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a b s t r a c t

The Haţeg Basin is famous for its rich uppermost Cretaceous continental vertebrate assemblages, with
some of the most important ones originating from the Densuş-Ciula Formation. The present study aims
to provide a more accurate picture of the geological and palaeoenvironmental context of this important
dinosaur-bearing succession through complex spatial analysis based on detailed geological mapping
combined with results of zircon UePb geochronology, sedimentology, vertebrate palaeontology and
micropalaeontology investigations. This integrated stratigraphical survey revealed that the important
environmental shift from marine to continental deposition in western Haţeg Basin occurred significantly
earlier (by middle late Campanian) than hitherto considered, and that the lower Densuș-Ciula Formation
e previously thought to be restricted to the Maastrichtian e covers a good part of the upper Campanian
as well. Sedimentological investigations, aimed to characterize palaeoenvironmental changes during
basin evolution, identify two, vertically superimposed fining-upward successions within the lower
Densuș-Ciula Formation, reconstructed as alluvial fan environments linked to distinct stages of basin
tectonic evolution. Contrary to previous interpretations as a post-orogenic molasse, the lower Densuș-
Ciula Formation is here re-interpreted as a largely syntectonic unit deposited in a transtensional, dextral
strike-slip basin initiated during the late Campanian. The stratigraphic positions and palae-
oenvironmental settings of all major vertebrate sites from this area are re-assessed using our new age
constraints and improved tectonic-stratigraphic-sedimentologic framework, documenting a significantly
earlier start of the accumulation of vertebrate-bearing deposits than thought before, and challenging
previous ideas about the timing of assembly, isolation and evolution of the Haţeg Island faunas.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Budapest 1117, Hungary.
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1. Introduction

The Upper Cretaceous Densuș-Ciula Formation (Hațeg Basin) has
long been known for its rich dinosaur sites, fromwhich hundreds of
well-preserved vertebrate fossils have been collected over one
hundred years (Nopcsa, 1915; Kadi�c, 1916; Therrien, 2005; Csiki
et al., 2010; Csiki-Sava et al., 2016; Venczel et al., 2016; Botfalvai
et al., 2017, 2021 and references therein). However, excepting the
Tuştea nesting locality (Botfalvai et al., 2017) and a few micro-
vertebrate sites (e.g. Vasile and Csiki, 2010; Vasile et al., 2011),
geological, stratigraphical and sedimentological context is poorly
documented for a large part of the fossils collected from this for-
mation, and often the exact locations of the individual sites remain
unknown (e.g. Buffetaut et al., 2002; Weishampel et al., 2003).
Detailed geological mapping of the investigated area was first
conducted in the early 20th century (Schafarzik, 1910). This early
mapping study has already shown that the older deposits of the
uppermost Cretaceous continental successions are located in the
western part of Hațeg Basin, where at the same time the first sig-
nificant dinosaur finds were also reported (Nopcsa, 1915; Kadi�c,
1916). Following a long break, mapping in this area resumed in
the 1970s and 1980s (Maier and Lupu, 1979; Lupu et al., 1993) but
the relationships between the different sedimentary sequences and
the bone-bearing beds has not been fully resolved. Despite the
presence of vertebrate fossils, the age of the entire uppermost
Cretaceous sedimentary succession was uncertain at that time:
since fossils were only collected from the lower-intermediate part
of the unit, its upper part was considered as Paleocene. The struc-
tural line bounding the basin to the north was interpreted on these
maps as a normal fault, and although the steep nature and alter-
nating azimuth of the dip of the deposits was recognised, no ductile
deformation is marked in any of the Upper Cretaceous formations.

However, several major discoveries starting with the 1980s
rendered the published maps obsolete. First of all, detailed palae-
ontological studies supported a Late Cretaceous age for the quasi-
entirety of the Densuș-Ciula Formation, the unit that was defined
to include all continental beds from northwestern Hațeg Basin,
starting with the uppermost Cretaceous (Grigorescu, 1983, 1992;
Csiki et al., 2010; Vasile et al., 2011; Csiki-Sava et al., 2016). New
data have narrowed down the depositional period of this
thousands-metres thick terrestrial sedimentary succession to the
Maastrichtian. Further new results included the recognition of the
folded nature of the Upper Cretaceous marine deposits underlying
the Densuş-Ciula Formation, in the western part of the basin
(Grigorescu andMelinte, 2001), and the identification of the dextral
strike-slip nature of the fault in the northwestern part of the basin
(B�arzoi and Șecl�aman, 2010).

Although the main nappe structures in the wider region of the
western Southern Carpathians were recognised early (Murgoci,
1912; Codarcea, 1940) and presented on several maps (see Stelea
and Ghenciu, 2020), there was no consensus on the nature and
position of the Upper Cretaceous continental deposits overlying
these nappes, including those from Hațeg Basin. These were
regarded to be not, or only slightly, deformed by tectonic activity,
despite the fact that Schafarzik (1910) already reported that the
Upper Cretaceous conglomerates (now belonging to the basal
Densuş-Ciula Formation) are affected by tectonic forces. Laufer
(1925) has similarly pointed out the tilted position of the upper-
most Cretaceous continental beds, and Grigorescu (1983) also
noted the synorogenic character of the Upper Cretaceous (Maas-
trichtian) sedimentary rocks. Nonetheless, the uppermost Creta-
ceous continental sedimentary record of Haţeg Basin was widely
considered as not involved in nappe thrusts, resulting instead from
post-orogenic deposition (e.g., Mațenco and Schmid, 1999; Iancu
et al., 2005). These conflicting interpretations have prompted
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renewed geological mapping of the northwestern Hațeg Basin area
in order to clarify the discrepancies between previous observations.

Since 2019 a large-scale systematic prospecting and geological
mapping were conducted around V�alioara Valley (in westernmost
part of Haţeg Basin: Fig. 1). During these activities, several areas
with palaeontological potential were investigated, resulting in
hundreds of vertebrate remains recovered over the past 5 years
(Kadi�c, 1916; see detailes in Botfalvai et al., 2021). Overall, the five-
year study resulted in the detailed mapping of an area of about
10 km2, aiming to address the following main scientific objectives:
(i) to resolve and synthesize the often conflicting previously pub-
lished tectonic and stratigraphic interpretations as well as, specif-
ically, to assess the syn- or post-tectonic nature of the Densuș-Ciula
Formation; (ii) to assess the depositional environments and po-
tential ages/stratigraphic relationships of the numerous macro-
and microvertebrate sites known in the V�alioara area; (iii) to
investigate in greater detail the general depositional setting of the
uppermost Cretaceous around V�alioara, first addressed by Botfalvai
et al. (2021); and (iv) to produce an updated geological map for the
V�alioara area based on the integrated interpretation of the various
geological and stratigraphic features observed in the field.

Our results provide important new data prompting the reas-
sessment of the stratigraphical, tectonic and sedimentological
conditions that controlled the evolution of the world-renowned
dwarf dinosaur assemblages from Haţeg Basin, and allow large-
scale reconstructions of the tectonic processes operating, as well
as of the palaeoenvironmental evolution, during the emergence of
these assemblages. Furthermore, the results discussed in this report
are also useful for understanding the circumstances of tectonic
evolution that affected areas wider than the basin itself (i.e. the
South Carpathians).

2. Geological background

The Haţeg Basin is located in the northwestern part of the
Southern Carpathians in Romania (Fig. 1). The geological build-up
of the region is the result of large-scale nappe overthrusts associ-
ated with the Late Cretaceous Alpine orogeny, and reflect the
evolution of extensional basins adjacent to the main collision front
(Mațenco and Schmid, 1999; Willingshofer et al., 2001; Iancu et al.,
2005). The largely metamorphic basement of the wider study area
consists of the lower Danubian Unit and the overlying Getic-
Supragetic units. Tectonically (and once palaeogeographically)
wedged between the two main units, and currently cropping out
further southwest of Haţeg Basin, lies a third unit of oceanic and
thinned continental lithosphere known as the Severin Unit
(S�andulescu, 1994; van Hinsbergen et al., 2020). During the late
Early to early Late Cretaceous a minor continent-continent-type
collision between the Getic-Supragetic and the Danubian units
closed the intervening Severin Basin, and while the Danubian units
were underthrust, a marine piggy-back basin formed on top of the
overriding Getic-Supragetic units as the prelude of Haţeg Basin
(Willingshofer et al., 2001). The sedimentary rocks of this basin are
mainly Upper Cretaceous (including Campanian) deep-marine sil-
iciclastic turbidites, often referred to as ‘flysch’ in the literature
(Grigorescu and Melinte, 2001; Melinte-Dobrinescu, 2010).

Overlying these marine beds, the sedimentary infill of the
80 km2 large Haţeg Basin comprises two main uppermost Creta-
ceous continental sedimentary units: the Densuş-Ciula and Sînpe-
tru formations, well-known for their vertebrate fossil occurrences
(Grigorescu, 1992; Therrien, 2006; Csiki-Sava et al., 2016; Botfalvai
et al., 2021). In the western part of Haţeg Basin, encompassing the
study area, the lower part of the Densuş-Ciula Formation is made
up of coarse conglomeratic deposits, with minor sandstones and
mudstones. This lower part also contains tuff and volcanoclastic



Fig. 1. Geologic map of Haţeg Basin redrawn after the 1:200,000 Geological Map of Romania and other sources (Grigorescu and Melinte, 2001; Melinte-Dobrinescu, 2010; Vasile
et al., 2011; Melinte-Dobrinescu and Grigorescu, 2014; Csiki-Sava et al., 2016; Ţab�ar�a and Slimani, 2019).
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debris associated with pene-contemporaneous volcanic activity of
the Banatitic Province, located to the west (e.g., Anastasiu and
Csobuka, 1989). The middle part of the Densuș-Ciula Formation is
composed of interfingering fluvial and proximal alluvial fan de-
posits, while its upper part also formed under dominantly alluvial
conditions. The upper and, especially, middle parts of the unit
yielded fossil remains previously assessed to be of early to late
Maastrichtian age (e.g., Csiki-Sava et al., 2016).

The Sînpetru Formation and tentatively correlated units (see
Csiki-Sava et al., 2016) crop out in the central-eastern part of the
basin; these units are represented by thick and locally fossil-rich
fluvial deposits (Csiki-Sava et al., 2016). The two fluvial systems
that were active during the deposition of the two main units had
different source areas (see details in Grigorescu, 1983; Van
Itterbeeck et al., 2004; Bojar et al., 2010). The great thickness of
these units suggests a rapidly deepening basin, filled up by huge
amounts of deposits derived from the erosion of the uplifted
Southern Carpathians nappe pile (Willingshofer et al., 2001). These
Upper Cretaceous continental units are covered locally by Miocene
and Quaternary sediments.
3

The uppermost Cretaceous continental deposits were previously
thought to be largely undeformed or only slightly deformed and thus
were assumed to be post-orogenic in nature (Mațenco and Schmid,
1999; Iancu et al., 2005). The main argument for their post-
orogenic deposition was that the Densuş-Ciula Formation uncon-
formably overlies some of the thrusts thought to be active during the
regionallymanifested Campanian to earlyMaastrichtianphase of the
Alpine orogeny in the Southern Carpathians. Indeed, formerly two
deformation phases were identified affecting the latest Cretaceous
sedimentation and erosion within Hațeg Basin (Willingshofer et al.,
2001): 1) a Campanian to early Maastrichtian phase, that created a
piggy-back type basinwhichwasfilled upmainly bymarinedeposits,
and 2) a late Maastrichtian phase, identified as “post-orogenic”
collapse, dominated by extensional and transpressional stresses. The
latter phasewas considered to be responsible for the formation of the
Maastrichtian continental units mentioned previously.

In the study area, the metamorphic units of Mesteac�an Range
(eastern end of the Poiana-Rusc�a Mountains) that bounds the basin
from the northwest, and the Upper Cretaceous and younger sedi-
mentary record of Haţeg Basin, respectively, are in tectonic contact.
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The boundary fault was interpreted as either a normal fault (Lupu
et al., 1993), or as a right-lateral fault (B�arzoi and Șecl�aman, 2010).

3. Methods

The study area lies in the northwestern part of Haţeg Basin, near
V�alioara (Fig. 1), and covers an area of about 10 km2; its bounding
coordinates in the UTM34N metric cartographic coordinate system
are: easting min.: 637246, max.: 640526; northing min.: 5051150,
max.: 5054426. Geological mapping and sedimentological survey
of the outcrops was preceded by classification of multispectral
remote sensing and topographic data, and by comparisons with the
results of previous geological mappings. Field data acquisition was
carried out using tablets and handheld GPS between autumn 2019
and summer 2023, and a geodatabase of 225 localities was created
for the area (Albert et al., 2024). Detailed field investigations were
completed by geospatial, diverse palaeontological, as well as sedi-
mentological and geochronological analyses (see Supplementary
information 1 and 2).

3.1. Geospatial data preparation

The preparation of the mapping stage included georeferencing
of archive and recent maps, which was necessary to manage the
data in a GIS framework. The archive material used included a
manuscript map by Kadi�c (1916) that previously allowed the
rediscovery of most of the fossil vertebrate sites he excavated over a
century ago (Botfalvai et al., 2021). The maps, along with detailed
satellite imagery data, were available in the field on tablets on
which the freeware FieldMove program was run. The employed
desktop GIS program was the freeware QGIS v3.24.1.

Preliminary geological maps were prepared from multispectral
satellite images of the area using random forest classification (RFC)
for sectors not or barely covered by vegetation. RFC is a machine-
learning method based on decision trees and is particularly suited
for classifying geological categories (Breiman, 2001; Cracknell and
Reading, 2014). The satellite images were Sentinel 2A and B data
from the snow-free winter of 2019, and they had already under-
gone atmospheric correction. These images have resolutions of 10,
20 and 60 m, and cover 13 spectral bands, those suitable for
coverage and geological classification having higher resolutions
(Drusch et al., 2012; van der Meer et al., 2014). Details of data
preparation and methods of the RFC process are described in
Supplementary information 1.

3.2. Mapping and site excavation

Since 2019, yearly excavations have been conducted in the wider
V�alioara Valley area resulting in the discovery of hundreds of well-
preserved vertebrate and invertebrate fossils that are housed and
inventoried in the palaeontology collections of the University of
Bucharest (e.g., Botfalvai et al., 2021;Magyar et al., 2024). Three of the
fossiliferous sites examined (K2, Nvs and Fântânele-3) are remark-
ably rich in vertebrate remains, while other sites yielded only rather
poorly preserved and sporadic vertebrate fossils (see Supplementary
information 1). The vertebrate material is dominated by terrestrial
taxa (e.g. dinosaurs), while bones from aquatic (e.g. fish) and semi-
aquatic (e.g. turtles, crocodiles) organisms are subordinate.

Mapping was carried out in parallel with the palaeontological
excavations. The aim was to refine and field-check the preliminary
geological maps. This mapping was general in character, i.e., in
addition to the documentation of the different sedimentary and
volcanoclastic units, structural geological observations were also
carried out. The terrain covered by the mapping has a sparse
network of roads, with deep valleys and hillsides covered by dense
4

vegetation alternating with more poorly vegetated ridges, whereas
the studied units usually crop out within valleys and ravines.

3.3. Analyses of samples

In addition to the geological mapping and palaeontological
prospections/excavations, samples were collected from seven sec-
tors across the study area, in order to provide chronostratigraphic
and palaeoenvironmental constraints on the investigated. These
include six samples for zircon UePb geochronology, over 30 sam-
ples for palynological and marine micropalaeontological (calcar-
eous nannofossils and foraminifera) investigations, as well as
several microvertebrate sampling localities (see details in
Supplementary information 1). Zircon UePb geochronology and
marine micropalaeontology analyses are entirely novel for this
area, whereas the palynological and microvertebrate investigations
significantly expand the previous sparsely coverage (e.g. Antonescu
et al., 1983; Grigorescu et al., 1999; Csiki et al., 2008; Botfalvai et al.,
2021). Wherever possible, mapped successions were tightly
correlated with microvertebrate, palynological, marine micro-
palaeontological, geochronological and/or palaeontological sam-
pling, and often the same samples were used for multiple analyses
(see Supplementary information 1). Although some of the samples
were barren or quasi-barren micropalaeontologically, we never-
theless report these as well due to their palaeoenvironmental sig-
nificance. Analytical methods, positions of the sampling spots, and
brief interpretations of the investigations are summarised in
Supplementary information 1, and their main implications are
discussed below; raw measurement data from the geochronolog-
ical analyses are provided in Supplementary information 2.

In interpreting and discussing the chronostratigraphic/
geochronologic results of our analyses, we follow, and build upon,
the (informal) subdivision scheme of the Campanian stage/age put
forth by (Gradstein et al., 2020: p. 1040, Fig. 27.9) for Europe that e
based on previous historical usage e recognizes two subdivisons, a
relatively short (slightly less than 3 My) lower and a significantly
longer (~9 Ma) upper substages, with the boundary between these
being placed at roughly 81 Ma within the G. elevata biozone, also
corresponding to the uppermost parts of the Cataceramus balticus
biozone and the Scaphites hippocrepis III biozone, as well as to the
base of the CC19 nannoplankton biozone, respectively. Moreover, to
achieve an even better chronostratigraphic/age refinement for the
studied deposits, we follow B�alc et al. (2024) in separating and
using three quasi-equal subdivisions (termed its ‘lower’, ‘middle’,
and ‘upper’ parts, respectively) of the lengthy upper Campanian,
whereas employ the terms ‘lower’ and ‘upper’ to refer loosely to the
first, respectively second halfs of both the shorter lower Campanian
and the even shorter lower Maastrichtian (see Gradstein et al.,
2020). We emphasize that all these subdivisions are not formal-
ized; nevertheless, their usage have several practical advantages as
they (1) permit a more finer-grained assessment of the chro-
nostratigraphic position of the different geological, sedimentary
and tectonic events identified in the study area, as well as (2) allow
easy comparisons to the results of B�alc et al. (2024) derived from
another part of the Hațeg Island using the same scheme, (3) can be
tied directly to absolute ages and thus compared with our zircon
UePb geochronometry data, and (4) can be correlated to a great
extent to the different important bioevents tracked throughout the
Campanian and Maastrichtian.

4. Results and sedimentological interpretation

Since the main local lithostratigraphic subdivision that is the
focus of this report is represented by the uppermost Cretaceous
continental sedimentary succession, i.e., the Densuş-Ciula
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Formation, the different informal units observed and separated in
the study area can be classified largely into those belonging to this
formation, and those that are stratigraphically placed below it.
Important geographical reference names, the different surveyed
outcrops and local sections, and the informal lithostratigraphic
units discussed in the following sections are mapped in Fig. 2. The
directions referred to in the text are given within the currently
existing frame of reference. Stereonet and rose diagrams of trans-
port directions from different units, based on measurements of
imbrication and forset lamination after aligning the tilted layers,
are shown in Fig. 3.

