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the Blatné sub-basin, northwestern Danube Basin 
(Central Paratethys): integrated biostratigraphic, 
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and Dubové-2 wells
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Abstract: The Špačince-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–CPN8. 
Key markers include Orbulina suturalis, Globorotalia bykovae, Sphenolithus heteromorphus, ?Helicosphaera 
ampliaperta and Reticulofenestra pseudoumbilicus > 7 μm. The succession is mainly lower to upper Badenian, 
whereas Sarmatian-Pannonian deposits are inferred from upper log-defined and seismic intervals. The Špačin-
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. Balázs 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 
(Sztanó 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 (Šujan et al., 2021; Rybár 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 (Hók et al., 2016; Šujan 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 (Šarinová 
et al., 2018, 2021; Rybár & Kotulová, 2023; Rybár 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 Špačince-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 wells in the Blatné sub-basin. An unpublished technical 
report by Hudáčková 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 Špačince-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; 
Horváth et al., 2006, 2015; Matenco & Radivojević, 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 (Šujan 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; Horváth, 1995; Balázs et al., 2016, 2021; Šujan 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; Sztanó et al., 
2016). The Hurbanovo-Diósjenő Fault Zone represents 
a major tectonic boundary within the southeastern sector 
(Klučiar 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 (Fusán 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; Hók et al., 2014). The northwestern margin 
locally preserves remnants of the Central Carpathian 
Paleogene Basin (Biela, 1978). South of the Hurbanovo-
Diósjenő Fault Zone, the basement includes Paleozoic 
and Mesozoic sedimentary units of the Transcarpathian 
Central Range (Fusán et al., 1987) and locally Paleogene 
sediments (Tari et al., 1993; Sztanó & Tari, 1993). The 
structural framework reflects Late Cretaceous nappe 
stacking which was later reactivated during Miocene back-
arc extension (Hók et al., 2014; Konečný et al., 2002).

Syn-rift evolution and sub-basin development

The Slovak part of the basin comprises several 
Miocene sub-basins, including the Blatné, Želiezovce, 
Rišňovce, Komjatice, and Gabčíkovo-Győr sub-basins 
(Vass, 2002; Šujan et al., 2021; Rybár et al., 2024). The 
cumulative Neogene sedimentary fill locally exceeds 
8 km in the Gabčíkovo-Győr sub-basin, although this 
total includes deposits accumulated during syn-rift and 
post-rift stages (Killényi & Šefara, 1989; Hrušecký, 1999; 
Šujan et al., 2021; Rybár 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; Šujan et 
al., 2021; Rybár et al., 2025).

Lower Badenian (Langhian) interval

Rifting initiated in the Blatné and Želiezovce 
sub-basins during the lower Badenian (Šarinová et al., 
2018, 2021; Rybár & Kotulová, 2023; Rybár 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 Špačince Formation (Biela, 1978; Vass, 2002; Rybár 
et al., 2016). Volcanic activity in the Danube Basin before 
approximately 14.1 Ma is documented by ⁴⁰Ar/³⁹Ar dating 
(Rybár 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 (Karátson et al., 2000, 2007; 
Lexa et al., 2010; Chernyshev et al., 2013; Šarinová et al., 
2021; Rybár 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 

sub-basin (Rybár & Kotulová, 2023; Rybár et al., 2025). 
Sedimentation included mudstones and sandy density-flow 
deposits of the Báhoň and Pozba formations (Vass, 2002; 
Šujan et al., 2021). 

Sarmatian (upper Serravallian) interval

Major basin expansion occurred during the Sarmatian, 
particularly in the northern and central sub-basins (Šujan et 
al., 2021; Rybár et al., 2024). Sedimentation shifted toward 
restricted marine, brackish, and freshwater environments, 
reflected in the Vráble and Ripňany formations (Fordinál & 
Elečko, 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; 
Nováková 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 (Šujan et al., 
2021). Deep-basin mudstones and gravity sediments of 

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

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

Materials and Methods

Core material and framework

The well-core material from the Špačince-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 palaeoecological 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 Hudáčková et al. (2018). That 
report also included preliminary lithological descriptions, 
SP/RT-log observations and palaeoenvironmental inter-
pretations of the Špačince-4 and Dubové-2 wells. In the 
present study, the original dataset was reinterpreted using 
updated taxonomic, biostratigraphic and palaeoecological 
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 Špačince-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 Špačince-4 Dubové-2 Origin and use

Foraminifera 15 samples 14 samples Hudáčková et al. (2018); reinterpreted and 
partly re-examined

Calcareous nannofossils 22 samples, 998–3,098 m 19 samples, 1,501–2,707 m Hudáčková et al. (2018); reinterpreted and 
partly re-examined

Palynology 12 samples 4 samples Hudáčková et al. (2018); qualitative 
reinterpretation

Sedimentological cores 28 spot cores; 52.2 m recovered, 
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 1 at a depth of 1,705 m Existing petrographic data re-evaluated in 
this study

XRF 160 samples from 31 intervals, 
697–3,347 m None New semiquantitative handheld-XRF dataset

SP and RT logs Available Available Legacy data reinterpreted and correlated 
with core data

Seismic data Four legacy 2D line segments combined 
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 Hudáčková 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 Špačince-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 (2006), 
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 Špačince-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 Špačince-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 Ω 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-Krüger 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 Šp-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 Špačince-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 micropalaeontological dataset comprises 15 
quantitative foraminiferal samples and 22 calcareous-
nannofossil samples from Špačince-4, and 14 quantitative 
foraminiferal samples and 19 calcareous-nannofossil 
samples from Dubové-2, together with 16 palynological 
samples: 12 from Špačince-4 and four from Dubové-2. 

These samples were originally analysed for Hudáčková 
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 palaeoecological 
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). Palaeoecological 
interpretation follows Boltovskoy (1976), Boltovskoy 
and Wright (1976), Murray (2006), and Murray and Alve 
(2011); agglutinated morphogroups follow Murray et 
al. (2011), palaeodepth estimates follow Murray (2006), 
Hohenegger (2005), and taphonomic assessment follows 
Holcová (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 palaeoecological 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 palaeoecological 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 BX50 polarized-light microscope at 
1,250× magnification. Photodocumentation was performed 
using an Olympus Infinity 2 camera with QuickPHOTO 
CAMERA 2.3 and ScopeImage 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 HCl to remove silicates 
and carbonates. Heavy liquid separation (ZnCl₂, density 
2 g/cm³) concentrated organic residues containing 
pollen, spores, and other palynomorphs. Slides mounted 
in glycerine were examined using a Zeiss Axioscope 
microscope (40× and 63×).

Chronostratigraphic framework

Correlation between the Central Paratethys regional 
stages and the Mediterranean scale follows Piller et al. 
(2007), Kováč 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 Špačince-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. Šarinová et al., 2021; Rybár 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 Špačince-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

Špačince-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 non-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 Gaža (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 
a renewed 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 Gaža (1963) carbonized plant 
fragments and marine macrofaunal remains are present. 
The SP and RT logs remain serrated with low amplitudes 
throughout this interval. 

Between 1,125–625 m (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. Gaža (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 Špačince-4 well

To further constrain compositional changes within 
the succession, XRF analyses were performed on drill-

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).

Dubové-2 well

The interval 3,000–2,780 m (C31 to 24) consists of 
tectonically deformed shale, limestone, quartz arenite, 
sandstone, and conglomerate (Gaža, 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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Fig. 2. Representative core slabs from the Špačince-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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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 Hudáčková 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.

Špačince-4 well (Šp-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 ?NN4–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

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 Kováčová & Hudáčková (2009). 
Nannofossil assemblages throughout most of the Šp-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 μm. 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. 

Dubové-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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Fig. 4. SEM images of selected foraminifera from the Špačince-4 and Dubové-2 wells. 1 – Orbulina suturalis – Šp-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 – Šp-4/12/1–2/x; 
6 – Cassigerinella chipolensis – Šp-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 – Šp-4/12/1–2/x; 15 – Globotruncana sp. – Šp-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 – Šp-
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 – Šp-4/11a/2/x; 27 – Stilostomella sp. indet. – Du-2/22/1–2/x; 28 – Ammonia parkinsoniana – Šp-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 – Šp-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 – Šp-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.

Tab. 2
Biostratigraphic summary of the Špačince-4 well
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3,098–3,049 m; 
C29–C28

29/1–2/20; 
29/1–2/80; 
28/2/10; 
28/2/80

No reliable 
zonal marker; 
poorly preserved 
agglutinated and 
benthic assemblages

Rare Sphenolithus 
heteromorphus
and Helicosphaera 
walbersdorfensis; 
some specimens 
questionable

Not 
assigned ?NN4–NN5

lower 
Badenian, 
Langhian; 
tentative

Špačince 
Fm. L–M:

2,949–2,952 m; 
C26 26/1/60

Orbulina suturalis, 
Saccammina 
grzybowskii, 
Dentoglobigerina 
altispira

Helicosphaera 
walbersdorfensis, 
H. carteri, 
Reticulofenestra 
pseudoumbilicus > 
7 μm

Not 
assigned

Not formally 
assigned

lower 
Badenian, 
Langhian

Špačince 
Fm. M–H:

2,695–2,698 m; 
C21 21/1/90 Barren of diagnostic 

foraminifera
S. heteromorphus
and Helicosphaera 
waltrans

Not 
assigned NN5

lower 
Badenian, 
Langhian

Špačince 
Fm.

H for 
NN 
zone:

2,298–2,303 m; 
C17 17/2/X

Reworked 
Cassigerinella 
chipolensis; no 
reliable in-situ 
foraminiferal marker

S. heteromorphus; 
H. waltrans not 
confirmed

Not 
assigned NN5

lower 
Badenian, 
Langhian

Špačince 
Fm. M:

1,798–1,804 m; 
C12 12/1–2/X

Acme of 
Globorotalia 
bykovae; Orbulina 
universa; Pappina 
neudorfensis; 
Bolivina dilatata

Coccolithus pelagicus
and ?Calcidiscus 
pataecus; no 
diagnostic zonal 
marker

Not 
formally 
assigned

Not 
assigned

upper 
Badenian, 
lower 
Serravallian

Báhoň/
Pozba 
formations

M–H:

1,498–1,503 
m; C9

9/1/X; 
9/5/X

Turborotalita 
quinqueloba, 
Globigerina 
praebulloides, 
Bolivina dilatata 
brevis

S. heteromorphus, R. 
pseudoumbilicus > 
7 μm, Coronocyclus 
nitescens, 
Orthorhabdus rioi, 
Sphenolithus abies

Not 
assigned

NN6/?NN5; 
NN5/NN6 
boundary 
interval

Upper 
Badenian, 
lower 
Serravallian

Báhoň/
Pozba 
formations

M–H:

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 Špačince-4 and Dubové-2 wells. A – Reticulofenestra 
minuta, Šp-4, core 9; B – Reticulofenestra haqii, Du-2, core 9; C–D – Reticulofenestra pseudoumbilicus, Šp-4, core 9; E – Coccolithus 
pelagicus, Šp-4, core 21; F – Cyclicargolithus floridanus, Šp-4, core 9; G – Coronocyclus nitescens, Šp-4, core 9; H – Braarudosphaera 
bigelowii, Du-2, core 12; I – Helicosphaera carteri, Šp-4, core 9; J – Helicosphaera waltrans, Šp-4, core 21; K – Helicosphaera wal-
bersdorfensis, Šp-4, core 9; L – Sphenolithus heteromorphus, Šp-4, core 17; M – Orthorhabdus serratus, Du-2, core 15; N – Orthor-
habdus rioi, Du-2, core 17; O – Umbilicosphaera rotula, Šp-4, core 26; P – Discoaster deflandrei, Šp-4, core 29; Q – Zygrhablithus 
bijugatus, Šp-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, Šp-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 μm.

Tab. 3
Biostratigraphic summary of the Dubové-2 well
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2,703–2,707 m; 
C22 22/1–2/XX

Reported 
Ciperoella 
ciperoensis; 
Lenticulina cf. 
echinata; Bolivina 
dilatata; Bulimina 
striata

?Helicosphaera 
ampliaperta

Not 
assigned ?NN4

Karpatian–lower 
Badenian; 
lower Badenian 
favoured 
regionally

Špačince 
Fm. L–M:

L. echinata FO: 
Lagenidae Zone 
Grill (1943), CPN 
Cicha et al. (1975)

2,605–2,555 m; 
C18–C16

18/3–4/XX; 
17/1–2/XX; 
16/1–2/X

Saccammina 
grzybowskii in 
C18–C17; Bolivina 
dilatata maxima
in C17; C16 poorly 
preserved

Mainly long-
ranging Coccolithus 
pelagicus; 
Reticulofenestra 
haqii and 
associated taxa

CPN7 in 
C18–C17

Not 
assigned

lower Badenian, 
Langhian

Špačince 
Fm. M:

Saccammina 
grzybowskii FO: 
Cicha et al. (1998)

2,530–2,535 m; 
C15a 15A/1–2–3/X

Uvigerina 
macrocarinata; 
Lenticulina calcar; 
rare L. echinata; 
reported Ciperoella 
ciperoensis

Sphenolithus 
heteromorphus; 
Helicosphaera 
walbersdorfensis; 
Orthorhabdus 
serratus

CPN7 NN5 lower Badenian, 
Langhian

Špačince 
Fm. M–H:

Uvigerina 
macrocarinata FO: 
Cicha et al. (1975, 
1998)

2,502–2,507 m; 
C14 14/1–2–3/X

Pappina 
neudorfensis; 
Uvigerina 
bellicostata; 
Turborotalita 
quinqueloba

Helicosphaera 
walbersdorfensis; 
H. carteri; 
Reticulofenestra 
pseudoumbilicus

CPN8 NN5

lower Badenian, 
Langhian; upper 
Badenian for 
Forams

Špačince 
Fm. M–H:

Pappina 
neudorfensis, 
Uvigerina 
bellicostata
– Bulimina/
Bolivina Zone, 
Upper Badenian 
(Steininger & Rögl, 
1984; Haunold, 
1995; Płonka, 
1917)

1,703–1,708 m; 
C3

3/3/50; 
3/5/50

Acme of 
Globorotalia 
bykovae‡; 
Globoturborotalita 
druryi; Bulimina-
Bolivina acmes

R. pseudoumbilicus
> 7 µm; 
Coronocyclus 
nitescens (circular)

CPN8 NN6
upper 
Badenian, lower 
Serravallian

Báhoň 
formations M–H:

Globoturborotalita 
druryi – (NN6 
Rybár et al., 2015; 
FO – 13,82 Ma 
Bojar et al., 2018)

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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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 μm 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 Kováčová et al. (2009) and Rybár 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

Špačince-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 

Špačince-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-

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 
palaeodepth estimates. The C1-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 palaeodepth or 
redox reconstruction.

