the 
actual age of sedimentation was not much younger than the age of the 
volcanic source itself since stratovolcanoes are ephemeral features, on 
average relatively short-lived and rapidly removed by subsequent 
erosion (e.g., Ducea et al., 2015). Accordingly, these preliminary U-Pb 
geochronometric results seem to constrain the age of the uppermost 
brackish marine – basalmost continental deposits as not much younger 
than 76 ± 1.7 Ma (that is, falling within the late middle to early late Late 
Campanian), in good accordance with the calcareous nannofossil 
biostratigraphy and palynostratigraphy data reported in the present 

study. Meanwhile, the remainder of the analyzed detrital zircon sample 
comprises mainly Neoproterozoic to Silurian age zircons, with a very 
small amount of Variscan and Palaeoproterozoic grains. Altogether, the 
age spectrum yielded by the pre-Late Cretaceous zircon grains is a 
signature feature of the nearby Getic-Supragetic basement terranes that 
are found immediately to the south of the study area and which are 
considered to have been an actively uplifting and eroding source area 
during the deposition of the uppermost Cretaceous beds across the entire 
southwestern Transylvanian area (e.g., Willingshofer et al., 2001; Csiki- 
Sava et al., 2016). 

5.2. Palaeoenvironmental interpretations 

5.2.1. Palaeotemperature 
A significant global palaeoclimatic change that took place during the 

Late Cretaceous was identified by several studies (Huber et al., 1995; 
Friedrich et al., 2012; Linnert et al., 2014), from one of the warmest 
climates known to have existed during the Late Cenomanian to early 
Turonian towards a significant cooling from the late Turonian onward 
until the end of the Cretaceous. This cooling trend was accelerated at the 
beginning of the Campanian (Friedrich et al., 2012; Linnert et al., 2014; 
Bindiu et al., 2013) and extended into the Maastrichtian (Huber and 
Watkins, 1992; Huber et al., 1995; Lees, 2002; Thibault and Gardin, 
2007; Sheldon et al., 2010; Friedrich et al., 2012; Linnert et al., 2014). 

However, such a global cooling pattern is not confirmed by the 
calcareous nannofossil assemblages from the Petrești section due to the 
high abundance of Watznaueria barnesiae (a marker for sub-cluster 2b), a 
species considered to be a warm-water taxon (Doeven, 1983; Gardin, 
2002; Sheldon et al., 2010; Tantawy, 2003) and one that was typical for 
low-latitude Tethyan sites, according to Wolfgring et al. (2021). From 
the planktonic foraminifera assemblages identified at Petrești, globo-
truncanids (amounting up to 57% in some samples) are considered to 
indicate a warm and oligotrophic subsurface mixed layer (Li and Keller, 
1998; Petrizzo, 2002; Abramovich et al., 2003, 2010; Saϊdi and Zaghbib- 
Turki, 2016), whereas rugoglobigerinids (up to 35%) are characteristic 
of warm-temperate stratified waters (Lommerzheim, 1991; Hradecká, 
2002; Falzoni et al., 2014). The terrestrial palynomorphs recovered from 
the top of the Bozeș Formation (sampling interval 60–61; Fig. 2) 
comprise pollen of ancestral Juglandaceae (e.g., Subtriporopollenites 
constans), taxa that preferred the relatively warmer and dryer conditions 
of the lowlands or hilly areas (Friis et al., 2011; Daly and Jolley, 2015). 
Neither is this cooling trend evidenced by the Campanian–Maastrichtian 
continental vegetation from western Romania, characterized by ele-
ments of subtropical to warm-temperate forests (Van Itterbeeck et al., 
2005; Ţabără and Slimani, 2019; Botfalvai et al., 2021; Ţabără et al., 
2022). 

Nevertheless, even if the microfossil assemblages suggest generally 
warm conditions, certain thermally tolerant cold-water taxa were also 
identified in few samples along the studied section. These include ex-
amples of calcareous nannofossils (Ahmuelerella octoradiata, Gartnerago 
segmentatum, Kamptnerius magnificus, Prediscosphaera stoveri - Wind, 
1979; Watkins et al., 1996; Burnett, 1998; Švábenická, 2001; Linnert 
et al., 2011), foraminifera (e.g., Hedbergella, Globigerinelloides, Hetero-
helix - Caron, 1985; Lommerzheim, 1991; Hradecká, 2002; Petrizzo, 
2002; Rostami and Balmaki, 2018), and palynomorphs (elements of the 
Normapolles flora; Ţabără et al., 2022). 

Considered together, however, these marine and continental micro-
organisms convergently point to overall warm surface water conditions 
during the largest part of the Late Campanian, the depositional time of 
the marine sediments from Petrești. 

5.2.2. Nutrient input 
According to our nannoplankton investigations, the surface waters at 

Petrești were dominated by Watznaueria barnesiae, a taxon reported 
from oligotrophic (Erba et al., 1992; Herrle et al., 2003; Thibault and 
Gardin, 2007; Chan et al., 2022) and low fertility (Roth, 1989; Roth and 
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Krumbach, 1986; Premoli Silva et al., 1989; Watkins, 1989; Erba, 1992) 
environments. There are studies, however, that interpreted similar 
abundance patterns of Watznaueria barnesiae as resulting from a com-
bination between poor preservation and an oligotrophic depositional 
environment (Erba, 1992; Roth and Bowdler, 1981; Alves et al., 2018). 
Due to the currently existing uncertainties regarding the specific con-
tributions of the different factors that control the abundance of Watz-
naueria barnesiae, it is difficult to decide whether its abundance recorded 
at Petrești is the result of a relatively warmer and oligotrophic envi-
ronment or that of dissolution processes in action. The existence of 
oligotrophic conditions is, nevertheless, supported independently by the 
presence of globotruncanids (Li and Keller, 1998; Petrizzo, 2002; 
Abramovich et al., 2003, 2010; Saϊdi and Zaghbib-Turki, 2016). Subse-
quently, heterohelicids (generally seen as indicators for increased sur-
face water productivity - Keller et al., 2001; Pardo and Keller, 2008) 
register relatively high values of relative abundance at some intervals. 
This pattern positively correlates with values of the nutrient index 
calculated for calcareous nannofossils, and probably indicates the 
occurrence of short eutrophic episodes. 