4.1. Units underlying the Densuș-Ciula Formation

4.1.1. Metamorphic schists
An aggregate category of metamorphic rocks was separated as

‘metamorphic schists’ during the mapping. These form the 900 m
high range of Mesteac�an Ridge in the northern part of the mapping
area, and provide a significant proportion of the debris material
found in the V�alioara Valley. These schists are metamorphosed
Upper Proterozoic-Lower Paleozoic sedimentary and subordinately
igneous rocks that have undergone moderate retrograde meta-
morphism (Maier and Lupu, 1979; Lupu et al., 1993). Although
recognized in the field, detailed mapping of these rocks has not
been a priority in the current palaeontology-sedimentology
focused research.

Sericite schist is themain rock type present in the surveyed area.
It also forms the bulk of the rock material in the debris. The most
characteristic lithotype is a light greyish brown to greenish brown,
fine-grained, shaly chloritic metamorphic rock, rich in muscovite
mica (Fig. 4A). The schistosity data indicate that the axis of folding
is roughly WSW-ENE striking, indicating a perpendicular
compression direction. In some places the rocks are intensely fol-
ded. White to greyish-white quartzite vein remnants can be found
in many places in the sericite schist clasts. As these features were
not observed in situ, their orientation or size remains undocu-
mented. White metacarbonates (marble, metadolomite) occurred
only as debris elements, in places reaching cobble to boulder sizes
of 30e40 cm. Older maps show that marble and dolomitic marble
occur in thin layers in Mesteac�an Ridge adjacent to the mapped
area (Maier and Lupu, 1979; Lupu et al., 1993).

The contact of the metamorphic schists with the Upper Creta-
ceous sedimentary rocks is tectonic, mostly observed parallel to
Mesteac�an Ridge as a steep zone on its southern side. The exposure
of the contact is very poor in the area, mainly marked only by the
cataclastic breccia and red clayey fill of the tectonic zone; however,
the fault scarp is also exposed on the hillside above the neighboring
settlement of Boița, to the east of the mapped area.

4.1.2. Marine turbidites
The marine Upper Cretaceous crops out in the lower and middle

reaches of Geat Valley, north of Ciula Mic�a settlement (Fig. 4B-D);
their presence had been noticed previously by Vasile (2010), and is
represented on the 1:50.000 geological map of the area, too (Lupu
et al., 1993). On the later map, they are referred to the ‘upper
Campanian-lower Maastrichtian Pui Formation’ and interpreted as
dominantly distal flysch deposits. They are considered to be
covered unconformably by andesitic tuff-bearing siliciclastic de-
posits of the ‘Densuș Formation’, corresponding to the Lower
Member of the Densuș-Ciula Formation according to Grigorescu
(1992) and Csiki-Sava et al. (2016), although Vasile (2010)
remarked the tectonic nature of these formational contacts at
least locally (see below).

These deposits are characterized by rhythmic alternations of
1e15 cm-thin layers of grey calcareous silt, clayey silt, and
5

calcareous fine sandstone beds, usually tilted at a steep angle, oc-
casionally overturned. Water escape structures are frequent, and
flute marks were observed at the bases of sandstone beds (Fig. 4B)
indicating an estimated NE-SW flow direction. This is consistent
with previous observations that suggested an east-to-west sedi-
ment transport direction within these turbidites (‘flysch’) succes-
sions (Pop et al., 1972).

Fossil plant fragments were found at the base of many beds. On
the western side of Geat Valley, in the Poitului Valley, conglomerate
beds containing grey micritic limestone and large phyllite clasts are
present. The thin-layered beds are sharply folded, sometimes with
detachment planes and boudin-structures involved, and the larger
clasts e probably from the conglomeratic layers e are preserved in
the core of the folds (Fig. 4C-D). The folded nature of the sequence
is also supported by alternating easterly andwesterly dip directions
with equally steep dips; however, the fold cores are rarely observed
due to the dominantly strike-parallel outcrops. The strike of the
axis planes of larger folds are NNW-SSE, while the smaller-
magnitude folded structures have NW-SE striking axes. Some of
the latter are probably slump folds.

A large number of sediment samples were collected from finer-
grained, grey and dark grey turbidites; some of these samples are
located close to tuffitic intercalations of the overlying continental
unit (Unit 1.1.) that were sampled for zircon UePb geochronology
(see below and Supplementary information 1), while others came
from other outcropping areas of the turbidites.

We report here results for five samples studied for their paly-
nological content and palynofacies, and for six samples investigated
for calcareous nannofossils; four of these samples were also studied
for foraminiferal assemblages (Supplementary information 1). All
investigated samples were productive, but there were significant
differences in diversity and preservation between the recovered
fossil assemblages. The foraminiferal assemblages are better repre-
sented in samples LL16-1, LL16-2 and Geat AM (for detailes
regarding the sampling sites and samples, see Supplementary
information 1), with moderate-preserved specimens (Fig. 5) and
relative abundances ranging from 12 to 16 individuals per gram. The
recovered assemblages are remarkably similar in overall composi-
tion across the studied samples, and contain representatives of all
three main groups: agglutinated taxa (amounting to 34 % in sample
LL16-1, 29 % in sample LL16-2, respectively 37 % in sample Geat AM),
as well as calcareous benthic (41 %, 43 %, respectively 32 %), and
planktonic ones (25 %, 28 %, respectively 31 %). Agglutinated fora-
minifera are represented by tubular Rhabdammina sp. (Fig. 5.1),
globular specimens of Saccammina sp. (Fig. 5.2), planoconvex tro-
chospiral Trochammina sp. (Fig. 5.3), and flattened streptospiral
Paratrochamminoides sp. (Fig. 5.4). Among the calcareous benthics,
taxa such as Cibicidoides, Brotzenella, and Laevidentalina (Figs. 5.5-
12) are the most abundant, whilst globotruncanids (Figs. 5. 13e15)
dominate the planktonic foraminiferal assemblages. Nannoplankton
assemblages were recovered from all analysed samples
(Supplementary information 1), with 22 taxa recorded in sample
Geat-2023, and 27 taxa, in sample LL17-ST2. The nannoplankton
assemblages (Fig. 6) are largely homogenous across the samples.
The most abundant species within the Geat Valley assemblage is by
far Watznaueria barnesiae (53.59 % average relative abundance),
followed byMicula staurophora, Retecapsa crenulata, Prediscosphaera
cretacea, Tranolithus orionatus, and Eiffellithus eximius (average e

3.32 %). The high relative abundance of Watznaueria barnesiae in-
dicates palaeoenvironmental conditions characterized by warm
(Doeven, 1983; Gardin, 2002; Tantawy, 2003; Sheldon et al., 2010)
and oligotrophic (Roth and Krumbach, 1986; Premoli Silv�a et al.,
1989; Roth, 1989; Watkins, 1989; Erba, 1992; Erba et al., 1992;
Herrle et al., 2003; Thibault and Gardin, 2007; Chan et al., 2022)
surface waters. These environmental indications can be supported



Fig. 2. Detailed geological map of the V�alioara study area, northwestern Hațeg Basin, showing the main depositional units and the locations of the surveyed/sampled sections
discussed in the text.
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Fig. 3. Stereonet and rose diagrams of transport directions in the different depositional units, based on measurements of imbrication and foreset lamination after aligning the tilted
beds. In the Equal area stereograms (southern hemispheric projection), imbrications measured as lineations are shown as dots, foresets measured as planes are shown as dashed
lines. The 95 % confidence cone (a95) appears as an ellipse for points and as a range around the trend value for foresets; Ka is the Fischer concentration parameter (larger values
indicate better concentrations of the measured directions). The rose diagrams show the direction of sediment supply area for the imbrications, and the sediment transport di-
rections for the foresets. These are: A) Unit 1.1, base conglomerate ¼ northeastward transport direction; B) Unit 1.4., conglo-breccia ¼ southtward transport direction; C) Units 1.5
and 1.6. grey “V�alioara" & Red cyclic beds ¼ southeastward transport direction; and D) Units 2.1 and 2.2., “upper” V�alioara breccia and green conglo-breccia ¼ southeastward
transport direction. Statistical values for mean directions are calculated from Fischer et al. (1987).
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by the presence of double-keeled planktonic foraminifera which
were reported from oligotrophic and warm conditions (Petrizzo,
2002; Abramovich et al., 2003, 2010). At the sea-floor, oxygenated
waters are indicated by the presence of the epifaunal Cibicidoides
and Brotzenella, considered as oxic indicators by Kaiho (1994), Kaiho
and Hasegawa (1994), Murray (1991, 2006), Kranner et al. (2022),
and Amaglio et al. (2023).

Sample LL16-1 yielded the richest and most diversified palyno-
logical assemblage, including a mix of both marine (dinoflagellates)
and continental (spores, pollen) taxa (Supplementary information
1). Among the marine palynomorphs, the biostratigraphically
most significant occurrences are those of Isabelidinium microarmum
bicavatum (Fig. 7.1), Odontochitina costata (Fig. 7.2), and Dinogym-
nium longicorne (Fig. 7.3), while the continental palynomorph
assemblage is marginally dominated by fern spores (41 % of the
assemblage, with taxa such as Vadaszisporites sacali, Fig. 7.4; Del-
toidospora toralis), besides those of gymnosperms (38 %;
7

e.g. Balmeiopsis limbatus, Fig. 7.5) and angiosperms (e.g., Hungar-
opollis sp., Fig. 7.6; Plicatopollis plicatus, Fig. 7.7); remarkably, fora-
miniferal test linings were also recorded in the palynological slides.
Both palynological assemblages and the identified palynofacies
(kerogen predominantly made up of brown/opaque phytoclasts that
are small-sized and rounded - Fig. 7.8; dominance of terrestrial
palynomorphs over the marine ones) indicate a distal basinal
depositional setting with relatively deep waters, with a prolonged
transport of the continental-derived organic particles due to the
activity of turbidity currents (Carvalho et al., 2013). Other samples
(e.g. sample LL17-ST2; see Supplementary information 1) were less
abundant in palynological remains, yielding only very rare spores
(e.g., Polypodiaceoisporites sp.).

Although most of the microfossil taxa recovered (calcareous
nannoplankton, foraminifera and palynological assemblages) are
not age-diagnostic, they nevertheless constrain the age of their host
deposits. The first occurrence of the calcareous nannoplankton



Fig. 4. Outcrop views of the metamorphic schists (A) and the turbidites (BeD). The latter show sole marks at the base of steeply dipping beds (B), boudin structures (C) and sharp
folds (D) affecting the sandy turbidite layers. Hammer for scale.

Fig. 5. Significant foraminifera taxa identified in the Geat Valley e V�alioara samples: 1. Rhabdammina sp. (sample LL16-1). 2. Saccammina sp. (sample LL16-1). 3. Trochammina
wickendeni (sample LL16-1). 4. Paratrochamminoides deformis (sample LL16-1). 5. Laevidentalina gracilis (sample LL16-1). 6. Siphonodosaria sp. (sample LL16-1). 7. Chrysalogonium
polystomum (sample LL16-1). 8. Ellipsoglandulina velascoensis (sample LL16-2). 9. Globorotalites sp. (sample LL16-1). 10. Cibicidoides voltzianus (sample LL16-1). 11. Brotzenella
monterelensis (sample LL16-2). 12. Brotzenella sp. (sample LL16-1) 13. Contusotruncana morozovae (sample LL16-2). 14. Globotruncana sp. (sample LL16-2). 15. Globotruncana sp.
(sample LL16-1). 16. Planoheterohelix sp. (sample LL16-2). Scale bars ¼ 250 mm.
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species Broinsonia parca parca, was originally described at the base
of CC18 Biozone (Perch-Nielsen, 1985) or of the UC14a Subzone
(Burnett, 1998), which was initially correlated with the lower part
of the lower Campanian. However, a more recent study (Miniati
et al., 2020) placed the base of CC18 Biozone in the upper Santo-
nian, within the upper part of Chron C34n. This, combined with the
presence of Eiffellithus eximius, with it last occurrence in the top of
CC22 Biozone (middle part of upper Campanian; Perch-Nielsen,
1985; Gradstein et al., 2020), restricts the age of the marine turbi-
dites to the latest Santonian to early part of late Campanian time
8

interval. Even though foraminifera do not include index taxa in
their composition, the correlation between the calcareous nanno-
plankton to the planktonic foraminifera, could likely indicate the
placement in the Globotruncanita elevata biozone (79.33e83.65 Ma
- Petrizzo et al., 2011; Gradstein et al., 2020; Miniati et al., 2020)
which corresponds to the Globotruncana arca biozone (Peryt et al.,
2022). Finally, the conclusive palynological assemblage identified
in sample LL16-1 points to an early Campanianeearly late Cam-
panian age (G�ocz�an and Siegl-Farkas, 1990; Williams et al., 2004;
Ţab�ar�a and Slimani, 2019; Slimani et al., 2021). More specifically,



Fig. 6. Selected calcareous nannoplankton taxa identified in the Geat Valley e V�alioara samples: Arkhangelskiella cymbiformis (sample LL16 - 2). 2e3. Broinsonia parca parca (2 -
sample LL16-1, 3 e LL16-2). 4. Calculites obscurus (sample LL16-2). 5. Cylindralithus sculptus (sample LL16-2). 6. Eiffellithus eximius (sample LL16-2). 7. Eprolithus floralis (sample LL16-
2). 8. Gorkaea pseudanthophorus (sample LL16-1). 9. Lucianorhabdus arcuatus (sample LL16-2). 10. Lucianorhabdus maleformis (sample LL16-1). 11. Micula staurophora (sample LL16 -
1). 12. Prediscosphaera cretacea (sample LL16-2). 13. Reinhardtites anthophorus (sample LL16-2). 14. Retecapsa crenulata (sample LL16-2). 15. Watznaueria barnesiae (sample LL16-1).
Scale bars ¼ 5 mm.

G. Albert, S. Budai, Z. Csiki-Sava et al. Cretaceous Research 170 (2025) 106095
the occurrence of Isabelidinium microarmum bicavatum, together
with the overall lithology of the turbidite deposits cropping out
along Geat Valley, invites correlationwith the UpperMember of the
R�achitova Formation from the Densuș area (Ţab�ar�a and Slimani,
2019), a 500e700 m thick marine unit with its type locality
located 2 km to the west from our Geat-V�alioara mapping area
(Grigorescu and Melinte, 2001; Melinte-Dobrinescu, 2010; Ţab�ar�a
and Slimani, 2019).

Based on the integrated biostratigraphic evidence currently
available from the turbidite deposits cropping out along Geat Val-
ley, their age can be reliably constrained to the late early to early
late Campanian, further supporting the previously suggested cor-
relation with the Upper Member of the R�achitova Formation for
which a similar age had been assessed previously by Ț; ab�ar�a and
Slimani (2019).

4.2. Sequence and depositional setting of the continental beds

During the geological mapping and sedimentological investi-
gation, the studied bone-bearing continental sedimentary deposits
were categorised into fifteen facies types based on their macro-
scopic properties (Table 1). Furthermore, facies associations e

representing distinct depositional environments e were also
established (Table 2) based on recurrent joint occurrences of sets of
these facies types and their relative participations, as observed in
the field. The relative proportions of the identified facies associa-
tions vary both vertically and laterally in the studied area, and,
considering their relative contribution ratios throughout the
studied sections, informal depositional units were defined, repre-
senting distinct stages of basin evolution.

According to our investigations, the lower part of the conti-
nental Densuş-Ciula Formation (Grigorescu, 1992) cropping out in
the V�alioara area is built up by a wide range of facies from muddy
9

deposits to coarse gravels (Table 1), forming four distinct facies
associations (FA 1e4; Table 2). The different facies associations are
dominated by different grain sizes but all of them contain gravelly
or sandymaterial that potentially originated from the currently still
exposed metamorphic basement to the northwest (Table 1). Facies
association 1 is dominated by matrix-supported gravels (facies
Gms) that contain pebble to cobble sized clasts, forming beds of
debrisflows (Nemec and Steel,1984), up to several meters thick; the
thickness of the beds tends to increase in the vicinity of themapped
basin bounding fault (Table 2). Finer-grained, muddy sediments
with pedogenic features (Ptc) and sand and gravel clasts (Fs, Fsg),
belonging to FA 3, represent the most prevalent deposits of the
studied succession and they become dominant towards the basin
centre (Fig. 2). Intervals dominated by this facies assocation can
attain thicknesses up to 3e4 m (Fig. 9B; Table 2). These muddy and
gravelly deposits are occasionally interbedded with 10 cm to 1.5 m
thick channelised bodies filled up by sandy deposits (Sm, Smg)
frequently showing cross-stratification (Sx, Sxg) and fining upward
trends (FA 2; Fig. 9B-C, Table 2). The fourth facies association was
only observed at one locality but is highly significant palae-
ontologically. It is composed of vertically stacked coarsening up-
ward cycles, covering 8 m in total thickness, from dark mudstone
(Fm) through sandy-siltstone (Fs), rich in plant fragments and
molluscs to sandstone (Sm) (Fig. 9B).