Dubové-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 C1-
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 palaeoecologically significant benthic-foraminiferal groups in the Špačince-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; 
EF/ShW – epifaunal/shallow-water taxa.

Fig. 7. Relative abundances of palaeoecologically significant groups of benthic foraminifera in samples from the Dubové-2 well. (Left) 
Morphogroups of agglutinated foraminifera adapted from Murray et al. (2011). (Right) Palaeoecological 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.

Špačince-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 

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 Kráľová-1 and Madunice-3 wells show that volcanic 
activity in this area began before 14.1 Ma and persisted 
until 13.83 Ma (Šarinová et al., 2021; Rybár 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 Gaža (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.

Dubové-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 

Tab. 4
Facies associations of the. For explanations, see Tab. 2.
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3,098–3,049 m; 
C29–C28

29/1–2/20; 
29/1–2/80; 
28/2/10; 
28/2/80

No reliable 
zonal marker; 
poorly preserved 
agglutinated 
and benthic 
assemblages

Rare Sphenolithus 
heteromorphus
and 
Helicosphaera 
walbersdorfensis; 
some specimens 
questionable

Not 
assigned ?NN5

lower 
Badenian, 
Langhian; 
tentative

Špačince 
Fm. L–M:

2,949–2,952 m; 
C26 26/1/60

Orbulina 
suturalis; 
Saccammina 
grzybowskii; 
Dentoglobigerina 
altispira

Helicosphaera 
walbersdorfensis; 
H. carteri; 
Reticulofenestra 
pseudoumbilicus

CPN7-8 ?NN5
lower 
Badenian, 
Langhian

Špačince 
Fm. M–H:

Saccammina 
grzybowskii
FO: Cicha et 
al. (1998)

2,695–2,698 m; 
C21 21/1/90

Barren of 
diagnostic 
foraminifera

Sphenolithus 
heteromorphus
and 
Helicosphaera 
waltrans

Not 
assigned NN5

lower 
Badenian, 
Langhian 
/ upper 
Badenian, 
lower 
Serravallian

Špačince/
Báhoň Fm.

H for 
NN 
zone

2,298–2,303 m; 
C17 17/2/X

Reworked 
Cassigerinella 
chipolensis; no 
reliable in-situ 
foraminiferal 
marker

Sphenolithus 
heteromorphus;

Not 
assigned NN5

lower 
Badenian, 
Langhian 
/ upper 
Badenian, 
lower 
Serravallian

Špačince/
Báhoň Fm. M:

1,798–1,804 m; 
C12 12/1–2/X

Acme of 
Globorotalia 
bykovae; Orbulina 
universa; Pappina 
neudorfensis; 
Bolivina dilatata

Coccolithus 
pelagicus and 
?Calcidiscus 
pataecus; no 
diagnostic zonal 
marker

CPN8, 
Bulimina/
Bolivina

Not 
assigned

upper 
Badenian, 
lower 
Serravallian

Báhoň Fm. H for 
forams

Globorotalia 
bykovae; 
Orbulina 
universa
– CPN8 
(Gonera, 
2013)

1,498–1,503 m; 
C9

9/1/X; 
9/5/X

Turborotalita 
quinqueloba; 
Globigerinella 
obesa; Bolivina 
dilatata brevis

Sphenolithus 
abies; R. 
pseudoumbilicus
> 7 μm; 
Coronocyclus 
nitescens; 
Orthorhabdus 
rioi;

Not 
assigned NN6

upper 
Badenian, 
lower 
Serravallian

Báhoň Fm. M–H

Confidence and evidence codes: H – high confidence – directly observed in core and supported by fossil or independent evidence; M – moderate confidence 
– core-supported but age or environment depends partly on logs, seismic or regional correlation; L – low/tentative – no direct core or fossil control. C – core 
observation; P – petrography; F – fossil evidence; L – well logs; S – seismic evidence; R – regional correlation. Confidence may differ between process and 
age assignments.
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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 et al. (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 

Fig. 8. Integrated stratigraphic log of the Špačince-4 well showing palaeoenvironmental 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.

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 Šari-
nová 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., Šujan 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 (Hók et al., 2014), forms a rugged 
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Fig. 9. Integrated stratigraphic log of the Dubové-2 well showing palaeoenvironmental 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. Palaeodepth and redox interpretations derived from benthic assemblages are indicative and are subject to ecological, tapho-
nomic and post-depositional controls.
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Facies associations of the Dubové-2 well
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3,000–2,780 m; 
C31–C24

Deformed shale, 
limestone, 
quartz arenite, 
sandstone and 
conglomerate

Tectonic 
deformation; 
primary 
structures 
poorly 
documented

No diagnostic 
fossil

High-amplitude 
symmetrical-bell 
SP/RT

Pre-Cenozoic basement; 
strong lithification, 
deformation and marked 
log contrasts

Permian–
Cretaceous; 
possible 
Hronic/Fatric 
affinity

M
Legacy 
C, L

2,780–2,720 m; 
C23

Massive-mottled 
bioturbated 
sandstone 
with carbonate 
clasts, quartz, 
feldspar, mica, 
chert, volcanics 
and glauconite

Massive, 
mottled and 
bioturbated

Bioclasts; 
glauconite

Symmetrical SP; 
funnel-bell RT

Energetic shallow-
marine shelf; discrete 
sand body, bioturbation 
and probable tractional 
reworking. Exact shelf 
position uncertain

lower 
Badenian; 
regionally 
inferred

M C, 
L, R

2,720–2,535 m; 
C22–C16

Sandy 
mudstone-
muddy siltstone; 
local very fine 
sandstone

Faint 
lamination, 
ripple/wavy 
fabric, diffuse 
grading, 
mud streaks, 
bioturbation

G. ciperoensis, 
S. grzybowskii, 
rare H. 
ampliaperta

Mainly serrated; 
minor high-
amplitude 
excursions

Mixed suspension 
and distal gravity-flow 
deposition; fine grain 
size, diffuse grading and 
ripples; outer shelf-slope

lower 
Badenian 
favoured

M–H
C, F, 
L, S

2,535–2,060 m; 
C15–C6

Mudstone, 
sandy mudstone 
and muddy 
siltstone

Massive-
faintly 
laminated; 
bioturbated; 
coarse beds 
rare

Bivalves 
and micro-/
macrofauna; 
agglutinated 
forams; S. 
heteromorphus

Serrated SP/RT

Suspension-dominated 
outer shelf-slope; 
mud-dominated facies 
and scarcity of tractional 
beds

Badenian; 
lower 
Badenian 
favoured 
by seismic 
correlation

M–H
C, F, S

2,060–1,975 m; 
uncored Unknown Not observed No fossil control

High-amplitude 
symmetrical 
SP/RT

Log-defined coarse/
sand-rich influx; possible 
channel body, gravity-
flow pulse or sequence 
surface

Tentative 
intra-
Badenian 
event 
correlation

L L, R

1,975–470 m; 
C5–C1

Laminated 
mudstone-
siltstone/fine 
sandstone; rare 
shell-rich beds

Parallel-wavy 
lamination; 
bioturbation; 
folding and 
partings

Fragmented 
macrofossils; 
G. bykovae, 
G. druryi; 
NN5/NN6 
nannofossils

Low-amplitude 
serrated SP/RT

Low-energy suspension 
with reworked event 
beds; discrete shell-rich 
layers and fragmented 
fossils indicate storm/
gravity-flow reworking; 
upward shallowing

upper 
Badenian

H C, 
F, L

< 470 m; 
uncored No core Not observed No direct fossil 

control

High-amplitude 
serrated-
symmetrical 
SP/RT

Shallow-/marginal-
marine, deltaic and 
younger lacustrine-
fluvial deposition; 
inferred from logs, 
seismic and regional 
stratigraphy

Sarmatian–
Pannonian; 
regionally 
inferred

L L, 
S, R

Confidence and evidence codes: H – high confidence – directly observed in core and supported by fossil or independent evidence; M – moderate confidence 
– coresupported but age or environment depends partly on logs, seismic or regional correlation; L – low/tentative – no direct core or fossil control. C – core 
observation; P – petrography; F – fossil evidence; L – well logs; S, seismic evidence; R – regional correlation. Confidence may differ between process and age 
assignments.
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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 Dobrá 
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 Špačince-4 and Dubové-2 wells (Figs. 
8, 9). The lower Badenian (Langhian; Špačince 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; Báhoň 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 Rybár 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 (Nøttvedt 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., Šujan et al., 2016), the onlapping package 
is inferred to represent the Sarmatian Vráble 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, micropalaeontological, 
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 Špačince-4 and Dubové-2 

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 Špačince-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 Špačince-4 and 
Dubové-2 wells are interpreted as the result of different 
positions within the same evolving half-graben system. 
Špačince-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). Špačince-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 Špačince-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. (c) Geological interpretation. The Kr-5, Du-2, Šp-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. (c) Geological interpretation. The Ci-2 and Šp-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 Špačince-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 Šarinová et al. (2021) dated to ~13.8Ma. 
However, this interpretation remains tentative because 
the Dubové-2 interval is not core-confirmed (Fig. 9). 

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 (Šujan et 
al., 2016, 2021; Rybár et al., 2025). The lower Badenian 
coarse-clastic, volcaniclastic, and gravity-flow deposits 
in Špačince-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 (Šarinová et al., 2021; Rybár et al., 
2024, 2025). The upper Badenian mudstone–siltstone and 
gravity-flow intervals can be correlated with the marine 
Špačince and Báhoň/Pozba formations, whereas the over-
lying shallowing trend and log-defined upper intervals are 
consistent with the transition toward the Vráble Formation 
and later Ivanka-Beladice-Volkovce depositional systems 
sensu Vass (2002) and Šujan et al. (2016, 2021). Compared 
with the Madunice well series on the eastern basin margin 
(Šarinová et al., 2021), the Špačince-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 
(Šarinová et al., 2021; Rybár 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 (Šujan et al., 2016, 
2021; Šarinová et al., 2021; Rybár 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, palaeodepth 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 Špačince-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 (Šarinová 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: Špačince-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 Špačince-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.

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–CPN8 zones. Important stratigraphic markers 
include Orbulina suturalis, Globorotalia bykovae 
acme, ?Helicosphaera ampliaperta, Sphenolithus 
heteromorphus, Sphenolithus abies and large Re-
ticulofenestra pseudoumbilicus > 7 μm. Sarma-
tian-Pannonian deposits are inferred mainly from 
upper log-defined and seismic intervals.

(2) 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.

(3) 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.

(5) 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. 
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(6) The Špačince-4 and Dubové-2 successions represent 
different structural and depositional positions within 
the Blatné sub-basin. Špačince-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 Špačince-4 
and the thinner marine succession above basement in 
Dubové-2.

(7) 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.
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Vývoj blatnianskej priehlbiny počas bádenu až panónu (lang – tortón) 
v severozápadnej časti Dunajskej panvy (centrálna Paratetýda): 

integrované biostratigrafické, faciálne a seizmické údaje 
z vrtov Špačince-4 a Dubové-2 

Miocénny vývoj severozápadnej časti centrálnej Pa-
ratetýdy ovplyvňovala zaoblúková extenzia spojená s vý-
vojom alpsko-karpatského orogénu a laterálnym únikom 
megajednotky ALCAPA (Royden et al., 1983; Tari et al., 
1992; Schmid et al., 2008). V tomto geodynamickom 
prostredí vznikol panónsky panvový systém ako sústava 
synriftových depocentier charakterizovaných rýchlou sub-
sidenciou, vysokou rýchlosťou sedimentácie a vulkanickou 
aktivitou. Dunajská panva predstavuje jedno z hlavných 
depocentier tohto systému. Jej severozápadná časť vrá-
tane blatnianskej priehlbiny zachováva hrubú miocénnu 
sedimentárnu sukcesiu, ktorá dokumentuje prechod od 
synriftovej extenzie k postriftovej termálnej subsidencii. 
Regionálny model extenzného vývoja Dunajskej panvy 
vrátane viacfázového riftingu a následnej postriftovej sub-
sidencie je v súčasnosti dobre zdokumentovaný (Hók et 
al., 2016; Šujan et al., 2021, 2026). Menej objasnený však 
zostáva jeho lokálny prejav v jednotlivých tektonických 
blokoch blatnianskej priehlbiny. Otázky sa týkajú najmä 
prechodu od proximálnej hruboklastickej a vulkanoklas-
tickej sedimentácie k jednoznačne morským podmien-
kam, ako aj laterálnej korelácie a priestorovej architektúry 
bádenských gravitačných sedimentov medzi skúmanými 
vrtmi a priľahlými časťami priehlbiny. Táto štúdia priná-
ša integrované vyhodnotenie hlbokých vrtov Špačince-4 
a Dubové-2. Nadväzuje na predchádzajúcu biostratigrafic-
kú správu (Hudáčková et al., 2018), ktorú významne roz-
širuje o podrobný sedimentologický a seizmostratigrafický 
výskum a o koreláciu s publikovanými údajmi absolútne-
ho datovania. Analýza zahŕňa biostratigrafiu vápnitého 
nanoplanktónu a planktonických a bentických foraminifer, 
palynologické údaje, sedimentologický opis vrtných jadier 
a interpretáciu karotážnych záznamov a seizmických profi-
lov. Cieľom štúdie je: 1. spresniť biostratigrafické členenie 
miocénnej sukcesie pomocou viacerých skupín mikrofo-
sílií, 2. rekonštruovať sedimentárne prostredie a faciálnu 
architektúru, 3. posúdiť, či rozdiely medzi sukcesiami vo 
vrtoch Špačince-4 a Dubové-2 odrážajú ich odlišnú pozí-
ciu v rámci tektonicky kontrolovaného halfgrabenu blat-
nianskej priehlbiny. 