At or near the sea floor, the benthic foraminifera assemblages suggest 
meso-eutrophic conditions. Occurrence of mesotrophic conditions are 
indicated in samples 1–11, 14–19, 30–35, and 40–47, through low total 
relative abundance and low benthic foraminifera relative abundance 
values correlated with high percentages of calcareous benthic epifaunal 
forms (Ch-A morphogroup: Gyroidinoides spp., Cibicidoides spp., Episto-
mina sp., Lenticulina spp.), tubular agglutinated taxa (M1 morphogroup: 
Bathysiphon sp., Rhizammina sp.), and rounded agglutinated forms (M2a 
morphogroup: Saccammina spp.). Of these taxa, Gyroidinoides is typical 
for meso- to eutrophic environments with low oxygen content at the sea 
floor and moderate food avaibility (Erbachen et al., 1998; Friedrich 
et al., 2005; Gebhardt et al., 2013; Wendler et al., 2013; Kranner et al., 
2022), the species of Cibicidoides are characteristic for more oligotrophic 
environments with increased bottom current activity (Thomas et al., 
2000; Sgarrella et al., 2012; Arreguín-Rodríguez et al., 2016; Russo 
et al., 2022), Epistomina is considered opportunistic (Reolid et al., 2012; 
Wendler et al., 2013) and indicates shallow-water clayey/shaly facies 
(Williamson and Stam, 1988), and erect epifaunal tubular agglutinated 
forms belonging to M1 morphogroup characterize mesotrophic envi-
ronments with moderate oxygenation and low content of organic matter 
flux (Kaminski and Gradstein, 2005; Cetean et al., 2011; Bindiu et al., 
2013, 2016; Setoyama et al., 2017; Bindiu-Haitonic et al., 2017, 2019; 
Bindiu Haitonic, 2018). Meanwhile, in samples 12, 26 to 28, and 35 to 
40, intervals with high relative foraminifera abundances (total and 
benthic indices, both) are positively correlated with high percentages of 
infaunal forms (Ch-B calcareous benthic morphogroup: Bolivinoides spp., 
Praebulimina spp., Pseudouvigerina spp.) and of Haplophragmoides spp. 
(M4a agglutinated foraminifera morphotype); this pattern suggests 
more eutrophic environments with high productivity and low oxygen-
ation to the seafloor (Nagy et al., 1988; Murray, 1991; Nagy and Basov, 
1998; van der Zwaan et al., 1999; Alegret et al., 2003; Kaminski and 
Gradstein, 2005; Murray, 2006; Schweizer, 2006; Setoyama et al., 
2017). 

5.2.3. Oxygenation 
At the seafloor, the dissolved oxygen content is best expressed by the 

benthic foraminifera oxygen index (BFOI) that was first described and 
applied by Kaiho (1991, 1994), subsequently used in numerous studies 
(e.g., Bernhard and Bowser, 1999; Kaminski, 2012; Singh et al., 2015; 
Hoogakker et al., 2015; Rathburn et al., 2018; Ilieș et al., 2020; Bindiu- 
Haitonic et al., 2021; Kranner et al., 2022). Employing the newly 
developed equations of Kranner et al. (2022) for the Petrești samples 
with a microfossil content of over 100 benthic forms, the resulting BFOI 
values (see Fig. 8) place the original depositional environments mainly 
into the suboxic category (except for the intervals corresponding to 
samples 11 and 30 where the conditions were low-oxic). These suboxic 
conditions (probably caused by a high flux of organic matter to the 

seafloor) may also be indicated by high values of relative abundance of 
benthic foraminifera (Fig. 8), as suggested by certain previous studies (e. 
g. Setoyama and Kanungo, 2020). Extreme suboxic conditions are 
recorded in samples 14 and 16 (BFOI values of − 28 and − 40, respec-
tively), concordantly indicated by the important occurrence of Haplo-
phragmoides spp. that display values up to 20.5% of the total benthics in 
these samples, as this genus with disoxic affinities is a shallow infaunal 
taxon that thrives in eutrophic environments with low-oxygen condi-
tions (Ortiz, 1995; Kuhnt et al., 1996; Kaminski et al., 1999; Alegret 
et al., 2003; Kaminski and Gradstein, 2005). For other samples, suboxic 
conditions are suggested by the presence of Bolivina, Bolivinoides, Prae-
bulimina, and Pseudouvigerina, genera known as disoxic indicators 
(Kaiho, 1991, 1994; Murray, 1991, 2006; van der Zwaan et al., 1999; 
Schweizer, 2006; Kranner et al., 2022). Slightly more oxygenated in-
tervals corresponding to samples 11 and 30 (BFOI: 1.84 and 13.5) are 
pointed out by the percentage increases of the different epifaunal Cibi-
cidoides, Hoeglundina, and Brotzenella species known to be oxic in-
dicators (e.g., Murray, 1991, 2006; Kender et al., 2008; Kranner et al., 
2022). 