Given the interpretations of the distinct facies and facies as-
sociations, the bone-bearing uppermost Cretaceous continental
sediments from the V�alioara area are assessed to had been
deposited in an alluvial fan environment (Nemec and Steel, 1984;
Blair and McPherson, 1994; Blair, 1999; Fidolini et al., 2013; Gao
et al., 2020), where FA 1 represents the proximal alluvial fan
sector dominantly built up by debris-flow events while FA 3 is
interpreted as distal, fine grained, floodplain deposits (Wright and
Tucker, 1991; Wright and Marriott, 1996; Bojar et al., 2005;



Fig. 7. Marine and terrestrial palynomorphs, as well as various palynofacies types recognized within the Upper Cretaceous deposits from the study area (all from unoxidized
residues; scale bar: 30 mm). 1. Isabelidinium microarmum bicavatum (sample LL16-1); 2. Odontochitina costata (sample LL16-1); 3. Dinogymnium longicorne (sample LL16-1); 4.
Vadaszisporites sacali (sample LL16-1); 5. Balmeiopsis limbatus (sample LL16-1); 6. Hungaropollis sp. (sample LL16-1); 7. Plicatopollis plicatus (sample LL16-1); 8. small and equi-
dimensional opaque/brown phytoclasts of continental origin (sample LL16-1); 9. large cuticle fragment with stomata (incident blue light, fluorescence; sample LL17-ST3); 10.
granular amorphous organic matter of marine origin mixed with opaque phytoclasts (sample 5B); 11. Deltoidospora australis (sample 8B); 12. Classopollis sp. (sample P292); 13. large
fragment of cuticle (sample P425); 14. fossil resin (sample LL5-15-3); 15. Polypodiaceoisporites hojrupensis (sample LL5-15-3); 16. Suemegipollis triangularis (sample LL5-15-3); 17.
Trudopollis capsula (sample LL5-15-3); 18. Polypodiaceoisporites sp. (sample 6B); 19. Proteacidites sp. (sample P425); 20. Proteacidites scaboratus (sample P425); 21. Trudopollis
conrector (sample P425); 22. Krutzschipollis crassis (sample P425); 23. Pseudopapillopollis praesubhercynicus (sample P425); 24. Subtriporopollenites constans (sample P425).
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Therrien, 2005). Aside these two dominant facies associations,
channelised sandy-gravelly (FA 2) deposits representing fluvial
channels (Therrien, 2006) and muddy-sandy heterolithics (FA 4)
interpreted as floodplain lake deposits were also identified (Plint
et al., 2023) (Table 2). Fluvial channel deposits are usually isolated
and characterised by a simple upward fining trend from gravel-
lags followed by structureless sands and occasionally capped by
muddy deposits (Fig. 9B-C), a succession that points towards
ephemeral braided streams, formed during flooding events, which
further suggests an alluvial fan environment (Ridgway and
10
Decelles, 1993; Blair and McPherson, 1994; Therrien, 2006;
Fidolini et al., 2013; Ezquerro et al., 2019; Gao et al., 2020). These
two latter facies associations are less common, but they contain
the most important fossil accummulations (i.e., K2, Fântânele-3,
Nvs sites; see Supplementary information 1 and Botfalvai et al.,
2021). In addition, volcaniclastic-pyroclastic layers are locally
interbedded within the continental sediments (Fig. 9A). Sedi-
mentological characteristics of the individual facies and FAs
display different trends in their spatial distribution that will be
discussed on the following section.



Table 1
Lithofacies and their characteristics separated in the lower Densuș-Ciula Formation (uppermost Cretaceous) from the Geat Valley e V�alioara area.

Code Lithofacies Description Sedimentary
structures

Thickness Fossils Occurrence Interpretation

Gcs Clast-
supported
conglomerate

Clast-supported structureless
pebble to cobble gravel. Matrix is
composed of sand.

Structureless 10e50 cm Absent FA1, FA2 Tractional deposition on
gravel bars in braided fluvial
channels (e.g., Nemec and
Steel, 1984; Miall, 2006; Lunt
et al., 2004).

Gms Matrix
supported
gravel

Matrix-supported, structureless
pebble to cobble gravel. Beds are
characterized by sharp non-
erosional basal boundary. Beds
are tabular or occasionally wedge
shaped. The facies is poorly
sorted, the matrix is composed of
clayey, coarse to very coarse sand.
Shape of the gravel clasts is
angular to rounded
(conglomerates), with particular
sections dominated by angular
clasts forming breccias. Matrix
occasionally composed entirely of
volcanoclastic material.

Structureless 0.15e2 m Absent FA1, FA2 Deposition from subaerial
debris flows. (e.g., Nemec and
Steel, 1984).

Gt Gravelly
channel lag
deposits

Thin gravelly (granules to
pebbles) deposits overlying
erosional surfaces.

Structureless 1e5 cm Absent FA2 Channel lag deposit (Soltan
and Mountney, 2016).

Gx Cross-stratified
gravel

Matrix- to clast supported
granule to cobble gravel deposits
showing crude trough cross-
stratification. Matrix is composed
of medium to very coarse-grained
sand. Gravel clasts are angular to
sub-rounded. Usually deposited
onto erosional surfaces.

Trough-cross
stratification

0.1e0.5 m Absent FA2 Tractional deposition on
gravel bars in braided fluvial
channels (Lunt et al., 2004).

Smg Structureless
gravelly sand

Structureless medium to very
coarse sandstone containing
granule to pebble sized gravel
clasts. Frequently contains more
than one sand fraction. Gravel
clasts are angular to sub-rounded.
The facies is frequently underlain
by facies Gt or deposited directly
onto erosional surfaces.
Occasionally characterized by
normal grading (i.e. gravel
content decreasing upwards).

Structureless 0.1e1.5 m Vertebrate
fossils are very
common in
some cases (e.g.
site NVS)

FA2 Indicate rapid deposition
during flood events (Miall,
2006; Leeder, 1999).

Sxg Cross-stratified
gravelly sand

Coarse to very coarse sand
containing varying amounts of
angular to sub-rounded granule
to pebble sized gravel clasts. The
facies shows trough cross
stratification. Usually
characterized by an erosional
lower boundary. Beds of the facies
occasionally characterized by
normal grading (i.e. gravel
content decreasing upwards).

Trough-cross
stratification

0.1e0.5 m Absent FA2 Tractional deposition on 3D
sandy bedforms in braided
fluvial channels (Miall, 2006;
Soltan and Mountney, 2016).

Sm Structureless
sand

Coarse to fine grained sand,
frequently deposited upon facies
Smg and overlain by Fs facies.

Structureless 0.05e1.5 m Absent FA2, FA4 Rapid deposition during
flooding events (Miall, 2006;
Leeder, 1999).

Sx Cross-stratified
sand

Medium to very coarse sand
showing trough cross
stratification.

Trough-cross
stratification

0.5e1 m Absent FA2 Tractional deposition on 3D
sandy bedforms in braided
fluvial channels (Miall, 2006;
Soltan and Mountney, 2016).

Sl Laminated sand Fine to medium grained sand
showing planar parallel
lamination.

Planar-parallel
lamination

0.05
e0.15 m

Rare plant
fragments

FA2, FA4 Upper flow regime conditions
on top of fluvial channels and
shallow lacustrine deposits
(crevasse delta) (Miall, 2006;
Plint et al., 2023).

Fl Finely
laminated
mudstone

Greyish to blackish coloured
mudstone.

Lamination,
sharp and non-
erosive base,
tabular units

0.5 m Abundant to
rare plant
debris, and
vertebrate
fragments

FA4 Deposition from suspension
settling under quiet
lacustrine conditions
(Fielding, 1984; Plint et al.,
2023).

(continued on next page)
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Table 1 (continued )

Code Lithofacies Description Sedimentary
structures

Thickness Fossils Occurrence Interpretation

Fm Massive
mudstone and
claystone

Light-grey or bluish grey
mudstone and claystone.

Bioturbation,
sharp and non-
erosive base,
common
sediment
deformation,
tabular units

0.5e1 m Rare plant
debris and
molluscs
fragments

FA3, FA4 Deposition from suspension
settling in standing water
environment: Slackwater
deposition in fluvial channel
fills (FA3), under quiet
lacustrine conditions (FA4)
(Fielding, 1984; Plint et al.,
2023).

Fs Sandy siltstone Massive or poorly-stratified dark
grey siltstone, commonly
interbedded with facies Sm.

Vertical
burrows and
root traces,
sharp and non-
erosive base,
tabular units

0.5 m Abundant
molluscs, plant
and vertebrate
fossils

FA4 Tractional deposition of
siltstone and sandstone in
proximal lacustrine
environment during fluvial
input. Heterogeneity most
likely linked to reworking
through bioturbation (Jeffrey
et al., 2011; Plint et al., 2023).

Fsg Reddish sandy-
gravelly
mudstone

Unstratified reddish sandy-
gravelly mudstone, interbedded
with facies Gms.

Vertical
burrows and
root traces,
irregular units
with variable
thickness

0.5e5 m Absent FA1, FA2,
FA3

Deposited by mudflows or
indicates overbank
deposition of fluvial fines.

Pt Reddish
mudstone

Reddish mudstone and
subordinate very fine-grained
sandstone with mottles variable
in colour (green, strong brown
and grey).

Pedogenic
features:
Sporadic
burial-gley,
root-mottles,
tiny irregular
root traces,
vertical burrow
fills

0.5e2 m Rare
fragmentary
vertebrate
fossils

FA3 Moderately- or well-
developed palaeosol (Bojar
et al., 2005; Therrien, 2005,
2006).

Ptc Reddish
mudstone with
calcareous
concentrations

Red to brownmudstone with pale
yellow carbonate nodules
(calcrete). The calcareous
concentrations show variable
degrees of development, from
isolated spherical concretions to
thick continuous layers.

Pedogenic
features:
Discontinuous
calcrete
horizons,
vertical
burrows and
root traces

0.5e2 m Rare
fragmentary
vertebrate
fossils

FA3 Well-developed
palaeosol (Wright and Tucker,
1991).

Table 2
Facies associations (FA) separated in the lower Densuș-Ciula Formation (uppermost Cretaceous) from the Geat Valley e V�alioara area, and their characteristics.

Facies association Facies (primary,
secondary)

Description Interpretation

FA1 e Proximal
alluvial fan
deposits

Gms, Gcs, Smg, Sxg,
Fsg, Fs

Dominated by up to 2 m thick wedge- or tabular-shaped beds
representing facies Gms, separated by thinner beds of facies
Fsg. Grains are composed of material identical to the
outcropping metamorphic bedrock. Channelized sandy-
gravelly deposits (Sxg, Smg) also occur between beds of the
above-mentioned facies.

The FA represents the proximal reaches of alluvial fans
dominated by debrisflow events transporting material
from the adjacent catchment area (Nemec and Steel,
1984; Blair and McPherson, 1994; Blair, 1999; Ezquerro
et al., 2019; Gao et al., 2020). Interbedded muddy facies
represents mudflows or periods of low-rate deposition.

FA2 e Fluvial
channel deposits

Smg, Sxg, Sm, Sx,
Gt, Gcs, Fm

Built up by 0.1 me1.5 m thick, 0.3 me10 m wide erosionally
bounded channelised bodies. Infill of the sedimentary bodies
is composed of thin gravelly facies (Gt) followed by
structureless (Smg, Sm) or through cross-stratified (Sxg, Sx)
sand or gravelly sand. Occasionally the vertical sequence is
closed by grey muddy interval (Fm). Channel bodies are
usually isolated within red mudstone facies (Fs) or less
frequently form up to 3.5 m thick stacked sequences.

The FA is interpreted as the record of fluvial deposition
within the alluvial-fan system. The usually structureless
infill of the channel bodies, their isolated nature and
occasional muddy capping interval point towards
ephemeral braided streams (Cant and Walker, 1978;
Bull, 1997; Therrien, 2006; Long, 2006, 2011).

FA3 e Floodplain
deposits

Pt, Ptc,Fm, Fs, Fsg.
Smg, Sm

Built up by pedogenetically modified, dominantly red-
coloured mudstones with frequent calcareous concentrations
and horizons, vertical roots and burrows. Attains up to 3e4 m
in thickness. Sand and gravel grains are frequent. Infrequently
the Fm and Fs facies beds are characterized by grey colours.

The FA represents floodplain deposits characterized by
low water table based on the presence of pedogenic
features (Wright and Tucker, 1991; Wright and
Marriott, 1996; Bojar et al., 2005; Therrien, 2005,
2006). Calcrete levels indicate soil horizons. Grey
mudstones indicate poorly drained areas on the
floodplain.

FA4 e Floodplain
lake deposits

Fl, Fm, Fs, Sm In its sole outcrop this FA is built up by coarsening upward
cycles (8 m in total) from dark mudstone (Fm) through sandy
siltstone (Fs) to sandstone (Sm). Unlike FA3, the mudstones
lack both sand or gravel grains and carbonate-rich horizons.
Sandy siltstones are rich in plant fragments, freshwater
molluscs and vertebrate fossils.

The FA represents quiet conditions located farther from
the main sediment influx and a less oxidizing
environment (Plint et al., 2023). Interpreted as
floodplain lake environment in which coarse material
accumulated during flooding events (Jeffrey et al., 2011;
Montgomery and Barnes, 2012; Flaig et al., 2014).
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Fig. 8. General cross sections of the mapped area. Section (A) shows the decreasing eastward dip of the strata, while section (B) shows the basin-boundary fault and the relationship
between the metamorphic schists and the Upper Cretaceous sedimentary strata. In (B), the apparent thickness of the strata is increased as the section is in strike direction. The
tracelines of the sections are indicated on Fig. 2.
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The four facies associations (Table 2) are interfingering in both
vertical and lateral directions, documenting spatial and temporal
changes in basin evolution. However, the exact vertical and lateral
extent of the facies associations is difficult to estimate due to the
relatively small size of the available outcrops and the extensive
vegetation cover, coupled with the generally steep dip angles of the
beds. Based on spatial patterns identified in the proportional rep-
resentation of the distinct FAs, the studied continental basin fill
succession of the lower Densuș-Ciula Formation from the V�alioara
area can be subdivided into 9, stratigraphically successively su-
perposed and/or laterally interfigered informal depositional/lith-
ostratigraphic units (corresponding to distinct subenvironments;
Fig. 9A), that represent the basis for our geological mapping (Fig. 2).
Each of the nine units is usually dominated by one or two facies
associations but tends to contain deposits from multiple FAs. The
succession of the identified depositional units building up the
studied uppermost Cretaceous continental basin fill can be divided
into two larger scale units encompassing, vertically superimposed
fining upward intervals, each of which displays an upward increase
in the proportion of FA 2 and 3 deposits in tandem with the
decrease in the prevalence of FA 1 deposits (Fig. 9). The lower
fining-upward sequence contains the first six depositional units,
including volcanoclastic-pyroclastic deposits as well, while the
second sequence is built up by the remaining, upper three units.

4.2.1. Description of the continental depositional units
4.2.1.1. Depositional sequence 1. As noted, the first sequence con-
sists of Units 1 to 6, and represents the lower ~1000m of the local
continental succession. It starts with dominantly coarse-grained
deposits overlying the marine turbidite beds (Fig. 9) and mostly
13
representing FA 1; these correspond to mass flow-dominated
proximal alluvial fan deposition (Units 1.1e1.4; see below)
(Table 2 and Fig. 9A). These coarser deposits transition both
downdip and vertically to finer grained mudstones and sandstone
containing dinosaur remains, belonging to Units 1.5 and 1.6 that are
built up mostly by FAs 2, 3 and 4. Meanwhile, deposits remain
dominated by FA 1 throughout the whole sequence in the prox-
imity of the basin bounding fault (Figs. 2 and 8).

4.2.2. Unit 1.1e alluvial depositse base conglomerate
The unit is dominated by poorly sorted Gms and Gcs facies

(Table 1) of the coarse FA 1 facies association, with a matrix of grey
coarse-grained sand (Fig. 10). The colour of both the clasts and the
matrix gives these deposits a distinctive grey colour. It crops out
mainly along Geat Valley. The conglomerate clasts are rarely flat-
tened but well-rounded grey meta-sandstones, quartzites, phyl-
lites, as well as pyroclastites and andesitic volcanites with a
porphyric texture. The conglomerate beds became gradually finer
towards the top of the unit, and are further more frequently
interbedded with 0.5e1.5 m thick coarse-grained sandstones in a
cyclic manner (lithofacies Sxg, Sx; Table 1).

The contact with the underlying turbiditic marine deposits is
unconformable and erosional (Fig. 10C-D), locally overprinted by
tectonism (in the form of layer-parallel faults). The orientation of
bedding is rather difficult to ascertain, but appears to steeply dip
towards NE (54/73 dip.dir/dip from 6 measurements). Imbrication
data e corrected with the average bedding e shows a NE transport
direction in terms of current orientations (Fig. 3A).

The amount of volcanic material in the Unit 1.1. beds can
represent up to a quarter of the clasts in certain locations (LL42; for
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the location of the sampling place, see Fig. 2). In some outcrops
(e.g., LL19) cobbles and smaller boulder-sized (40e50 cm) blocks,
mainly of weakly shaly sandstones, also occur. Intervals of soft,
white, sometimes pinkish kaolinitic clay are also present; the latter
usually occurs in relatively thin (20e30 cm thick) finely laminated
layers that can be cross-cut by quartz veins (M65); these are
considered to be weathered (and probably also partly reworked)
14
pyroclastite intercalations representing Unit 1.2. (see below). Three
of these intercalations, two of which occur very close to the basal
contact e represented by an angular unconformity e of Unit 1.1
with the underlying marine turbidites, were sampled for zircon
UePb geochronology investigations (i.e. samples LL16, LL17, LL18;
see Supplementary information 1). Remarkably, despite their
overall tuff-like appearance in the field, these sampled beds turned



Fig. 10. The relationships of the marine turbidite beds, the base conglomerate (Unit 1.1) and the pyroclastite layers (Unit 1.2). Base conglomerate with large rounded clasts (A), and
in contact with the hardened pyroclastic bed (see text for details), the sandstone is dark grey (B).The contact of the marine turbidites and the base conglomerate is shown on (C) and
(D). The weathered zone of the turbidites with still recognizable clasts (1 in C) is covered by a red contact zone and by the reworked pyroclastic intercalations of the overlying base
conglomerate containing larger rounded clasts (2 in C). Rectangle in photo (D), showing a wider image of the contact zone, indicates the location of photo (C). In the well-cemented
tuff layers, xenoliths (E) and planes indicating shear (F) are visible.
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out to be mixed siliciclastic-volcaniclastic cinerites, as documented
by the presence of important, albeit variable, amounts of signifi-
cantly older, reworked (detrital) zircon grains in their composition
(see Supplementary information 2). The mixed, siliciclastic-
volcanoclastic nature of at least one of these intercalations is
further supported by the presence of a notable amount of partic-
ulate organic matter (sample LL17-ST1). Although quasi-barren in
identifiable palynomorphs, this sample and a closely spaced second
one (LL17-ST3; see Supplementary information 1) were neverthe-
less rich in large-sized and well-preserved plant tissue fragments
and stomata-bearing cuticles (Fig. 7.9); this palynofacies indicates a
short-distance transport of the organic clasts, corresponding to a
delta or proximal siliciclastic fan facies (Tyson, 1995).

