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Abstract: The Spagince-4 and Dubové-2 wells in the Blatné sub-basin of the Danube Basin were integrated with
SP/RT logs and seismic profiles to refine Badenian-Pannonian (Langhian-Tortonian) stratigraphy and basin evolu-
tion. The study integrates core-facies, provenance, XRF, well-log and seismic interpretations with reinterpreted data
from, in total, 29 foraminiferal, 41 calcareous-nannofossil and 16 palynological samples. Calcareous nannofossils
document NN4-NN6 zones, while planktonic foraminifera constrain parts of the succession to CPN7-CPNS.
Key markers include Orbulina suturalis, Globorotalia bykovae, Sphenolithus heteromorphus, ?Helicosphaera
ampliaperta and Reticulofenestra pseudoumbilicus > 7 um. The succession is mainly lower to upper Badenian,
whereas Sarmatian-Pannonian deposits are inferred from upper log-defined and seismic intervals. The Spagin-
ce-4 borehole records basal coarse-clastic and volcaniclastic deposits passing upward into marine gravity-flow
and suspension-dominated facies; Dubové-2 preserves a thinner marine succession above pre-Neogene basement.
Agglutinated morphogroups are locally compatible with bathyal-equivalent conditions where preservation per-
mits, while Bulimina-Bolivina-Uvigerina-rich assemblages are consistent with enhanced organic flux and locally
reduced oxygen availability. Phytoclast-rich residues indicate terrestrial input. Seismic data reveal an asymmetric
half-graben bounded by listric normal faults above a low-angle detachment, with Badenian growth strata overlain
by Sarmatian onlap and subhorizontal Pannonian post-rift deposits. Overall, the succession records Badenian
syn-rift sedimentation followed by Sarmatian-Pannonian shallowing and deltaic-lacustrine-fluvial infilling.

Key words: Neogene, Central Paratethys, biostratigraphy, sedimentology, core analysis

Introduction

The Miocene evolution of the northwestern Central
Paratethys was controlled by back-arc extension associated
with the Alpine-Carpathian orogenic system and the
lateral extrusion of the ALCAPA mega-unit (Royden et
al., 1983; Tari et al., 1992; Schmid et al., 2008). Within
this framework, the Pannonian Basin System developed
as a series of syn-rift depocentres characterized by rapid

subsidence, high sedimentation rates (e.g. Balazs et al.,
2016), and coeval volcanic activity during the Middle
Miocene (Harangi et al., 2025). The Danube Basin
represents one of the principal depocentres of this system
(Sztand et al., 2016). Its northwestern sector, including the
Blatné sub-basin, preserves a thick Miocene succession
recording the transition from syn-rift extension to post-
rift thermal subsidence (Sujan et al., 2021; Rybar et al.,
2025). The regional extensional evolution of the Danube
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Basin, including its Middle Miocene back-arc setting,
polyphase rifting and subsequent post-rift subsidence,
is well established (Hok et al., 2016; gujan et al., 2021,
2026). Previous studies also place the initial opening of
the Blatné sub-basin in the lower Badenian and continued
syn-rift subsidence in the upper Badenian (Sarinové
et al., 2018, 2021; Rybar & Kotulova, 2023; Rybar et
al., 2024, 2025). However, the local expression of this
regional evolution within individual fault blocks of the
Blatné sub-basin remains incompletely constrained. In
particular, uncertainties concern: (1) the position and
local expression of the transition from proximal coarse-
clastic and volcaniclastic sedimentation to unequivocally
marine deposition; and (2) the lateral correlation and
fault-block-scale architecture of Badenian gravity-flow
packages between the studied wells and adjacent parts of
the sub-basin. This study therefore aims to refine the local
chronostratigraphic and tectono-sedimentary architecture
of the Blatné sub-basin rather than to revise the established
regional extensional model. To address these issues, this
study presents an integrated investigation of the Spagince-4
(Lat:  48°26'19.6794"N; Lon: 17°37'40.2977"E) and
Dubové-2 (Lat: 48°29°20.9416"N; Lon: 17°35'52.6196"E)
deep wellsin the Blatné sub-basin. Anunpublished technical
report by Hudackova et al. (2018) presented the original
foraminiferal, calcareous-nannofossil and palynological
datasets, together with preliminary core-lithology, SP/
RT logs and palaeoenvironmental interpretations. In
the present study, these data were reinterpreted, and
selected archived residues and slides were re-examined
where clarification or revision was required. The study
further integrates substantially expanded core-facies and
provenance analyses, new XRF measurements and new
reflection-seismic interpretation. Its principal contribution
is the integration of the two well successions within a fault-
block-scale model of the Blatné half-graben. Published
numerical ages and data from neighbouring wells were
used for regional chronostratigraphic calibration; no new
radiometric dating was performed.

The objectives were to: (1) refine the biostratigraphic
framework of the Miocene succession using multiple
microfossil groups; (2) reconstruct depositional environ-
ments and facies architecture from the core data; (3) cor-
relate the studied well successions using SP and RT logs
and integrate them with the reflection-seismic profiles;
and (4) determine whether the contrasting Spagince-4 and
Dubové-2 successions reflect different structural positions
within the fault-controlled Blatné half-graben (Fig. 1).

Geological setting

Tectonic framework

The Danube Basin forms the northwestern segment of
the Pannonian Basin System (PBS), a Miocene back-arc

basin that developed during extensional collapse of the
Alpine-Carpathian orogen (Royden et al., 1982, 1983;
Horvath et al., 2006, 2015; Matenco & Radivojevi¢, 2012;
Tari et al., 1992, 2021). Basin formation was controlled
by slab rollback beneath the Carpathian arc and lateral
extrusion of the ALCAPA mega-unit (Ratschbacher et
al., 1991a, b; Schmid et al., 2008). The basin evolved
through a four-stage rifting process (Sujan et al., 2021)
corresponding to: (1) lower Badenian (Langhian), (2)
upper Badenian (lower Serravallian), (3) Sarmatian
(upper Serravallian), and (4) lower Pannonian (Tortonian).
Thermal subsidence prevailed from the mid—upper
Pannonian onward, while basin inversion likely began
in the Pliocene and continues today (Royden et al.,
1983; Horvath, 1995; Balazs et al., 2016, 2021; gujan et
al., 2016, 2021). The Danube Basin trends NE-SW, is
~200 km long and ~100 km wide, and is bounded by the
Eastern Alps (W), Central Western Carpathians (N), and
the Transdanubian Range (SE) (Vass, 2002; Sztand et al.,
2016). The Hurbanovo-Diodsjené Fault Zone represents
a major tectonic boundary within the southeastern sector
(Kluciar et al., 2016).

Basement structure

The pre-Neogene basement of the Danube Basin
consists predominantly of Paleozoic crystalline basement
rocks of the Tatric and Veporic units with their late
Paleozoic to Mesozoic sedimentary cover (Fusan et al.,
1987; Droppa et al., 2024). In the northern sector, these are
overlain by Fatric and Hronic Mesozoic nappe units (Biely
et al., 1996; Hok et al., 2014). The northwestern margin
locally preserves remnants of the Central Carpathian
Paleogene Basin (Biela, 1978). South of the Hurbanovo-
Didsjend Fault Zone, the basement includes Paleozoic
and Mesozoic sedimentary units of the Transcarpathian
Central Range (Fusan et al., 1987) and locally Paleogene
sediments (Tari et al., 1993; Sztano & Tari, 1993). The
structural framework reflects Late Cretaceous nappe
stacking which was later reactivated during Miocene back-
arc extension (Hok et al., 2014; Konec¢ny et al., 2002).

Syn-rift evolution and sub-basin development

The Slovak part of the basin comprises several
Miocene sub-basins, including the Blatné, Zeliezovce,
Risnovce, Komjatice, and Gabc¢ikovo-GyoOr sub-basins
(Vass, 2002; Sujan et al., 2021; Rybar et al., 2024). The
cumulative Neogene sedimentary fill locally exceeds
8 km in the Gabc¢ikovo-Gyor sub-basin, although this
total includes deposits accumulated during syn-rift and
post-rift stages (Killényi & Sefara, 1989; Hrusecky, 1999;
Sujan et al., 2021; Rybar et al., 2024). By contrast, the
approximately 3-km-thick fill of the Blatné sub-basin is
largely represented by Badenian deposits associated with
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the first two syn-rift phases (Csibri et al., 2018; Sujan et
al., 2021; Rybar et al., 2025).

Lower Badenian (Langhian) interval

Rifting initiated in the Blatné and Zeliezovce
sub-basins during the lower Badenian (Sarinové et al.,
2018, 2021; Rybar & Kotulova, 2023; Rybar et al., 2025).
This stage coincided with marine transgression of the
Central Paratethys (e.g. Popov et al., 2004) and deposition
of mudstones, sandstones, and volcanogenic sediments of
the gpaéince Formation (Biela, 1978; Vass, 2002; Rybar
et al., 2016). Volcanic activity in the Danube Basin before
approximately 14.1 Ma is documented by “°Ar/**Ar dating
(Rybar et al., 2024). The Middle Miocene volcanic flare-
up preceded and accompanied the Langhian/Serravallian
sea-level fall (~13.8 Ma) and was dominated by high-K
calc-alkaline magmatism (Karatson et al., 2000, 2007
Lexa et al., 2010; Chernyshev et al., 2013; Sarinova et al.,
2021; Rybar et al., 2025; Lexa et al., 2025).

Upper Badenian (lower Serravallian) interval

Rifting continued during the upper Badenian, incre-
asing accommodation space, particularly in the Blatné
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sub-basin (Rybar & Kotulova, 2023; Rybar et al., 2025).
Sedimentation included mudstones and sandy density-flow
deposits of the Bahon and Pozba formations (Vass, 2002;
Sujan et al., 2021).

Sarmatian (upper Serravallian) interval

Major basin expansion occurred during the Sarmatian,
particularly in the northern and central sub-basins (Sujan et
al., 2021; Rybar et al., 2024). Sedimentation shifted toward
restricted marine, brackish, and freshwater environments,
reflected in the Vrable and Ripniany formations (Fordinal &
Elecko, 2000). Calc-alkaline volcanism persisted into the
Sarmatian and was followed by smaller-volume alkaline
magmatism (Harangi et al., 1995; Wijbrans et al., 2007;
Harangi & Lenkey, 2007; Pécskay et al., 2006; Seghedi &
Downes, 2011; Chernyshev et al., 2013; Sant et al., 2020;
Novakova et al., 2020), reflecting progressive lithospheric
thinning (Lexa et al., 2010).

Pannonian (Tortonian)

The lower Pannonian marks the final syn-rift phase
and transition to thermal post-rift subsidence (Sujan et al.,
2021). Deep-basin mudstones and gravity sediments of
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Fig. 1. (a) Location of the Blatné sub-basin (BSB) within the Danube Basin (DB) and Pannonian Basin System (PBS), modified from
Fodor et al. (2021). (b) Locations of the studied and referenced wells and reflection-seismic profiles, modified from Sarinova et al.