Biostratigrafické údaje zaraďujú prevažnú časť skú-
manej neogénnej sukcesie do spodného až vrchného 
bádenu, teda do langu až spodného seravalu. Asociácie 

vápnitého nanoplanktónu dokumentujú zóny NN4 – NN6 
a planktonické foraminifery miestami zóny CPN7 – CPN8. 
Sarmatské a panónske sedimenty boli identifikované pre-
dovšetkým na základe karotážnych záznamov, seizmic-
kej geometrie a regionálnych korelácií. Vrt Špačince-4 
zachytáva hrubú bádenskú synriftovú sukcesiu. Bazálne 
parakonglomeráty, vulkanické konglomeráty a zeoliti-
zované tufy prechádzajú smerom nahor do pieskovcov, 
konglomerátov a laminovaných ílovcov a prachovcov. 
Tieto sedimenty dokumentujú proximálny prínos hru-
boklastického materiálu, vulkanoklastickú sedimentáciu, 
úlomkotoky, turbiditné prúdy a distálnu sedimentáciu zo 
suspenzie. Vrt Dubové-2 dosahuje predneogénne podložie 
a obsahuje tenšiu neogénnu sukcesiu, tvorenú najmä bio-
turbovanými pieskovcami, piesčitými ílovcami, prachov-
cami a jemnozrnnými sedimentmi vonkajšieho šelfu až 
svahu, ktoré sú miestami prerušované gravitačnými alebo 
preplavenými bioklastickými polohami. Geoseizmické 
profily zobrazujú blatniansku priehlbinu ako asymetrický 
halfgraben ohraničený listrickými poklesovými zlomami, 
ktoré sa smerom do hĺbky napájajú na nízkouhlovú plo-
chu odlepenia (detachment). Bádenské sedimenty hrubnú 
smerom k hlavným zlomom a vytvárajú typickú geometriu 
syntektonických rastových vrstiev. Mladšie, sarmatské se-
dimenty na tieto telesá nasadajú a dokumentujú postupné 
zoslabovanie tektonickej aktivity. Subhorizontálne panón-
ske reflexy zodpovedajú postriftovému vypĺňaniu panvy 
deltovými, jazernými a fluviálnymi sedimentmi. Rozdiely 
medzi skúmanými vrtmi sú výsledkom ich odlišnej po-
zície v rámci toho istého polpriekopového systému. Vrt 
Špačince-4 sa nachádza bližšie k aktívnemu depocentru 
a k hlavným prívodným trasám sedimentov, zatiaľ čo vrt 
Dubové-2 leží v okrajovej polohe v blízkosti štruktúrnej 
elevácie alebo vyzdvihnutého zlomového bloku. Integro-
vané výsledky tak spresňujú lokálnu chronostratigrafickú 
a tektonicko-sedimentárnu architektúru blatnianskej prie-
hlbiny bez toho, aby menili zavedený regionálny model 
zaoblúkového extenzného vývoja Dunajskej panvy.
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Abstract: New data on picritic rocks from the Poniky area are presented in this contribution. In addition to the 
major mafic minerals (clinopyroxene, kaersutite, phlogopite), spinels, Sr-rich apatite (up to 6.4 wt% SrO), and so-
dalite are also described. Sodalite is documented for the first time in the Central Western Carpathians, and together 
with the mineralogical and whole-rock compositions, it confirms the alkaline character of these rocks. Petrological 
data, including REE, show that they are equivalent to the Cretaceous volcanic rocks occurring in the Fatric Unit 
as well as to picritic rocks of the teschenite-picrite association occurring in the External Western Carpathians. The 
high MgO content (>18 wt%) allows these rocks to be classified as meimechites.

Key words: picrite, mineralogy, whole-rock geochemistry, Cretaceous, Western Carpathians

Introduction

Picrite is a hypoabyssal rock, often porphyritic, with 
a high content of mafic minerals and an elevated MgO 
content compared to basalts (>12 wt%; Le Bas, 2000). Its 
occurrences are rare in the Western Carpathians. Picrites 
occur in the External Western Carpathians as part of 
the Cretaceous teschenite-picrite association within the 
Silesian Unit (Brunarska & Anczkiewicz, 2019; Buriánek 
et al., 2013; Hovorka, 1976; Hovorka & Spišiak, 1988; 
Kudělásková, 1987; Mahmood, 1973; Šmíd, 1962; Szopa 
et al., 2014). In the Central Western Carpathians, only 
limited occurrences of picrite were reported from boreholes 
in Mesozoic sedimentary sequences near Banská Bystrica 
(Hovorka & Slavkay, 1966; Hovorka & Spišiak, 1988; 
Slavkay, 1979). These picritic rocks are Cretaceous in age 
and are genetically associated with alkaline volcanism. 
A solitary occurrence of a metamorphosed picrite was also 
documented in the Gelnica Group of the Gemeric Unit 
(Ivan, 1991). 

A substantial amount of information on the picrite 
occurrence near Banská Bystrica was published by Spišiak 
& Hovorka (2000) and in the monograph Mesozoic 
Volcanism of the Western Carpathians (in Slovak; 
Hovorka & Spišiak, 1988). Despite this, we present new 
and interesting mineralogical and petrological data on an 
older picritic sample from a borehole near Poniky.

Geological setting

Picritic rocks from the vicinity of Banská Bystrica were 
documented in both boreholes Po-1 and St-2 in the Poniky 
area (Fig. 1A; Spišiak & Hovorka, 2000; Slavkay et al., 
1968). The analysed sample came from the Po-1 borehole, 
located approximately 250 m west of the northern edge of 
Poniky (48.715751 °N, 19.287881 °E; Fig. 1B). The rocks 
occur at a depth of 460 m. The host rocks are significantly 
brecciated Middle Triassic dolomites. These dolomites 
were originally affiliated with the Hronic Unit (Hovorka 
& Slavkay, 1966). 

The geological structure of the broader Poniky area is 
characterized by the tectonic superposition of three units: 
the Fatric Unit, the Hronic Unit, and the Silicic Unit. 
The Fatric Unit comprises Middle Triassic to Cretaceous 
deposits. Shallow-water organodetritic carbonates are 
typical of the Triassic. The Jurassic-Lower Cretaceous 
succession continues with shallow-water crinoidal and 
nodular limestones, which are gradually replaced by 
deeper-water clayey limestones, mudstones, and shales 
(Slavkay, 1971). The Hronic Unit is structurally higher. 
The succession begins with Middle Triassic dark-grey 
limestones. These are overlain by strongly weathered 
dolomites, which represent the host rock of the afore-
mentioned biotitic picrites. According to Hovorka and 
Slavkay (1966), these represent submarine lava flows 
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emplaced into the Triassic sedimentary environment. The 
succession continues with Upper Triassic carbonates. 
The uppermost unit is the Silicic Unit. Its lower part 
comprises Lower Triassic variegated arkosic sandstones, 
shales, mudstones, and clayey limestones with abundant 
Campilian fauna (Slavkay, 1971). These complexes also 

diameter 3–8 μm, counting time 10 s on the peak and 
5 s on the background. Raw counts were converted to 
oxide wt% using a ZAF matrix correction. The EPMA 
was calibrated using natural and synthetic minerals. 
Whole-rock analysis was performed at the Bureau Veritas 
Analytical Laboratories (Vancouver, Canada). Total 

include extensive Permian volcanic rocks (Ondrejka et 
al., 2022). At the base, violet-brown paleoandesites occur, 
separated from alkaline rhyolites and their pyroclastics 
by clayey limestones (Slavkay, 1971). Shallow-water 
carbonate complexes rich in organic debris are again 
typical of the Middle and Upper Triassic age.

Methods 

Silicate minerals and apatite were analysed using 
a JEOL JXA-8530F electron microprobe at the Earth 
Sciences Institute of the Slovak Academy of Sciences 
in Banská Bystrica under the following conditions: 
accelerating voltage 15 kV, probe current 20 nA, beam 

abundances of major-element oxides were determined by 
inductively coupled plasma emission spectrometry (ICP-
ES) following lithium metaborate-tetraborate fusion and 
dilute nitric acid treatment.

Results

Petrography and mineralogy

Analysed picritic rocks exhibit a porphyritic texture
with olivine and clinopyroxene phenocrysts. Olivine 
(approximately 35 %) predominates over pyroxene. Other 
major minerals include biotite, amphibole, spinel, and so-
dalite.

Fig. 1. A) Po-1 and St-2 borehole logs near Poniky. (modified from Slavkay et al., 1968). B) Location 
of the discussed boreholes (according to Slavkay, 1979).

Legend:
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Olivine is extensively serpentinised, forming typical 
mesh textures. Because only textural relics are preserved, 
olivine analyses are unavailable. 

Two types of clinopyroxene occur in the rocks. The first 
type (Cpx I) occurs as small, inclusion-free phenocrysts 
(Fig. 2A). In contrast, the second type (Cpx II) forms large 
phenocrysts (2 – 5 mm) that poikilitically enclose other 
minerals, mainly sodalite, carbonate, chlorite and pyrite 
(Fig. 2B). Clinopyroxenes are weakly zoned; rims have 
slightly higher TiO2 content. The chemical compositions 
of both clinopyroxenes are similar (Tab. 1). According to 
the IMA classification (Morimoto, 1988; Fig. 3), they are 
classified as diopside.

Amphibole coexists with clinopyroxene (Cpx I, Fig. 
2A). It has elevated TiO2 (up to 4.5 wt%) and Na2O 
(up to 3.4 wt%; Tab. 2). According to the amphibole 
classification by Hawthorne et al. (2012), the analysed 
amphibole, with Ti reaching 0.5 apfu, falls at the boundary 
between pargasite and kaersutite. It is compositionally 
similar to amphiboles from Cretaceous alkaline rocks in 
the Fatric unit (Višňové, Krpeľany, Salatín, etc.) (Hovorka 
& Spišiak, 1988; Spišiak & Hovorka, 1997). 

Biotite occurs as tabular phenocrysts together with 
clinopyroxene (Cpx I) and amphibole (Fig. 2A, 5B). It 
is dark brown to reddish brown, strongly pleochroic, and 
partially altered. It has high MgO (up to 16.69 wt%) and 
Na2O (up to 1.5 wt%) contents, with an average TiO₂ 
content of 2.3 wt% that locally reaches up to 4 wt% (Tab. 
3). Based on the mica classification by Tischendorf et al. 
(2007), it is classified as phlogopite (Fig. 4).

Sodalite occurs as discrete grains or as inclusions 
in diopside (Fig. 5). The composition of both types of 
sodalite is similar (Tab. 4) and matches that of sodalite 
in alkaline basic rocks (Deer et al., 2013). Sodalite is 
a common mineral in alkaline rocks and thus serves as 
an index mineral for the geochemical classification of the 
studied picritic rocks.

Spinel forms irregular grains that coexist with 
clinopyroxene and biotite (Fig. 6). It has high Al2O3 and 
elevated MgO, Cr2O3, and FeO contents (Tab. 5). Spinel 
is strongly altered at the rims; marginal parts show higher 
MnO, SiO2, and TiO2 contents and lower Cr2O3, MgO, 
and Al2O3 contents. According to the nomenclature and 
classification by Bosi et al. (2019), with Mg as the dominant 
bivalent cation and Al as the trivalent cation, it is classified 
as spinel sensu stricto. The chemical composition reflects 
that of a peridotitic spinel, consistent with the genetic 
classification of Deer et al. (2013) and with spinels from 
MORB and peridotites, as classified by Kamenetsky et 
al. (2001). Spinels from other occurrences of Cretaceous 
alkaline rocks in the Western Carpathians show a similar 
chemical composition (Mikuš et al., 2006). 

Apatite forms subhedral to euhedral grains (Fig. 
7). Given its chemical composition, apatite plots at the 

boundary between hydroxyapatite and fluorapatite (Fig. 
8) and shows elevated LREE contents (Tab. 6). Apatite 
also exhibits distinct chemical zonation, primarily driven 
by variations in SrO content. SrO-rich rims reach up to 
6 wt% SrO, whereas the cores are relatively SrO-poor 
(around 0.5 wt%). The increase in SrO is compensated by 
a corresponding decrease in CaO. Apatite from Cretaceous 
basic volcanics in the Western Carpathians is also 
characterized by elevated REE contents (Kynický et al., 
2009; Szopa et al., 2014). 

Pyrite is abundant in the form of veins (Fig. 6). Chlorite, 
serpentine-group minerals and calcite are common minor 
mineral phases.