This unit marks the onset of continental deposition in the study
area, with coarse-grained deposits accumulated unconformably on
top of the R�achitova Formation and dominated by locally sourced
coarse clastic material. Based on the predominance of FA 1 deposits
as well as its coarse material, depositional Unit 1.1 likely represents
the proximal reaches of an alluvial fan, built up bymass-flow events.
The fining upward nature of the deposits coupled with the presence
of fluvial deposits point to a transition towards the medial zone of
the alluvial fan, which could indicate that the main coarse sediment
influxwas shifted either towards the catchment area or else laterally.
It is worth noting that while the presence of fluvial deposition was
already suggested in previous descriptions of the lower subunit of
the Densuş-Ciula Formation (Grigorescu, 1992), the coarse grained,
15
poorly sorted nature of the deposits with a sandy-clay matrix, and
the locally high proportion of volcanic debris suggest that Unit 1.1 is
an alluvial-conglomerate, whichmight be a partially reworked lahar.
Occurrence of lahar deposits was already mentioned south of the
mapped area, at Densuş, within the Lower Member of the Densuş-
Ciula Formation (Anastasiu and Csobuka, 1989).

As a transition to the overlying unit, a dark grey coarse-grained
sandstone shows bedding-parallel flake-like features that are sus-
pected to be post-sedimentary in origin. The clasts appear to be
mainly of volcanic origin. The sandstone also contains large,
rounded clasts (derived from the underlying conglomerate), and
above it, a finer-grained pyroclastite layer appears as a hard, well-
cemented pad (Fig. 10B).

The zircon UePb geochronology analyses (Supplementary
informations 1 and 2) derived from samples LL16, LL17 and LL18
(for their geographic and sedimentary context, see Figs. 2 and 9)
revealed a wide temporal spread of the identified zircon pop-
ulations (Supplementary information 2) e in accordance with their
suggested partly reworked nature (see above).Nonetheless, all
samples include relatively young zircon grains that can be geneti-
cally linked to the latest Cretaceous (so-called ‘banatitic’) volcanism
active in south-eastern Europe during this time period (e.g., Berza
et al., 1998; Gallhofer et al., 2015). Although there were only two
latest Cretaceous zircons out of 34 separated grains in sample LL16
(5.88 %), their proportion rises to about 38 % (19 out of 50) in
sample LL17, and reaches almost half of the total (31 out of 63,
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49.2 %) in sample LL18. The weighed mean ages of the banatitic
zircon populations recovered from the latter two samples are
clustered tightly around an early late Campanian maximum
depositional age (MDA; 79.75 ± 0.69 Ma for LL17, and
79.10 ± 0.73 Ma for LL18; Fig. 11 A-C), in good accordance with the
latest Cretaceous individual zircon UePb age values recorded in
sample LL16. Furthermore, the relatively high percentage contri-
bution of the banatitic zircon population in sample LL18 suggests
that accumulation of this particular cinerite-bearing bed occurred
quasi-synchronously with the volcanic activity that generated the
banatitic population, i.e., that the calculated MDA is temporally
close to its actual depositional age (see discussion for a similar case
in B�alc et al., 2024).

4.2.3. Unit 1.2 epyroclastites
Intercalated within the base conglomerate (Unit 1.1), at least

three layers of volcanogenic deposits were mapped in the east-
side gullies of Geat Valley. Two lithotypes could be noticed in
the field: one that is unconsolidated, clayey, kaolinitic light grey
Fig. 11. Distribution of 206Pb/238U ages and individual errors of the Late Cretaceous (banatitic
from the zircon UePb geochronology analyses for samples: (A) LL16; (B) LL17; (C) LL18; an

16
or sometimes pinkish grey in colour (Fig. 10C) with a dominant
clast size below 0.1 mm, and a second one which is consolidated,
greyish brown, and granular in texture with a dominant clast
size between 0.5 and 5 mm (Fig. 10E). Both lithotypes may
contain larger rounded aggregates. The first variety is interca-
lated between coarse-grained layers of the base conglomerate,
and appears lower in stratigraphic position, while the harder
variety is exposed in two levels, a thinner (~1e2 m) lower
layer and a thicker (~5e10 m) upper layer. As a continuous
stratigraphic sequence could not be reconstructed in the field,
their stratigraphic thickness can only be estimated from their
dips.

As the softer, kaolinitic material is very weathered andmostly of
small grain size, with only occasional larger rounded clasts, it may
represent secondary volcanic ash accumulations probably inter-
bedded into the conglomerate layers by reworking the original
cinerites (Fig. 10C; and see above). Geochronological analyses of
samples collected from this lithotype were discussed in the previ-
ous section.
) zircons, with weighted mean Maximum Depositional Ages (shown only in B, C, and D),
d (D) BUD (see more details in text and Supplementary information 1).
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The harder pyroclastite first appears above a dark grey flaky-
textured coarse-grained sandstone with a rough erosional contact
(Fig. 10B). About 40 m further upward in the grey conglomeratic
sandstone succession, the same lithotype crops out once morewith
a greater thickness, and below this second occurrence there is again
a darker grey, about 50 cm thick layer composed mainly of clasts of
volcanic origin within the sandstone. These darker layers beneath
the pyroclastites may be due to the large amount of pyroclast
fragments, which indicate reprocessing immediately prior to con-
tact. As medium-grained dark to light grey grains are mixed with
rounded xenolith grains (Fig. 10E) and a large number of intrinsic
white plagioclase phenocrysts are clearly visible, this lithotype may
represent either a lapilli-tuff or an ignimbrite of andesitic compo-
sition (Fisher and Schmincke, 1984). The entire succession is highly
tectonised in this part, almost shale-like in character, and the
original stratigraphy is completely overwritten by shear planes
(Fig. 10F). Along the shear planes, displacement scars and scales are
also common, and are more likely related to transpressional forces.
The hardness of the rock is due to its high silica content, which can
be the result of secondary alteration and is visible as microcrys-
talline quartz veins in thin sections (Fig. 12).

The hard pyroclastite is found in the middle section of the
eastern side of Geat Valley, striking parallel to the axis of the valley
for a length of about 400 m. It thins out towards the north, and is
interrupted to the south by a fault. Above the upper pyroclastite
layer, cyclic sandstones and conglomerates reappear.

The occurrence of yellowish-grey hard ‘tuffites’ with varying
thicknesses between Ciula Mic�a and Densuș, roughly along the
same strike, was alreadymentioned by Laufer (1925) who indicated
these as ‘porphyrites’ on his map. In addition to Laufer's descrip-
tion, Grigorescu (1992) also notes briefly the occurrence of such
intercalations, which he placed in the Lower Member of the
Densuş-Ciula Formation.

In addition to the three samples originating from the softer,
altered ash-bearing layers discussed above (LL16, LL17, LL18), a
fourth sample for zircon UePb geochronology was also collected
from this unit, from the hardened, darker pyroclastite layer (sample
Fig. 12. Thin sections of the hard pyroclastite from Unit 1.2 in PPL (left) and XPL
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M73, see Supplementary information 1), in order to further
constrain the chronostratigraphic position of Units 1.1e1.2. (i.e.,
basal part of the Densuș-Ciula Formation) in this area. Unfortu-
nately, an extremely small number of zircon grains (4) could be
extracted for analysis, of which only one yielded a Late Paleozoic
age (middle Carboniferous, ~343 Ma). Given the nature of the host
rock, it seems highly likely that it represents an inherited zircon
crystal fromwithin the original magmatic source, whereas the very
low overall zircon yield of sample M73 is the result of the relatively
more basic (i.e. andesitic) composition of the pyroclastite.

4.2.4. Unit 1.3 e proximal alluvial fane “lower” V�alioara breccia
Breccia deposits (Fig. 13) outcropping in Neagului Valley, were

previously thought to represent the oldest deposits in the upper-
most Cretaceous continental succession (Botfalvai et al., 2021),
deposited prior to the formation of the main bone-bearing layers
(e.g., site K2). However, this coarse proximal lithofacies (Gms) also
recur on top of the otherwise stratigraphically higher-lying fine-
grained cyclic strata (interpreted here as Unit 1.6). This observation
was further confirmed by subsequent mapping, and this second,
recurring coarse-grained facies was re-interpreted as the “upper”
V�alioara breccia (see below, Unit 2.1.), an isofacial unit different
from (and younger than) the basal (“lower” V�alioara) breccia
overlying the base conglomerate (Figs. 2 and 9).

This depositional unit conformably overlies the lower coarse-
grained and tuffaceous-volcaniclastic part (Units 1.1. and 1.2) of
the Densuş-Ciula Formation, as can be observed in Geat Valley;
given the absence of associated volcanogenic material within it, it is
considered to correspond to the basal part of theMiddle Member of
the Densuş-Ciula Formation, following the subdivision scheme
introduced by Grigorescu (1992). Its cover units in the study area
are either the Conglo-breccia (Unit 1.4) or the “upper” V�alioara
breccia (Unit 2.1), from which it is separated by the shear zone of
the V�alioara Valley. The unit is bounded to the north by the tectonic
boundary (“main fault”) of the metamorphic Mesteac�an Range,
while towards the south, it merges with the finer-grained con-
glomerates and sandstones of depositional Unit 1.4 (Figs. 2 and 8).
(right). Pl ¼ plagioclase; Bt ¼ biotite; Qtz ¼ quartz. Scale bars ¼ 1000 mm.



Fig. 13. Characteristic field appearance of the “lower” V�alioara breccia (Unit 1.3). Thick gravel bed (facies Gms) overlying floodplain mudstones (Fsg) (A); colour variation between
floodplain (Fsg) and mass-flow deposits (Gms) (B); characteristic upward fining but without well-defined cycles of gravel (Gms) and mudstones (Fsg), a few metres in thickness (C);
unsorted and weakly rounded clasts within coarse-grained conglomerate (D); steeply dipping beds of gravel (Gms and Gcs) and floodplain mudstone (Fsg) (E); rounded and
weathered volcanic clast between angular sericite schist clasts (F).
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The measured dip of the beds belonging to this unit decreases to-
wards east while their azimuth changes as well: in thewestern part
of the study area, recorded values are generally around ~60/60�

(azimut/dip), whereas in its eastern parts, they change to ~120/30
(Fig. 2). The thickness of this unit, calculated from the dip data, is
estimated to be 700e750 m in the study area. Although the over-
lying Unit 2.1 represents the same facies (proximal alluvial fan), the
two units must be kept separated since they belong to different
depositional sequences (see above).

Depositional Unit 1.3. is dominated by the coarse FA 1, and its
Gms lithofacies (Fig. 13), especially in the vicinity of the basin
bounding fault. Similarly to the entire studied continental succes-
sion, gravel clasts in Unit 1.3 are composed of a mixed angular
metamorphic material, and the deposits are therefore considered
breccias (Fig. 13D). Individual clasts can reach up to 50 cm in size,
but sometimes even larger boulders may occur. The material of the
matrix is represented by fine to medium-grained sand and clay,
also composedmainly of metamorphic phyllite grains that are quite
clayey due to weathering. The unit is mainly built up by cyclic al-
terations of coarser and finer beds of Gcs, Gms and Gx facies
(Fig. 13C), while beds of muddy sand and cross-stratified gravelly
sand (Sxg) also occur (Fig.13A, B, D, F). Based on the dominance of
FA 1within depositional Unit 1.3., it represents proximal alluvial fan
deposition through mass-flow events, while the presence of Sxg
and Gx facies shows that fluvial channels were also present
(Fig. 13A), similarly to the case of Unit 1.1.; these fluvial deposits
become more frequent towards the south.
18
As near the main fault the dominance of FA 1 deposits is more
pronounced, the suggested depositional environment corresponds
to a fragmented landscape of hillslopes, where subaerial erosion
was active and generated alluvial fan systems characterised by
gravitational debris flows on the northern, steeper parts of the
landscape, and intermittent water flows on its lower-lying, south-
ern parts.
4.2.5. Unit 1.4e medial and distal alluvial fane conglo-breccias
This unit gradually overlies the base conglomerate (Unit 1.1.) and

the “lower” V�alioara breccia (Unit 1.3.), while being also laterally
interbedded with the latter (Fig. 9A). Its thickness varies between
20 and 300 m, increasing towards south, further downdip from the
basin bounding fault, where it becomes dominant as it replaces the
breccia completely. It is overlain by Unit 1.5 (grey V�alioara beds)
(e.g. at site K2). The general dip of its deposits is to the east-
northeast, at about 70� in the west and 60-50� in the east.

The alternation of Gms and Fsg lithofacies characterizes the
entire unit; its colour, albeit dependent on the clastic material, is
usually a reddish greenish-grey. Finer-grained deposits may record
much higher thicknesses (0.8e1.5 m) and thus make up a larger
portion of the unit than the coarse-grained ones. Its matrix-
supported gravelly deposits are 30e40 cm thick and composed of
a clastic material of varied origin and size, with the flattened clasts
showing imbrication in places. The imbricated clasts e after
rotating the beds to horizontal position e suggest an estimated SW
flow direction according to current cardinal directions (Fig. 3B). The



G. Albert, S. Budai, Z. Csiki-Sava et al. Cretaceous Research 170 (2025) 106095
clast-supported layers are more cemented (Gcs) in places. In these,
the rounded clasts are mostly 10e20 cm in size, more flattened, and
are composed of sericite schists and quartzite.

Based on the increased presence of floodplain fines and the
reduced gravel bed thicknesses compared to the underlying units,
this unit likely represents medial to distal alluvial fan environ-
ments. This interpretation is also supported by its interfingering
with the coarser unit of the “lower” V�alioara breccia (Unit 1.3.), and
by its increasing prominence with increasing distance from the
basin bounding fault.
4.2.6. Unit 1.5 e fluvial deposition e grey (V�alioara) beds
This stratigraphic unit includes several lithologically distinct

strata (Fig. 14), mostly assigned to FA 4 and FA 3, but also to FA 2
(see Table 2, Fig. 9B). Their occurrence is associated with a
Fig. 14. Characteristics of the grey (V�alioara) beds (Unit 1.5). Laminated grey mudstone layer
along the bedding plane and calcitic lithoclase in the bluish-grey clayey sands (Smg) (B); c
sandstone (Sm) (D); sheared and fractured beds: dark grey clayey sandstone (Fs) on the righ
two, forming a fault zone (E); flattened wood remains in grey fine-grained, mica-rich, clay
pebbly greyish brown clay with charcoal plant remains, calcareous concretions and clay pe
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well-traceable stratigraphic level that extends throughout the
study area with a NNW-SSE strike (Fig. 2). This unit includes pre-
viously described, palaeontologically significant outcrops from the
area yielding abundant vertebrate remains, continental molluscs,
and plant remains (Kadi�c, 1916; Botfalvai et al., 2021; P�all-Gergely
et al., 2023; Magyar et al., 2024).

The lithology of the unit can vary both along strike and dip, but
it is overall characterized, and distinguished from the under- and
overlying units, by its greyish colour, as well as the cyclic alteration
of fine-grained and sandy or sandy-gravelly deposits belonging to
FA 2 and FA 3, respectively. It also uniquely hosts the lacustrine FA 4,
which does not occur in any other unit recognized in this area.

In the studied outcrops, the sedimentary succession of the unit
starts with a 1e1.5 m thick layer of sandy-claystones and sandy-
siltstones with a slightly variegated greyish appearance, which is
(facies Fl), upper part of Ogradiilor Valley, sampled for palynology (A); fault lineations
emented cross-bedded gravelly sandstone layer (Sxg) (C); vertebrate remains in grey
t, brownish grey sandstone (Sm) on the left, with dark grey sheared clay between the
ey sandstone (Smg) (F); grey sandstone (Sxg) overlying a red paleosol layer (Ptc) (G);
bbles with limonitic crust (Ptc) (H).
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also represented within the site K2 outcrop in Neagului Valley
(Botfalvai et al., 2021) (Fig. 9C). Here, it hosts a rich vertebrate
assemblage, together with gastropod shells and small flattened
wood remains, as encountered at site K2 (Fig. 14D, F).

The most thoroughly examined outcrops of this unit occur along
Neagului Valley. South of it, however, the same succession of strata
was also found in ravines and tributaries of the Neagului, Ogradiilor
and South Ogradiilor valleys (Fig. 2.).

In the uppermost section of the main branch of Ogradiilor Val-
ley, dark grey-blueish claystones and mudstones crop out in
0.5e1.5 m thickness above cross-bedded sand beds (Fl); this ho-
mogeneous, 1.5m thick hard bluish grey mudstone layer was not
observed elsewhere in the studied succession. It is criss-crossed by
plate-like fractures that seem post-diagenetic, as the surface of
these cracks are coated with a limonitic film. The cracks are
furthermore calcitic in places, and there are also scratches along the
planes indicating displacement. This bluish grey mudstone
(Fig. 14A) from the middle-upper part of Ogradiilor Valley was
preliminarily sampled for palynology during our first fieldwork in
2019 (sample P1; see Supplementary information 1), revealing
poorly preserved palynomorphs and a particulate organic matter
(POM) content dominated by small, rounded opaque phytoclasts
(Botfalvai et al., 2021). This palynofacies was interpreted at that
moment as indicating a distal basinal, possibly marine environ-
ment located farther away from a continental source area (see also
below).

The blueish grey mudstone is conformably overlain by grey
clayey sandstones and palaeosols. Up in the section, at site L15, a
bone fragment was found broken during a sliding movement and
fused along the lithoclase; some of the sandstone beds contain
abundant white clay clasts suggestive of weathered pyroclastite
grains or intraclastic kaolinitic clays. A well-developed shear zone
was mapped in the grey beds at the head of the southern tributary
of Ogradiilor Valley. The “fault gouge” is a dark grey clay wedged
between a grey clayey sandstone with molluscs and a brownish
grey sandstone (Fig. 14E). In this section, the succession of the unit
continues with brownish grey, thinly beddedmarly claystones, grey
conglomerates, sandstones, and calcareous-clayey reddish palae-
osol cycles (Fig.14C, G). The same succession includes the fossil-rich
site NVS of Botfalvai et al. (2021), the deposits at the fossiliferous
bed belong to FA 2, on their turn being under- and overlain by FA 3
deposits.

The thickness of the bone-bearing sequence of Unit 1.5. changes
spatially along-strike. To the north it is only 15 m thick in Neagului
Valley, thickening to 60e80 m in Ogradiilor Valley, and can reach a
thickness of over 100 m in the South Ogradiilor and Vârtopilor
valleys. However, the recorded thicknesses do not necessarily
equate with depositional thickness, as signs of tectonic displace-
ment along the beds were noted in almost all observation points
(Fig. 14B, E). The character of the displacement is generally oblique
lateral, so both thinning and thickening of the successions, associ-
ated with duplex formation, are possible. The original stratigraphic
thickness of the unit therefore must fit between the two end values
(15 and ~100 m).

Field observations of the grey mudstone layers and their esti-
mated general geometry yielded a dip direction of 63� and a dip
angle of 61�, which is consistent with previous field measurements
(Lupu et al., 1993; Botfalvai et al., 2021). In some places, the dip of
cross-beddingwas alsomeasured. After adjusting the general dip to
horizontal, the foresets show a dip direction to the present-day SE,
indicating the probable original transport direction (Fig. 3C).