(2021).
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the Ivanka Formation were followed by deltaic (Beladice
Fm.) and fluvial-lacustrine deposits (Volkovce Fm.) (Vass,
2002; Sztano et al., 2016).

Post-rift subsidence dominated during the upper
Pannonian (upper Tortonian—-Messinian) (Royden et al.,
1983; Horvath, 1995), and basin inversion since ~6—5
Ma resulted in erosion at basin margins and subsequent
deposition of Plio-Pleistocene sediments (Sujan et al.,
2016, 2018).

Materials and Methods
Core material and framework

The well-core material from the Spacince-4 and Du-
bové-2 deep wells was obtained from the NAFTA, a. s.,
repository in Gbely (Slovakia). Well-core preparation,
sedimentological description, micropalaeontological ana-
lyses, and palacoecological interpretation were conducted
at the Department of Geology and Paleontology, Come-
nius University in Bratislava. All samples and slides are
archived in the departmental collection and at NAFTA,
a. s. The study integrates sedimentological core analysis,

well-log and seismic interpretation, and multiproxy micro-
palaeontological investigation to reconstruct depositional
environments and refine the biostratigraphic framework of
the Blatné sub-basin (Fig. 1).

Data sources and provenance

The micropalaeontological dataset comprises 29 fora-
miniferal, 41 calcareous-nannofossil and 16 palynological
samples originally processed and analysed for the unpub-
lished technical report of Hudackova et al. (2018). That
report also included preliminary lithological descriptions,
SP/RT-log observations and palaeoenvironmental inter-
pretations of the Spacince-4 and Dubové-2 wells. In the
present study, the original dataset was reinterpreted using
updated taxonomic, biostratigraphic and palacoecological
frameworks. Selected archived residues and slides were
also re-examined where clarification or revision of indivi-
dual identifications was required. New work includes sub-
stantially expanded core-facies description and imaging,
handheld-XRF analysis of the Spaince-4 succession,
and reflection-seismic interpretation. The new thin-sec-
tion data and existing SP/RT logs were re-evaluated and
integrated with these new datasets. Published numerical

Tab. 1
Summary of datasets used in this study

Dataset Spacince-4

Dubové-2

Origin and use

Foraminifera 15 samples

14 samples

Hudéckova et al. (2018); reinterpreted and
partly re-examined

Calcareous nannofossils | 22 samples, 998-3,098 m

19 samples, 1,501-2,707 m

Hudackova et al. (2018); reinterpreted and
partly re-examined

Palynology 12 samples

4 samples

Hudackova et al. (2018); qualitative
reinterpretation

28 spot cores; 52.2 m recovered,

Sedimentological cores 1,190-3,348 m

23 spot cores; 89.9 m
recovered, 1,501-2,751 m

Expanded core description and facies
interpretation

Thin sections 6 samples

1atadepthof 1,705 m

Existing petrographic data re-evaluated in
this study

160 samples from 31 intervals,

XRF 697-3,347 m

None

New semiquantitative handheld-XRF dataset

SP and RT logs Available

Available

Legacy data reinterpreted and correlated
with core data

Four legacy 2D line segments combined

Seismic data into two composite profiles

New seismic-stratigraphic interpretation

Numerical ages Published regional age constraints

Used for calibration only; no new
radiometric dating

Note to Tab. 1. The wells were sampled by discontinuous spot coring; the stated depth ranges represent the distribution of examined cores and not continuously

recovered intervals.

Detailed sample depths, core identifiers, analytical metadata and the distribution of the 16 palynological samples between the two wells are provided in

Supplementary Tab. S1.
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ages and results from neighbouring wells were used for
regional correlation. No new radioisotopic dating was un-
dertaken (Tab. 1).

Sedimentology and subsurface data interpretation
Sedimentological and petrographic analysis

Preliminary lithological descriptions were provided
by Hudackova et al. (2018). In this study, the cores were
re-examined in substantially greater sedimentological
detail, focusing on lithofacies, depositional processes
and sediment provenance. The dataset comprised 28
discontinuous spot cores from Spacince-4 (C6~C32 and
C34), representing 52.2 m of recovered material from
intervals between 1,190 and 3,348 m, and 23 spot cores
from Dubové-2 (C1-C23), representing 89.9 m between
1,501 and 2,751 m. Core samples were cut perpendicular
to bedding, washed, stabilized with a dispersive adhesive
where necessary, and then photographed, scanned and
digitized. Lithofacies were defined from grain size,
sorting, matrix or clast support, clast composition, bed
contacts, grading, lamination, ripple structures, intraclasts,
soft-sediment deformation, bioturbation and fossil
content. Depositional processes were interpreted from
combinations of these criteria, following Boggs (20006),
Nichols (2009), Talling et al. (2012), Patruno et al. (2015),
Rossi et al. (2017) and Pellegrini et al. (2020). Intervals
lacking direct core control were interpreted from SP/
RT-log motifs and seismic character and are therefore
considered lower-confidence interpretations. The observed
criteria, facies associations, depositional interpretations,
chronostratigraphic assignments and confidence levels for
both wells are summarized in Tabs. 4 and 5.

Petrographic analysis was based on seven thin
sections: six from gpaéince-4 — C34 at 3,347-3,348 m,
C32 at 3,257-3,259 m, C30a at 3,158-3,159.3 m, C24
at 2,848-2,850 m, C18 at 2,405-2,408 m and C17 at
2,298-2,303 m — and one from Dubové-2 at ~1,705 m. The
sections were examined qualitatively under transmitted
and cross-polarized light to identify volcanic, carbonate,
sedimentary and metamorphic components and assess
changes in sediment provenance. Because no modal point
counting was performed, the compositional results are
treated as qualitative.

Well-log data and correlation

Spontaneous-potential (SP) and resistivity (RT) logs
were examined for the Spacince-4 and Dubové-2 wells.
These digitized legacy records were supplied by NAF-
TA, a. s.; no additional paper-to-digital conversion was
performed. SP is expressed in millivolts and RT in Q m.
The working dataset did not specify the original vertical

sampling or digitization interval, or any pre-processing,
filtering or depth adjustments applied before delivery.
Relevant technical metadata are retained in the legacy
documentation and digital repository of NAFTA, a. s. Re-
gional lithological correlation and log-motif interpretation
followed Emery and Myers (1996) and Rider and Kennedy
(2011). Funnel-shaped motifs indicate sustained upward
coarsening, bell-shaped motifs upward fining, symmetri-
cal motifs paired coarsening- and fining-upward trends,
and serrated motifs irregular high-frequency fluctuations
without a persistent trend. Motifs were identified from the
relative shapes of the SP and RT curves and their departures
from local baselines, rather than from universal numerical
thresholds (Rider & Kennedy, 2011). Log responses were
calibrated locally against the discontinuous core record by
matching recovered intervals to the corresponding curves
and comparing log motifs with observed grain-size trends,
lithofacies and vertical facies arrangements. Because spot
coring and core recovery were discontinuous, calibration
could not be applied throughout either well; interpretations
based solely on log character are therefore considered ten-
tative and assigned lower confidence than those supported
directly by core observations.

Seismic interpretation and well ties

Four legacy 2D seismic line segments were assem-
bled into two composite profiles: Composite 1 combines
lines 558 77, 558 86 and 558a 86, whereas Composite
2 comprises line 554 77. The data are archived in the
digital repository of NAFTA, a. s., were used with the
company’s permission, and were imported, displayed and
interpreted in Petrel. The accompanying spatial metadata
specify the Pulkovo 1942 / Gauss-Kriiger Zone 3N coor-
dinate reference system (EPSG:28463). SEG-Y header
inspection indicated a nominal trace spacing of approxi-
mately 25 m and a record length of about 6 s two-way
travel time for all lines. Line 554 77 contains 1,246 traces
with 3,000 samples per trace at a 2 ms sampling interval
and is approximately 31.2 km long. Lines 558 77, 558 86
and 558a_ 86 contain 515, 194 and 176 traces, respective-
ly, each with 1,500 samples per trace at a 4 ms interval;
their approximate lengths are 12.9, 4.8 and 4.4 km. Seis-
mic amplitudes were stored as 32-bit IEEE floating-point
values. Because the original acquisition and processing
parameters, including frequency content, were unavai-
lable, vertical resolution was assessed qualitatively and
no bed-scale interpretation was attempted. Interpretation
followed sequence- and seismic-stratigraphic principles
outlined by Mitchum and Vail (1977) and Fischer and
Veeken (2015). Horizons were identified from laterally
traceable reflections, changes in amplitude, continuity
and configuration, and systematic reflection terminations.
Faults were recognized from reflector offsets and termina-
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tions, abrupt changes in dip or continuity, and associated
deformation and growth geometries. Onlap and downlap
were identified from systematic updip and downdip reflec-
tion terminations, respectively. Growth strata were defined
as wedge-shaped packages that thicken toward faults, lo-
cally display fanning reflectors and show upward changes
in fault displacement (Mitchum & Vail, 1977; Fischer &
Veeken, 2015). Composite 1 was constrained by litholo-
gical and well-log data from the Kr-5, Du-2, Sp-5, Tra-1
and Tra-9 wells, whereas Composite 2 was constrained by
the Ci-2 and Sp-4 wells (Fig. 1). Available check-shot ti-
me-depth relationships were used to convert well-log and
lithological markers from depth to two-way travel time
before seismic correlation. The underlying check-shot and
sonic data are retained by NAFTA, a. s., and may be made
available on reasonable request, subject to the data ow-
ner’s permission. Interpretive confidence is highest near
well ties and along laterally continuous, clearly expressed
reflections. It decreases with distance from well control,
across joins between legacy line segments, and within
intervals containing weak, discontinuous or structurally
complex reflections. Stratigraphic assignments and depo-
sitional interpretations in these areas are therefore consi-
dered tentative.

X-ray fluorescence analysis

A total of 160 homogenized core samples from 31
discontinuous intervals in the Spagince-4 well, spanning
697.08-3,347.30 m, were analysed on 31 August and
1 September 2022 using a handheld BRUKER TITAN
S1 600 X-ray fluorescence analyser with GeoMining
calibration. The instrument reported 48 major- and trace-
element variables and an analytical total in percent;
values below the detection threshold were recorded as
“<LOD”. The analytical report does not specify numerical
detection limits, measurement uncertainty, replicate
quality-control analyses, matrix-matched reference-
standard results, measurement duration or further details
of sample preparation. The data are therefore treated as
semiquantitative and used to assess relative downhole
compositional variations rather than exact absolute
concentrations. The complete dataset is provided in
Appendix 3 and summarized in Supplementary Table S1.

Micropalaeontology

The micropalacontological dataset comprises 15
quantitative foraminiferal samples and 22 calcareous-
nannofossil samples from Spacince-4, and 14 quantitative
foraminiferal samples and 19 calcareous-nannofossil
samples from Dubové-2, together with 16 palynological
samples: 12 from Spacince-4 and four from Dubové-2.