The presence of generalized low-oxygen conditions at the seafloor 
during the deposition of the Petrești marine succession is independently 
supported by the lithological characteristics of these mainly dark- 
coloured shaly-clayey deposits (Electronic Supplement – Fig. 3A-B), 
since such muddy substrates are characteristic of low bottom-water 
oxygen concentrations (Hayward et al., 1999). Accordingly, the BFOI 
values, oxygenation preferences of certain species, and the lithofacial 
features consistently characterize the marine depositional environments 
represented in the Bozeș Formation deposits at Petrești as being domi-
nantly suboxic, in good accordance with the results of the geochemical 
analyses carried out by Ţabără et al. (2022) on selected samples from the 
same section, although with two short-lived low-oxic intervals. 

5.2.4. Palaeobathymetry 
All three groups of microfossils provided interesting palae-

obathymentric information, informing in detail about the depth(s) of the 
depositional environment(s). Among these indicators, the foraminiferal 
assemblages represent one of the most intensely employed tools in 
palaeodepth reconstructions, by using either percentage participation of 
planktonic and benthic foraminifera, benthic species diversity, bathy-
metric preferences of certain benthic or planktonic species, or a com-
bination of the above-mentioned methods (Phleger and Parker, 1951; 
Murray, 1973, 1976, 1991; Hayward and Buzas, 1979; Hayward, 1986; 
Leckie, 1987; Hayward, 2004; Székely et al., 2016). Surveying the 
above-mentioned characteristics (Fig. 8) suggests that the depositional 
setting represented by the basal 490 m of the Petrești section (corre-
sponding to sampling interval 1 to 38 Fig. 2) was shallower than that 
represented by the overlying 10 m succession (corresponding to samples 
38 to 48). For the final part of the studied section, unfortunately, no 
palaeobathymetry-informative foraminifera data was available due to 
their low abundance or even complete absence. We assess that the ac-
tivity of higher-energy currents (as documented by the presence of 
intercalated conglomeratic levels) caused unfavorable environments for 
the development of foraminifera communities, thus justifying the ste-
rility of these uppermost samples. 

The stratigraphic interval between samples 1–38 is characterized by 
the highest values of indices such as total relative abundance of fora-
minifera as well as relative abundance and diversity of benthic forami-
nifera, doubled by low percentages of planktonic foraminifera (Fig. 8). 
The benthic foraminifera assemblages here are dominated by epifaunal 
forms (Cibicidoides spp., Epistomina spp., Gyroidinoides spp., Trocham-
minoides spp.). Starting with sample 38, values of these indices (i.e., total 
relative abundance and abundance of benthic foraminifera) begin to 
decrease, while in the calcareous benthic foraminifera group, epifaunal 
foraminifera are outnumbered by infaunal ones (represented by species 
of Praebulimina and Pseudouvigerina). Planktonic foraminifera (even if 
they occur in small numbers) register percentages of up to 80%, being 
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characterized by a decrease in the percentage of hedbergellinids 
(considered shallow marine environment indicators - Eicher, 1969; 
Eicher and Worstell, 1970; Sliter, 1972; Leckie, 1987) and globo-
truncanids up-section. In general, an abundance and diversity increase 
of the planktonic forms is associated with greater depths, shifting from 
shallow-water zones to bathyal areas lying above calcite compensation 
depths (Buzas and Gibson, 1969; Gibson, 1989; Hayward et al., 1999; 
Ilieș et al., 2020). The agglutinated taxa Haplophragmoides spp. (M4a 
morphotype) also register very high percentage values in this interval 
(ES Fig. 3). Since Haplophragmoides have been reported both from 
shallow areas (Nagy et al., 2000; Murray, 2006; Jain and Farouk, 2017) 
and from bathyal ones (e.g. Kaminski and Gradstein, 2005), the simple 
presence of these agglutinated taxa in itself cannot represent a reliable 
bathymetric classification criterion for our study area, and it should be 
interpreted in conjunction with the relatively high values of abundance 
registered by planktonic foraminifera. 

This trend of increasing water depth is also confirmed by the abun-
dance pattern (Fig. 4) of the species of the calcareous nannofossil Rus-
sellia (the taxa that defines sub-cluster 1b) that are generally regarded as 
marginal marine or nearshore forms associated with shallow-water de-
posits (Gardin, 2002) as well as by the presence and abundance patterns 
of the opaque phytoclasts in the palynomorph assemblages (discussed by 
Ţabără et al., 2022). 

Towards the top of the marine succession (covered by samples 
48–66), the palynological analyses reported here (see also Ţabără et al., 
2022) and the lithological-palaeontological features (the presence of 
coarser, conglomeratic levels, and that of the brackish mollusks and 
vertebrate remains) both indicate a transition towards more continental 
depositional settings. This environmental shift is witnessed by the de-
posits forming the topmost part of the Bozeș Formation and the basal 
part of the Sebeș Formation, and most likely is represented by a coastal 
to estuarine environment (Vremir et al., 2014). 

5.2.5. Terrestrial palaeoenvironments 
The largest part of the palynomorphs recovered from the Petrești 

succession is represented by different terrestrial taxa that suggest a 
diversified vegetation existing on the nearby emerged land areas, typical 
both to lowlands, as well as to well-drained and higher-altitude habitats. 
The occurrence of hygrophytic fern spores such as Deltoidospora, Laevi-
gatosporites and Polypodiaceoisporites, together with various Myricaceae 
pollen, suggests plant communities growing in lowland fluvial or coastal 
plain environments (Abbink et al., 2004). Meanwhile, the taxon Sub-
triporopollenites constans (well represented in sample 61; Fig. 2) is often 
associated with Araucariacites australis (related to the Araucariaceae 
conifers), another taxon that also shows a high frequency in the studied 
palynological assemblage. According to Bowman et al. (2014) and 
Michels et al. (2018), the Araucaria forests were characteristic to well- 
drained and higher-altitude habitats, requiring cooler temperate con-
ditions, since pollen types similar to Araucariacites australis is produced 
today by Araucaria araucana, a modern species growing in cool 
temperate conditions of the southern hemisphere, with a coldest month 
mean temperature of 7–8 ◦C and a warmest month mean temperature of 
17–19 ◦C (Bowman et al., 2014). 