The facies and FA types recorded in this depositional unit, and
the presence of fluvial, lacustrine and floodplain deposits indicate a
predominantly wet, fluvial and marshy environment, as already
suggested by previous studies (Kadi�c, 1916; Botfalvai et al., 2021).
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Compared to the underlying units that were dominated mainly by
coarse-grained material in the vicinity of the basin bounding fault,
this unit suggests a reduced coarse sediment flux into the deposi-
tional area. Such reduction in grain size can be due to a reduced
activity along the fault (Steel, 1988); however, based on the thick-
ness of the unit, the area clearly underwent subsidence during the
deposition of the grey (V�alioara) beds. Alternatively, it is also
conceivable that the coarse sediment input via alluvial fans was
transferred to another location along the basin bounding fault,
whereas a mainly fluvially dominated depositional environment
became established in the study area.

This unit and its outcrops have been long been known for its
well-preserved vertebrate remains (Kadi�c, 1916), hosting several
fossiliferous sites where the bone-bearing strata are represented by
bluish-grey mudstones and marls with plant remains (Botfalvai
et al., 2021).

Due to its palaeontological significance (Kadi�c, 1916; Botfalvai
et al., 2021; Magyar et al., 2024) and the possible marine influ-
ence within the grey beds based on palynological sample P1 re-
ported by Botfalvai et al. (2021), Unit 1.5. was extensively sampled
to estimate its origin and age. In addition to the two samples
collected from beds of this unit and previously reported by Botfalvai
et al. (2021), 18 more biostratigraphic samples were collected from
this area subsequently, alongside one detrital zircon sample for
UePb geochronology (M74) from a sandstone body in the imme-
diate proximity of vertebrate site NVS (see Supplementary
information 1).

Of these16 samples were analysed for their palynological con-
tent and palynofacies, whereas a smaller number were also
investigated for their marine micropalaeontological content (12 for
calcareous nannoplankton and 5 for foraminifera; Supplementary
information 1). In the case of micropalaeontologically investi-
gated samples, their selection was guided by the lithofacial char-
acteristics of the sampled rocks, assessed to preliminarily suggest a
potentially marine origin. The samples analysed from Unit 1.5 can
be grouped into two clearly distinct clusters: a smaller number of
samples (5 in total) show hints of at least some degree of marine
influence, whereas for their largest part a definitive continental
origin could be assessed.

The ‘marine-influenced’ samples are also rather tightly grouped
spatially, being restricted to the upper reaches of themain course of
Ogradiilor Valley, upstream of vertebrate locality Nvs (section L14,
with samples 5B, 7B, P292 and P293; see Figs. 9 and 14A as well as
Supplementary information 1); one exception to this general rule is
sample 2B that shares some features with the former subset, but
was collected from deposits cropping out in the uppermost end of
the southern tributary to Ogradiilor Valley, also upstream of site
Nvs (section L21). Although all these samples are rather poor in
identifiable palynomorphs, their palynofacies is very characteristic,
with a mixture of granular amorphous organic matter of marine
origin (Fig. 7.10) and small-sized opaque phytoclasts of continental
origin, suggesting a transitional or nearshore marine depositional
environment. This assessment is also supported by their palyno-
logical content that includes mainly terrestrial taxa (e.g., common
Classopollis div. sp. pollen, Fig. 7.12, and Polypodiaceoisporites hoj-
rupensis spores), but associated with rare fragments of the marine
dinocyst Odontochitina sp. Furthermore, some of these samples,
collected from an extreme upstream location (5B, P293) e thus
stratigraphically lower in position, taking into account the local dip
of the beds e also yielded very poor nannoplankton assemblages (a
few specimens each); meanwhile, other nannoplankton samples
from this subset were barren, as were all the samples analysed for
foraminifera (Supplementary information 1). The nannoplankton
taxa identified in sample P293 (Micula staurophora and Watz-
naueria barnesiae) are often regarded as dissolution-resistant (e.g.,
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Mahanipour et al., 2022), and their low-abundance occurrence may
be the result of reworking from underlying marine beds. However,
the species identified in sample 5B (Tranolithus orionatus) is re-
ported to occur in relatively low numbers compared to other taxa in
nannoplankton assemblages affected by dissolution (e.g., Linnert
et al., 2010) and thus appears to be more susceptible to the ef-
fects of potential dissolution processes, making it less likely to be
reworked from older beds.

Accordingly, our extended sampling does appear to support a
marine (albeit transitional, near-shore) depositional setting for the
hard bluish claystone beds from the stratigraphic section cropping
out along the main Ogradiilor Valley as was tentatively hinted at
previously by Botfalvai et al. (2021). It is worth noting here that
sample P1, reported earlier by Botfalvai et al. (2021) as suggesting
possible marine influences within the Densuș-Ciula Formation, also
comes from the same L14 local section that yielded most of the
samples from this subset. Given the shallow-marine, near-shore
depositional setting identified for the hard, bluish grey claystones,
the absence of ostracods and benthic foraminifera in the sample
subset originating from them is puzzling; however, similar patterns
of microfossil and palynofacies distribution had been reported pre-
viously from the transitional, brackish shallow-marine part of the
Petrești succession near Sebeș in the southwestern Transylvanian
Basin (e.g. Ţab�ar�a et al., 2022; B�alc et al., 2024), and these patterns
may reflect the highly turbid nature of the palaeoenvironment.

The second subset of samples recovered from the grey Valioara
beds shows a markedly different microfossil content. All samples
from this subset analysed micropalaeontologically (i.e., samples
13B, P289, P290, LL5-15-1, LL5-15-2, LL5-15-3) turned out to be
completely barren both for calcareous nannoplankton and for
foraminifera (Supplementary information 1). On the other hand, all
of them yielded at least some palynological content, either in the
form of identifiable palynomorphs or as particulate organic matter.
Samples P289 and P290 have an intermediate stratigraphic position
along the southern tributary to Ogradiilor Valley, between the
stratigraphically lower sample 2B from the first subset and the
overlying fossiliferous locality Nvs. Their palynological content is
rather poor, with only a few occurrences of Classopollis sp. gym-
nosperm pollen recorded; their palynofacies is reminiscent of that
found in sample 2B, but with a progressively increasing proportion
of translucent phytoclasts (woody tissues) that suggests a shift
towards a deltaic/fluvial depositional environment (e.g., Aggarwal,
2022). Sample 13B, slightly even higher in this local section, but still
below the Nvs level, yielded a small amount of continental organic
matter, with a palynofacies composed of a mixture of opaque
phytoclasts and large cuticle and woody tissue fragments that
indicate a wholly continental sedimentary setting and a short-
distance transport of these organic components.

All other samples collected from the outcropping area of the grey
V�alioara beds (samples LL5-15-1, LL5-15-2, LL5-15-3, 8B, 9B, LL56,
LL7, 6B) have revealed exclusively the presence of palynomorphs
and palynofacies of continental affinities (Supplementary
information 1). Of particular note is sample LL5-15-3 (Fig. 14E), in
which the organic content is represented mainly by fossil resin
(Fig. 7.14), amounting to about 50e60 % of the total organic matter
extracted. According to Tyson (1995), most fossil resin-enriched
accumulations are associated with deltaic deposits. The palynolog-
ical assemblages are well preserved, with terrestrial palynomorphs
such as Polypodiaceoisporites hojrupensis (Fig. 7.15), Suemegipollis
triangularis (Fig. 7.16) and Trudopollis capsula (Fig. 7.17). In Vârtopilor
Valley, the samples yielded poor and low-diversity assemblages, in
which most remarkable are the occurrence of freshwater algae (i.e.
Chomotriletes fragilis) in sample LL56, supporting the presence of
standing water bodies (small lakes or marshes), and an assemblage
in sample 8B consisting almost exclusively of ferns spores (i.e.
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Deltoidospora div. sp.) related to a CretaceousePaleocene fern taxon
that is usually regarded as very early colonizer of disturbed habitats,
e.g., after volcanic eruptions (Vajda and Bercovici, 2014; Thomas and
Cleal, 2022).

Although the microfossil assemblages recovered from Unit 1.5.
are not very rich or diverse, they nevertheless offer relatively useful
biostratigraphic information concerning these vertebrate fossil-rich
grey V�alioara beds. The co-occurrence of Polypodiaceoisporites hoj-
rupensis with Odontochitina sp. in sample P292 suggests a latest
Campanian age (Siegl-Farkas, 2001; Williams et al., 2004); mean-
while, assemblages reported from samples LL5-15-3 support a
probably slightly younger, terminal Campanian to earliest Maas-
trichtian age, in good accordance with the higher relative strati-
graphic position of these samples.

On the other hand, the detrital zircon sample M74 (collected
from a sandstone bed lying stratigraphically slightly below the
fossiliferous NVS level, in the southern tributary of Ogradiilor Val-
ley) has yielded a population dominated by Mesoproterozoic to
Cambrian grains, and with only one (out of 40 analysed) latest
Cretaceous-aged (probably banatitic) grain (see Supplementary
information 2) that, nevertheless, showed an older age
(83.6 ± 5.3 Ma) than those recorded in the samples analysed from
the underlying beds of Unit 1.1 (samples LL16, LL17 and LL18;
~78e79 Ma). The differences in banatitic zircon abundance and age
patterns between this sample and those from the basal part of Unit
1.1. may indicate that by the time the lower grey V�alioara beds were
formed (around the Campanian/Maastrichtian boundary), the
magmatic sources that were active and fed the depositional basin of
the Lower Member of Densuș-Ciula Formation became dormant
and/or were largely removed by erosion, ceasing to supply cineritic
or volcanoclastic material into the northwestern Hațeg Basin,
concomitantly with the activation of a somewhat older, but also
quantitatively less important volcanogenic source area.
4.2.7. Unit 1.6 e distal alluvial fan with palaeosols ered cyclic beds
with palaeosols

This unit outcropsmostly in Neagului Valley, in the upper part of
South Ogradiilor Valley, and in the upper part of East Vârtopilor
Valley, and has a thickness of about 20e40 m (Fig. 2). It has a
gradual contact both with the dominantly grey beds of the under-
lying Unit 1.5 as well as towards the overlying deposits, fromwhich
it differs mainly in its more pronounced stratification, generally
finer grain size, and the presence of palaeosol layers, all of which
imply different, more distal sedimentary environment for this unit
(Figs. 9A and 15). Rare vertebrate remains were also found in this
unit (e.g., at LL9; Magyar et al., 2024). In Ogradiilor Valley, this unit
is thinner, represented only by a ca. 2 m thick red palaeosol above
the grey, fluvial beds of Unit 1.5, and is followed bymassive conglo-
breccias of Unit 2.1.

The bulk of the unit is built up by FA 2 and FA 3 deposits, its main
distinctive features being the absence of FA 4 deposits compared to
the underlying grey unit, and the presence and dominance of FA 3
deposits compared to the overlaying conglo-breccias (Fig. 9A). It is
dominated by red-coloured sandy-gravelly and clayey deposits
(Fig. 15B-C), but in places, near its contact with the underlying unit,
grey, bluish-grey sandstone and conglomerate layers may also
occur (Fig. 15A, D). In this interval (Sx), the gravels are more
rounded, and the deposit is better sorted, compared to the under-
lying unit. In the reddish clayey beds (Fsg), the gravel clasts are
more angular, and sand of varying grain size classes is present. In
both cases, some of the beds show normal grading and are char-
acterized by an erosional lower contact. The material of the clasts is
dominated by metamorphic rocks, although the more rounded
clasts are usually of igneous origin.



Fig. 15. Features of the red cyclic beds with palaeosols (Unit 1.6). Distinctive bluish-grey to greenish-grey coarser-grained sandy-gravel layer (Gms) overlying red palaeosol (Ptc) (A);
characteristic rhythmic alternations of palaeosol (Pct) and more cemented gravelly-sandy layers (Gms) rare bone fragments occur in the palaeosol layers (B); lamination observed in
thin, cemented sandstone beds (Sl) (C); Cross lamination in coarse-grained beds (Sxg) (D).
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The average dip direction is NE (68�) and the dip is around 64�,
similarly to the underlying unit. The imbrication of the gravels
suggests an easterly transport direction (Fig. 3C). Deposits of the
unit showed slips along the bedding planes due to subsequent
tectonic movements. The finer-grained clayey layers are best suited
to accommodate such slips, and their presence is indeed observed
regularly in the red palaeosol layers (e.g. L3).

The presence of palaeosols and the characteristic red colour of
the unit document an environmental shift in the depositional zone
compared to the underlying grey, fluvial-lacustrine unit. Its char-
acteristics indicate that the main fluvial axes were located farther
away from the present outcropping areas, which resulted in more
oxidative conditions, due to lower water table levels, and in the
formation of moderately to well developed red-coloured palaeosol
sequences.

4.2.7.1. Depositional sequence 2. Above the intervening finer-
grained grey V�alioara beds (Unit 1.5) and red cyclic beds (Unit
1.6), coarse-grained deposits showing sedimentological character-
istics similar to the stratigraphically lower-lying deposits of Unit 1.3
were mapped. These deposits that, nonetheless, occurr above Unit
1.6 indicate a renewed intensity in sediment supply and thus were
classified into a new, younger depositional sequence composed of 3
distinct units (Fig. 9A).

4.2.8. Unit 2.1e proximal alluvial fan e “upper” V�alioara breccia
The unit was encountered in the lower section of Neagului

Valley and the lower-middle section of Ogradiilor Valley; further-
more, the hill range stretching in the northern part of the study area
between the upper part of V�alioara Valley and Fântânele Valley is
also built up mostly of these strata (Fig. 2). They are dominated by
matrix-supported, poorly sorted and poorly rounded gravel with
the addition of coarse clayey sand layers of considerable thickness
(Gms, Gx, Smg), while palaeosol levels are missing (Fig. 9). In its
field appearance and sedimentary architecture, the unit is very
similar to the succession described previously as the “lower”
V�alioara breccia (Unit 1.3), but shows a higher proportion of finer-
grained sands and rounded gravel, and is also interpreted as
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proximal alluvial fan deposition through mass flow events.
Consistent with this overall similarity, deposits of this unit belong
predominantly to FA 1, although those of FA 2 are also present.

Similarly to Unit 1.3, this unit includes deposits that were
accumulated in the proximal zone of an alluvial fan located in the
proximity of the basin bounding fault. The presence of the unit
indicates that after an episode of relatively slow rate of sedimen-
tation represented by Units 1.5 and 1.6, coarse-grained influx has
restarted to the northwestern part of the basin, either due to
renewed activity of the basin bounding fault or to lateral shift in the
sediment influx (e.g., Steel, 1988).

West of V�alioara Valley, the “upper” V�alioara breccia dips typi-
cally to ENEwith 60�, as are deposits in the underlying unit. Moving
up-sequence towards east, the dip direction becomes easterly, and
the dip decreases to 30�. Near the main fault, the rotation is even
greater and a SE azimuth was measured, while the dip of the strata
remains around 60�. In the immediate vicinity of the main fault,
shear phenomena (deformation bands) and drag folds are present
in the beds.

4.2.9. Unit 2.2e medial distal alluvial fane greenish red conglo-
breccias

This unit crops out in the lower sections of Ogradiilor and South
Ogradiilor valleys, and on the southern tip of the hilly range north of
V�alioara, between Fântânele and V�alioara valleys (Fig. 2). It is almost
identical to previously described Unit 1.4 (Conglo-breccia), is typi-
cally reddish in colour, but the conglomerate layers are mostly
greenish grey (Fig. 16). The unit is built up by deposits of FA 1, FA 2
and FA 3, and is characterized by a succession of coarse-grained (Gcs,
Gms) and fine-grained (Smg, Sxg) beds (Fig. 9). In some places, the
fine-grained beds may also show soil features (Fsg), but these do not
usually reach a high degree of maturity (such as Ptc). The succession
of beds, as well as the start and end of cycles are difficult to deter-
mine due to the massive, lenticular character of the deposits, but an
upward change from coarser to finer grain size is evident within
each cycle of about 3e5 m thickness (Fig. 16D). Calcareous layers
(Ptc) appear only in very few places in the upper cycles of the unit
(e.g., AG29), documenting soil formation (Fig. 16C).



Fig. 16. Characteristics of the conglo-breccia beds (Unit 2.2). Small cycles of upwardly fining beds (alternating beds of facies (Gcs, Smg and Pt) in Ogradiilor Valley (A); reddish
greenish-grey matrix-supported conglomerate (Gms) deposited on fine-grained floodplain deposits (Pt) (B); floodplain deposits containing calcrete nodules (Ptc) overlain by gravel
(Gms) and sandstone deposits (Smg) (C); alteration of thin fine (Fsg) and coarser-grained (Gms) beds (D).
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This unit interfingers laterally with Unit 2.1, replacing it
completely in the southern areas. It has an east-northeast dip of 50�

and a thickness of about 300e400 m; the general eastward dipping
was estimated based on measurements made in several places on
the conglomerates. Further eastwards in the lower part of Ogra-
diilor Valley, the thickness of the cycles decreases, and the grain
size becomes finer (L38). Here, reddish variegated medium-grained
sand followed by clay forms the finer interval (Fsg) of the cycles,
and fine-grained, unsorted, subangular pebbles form their ~40 cm
thick coarser-grained part (Smg, Sm) (Fig. 16A), marking a transi-
tion to more “distal” fluvial deposits. In the NE part of the study
area, in the eastern side of Fântânale Valley, the beds are tilted at
35� to the east here, a succession of dominantly fluvial facies (FA 2)
beds was observed marking the transition to the overlying Unit 2.3.

Similarly to the previously described relationship between Units
1.3 and 1.4, this unit marks the medial and distal portions of an
alluvial fan body while the previous unit (2.1) represents its prox-
imal area. The unit is deposited, through a continuous transition, on
top of the red cyclic beds containing palaeosols from the previous
depositional sequence (Unit 1.6.); in its upper part, it supports the
overlying unit (2.3 e Fântânele and Budurone beds), although their
direct contact is not recorded.
4.2.10. Unit 2.3 e distal alluvial fan eFântânele and Budurone beds
Two, sedimentologically and palaeontologically slightly different

successions make up this unit; nevertheless, these are similar to
each other in their general depositional setting assessment, and are
thus included together in Unit 2.3. The Fântânele beds are reduced
in areal extent (Fig. 2), and their distinction within this depositional
unit is due to the fact that no other deposits that would be similar in
overall appearance and richness in fossils were found in the eastern-
northeastern side of V�alioara Valley (Fig. 17A-B). The strata exposed
in the lower part of Fântânele Valley, at the northern end of V�alioara
settlement, in the fork of the branching gully at the village boundary,
and in the area around the Fântânele excavation area (Grigorescu
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et al., 1999; Vasile and Csiki, 2010; Csiki-Sava et al., 2023) belong
to this local division of Unit 2.3 (Fig. 9D).