These samples were originally analysed for Hudackova
et al. (2018). For the present study, the results were
reinterpreted, and selected archived residues and slides
were re-examined to clarify or revise individual taxonomic
identifications, biozonal assignments and palacoecological
interpretations. Sample depths and analytical status are
listed in Supplementary Tab. S1.

Foraminifera

Approximately 100 g of sediment per sample was
treated with hydrogen peroxide and wet-sieved through
0.071 and 1 mm meshes. Residues were examined using
an Olympus SZ75 stereomicroscope and a polarizing
microscope, and selected specimens were imaged
with a QUANTA FEG 250 SEM (Appendix 1). Where
possible, residues were split to obtain approximately 300
identifiable specimens; when fewer were available, all
recovered specimens were recorded and used cautiously,
mainly for taxonomic and biostratigraphic interpretation.
Taxonomy follows Loeblich and Tappan (1992), Cicha et
al. (1998) and Holbourn et al. (2013). Palacoecological
interpretation follows Boltovskoy (1976), Boltovskoy
and Wright (1976), Murray (2006), and Murray and Alve
(2011); agglutinated morphogroups follow Murray et
al. (2011), palacodepth estimates follow Murray (2006),
Hohenegger (2005), and taphonomic assessment follows
Holcova (1997). Water-depth interpretations were treated
as indicative and were applied only where assemblages
were sufficiently preserved and plausibly in situ. Benthic
assemblages were evaluated jointly with food supply
and organic flux, oxygen availability, substrate and
sedimentological context. Assemblages affected by
dissolution, mould preservation, selective preservation,
sorting or reworking were not treated as direct depth
indicators. Interpretations were based on the proportional
composition of ecological groups and morphogroups,
visualized using POLPAL (Nalepka & Walanus, 2003),
and supplemented by the chemical data in Appendix 3.
Relative abundances of the palacoecological groups were
calculated as percentages of the total benthic-foraminiferal
assemblage, whereas  agglutinated  morphogroup
abundances were calculated as percentages of the total
agglutinated-foraminiferal assemblage. Samples with
fewer than 30 identifiable specimens were excluded from
percentage-based palacoecological and morphogroup
analyses. Samples without foraminifera were classified
as barren, whereas assemblages dominated by moulds,
dissolved tests or mechanically damaged specimens were
classified as poorly preserved. Photodocumentation was
performed using an TESCAN SEM at the Department of
Geology and Paleontology, Faculty of Sciences, Comenius
University.
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Calcareous nannofossils

Nannofossils were prepared using smear-slide and
decantation techniques following Bown (1998). Slides
were mounted using Norland 61 adhesive and examined
under an Olympus BXS50 polarized-light microscope at
1,250% magnification. Photodocumentation was performed
using an Olympus Infinity 2 camera with QuickPHOTO
CAMERA 2.3 and Scopelmage 9.0 software. No fixed-
count protocol was applied. Slides were examined
systematically for taxonomic composition, preservation,
reworked taxa, biostratigraphic markers and zonal
assignment. The resulting qualitative to semiquantitative
sample-by-sample observations are provided in Appendix
4. Taxonomy follows Young (1998) and Young et al.
(2022).

Palynology

Approximately 20 g of sediment per sample was
processed using cold HF and HCI to remove silicates
and carbonates. Heavy liquid separation (ZnClz, density
2 g/em®) concentrated organic residues containing
pollen, spores, and other palynomorphs. Slides mounted
in glycerine were examined using a Zeiss Axioscope
microscope (40x and 63x).

Chronostratigraphic framework

Correlation between the Central Paratethys regional
stages and the Mediterranean scale follows Piller et al.
(2007), Kovac et al. (2007), Hohenegger (2014) and Wade
et al. (2011). Stratigraphically significant taxa were used
to constrain depositional timing and relate sedimentation
to tectonic phases and sea-level changes. No direct
geochronological analyses were conducted on material
from the Spacince-4 or Dubové-2 wells; all numerical ages
used for correlation were derived from published studies of
neighbouring wells and regional volcanic and sedimentary
successions (e.g. Sarinova et al., 2021; Rybar et al., 2024).

The complete tables are provided with the manuscript
as supplementary material. Tab. S1 lists the complete da-
taset inventory, including sample depths, core identifiers,
analytical status and available methodological metadata.
Appendices 1 and 2 provide species-by-sample forami-
niferal data for Spagince-4 and Dubové-2, respectively.
Appendix 3 contains the complete handheld-XRF dataset,
including depths, reported variables, units and below-de-
tection values, whereas Appendix 4 presents nannofossil
sample identifiers, taxonomic inventories, preservation
assessments, reworked taxa, biostratigraphic events and
zonal assignments. Appendices 1-4 accompany the ma-
nuscript as supplementary material.

The principal methodological limitations are disconti-
nuous core coverage, locally poor microfossil preservation,
incomplete metadata for the legacy geophysical datasets

and the semiquantitative nature of the handheld-XRF me-
asurements. Interpretations based primarily on well logs,
seismic geometry or regional correlation are therefore con-
sidered less certain than those supported directly by core
and fossil evidence.

Results
Lithological description of the studied wells
Spacince-4 well

The deepest cored interval (3,356-3,320 m; Core/C34)
consists of poorly sorted, matrix-supported carbonate
conglomerate with angular clasts embedded in a black
calcareous matrix (Fig. 2).

Core C33 at approximately 3,301-3,302 m was not
available for direct examination, and borehole-log data
are absent for this interval. Core C32 at 3,257-3,259 m
contains a poorly sorted volcanic conglomerate composed
predominantly of altered volcanic lithoclasts derived
from intermediate volcanism, together with spherulitized
vitroclasts. The mnon-volcanic components include
granitoid, biotite paragneiss, shale, carbonate and chert
fragments, and the groundmass is chloritized. Carbonized
plant fragments are also present. Tectonically deformed
mudstones and sandstones were reported from this depth
by Gaza (1963). Both SP and RT logs display pronounced
funnel-shaped trends (Fig. 2).

The interval 3,200-3,125 m (C31, 30) consists of
a massive grey-green zeolitized crystal-vitric tuff, where
glass shards were replaced by analcime. Two distinct
excursions are visible on the SP log, and the RT log shows
a low-amplitude bell-shaped trend.

The interval between 3,125 and 2,850 m (C28-C25)
is dominated by dark grey heterolithic mudstone-siltstone
with subordinate light grey siltstone to very fine sandstone
beds. Bedding is mm—cm scale, with parallel to wavy
lamination and sharp to irregular/wavy contacts. Mud-
rich intervals are laminated to locally mottled/weak-
moderately bioturbated. Silty to very fine sandy beds
show local normal grading, massive to faintly laminated
bases, parallel/ripple lamination, and thin mud drapes.
Irregular, lobate, loaded, and contorted laminae indicate
soft-sediment deformation and possible dewatering. The
core is locally fractured. The SP log displays a serrated
pattern with minor excursions, whereas the RT log shows
symmetrical to bell-shaped excursions of higher amplitude
(Fig. 2).

The interval between 2,848 and 2,850 m (C24) consists
of a massive, granule-pebble conglomerate/breccia
with poorly sorted angular to subrounded lithic clasts.
Larger platy/tabular clasts, some internally laminated,
likely represent ripped-up mudstone-siltstone intraclasts.
Bedding, grading, tractional lamination, bioturbation, and
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clear imbrication are absent; fabric is chaotic to weakly
organized (Fig. 2). The conglomerates differ significantly
from the underlying volcanic sequence in terms of clast
composition. The clast assemblage is dominated by
sedimentary lithologies, including sandstones (some
of Eocene-Oligocene age, as indicated by enclosed
foraminifera), calpionellid and radiolarian biomicrites, and
other carbonate rocks, accompanied by chert, granitoid,
and quartz-mica schist clasts.

The interval 2,850-2,150 m (C23 to 16) consists
of alternating laminated to wavy-laminated mudstone-
siltstone, massive to normally graded sandstone/pebbly
sandstone, and matrix-rich fine conglomerate. The
composition of the conglomerates and sandstones indicates
arenewed input from volcanic sources. Volcanic grains are
associated with granitoid, mica-schist, carbonate, siltstone,
and sandstone clasts. Marine fossils, including red-algae
(lithothamnia) fragments, suggest redeposition from
a shallow-marine environment. Upsection, the abundance
of unstable grains decreases, whereas quartz becomes
progressively more abundant. Conglomeratic and pebbly
beds are poorly sorted and contain abundant angular
to subrounded lithic clasts, including common platy
mudstone-siltstone intraclasts/rafts up to ~10 cm. Contacts
are sharp to locally erosive or irregular, with chaotic to
weakly stratified fabric, local clast clustering, ripple
lamination, and thin laminated intervals. Bioturbation is
limited, and clear imbrication is absent (Fig. 2). Both SP
and RT logs show serrated trends, with consistently high
RT amplitudes.

The interval between 2,150 and 1,125 m (C15-C6) is
dominated by brown, finely laminated mudstone-siltstone,
with subordinate thin fine-sandstone and siltstone
laminae. Lamination is mainly parallel to low-angle/
wavy, with common mud drapes/stringers and bedding-
parallel partings/fractures. Conglomeratic material, large
intraclasts, clear grading, and strong bioturbation are absent
to rare (Fig. 2). According to Gaza (1963) carbonized plant
fragments and marine macrofaunal remains are present.
The SP and RT logs remain serrated with low amplitudes
throughout this interval.

Between 1,125-625m (C5 to C1), no core was available
for this study, although core material exists. This interval
is characterized by higher-amplitude serrations on the SP
log. Gaza (1963) reported the presence of carbonized plant
fragments and marine macrofaunal remains.

The uppermost interval, 625-0 m, lacks core material
and is defined by high-amplitude serrated RT trends and
medium-amplitude serrated SP trends.

XRF description of the Spa¢ince-4 well

To further constrain compositional changes within
the succession, XRF analyses were performed on drill-
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core samples. The results demonstrate that the volcanic
horizon at depths of 3,158 and 3,258 m is characterized
by elevated relative values of Zr, U, Si, and K, whereas
Ca concentrations are lower compared to the surrounding
sediments. The highest relative Ca values correspond
to the occurrence of carbonate conglomerates at depths
of approximately 3,350 and 2,850 m. Additional Ca
enrichment was recorded in core samples from depths of
3,010 and 3,050 m. The systematic decrease in S values
above a depth of 905 m, approaching near-zero values, is
also observed (Appendix 3).

Dubove-2 well

The interval 3,000-2,780 m (C31 to 24) consists of
tectonically deformed shale, limestone, quartz arenite,
sandstone, and conglomerate (Gaza, 1968). SP and RT
logs display high-amplitude symmetrical to bell-shaped
excursions.

Between 2,780 and 2,720 m (C23), grey massive,
bioturbated sandstones occur. The SP log shows
a symmetrical trend, while the RT log exhibits funnel
and bell-shaped patterns. The sandstones are dominated
by carbonate clasts, some of which are clearly epiclastic.
Quartz, feldspar, mica, chert, siltstone, volcanic lithic
fragments, glauconite and bioclasts are also present in
a micritic matrix.