Fig. 2. Backscattered electron images of clinopyroxenes. A) Cpx 
phenocrysts without inclusions (Cpx I) coexisting with amphi-
bole, phlogopite, and sodalite; B) a poikilitic clinopyroxene phe-
nocryst (Cpx II) with inclusions of sodalite, pyrite, and calcite. 
Cpx – clinopyroxene, Amp – amphibole, Bt – biotite, Sdl – so-
dalite, Srp – serpentine, Chl – chlorite, Py – pyrite, Cal – calcite. 
Numbers in the figures correspond to the number of analyses in 
Tables 1, 2, and 3.
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low-SiO2 rocks (Le Bas, 2000), the samples are classified 
as meimechites (Fig. 9). TiO2 contents above 1 wt% and 
the absence of spinifex structures (Kerr & Arndt, 2001) 
exclude the name komatiite. This is the first description of 
meimechite in the Central Western Carpathians. 

We use the ternary diagram TiO2 vs MnO x 10 vs 
P2O5 x 10 (Mullen, 1983) for geotectonic classification 
(Fig. 10). The diagram shows that analyses of the studied 
rocks plot within the Ocean Island Alkaline Basalts 
field, consistent with their assumed geotectonic setting. 
Furthermore, the chondrite-normalized REE pattern shows 
significant enrichment in light REEs, a steeply descending 
curve, and no Eu anomaly (Fig. 11A). The chondrite-
normalized spider diagram shows strong enrichment in 
incompatible elements and no visible Nb anomaly (Fig. 
11B). It also displays positive Nd and Y anomalies.

Fig. 5. Backscattered electron images of sodalite. A) Cpx phe-
nocrysts with inclusions of sodalite, pyrite and calcite; B) a large 
single grain of sodalite. Cpx – clinopyroxene, Amp – amphibole, 
Bt – biotite, Sdl – sodalite, Srp – serpentine, Chl – chlorite, Py 
– pyrite, Cal – calcite, Ep – epidote. Numbers in the figures cor-
respond to the number of analyses in Tables 1, 3 and 4.

Fig. 3. Classification diagram of clinopyroxenes (after Morimo-
to, 1988).

Fig. 4. Classification diagram of micas (after Tischendorf et al., 
2007).

Whole rock geochemistry

The whole-rock chemical compositions of picritic 
rocks from the studied area are shown in Tab. 7. The 
whole-rock Mg# [molar Mg/(Mg + Fe)] ranges from 0.75 
to 0.82. Based on the IUGS classification of high-MgO and 
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Fig. 6. Backscattered electron images of spinel. Cpx – clinopy-
roxene, Amp – amphibole. Numbers in the figures correspond to 
the number of analyses in Table 5.

Fig. 7. Backscattered electron images of apatite. Spl – spinel, 
Cpx – clinopyroxene, Ap – apatite, Bt – biotite, Srp – serpentine, 
Py – pyrite. Numbers in the figure correspond to the number of 
analyses in Table 6.Fig. 8. Classification diagram of apatites from the studied picrites.
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Fig. 9. IUGS classification of high 
MgO picritic rocks (Le Bas, 2000). 
A sample from Predný diel (Fatric 
Unit) and picritic samples from the 
teschenite association are shown 
for comparison.

Fig. 10. Ternary discrimination diagram of 
TiO2 vs MnO x 10 vs P2O5 x 10 (after Mul-
len, 1983). A sample from Predný diel (Fatric 
Unit) and picritic samples from the teschenite 
association are shown for comparison.

Fig. 11. A) Chondrite-normalized REE diagram (normalized to chondrite using Barrat et al., 2012); B) chondrite-normalized multiele-
ment diagram (McDonough & Sun, 1995).
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Tab. 1

Selected EPM analyses of clinopyroxene. Fe3+ calculated by charge balance. Numbers correspond to those in Fig. 2.

Number 
anal. 14 15 16 17 21 23 28 51 52

Comment Cpx II Cpx II Cpx II Cpx II Cpx II Cpx II Cpx I Cpx I Cpx I

SiO2 47.73 49.87 49.54 48.99 47.10 46.77 49.23 48.92 48.72

TiO2 1.21 0.92 0.66 1.09 1.46 1.74 1.34 2.28 1.86

Al2O3 5.97 4.28 5.43 5.01 6.29 6.85 4.70 5.52 5.49

Cr2O3 0.02 0.00 0.00 0.03 0.10 0.01 0.01 0.00 0.00

FeO+ 5.46 6.69 8.32 7.52 6.26 5.68 5.89 6.87 7.47

MnO 0.03 0.09 0.14 0.05 0.21 0.04 0.10 0.00 0.00

MgO 13.56 14.08 12.85 13.27 13.55 13.18 14.04 13.37 13.51

CaO 23.83 23.24 21.71 22.82 23.62 23.33 23.50 22.16 22.03

Na2O 0.45 0.46 0.96 0.76 0.34 0.43 0.49 0.71 0.55

K2O 0.00 0.01 0.01 0.00 0.01 0.00 0.02 0.16 0.16

TOTAL 98.27 99.63 99.61 99.54 98.92 98.02 99.32 99.99 99.79

Formula based on 6 oxygens

Si 1.79 1.85 1.84 1.82 1.76 1.76 1.83 1.81 1.81

Ti 0.03 0.03 0.02 0.03 0.04 0.05 0.04 0.06 0.05

Al 0.26 0.19 0.24 0.22 0.28 0.30 0.21 0.24 0.24

Fe3+ 0.13 0.10 0.12 0.14 0.15 0.11 0.11 0.07 0.09

Fe2+ 0.04 0.10 0.14 0.10 0.04 0.06 0.08 0.14 0.14

Mn 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Mg 0.76 0.78 0.71 0.73 0.75 0.74 0.78 0.74 0.75

Ca 0.96 0.92 0.86 0.91 0.94 0.94 0.93 0.88 0.88

Na 0.03 0.03 0.07 0.05 0.02 0.03 0.04 0.05 0.04

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01

Wo 54.48 51.14 50.36 52.23 54.22 53.91 52.25 50.01 49.61

En 43.15 43.12 41.47 42.25 43.27 42.37 43.44 41.98 42.33

Fs 2.37 5.75 8.16 5.52 2.51 3.72 4.30 8.00 8.06
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Tab. 2

Selected EPM analyses of amphibole. Structural formula 
recalculated according to Locock (2014). Numbers 

correspond to those shown in Figs. 2A and 2B.

Number 
anal. 24 25 26

SiO2 40.58 41.00 40.49

TiO2 4.47 4.54 4.17

Al2O3 12.37 11.83 12.49

FeO+ 10.62 10.99 10.66

MnO 0.16 0.22 0.26

MgO 13.78 13.74 13.64

CaO 11.61 11.75 11.63

Na2O 3.20 3.36 3.09

K2O 1.00 0.95 0.98

Cl 0.02 0.02 0.02

F 0.00 0.00 0.04

Total 97.80 98.41 97.46

Formula besed on 22 oxygens

Si 6.00 6.04 6.01

AlIV 2.00 1.96 1.99

Ti 0.50 0.50 0.47

AlVI 0.16 0.10 0.19

Fe3+ 0.00 0.00 0.05

Mn2+ 0.00 0.03 0.01

Fe2+ 1.31 1.35 1.28

Mg 3.04 3.02 3.02

Mn2+ 0.02 0.00 0.03

Ca 1.84 1.86 1.85

Na 0.13 0.14 0.12

Na 0.79 0.82 0.77

K 0.19 0.18 0.19

Tab. 3

Selected EPM analyses of biotite. Numbers correspond
to those shown in Fig. 2.

Number
anal. 11 12 29 30 35

SiO 38.17 38.69 38.80 38.92 37.75

TiO2 2.41 2.22 2.13 2.12 4.01

Al2O3 15.56 15.61 15.43 15.63 16.56

FeO+ 10.51 10.25 10.50 11.00 10.25

MnO 0.03 0.07 0.09 0.08 0.14

MgO 19.09 19.69 19.34 19.23 18.54

CaO 0.02 0.03 0.01 0.04 0.11

Na2O 1.47 1.50 1.54 1.45 1.37

K2O 8.81 8.62 8.86 8.93 8.67

Total 96.07 96.68 96.70 97.41 97.39

Formula based on 11 oxygens (all ferous iron)

SiIV 2.77 2.78 2.79 2.78 2.70

AlIV 1.23 1.22 1.21 1.22 1.31

AlVI 0.11 0.11 0.10 0.10 0.08

Ti 0.131 0.12 0.12 0.11 0.215

Fe3+ 0.00 0.00 0.00 0.00 0.00

Fe2+ 0.64 0.62 0.63 0.66 0.61

Mn 0.00 0.00 0.01 0.01 0.01

Mg 2.06 2.11 2.07 2.05 1.97

Ca 0.00 0.00 0.00 0.00 0.01

Na 0.21 0.21 0.22 0.20 0.19

K 0.82 0.79 0.81 0.82 0.79
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Tab. 4

Selected EPM analyses of sodalite. Numbers 
correspond to those shown in Fig. 5.

Nu
m

be
r 

an
al

. 18 19 20 31 32 33 34

SiO2 36.99 37.33 36.79 37.27 36.28 36.73 36.41

TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 31.52 32.20 31.98 31.87 31.31 31.38 31.46

FeO 0.15 0.19 0.05 0.40 0.13 0.08 0.07

MnO 0.00 0.04 0.00 0.00 0.00 0.00 0.06

MgO 0.02 0.05 0.00 0.01 0.00 0.00 0.00

CaO 0.06 0.06 0.07 0.10 0.01 0.02 0.01

Na2O 24.63 24.53 24.77 24.59 25.04 24.70 24.87

K2O 0.00 0.05 0.01 0.04 0.00 0.00 0.01

F 0.02 0.00 0.00 0.00 0.00 0.00 0.00

Cl 7.11 7.12 7.11 6.86 7.28 7.31 7.35

Total 100.50 101.57 100.78 101.14 100.05 100.23 100.24

Normalized on 12 T-cations

Si 5.99 5.95 5.93 5.98 5.95 5.98 5.95

Al 6.01 6.05 6.07 6.02 6.05 6.02 6.05

Fe 0.02 0.03 0.01 0.05 0.02 0.01 0.01

Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.01

Mg 0.01 0.01 0.00 0.00 0.00 0.00 0.00

Ca 0.01 0.01 0.01 0.02 0.00 0.00 0.00

Na 7.73 7.58 7.74 7.65 7.96 7.80 7.87

K 0.00 0.01 0.00 0.01 0.00 0.00 0.00

F 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Cl 1.95 1.92 1.94 1.86 2.02 2.02 2.03

Tab. 5

Selected EPM analyses of spinel. Normalized to 3 cations 
and 4 oxygens; where not analytically determined, Fe3+ is 
calculated based on charge balance. Numbers correspond 

to those shown in Fig. 6.

Nu
m

be
r 

an
al

. 1 2 7 8 09 010 011

SiO2 0.01 0.02 0.01 0.00 0.09 0.00 0.00

TiO2 0.16 0.10 0.07 0.02 0.00 0.14 0.00

Al2O3 52.57 52.48 53.11 50.54 52.52 50.06 52.09

Cr2O3 12.99 13.06 13.00 14.74 13.36 16.76 14.35

Fe2O3 NA NA NA NA 3.37 3.25 4.10

FeO 13.00 12.76 12.86 13.31 11.20 11.51 10.80

MnO 0.12 0.14 0.11 0.14 0.00 0.00 0.00

MgO 18.11 18.41 18.44 18.06 18.99 18.74 19.37

NiO 0.32 0.29 0.25 0.26 NA NA NA

ZnO 0.22 0.20 0.25 0.30 NA NA NA

Total 97.50 97.46 98.10 97.36 99.54 100.46 100.71

Normalized on 3 cations and 4 oxygens

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 1.68 1.67 1.68 1.63 1.65 1.58 1.62

Cr 0.28 0.28 0.28 0.32 0.28 0.35 0.30

Fe3+ 0.04 0.04 0.04 0.05 0.07 0.07 0.08

Fe2+ 0.26 0.25 0.25 0.25 0.25 0.26 0.24

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.73 0.74 0.74 0.74 0.75 0.75 0.76

Ni 0.01 0.01 0.01 0.01

Zn 0.00 0.00 0.00 0.00
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KP-24 KP-27 MV-81
SiO2 34.06 38.12 37.3
TiO2 1.34 2.02 1.74
Al2O3 5.72 7.57 6.24
Fe2O3 6.75 6.52 9.65
FeO 3.93 4.04
MnO 0.12 0.19 0.14
MgO 22.26 16.94 22.83
CaO 9.05 10.65 5.92
Na2O 0.41 0.96 0.26
K2O 0.92 1.02 0.94
P2O5 0.74 0.85 0.65
LOD 3.07 1.86
LOI 10.87 8.15 13.5
Total 99.24 98.89 99.17
La 53.85 39.17
Ce 101.21 72.94
Nd 46.02 32.63
Sm 10.3 7.27
Eu 2.61 1.75
Gd 6.82 4.83
Dy 4.64 3.19
Er 2.03 1.41
Yb 1.33 0.96
Lu 0.18 0.13
Y 18.85 12.83
Ba 455 303
Co 110 117 114
Cu 48 27 39
Nb 71 53
Ni 873 1,040 1,232
Sc 18 21 15
Sr 562 291
V 173 138
Zn 135 117 124
Zr 209 224 159
B 21.4 24.5
Cr 680 710
Ga 14 10
U 1
Th 8

Tab. 7

Whole-rock chemical composition of picritic rocks from 
the Poniky boreholes. KP-24, KP-27 (Hovorka & Slav-
kay, 1966), MV-81 – new analysis. For sample MV-81, 

only total iron as Fe2O3 was determined.