Taken together, the palynological assemblage identified in the upper 
part of the Bozeș Formation consists of representatives of palaeofloras 
that inhabited both lowland habitats (e.g., Juglandaceae, Myricaceae, 
ferns) as well as higher-altitude areas (Araucaria). Furthermore, the high 
frequency of Araucaria pollen in the middle-upper Upper Campanian 
deposits from the Petrești area, as well as its good state of preservation, 
may be indicative of the presence of high-elevation areas near/close to 
the shoreline. 

6. Brief overview of the Campanian marine deposits from 
Romania, and comparisons with the Petrești section 

The Campanian marine deposits of Romania were studied in some 

detail only in a few areas outside the Petrești region, including the 
Apuseni Mountains, the Hațeg Basin, and the Eastern Carpathians (see 
inset map in Fig. 1). In order to emphasize similarities/differences be-
tween the different areas containing Campanian deposits, to improve 
regional correlations, and to outline the importance of the Petrești sec-
tion as a continuous marine-to-continental sequence, we will briefly 
synthesize he data available from those other areas and compare them 
with the newly acquired data from the Petrești section. After summari-
zing the available information regarding the depositional settings of the 
Campanian deposits from Romania, combined with their current age 
assessments (as supported by biozones using the main fossil groups also 
discussed in our study), the following general overview emerges:  

- The deepest Campanian marine deposits were identified in: i) the 
southern part of the Apuseni Mountains (Metaliferi Mts., Bozeș 
Formation) (Fig. 13A – light grey color), where calcareous nanno-
fossil assemblages indicate the presence of CC17 to CC19 biozones 
(Bălc et al., 2007), as well as within the Upper Gosau Subgroup 
(Fig. 13A – blue color) for which, hovewer, no calcareous nannofossil 
and foraminifera data are currently available; ii) the southeastern 
part of the Hațeg Basin (Fig. 13B – yellow color), excepting the thin, 
infralitoral succession of the Strei Formation, where the calcareous 
nannofossil assemblages indicate the presence of the Campanian 
biozones up to the basal part of CC22 biozone (Melinte-Dobrinescu, 
2010); iii) the northwestern part of the Hațeg Basin (Fig. 13B – dark 
grey color), where the calcareous nannofossil assemblages indicate 
the presence of CC16 up to basal part of CC22 biozones (Grigorescu 
and Melinte, 2001; Melinte-Dobrinescu, 2010); and iv) the Eastern 
Carpathians (including the largest part of the Tarcău Nappe that 
roughly corresponds to the central areas of the Carpathian Flysch 
Basin; Fig 13C2 – brown, green and blue colors), where calcareous 
nannofossils indicate the presence of CC21 to CC23 biozones, and the 
foraminifera content points to the presence of the Globotruncana 
ventricosa and the Caudammina gigantea biozones (Bindiu et al., 
2013).  

- Somewhat shallower environments that mark the transition from 
deep to shallow marine deposition were reported from the Eastern 
Carpathians (Vrancea Nappe; Fig. 13C3), in areas that once bordered 
the Carpathian Flysch Basin towards the more easterly cratonic re-
gion found in a lower-plate position; here, a Campanian age was 
attributed based on the presence of Globotruncana ventricosa (Guer-
rera et al., 2012).  

- Definitively shallow-marine Campanian deposits are present in: i) 
the Northern Apuseni Mountains (Fig. 13A – blue color), where their 
Campanian age was based on corals and rudists (Săsăran and 
Săsăran, 2003); and ii) the inner Eastern Carpathians (Ceahlău 
Nappe) (Fig. 13C1) where calcareous nannofossil assemblages indi-
cate the presence of CC18 to CC23 biozones, and the planktonic 
foraminifera belong to the Globotruncanita elevata, Globotruncana 
ventricosa, Radotruncana calcarata, and Globotruncanella havanensis 
zones (Cetean et al., 2011). 

In conclusion, our brief review shows that several different areas 
within the circum-Transylvanian region of the Carpathians host Cam-
panian deposits that are largely contemporaneous with those cropping 
out in the Petrești section, allowing a regional contextualisation of our 
new biostratigraphic, geochronologic, and palaeoenvironmental data. 
To begin with, the overview shows that, all these deposits are exclu-
sively of marine origin, documenting the widespread development of 
marine areas in and around the Transylvanian region during the Cam-
panian. Moreover, it is also noteworthy that in the majority of the 
documented cases, these deposits were formed at even deeper water 
depths compared to the depositional palaeoenvironments reconstructed 
here for the Petrești beds. And, most significantly, whereas in these other 
areas deeper-water sedimentation appears to have continued up to the 
end of the Campanian (or locally, such as in the Eastern Carpathians, 

R. Bălc et al.                                                                                                                                                                                                                                     



Marine Micropaleontology 187 (2024) 102328

20

uninterrupted into the Maastrichtian as well), at Petrești the deposi-
tional environments were already shifting towards brackish nearshore, 
shallow neritic ones well before the end of the Campanian, which sug-
gests that this region was among the first Transylvanian sectors that 
underwent continentalisation as part of the latest Cretaceous ’Hațeg 
Island’. 