The interval between 2,720 and 2,535 m (C22-C16)
consists of grey to black sandy mudstone and muddy
siltstone, locally grading into very fine sandstone.
Bedding is laminated to faintly wavy/ripple laminated,
with local mud-rich streaks, elongate mudstone intraclasts,
diffuse grading, and bioturbation. Minor soft-sediment
deformation is present (Fig. 3). SP and RT logs are mainly
serrated, with minor high-amplitude excursions.

The interval between 2,535 and 2,060 m (C15-C6)
consists of dark grey to brown mudstone, sandy mudstone
and muddy siltstone that are massive to faintly laminated
and locally bioturbated. Thin-shelled bivalves and other
micro- to macrofauna are present. Coarse-grained beds
and clear traction structures are absent to rare; the core is
locally fractured (Fig. 3). SP and RT logs remain serrated.

A pronounced high-amplitude symmetrical trend is
visible on both logs between 2,060-1,975 m.

The interval 1,975-470 m (C5 to 1) consists of brown
mudstone to muddy siltstone/fine sandstone, massive to
finely/wavy laminated and locally bioturbated. Synse-
dimentary folding, bedding-parallel partings, and minor
fractures occur locally. A thin section from the fine-grained
conglomerate in core C3 at approximately 1,705 m was
examined for provenance. Its composition is dominated
by carbonate, quartzite, arenite, phyllite, chert, and quartz
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C28: 3,048-3,051.5: B2

Fig. 2. Representative core slabs from the Spagince-4 well. Labels give core number, depth and box. The illustrated facies include basal
paraconglomerate (C34), volcanic conglomerate (C32), zeolitized tuff (C31), heterolithic mudstone-siltstone and fine sandstone (C28
and C26), matrix-rich conglomerate and pebbly sandstone (C24 and C21), and laminated mudstone-siltstone (C9). Arrows indicate
younging direction; 1 cm scale bars are shown in individual images.
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C4:1,798-1,803: B2

C4:1,798-1,803: B4

C3:1,703-1,708: BS

C13: 2,458-2,463:

C9: 2,260-2,264: B1-3 . g, @ C15a:2,530.2,535. p1.3

C18:2,600-2,605: B3-4 C17

Fig. 3. Representative core slabs from the Dubové-2 well. Labels give core number, depth and box. The illustrated facies include bio-
turbated sandstone (C23), laminated sandy mudstone—muddy siltstone and fine sandstone (C22—C12), shell-rich reworked event beds
(C9 and C3), and laminated muddy siltstone—fine sandstone (C5—C3). Arrows indicate younging direction; 1 cm scale bars are shown
in individual images.
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grains, whereas volcanic grains are rare. The conglomerate
also contains bioclasts, including shell fragments, forami-
nifera, red algae, as well as the above-mentioned muddy
intraclasts. Rare shell-rich paraconglomerate/bioclastic
beds contain fragmented macrofossils and likely represent
reworked event layers (Fig. 3). SP and RT logs display
low-amplitude serrated trends.

Above 470 m, core material is absent. SP and RT logs
display high-amplitude serrated to symmetrical excursions.

Between 80—-0 m, excursions become more pronounced.

Biostratigraphy

The micropalaeontological results presented below are
based on the dataset originally generated by Hudackova et
al. (2018), subsequently reinterpreted for the present study
and supplemented by partial re-examination of selected
archived residues and slides. The principal biostratigraphic
events, zonal assignments, regional stages, formation
correlations and confidence levels are summarized in
Tabs. 2 and 3; complete sample-level data are provided in
Appendices 1, 2 and 4 and Supplementary Tab. S1.

Spacince-4 well (Sp-4)

Biostratigraphically informative samples and events
are summarized below and in Tab. 2; complete taxonomic,
accessory-residue and sample-level data are provided in
Appendices 1 and 4 and Supplementary Tab. S1.

Foraminiferal assemblages are generally poorly
preserved, particularly in the deepest intervals of the well.
In cores 29 and 28 (3,098-3,049 m), foraminifera are
retained in open nomenclature, because only moulds were
preserved, whereas the original shell material was dissolved
or mechanically damaged by compaction. Agglutinated
genera, mainly Reophax, Bathysiphon, Haplophragmoides
and Saccammina, dominate the assemblages, likely due
to early diagenetic processes. Planktonic foraminifera
are absent in core 28; therefore, the biostratigraphic
interpretation is based on the benthic species Saccammina
grzybowskii, whose first occurrence in the Badenian was
reported by Cicha et al. (1998). Calcareous nannofossils
from the same interval are represented by low-diversity
and poorly preserved assemblages containing rare zonal
markers Sphenolithus heteromorphus and Helicosphaera
walbersdorfensis, indicating the PNN4-NN5 nannofossil
zones. Rare diatoms and silicoflagellates occur locally; their
complete sample distribution is provided in Appendix 1.

Planktonic foraminifera from core 27 (3,002—
3,004.5 m) are poorly preserved and commonly occur only
as moulds. The first occurrence of the stratigraphically
important species Orbulina suturalis (Fig. 4, item 1) was
identified in core 26 at 2,949-2,952 m. The occurrence of
Sphenolithus heteromorphus and Helicosphaera waltrans
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in cores 21 and 17, at 2,695-2,698 m and 2,298-2,303 m,
respectively, indicates the NN5 Zone and a Langhian age.

The important biostratigraphic event was recognized in
core 12 (1,798-1,804 m), where the acme of Globorotalia
bykovae together with a bloom of small planktonic
foraminifera indicates an Upper Badenian age following
Gonera (2013). This interpretation is further supported by
the benthic foraminiferal assemblage characterized by the
occurrence of Bolivina dilatata maxima and the dominance
of the genera Bulimina and Bolivina, in agreement with
Cicha et al. (1998) and Kovacova & Hudackova (2009).
Nannofossil assemblages throughout most of the Sp-4 well
are generally poorly preserved and of low diversity, apart
from core 9 (1,503-1,498 m). In this interval, increased
diversity was recorded, including Coronocyclus nitescens,
Orthorhabdus rioi and Sphenolithus abies, together with
frequent occurrence of Reticulofenestra pseudoumbilicus
> 7 um. According to Bartol (2009), this event represents
an alternative marker for the NN5/NN6 zonal boundary.
The core 9 (1,498-1,503 m) was likewise assigned to the
upper Badenian.

Duboveé-2 well (Du-2)

Biostratigraphically informative samples and events
are summarized below and in Tab. 3; complete taxonomic,
accessory-residue and sample-level data are provided in
Appendices 2 and 4 and Supplementary Tab. S1.

The lowermost studied samples from core 22 (2,707—
2,703 m) yielded abundant planktonic specimens of
Ciperoella ciperoensis, suggesting a Karpatian to Lower
Badenian age according to Cicha et al. (1998). In cores
18-16 (2,605-2,555 m), foraminiferal tests are generally
poorly preserved, predominantly occurring as molds;
therefore, many taxa remain indeterminable and are left
in open nomenclature. Low-diversity and low-abundance
calcareous nannofossil assemblages were documented in
the interval 2,707-2,535 m. Rare and poorly preserved
specimens of the stratigraphically important species
?Helicosphaera ampliaperta were identified in the
interval 2,707-2,703 m, indicating the NN4 Zone. Due
to the absence of planktonic foraminifera in cores 18—17
(2,605-2,555 m), the biostratigraphic interpretation of this
interval remains uncertain.

The most abundant and diverse foraminiferal assem-
blage was identified in core 15a (2,535-2,530 m). The
assemblage contains a small proportion of planktonic taxa
dominated by indeterminate Globigerina species and rare
Ciperoella ciperoensis, which does not allow more precise
stratigraphic assignment. Within the benthic assemblage,
the occurrence of Uvigerina macrocarinata and Lenticu-
lina echinata represents an important stratigraphic marker
supporting assignment to the lower Badenian, correspon-
ding to the CPN7 Zone (Cicha et al., 1975). The occur-
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Tab. 2
Biostratigraphic summary of the Spacince-4 well
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Formation assignments are regional lithostratigraphic correlations and are not determined directly from the fossil assemblages. H — high confidence: concordant
evidence from adequately preserved foraminiferal and nannofossil assemblages; M — moderate confidence: supported by one fossil group, rare markers or
partly affected preservation; L — low/tentative confidence: questionable identification, poor preservation, reworking or dependence on regional correlation.
“Not assigned” means that the available assemblage does not justify a formal zonal designation.
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Fig. 4. SEM images of selected foraminifera from the Spagince-4 and Dubové-2 wells. 1 — Orbulina suturalis — Sp-4/26/1/60; 2 —
Globigerina regularis — Du-2/14/1-2-3/x; 3 — Globorotalia sp. — Du-2/14/1-2-3/x; 4-5 — Globorotalia bykovae — Sp-4/12/1-2/x;
6 — Cassigerinella chipolensis — Sp-4/16/4/x; 7 — Trilobatus quadrilobatus — Du-2/14/1-2-3/x; 8 — Globigerina cf. bulloides — Du-
2/14/1-2-3/x; 9 — Globoturborotalita druryi — Du-2/3/3/50; 10 — Globigerinella obesa — Du-2/16/1-2/x; 11 — Ciperoella ciperoensis
—Du-2/22/1-2/x; 12 — Trilobatus quadrilobatus — Du-2/14/1-2-3/x; 13 — Globigerina cf. bulloides — Du-2/14/1-2-3/x; 14 — Paraglo-
borotalia nana — Sp-4/12/1-2/x; 15 — Globotruncana sp. — Sp-4/16/5/x; 16 — Spirosigmoilina tenuis — Du-2/18/3—4/x; 17 — Bolivina
hebes — Du-2/16/1-2/x; 18 — Bolivina cf. hebes — Du-2/22/1-2/x; 19 — Bolivina dilatata — Du-2/16/1-2/x; 20 — Bulimina striata — Sp-
4/12/1-2/x; 21 — Uvigerina macrocarinata — Du-2/22/1-2/x; 22 — Uvigerina venusta — Du-2/14/1-2-3/x; 23 — Uvigerina bononiensis
subsp. primiformis — Du-2/18/3-4/x; 24 — Uvigerina semiornata — Du-2/14/1-2-3/x; 25 — Trifarina angulosa — Du-2/14/1-2-3/x;
26 — Bulimina elongata — Sp-4/11a/2/x; 27 — Stilostomella sp. indet. — Du-2/22/1-2/x; 28 — Ammonia parkinsoniana — Sp-4/16/4/x;
29 — Cibicidoides ungerianus — Du-2/14/1-2-3/x; 30 — Valvulineria complanata — Du-2/14/1-2-3/x; 31 — Hanzawaia boueana — Du-
2/14/1-2-3/x; 32 — Ceratocancris hauerii — Sp-4/26/1/60; 33 — Hansenisca soldanii — Du-2/14/1-2-3/x; 34 — Sahulia conica — Du-
2/14/1-2-3/x; 35 — Gaudryina megagranosa — Du-2/22/1-2/x; 36 — Quinqueloculina sp. indet. — Du-2/18/3-4/x; 37 — Bathysiphon
taurinensis — Sp-4/11a/2/x; 38 — Ammobaculites agglutinans — Du-2/14/1-2-3/x; 39 — Rhizammina algaeformis — Du-2/14/1-2-3/x;
40 — Lagenammina atlantica — Du-2/14/1-2-3/x; 41 — Uvigerina aff. bononiensis subsp. primiformis — Du-2/14/1-2-3/x.
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Tab. 3
Biostratigraphic summary of the Dubové-2 well
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Formation assignments are regional lithostratigraphic correlations and are not determined directly from the fossil assemblages. H — high confidence: concordant
evidence from adequately preserved foraminiferal and nannofossil assemblages; M — moderate confidence: supported by one fossil group, rare markers or
partly affected preservation; L — low/tentative confidence: questionable identification, poor preservation, reworking or dependence on regional correlation.
“Not assigned” means that the available assemblage does not justify a formal zonal designation.
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Fig. 5. Selected calcareous-nannofossil taxa and associated microfossils from the Spa¢ince-4 and Dubové-2 wells. A — Reticulofenestra
minuta, Sp-4, core 9; B — Reticulofenestra hagii, Du-2, core 9; C—D — Reticulofenestra pseudoumbilicus, Sp-4, core 9; E — Coccolithus
pelagicus, Sp-4, core 21; F — Cyclicargolithus floridanus, Sp-4, core 9; G — Coronocyclus nitescens, Sp-4, core 9; H — Braarudosphaera
bigelowii, Du-2, core 12; 1 — Helicosphaera carteri, Sp-4, core 9; J — Helicosphaera waltrans, Sp-4, core 21; K — Helicosphaera wal-
bersdorfensis, Sp-4, core 9; L — Sphenolithus heteromorphus, Sp-4, core 17; M — Orthorhabdus serratus, Du-2, core 15; N — Orthor-
habdus rioi, Du-2, core 17; O — Umbilicosphaera rotula, Sp-4, core 26; P — Discoaster deflandrei, Sp-4, core 29; Q — Zygrhablithus
bijugatus, Sp-4, core 9; R — Coccolithus eopelagicus, Du-2, core 15; S — Discoaster barbadiensis, Du-2, core 10; T — Tribrachiatus
orthostylus, Du-2, core 10; U — Isthmolithus recurvus, Sp-4, core 9; V — Arkhangelskiella cymbiformis, Du-2, core 17; W — Eiffellithus
turriseiffelii, Du-2, core 22; X — Eiffellithus eximius, Du-2, core 15. Scale bars are 5 um.
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rence of the zonal marker Sphenolithus heteromorphus in
the interval 2,535-2,530 m indicates a Langhian age for
the studied sediments. Another important stratigraphic
event was identified in core 14 (2,507-2,502 m), where
the occurrence of Pappina neudorfensis and Uvigerina
bellicostata, together with a bloom of small Turborotalita
quinqueloba, indicates an upper Badenian age, consistent
with interpretations by Cicha et al. (1998) and Gonera
(2013).