Discussion

Petrogenesis

The chemical signature of mantle-crust interaction in 
subduction zones is characterized by a negative Nb-Ta 
anomaly (Pearce, 2008). Our sample does not display such 
an anomaly (Fig. 11B); we thus suggest that the studied 
melt is a product of intraplate magmatic activity and was 
not modified by subduction processes. The absence of an 
Eu anomaly suggests limited plagioclase fractionation and 
supports a relatively primitive, mantle-derived magma 
source. This interpretation is also supported by the high 
whole-rock Mg# (> 0.75). However, some degree of mant-
le metasomatism cannot be ruled out. First, Sr-rich rims on 
apatites, which were probably formed during late magma-
tism by residual melts enriched in Sr, volatiles, LREE, and 
LILE, as suggested by Zhang et al. (2011). Secondly, Ti-
rich amphibole (kaersutite) is not commonly found in pri-
mary melts (Martin, 2007). The presence of these phases 
thus suggests that the magma that formed the picritic rocks 
near Poniky was derived from a metasomatized mantle 
source (Pilet et al., 2008; O’Reilly & Griffin, 2000). 

Alkaline affinity

All presented results, including mineral composition, 
mineral chemistry and whole-rock chemistry, are consistent 
with the interpretation that the studied meimechites formed 
as part of an alkaline volcanic series. This interpretation 
is clearly supported by the newly documented occurrence 
of sodalite, a characteristic phase of alkaline rocks (Deer 
et al., 2013). Moreover, the strong enrichment in LILE, 
the high LREE content relative to HREE, and the elevated 
P2O5 content (> 0.65 wt%) are consistent with an alkaline 
affinity. The analysed samples are equivalent to oceanic-
island alkaline basalts (Fig. 10). Most importantly, by 
comparing these data with picrite occurrences from the 
External Western Carpathians, we infer a genetic similarity 
between these rocks and the teschenite-picrite association. 
(Figs. 10, 11A, B) (Brunarska & Anczkiewicz, 2019; 
Kudělásková, 1987).

Regional comparison and tectonic implications

Hovorka & Slavkay (1966) considered the relationship 
between the Poniky picrites and the dolomites to be a nor-
mal stratigraphic relationship, i.e., synsedimentary volca-
nism. However, the relationship between the overlying and 
underlying complexes could not be clearly demonstrated 
due to the low drill core yield (Spišiak & Hovorka, 2000). 
Because the host dolomites were affiliated with the Hronic 
Unit, this was the only documented occurrence of such 
volcanic rocks in the Hronic Unit. However, similar alkali-
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ne volcanic rocks (although significantly altered) were do-
cumented near Banská Bystrica at Predný diel in carbonate 
rocks of the Fatric Unit (borehole ŠŠ II, Fig. 1; Slavkay, 
1979), and, in fact, they are widespread in the Fatric Unit 
(Hovorka & Spišiak, 1988; Spišiak & Hovorka, 1997). 
This raised the question of whether similar rocks could 
occur in two different tectonic units with allochthonous 
provenance. From a lithostratigraphic perspective, based 
on current knowledge, there is no problem with classifying 
the studied Mesozoic sequence as part of the Hronicum 
(Fig. 1a). However, correlation with other picrite occur-
rences near Banská Bystrica also suggests an alternative 
interpretation: that the host dolomites belong to the Fatric 
Unit and that the studied meimechite occurrence is one 
of many manifestations of Cretaceous alkaline volcanic 
activity documented in the Fatric Unit (Spišiak & Hovor-
ka, 2000). Taking all available evidence into account, the 
most plausible interpretation is that the Fatric and Hronic 
tectonic units were already in close proximity during the 
volcanic activity discussed herein.

Ivan (1991) documented an occurrence of a metamor-
phosed picritic rock near Medzev in the Gemeric Unit. 
However, this occurrence differs significantly in chemical 
composition from the picritic rock presented from Poniky. 
It has markedly lower TiO2 (0.48 wt%), P2O5 (0.14 wt%), 
and alkali element concentrations (0.01 wt% Na2O, 
0.01 wt% K2O), as well as lower REE concentrations, 
which exclude the possibility that it is a part of the same 
alkaline suite. In fact, it is interpreted as a differentiated 
basic (MOR) magma associated with basalts of the Gel-
nica Group (Ivan, 1991). Therefore, the picritic rock from 
Medzev is genetically and geochronologically unrelated to 
the studied rocks from Poniky.

Conclusion

●  The mineral composition of picritic rocks from the 
Poniky area is consistent with picrites associated 
with alkaline rocks. This classification is supported 
not only by the presence of sodalite but also by 
whole-rock chemical composition.

● The analysed picritic rocks are equivalent to 
Cretaceous alkaline basalts/basanites occurring 
in the Fatric Unit of the Western Carpathians. 
Consequently, they are also similar in composition 
to picrites from the ‘teschenite association’ in the 
External Western Carpathians.

● Whole-rock chemical composition classifies the 
analysed picritic rocks as meimechites. This is the 
first documentation of a meimechite in the Central 
Western Carpathians. 
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Pikrit je definovaný ako hypoabysálna, často porfý-
rická hornina s vysokým obsahom mafických minerálov 
a so zvýšeným obsahom MgO v porovnaní s bazaltmi 
(> 12 hm. %; Le Bas, 2000). Výskyty pikritov sú v Zá-
padných Karpatoch zriedkavé. Vo Vonkajších Západných 
Karpatoch sa vyskytujú ako súčasť kriedovej těšínito-
vo-pikritovej asociácie  v sliezskej jednotke (Brunarska & 
Anczkiewicz, 2019; Buriánek et al., 2013; Hovorka, 1976; 
Hovorka & Spišiak, 1988; Kudělásková, 1987; Mahmood, 
1973; Šmíd, 1962; Szopa et al., 2014). Vo Vnútorných 
Západných Karpatoch boli obmedzené výskyty pikritov 
opísané len z vrtov v mezozoických sedimentárnych sek-
venciách v okolí Banskej Bystrice (Hovorka & Slavkay, 
1966; Hovorka & Spišiak, 1988; Slavkay, 1979). Tieto 
pikritické horniny majú kriedový vek a geneticky súviseli 
s alkalickým vulkanizmom. Ojedinelý výskyt metamorfo-
vaného pikritu bol zdokumentovaný aj v gelnickej skupine 
gemerika (Ivan, 1991).

Podstatné množstvo informácií o výskyte pikritov 
v okolí Banskej Bystrice bolo publikované už v monogra-
fii Mezozoický vulkanizmus Západných Karpát (Hovorka 

Pikritické horniny (mejmečity) z Poník:
mineralógia a petrológia (Západné Karpaty)

& Spišiak, 1988). Napriek tomu v tejto práci prezentujeme 
nové zaujímavé mineralogické a petrologické údaje o star-
šej vzorke pikritu z vrtu pri Ponikách. Okrem hlavných 
mafických minerálov (klinopyroxén, kaersutit, flogopit) sú 
opísané aj spinely, apatit bohatý na Sr (až do 6,4 hm. % 
SrO) a sodalit. Sodalit je vo Vnútorných Západných Kar-
patoch zdokumentovaný po prvýkrát a spolu s minerálnym 
a celohorninovým chemickým zložením hornín potvrdzuje 
ich alkalický charakter. Petrologické údaje vrátane REE 
ukazujú, že tieto horniny sú ekvivalentné kriedovým vul-
kanickým horninám vyskytujúcim sa vo fatriku, ako aj 
pikritickým horninám těšínitovo-pikritovej asociácie vo 
Vonkajších Západných Karpatoch. Vysoký obsah MgO 
(> 18 hm. %) umožňuje klasifikovať tieto horniny ako 
mejmečity.
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Abstract: The area between the Tatry and Branisko mountain ranges in northeastern Slovakia represents the most 
extensive territory covered by Paleogene sediments within the Internal Western Carpathians. In order to compile 
a tectonic map of the pre-Cenozoic basement, the locations at which the basement was present on the surface were 
analysed in detail to determine their tectonic affiliation. The Havran structure, previously classified as Fatricum, 
has been reclassified as Veporicum in the eastern part of the Tatry Mts. The rock complexes in the Branisko Mts. 
that were previously classified as part of the Tatric tectonic unit are now considered an integral part of the Vepo-
ricum. The pre-Cenozoic basement of the studied area comprises the Fatricum, Veporicum and Hronicum. The 
Mesozoic sediments of Fatric tectonic unit occur south of the surface outcrops of Oravic sediments. South of this, 
the pre-Cenozoic basement contains the Veporicum and Hronicum tectonic units.

Key words: tectonics, Tatricum, Veporicum, Fatricum, Hronicum

Introduction

Cenozoic sediments and volcanic rocks cover more 
than half of the territory of Slovakia. Together with locally 
preserved Upper Cretaceous rocks, they represent post-
nappe sedimentary sequences within the Internal Western 
Carpathians (sensu Hók et al., 2019). Knowledge of 
the geological structure of the areas buried beneath the 
Cenozoic basins is essential not only for understanding the 
geometry and relationships of the Alpine tectonic units in 
their basement, but also for applied purposes, such as the 
exploration of geothermal water and energy. 

The study area is situated in the northeastern part of the 
Internal Western Carpathians (IWECA) and represents the 
largest coherent region covered by Paleogene sediments 
(Fig. 1). The geological structure of the study area is 

depicted on several regional geological maps at a scale of 
1:50,000 (Bajaník et al., 1984; Biely et al., 1992; Gross et 
al., 1999; Mello et al., 2000; Nemčok, 1990; Nemčok et 
al., 1994; Polák et al., 1996) or on the Geological Map of 
Slovak Republic (2013). The tectonic setting of the pre-
Cenozoic basement was published by Fusán et al. (1987). 

The surface geological structure is significantly do-
minated by Paleogene sediments of the Sub-Tatra Group 
(sensu Gross et al., 1984; Gross, 2008). Pre-Cenozoic rock 
complexes consist mainly of Mesozoic and locally Upper 
Paleozoic sedimentary cover of the Tatricum, Veporicum 
(Northern Veporicum) or Gemericum and allochthonous 
Fatric, Hronic, and Silicic cover nappes. Pre-Mesozoic 
crystalline basement complexes are represented by Pa-
leozoic plutonic and metamorphic rocks of the Tatric, 
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Veporic, and Gemeric thick-skinned tectonic units (Hók 
et al., 2019). Based on a detailed and critical analysis of 
the surface geological structure in the Tatry and Branisko 
Mts., supplemented borehole data and geophysical inter-
pretations, this paper re-evaluates existing knowledge on 
the geological structure of the pre-Cenozoic basement, 
and provides new innovative view which differs from the 
previous interpretation (e.g., Fusán et al., 1987) mainly in 
terms of the tectonic categorization of the Tatric and Ve-
poric rock complexes.

Fig. 1. Simplified tectonic map of Slovakia (Hók et al., 2019). The red rectangle represents the study area.

Methodology

The map of the pre-Cenozoic bedrock is based on 
a comprehensive review of published works and archived 
reports. The collected data have been categorized and 
expertly analysed. The input data primarily consists of 
the results of geological surveys (i.e. geological maps), 
boreholes (i.e. lithology and stratigraphy) and geophysical 
surveys (i.e. gravimetric, electric and seismic methods). 

They also include information on structural geology 
concerning paleostress fields and significant faults.

The method employed involved mutual extrapolation 
and interpolation of surface data, borehole results, geophy-
sical data and structural data. The principle of constructing 
a pre-Cenozoic basement map by extrapolation involves 
projecting surface data no more than halfway to different 
geological object (tectonic unit). In contrast, interpolation 
involves connecting identical surface geological objects or 
assuming their continuous extension into the basement be-

neath Cenozoic sediments or volcanic rocks. Continuous 
extension from the surface may be modified if limiting data 
from boreholes, geophysical surveys or structural data are 
available in the given area. Knowledge of the geological 
structure, especially the lithostratigraphic composition of 
individual tectonic units and their superposition, plays an 
important role here. Information obtained from boreholes 
represents the most important source, which largely com-
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plements or expands upon the previous one. A borehole 
ultimately provides only point data. Therefore, the results 
obtained are always extrapolated or interpolated between 
individual boreholes or between a borehole and surface 
data. 

When collecting data on the characteristics of pre-
Cenozoic bedrock, especially from boreholes, the original 
description of the rock complexes encountered is important, 
as its quality can and often does vary. In this case, an 
expert decision must be made, either based on a direct 
inspection of the drill cores or based on a correlation with 
the geological conditions of the nearest surface or with 
other nearby boreholes, and finally based on a comparison 
with the latest generally accepted tectonic conditions.

The information obtained from the geophysical data 
was primarily derived from gravimetry (see Fig. 2), as 
these data are of supraregional significance and the results 

are consistently available across Slovakia (Kilényi & 
Šefara, 1989; Pašteka et al., 2017; Zahorec et al., 2021). To 
a lesser extent, results from seismic, magnetotelluric and 
electrical sounding, or electrical resistivity tomography 
have been used. These are mostly limited to individual 
areas and their correct interpretation often depends on 
correct correlation with surface or borehole data.

Structural and tectonic data are integral to correctly 
interpreting tectonic conditions in areas covered by 
Cenozoic sediments. Understanding these conditions and 
their proper extrapolation is of primary importance. The 
fundamental aspects of the Variscan orogeny must be 
considered, as well as the strict distinction of the structural 
character of Paleo-Alpine tectonic deformation (Jurassic–
Cretaceous) from the consequences of Neo-Alpine tectonic 
processes (Cenozoic), and their mutual interaction, within 
the Alpine tectonic stage.

Fig. 2. Map of complete Bouguer anomalies in the study area showing the locations of boreholes that reached the pre-Cenozoic base-
ment (Pašteka et al., 2017; Zahorec et al., 2021).
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Surface occurrences of the pre-Cenozoic basement

Pre-Cenozoic basement in the area of interest (Fig. 3) 
is exposed at the surface in the Tatry Mts., the Vikartovský 
chrbát Ridge, Slovenský raj, Galmus, Spišsko-gemerské 
rudohorie Mts., Branisko, and Čierna Hora Mts., as well 
as in the Pieniny Klippen Belt. The Mesozoic formations 
of the Pieniny Klippen Belt have no significant impact on 
the structure of the pre-Cenozoic basement in the IWECA 
region.