Remarkably, this pattern of diachronous environmental evolution 
also holds when comparing the Campanian deposits from the Petrești 
area (and the southwestern Transylvanian Basin) with those from the 
nearby Hațeg Basin, otherwise known for its well-developed Maas-
trichtian continental formations with rich and iconic vertebrate faunas 
(e.g., Nopcsa, 1923; Grigorescu, 2010; Csiki-Sava et al., 2016). This 
shows that the intermountain Hațeg Basin developed within the 
Southern Carpathians was probably still largely covered by marine 
waters when withdrawal of sea was already well underway at the 
northern foothills of the Southern Carpathians. It is also worth noting 
that even within the Bozeș Formation itself, sediments suggesting a 
deeper depositional setting are documented in the northwestern parts of 
the unit’s sedimentation area (in the Southern Apuseni Mountains) in 
stark contrast with the shallower settings identified by our research in 
the southeastern parts (i.e., near Petrești), which supports the proximity 
of these latter areas to contemporaneous emergent lands presaging the 
Hațeg Island. Finally, it must be emphasized that from all the above- 
mentioned areas with known Campanian sedimentation, currently the 
most complete and continuous record of the transition from marine to 

continental palaeoenvironments near the end of the Cretaceous is 
offered by the Petrești section, which further underscores its importance 
for regional correlations and palaeogeographic reconstructions. 

7. Implications of the newly reported age constraints from the 
uppermost Cretaceous Petrești section for the advent of the 
dwarf dinosaur faunas of the ‘Hațeg Island’ 

Continental vertebrate remains have been reported to occur at 
several superposed levels of the Petrești succession, both in the transi-
tional uppermost Bozeș Formation and in the basal Sebeș Formation 
(Csiki-Sava et al., 2012, 2022; Vremir et al., 2014, 2015a). Since this 
succession also records a more or less continuous transition from the 
marine beds of the Bozeș Formation to the basal beds of the overlying 
continental Sebeș Formation (Fig. 2), it allows for tracking the timing, 
tempo, and pattern of the transition from the widespread marine settings 
that characterized the Transylvanian region for most of the later Late 
Cretaceous to extensive continental deposition towards the end of the 
Cretaceous (e.g., Vremir et al., 2014; Csiki-Sava et al., 2016). As such, it 
represents a trove of crucial information regarding both the emergence 
of the latest Cretaceous ‘Hațeg Island’ as well as the evolution of its 
continental vertebrate faunas. 

These dwarf dinosaur-bearing faunas from the Transylvanian area 
rank among the most diverse and important latest Cretaceous conti-
nental vertebrate assemblages in Europe and are definitively the most 

Fig. 13. Assessed depositional setting of the Campanian deposits from Romania and the distribution of the main identified fossil groups in: A) Apuseni Mountains; B) 
Hațeg Basin; C) Eastern Carpathians. 
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important ones from eastern and southeastern Europe (e.g., Csiki-Sava 
et al., 2015). However, whereas other important Central European lo-
calities (coming from Hungary and Austria) are Santonian–Early Cam-
panian in age and those from western Europe (mainly from southern 
France and Spain) cover the entire Early Campanian to latest Maas-
trichtian time interval (e.g., Csiki-Sava et al., 2015), the Hațeg Island 
faunas were usually regarded as restricted to the Maastrichtian (e.g., 
Grigorescu, 2010; Benton et al., 2010). Accordingly, the Transylvanian 
faunas were supposed to cover a significantly shorter time interval than 
the western, Ibero-Armorican faunas, and to represent a different, much 
later time slate than the geographically proximate Central European 
ones. 

The Petrești succession demonstrates, however, that the earliest oc-
currences of Transylvanian vertebrate remains are actually hosted by 
middle-upper Upper Campanian beds of the Bozeș Formation (Vremir 
et al., 2014; Fig. 2). Our renewed and more detailed sampling of the 
Petrești section, whose results are reported here (see also Ţabără et al., 
2022), together with more recently identified vertebrate occurrences 
from this succession (Vremir et al., 2015b; Vasile et al., 2022), now al-
lows a significantly improved temporal assessment of the Petrești beds 
and their vertebrate record, with implications for the emergence of the 
Hațeg Island faunas. 

One important result of our integrated biostratigraphy data is that 
the largest part of the transitional sequence from Petrești (i.e., the up-
permost, brackish marine beds of the Bozeș Formation and the more 
continental-influenced, grey-coloured estuarine-coastal basalmost beds 
of the Sebeș Formation) still falls within the calcareous nannofossils 
biozone CC22, that is, within the middle Upper Campanian to lower part 
of upper Upper Campanian interval. This stratigraphic position is also 
supported convergently by less compelling palynostratigraphic and 
foraminifera biostratigraphic data and, most importantly, by the first 
available radiometric age data (obtained through detrital zircon U-Pb 
geochronometry). Together, these independent lines of evidence pro-
vide solid corroborative support for the start of deposition of the 
basalmost continental beds of the Sebeș Formation in the Petrești area 
during the middle to later part of the Late Campanian, sometimes shortly 
after about 76 My. Our new age constraint has two important implica-
tions, one concerning the process of continentalization and expansion of 
the latest Cretaceous Hațeg Island, and another regarding the compo-
sitional evolution of the vertebrate fauna that inhabited this emergent 
land. 