Assemblages from cores 5-1, particularly core 3 at
1,703-1,708 m, contain abundant Globorotalia bykovae
and Globoturborotalita druryi, supporting the CPN8 Zone
and an upper Badenian assignment (Cicha et al., 1998).
The associated nannofossil assemblage, including Reti-
culofenestra pseudoumbilicus > 7 um and Coronocyclus
nitescens, indicates the NN5/NN6 boundary interval.
Comparable assemblages have previously been correlated
with a broader late Badenian—Sarmatian interval, but the
combined evidence used here favours an upper Badenian,
lower Serravallian age. This interpretation is consistent
with the results of Kovacova et al. (2009) and Rybar et
al. (2015), who associated these assemblages with the
NN6 Zone and a late Badenian—Sarmatian (Serravallian)
age. Furthermore, the same interval yields a characteristic
assemblage of the Bulimina/Bolivina Zone described by
Grill (1941).

Pollen
Spacince-4 and Dubové-2 wells

All studied samples contain approximately 90 %
phytoclasts, including plant tissues, dispersed gymnosperm
cuticles and unidentified plant-derived particles, together
with highly corroded pollen grains, mainly Pinaceae.
Sporomorph preservation is very poor. Most phytoclasts
show moderate to high maturity and some may be reworked;
angular particles in at least half of the assemblage suggest
short, rapid transport.

Paleoecology of Foraminifera
Spacince-4 well

Agglutinated taxa dominate the interval between
3,056 and 2,901.5 m. Considering that benthic forami-
niferal assemblages may be significantly affected by
taphonomic processes such as dissolution and dilution,
while agglutinated assemblages are generally more re-
sistant and remain better preserved, the relative abun-
dances of agglutinated morphogroups were evaluated
for palaeoecological interpretation following Murray et
al. (2011). Morphogroup distributions in the intervals
3,056-2,901.5 m, 2,801.5-2,406 m and 1,897-1,700 m
are compatible with upper-bathyal to outer-shelf ecolo-
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gical affinities only where the assemblages are reasona-
bly preserved and plausibly in situ. The occurrence of
shallow-water epiphytic taxa, together with evidence
of dissolution, selective preservation and possible gra-
vity-flow redeposition, reduces confidence in direct
palacodepth estimates. The Cl-dominated assemblage
at 1,498.5 m and the increasing abundance of epiphytic
taxa at 1,082.5-799 m are consistent with shallowing,
although changes in substrate, food supply and oxygena-
tion may also have influenced the assemblages.

Calcareous assemblages between 2,598 and 2,406 m
and between 1,412 and 1,082.5 m contain taxa tolerant of
elevated organic flux and reduced oxygen availability. The
change from high-productivity taxa at 2,598 m, through
a mixed assemblage at 2,588 m, to low-oxygen-tolerant
taxa at 2,406 m is consistent with increasing organic
loading and/or decreasing oxygen availability, but does
not independently demonstrate bottom-water dysoxia.
These assemblages are therefore used to infer relative
changes in organic supply and bottom- or pore-water
oxygenation rather than direct water depth or a quantified
redox state. Samples containing only agglutinated forms
or clear evidence of reworking, including those at 2,405,
2297 and 698 m, are not used for confident palacodepth or
redox reconstruction.

Dubove-2 well

Foraminiferal tests are generally poorly preserved,
indicating partial dissolution and alteration of the original
assemblages. More resistant agglutinated taxa dominate
the intervals between 2,531 and 2,212 m and occur again
at 1,704 m (Fig. 7).

Morphogroup proportions based on Murray et al.
(2011) show a predominance of morphogroup C1 in
the lower and upper parts of the well. The assemblage
at 2,601-2,577 m is compatible with a middle-bathyal
ecological affinity only if it is reasonably in situ; poor
preservation, dissolution and sorting reduce the confidence
of this interpretation. The associated hyaline taxa and low
proportion of epiphytic oligotrophic forms are consistent
with enhanced organic flux and reduced oxygen availability
at the sediment—water interface and/or within pore waters,
but do not independently demonstrate the presence of
an Oxygen Minimum Zone (OMZ). The B3- and Cl-
dominated assemblages at 2,556-2,531 m are compatible
with a broad outer-shelf affinity. The sample at 1,791 m
is not used as a direct depth indicator because sorting
probably modified the original assemblage. The upward
increase in shallow-water and epiphytic components is
consistent with progressive shallowing, although changes
in substrate, nutrient supply and oxygenation cannot be
excluded as contributing controls (Fig. 7).
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Fig. 6. Relative abundances of palacoecologically significant benthic-foraminiferal groups in the Spagince-4 well. (Left side) Mor-
phogroups of agglutinated foraminifera adapted from Murray et al. (2011). (Right side) palaeoecological groups of benthic foraminifera
based on Murray (2006) and other authors. Abbreviations: HP — high productivity; DT — dysoxia-tolerant taxa; DW — deep-water taxa;
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Fig. 7. Relative abundances of palacoecologically significant groups of benthic foraminifera in samples from the Dubové-2 well. (Left)
Morphogroups of agglutinated foraminifera adapted from Murray et al. (2011). (Right) Palacoecological groups of benthic foraminifera
based on Murray (2006) and other authors. Abbreviations: HP — high productivity; DT — dysoxia-tolerant taxa; DW — deep-water taxa;
EF/ShW — epifaunal/shallow-water taxa.
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Discussion

Well-scale depositional and chronostratigraphic
interpretation

The interpretations below distinguish among evidence
documented directly in core or thin section, age and
environmental interpretations supported by fossil evidence,
interpretations supported mainly by SP/RT logs or seismic
geometry, and correlations inferred from the regional
stratigraphic framework. Interpretations lacking direct core
or fossil control are explicitly identified as tentative. The
diagnostic observations and facies-association criteria are
summarized in Tables 4 and 5; the following text focuses
on their depositional and chronostratigraphic significance.

Spacince-4 well

Basal coarse-clastic interval, 3,356-3,259 m; C34—C33.
The criteria summarized in Tab. 4 support high-energy,
short-distance sediment transport within a proximal
fan-delta or subaqueous debris-flow apron during early
depocentre development, consistent with Blair (1999). The
early lower Badenian age is regionally inferred.

Volcaniclastic interval, 3,259-3,125 m; C32-C30.
The criteria summarized in Tab. 4 support volcaniclastic
gravity-flow deposition in a fan-delta to subaqueous mass-
flow system, consistent with Smith (1986). The massive
zeolitized tuff may represent a subaqueous eruption-
fed density current or secondary volcanoclastic deposit
following the volcaniclastic model of Di Capua and
Groppelli (2016) and Di Capua et al. (2023). Together, the
interval indicates active volcanism, rapid sediment supply
and early syn-rift subsidence. Its early lower Badenian age
is regionally inferred.

Lower gravity-flow slope interval, 3,125-2,850 m;
C29-C25. The criteria summarized in Tab. 4 indicate
deposition from low-density turbidity currents and related
fine-grained sediment-gravity flows in a slope to basin-
floor setting, following the process framework of Talling
et al. (2012). The abundance of agglutinated foraminifera
and morphogroup ratios between ~3,003 and 2,849 m are
compatible with upper- to middle-bathyal affinities only
where the assemblages are plausibly in situ; taphonomic
overprinting makes these palaeodepth estimates indicative
rather than absolute. The FO of Orbulina suturalis and
nannofossils including Sphenolithus heteromorphus and
Helicosphaera walbersdorfensis constrain this interval
to the lower Badenian (Langhian). The absence of
reworked volcanic material within this interval suggests
the waning and progressive burial of the volcanic centre.
The presence of clasts derived from Eocene sandstones
indicates predominantly sediment transport from the west,
in contrast to the underlying and overlying volcanically
dominated successions. High pyrite content in the heavy
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fraction, elevated relative S and detectable Mo, together
with benthic taxa tolerant of low oxygen availability, are
consistent with decreasing of oxygen in bottom waters
during deposition of this interval.