The Tatry Mountains    
The geological structure of the Tatry Mts. 

is depicted on the geological map and in the 
accompanying explanatory notes (Nemčok et 
al., 1993, 1994). In many aspects, the map is 
based on earlier publications by Uhlig (1900), 
Lugeon (1903), and especially Andrusov 
(1950). Notably, the geological map of the 
Vysoké Tatry area between the Bielovodská 
dolina and Javorová dolina Valleys has not been 
re-examined in detail since Andrusovʼs work in 
1950. According to Nemčok et al. (1993, 1994), 
the Vysoké Tatry and Belianske Tatry regions 
comprise the Tatric and Fatric tectonic units. 
The crystalline basement rocks are represented 
by several types of granitoid and metamorphic 
rocks, which are generally considered to be part 
of the Tatricum. However, Andrusov (1950) 
states: “... the origin of the crystalline cores 
of the recumbent folds of the Široká massif 
must be placed far to the south of their present 
location.”

The tectonic setting of the Vysoké Tatry 
(VT) and Belianske Tatry (BT) mountains 
differs markedly to the west, roughly along the 
north-south line connecting the Bielovodská 
dolina Valley, the Roztoky Valley and the 
Kôprová dolina Valley (the Kôprová dolina 
Valley Fault, as defined (the Kôprová dolina 
Valley fault, as defined by Bezák et al., 2004). 
The tectonic affiliation of parts of the Tatric and Fatric rock 
complexes is disputed. The Kôprová dolina Valley (also 
known as the Kôprová Fault Zone; Nemčok et al., 1993) 
runs through the Tatra Mountains, separating the elevated 
western part from the depressed eastern part.

To the west of the Kôprová dolina Valley Fault (KVF), 
the Mesozoic sedimentary rocks of the Tatricum are 
divided into an autochthonous part, represented by the 

Tomanová sequence, and cover-unit duplexes, namely 
Czerwone Wierchy, Giewont and Goryczkowa (Nemčok 
et al., 1993; Ostrowski et al., 2026). Granitoids are also 
present here, alongside cover Mesozoic sedimentary 
sequences in several duplexes (Bac-Moszaszwili et 
al., 1984). From a lithofacial and lithostratigraphic 
perspective, the Tatric cover has been divided and grouped 
into a number of different sequences (Kotański, 1961). 
However, defining the Tatricum in this area does not pose 

Fig. 3. Simplified tectonic map and regional geological division (Vass et al., 
1988) of the study area. VT – Vysoké Tatry subunit, BT – Belianske Tatry 
subunit, Ru – ružbašský ostrov.

Fig. 4. A section from the geological map of the Tatry Mountains (Nemčok et al., 1994) with explanations and markings of the presu-
med Veporicum structures. The inverted stratigraphic sequence of a recumbent fold, whose core consists of crystalline rock and which 
today represents the Veporic outlier, is illustrated in Fig. 5.

any significant problems. To the east of the KVF, duplexes 
of the cover sediments are absent, with only sediments of 
the cover units present in the Široká area (2,210 m a.s.l.). 
There, a rudimentary cover of crystalline basement rocks, 
in the form of the Lúžna Formation (Lower Triassic), is 
preserved. The Fatricum is present in two superimposed 
structures, the Havran and the Bujačí nappes (Nemčok et 
al., 1993, 1994).
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At the mouth of the Kežmarská Biela voda Valley, 
above the Lúžna Formation, the Gutenstein Limestones 
(Middle Triassic) appear in their normal stratigraphic 
position. However, the Gutenstein Limestones are 
tectonically separated from the Lúžna Formation sediments 
by a nappe contact (Nemčok et al., 1994). This contact can 
be traced westward to the area east of Veľké Biele pleso 
and to the west of the Napájadlový potok Valley (near the 
Kežmarská chata hut), where the Gutenstein Limestones 
are again separated from the Lúžna Formation by a nappe 
contact. The same situation occurs far as the upper part of 
of the Meďodolský potok Valley, where a fold structure 
is present. In its synform parts, the Gutenstein limestones 
or the shales of the Lúžna Formation are found in their 
normal stratigraphic position, above the Lower Triassic 
and Permian sediments (Meďodoly conglomerates), with 
fragments of the Goryczkowa-type granite in their footwall 
(Gorek, 1954). The Gutenstein Limestones bordering the 
north-eastern edge of the aforementioned fold structure 
occupy a normal position as the upper fold limb and passes 
upwards into higher members of the lithostratigraphic 
sequence. Despite these apparently normal stratigraphic 
relationships is tectonically assigned to the Fatricum on 
the geological map (Nemčok et al., 1994).

To the west, the Gutenstein Limestones lie above 
massive organodetritic limestones (Middle to Upper Ju-
rassic), and both formations belong to the Tatricum tec-
tonic unit. On the left bank of the Javorová dolina Valley, 

on the northeastern slopes of Svišťovka (2,070 m a.s.l.), 
crinoidal and red limestones with stromatolites (Bajocian–
Bathonian) and Carpathian Keuper Formation are found 
overlying leucocratic granitoids. The entire rock complex, 
apparently in an inverted stratigraphic position, is assigned 
to the Tatric tectonic unit (Nemčok et al., 1994). In the 
hanging wall of the Tatric cover sequence, a crystalline 
basement thrust slice is present, represented by porphyritic 
granites (Goryczkowa-type, e.g. Kohút et al., 2019) and 
sediments of the Lúžna Formation (Fig. 5). The aforemen-
tioned rock complex is tectonically separated from the Tat-
ric crystalline basement. In Zadná kopa (1,674 m a.s.l.) and 
Holica (1,628 m a.s.l.), the same granites, together with the 
Lúžna Formation and Mesozoic sediments ranging in age 
from the Middle Triassic to Cenomanian form a continu-
ous lithostratigraphic sequence that connects seamlessly to 
the Havran nappe. The presence of a crystalline basement 
as an integral part of the Havran structure above the Tatric 
sedimentary cover indicates its tectonic affinity with the 
Veporicum. 

It is reasonable to consider the Havran structure to be 
part of the Veporicum, in a similarly to the Nízke Tatry 
Mountains (Biely et al., 1992), the Staré Hory Mountains 
(Polák et al., 2003) and the Tribeč Mountains (Ivanička et 
al., 1988), as well as in the context of the Šariš-1 borehole 
results (Š-1, Koráb et al., 1986). 

Meanwhile, the Fatricum sensu stricto could be 
represented by the Bujačí nappe/structure (cf. Nemčok et 
al., 1994; Geological Map of Slovak Republic, 2013).
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Fig. 5. Geological section between Široká (2,210 m a.s.l.) and Tisovka (1,372 m a.s.l.) documenting the allochthonous position of the 
Veporic tectonic unit (Havran structure) on the Tatricum (for the location of the section, see Fig. 3).
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The Bujačí structure may also represent a continuous, 
folded structure of the Havran nappe, with Middle Triassic 
dolomites forming its core. In that case, it would require 
a southward displacement of the dolomites and the 
associated lithostratigraphic units in the upper limb of the 
fold.  There is no evidence of south-vergent displacements 
in the Tatra Mts. Furthermore, the high rheological 
resistance of dolomites to folding suggests that their 
presence in the core of a recumbent fold is less likely. It is 
simpler and more energetically plausible to assume that this 
is a separate duplex structure. However, this assumption 
requires further research. On the southeastern edge, the 
pre-Cenozoic rock sequences of the Tatry Mountains are 
separated from the Paleogene sedimentary sequences 
by the Ružbachy Fault (RuF). The RuF was tectonically 
active throughout the Cenozoic (Jacko, 2000).

Vikartovský chrbát Ridge
The Vikartovský chrbát Ridge is largely composed of 

the Hronic tectonic unit. The rock complexes of the Lower 
Paleozoic Ipoltica Group form the prevailing portion of 
the area (Vozárová & Vozár, 1979). Mesozoic rocks of 
the Hronicum are present in the stratigraphic range from 
the Lower Triassic to the Lower Jurassic. Lithofacially, 
imbricated Hronic sedimentary rocks of both the Čierny 
Váh and Biely Váh facial type are present here (Havrila, 
2011). The rocks formations are monoclinally inclined 
to the north (c.f. Biely et al., 1992; Geological Map of 
Slovak Republic, 2013) and the basement of the Hronicum 
consists of rocks of the Northern Veporicum.

Slovenský raj Mountains
In the Slovenský raj region, the geological structure is 

characterised by the Stratená Group of the Silicic tectonic 
unit (Mello et al., 2000). The stratigraphic range extends 
from the Lower to the Middle Triassic, with the Wetterstein 
Limestones making up most of the surface (see Mello et 
al., 2000; Geological Map of Slovak Republic, 2013).

Galmus Mountains    
The Galmus area in the study region borders the 

northern edge of the Gemeric belt (Vass et al., 1988). Its 
rock composition consists of Middle Triassic carbonates 
of the Silicicum, Paleozoic rocks of the northern Gemeric 
cover sequences, and Paleozoic sedimentary sequences and 
volcanic rocks of the Rakovec Group of the Gemericum 
(Mello et al., 2000; Polák et al., 1996; Bajaník et al., 1984; 
Geological Map of Slovak Republic, 2013). 

Branisko Mountains
The Branisko Mts. (Fig. 6) is a horst structure, with 

the Poľanovce Fault (PF) to the west and the Šindliar 
Fault (ŠF) to the east. Both faults are normal faults, with 
a displacement of more than 500 metres on the fault 

surface. The ŠF has shown evidence of recent instrumental 
movement (Stercz et al., 2025).

Along the southern edge of the Branisko Mts., there 
are sequences of Paleozoic crystalline basement rocks 
(granites, migmatites and gneisses), which are part of 
the Miklušovce Complex within the Veporicum (Polák et 
al., 1996). Further north, the crystalline basement rocks 
belong to the Patria Complex (amphibolites, migmatites 
and granites), and are alternatively classified as part of the 
Tatricum or the Veporicum. Paleozoic sedimentary rocks 
(arkoses, breccias and conglomerates) have likewise been 
assigned to both the Veporicum and the Tatricum (the 
Brusno and Korytné formations). 

Other Carboniferous and Permian sedimentary and 
volcanic rocks form part of the Ipoltica Group and are 
classified as belonging to the Hronicum. Mesozoic 
sedimentary sequences are tectonically classified as 
either Veporicum or Tatricum, although an alternative 
interpretation is sometimes presented (Polák et al., 1996).  
In contrast, the Middle to Upper Triassic dolomites and 
the rare occurrences of the Gutenstein Limestone along 
the northern margin of the Branisko Mountains have 
consistently been assigned to the Hronicum (Polák et 
al., 1996; Geological Map of Slovak Republic, 2013). 
The overview of the geological structure indicates that 
the tectonic affiliation of some rock complexes remains 
uncertain, with alternative assignments to either the 
Tatricum or the Veporicum. Moreover, these interpretations 
do not fully correspond to the generally accepted tectonic 
superposition of the Alpine tectonic units. The tectonic 
attribution of the rock complexes assigned to the Hronicum 
is likewise opened to question.

The rock complexes in the Branisko Mountains are 
generally dipping northwards (Polák et al., 1996). In 
this configuration, the Miklušovce Complex (classified 
as Veporicum) would dip beneath the Patria Complex 
(classified as either Tatricum or Veporicum). This would 
imply that the Tatricum is in tectonic superposition above 
the Veporicum. In this configuration, neither the Paleozoic-
Mesozoic sedimentary rocks nor the rocks of the Patria 
Complex can be considered part of the Tatricum.

A similar situation occurs west of the village of Šin- 
dliar, where the Hronic sedimentary rocks (Gutenstein li-
mestone) occur in a tectonic position above the Tatric and 
Veporic sedimentary complexes (Lúžna Formation). The 
occurrence of the Hronicum directly above the Tatricum, 
in the absence of the Veporicum and/or Fatricum, would 
constitute an exceptional tectonic configuration within the 
IWECA region. Therefore, both the Miklušovce and Patria 
complexes, together with their Paleozoic and Mesozoic 
sedimentary cover, more likely belong to the Veporicum. 
However, a more detailed analysis of the geological map 
raises fundamental questions regarding the tectonic affi-
liation of several Mesozoic rock formations assigned to 
the Hronicum. In the northern part of the Branisko Moun-
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tains, there is a significant volume of 
Triassic dolomites generally interpreted 
as the Middle Triassic Hronic dolomites. 
However, their description on the geolo-
gical map is inconsistent. In the western 
part of the area, they are identified as the 
Ramsau Dolomite (Upper Anisian–La-
dinian), whereas in the eastern part, they 
are described simply as grey massive 
dolomites (Middle–Upper Triassic). Re-
garding the grey massive dolomites of 
the Middle–Upper Triassic, which occur 
northwest of the Šindliar village above 
the Gutenstein Limestone (Anisian), the 
Lúžna Formation (Lower Triassic) and 
the Patria Crystalline Complex, there is 
reasonable doubt about their tectonic affi-
liation with the Hronicum. Their lithostra-
tigraphy suggests a single uninterrupted 
sequence belonging to the Veporicum. 
The presence of a thrust contact between 
the Gutenstein Limestone and the grey 
dolomites, which normally form part of 
a continuous lithostratigraphic succes-
sion, appears highly improbable. This 
interpretation is further challenged by the 
situation along the southwestern margin 
of the Branisko Mts., east of the village 
of Dúbrava, where an analogous stra-
tigraphic succession is exposed without 
a nappe boundary between the dolomites 
and the Gutenstein Limestones. 