The Budurone beds (Fig 17C-D) outcrop on the eastern side of
the lower and middle sections of V�alioara Valley, to the east and
southeast of the village (Fig. 2). The cyclical fluvial-floodplain
sequence described by Botfalvai et al. (2021) from the Budurone
ravine containing site K6 that yielded some vertebrate remains is
representative for this unit. Previous studies have also revealed the
presence of a rich assemblage of microvertebrates and other asso-
ciated fossil remains in other gullies running parallel to the valley
containing site K6 (Grigorescu et al., 1999; Csiki et al., 2008).

Two facies associations can be distinguished within this unit:
fluvial channel (FA 2), and floodplain (FA 3). The beds of FA 3 are
built up by cycles of gravelly sandstone beds (Smg) and yellowish
red mudstone deposits containing calcrete horizons and nodules
(Fig. 17A-B). The fine-grained layers are also characterized by
laminated fine-sand (Sl), and reddish variegated clay and paleosols
(Pt, Ptc). The abundance of muscovite mica in all layers is indicative
of disintegrated metamorphic debris. The cycles are normal-
graded, with a thickness of around 1e2.5 m (Fig. 17B-D), although
they can reach as much as 2.5e4 m. Within the beds of FA 3, fluvial
beds of FA 2 occur with thicknesses varying between 10 cm and
1.5m. The individual fluvial channels can be either deposited on top
of each other, forming thick amalgamated bodies or else are iso-
lated within floodplain fines. Channel fills usually show fining up-
ward sequences, and are occasionally capped by fine sandy
siltstones; these are the ones that host vertebrate remains in the
Fântânele section.

Based on the FA proportions found in Unit 2.3, it likely represents
distal alluvial fan environments (Table 2), where thick debris flow
beds are less frequent and floodplain to fluvial sedimentation occur.
The layers are tilted at 37� to the southeast in Fântânele Valley, and
at 32� to the east in Budurone ravine. The basal contact of the unit
with the underlying ones is largely unexposed. The scarce available
data suggest a continuous transition from the underlying conglo-
breccia (Unit 2.2), but the presence of lateral faults and



Fig. 17. Characteristics of the Fântânele and Budurone beds (Unit 2.3). Fânânele beds-type locality: greyish red, clayey-sandy (facies Sm), bone-bearing strata, (location LL73) (A);
Fântânele beds-1, and overlying Budurone beds-2 (B); typical facies organization of the Budurone beds, with alternating Sm and Fs facies seposits (C); finer-grained sandstone (Sm),
and sandy mudstones (Ptc) forming 1-1. 5 m thick cycles in the Budurone beds (D).
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deformation bands parallel to Fântânele Valley probably means that
this continuous transition is partly tectonically disturbed. Inmany of
the outcrops, deformation bands and lateral fault scarps divide the
sedimentary strata. The structural planes strike parallel to V�alioara
Valley, and have steep dips in the vicinity of Budurone ravine.

Several sediment samples were collected from Unit 2.3 (see
Supplementary information 1), focusing mainly on the close
proximity of important vertebrate occurences from this unit such as
Fântânele 1 microvertebrate site (e.g., Grigorescu et al., 1999; Csiki
and Grigorescu, 2000; Vasile and Csiki, 2010 e sample P294),
Budurone microvertebrate site (Grigorescu et al., 1999; Csiki et al.,
2008 e sample BUD), K6 site (Botfalvai et al., 2021) and closely
spaced/identical site VI of Kadi�c (1916 e sample P295), as well as
the newly discovered site Fântânele-3 (Csiki-Sava et al., 2023 e

samples P424 to P428). Most of these were collected from grey or
greenish gray fine-grained beds for palynological analyses (given
the purely continental nature of these deposits, no attempt was
made to check for calcareous nannoplankton or foraminifera in Unit
2.3), except for sample BUD that was retrieved for detrital zircon
UePb geochronometry from a grey sandstone bed directly over-
lying the bed that hosts the Budurone microvertebrate bonebed.

Of the palynological samples analysed from this unit, sample
P294 proved to be quasi-barren, whereas sample P295 yielded only
a few poorly preserved specimens, suggesting oxidizing conditions
during and immediately after the deposition of the sampled beds.
Nevertheless, the palynofacies identified in sample P295,
composed mainly of gelified amorphous organic matter of entirely
continental origin, independently supports the sedimentological
interpretation of these deposits. Meanwhile, sample P425
(collected near site Fântânele-3) has proven remarkably rich,
yielding a diversified and well-preserved terrestrial palynomorph
assemblage dominated by angiosperm pollen referred to Proteaci-
dites div. sp. (Fig. 7.19-20), a taxon also encountered in sample 6B
(Neagului Valley, Unit 1.5). The assemblage also includes fern
spores such as Polypodiaceoisporites hojrupensis and primitive
angiosperm pollen with Pseudopapillopollis praesubhercynicus
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(Fig. 7.23), Krutzschipollis crassis (Fig. 7.22), Trudopollis conrector
(Fig. 7.21) and Subtriporopollenites constans (Fig. 7.24). The corre-
sponding palynofacies is represented by a mixed assemblage of
translucent and opaque continental phytoclasts, including frequent
large-sized cuticle fragments (Fig. 7.13); overall, the palynofacies
suggests short-distance transport of the vegetal debris within a
wider fluvial/deltaic setting. Meanwhile, the Proteaceae pollen
frequently occurring in sample P425 is considered to be derived
from a vegetation commonly associated with lignitic coaly deposits
(Milne, 1998), and thus indicates a swampy/lacustrine sedimentary
setting. This assessment is independently confirmed by the pres-
ence of the freshwater algae spore Schizosporis sp., also identified,
albeit with a low relative frequency, in the same sample.

The taxon Polypodiaceoisporites hojrupensis (also reported from
sample LL5-15-3 from South Ogradiilor Valley; see above) has its
first occurrence around the Campanian/Maastrichtian boundary in
the Tercis les Bains section from France (Siegl-Farkas, 2001),
whereas Pseudopapillopollis praesubhercynicus and Krutzschipollis
crassis have their currently accepted last occurrence in the basal
Maastrichtian (G�ocz�an and Siegl-Farkas, 1990; Ion et al., 1998; B�alc
et al., 2024).

Overall, these biostratigraphic constraints suggest a probably
earliest Maastrichtian age for this sample and thus for the
Fântânele-3 site, as well. Interestingly, the palynological assem-
blage reported by Csiki et al. (2008) from the Budurone micro-
vertebrate site, situated within the same unit but in a somewhat
higher stratigraphic position, lacks the important marker taxon
Pseudopapillopollis praesubhercynicus, suggesting that the age of
this assemblage (and site) may be younger than earliest Maas-
trichtian, and (based on the estimated thickness of the unit) is thus
probably an early (but not earliest) Maastrichtian.

Such an age assessment at Budurone is broadly supported by
the detrital zircon UePb data derived from the BUD sample
(Supplementary information 1 and 2). Unlike the other geochro-
nology samples from the study area reported previously, the rich
zircon grain population recovered from this sample is remarkable
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in that it contains a large number of latest Cretaceous (‘banatitic’)
zircons (51 out of 100), including many with relatively young
crystallization ages (see Supplimentary information 2) unlike any
other UePb age data previously reported from Hațeg Basin area
and nearby regions (e.g., Gallhofer et al., 2015; Vornicu et al.,
2023; this paper). Indeed, the calculated maximum depositional
age (MDA) for this sample is 72.96 ± 0.97 Ma (Fig. 11D), and may
be even somewhat younger, as it is definitively biased towards an
older age value by part of the banatitic zircon sample that appears
to originate from a more ‘classical’, ~79 Ma age magmatic source,
already identified in other, stratigraphically lower geochronology
samples (e.g. LL18). Such a young MDA and the high frequency of
banatitic grains (51 %) within the BUD zircon population indicate
the activation of a relatively young volcanic source around the
Campanian/Maastrichtian boundary in the neighbourhood of
Hațeg Basin. Furthermore, the abundance of banatitic zircons
within this sample suggests that accumulation of the sampled bed
was probably only slightly delayed relative to its calculated mean
MDA, as stratovolcanic bodies (the potential source for these zir-
cons, based on the nature of their parent magmatism; e.g.,
Gallhoferet al., 2015) are transient features swiftly dismantled by
subsequent erosion (Ducea et al., 2015; see also similar discussion
in B�alc et al., 2024: p. 17). Accordingly, we posit that deposition of
the Budurone beds in this area took place sometimes during the
later part of the early Maastrichtian, in good accordance with the
available palynostratigraphy data (see above).
4.3. Structural settings

The structural setting of the mapped area was reconstructed
using measurements as well as stratigraphic and morphotectonic
features. During the measurements, the directions of faults, lateral
displacements, thrusts, lithoclases, deformation bands and folds
were recorded. The occurrence of strata tilting and indirect features,
such as abrupt changes in lateral distribution of sedimentary units,
the occurrence of fault breccias and fault clay, or the relationship
between morphological features (valleys, ridges) and nearby
measured directions also helped to interpret the observed phe-
nomena. Based on these observations, several groups of structural
Fig. 18. Appearance of the main boundary fault and the associated damage zone in the field
(B); cataclasic red clayey zones formed in the proximal alluvial fan deposits (C); shear zon
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features (S1-4) and deformation phases (D1-3) were distinguished,
the former partially mentioned earlier but summarized here.
4.3.1. Description of structural features
The structural features observed in the outcrops are generally

small in scale, with only a few centimeters of displacement in the
case of faults, but they are typically found as dense, parallel planar
layers, often nearly parallel to the stratification. The mapped area is
overall characterised by a significant degree of shear deformation,
alreadymentioned by Laufer (1925) as a phenomenon affecting both
marine and continental strata. In clayey layers, shear planes are
marked by slickenside lineations and, in places, by broken larger
grains (even bone fragments). Due to the loose, fractured nature of
the medium to coarse-grained depositss, fault zones can be recog-
nised by the different colouration of the rock, their clayey nature, the
roundness of the grains, and the occasional calcitic, limonitic fissure
fills. The character of the displacements is given by the fibrous
mineral steps and slickensides visible in the calcitic fissure fills.

The most prominent structural feature is the West-East striking
fault line (S1) in the northern part of the study area, which also
represents the boundary between the Upper Cretaceous deposits of
Haţeg Basin and the crystalline basement rocks (Fig. 18). This major
fault has been interpreted previously both as a normal fault (Lupu
et al., 1993; Iancu et al., 2005) and a right-lateral strike-slip fault
(B�arzoi and Șecl�aman, 2010). The latter interpretation is also
consistent with our observations and suggests either a NW-SE
transpression or a SW-NE transtension. Although the fault surface
is generally not exposed, the damage zone with associated fault-
breccia, red-clayed cataclastite zone, and drag folds are dominant
features in the mapped area (Fig. 18A, C, D respectively).

The planes showing smaller-scale displacement are arranged in
twodominant structuraldirections,withstrikedirectionsNE-SW(S2)
andNW-SE (S3), respectively. Botharemostlyassociatedwithoblique
faults, whose kinematics can be both right and left (Fig. 19). The
mapped structures suggest that the S3 displacements are younger
than the S2 ones, as can be observed, for example, in themain branch
of Ogradiilor Valley, where the former displaces the latter.

Three more subordinate structural directions were also observed,
which also take the form of shear planes and appear as a few
: calcareous cemented fault breccia e L55 (A); fault scarp with 180/82 azimut and dip
es (red) and drag fold in the proximal alluvial fan deposits e L66 (D).
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measurements only at a site. S2m is a group of generally right-lateral
oblique faults with ~290-110 (WNW-ESE) strike, measured almost
exclusively in thegreyclayeybeds. S3m is a structural directionwith a
~0e180 (NeS) strike, a ~90� azimut and 60e70� dip. It can be asso-
ciated with normal fault scarps, suggesting a W-E extension. These
faultswere observed in the upper Geat Valley and in Fântânele Valley
close to the major (S1) fault. S4 contains near-vertical planes with a
~270e90 (W-E) strike, but no displacement directionwasmeasured;
they were more numerous on the hillside above Ciula Mic�a.

Fault-shear deformation affects both themarine deposits and the
overlying continental strata. As the dip of the two formations is
nearly similar, the displacements along the bedding planes are
dominant in both. The measured directions cannot be distinguished
by the separated units, although S3 is relatively more pronounced in
the “grey V�alioara beds”, which can be explained by the rheology of
the rocks and the near parallel dip of the bedding planes to S3.

The dip of the marine turbidite deposits is generally steep (~67�

on average), sometimes nearly vertical, and the sedimentary
structures (e.g. solemarks, see Fig. 4B) show either an easterly or
westerly dip, suggesting intense folding due to W-E compression.
This trend in the marine turbidites is also confirmed by previous
studies (Grigorescu and Melinte, 2001). The presence of boudin-
structures in the sandstone layers (Fig. 4C) further indicates that
this unit was exposed to shearing, parallel to the bedding plane.

The base conglomerate (Unit 1.1), the lower conglo-breccia (Unit
1.4) and the grey V�alioara beds (Unit 1.5) are tilted approximately
NE, with a dip of 60� over most of the area but can reach 70e80� in
the west. Towards east, the upper conglo-breccia (Unit 2.2) as well
as the Fântânele and Budurone beds (Unit 2.3) become gradually
less steeper (~30�) and switch to east-dipping (Fig. 8).

The bedding planes of the “lower” V�alioara breccia (Unit 1.3)
show greater variability. Near the northern main fault the strike of
the strata turns to ~290e110 (WNW-ESE) nearly parallel to the
main fault, while at locations away from the main fault, similarly to
the lower conglo-breccia and the grey beds, the dip direction is
typically NE. At sites close to the main fault, a cataclastic breccia
with a very similar appearance to the breccia can be found, which
marks the damage zone along the fault and is difficult to be
distinguished from the original sedimentary breccia (Fig. 18C).

In the immediate vicinity of the main fault, folded zones of
clastic deposits were detected (Fig. 18D). The zones may have been
former sedimentary strata associated with the proximal alluvial fan
(Unit 1.3), whose structure was rearranged by the shear stress of
the main fault, and the larger flat clasts became more oriented. The
folding is indicative of a ~NW-SE compression.
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4.3.2. Deformation phases
The northern main fault, interpreted as a strike-slip fault elon-

gated in the present-day W-E direction, can be related to a present-
day NW-SE transpression and perpendicular transtension tectonics
(hereafter referred to as D1). Based on the size of the structural
element (¼ main fault e S1), it was active for a long time and may
have favoured the creation of an elongated pull-apart basin through
its activity. This phase may also have been associated with the
exhumation of crystalline schists in the vicinity of the study area (on
the basin margins), which provided the debris material for the
breccias (and subsequentdeposits). Due to the transtension, the basin
filling sequence was tilted in the direction of the basin depocenter.

The formation of S2 structures occurred after the deposition of
thick clastic deposits filling the pull-apart basin and is associated
with aW-E compression environment (hereafter referred to as D2).
During this process, the more ductile deposits (such as the marine
turbidites) were folded, and the SW-NE striking right lateral faults
observed in the area may have formed.

The S3 structural elements displace the faults and the folded
beds resulting from the previous structural phase, and are
therefore younger than those. They are characterised by NW-SE
oblique faults, which are generally normal component right
lateral displacements and dip to the NE. This direction is associ-
ated with a SSW-NNE transtensional stress field (hereafter
referred to as D3) in which the synthetic Riedel shears (e.g. Naylor
et al., 1986) correspond to the observed structures. The displace-
ment surfaces are mostly shear faults along the bedding planes
and mainly occur in the grey V�alioara beds, but can also be found
in all other units. In the plastic turbidite layers, which were
already steeply inclined to the NE due to D1 tilting, such a stress
field could have produced small-scale drag folds and boudin
structures. The direction of the S3m structures also coincides with
the direction of the antithetic Riedel shears of this stress field.
Both the S3 and S3m structural directions had an impact on the
formation of the present day geomorphology, as the main valley
directions in the area are parallel to them. D3 also includes the
folds with a SW-NE striking axial plane observed near the main
fault, which deformed the layers of the neighboring coarse-
grained unit (“lower” V�alioara breccia; Unit 1.3) indicating that
the main fault was also active during this phase.

Structures associated with S4 are not distinguished here as the
result of a separate deformation event, as few measurements are
included. Based on the orientation (~W-E steep faults), this defor-
mation could also be a lateral displacement associated with D3.
Although they are parallel to the main fault, they are certainly not
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related to it because they displace the uppermost Cretaceous clastic
sedimentary sequence.

5. Discussion

The detailed geological mapping was carried out primarily
to obtain a detailed lithostratigraphic framework for the Geat
Valley e V�alioara area and to place the known vertebrate sites in
the reconstructed sedimentary sequences (Figs. 2, 8, 9, 20). To that
end, the geological make-up of the mapped area had to be estab-
lished both spatially and temporally, considering all the newly
assembled and previously published data. These effort resulted in
an integrated geological dataset serving as a model for the strati-
graphic and structural evolution of the area, discussed below.

5.1. Sedimentary-stratigraphic evolution of the uppermost
Cretaceous in the northwestern Hațeg Basin, and implication for its
vertebrate fossil record

The Densuș-Ciula Formation around V�alioara was interpreted so
far as being deposited by braided rivers, inwhich deposits generally
suffered short transportation and were rapidly accumulated
(Grigorescu, 1983, 1992, 2005). Our recent data, however, allow a
more accurate reconstruction of the temporal and spatial evolution
of the northwestern Hațeg Basin area near the end of the Creta-
ceous (see Fig. 20).