Submarine channel-turbidite system, 2,850-2,150 m;
C24-C16. The criteria summarized in Tab. 4 support epi-
sodic high-density sediment-gravity flows within a sub-
marine channel system, alternating with lower-density
turbidites and suspension settling, following the process
criteria of Talling et al. (2012). The reappearance of a vol-
canic source within this interval may be explained in two
ways: either by tectonically driven uplift and exhumation
of the original volcanic center, and/or by renewed volca-
nic activity. Radioisotopic ages from volcanic material in
the Kralova-1 and Madunice-3 wells show that volcanic
activity in this area began before 14.1 Ma and persisted
until 13.83 Ma (garinové et al., 2021; Rybar et al., 2024).
Consequently, the persistence of volcanic activity appears
to represent the more plausible interpretation. The upward
decrease in unstable clasts accompanied by an increasing
proportion of quartz suggests progressive reworking of the
material. Nannofossil assemblages with S. heteromorphus
and H. waltrans support an NN5 lower Badenian (Lan-
ghian) age or younger.

Outer shelf-slope distal gravity-flow interval,
2,150-1,125 m; C15-C6. The criteria summarized in
Tab. 4 support suspension-dominated outer-shelf to slope
deposition with episodic distal gravity-flow or weak
traction-current input, consistent with Talling et al. (2012).
The occurrence of Globorotalia bykovae acme, small
planktonic foraminiferal blooms, and Bulimina-Bolivina-
dominated assemblages indicates an upper Badenian
(lower Serravallian) age and is consistent with enhanced
organic flux and locally reduced bottom- or pore-water
oxygen availability, rather than providing a direct measure
of water depth or redox state.

Shelf to marginal-marine interval, 1,125-625 m;
C5-C1. No core from this interval was examined in the
present study. Carbonized plant fragments and marine
macrofauna reported by Gaza (1963), together with high-
amplitude serrated SP and RT motifs, are consistent with
progressive shallowing toward shelf to marginal-marine
conditions. The interpretation remains tentative. The
interval is regionally assigned to the upper Badenian,
although a transition into the Sarmatian cannot be excluded.
The systematic decrease in S values above a depth of
approximately 905 m, approaching near-zero values, is
consistent with a trend toward lower salinity. However,
given the limitations of the dataset, this observation cannot
be regarded as direct evidence of decreasing water salinity,
although it may support the interpretation of a transition to
a marginal-marine depositional setting.

Upper log-defined interval, 625-0 m. No core ma-
terial or direct fossil control is available. High-amplitude
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serrated RT and medium-amplitude serrated SP patterns
indicate variable clastic input. Shallow- to marginal-ma-
rine, deltaic and younger lacustrine—fluvial environments
are inferred from the log character, seismic architecture
and regional stratigraphic framework. The Sarmatian—
Pannonian age assignment is therefore regionally inferred
and tentative.

Dubove-2 well

Pre-Cenozoic basement interval, 3,000-2,780 m;
C31-C24. Legacy lithological and log evidence sum-
marized in Tab. 5 supports interpretation of this interval as
Permian-Cretaceous pre-Cenozoic basement, with possible
Hronic and/or Fatric nappe affinity based on Biela (1978)
and Droppa et al. (2024). The high-amplitude symmetrical
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Fig. 8. Integrated stratigraphic log of the Spagince-4 well showing palacoenvironmental interpretation, fossil bioevents, and NN zones,
sedimentary structures, SP and RT logs, core positions, lithology and formation assignments. Sarmatian and Pannonian assignments in
intervals without direct fossil control are based on well-log, seismic and regional stratigraphic correlation and are considered tentative.
Palaeodepth and redox interpretations derived from benthic assemblages are indicative and are subject to ecological, taphonomic and

post-depositional controls.

to bell-shaped SP/RT responses are consistent with strong
lithification and lithological contrasts following Rider and
Kennedy (2011). A major hiatus separates the basement
from the overlying Neogene succession.

Bioturbated sandstone interval, 2,780-2,720 m;
C23. The criteria summarized in Tab. 5 support energe-
tic shallow-marine shelf deposition involving tractional
reworking and bioturbation, consistent with Howard
and Reineck (1981). The symmetrical SP and funnel- to
bell-shaped RT motifs indicate a discrete sand-rich body
following Rider and Kennedy (2011). The precise shelf
position remains uncertain, and gravity-influenced sand
deposition cannot be excluded. The lower Badenian age is
regionally inferred.

Sandy mudstone-muddy siltstone interval, 2,720—
2,535 m; C22-C16. The criteria summarized in Tab. 5
support mixed suspension and distal gravity-flow depo-
sition in a lower-energy outer-shelf to slope setting, fol-
lowing Talling etal. (2012). Ciperoella ciperoensis and rare
?Helicosphaera ampliaperta suggest a Karpatian to lower
Badenian age, while the FO of Saccammina grzybowskii
supports a Badenian (Langhian—lower Serravallian) as-
signment. The fossil evidence permits a Karpatian-Bade-
nian assignment, whereas seismic and regional correlation
favour a lower Badenian (Langhian) age.

Outer shelf-slope mudstone interval, 2,535-2,060 m;
C15-C6. The criteria summarized in Tab. 5 support sus-
pension-dominated outer-shelf to slope deposition, consis-
tent with the fine-grained marine depositional framework
of Macquaker et al. (2010). Agglutinated foraminiferal
morphogroups from 2,503-2,212 m suggest bathyal-equi-
valent conditions if in situ, but sorting and dissolution may
have modified the original assemblages. Benthic assem-
blages containing Uvigerina macrocarinata, Lenticulina
echinata, Pappina neudorfensis, and Uvigerina bellicosta-
ta, together with Sphenolithus heteromorphus, constrain
the interval mainly to Badenian (Langhian—lower Serra-
vallian). Increased Bulimina-Bolivina-Uvigerina compo-
nents are consistent with enhanced organic flux and locally
reduced oxygen availability, but are not treated as direct
depth indicators. The fossil evidence constrains the inter-
val broadly to the Badenian, whereas seismic correlation
favours a lower Badenian (Langhian) age.

Log-defined coarse-influx interval, 2,060-1,975 m.
No core material is available from this interval. A pro-
nounced high-amplitude symmetrical response is observed
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on both the SP and RT logs and is interpreted as a relative-
ly sand-rich or coarse-clastic pulse. Possible explanations
include a channelized sand body, a gravity-flow pulse or
a sequence-stratigraphic surface associated with local
tectonic or sediment-supply reorganization. Regional cor-
relation suggests that the interval may correspond to the
Langhian-Serravallian sea-level fall documented by Sari-
nova et al. (2021), but this event and age correlation rema-
ins tentative because it lacks direct core and fossil control.

Upper laminated mudstone and bioclastic interval,
1,975-470 m; C5-C1. The criteria summarized in Tab.
5 support low-energy marine suspension deposition
interrupted by episodic reworked event beds, consistent
with the event-bed framework of Kidwell et al. (1986).
Fragmented macrofossils in shell-rich beds suggest storm,
gravity-flow, or local mass-flow reworking. Globorotalia
bykovae, Globoturborotalita druryi, and nannofossils
near the NN5/NN6 boundary indicate an upper Badenian
(lower Serravallian) age. The upward increase in shallow-
water epiphytic forms suggests gradual shallowing in the
upper part of the well.

Upper log-defined post-rift interval, <470 m.

No core material or direct fossil control is available.
High-amplitude serrated to symmetrical SP/RT responses
indicate variable clastic input (Rider & Kennedy, 2011).
Shallow-marine, marginal-marine, deltaic and younger
lacustrine-fluvial environments are regionally inferred by
comparison with the seismic architecture and published
Danube Basin stratigraphy context (e.g., Sujan et al.,
2016). The late syn-rift to post-rift interpretation and
the Sarmatian-Pannonian age assignment are therefore
tentative.

Seismic interpretation and well integration

The interpreted seismic profiles (lines 558 77,558 86,
558a 86-Composite 1, and 554 77-Composite 2) image
the structural framework and stratigraphic architecture of
the Blatné sub-basin and adjacent areas (Figs. 10, 11). The
profiles show a strongly asymmetric half-graben bounded
by major listric normal faults that flatten downward and
sole into the Paleozoic basement (Figs. 10, 11). This
fault zone controlled Middle Miocene accommodation
space and the thickness distribution of syn-rift deposits.
The Paleozoic basement, together with overlying Late
Paleozoic to Mesozoic cover and nappe units of the Inner
Western Carpathians (Hok et al., 2014), forms a rugged
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Fig. 9. Integrated stratigraphic log of the Dubové-2 well showing palacoenvironmental interpretation, fossil bioevents, CPN and NN
zones, sedimentary structures, SP and RT logs, core positions, lithology and formation assignments. Sarmatian and Pannonian assign-
ments in intervals without direct fossil control are based on well-log, seismic and regional stratigraphic correlation and are considered
tentative. Palacodepth and redox interpretations derived from benthic assemblages are indicative and are subject to ecological, tapho-
nomic and post-depositional controls.
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surface that deepens toward the basin centre (Figs. 10,
11). Thin and discontinuous Paleogene to Lower Miocene
deposits are locally preserved on faulted structural highs
in the northwestern part of the area, probably related to
the Inner Carpathian Paleogene Basin and the Dobra
Voda Basin (Fig. 1). Above this surface, a thick Badenian
syn-rift succession fills the half-graben. These deposits
thicken toward the main fault zones and show inclined
to divergent reflector geometries typical of growth strata
(Gawthorpe et al., 1997; Figs. 10, 11). Their internal
seismic facies are commonly chaotic to high-amplitude,
locally corresponding to gravity-flow-dominated facies
documented in the Spagince-4 and Dubové-2 wells (Figs.
8, 9). The lower Badenian (Langhian; Spa¢ince Fm.; Vass,
2002) forms a laterally continuous seismic unit that thickens
into the main depocentre and locally toward the eastern
and southern basin margins, where large alluvial-fan to
fan-delta bodies are preserved (Figs. 10, 11). Reflectors
onlap intrabasinal highs and downlap toward the basin
axis, consistent with active syn-rift deepening (Gawthorpe
& Leeder, 2000). The overlying upper Badenian interval
(lower Serravallian; Bahon Fm.; Vass, 2002) is thicker
and shows smoother reflector geometries, with downlap
onto underlying units. This geometry indicates continued
syn-rift subsidence (Gawthorpe & Leeder, 2000), but with
higher sediment accumulation rates in line with models
presented in Rybar et al. (2025). Above the Badenian
growth packages, the seismic profiles show a regionally
extensive, gently dipping package with limited thickness
variation and common onlap onto the underlying syn-rift
succession (Nottvedt et al., 1995). This is overlain by
comparatively subhorizontal reflectors that pond in the
basin centre and thin across structural highs. Fault offsets
also decrease upward. These seismic geometries indicate
progressive basin infilling and waning fault activity.
Based on correlation with the regional lithostratigraphic
framework (e.g., Sujan et al., 2016), the onlapping package
is inferred to represent the Sarmatian Vrable Formation
(Vass, 2002), whereas the upper subhorizontal package is
inferred to represent the Pannonian succession. The post-
rift (Contreras et al., 1997) interpretation of the upper
package is supported by its seismic geometry (Figs. 10, 11),
but the detailed Sarmatian and Pannonian age assignments
remain tentative because direct biostratigraphic control is
absent.