As already discussed by Vremir et al. (2014) and Csiki-Sava et al. 
(2015), emergent land areas were continuously present in the wider 
Transylvanian area from the beginning of the Late Cretaceous, although 
these are very difficult to localize or specifically circumscribe. They 
were most probably relatively small-sized, geographically isolated from 
each other, and confined to parts of the Carpathian Orogen uplifted 
during previous mountain-building events (see, e.g., Săndulescu, 1984); 
these areas became enlarged and confluent with each other only towards 
the end of the Cretaceous, forming the ‘Hațeg Island’ or the Transyl-
vanian Landmass (e.g., Benton et al., 2010). It was often assumed that 
the widespread emergence leading to the Hațeg Island took place near 
the Campanian–Maastrichtian boundary or even during the early 
Maastrichtian (e.g., Grigorescu, 2010; Melinte-Dobrinescu, 2010). Now, 
however, our new data, document a generally shallow water deposi-
tional depth and the probable proximity of emergent land in the Petrești 
area already during most of the Late Campanian. Furthemore, they also 
record the withdrawal of marine waters from this area and the partial 
emergence of the Hațeg Island - as indicated by partly continental 
sedimentation - already within the upper part of biozone CC22, that is, 
in the later part of the middle Late Campanian (see Fig. 2), significantly 
earlier than was considered previously. 

Besides earlier reports of (mostly isolated) vertebrate remains scat-
tered throughout the upper, transitional to continental parts of the 
Petrești succession (e.g., Csiki-Sava et al., 2012; Brusatte et al., 2013; 
Vremir et al., 2014), the recent discovery of a vertebrate remain-rich 

fossil locality within the basalmost grey beds of the Sebeș Formation 
(level L0/c, Fig. 2; Vremir et al., 2015a, 2015b) represents the most 
compelling image yet available of the earliest Hațeg Island faunal as-
semblages. This taxon-rich L0/c assemblage is made up of lepisosteid 
fish, anurans, albanerpetontids, lizards, diverse crocodyliforms, 
different herbivorous dinosaurs (rhabdodontids, nodosaurids), as well as 
kogaionid multituberculates (e.g., Vasile et al., 2022). Most signifi-
cantly, two of the uppermost calcareous nannofossil samples reported 
here (64, 65) bracket the fossiliferous level itself, whereas our detrital 
zircon U-Pb data derive from the coarse channel-fill lying directly atop 
the fossiliferous bed; both of these data sources convergently point to a 
later middle Late Campanian age for the L0/c bonebed. This definitively 
places the emergence of the oldest known well-diversified Hațeg Island 
faunal assemblage into the middle Late Campanian, pene- 
contemporaneously with the emergence of the island itself. Accord-
ingly, this early Transylvanian fauna actually overlaps in time with 
important Late Campanian western European faunas from southern 
France and Spain. Furthermore, although it still remains significantly 
younger than the geographically more closely positioned Austrian and, 
especially, Hungarian faunal assemblages, its discovery reduces the 
previously assessed large temporal gap separating these Central Euro-
pean faunas from the Transylvanian ones. 

Remarkably, however, despite its younger age, the composition of 
this early, middle Late Campanian Hațeg Island fauna is more reminis-
cent of the older, Santonian–Early Campanian Central European ones (as 
well as of the earliest well-known Early Campanian faunal assemblages 
known from southern France; see Csiki-Sava et al., 2015) due to the 
presence of rhabdodontid and nodosaurid dinosaurs, combined with the 
conspicuous absence of hadrosauroids and titanosaurs, whereas titano-
saurs are already well represented in the Late Campanian faunas of 
western Europe. Since hadrosauroids and titanosaurs are known to co- 
occur with rhabdodontids in the earliest Maastrichtian assemblages of 
the Hațeg Basin (e.g., Botfalvai et al., 2021), their introduction into the 
Hațeg Island faunas was definitively a later development. Most prob-
ably, the arrival of hadrosauroids and titanosaurs took place sometimes 
after the Campanian–Maastrichtian boundary, as these taxa are still 
undocumented in the red basal beds of the Sebeș Formation at Petrești, 
assessed previously to represent the lowermost Maastrichtian (Vremir 
et al., 2014), but which may be as old as the latest Campanian according 
to our new age data. Such regional faunal differences between eastern 
and western Europe suggest decoupled and diachronous faunal evolu-
tion across the different European landmasses in the latest Cretaceous. 

A second remarkable occurrence at locality L0/c is that of the 
kogaionid multituberculates (e.g., Csiki-Sava et al., 2022). These Euro-
pean endemic cimolodontan multituberculates were until recently 
known to have a fossil record extending from the Maastrichtian to the 
Paleocene (e.g., Kielan-Jaworowska et al., 2004). The presence of 
kogaionids in the upper, more continentally influenced part of the 
transitional series from Petrești, now confidently dated as middle Late 
Campanian in age, amounts to the oldest known fossil occurrence of the 
clade globally, extending their known fossil record into the later part of 
the Campanian. It also shows that kogaionids already colonized the 
Transylvanian landmass during the middle Late Campanian, if not 
earlier, and that they were members of the Hațeg Island faunas since 
their early inception stages. 

8. Conclusions 

We have conducted multidisciplinary stratigraphic analyses of a 
600+ thick Upper Cretaceous succession cropping out at Petrești, on the 
southwestern rim of the Transylvanian Basin (western Romania) near its 
contact with the Southern Carpathians. This succession was known to 
record quasi-continuous transition between the flyschoid marine de-
posits of the Upper Cretaceous Bozeș Formation and the overlying 
continental red beds of the uppermost Cretaceous Sebeș Formation, a 
result of orogeny-driven sea withdrawal and land emergence 
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documented to occur in several parts of the western Transylvanian re-
gion. These events led to the formation of a major landmass of the Late 
Cretaceous European Archipelago, the Hațeg Island, home of a peculiar 
and markedly endemic continental vertebrate fauna with dwarf 
dinosaurs. 