The direct, albeit erosional, contact between the marine turbi-
dites of the R�achitova Formation representing the lower Campa-
nian to lower part of upper Campanian and the overlying
fossiliferous Densuș-Ciula Formation was observed in Geat Valley,
represented by a slight angular unconformity. Deposition of the
first continental units overlying the turbidite sequence (the base
conglomerates e Unit 1.1 e and interbedded pyroclastic and vol-
canoclastic bodies e Unit 1.2), corresponding to the Lower Member
of the Densuș-Ciula Formation (Grigorescu, 1992), was dated using
detrital zircon UePb geochronology. This was carried out on altered
and partly reworked tuffitic intercalations deposited on top of the
turbidites (Fig. 10C-D), most probably in the latest early to earliest
middle part of the late Campanian (Fig. 20). Together these age
constraints leave a short temporal window around the boundary
between the informal early and middle parts of the late Campanian
(see Methods chapter) during which marine deposition ceased and
continental conditions were installed, more or less concomitanly
with a flare-up in banatitic magmatic activity in nearby areas.
During this time interval, the tilting and emergence of the marine
beds before their erosion was initiated. Since it was noted that the
extent of erosion increases in S and SW direction in present-day
azimuth (Grigorescu and Melinte, 2001), the former subaerially
exposed areas may had been in this direction at the start of con-
tinental sedimentation. In the study area, transport direction data
confirm this assessment, with the imbrications measured in the
base conglomerate (Unit 1.1) showing a present-day NE-oriented
flow direction (Fig. 3A). Furthermore, the presence of igneous clasts
and possible volcano-sedimentary deposits within the base con-
glomerates attests to contemporaneous volcanic activity taking
place in the catchment area, to the west of V�alioara.

Our new age constraints have important implications for the
stratigraphic framework of the Upper Cretaceous deposits from
northwestern Hațeg Basin. Sofar, it was assumed that deposition of
the continental beds (grouped in the Densuș-Ciula Formation)
started sometime during the early Maastrichtian (Grigorescu, 1992;
Csiki-Sava et al., 2016), although a somewhat earlier date for this
event (at the Campanian/Maastrichtian boundary) had been sug-
gested tentatively by Melinte-Dobrinescu (2010) mainly based on
the assessed age of the underlying turbidites of the R�achitova
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Formation. New biostratigraphic/geochronologic constraints from
around the unconformable R�achitova/Densuș-Ciula formational
contact indicate that this lithostratigraphic boundary, marking an
important environmental shift as well as contemporary tectonic
and magmatic activity, should be placed significantly earlier, in the
early part of the late Campanian, and that sedimentation of the
volcano-siliciclastic Lower Member of the Densuș-Ciula Formation
(represented in the study area by Units 1.1 and 1.2) actually covers a
large portion of the middle and later parts of the late Campanian
(Fig. 20). Remarkably, this reinterpretation is in line with recently
published igneous zircon UePb geochronology results from Densuș
Valley (Vornicu et al., 2023). There, the Lower Member is signifi-
cantly better developed, and usually coarser-grained volcanoclastic
beds represent a large proportion of the outcropping succession;
dating of andesitic and dacitic volcanoclasts from these beds have
yielded late early Campanian to earliest late Campanian
(81.88 ± 0.17 Ma to 80.22 ± 0.25 Ma) crystallization ages, indicating
subaerial magmatic activity by this time already, quasi-
contemporaneously with the cessation of marine deposition and
initiation of continental sedimentation. Accordingly, we propose
that the base of the continental Densuș-Ciula Formation should be
placed in the middle part of the upper Campanian (Fig. 20).

In the study area, the mixed siliciclastic-volcanoclastic deposi-
tion corresponding to the Lower Member of the Densuș-Ciula For-
mation is less well developed than in the R�achitova-Densuș sector
(western part of Hațeg Basin), and is covered by the coarse-grained,
laterally interfingering deposits of Units 1.3 and 1.4. These deposits
mark the next stage in the evolution of the basin, interpreted as a
longitudinal, rapidly subsiding pull-apart basin, in which alluvial
fans developed andwere fed by source areas that becamemore and
more elevated (Fig. 21A). One of the basin's marginal faults is the
main boundary fault (S1) identified during the fieldwork. The
“lower” V�alioara breccia (Unit 1.3) formed continuously during this
stage along the main fault while this was active, and was inter-
fingered with more distal, alluvial deposits at several stratigraphic
levels (Fig. 21B). As is typical of terrestrial pull-apart basins in
general (Noda, 2013), fluvial and floodplain facies have developed
towards the interior of the basin, away from the bounding marginal
faults, and alluvial fans formed at the basin margins due to the
greater relief existing there. The sediments of the basin margin
alluvial fans were derived mainly from the footwall of the fault. The
main fault of the study area was located on the present-day
northern side of the basin, so that sediment transport direction
was frompresent-day north towards the south, which identifies the
metamorphic formations of the Poiana-Rusc�a Mountains as the
source of the clastic material (Fig. 21B). At the same time, another
fault was active along the southern margin of the basin which
potentially also had alluvial fans attached to it, but these prefer-
entially accumulated metamorphic material from the Retezat
Mountains and transported it from south northwards, as confirmed
by previous sedimentological and petrological studies of upper-
most Cretaceous alluvial deposits of the Sînpetru Formation and
potentially correlative units (Van Itterbeeck et al., 2004; Bojar et al.,
2010). Away from the basin margins, however, axial transport
parallel to the basin elongation was typical, corresponding to to-
day's west-east direction, a transport direction that was indeed
documented by us in the grey V�alioara beds (Unit 1.5) and the red
cyclic deposits (Unit 1.6) (Fig. 21C).

The coarsening and reddening of the debris towards the basin
rim have both been noted previously (Grigorescu, 1992), but the
basin was then considered to be post-tectonic in nature. Given the
largely alluvial nature of the deposits representing this stage,
without any significant contribution frommagmatic input, Units 1.3
and 1.4 should be regarded as the basal units of theMiddle Member
of the Densuș-Ciula Formation as defined by Grigorescu (1992).



Fig. 20. Synthetic overview of the sedimentological and stratigraphical results, V�alioara study area, with reinterpretation of the chronostratigraphy and sedimentological make-up
of the lower part of the continental Densuș-Ciula Formation (Lower Member and lower part of Middle Member), Hațeg Basin, with main depositional cycles and units (color coding
according to Fig. 2), interpreted palaeoenvironments, approximate position of important vertebrate occurrences (grey stars), and most significant samples reported (light blue
circles e biostratigraphy, dark blue hexagons e geochronology; see details in text; Budurone MV - palynological sample reported by Csiki et al. (2008) from the Budurone
microvertebrate bonebed), in comparison with the Sebeș Formation, southwestern Transylvanian Basin; updated and completed from Csiki-Sava et al. (2016) based on B�alc et al.
(2024), Țab�ar�a and Csiki-Sava (2024), and present study. Abbreviations of localities and sites (see also Csiki-Sava et al., 2016; Botfalvai et al., 2021): I, II, VI e Kadi�c’s sites I, II and VI,
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Unfortunately, no direct chronostratigraphic constraints are
currently available for these units, except their intermediate geo-
metric position between the geochronologically constrained Lower
Member and the overlying finer-grained alluvial units that end the
first sedimentary cycle (see below). The grey V�alioara beds (Unit
1.5) include organic matter-rich deposits of floodplain lakes con-
nected to the river systems, besides the wetland-type environ-
ments suggested previously by Botfalvai et al. (2021). Lithologically,
they would indicate a more distal (i.e., away from the basin margin)
depositional setting within the pull-apart basin, but as these beds
can be traced laterally almost to the main fault, they are here
interpreted instead to represent a subsequent evolutionary stage
characterized by expansion of more quiet, lower-relief energy en-
vironments, at a time of important decrease in relief difference
between the erosion base and the northern source area (Fig. 21C).
Bo e Boița, CM e Ciula Mic�a, Cr e Cr�aguiș, D1 e Densuș, GB e General Berthelot, K1, K2, K6 e

New Vertebrate Site, V�alioara, Od e Oarda de Jos, PT e Petrești (different sites), RL e Râpa La
Tuștea, VB e V�alioara Budurone, VF1 e V�alioara Fântânele 1, VF3 e V�alioara Fântânele 3; ‘?

29
This study showed that, marine intercalations were indicated
locally in the basal part of Unit 1.5 by the occurrence of rare in-
dividuals of dinocysts and calcareous nannoplankton, as well as by
a marine palynofacies suggesting relatively shallow, nearshore
environments (see also Botfalvai et al., 2021). Their presence sug-
gests a transient transgression event that may have also tempo-
rarily raised the erosion base in the area (Fig. 21C). Available
biostratigraphic data place this event in the latest Campanian, close
to the Campanian/Maastrichtian boundary. Two major sequence
boundaries roughly corresponding to this time interval had been
identified by Haq (2014), with short-term (third-order) sea-level
highstands occurring at aprox. 74 Ma and 72.4 Ma, respectively,
and any of these could potentially account for this short-lived
marine ingression. However, it is far more likely that e given the
tectonically active intermontane setting of the study area e this
sites K1, K2 and K6 of Botfalvai et al. (2021), V�alioara, Lc e Lancr�am, Li e Livezi, Nvs e
ncr�amului, RR e Râpa Roșie, SbG e Sebeș-Glod, SFH e Secaș Feții Hill, Tc e Teleac, Tu e

’ marks tentative (i.e., not well constrained) position of sites/boundaries.
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event is a reflection of locally acting dynamic topographic (i.e.,
eurybatic) effects instead of being purely eustasy-driven (see Haq,
2014 for comments on these terms). The brevity of this ingression
event is emphasized both by the limited areal presence of the
corresponding deposits (identified only in the upper reaches of
Ogradiilor Valley) and by the fact that biostratigraphic constraints
from slightly higher-lying deposits of Unit 1.5 (e.g., samples 6B, LL5-
15-3) indicate the re-establishment of purely continental settings
by the earliest Maastrichtian (Fig. 20).

The well-developed red palaeosols (Unit 1.6) covering the grey,
bone-rich V�alioara beds (Unit 1.5) also represent a quieter accu-
mulation period when aggradation nearly ceased or largely shifted
to other areas. However, unlike the underlying unit, they document
a relative expansion of better-drained floodplain environments and
more widespread pedogenesis. Macroscopic, outcrop-level exami-
nation of these brick-red calcareous palaeosols pointed out high
levels of similarity to well-developed pedogenic successions
described previously from the middle part of the Densuș-Ciula
Formation at Tuștea, as well as from roughly correlative continental
beds cropping out either along the B�arbat River south of Pui in
Hațeg Basin, or else in the southwestern Transylvanian Basin (e.g.
Therrien, 2005; Botfalvai et al., 2017), and that were interpreted as
indicative of relatively dry, well-drained and higher-lying distal
floodplain environments. Meanwhile, they are clearly different
from the palaeosol-bearing successions reported from the upper-
most Cretaceous Sînpetru Formation or the coeval ‘Râul Mare beds’
cropping in the central part of Hațeg Basin, that are quantitatively
dominated by grey-green hydromorphic palaeosols, with subordi-
nate brown-red calcareous ones, indicating a dynamic palae-
oenvironmental mosaic of poorly to at most moderately drained
floodplain settings (Van Itterbeeck et al., 2004; Therrien, 2006).

Moving up-sequence, an episode of renewed erosion and
increased sediment influx is indicated by the re-appearance of
coarser-grained sedimentary successions (Units 2.1 and 2.2). These
units largely replicate the lithofacies and patterns of lateral inter-
fingering described previously in the case of Units 1.3 and 1.4, with
coarser proximal alluvial facies found near the main boundary fault
(Unit 2.1), replaced farther away from the basinmargin by generally
finer-grained floodplain and fluvial deposits (Unit 2.2; Fig. 21D).
Accordingly, these units are interpreted to mark the basal part of a
second, distinct depositional sequence, most probably due to a
second episode of tectonic activation along the northern main fault
and source area and/or to a lateral shift of the axes of major sedi-
ment transport back into the study area. As a further similarity with
depositional sequence 1, these coarse, conglomerate- and breccia-
dominated units are replaced up-section by dominantly finer-
grained deposits of Unit 2.3 (Fântânele and Budurone beds;
Fig. 21E) hosting again several important vertebrate fossil accu-
mulations (e.g., sites Fântânele-1,2,3 and the Budurone micro-
vertebrate site). Available biostratigraphic and geochronologic
constraints from Unit 2.3 place its basal part (Fântânele beds) into
the lower part of the lower Maastrichtian, but also indicate that it
extends into the upper part of the lower Maastrichtian within the
Budurone beds (Fig. 20). Incidentally, these constraints further
underline the magnitude of tectonic reactivation at this stage of
basin evolution, with a large amount of coarse detritic material
being brought into the basin during a relatively brief amount of
time during the early part of early Maastrichtian, a time interval
bracketed by the largely isofacial grey beds of Units 1.5 and 2.3,
respectively. We finally emphasize that despite the rather impor-
tant sedimentological and palaeoenvironmental changes tracked
by us across the largest part of depositional sequence 1 and within
depositional sequence 2, all these deposits belong to the lower part
of the Middle Member of the Densuș-Ciula Formation, as still
younger deposits of this subunit are known to extend farther to the
30
east, beyond the borders of our study area (see Grigorescu and
Csiki, 2008; Vasile et al., 2011).

There are several implications of these lithostratigraphic/
chronostratigraphic, sedimentary evolution, and palae-
oenvironmental reassessments resulting from the newly acquired
data from the V�alioara area. The first of these concerns currently
existing scenarios about the overall evolution of the latest Creta-
ceous Hațeg Island. Until recently, the main emergence phase of
this landmass was placed in the second part of the late Campa-
nian, based on the biostratigraphically well constrained marine-
to-continental transitional succession from Petrești, in the
southwestern Transylvanian Basin (e.g., Vremir et al., 2014; Ţab�ar�a
et al., 2022; B�alc et al., 2024). There, a gradual base level fall first
led to establishment of brackish-water environments up until the
second half of the middle part of late Campanian, with the first
moments of fluvial deposition within an estuarine-coastal low-
land setting placed at around 75e76 Ma, roughly coeval with a
moment of important magmatic (banatitic) activity (B�alc et al.,
2024), but otherwise lacking episodes of coarse-grained sedi-
mentation almost completely. By contrast, our Geat Valley data
documents a somewhat earlier emergence in the western Hațeg
Basin areaat the beginning of the middle part of the late Campa-
nian, and with clearly distinct sedimentary and magmatic signa-
tures of this event, as marked by the accumulation of the mixed
volcanoclastic-siliciclastic succession of the base conglomerate
(Units 1.1 and 1.2). Together, these indicate a tectonically and
magmatically more active setting and even a brief period of
unconformity-producing tectonic activity that ended abruptly the
preceding marine deposition. These differences emphasize the
presence of high levels of spatial and temporal heterogeneity
among the geological evolution pathways that characterized
different parts of Hațeg Island, underscoring its very dynamic
history at the end of the Cretaceous.

Besides these sedimentological differences, there are also
important distinctions between the early fossil records of the up-
permost Cretaceous of Hațeg Basin, respectively that of the south-
western Transylvanian Basin (Csiki-Sava et al., 2016). In the
southwestern Transylvanian Basin the first, albeit isolated, remains
of continental vertebrates are recorded in the still brackish segment
of the succession corresponding to the middle part of the upper
Campanian, and the first indications of a diversified continental
vertebrate fauna derive from the uppermost Campanian (Vremir
et al., 2014, 2015; B�alc et al., 2024). Meanwhile, the first known
vertebrate fossil occurrences in our study area are located most
probably in the lowermost Maastricthtian near to the Campanian-
Maastrichtian boundary, postdating those from the Transylvanian
Basin by about 3e4 Ma. Admittedly, however, the generally coarse
nature of the older continental sedimentary record from the
V�alioara area is not favourable to fossil preservation, thus the dif-
ferences we note may be partly biased by environment-driven
preferential preservation of fossils.

On the other hand, the oldest known important fossil accumu-
lations from the V�alioara area (K1, but especially K2 and Nvs; see
also Botfalvai et al., 2021) reveal a more diversified faunal assem-
blage compared to that from Petrești, with significant presences of
taxa otherwise common on the former Hațeg Island like the basal
testudine Kallokibotion, the hadrosauroids and (in particular) the
titanosaurs, all of which are currently unreported from the Petrești
succession (Vremir et al., 2014). Furthermore, our new age con-
straints provide further support for the assessment of Botfalvai
et al. (2021) according to which the local continental vertebrate
assemblages are probably the oldest ones documented in Hațeg
Basin. Nonetheless, in order to more properly understand the place
and importance of these local assemblages in the evolutionary
history of the Hațeg Island palaeofaunas, a detailed investigation of
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the newly discovered rich fossil material is requirede an effort that
is currently underway (e.g., Magyar et al., 2024).

5.2. Reconstruction of Late Cretaceous basin development

Arguments for the activity of the main fault and for the syn-
instead of post-tectonic nature of the continental lower Densuș-
Ciula Formation are presented here through a reconstruction of the
Late Cretaceous tectono-structural evolution of the Hațeg Basin
area (Fig. 22). The location of Haţeg Basin within a regional plate
tectonic setting is a key factor in determining the possible model
that synthesizes convincingly the explanatory interpretations
derived from our observations. Therefore, although our specific
study area is more spatially restricted, our results are discussed
starting from regional-scale context and phenomena.

The Densuș-Ciula Formation is one of the cover units of the
major Getic Nappe tectonic unit. Due to late Campanian to early
Maastrichtian southwest-to-northeast plate motions, the contem-
poraneous stress field was characterized by a W-E compression,
which, considering a post-Cretaceous clockwise rotation of nearly
90�, corresponds to the present-day NNW-SSE orientation in this
area of the Getic unit (P�atraşcu et al., 1993; Mațenco and Schmid,
1999; van Hinsbergen et al., 2020). The Getic unit moved towards
and overthrusted the Severin and Danubian units during the latest
Early to Late Cretaceous; during the same time period, a piggy-back
basin was formed behind the arc of the main thrust front, in which
marine sediments, mainly turbidites were deposited over a large
area during the Cenomanian to early late Campanian, including
within Haţeg Basin (Grigorescu and Melinte, 2001; Willingshofer
et al., 2001; Iancu et al., 2005; Melinte-Dobrinescu, 2010; Ţab�ar�a
and Slimani, 2019). The final, latest Cretaceous accretion of the
Getic units (corresponding to the second Getic/Laramian tectonic
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phase) was roughly NE-vergent, corresponding to today's SE, ESE
direction, and caused a displacement of more than 100 km (Iancu
et al., 2005; Golonka et al., 2006). Magmatic activity developed
along the entire subduction line, forming volcanic arcs along faults
south of the piggy-back basin, partly due to transtensional move-
ments, and in some places volcanic-volcaniclastic sediments
deposited simultaneously with the deepening of dextral pull-apart
basins (Gallhofer et al., 2015). Dextral shear propagated westward
between the colliding plates as the Apulian plate moved NE-ward
along the rigid Moesian Platform.