Syn-rift sedimentation, marine deepening, and
post-rift infilling of the Blatné sub-basin

The integrated well-log, core, micropalacontological,
and seismic data provide an opportunity to evaluate
how the Blatné sub-basin (Fig. 1) evolved during the
Badenian—Pannonian interval. The key question is how
the variations between the Spacince-4 and Dubové-2
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successions (Figs. 8, 9) reflect the timing of basin opening,
changes in depositional environments, and the transition
from syn-rift subsidence to post-rift infilling. We interpret
these differences as the result of contrasting structural and
depositional positions within an asymmetric Badenian
half-graben, later modified by Sarmatian—Pannonian
shallowing and progressive basin filling (Figs. 10, 11).

The principal advance of this study is the placement
of the contrasting Spa¢ince-4 and Dubové-2 successions
within an asymmetric, fault-controlled half-graben and
the reconstruction of their syn-rift to post-rift evolution.
The basin-scale synthesis integrates core facies, biostra-
tigraphy, palaeoecology, SP/RT logs and seismic archi-
tecture. Core and fossil evidence provide the strongest
constraints, whereas interpretations based mainly on well
logs, seismic geometry or uncored intervals are treated as
lower confidence.

The contrasting successions in the Spagince-4 and
Dubové-2 wells are interpreted as the result of different
positions within the same evolving half-graben system.
Spacince-4 contains a thicker syn-rift succession with
basal coarse-clastic deposits, volcaniclastic material,
and abundant gravity-flow facies (Figs. 2, 8), whereas
Dubové-2 reaches pre-Neogene basement and contains
a thinner Neogene succession beginning with sand-rich
marine deposits (Figs. 3, 9). This interpretation is supported
by the seismic architecture, which shows an asymmetric
half-graben bounded by normal faults, syn-rift thickening
toward fault zones, and growth-strata geometries (Figs. 10,
11). Spacince-4 was therefore probably located closer to
an active depocentre and/or sediment-entry system, while
Dubové-2 occupied a more marginal position, possibly
near a structural high or fault block (Fig. 10). However,
the observed contrast may also partly reflect local erosion,
variable fault-block subsidence, or incomplete core and
log control.

Lower Badenian deposition was strongly influenced by
syn-rift subsidence and fault-controlled accommodation
(Figs. 10, 11). In Spacince-4, basal paraconglomerates,
volcanic conglomerate, zeolitized tuff, matrix-rich conglo-
merates, mudstone-siltstone intraclasts, chaotic fabrics,
and locally erosive contacts (Fig. 2) indicate rapid sedi-
ment supply from unstable basin margins (Fig. 10). These
core observations are consistent with the seismic eviden-
ce for growth strata and thickening toward normal faults
(Fig. 10). Together, the data support deposition during
active accommodation creation, short sediment-transport
pathways, local volcanic input, and repeated gravity-flow
activity along the margins of the developing depocentre.
Nevertheless, the coverage of the volcanic sequence by
non-volcanic sediments, followed by the renewed domi-
nance of volcanic-derived material in the sedimentary re-
cord, suggests a temporary cessation of volcanic activity
accompanied by burial of the volcanic centre. The sub-
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Fig. 10. Composite seismic profile 1 across the Blatné sub-basin. (a) Uninterpreted seismic data. (b) Seismic data with interpreted ho-
rizons, faults and well ties. (¢) Geological interpretation. The Kr-5, Du-2, Sp-5, Tra-1 and Tra-9 wells provide lithological and well-log
control. The vertical axis shows two-way travel time in milliseconds; horizontal distance and trace positions are indicated. Stratigraphic
colours, faults, core positions and sediment-transport directions are explained in the legend. Sarmatian and Pannonian assignments in
intervals without direct fossil control are based on seismic, well-log and regional stratigraphic correlation and are considered tentative.
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Fig. 11. Composite seismic profile 2, based on line 554 77, across the Blatné sub-basin. (a) Uninterpreted seismic data. (b) Seismic
data with interpreted horizons, faults and well ties. (¢) Geological interpretation. The Ci-2 and Sp-4 wells provide lithological and
well-log control. The vertical axis is two-way travel time in milliseconds; the horizontal scale is displayed. Stratigraphic colours, faults
and sediment-transport directions are explained in the legend. Sarmatian and Pannonian assignments without direct fossil control are
tentative.
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sequent reappearance of volcanic material is most plau-
sibly linked to the renewal of volcanic activity. Although
less likely, renewed exposure of the volcanic source due
to tectonic uplift or a fall in sea level cannot be entirely
excluded.

During the upper Badenian, marine environments
developed unevenly across the sub-basin. Fine-grained
mudstone-siltstone intervals, low-density turbidites, distal
gravity-flow deposits, and suspension-dominated facies
indicate outer shelf to shelf-slope deposition in both wells
(Figs. 2,3, 8,9). Agglutinated foraminiferal morphogroups
are compatible with bathyal-equivalent conditions in
several intervals, particularly where they are interpreted as
in situ (Figs. 4-7). However, poor preservation, dissolution,
sorting, reworking, and the presence of damaged tests and
moulds show that the original assemblages were locally
modified. Bulimina-Bolivina-Uvigerina-rich assemblages
indicate enhanced organic flux and locally reduced
oxygenation rather than water depth alone, because benthic
foraminiferal distributions are controlled mainly by food
supply, organic flux, and oxygen availability (Jorissen
et al., 1995; Van der Zwaan et al., 1999; Hayward et al.,
2002). The occurrence of dysoxia-tolerant taxa, together
with laminated fine-grained sediments, weak to variable
bioturbation, phytoclasts, and terrestrial organic input,
suggests enhanced organic flux to the sea floor. Reduced
oxygenation may therefore reflect enhanced organic-
matter production and export, limited ventilation caused by
stratification or restricted circulation, and reduced oxygen
exposure during rapid sediment accumulation and burial
(Demaison & Moore, 1980; Hartnett et al., 1998; den Dulk
et al., 2000; Rabalais et al., 2010). The XRF evidence is
used only as supporting information. Elevated relative
S and detectable Mo may be associated with reducing
conditions, but they may also reflect early-diagenetic
pyrite formation, organic-matter preservation, sediment
mineralogy and provenance, or salinity effects (Tribovillard
et al., 2006). Without independent mineralogical, organic-
carbon or Fe-speciation data, bottom-water and pore-water
redox conditions cannot be distinguished confidently.

The high-amplitude SP and RT interval in Dubové-2
between 2060 and 1975 m (Fig. 9) may represent a short-
lived increase in sandier or coarser clastic input (Rider &
Kennedy, 2011). It is tentatively correlated with the coarse
gravity-flow interval in Spadince-4 at 2,848-2,850 m
(Fig. 8) and may correspond to a sediment-supply pulse
or sequence-stratigraphic surface (Coe et al., 2003) near
the Langhian/Serravallian, intra-Badenian boundary,
similar to the event described from the Madunice well
series area by Sarinové et al. (2021) dated to ~13.8Ma.
However, this interpretation remains tentative because
the Dubové-2 interval is not core-confirmed (Fig. 9).
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Alternative explanations include local channelized
deposition (Posamentier & Kolla, 2003), fault-controlled
sediment routing within the evolving half-graben system
(Gawthorpe & Leeder, 2000), or a lithological/log response
that cannot be confidently interpreted as a basin-wide
sequence-stratigraphic surface without additional regional
correlation and stratal-geometry evidence (Catuneanu et
al., 2009).

The well-based interpretation is consistent with the
regional model of the Blatné sub-basin, where lower Ba-
denian basin opening during Rift 1 was followed by con-
tinued upper Badenian syn-rift subsidence during Rift 2.
The Sarmatian interval remains tectonically ambiguous.
The upper subhorizontal seismic succession of Panno-
nian age is interpreted as post-rift, although its detailed
correlation is only inferred by regional data (Sujan et
al., 2016, 2021; Rybar et al., 2025). The lower Badenian
coarse-clastic, volcaniclastic, and gravity-flow deposits
in Spagince-4 (Figs. 2, 8) support the interpretation of
an actively subsiding Blatné depocentre during the early
syn-rift stage and are compatible with regional evidence
for Middle Miocene volcanic activity around the Langhian/
Serravallian transition (Sarinova et al., 2021; Rybar et al.,
2024, 2025). The upper Badenian mudstone—siltstone and
gravity-flow intervals can be correlated with the marine
Spacince and Béhoii/Pozba formations, whereas the over-
lying shallowing trend and log-defined upper intervals are
consistent with the transition toward the Vrable Formation
and later Ivanka-Beladice-Volkovce depositional systems
sensu Vass (2002) and Sujan et al. (2016, 2021). Compared
with the Madunice well series on the eastern basin margin
(Sarinova et al., 2021), the Spagince-4 and Dubové-2 data
indicate that facies distribution was strongly controlled by
local depocentre architecture, fault-block position, and se-
diment-entry pathways (Figs. 10, 11).

The volcaniclastic component may include reworked
older or nearby deposits rather than exclusively primary
eruptive input (Schneider et al., 2001), although contem-
poraneous volcanism is documented in neighbouring wells
(Sarinova et al., 2021; Rybér et al., 2024). The resulting
short transport pathways and localized sediment entry are
consistent with fault-controlled sediment routing in exten-
sional basins (Gawthorpe & Leeder, 2000).

Several limitations should be considered when eva-
luating this interpretation. Core coverage is incomplete,
particularly in the upper parts of both wells (Figs. 2, 3, 8,
9), where depositional environments are inferred mainly
from SP/RT log motifs, seismic architecture (Figs. 8-11),
and regional stratigraphic correlation (Sujan et al., 2016,
2021; Sarinova et al., 2021; Rybar et al., 2024, 2025)
rather than direct lithological evidence. Foraminiferal
preservation is poor in several intervals, and agglutina-
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ted assemblages may have been affected by dissolution,
sorting, and reworking; therefore, palacodepth estimates
based on these assemblages should be treated as indicative
rather than absolute (Figs. 4-7). The Sarmatian and espe-
cially Pannonian interpretations are partly inferred from
seismic and log-defined patterns calibrated by the regio-
nal lithostratigraphic framework. Similarly, the proposed
correlation between the Dubové-2 high-amplitude interval
at 2,060—1,975 m and the Spacince-4 coarse gravity-flow
interval at 2,848-2,850 m remains tentative because the
Dubové-2 interval lacks core confirmation (Figs. 8, 9).