Additional support is provided by 
the SAL-7 borehole, located approxi-
mately 5 km northeast of the village of 
Šindliar in the valley of the Renčišovský 
potok creek (Haluška et al., 1995; Geo-
logical Map of Slovak Republic, 2013). 
The borehole penetrated the Carpathian 
Keuper Formation beneath the Paleogene 
sedimentary sequences, at depth interval 
between 362 and 742 m (Polák et al., 
1992). The presence of the Carpathian 
Keuper Formation definitively excludes 
the occurrence of the Hronicum in the 
wider surroundings of the SAL-7 bore-
hole. Therefore, if the grey dolomites dip 
northwards, they would have been found 
below the sediments of the Carpathian 
Keuper Formation in the SAL-7 borehole. 
If we consider their tectonic affiliation 
with the Hronicum, however, such a posi-
tion is almost impossible. However, if the 
dolomites are part of the Veporicum, the 
Carpathian Keuper rocks represent a nor-

Fig. 6. A section from the geological map of Branisko and Čierna hora (Polák et al., 
1996) with explanations and marking of the presumed Veporic structures.
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mal continuation of the stratigraphic sequence and 
can be correlated with the Veporicum (Fig. 6).

Based on the analysis of the geological map and 
field observations, it can be assumed that north and 
northeast of the Branisko Mts., a tectonic unit of the 
Veporicum (Northern Veporicum) occurs beneath 
the Paleogene sedimentary sequence. Data from 
boreholes also support this assumption, as explained 
below.

Interpretation of the tectonic affiliation of 
pre-Cenozoic basement rocks

The Šariš-1 (Š-1) borehole (Figs. 7, 8), located 
approximately 10 km north of the village of Vyšný 
Slavkov, plays a crucial role in compiling a tecto-
nic map of the pre-Cenozoic basement north and 
northeast of Branisko Mts. 

The Š-1 borehole penetrated a Mesozoic stra-
tigraphic sequence ranging from the Lower Trias-
sic (Induan) to the Lower Cretaceous (Albian). 
The Lower Triassic sedimentary sequences overlie 
directly the crystalline basement composed of grani-
tic rocks in the upper part and gneiss in the lowermost 
part of the borehole. The Mesozoic rocks were origi-
nally tectonically classified as part of the Fatricum, 
and the crystalline complex was considered part of 
the Tatricum (Koráb et al., 1986). However, upon 
critical review of this configuration, there is no con-
vincing evidence to place a nappe boundary between 
the crystalline basement rocks and the Mesozoic se-
dimentary sequences, which form the autochthonous 
Mesozoic cover of the crystalline basement complex. 
Therefore, the entire pre-Cenozoic section of the 
borehole, including the crystalline basement com-
plex, can be correlated with the Northern Veporicum. 
It should also be noted that the Mesozoic sedimen-
tary sequences of Northern Veporicum and Fatricum 
are largely identical in terms of lithostratigraphy. 
Their tectonic affiliation is often determined by the 
presence of crystalline basement rocks at the base of 
the complex or by the arrangement of clearly defined 
tectonic units with their characteristic features, par-
ticularly their typical lithostratigraphic members on 
a broader regional scale.

Mesozoic rocks of the Veporic cover sequence 
also occur on the northeastern margin of the Čierna 
hora Mts. and have been documented in borehole 
SH-1, Bzenov (Cibuľka et al., 1993), SH-4, Kvačany 
(Cibuľka et al., 1993), BH-3, Víťaz (Frankovič et 
al., 1974) and boreholes ČH-10, 11, 12 of the Čierna 
hora series (Frankovič et al., 1981). Middle Triassic 
dolomites were observed beneath the Paleogene 
sediments, representing a continuation of the surface 
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occurrences of Veporic sedimentary cover exposed on the 
surface. Similar results were also obtained from the P-1 
(Prešov-1) borehole (Mořkovský & Filková, 1978). 

The boreholes of the Lipany series (L-1, L-2, L-3, and 
L-5) penetrated Lower Jurassic rocks, Norian Carpathian 
Keuper Formation, and Middle Triassic dolomite beneath 
the Paleogene sedimentary sequences (Leško et al., 1982; 
Rudinec, 1992). In the tectonic map of the pre-Cenozoic 
basement (Fusán et al., 1987), these rock complexes are 
assigned to the Fatricum together with the rocks in borehole 
Š-1. At the same time, the area between Branisko Mts. in 
the west and Čierna hora Mts., in the south, is classified 
within the Tatricum (Fusán et al., 1987).

As already mentioned in the case of pre-Cenozoic 
rocks in borehole Š-1, the presence of the Tatricum is 
unacceptable, like the situation in Branisko Mts. and, 
to some extent, in the northeastern Tatry Mts. (Fig. 8). 
In this case, the Mesozoic sedimentary sequences in the 
borehole profiles of the Lipany and Plavnica series have 
been correctly assigned to the Fatricum (Kullmanová & 
Rudinec, 1988). Although their stratigraphic range is 
reduced, they contain Carpathian Keuper Formation in 
a continuous lithostratigraphic sequence and are clearly 
tectonically separated from their crystalline basement (cf. 
Leško et al., 1979; Leško et al., 1982). The interpretation 
that the boreholes penetrate the Hronicum (Gross et al., 

Fig. 8. Tectonic map of the pre-Cenozoic basement. KVF – Kôprová dolina Valley Fault; RuF – Ružbachy Fault; ViF – Vikartovce 
Fault; PF – Poľanovce Fault; ŠF – Šindliar Fault. 
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1999) cannot be accepted for several reasons. Similar 
sedimentary rock complexes occur on the surface in the 
Humenské vrchy Mts., southeast of the studied area, 
where they are likewise assigned to the Fatricum (Žec et 
al., 1997). 

At the northern margin of the Gemeric region (Galmus 
and Slovenský raj, Fig. 2), south-vergent reverse faults 
(back-thrusts) were documented in borehole BŠ-4 
(Haluška, 1993; Vozárová, 1995). The borehole is in the 
vicinity of the eastern continuation of the Vikartovce 
Fault (ViF), the tectonic transport is interpreted to have 
been directed southwards (Marko et al., 2022), although 
its current tectonic activity should be regarded as normal 
fault (Vojtko et al., 2011). The pre-Cenozoic basement 
in the central part of the studied area contains Mesozoic 
formations of the Hronicum. These formations were 
documented in boreholes in the Vrbov area (HV-3, Vr-1, 
Vr-2), Veľká Lomnica (GVL-1), Stará Lesná (FGP-1), 
Veľký Slavkov (VSČ-1) (Fendek et al., 1996; Pereszlényi 
in Daniel et al., 1998; Halás et al., 2008).

Discussion

Classifying the rock complexes in the pre-Cenozoic 
basement is closely linked to the arrangement of the 
formations exposed at the surface. When interpretating the 
pre-Cenozoic basement in the area of the Sub-Tatra Group 
in north-eastern Slovakia, two problematic areas were 
identified. In the eastern part of the Tatry Mts. (west of the 
Kôprová dolina fault, Fig. 4), the original classification of 
the crystalline basement thrust sheets, together with their 
Mesozoic cover, in the area between the Javorinka Valley 
and the Bielovodská dolina Valley as part of the Tatricum 
is largely arbitrary (Nemčok et al., 1994). The Mesozoic 
sedimentary sequence is divided here without justification. 
The outliers of the crystalline complex, together with 
the Lúžňa Formation, at the Široká (2,210 m a.s.l.) and 
Horvátov vrch (1,902 m a.s.l.) are depicted correctly. 
However, in the case of the third, structurally highest 
thrust sheet between Horvátov vrch Hill and the elevation 
point 1,674 m a.s.l., the sedimentary sequence normally 
continues with Middle Triassic carbonates, which may 
form a normal sedimentary sequence with an overlying 
Jurassic and Cretaceous formation originally considered 
to be the Fatric Havran partial nappe. A similar situation is 
also found further east on the southern slope of the Hlúpy 
hill (2,061 m a.s.l.). In this work, we consider repeated 
sequences composed of granite and Mesozoic sedimentary 
cover overlying the rocks of the Tatric tectonic unit to be 
part of the Veporicum. 

Such an alternative interpretation may be considered 
unconventional or speculative and raises a nomenclatural 
problem regarding tectonic classification. Mesozoic rock 
complexes representing the hangingwall of the Tatricum 

are traditionally classified as Fatricum (Andrusov & 
Samuel, 1983), in the past also referred to as the Krížna 
nappe (Maheľ, 1986) or the Lower Sub-Tatra nappe 
(Andrusov, 1936).

The Tatricum in the Nízke Tatry and the Tribeč Mts., 
(Biely et al., 1992; Ivanička et al., 1998) occurs beneath 
a crystalline complex that is considered to represent 
Veporicum. Overlying this crystalline basement complex 
is a second crystalline basement unit, which includes 
subautochthonous Mesozoic sedimentary sequences 
ranging from the Lower Triassic to the Lower Cretaceous. 
A crystalline basement complexes beneath the Mesozoic 
cover are also present in the Starohorské vrchy Mts. (Polák 
et al., 2003), Žiar Mts. (Kováčik et al., 2015), and in the 
Tatry Mts. (Nemčok et al., 1993). Although, their tectonic 
origin is undoubtedly Veporic, problem arises with the 
correct tectonic affiliation. 

The Fatricum is therefore considered to be a he-
terogeneous cover nappe consisting of the Vysoká and 
Zliechov facies. These facies are composed of Mesozoic 
lithostratigraphic units that have been tectonically detached 
from their original Variscan crystalline basement. They 
have also been displaced over a distance several orders 
of magnitude greater than their vertical thickness. In the 
eastern part of the Tatry Mts., the Veporic tectonic unit 
(Havran structure) can be interpreted. The Bujačí structure, 
which was previously considered a partial nappe of the 
Fatricum, can now be interpreted as part of the Fatricum 
cover nappe itself. 

The rock complexes in the Branisko Mts. belong to 
the Veporicum. Crystalline basement rocks, as well as 
Paleozoic and Mesozoic sediments from the Branisko and 
Čierna hora regions, undoubtedly extend southeastwards 
into the pre-Cenozoic basement of the East Slovak Basin.

Conclusions

The area in the north-eastern part of the Internal Western 
Carpathians is largely covered by Paleogene sedimentary 
sequences of the Sub-Tatra Group (Figs. 1, 3 and 8). Based 
on a re-evaluation of surface geology, borehole data, 
geophysical evidence and structural relationships, the 
pre-Cenozoic basement of the study area is interpreted as 
comprising the Fatricum, Veporicum and Hronicum (see 
Fig. 8). Alternative interpretations are based on a critical 
review of published geological maps. They represent 
a different view of the crystalline basement and its cover 
in the Šariš-1 borehole (Fig. 7), as well as the structure of 
the crystalline basement duplexes in the eastern Tatry Mts. 
and Branisko Mts.
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Predkenozoické podložie severovýchodnej časti interných Západných Karpát
z perspektívy geologickej stavby Tatier a Braniska

Oblasť medzi Tatrami a pohorím Branisko, ktorú zo se-
verovýchodu ohraničujú povrchové výskyty oravika a na 
juhu vikartovský chrbát, Slovenský raj a pohorie Galmus, 
predstavuje plošne najrozsiahlejšiu oblasť s výskytom se-
dimentov podtatranskej skupiny (sensu Gross et al., 1984; 
Gross, 2008) v interných Západných Karpatoch (obr. 
1 a 3). Tektonické pomery predkenozoického podložia 
zhodnotili Fusán et al. (1987). 

Na základe podrobnej analýzy povrchových geologic-
kých štruktúr v pohoriach Tatry a Branisko, ktorá je do-
plnená údajmi z vrtov a geofyzikálnymi interpretáciami, 
sú v práci prehodnotené existujúce poznatky o geologickej 
stavbe povrchových štruktúr v Tatrách a Branisku, ako aj 
predkenozoického podložia. Sú hodnotené hlavne z hľa-
diska tektonickej kategorizácie tatrických a veporických 
horninových komplexov. 

Východná časť Tatier (Vysoké Tatry a Belianske Tat-
ry) je zobrazená na geologickej mape Tatier v mierke 
1 : 50 000 (Nemčok et al., 1994). Na geologickej stavbe sa 
podieľajú tektonické jednotky tatrika a fatrika. Fatrikum 
sa člení na príkrov Havrana a príkrov Bujačieho (Nemčok 
et al., 1993). V tektonickom nadloží sedimentov tatrika 
spočívajú v alochtónnej pozícii granity s autochtónnymi 
sedimentmi mezozoika, ktoré tvoria s granitmi kontinu-
álny litostratigrafický sled príkrovu Havrana (obr. 4 a 5). 

Celý spomenutý horninový komplex je možné považovať 
za súčasť tektonickej jednotky veporika (severného ve-
porika, cf. Hók et al., 2019). Príkrov Bujačieho predsta-
vuje alochtónny horninový súbor sedimentov mezozoika 
patriaci k tektonickej jednotke fatrika. 

Geologická stavba pohoria Branisko je zobrazená 
na geologickej mape Braniska a Čiernej hory v mierke 
1 : 50 000 (Polák et al., 1996). Tektonická príslušnosť hor-
ninových komplexov kryštalinika bola opísaná dvojznačne 
(tatrikum/veporikum), s čím súvisí aj tektonické zaradenie 
sedimentov mezozoika. Na základe priestorového uspo-
riadania povrchových výskytov horninových komplexov 
a údajov z vrtov je možné presvedčivo preukázať, že na 
geologickej stavbe pohorí Branisko a Čierna hora sa po-
dieľajú tektonické jednotky veporika (severného veporika) 
a hronika (obr. 6).