The next tectonic phase was mainly characterised by right
lateral displacements between two crustal segments: the super-
posed Danubian-Severin-Getic units with a greatly thickened crust
through nappe stacking, and the remainder of the Getic-Supra-
Getic units; it coincided with the beginning of the “Danubian
unroofing” event, i.e. the start of the erosion of the nappe cover
stacked on top of the lowermost, Danubian unit in the South Car-
pathians (Willingshofer et al., 2001). The uplift has caused erosion
over most of the area of the western Southern Carpathians, but
simultaneously a rapidly deepening pull-apart basin has formed
roughly along the line of the former piggy-back basin, the basal
sedimentary succession of which is documented in the study area
by the present research.

Previous studies generally emphasized the post-orogenic
character of Haţeg Basin, which led to the deposition of talus-
breccia, then alluvial debris cones, and finally fluvial and occa-
sional lacustrine deposits within the Densuș-Ciula Formation (e.g.,
Grigorescu, 1983, 1992). Although we consider this reconstruction
of local tectono-sedimentary evolution as largely correct, there
are nevertheless several indications that sedimentation was syn-
tectonic rather than purely post-tectonic, and that the formerly
active Danubian-Getic continent-continent collision zone
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(including the Hațeg Basin area) was already shifted into the peri-
orogenic zone, where orogenesis in the Wilsonian sense (Wilson
et al., 2019), as a phase of the Wilson cycle, had indeed already
been completed. These peri-orogenic zones are characterised by
thick sedimentary successions, including turbidites and volcano-
sedimentary deposits as pre- and synorogenic sediments, and
also by thick molasse-type deposits in the late and post-orogenic
phases (François et al., 2022). In the study area, we encounter both
of these types of successions intertwined, since the Densuș-Ciula
Formation itself is an intramontane molasse, but the volcano-
clastic deposits and reworked igneous clasts in the lower part of
the formation, overlying marine turbidites, are related to syn-
orogenic magmatic activity (i.e. banatites) found to the west
(Bojar et al., 2005; Iancu et al., 2005). The banatites are associated
with the Laramide phase of the Alpine orogeny (Berza et al., 1998;
Iancu et al., 2005), and currently available dating suggests that
this magmatism began in the late Turonian (89.48 ± 0.35 Ma) and
continued into the Campanian-earliest Maastrichtian (74-71 Ma;
Strutinski, 1986; Gallhofer et al., 2015). The well-developed vol-
cano-sedimentary sequences of the Rusca Montan�a Basin, in the
immediate western vicinity of our study area, also date from this
period (Strutinski, 1986; P�atraşcu et al., 1993). During the Late
Cretaceous these basins were located along a several hundred km-
long line including other dextral pull-apart basins (in Timok and
Srednogorje) that also host similar uppermost Cretaceous (Cam-
panian-Maastrichtian) stratigraphic sequences (Banjesevic, 2010;
Gallhofer et al., 2015).

The peri-orogenic basin formation and right lateral strike-slip
displacement documented by our data for the northwestern
Hațeg Basin is therefore not a local but a regional phenomenon, one
that was active for an extended time period due to its size, and the
easternmost member of this displacement front, the Maritsa Fault,
was demonstrably operational in the early Late Cretaceous
(Gallhofer et al., 2015). The Haţeg Basin, formed as a dextral pull-
apart basin, may have been part of the horsetail structure at the
continuation of the Cerna-Timok Fault System, at the then end of
the displacement zone (Fig. 22), and based on palaeomagnetic
measurements (P�atraşcu et al., 1993) its contemporary orientation
was indeed parallel to it. The rapid deepening of the Haţeg molasse
basin is indicated by the thick (approximately 2500e4000 m) up-
permost Cretaceous continental sequence deposited. In the map-
ped area, the association of the breccia layers with the main fault
further supports the syntectonic nature of the basin-filling
sequence.
5.3. Post-Cretaceous basin development

In the mapped area, no post-Cretaceous deposits predating the
Quaternary are currently present, so the post-Cretaceous evolution
of the basin can only be inferred from the mapped structural ele-
ments and the data available in literature. The interpretation of the
observed structures is thus here related to the known wider-scale
episodes of regional geological history, referred to in the
following text, and is discussed accordingly.

Among the structural elements, the formation of the folded
and sheared structures (D2) can be explained by regional struc-
tural motions that caused orogenic-parallel extension and then
clockwise rotation of about 50� in the Southern Carpathians
during the Paleogene (Mațenco and Schmid, 1999; Fügenschuh
and Schmid, 2005; Iancu et al., 2005). The main activity of the
Cerna-Timok Fault System south of the study area can also be
dated to this period (Linzer et al., 1998; Kr�ezsek et al., 2013;
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Krstekani�c et al., 2021). The rotation can be traced well by the
track of these faults and took place in a W-E compressional force
field (Mațenco and Schmid, 1999), during which the previously
NNE-SSW positioned (P�atraşcu et al., 1993) Haţeg Basin and its
surroundings became WSW-ENE striking. The study area itself
was therefore still in a dextral shear force field, but whereas the
Late Cretaceous to middle Paleogene was dominated by trans-
tension, at the end of the Paleogene this was replaced by trans-
pression that could conceivably also produce the larger, basin-
scale deformations (e.g. folds) associated with D2. The main
fault of the mapped area may also have been reactivated in this
stress field, but the main movements were probably along SW-NE
striking lateral displacements and oblique thrusts, which are
typical of the restraining bend of a transpressional strike-slip fault
system (Mann, 2007).

The youngest identified deformation event (D3) had a major
impact on morphotectonics, producing NW-SE strike-slip fault-
shear structures that deformed the mapped units, and especially
those that are softer, such as the grey bone-bearing V�alioara beds
(Unit 1.5) and sometimes even the fossils themselves. Fractures of
this orientation may have been generated by the Middle and Late
Miocene structural phases identified by Mațenco and Schmid
(1999). The former was characterised by a SSW-NNE transtension,
the latter by a NW-SE transpression stress field. Since by this time,
the wider study area was already close to its present-day position
(Linzer et al., 1998), and we mainly observed normal component
oblique displacements on the fractures, we propose that the
transtensional stress field could be the main cause of the defor-
mation. Due to the previous deformations, the Upper Cretaceous
stratawere parallel to the faults by this time, so shear deformations
along the bedding planes could easily occur. Nevertheless, as
Middle Miocene (Badenian - lower Sarmatian) shallow marine
formations found in Haţeg Basin and deposited on top of Paleogene
erosion surface are affected by the NW-SE strike-slip fault system
(Lupu et al., 1993), we hypothesize that both Miocene structural
phases left their mark on these deposits; however, deciphering the
post-Cretaceous basin development more accurately is beyond the
scope of the present work.
6. Conclusions

The geological mapping realized recently in the Geat Valley -
V�alioara area (northwestern Hațeg Basin), involving GIS recording,
as well as sedimentological, structural geological and petrological
studies, covered an area of about 10 km2 that hosts some of the
palaeontologically most important vertebrate sites known from the
Hațeg Basin area. These geological investigations were com-
plemented by intense exploration for, and excavation of, vertebrate
fossil sites, together with a broad coverage of palynological and
marine micropalaeontological (calcareous nannofossil and forami-
nifera) investigations as well as zircon UePb geochronology, in
order to better constrain the ages of the different sedimentary
successions cropping out in the study area and to refine their
palaeoenvironmental interpretation. The synthesis of the newly
amassed data from this complex multiproxy research contributed
to a more detailed understanding of the tectonic and palae-
oenvironmental evolution of this area during the latest Cretaceous,
with the following main results:

1. The new field data and observations demonstrate that the major
environmental shift from marine to continental deposition in
Haţeg Basin, accompanied by important contemporary tectonic
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and magmatic activity, occurred significantly earlier than pre-
viously considered, in the early part of the late Campanian, and
that the lowermost part of the Densuș-Ciula Formation e once
thought to belong to the Maastrichtian e covers a good part of
the middle and late Campanian as well.

2. Two vertically superimposed fining upward depositional cycles
could be separated within the uppermost Cretaceous conti-
nental basin fill succession from this area, both characterized by
an upward increase in the proportion of fluvial and floodplain
deposits in tandem with a decrease in the prevalence of prox-
imal alluvial fan deposits. Significant fossil vertebrate assem-
blages discovered in both the lower (K2, Nvs sites) and the upper
(Fântânele and Budurone sites) depositional sequences accu-
mulated in largely similar palaeoenvironments (e.g. fluvial de-
posits formed during periods of lowered sedimentation rates)
but represent different deposition times.

3. We identified minor marine intercalations locally in the basal
part of the fossil vertebrate-bearing grey V�alioara beds (Unit
1.5), indicated by the occurrence of rare individuals of dinocysts
and calcareous nannoplankton, as well as of a marine paly-
nofacies that suggest relatively shallow, nearshore environ-
ments. The presence of these intercalations documents a
transient transgression event that may have also temporarily
raised the erosion base in the area; available biostratigraphic
data place this event in the latest Campanian, close to the
Campanian/Maastrichtian boundary.

4. Deposition of the lower part of the continental Densuș-Ciula
Formation (investigated in the study area) took place associated
with intermittent subsidence of a syntectonic dextral pull-apart
basin. This rapidly subsiding basin was formed during the late
Campanian in a peri-orogenic zone, coeval with the banatitic
magmatic activity, and within a trans-tensional stress field
along a NeS (E-W, in present-day coordinates) striking tectonic
line.

5. The highly diverse vertebrate sites excavated in the study area
represent the oldest currently known and temporally well-
constrained bone-bearing horizons in the entire Haţeg Basin,
and also rank among the oldest ones from the entire latest
Cretaceous Hațeg Island, formed during a time interval ranging
from near the Campanian/Maastrichtian boundary to the late
early Maastrichtian. Accordingly, the currently ongoing study of
these sites and their fossil content will contribute greatly to our
knowledge concerning the composition of the earliest faunal
assemblages of Haţeg Island, and the spatial patterning of the
local palaeogeographical-palaeoenvironmental conditions
withinwhich these early faunas evolved. Furthermore as well as
will shed new light onto the timing of evolution and diversifi-
cation of these peculiar latest Cretaceous Eastern European is-
land faunas.
CRediT authorship contribution statement

G�asp�ar Albert: Writing e review & editing, Writing e original
draft, Software, Methodology, Investigation, Formal analysis, Data
curation, Conceptualization. Soma Budai: Writing e review &
editing, Writing e original draft, Methodology, Investigation, Data
curation. Zolt�an Csiki-Sava:Writing e review & editing, Writing e

original draft, Resources, Methodology, Investigation, Data cura-
tion, Conceptualization. L�aszl�o Mak�adi: Writing e review & edit-
ing, Investigation, Data curation. Daniel Ţab�ar�a: Writing e review
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Haţeg Basin, Romania. Geological Quarterly 49, 205e222.

Botfalvai, G., Csiki-Sava, Z., Grigorescu, D., Vasile, Ş., 2017. Taphonomical and
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Ulyanov, A., Mak�adi, L., 2021. ‘X’marks the spot! Sedimentological, geochemical
and palaeontological investigations of Upper Cretaceous (Maastrichtian)
vertebrate fossil localities from the V�alioara valley (Densuş-Ciula Formation,
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logical and palaeobiological inferences. Palaeogeography, Palaeoclimatology,
Palaeoecology 293, 375e390. https://doi.org/10.1016/j.palaeo.2009.10.013.

Csiki, Z., Ionescu, A., Grigorescu, D., 2008. The Budurone microvertebrate site from
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Vasile, Ş., Csiki, Z., 2010. Comparative paleoecological analysis of some micro-
vertebrate fossil assemblages from the Haţeg Basin, Romania. Oltenia. Oltenia.
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Vasile, Ş., Csiki, Z., Grigorescu, D., 2011. Reassessment of the spatial extent of the
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Appendix 1. List of taxa mentioned in the text.

Foraminifera:
Brotzenella Vasilenko in Bykova et al. (1958)
Brotzenella monterelensis (Marie, 1941)
Chrysalogonium polystomum (Schwager, 1866)
Cibicidoides Thalmann, 1939
Cibicidoides voltzianus (d'Orbigny, 1840)
Contusotruncana morozovae (Vasilenko, 1961)
Ellipsoglandulina velascoensis Cushman (1926)
Globorotalites Brotzen, 1942
Globotruncana Cushman, 1927
Laevidentalina Loeblich and Tappan, 1986
Laevidentalina gracilis (d'Orbigny, 1840)
Paratrochamminoides Soliman, 1972
Paratrochamminoides deformis (Grzybowski, 1898)
Planoheterohelix Georgescu and Huber, 2009
Rhabdammina Sars in Carpenter (1869)
Saccammina Sars in Carpenter, 1869
Siphonodosaria Silvestri, 1924
Trochammina Parker and Jones, 1859
Trochammina wickendeni Loeblich, 1946

Calcareous nannoplankton
Arkhangelskiella cymbiformis Vekshina, 1959
Broinsonia parca subsp. parca Stradner (1963); Bukry (1969)
Calculites obscurus (Deflandre, 1959) Prins and Sissingh in Sissingh (1977)
Cylindralithus sculptus Bukry, 1969
Eiffellithus eximius Stover (1966); Perch-Nielsen (1968)
Eprolithus floralis (Stradner, 1962) Stover, 1966
Gorkaea pseudanthophorus Bramlette and Martini (1964); Varol and Girgis (1994)

http://refhub.elsevier.com/S0195-6671(25)00018-7/sref158
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref158
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref158
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref158
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref158
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref158
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref159
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref159
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref159
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref159
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref160
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref160
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref160
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref161
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref161
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref162
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref162
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref162
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref162
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref163
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref163
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref163
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref163
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref164
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref164
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref164
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref164
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref164
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref164
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref164
https://doi.org/10.35463/j.apr.2024.01.07
https://doi.org/10.35463/j.apr.2024.01.07
https://doi.org/10.1016/j.cretres.2019.07.015
https://doi.org/10.1016/j.cretres.2022.105148
https://doi.org/10.1016/j.cretres.2022.105148
https://doi.org/10.1016/S0377-8398(02)00135-4
https://doi.org/10.1016/S0377-8398(02)00135-4
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref169
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref169
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref169
https://doi.org/10.1016/j.palaeo.2004.12.005
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref171
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref171
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref171
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref171
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref171
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref171
https://doi.org/10.1016/j.marmicro.2007.07.004
https://doi.org/10.1007/s12549-021-00492-1
https://doi.org/10.1007/s12549-021-00492-1
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref174
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref174
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref174
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref174
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref174
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref175
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref175
https://doi.org/10.1016/j.gloplacha.2014.07.014
https://doi.org/10.1016/j.gloplacha.2014.07.014
https://doi.org/10.1016/j.rse.2014.03.022
https://doi.org/10.1016/j.gr.2019.07.009
https://doi.org/10.1016/j.gr.2019.07.009
https://doi.org/10.1016/j.cretres.2004.04.004
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref180
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref180
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref180
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref180
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref180
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref181
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref181
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref181
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref181
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref181
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref182
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref183
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref183
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref183
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref183
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref183
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref183
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref183
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref184
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref184
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref184
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref185
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref185
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref185
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref185
https://doi.org/10.1007/s12549-015-0228-6
https://doi.org/10.31577/GeolCarp.2023.21
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref188
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref188
https://doi.org/10.1016/j.cretres.2014.02.002
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref190
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref190
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref190
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref190
https://doi.org/10.1016/0031-0182(89)90020-5
https://doi.org/10.1016/0031-0182(89)90020-5
https://doi.org/10.1017/S1477201903001032
https://doi.org/10.1017/S1477201903001032
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref193
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref193
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref193
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref193
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref193
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref193
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref193
https://doi.org/10.1046/j.0950-091x.2001.00156.x
https://doi.org/10.1144/SP470-2019-58
https://doi.org/10.1144/gsjgs.153.6.0907
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref197
http://refhub.elsevier.com/S0195-6671(25)00018-7/sref197
https://doi.org/10.1016/j.cretres.2025.106095
https://doi.org/10.1016/j.cretres.2025.106095


G. Albert, S. Budai, Z. Csiki-Sava et al. Cretaceous Research 170 (2025) 106095
Lucianorhabdus arcuatus Forchheimer (1972)
Lucianorhabdus maleformis Reinhardt (1966b)
Micula staurophora Gardet (1955); Stradner (1963)
Prediscosphaera cretacea Arkhangelsky (1912); Gartner (1968)
Reinhardtites anthophorus Deflandre (1959); Perch-Nielsen (1968)
Retecapsa crenulata (Bramlette and Martini, 1964); Grün in Grün and Allemann

(1975)
Tranolithus orionatus Reinhardt (1966a); Reinhardt (1966b)
Watznaueria barnesiae (Black in Black and Barnes, 1959); Perch-Nielsen

(1968)

Dinoflagellate cysts
Dinogymnium longicorne Vozzhennikova (1967)
Impagidinium Stover and Evitt, 1978
Isabelidinium microarmum bicavatum Slimani and Țab�ar�a, 2019 in Ţab�ar�a and

Slimani (2019)
Odontochitina Deflandre, 1937
Odontochitina costata Alberti (1961)
Pterodinium cingulatum subsp. granulatum Clarke and Verdier (1967); Lentin and

Williams (1981)

Freshwater algae
Chomotriletes fragilis Pocock, 1962
Schizosporis Cookson and Dettmann, 1959
38
Pteridophyta
Deltoidospora Miner, 1935
Deltoidospora australis Pocock et al., 1970
Deltoidospora toralis (Leschik, 1955); Lund, 1977
Polypodiaceoisporites Potoni�e, 1956
Polypodiaceoisporites hojrupensis Kedves, 1980
Vadaszisporites sacali De�ak and Combaz, 1967

Gymnospermatophyta
Balmeiopsis limbatus (Balme); Archangelsky, 1977
Classopollis Pflug, 1953

Angiospermatophyta
Hungaropollis G�ocz�an, 1964
Krutzschipollis crassis (G�ocz�an, 1964); G�ocz�an in G�ocz�an et al., 1967
Plicatopollis plicatus (Potoni�e, 1934); Krutzsch, 1962
Proteacidites Cookson ex Couper, 1953
Proteacidites scaboratus Couper, 1960
Pseudopapillopollis praesubhercynicus (G�ocz�an, 1964); G�ocz�an et al., 1967
Subtriporopollenites constans Pflug, 1953
Suemegipollis triangularis G�ocz�an, 1964
Tricolporopollenites Pflug and Thomson, 1953 in Thomson and Pflug, 1953
Trudopollis capsula Pflug, 1953
Trudopollis conrector Pflug, 1953
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