The integrated data support a five-stage conceptual
depositional model for the Badenian-Pannonian evolution
of the Blatné sub-basin. (1) During the early lower Ba-
denian, fault-controlled accommodation created a rapidly
subsiding depocentre supplied by proximal coarse-clastic,
debris-flow and fan-delta systems. This interval was also
associated with volcanic activity, which ceased in this area
at approximately 13.8 Ma (Sarinova et al., 2021). (2) Con-
tinued lower- to upper-Badenian subsidence was accom-
panied by marine transgression and deepening, leading to
outer-shelf-slope to basin-floor deposition dominated by
turbidites, debris flows and suspension settling, with local-
ly bathyal-equivalent benthic assemblages where preser-
vation permits and the assemblages are plausibly in situ.
(3) During the late upper Badenian, high sediment supply
and enhanced organic and nutrient flux accompanied fi-
ne-grained marine sedimentation and evidence consistent
with locally reduced bottom- or pore-water oxygen availa-
bility. (4) A regionally inferred Sarmatian interval records
progressive shallowing, increasing terrestrial influence
and a transition towards restricted to marginal-marine en-
vironments. (5) The upper subhorizontal seismic package
is tentatively correlated with the Pannonian and interpre-
ted as a post-rift infill system characterized by aggradation
and deltaic, lacustrine and fluvial sedimentation (Figs. 10,
11).

The present results refine, rather than replace, the
established regional tectonic model of the Danube Basin.
The integrated data show that lower Badenian basin
opening was expressed differently within individual
fault blocks: Spacince-4 records initial coarse-clastic and
volcaniclastic deposition followed by marine deepening,
whereas Dubové-2 records a thinner marine succession
directly overlying pre-Neogene basement. Seismic growth
strata and faultward thickening indicate that Spadince-4
occupied a position closer to the active depocentre,
while Dubové-2 was situated closer to a structural high
or marginal fault block. Nevertheless, the correlation of
the uncored 2,060-1,975 m interval in Dubové-2 with the
intra-Badenian coarse-clastic event, as well as the detailed
age assignment of the Sarmatian—Pannonian upper
intervals, remains tentative.
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Conclusions

The integrated data support a conceptual depositional
model for the Badenian-Pannonian evolution of the Blatné
sub-basin:

(1) Calcareous nannofossils and foraminifera constrain
the studied Neogene succession mainly to the lower—
upper Badenian (Langhian—lower Serravallian).
Nannofossil assemblages document NN4-NN6
zones, and planktonic foraminifera locally indicate
CPN7-CPNS8 zones. Important stratigraphic markers
include Orbulina suturalis, Globorotalia bykovae
acme, ?Helicosphaera ampliaperta, Sphenolithus
heteromorphus, Sphenolithus abies and large Re-
ticulofenestra pseudoumbilicus > 7 um. Sarma-
tian-Pannonian deposits are inferred mainly from
upper log-defined and seismic intervals.

Continued lower to upper Badenian subsidence was
accompanied by marine transgression and deepening,
leading to outer-shelf-slope to basin-floor deposition
dominated by turbidites, debris flows and suspension
settling, with locally bathyal-equivalent benthic as-
semblages where preservation permits and the assem-
blages are plausibly in situ.

During the late upper Badenian, fine-grained marine
sedimentation coincided with high sediment input,
increased organic-matter and nutrient fluxes, and
evidence of locally reduced oxygen availability in
bottom waters or pore waters.

(4) Where sufficiently preserved and plausibly in situ,
agglutinated-foraminiferal morphogroups are com-
patible with bathyal-equivalent conditions in seve-
ral Badenian intervals. These palaeodepth estimates
remain indicative because of dissolution, selective
preservation, sorting, reworking and poor test pre-
servation. Bulimina-Bolivina-Uvigerina-rich assem-
blages are consistent with enhanced organic flux and
locally reduced bottom- or pore-water oxygen availa-
bility rather than water depth alone.

Seismic profiles show that Badenian deposition
occurred within an asymmetric half-graben controlled
by listric normal faults soling into a low-angle
detachment. Lower—upper Badenian (Langhian—lower
Serravallian) strata thicken toward major faults and
display growth-strata geometries, indicating active
syn-rift subsidence. The onlap of an upper seismic
package, regionally inferred to be Sarmatian (upper
Serravallian), together with the upward decrease
in fault offset, indicates waning tectonic activity,
although it remains uncertain whether this package
represents the final syn-rift stage or a transitional
phase. The overlying subhorizontal reflectors are
tentatively correlated with the Pannonian (Tortonian)
succession and interpreted as evidence of major fault
cessation and post-rift aggradation.

2
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(6) The Spagince-4 and Dubové-2 successions represent
different structural and depositional positions within
the Blatné sub-basin. Spa¢ince-4 was located closer
to an active depocentre and sediment-entry system,
whereas Dubové-2 occupied a more marginal posi-
tion near a structural high or a fault block. This ex-
plains the contrast between the thick coarse-clastic/
volcaniclastic gravity-flow succession in Spagince-4
and the thinner marine succession above basement in
Dubové-2.

Overall, the integrated data record a transition from
Badenian fault-controlled syn-rift sedimentation to
regionally inferred Sarmatian shallowing and ten-
tatively correlated Pannonian post-rift deltaic-la-
custrine-fluvial infilling.

(7
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Vyvoj blatnianskej priehlbiny pocas badenu az panénu (lang — torton)
v severozapadnej ¢asti Dunajskej panvy (centralna Paratetyda):
integrované biostratigrafické, facidlne a seizmické udaje
z vrtov Spacince-4 a Dubové-2

Miocénny vyvoj severozapadnej Casti centralnej Pa-
ratetydy ovplyviiovala zaoblukova extenzia spojena s vy-
vojom alpsko-karpatského orogénu a lateralnym tnikom
megajednotky ALCAPA (Royden et al., 1983; Tari et al.,
1992; Schmid et al., 2008). V tomto geodynamickom
prostredi vznikol pandnsky panvovy systém ako ststava
synriftovych depocentier charakterizovanych rychlou sub-
sidenciou, vysokou rychlost'ou sedimentacie a vulkanickou
aktivitou. Dunajska panva predstavuje jedno z hlavnych
depocentier tohto systému. Jej severozapadna Cast’ vra-
tane blatnianskej priehlbiny zachovava hrubti miocénnu
sedimentarnu sukcesiu, ktora dokumentuje prechod od
synriftovej extenzie k postriftovej termalnej subsidencii.
Regionalny model extenzného vyvoja Dunajskej panvy
vratane viacfazového riftingu a naslednej postriftovej sub-
sidencie je v sucasnosti dobre zdokumentovany (Hok et
al., 2016; Sujan et al., 2021, 2026). Menej objasneny vsak
zostava jeho lokalny prejav v jednotlivych tektonickych
blokoch blatnianskej priehlbiny. Otazky sa tykaju najma
prechodu od proximalnej hruboklastickej a vulkanoklas-
tickej sedimentacie k jednozna¢ne morskym podmien-
kam, ako aj lateralnej korelacie a priestorovej architektury
badenskych gravitatnych sedimentov medzi skimanymi
vrtmi a prilahlymi ¢ast’ami priehlbiny. Tato stadia prina-
$a integrované vyhodnotenie hlbokych vrtov Spadince-4
a Dubové-2. Nadvizuje na predchadzajucu biostratigrafic-
ka spravu (Hudackova et al., 2018), ktorti vyznamne roz-
Siruje o podrobny sedimentologicky a seizmostratigraficky
vyskum a o korelaciu s publikovanymi udajmi absolutne-
ho datovania. Analyza zahffia biostratigrafiu vapnitého
nanoplanktonu a planktonickych a bentickych foraminifer,
palynologické udaje, sedimentologicky opis vrtnych jadier
a interpretaciu karotaznych zdznamov a seizmickych profi-
lov. Ciel'om §tudie je: 1. spresnit’ biostratigrafické ¢lenenie
miocénnej sukcesie pomocou viacerych skupin mikrofo-
silii, 2. rekonstruovat’ sedimentarne prostredie a facialnu
architekttru, 3. posudit’, ¢i rozdiely medzi sukcesiami vo
vrtoch Spacince-4 a Dubové-2 odrazaju ich odligna pozi-
ciu v ramci tektonicky kontrolovaného halfgrabenu blat-
nianskej priehlbiny.

Biostratigrafické udaje zarad’uju prevaznu cast’ sku-
manej neogénnej sukcesie do spodného az vrchného
badenu, teda do langu az spodného seravalu. Asociacie

vapnitého nanoplankténu dokumentuji zony NN4 — NN6
a planktonické foraminifery miestami zony CPN7 — CPNS.
Sarmatské a pandnske sedimenty boli identifikované pre-
dovsetkym na zaklade karotaznych zaznamov, seizmic-
kej geometrie a regionalnych korelacii. Vrt Spagince-4
zachytava hrubt badensku synriftovl sukcesiu. Bazalne
parakonglomeraty, vulkanické konglomeraty a zeoliti-
zované tufy prechadzaju smerom nahor do pieskovcov,
konglomeratov a laminovanych ilovcov a prachovcov.
Tieto sedimenty dokumentuju proximalny prinos hru-
boklastického materialu, vulkanoklastickti sedimentaciu,
ulomkotoky, turbiditné prudy a distalnu sedimentaciu zo
suspenzie. Vrt Dubové-2 dosahuje predneogénne podlozie
a obsahuje tensiu neogénnu sukcesiu, tvorent najma bio-
turbovanymi pieskovcami, pies¢itymi ilovcami, prachov-
cami a jemnozrnnymi sedimentmi vonkajSicho Selfu az
svahu, ktoré st miestami prerusované gravitacnymi alebo
preplavenymi bioklastickymi polohami. Geoseizmické
profily zobrazuju blatniansku priehlbinu ako asymetricky
halfgraben ohraniceny listrickymi poklesovymi zlomami,
ktoré sa smerom do hibky napajaju na nizkouhlovi plo-
chu odlepenia (detachment). Badenské sedimenty hrubni
smerom k hlavnym zlomom a vytvaraju typicku geometriu
syntektonickych rastovych vrstiev. Mladsie, sarmatské se-
dimenty na tieto telesa nasadaji a dokumentuji postupné
zoslabovanie tektonickej aktivity. Subhorizontalne panon-
ske reflexy zodpovedaju postriftovému vyplianiu panvy
deltovymi, jazernymi a fluvidlnymi sedimentmi. Rozdiely
medzi skimanymi vrtmi su vysledkom ich odlisnej po-
zicie v ramci toho istého polpriekopového systému. Vrt
Spacince-4 sa nachadza blizsie k aktivnemu depocentru
a k hlavnym privodnym trasdm sedimentov, zatial’ co vrt
Dubové-2 lezi v okrajovej polohe v blizkosti struktirnej
elevacie alebo vyzdvihnutého zlomového bloku. Integro-
vané vysledky tak spresiuju lokalnu chronostratigraficka
a tektonicko-sedimentarnu architektiru blatnianskej prie-
hlbiny bez toho, aby menili zavedeny regionalny model
zaobliikového extenzného vyvoja Dunajskej panvy.
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