In order to better constrain the timing and palaeoenvironmental 
context of these end-Cretaceous events as recorded in the Petrești sec-
tion, we employed detailed lithological logging combined with fine- 
scale survey of calcareous nannofossil, foraminifera, and palynomorph 
assemblages, as well as detrital zircon U-Pb geochronometry, and 
correlated the results of these studies with the local distribution of 
continental vertebrate fossils. Our integrated approach showed that the 
age of the Bozeș Formation deposits at Petrești, including its uppermost, 
transitional brackish succession, as well as that of the overlying basal-
most estuarine-coastal beds of Sebeș Formation, can be adequately 
constrained using calcareous nannoplankton biostratigraphy (especially 
by the presence of Ceratolithoides aculeus, combined with that of Eiffel-
lithus eximius and Reinhardtites anthophorus), foraminifera biostratig-
raphy (presence of Bolivinoides spp. and Brotzenella monterelensis), 
palinostratigraphy (primarily the occurrence of the marine dinoflagel-
late Samlandia cf. vermicularia, associated with continental paly-
nomorphs), backed up by maximum depositional ages derived from 
detrital zircon U-Pb geochronometry. 

These mutually independent constraints convergently indicate a 
most probably early Late to middle Late Campanian age for the marine 
Bozeș Formation at Petrești, as well as start of continental deposition 
represented by the overlying Sebeș Formation by late middle to late Late 
Campanian. These deposits thus host the oldest reliably dated conti-
nental vertebrate occurrences from Hațeg Island, predating classical 
dinosaur-bearing successions such as those from the nearby Hațeg Basin. 

The abundance patterns of the calcareous nannofossil Watznaueria 
barnesiae and of the planktonic foraminifera point to oligotrophic warm 
surface/subsurface open sea conditions during the early and middle Late 
Campanian in the Petrești area, alternating with very short meso- 
eutrophic episodes with cold water influxes. Palaeoenvironment- 
informative parameters of the calcareous nannofossil assemblages 
reflect stable environmental conditions within the water column, 
whereas similar parameters derived from foraminifera assemblages 
indicate fluctuations in the nutrient supply to the seafloor and generally 
suboxic conditions. The local palaeontological record shows that the 
Bozeș Formation at Petrești was deposited in relatively shallow marine 
waters characteristic of the continental shelf, despite the flyschoid 
aspect of the deposits, and indicates proximity of emergent land 
throughout the Late Campanian. 

The newly acquired age constraints reveal that emergence of the 
Hațeg Island vertebrate faunas was already underway during the middle 
to early late Late Campanian, although certain iconic dinosaur taxa such 
as titanosaurs and hadrosauroids were apparently added slightly later, 
most probably during the early part of the early Maastrichtian. They 
further support the presence of endemic kogaionid multituberculates on 
Hațeg Island by the middle Late Campanian, extending their fossil re-
cord that was previously considered to start in the Maastrichtian. 

Our study shows that integrated high-resolution investigations of 
micropalaeontological assemblages represent an extremely useful tool 
for providing precise age constraints and detailed palaeoenvironmental- 
palaeoecological condition reconstructions in key lithostratigraphic 
sections. Such sections, on their turn, are extremely important for local 
and regional correlations, and hold promises of documenting and 
tracking in great details important events of palaeogeographic and 
faunal evolution. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marmicro.2023.102328 
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Anuarul Institutului de Geologie şi Geofizică 59, 71–77. 
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Nagy, J., Løfaldli, M., Bäckström, S.A., 1988. Aspects of foraminiferal distribution and 
depositional conditions in Middle Jurassic to Early Cretaceous shales in eastern 
Spitsbergen. Abhandlungen der Geologischen Bundesanstalt 41, 287–300. 

Nagy, J., Kaminski, M.A., Kuhnt, W., Bremer, M.A., 2000. Agglutinated Foraminifera 
from neritic to bathyal facies in the Paleogene of Spitsbergen and the Barents Sea. In: 
Hart, M.B., Kaminski, M.A., Smart, C.W. (Eds.), 2000. Proceedings of the Fifth 
International Workshop on Agglutinated Foraminifera. Grzybowski Foundation 
special Publication, 7, pp. 333–361. 

Neagu, T., 1992. White chalk foraminiferal fauna from southern Dobrogea, Romania. III. 
Calcareous benthic foraminifera. Rev. Esp. Micropaleontol. 24, 59–115. 

Niechwedowicz, M., Walaszczyk, I., 2022. Dinoflagellate cysts of the upper 
Campanian–basal Maastrichtian (Upper Cretaceous) of the Middle Vistula River 
section (Central Poland): stratigraphic succession, correlation potential and 
taxonomy. Newsl. Stratigr. 55 (1), 21–67. https://doi.org/10.1127/nos/2021/0639. 

Nopcsa, F., 1923. On the geological importance of the primitive reptilian fauna of the 
uppermost Cretaceous of Hungary; with a description of a new tortoise 
(Kallokibotium). Q. J. Geol. Soc. Lond. 79, 100–116. 

Ortiz, N., 1995. Differential patterns of benthic foraminiferal extinctions near the 
Paleocene/Eocene boundary in the North Atlantic and the western Tethys. Mar. 
Micropaleontol. 26 (1–4), 341–359. https://doi.org/10.1016/0377-8398(95)00039- 
9. 

Paraschiv, D., 1979. Romanian oil and gas fields. Tech. and Eco. Stu. 13, 382. 
Pardo, A., Keller, G., 2008. Biotic effects of environmental catastrophes at the end of the 

Cretaceous and early Tertiary: Guembelitria and Heterohelix blooms. Cretac. Res. 29 
(5–6), 1058–1073. https://doi.org/10.1016/j.cretres.2008.05.031. 

Pavlishina, P., Dochev, D., Nikolov, V., Yaneva, M., Konyovska, R., 2019. 
Palynostratigraphy of dinosaur bone-bearing deposits from the Upper Cretaceous of 
Western Bulgaria. Acta Geol. Pol. 69 (4), 617–626. 

Perch-Nielsen, K., 1985. Cenozoic calcareous nannoplankton. In: Bolli, H.M., Saunders, J. 
B., Perch-Nielsen, K. (Eds.), Plankton Stratigraphy. Cambridge University Press, 
pp. 427–554. 

Peryt, D., Dubicka, Z., 2015. Foraminiferal bioevents in the Upper Campanian to lowest 
Maastrichtian of the Middle Vistula River section. Poland. Geo. Qua. 59 (4), 
814–830. https://doi.org/10.7306/gq.1252. 

Peryt, D., Dubicka, Z., Wierny, W., 2022. Planktonic Foraminiferal Biostratigraphy of the 
Upper Cretaceous of the central European Basin. Geosciences 12, 22. https://doi. 
org/10.3390/geosciences12010022. 

Petrizzo, M.R., 2002. Palaeoceanographic and palaeoclimatic inferences from Late 
Cretaceous planktonic foraminiferal assemblages from the Exmouth Plateau (ODP 
Sites 762 and 763, eastern Indian Ocean). Mar. Micropaleontol. 45 (2), 117–150. 
https://doi.org/10.1016/S0377-8398(02)00020-8. 

Petrizzo, M.R., Falzoni, F., Premoli Silva, I., 2011. Identification of the base of the lower- 
to-middle Campanian Globotruncana ventricosa Zone: comments on reliability and 
global correlations. Cretac. Res. 32, 387–405. https://doi.org/10.1016/j. 
cretres.2011.01.010. 

Phleger, F.B., Parker, F.L., 1951. Ecology of foraminifera, Northwest Gulf of Mexico. GSA 
Memoir 46 (2), 1–64. 

Podobina, V.M., 1995. Zonal Stratigraphy of Upper Cretaceous Deposits in Western 
Siberia, on Foraminifera. Second International Symposium on Cretaceous Stage 
Boundaries. Brussels, Abstract Volume, p. 93. 

Pojar, I., Zaharia, L., Benea, M., 2014. Heavy mineral distributions in Upper Cretaceous 
Bozeș Formation (Apuseni Mountains, Romania) – implications for sediment 
provenance. Carpathian J. Earth and Environ. Sci. 9, 125–132. 

Polette, F., Batten, D.J., 2017. Fundamental reassessment of the taxonomy of five 
Normapolles pollen genera. Rev. Palaeobot. Palynol. 243, 47–91. https://doi.org/ 
10.1016/j.revpalbo.2017.04.001. 

Premoli Silva, I., Erba, E., Tornaghi, M.E., 1989. Paleoenvironmental signals and changes 
in surface fertility in mid-Cretaceous Corg-Rich pelagic facies on the Fucoid Marls 
(Central Italy). Geobios 11, 225–236. https://doi.org/10.1016/S0016-6995(89) 
80059-2. 

Rathburn, A.E., Willingham, J., Ziebis, W., Burkett, A.M., Corliss, B.H., 2018. A new 
biological proxy for deep-sea paleo-oxygen: Pores of epifaunal benthic foraminifera. 
Sci. Rep. 8 (1), 1–8. https://doi.org/10.1038/s41598-018-27793-4. 

Reolid, M., Sebane, A., Rodríguez-Tovar, F.J., Marok, A., 2012. Foraminiferal 
morphogroups as a tool to approach the Toarcian Anoxic Event in the Western 
Saharan Atlas (Algeria). Palaeogeogr. Palaeoclimatol. Palaeoecol. 323-325, 87–99. 
https://doi.org/10.1016/j.palaeo.2012.01.034. 

Robaszynski, F., Pomerol, B., Masure, E., Bellier, J.P., Deconinck, J.F., 2005. Stratigraphy 
and stage boundaries in reference sections of the Upper Cretaceous Chalk in the east 
of the Paris Basin: the “Craie 700” Provins boreholes. Cretac. Res. 26, 157–169. 

Rostami, M.A., Balmaki, B., 2018. Biostratigraphy and paleoecology of Maastrichtian and 
Paleocene sediments in the northern Alborz, Iran, using foraminifera. Intern. J. 
Geogra. and Geo. 7 (3), 56–72. https://doi.org/10.18488/journal.10.2018.73.56.72. 

Roth, P.H., 1989. Ocean circulation and calcareous nannoplankton evolution during the 
Jurassic and Cretaceous. Palaeogeogr. Palaeoclimatol. Palaeoecol. 74, 111–126. 

Roth, P.H., Bowdler, J.L., 1981. Middle Cretaceous calcareous nannoplankton 
biogeography and oceanography of the Atlantic Ocean. SEPM Spec. Publ. 32, 
517–546. 

Roth, P.H., Krumbach, K.R., 1986. Middle Cretaceous calcareous nannofossil 
biogeography and preservation in the Atlantic and Indian oceans: Implications for 
paleoceanography. Mar. Micropaleontol. 10, 235–266. https://doi.org/10.1016/ 
0377-8398(86)90031-9. 

Russo, B., Ferraro, L., Correggia, C., Alberico, I., Foresi, L.M., Vallefuoco, M., Lirer, F., 
2022. Deep-water paleoenvironmental changes based on early-middle Miocene 
benthic foraminifera from Malta Island (Central Mediterranean). Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 586, 110722 https://doi.org/10.1016/j. 
palaeo.2021.110722. 
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