V rámci konštrukcie mapy predkenozoického podložia 
(obr. 8) boli kritickej revízii podrobené aj názory na tekto-
nické zaradenie hornín zastihnutých vo vrte Šariš-1 (Koráb 
et al., 1986). Vrt Šariš-1 (Š-1) prenikol v predkenozoickom 
podloží (od hĺbky 1 050 m) cez kompletný vrstvový sled 
mezozoika v stratigrafickom rozsahu spodná krieda (alb) 
až spodný trias (obr. 7). Sedimenty spodného triasu ležia 
priamo na kryštaliniku tvorenom metamorfovanými gra-
nitmi, pod ktorými sú kryštalické bridlice (ruly). Litostra-
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tigrafický sled mezozoických sedimentov bol pôvodne 
tektonicky zaradený do fatrika. Kryštalinikum sa považo-
valo za súčasť tatrika (Koráb et al., 1986), a to aj napriek 
tomu, že neexistuje relevantný dôvod klásť príkrovový 
kontakt medzi horniny kryštalinika a sedimenty spodné-
ho triasu, ktoré spoločne s vyššími litostratigrafickými 
členmi tvoria autochtónny mezozoický obal kryštalinika. 
V danom prípade je však správne mezozoické sedimenty 
vo vrtoch série Lipany a Plavnica  zaradiť do tektonickej 
jednotky fatrika (Kullmanová & Rudinec, 1988; Plašienka 
et al., 1998), aj keď ich stratigrafický rozsah je reduko-
vaný, ale je jednoznačne tektonicky odlúčený od svojho 
kryštalinického podložia (cf. Leško et al., 1979). Nemôže 
byť akceptovaný predpoklad, že v uvedených vrtoch je 
prítomná tektonická jednotka hronika, ako to uvádzajú 
Gross et al. (1999). Z interpretovaných seizmických re-
zov realizovaných v oblasti  vrtu Plavnica-1 (Mořkovský, 
1981) je zrejmé, že kontakt mezozoických komplexov fat-
rika so sedimentmi bradlového pásma je sprostredkovaný 
výrazným poklesovým zlomom generálneho smeru SZ – 
JV, ukloneného smerom na JZ (obr. 8).

Pri severnom okraji gemerika (Galmus a Slovenský 
raj, obr. 3) boli vo vrtoch série Baldovce (Haluška, 1993) 
dokumentované juhovergentné presuny vo vrte BŠ-4 
(Vozárová, 1995). Sú v bezprostrednej blízkosti východ-
ného pokračovania vikartovského zlomu považovaného 
za juhovergentný prešmyk v jeho západnej časti (Marko 
et al., 2022), aj keď jeho najmladšiu tektonickú aktivitu 
treba považovať za poklesovú (Vojtko et al., 2011). Na 

juhovergentný prešmyk poukazujú aj výsledky vrtu Kl-1 
(Klčov-1, Gross et al., 1966), kde boli s veľkou mierou 
pravdepodobnosti zastihnuté súvrstvia veporika (stred-
notriasové dolomity, spodnotriasové kremence, permské 
bridlice a arkózy). V danom priestorovom usporiadaní 
a pri dokumentovaných juhovergentných vrásach v sedi-
mentoch mezozoika Braniska (Polák, 1987), ako aj vo vrte 
BŠ-4 (Vozárová, 1995), sa alternatíva spätného, juhover-
gentného násunu javí ako najprijateľnejšia.

Centrálna časť územia (oblasť spišsko-šarišského pa-
leogénu, sensu Vass et al., 1988) bola interpretovaná 
(obr. 8) hlavne na základe vrtov v oblasti Vrbova (HV-3, 
Vr-1, Vr-2), Veľkej Lomnice (GVL-1), Starej Lesnej 
(FGP-1) a Veľkého Slavkova (VSČ-1) a na základe inter-
pretovaných seizmických rezov (Pereszlényi in Daniel et 
al., 1998).

Možno konštatovať, že predkenozoické podložie v se-
verovýchodnej časti interných Západných Karpát tvoria 
tektonické jednotky veporika, fatrika a hronika (obr. 8). 
Nová interpretácia je ovplyvnená odlišným pohľadom na 
kryštalinické horniny a ich autochtónny mezozoický obal 
(Šariš-1, obr. 7), ako aj reinterpretáciou tektonického za-
radenia horninových súborov vo východnej časti Tatier 
a v pohorí Branisko (obr. 4 a 6). 
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Abstract: The Konkian-Sarmatian transition represents a major interval of biotic turnover and paleoenvironmen-
tal change in the Eastern Paratethys. This study investigates the upper Konkian and Lower Sarmatian deposits 
penetrated by well #20 on the western Kerch Peninsula (Crimea) using integrated analyses of benthic forami-
nifera, calcareous nannoplankton, mollusks, ostracods and rare planktic foraminifera. Three successive benthic 
foraminiferal assemblages were distinguished. The lower Konkian interval is characterized by assemblages con-
taining Spiroloculina konkensis, Quinqueloculina minakovae group, and Elphidium kudakoense, together with 
the mollusks Limacina konkensis and L. andrussovi. The upper Konkian interval is dominated by Elphidium hor-
ridum and associated with Obsoletiformes lithopodolicus ruthenicus and Musculus sarmaticus. Early Sarmatian 
interval is marked by the appearance and common occurrence of Varidentella reussi, Articularia articulinoides, 
Articulina sarmatica, and Elphidium reginum. The transitional phase, termed the Konkian-Sarmatian Conversion 
Time (KSCT), represents a process of gradual basin reorganization. It is characterized by an abrupt decline in 
stenohaline elements occurring concurrently with the emergence of transitional mollusc and benthic foraminiferal 
species that appear in the late Konkian and span into the early phase of the Early Sarmatian. Calcareous nanno-
plankton assemblages containing Orthorhabdus rugosus, Cyclicargolithus floridanus, and common Reticulofe-
nestra pseudoumbilicus, together with the absence of Sphenolithus heteromorphus, support assignment of the 
Konkian deposits to the NN6 Zone. The Early Sarmatian interval is characterized by abundant Braarudosphaera 
bigelowii, B. bigelowii ssp. parvula, and Holodiscolithus macroporus. The integrated microfossil and mollusc 
record documents a distinct turnover in biotic assemblages across the Konkian-Sarmatian transition and enables 
reliable correlation of the studied succession with regional Eastern Paratethyan stratigraphic schemes. The results 
contribute to a better understanding of the timing and character of biotic changes preceding and accompanying the 
establishment of Sarmatian environments.

Key words: Paratethys, Biostratigraphy, Serravallian, Foraminifera, Calcareous nannoplankton, Ostracods

Introduction

The Paratethys Sea (Laskarev, 1924) was a vast ba-
sin during the Neogene whose dynamic paleogeography, 
including intermittent connections between the Cen-
tral and Eastern domains, strongly influenced regional 
paleoceanography and biotic evolution (Rögl, 1998; Pop-
ov et al., 2004; Harzhauser & Piller, 2007; Holcová, 2008; 
Kováč et al., 2017). A key event occurred at ~12.65 Ma 
ago, when temporary reconnection led to the replacement 
of the Badenian and Konkian seas by the Sarmatian Sea 

(e.g., Barbot de Marny, 1862, 1866, 1867; Suess, 1866; An-
drusov, 1899; Paramonova & Belokrys, 1972; Nevesskaya 
et al., 1986; Palcu et al., 2017; Raffi et al., 2020). This 
transition is associated with major faunal and ecological 
changes, including the Badenian-Sarmatian Extinction 
Event in the Central Paratethys (Harzhauser & Piller, 
2004, 2007; Holcová, 2008; Ter Borgh et al., 2014) and 
comparable turnover at the Konkian-Sarmatian boundary 
in the Eastern Paratethys (Muratov & Nevesskaya, 1986; 
Nevesskaya et al., 1986).
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However, evidence from multiple Eastern Paratethys 
regions indicates that significant biotic changes began 
earlier, during the late Konkian (Bogdanovich, 1965; 
Maissuradze, 1971; Nevesskaya et al., 1986; Maissuradze 
et al., 2014; Vernyhorova, 2014, 2018). 

The Konkian and Sarmatian regional stages of the 
Eastern Paratethys were formally defined by Nevesskaya 
et al. (1975). While the Konkian lacks a consistent regi-
onal subdivision and is represented by local biofacies 
(Vernyhorova, 2015, 2018), the Sarmatian is subdivided 
into Lower, Middle, and Upper substages with regional-
ly defined horizons (Nevesskaya et al., 1984; Muratov & 
Nevesskaya, 1986). Magnetostratigraphic data constrain 
the Konkian to ~13.40–12.65 Ma and the Sarmatian s.l. 
to ~12.65–7.60 Ma (Palcu et al., 2017; Raffi et al., 2020; 
Lazarev et al., 2025).

Despite extensive research, the synchrony of biotic 
and ecological changes across different groups remains 
unresolved. This study addresses this issue by integrating 
benthic and planktic assemblages from the Konkian and 
Lower Sarmatian (Kuzhorian Horizon) based on clay-rich 
sequences from a well #20 in the western Kerch Peninsula 
(Figs. 1–2).

Geology of the studied area 

The study area is in the western Kerch Peninsula, 
which during the Neogene formed part of the tectonically 
active Kerch-Taman folded zone between the Crimea and 
Caucasus mountains, characterized by folding and mud 
volcanism (e.g. Andrusov, 1893; Arkhangelsky et al., 1930; 
Shnyukov et al., 2006) (Fig. 1). Konkian and Sarmatian 
(s.l.) deposits are distributed across the peninsula (e.g. 
Andrusov, 1893; Osipov, 1927; Arkhangelsky et al., 1930; 
Archangelsky, 1940; Barg & Stepaniak, 2003; Vernigorova 
et al., 2012; Vernyhorova, 2014).

The studied sequence starts with Petrovske Fm. 
of the Konkian age and is composed of relatively uni-
form clay sediments with minor portion of sand, silt-
stone, marl, and shell detritus, reaching thicknesses of 
36–155 m (e.g. Arkhangelsky et al., 1930; Archangelsky, 
1940; Vernigorova et al., 2012; Vernyhorova, 2014). These 
deposits are overlain by Lower Sarmatian strata without 
clear hiatus (Vernigorova et al., 2012; Vernyhorova, 2014).

Lower Sarmatian deposits belong to the Krasnopere-
kopsk Fm. consisting predominantly of dark grey to black 
clays, massive or laminated, with thickness of 31–230 m 
(e.g. Andrusov, 1893; Arkhangelsky et al., 1930; Kole-
snikov, 1935; Archangelsky, 1940; Barg & Stepaniak, 

Fig. 1. Location map of the studied well #20 and explanation notes A – Crimean Peninsula and Kerch Peninsula B – Kerch Peninsula 
detailed map with well location. C – Miocene Chronostratigraphic framework of the Central Paratethys, Eastern Paratethys and Kerch 
Peninsula and position of the well, lithostratigraphy of the studied region (according to Arkhangelsky et al., 1930; Archangelsky, 1940; 
Vernigorova et al., 2012; Vernyhorova, 2014).
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2003; Vernigorova et al., 2012; Vernyhorova, 2014). This 
unit includes the Kuzhorian and Zbruchian horizons and 
part of the Middle Sarmatian and is overlain by younger 
Sarmatian deposits (Vernigorova et al., 2012; Vernyhoro-
va, 2014).

Methods

Foraminifera, Ostracoda and Mollusca were obtained 
from 400 g of each well #20 sample, dried and washed 
through a 63 µm sieve, and all planktic and benthic 
specimens were picked separately. Identifi cation and im-
aging were carried out using a Zeiss Stemi 750 stereomi-
croscope, a polarizing microscope (Comenius University 
in Bratislava), and a JEOL JSM-6390LV SEM (ESI, SAS). 
Taxonomic identifi cation of benthic foraminifera followed 
Bogdanovich (1952), Krasheninnikov (1959), Didkovskiy 

(1961), Maissuradze (1971), Maissuradze & Koiava 
(2011), with generic revisions after Łuczkowska (1972, 
1974) and Hayward et al. (2025). Planktic foraminifera 
were determined according to Cicha et al. (1998), Smart & 
Thomas (2007), Aze et al. (2011), Spezzaferri et al. (2015), 
and Wade et al. (2018). Poor preservation required some 
taxa to remain in open nomenclature (see Supplement 1).

Molluscs (mainly bivalves) were studied as a com-
plementary group to determine the Konkian-Sarmatian 
stratigraphy. Molluscs were identifi ed directly during 
sampling of the sections, as well as under a Zeiss Stemi 
750 stereomicroscope (Comenius University in Bratisla-
va). Traditional conchological methods were employed to 
identify species (Ilyina, 1993; Nevesskaya et al., 1993).

Calcareous nannofossils were observed in all 37 sam-
ples (Supplement S2). Calcareous nannofossils smear 
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Fig. 3. The most important Foraminifera identified from the Kerch well #20.
A–B–C – Glabratella kartvelicus (Krasheninnikov) (sample 34); D – Fursenkoina schreibersiana Cžjžek (sample 34); E – Bolivina 
sarmatica Didkovskiy (sample 35); F–G–H–I – Varidentella ex gr. latelacunata (Venglinsky) (sample 34); J–K–L – Affinetrina ucra-
inica (Serova in Bogdanovich) (sample 32); M – Articularia articulinoides (Gerke & Issaeva) (uniserial part) (sample 9a); N – A. 
articulinoides (Gerke & Issaeva) (sample 9); O – Elphidium horridum Bogdanowicz (sample 11a); P – Elphidium reginum (d’Or-
bigny) (sample 2); R–S – Elphidium granosum (d’Orbigny); T – Subbotina eocaena (Guembel 1868) (sample 35); U – Streptochilus 
subglobigerum Resig, 1989 (sample 3); V – Catapsydrax unicavus Bolli, Loeblich & Tappan, 1957 (sample 8); Z – Trilobatus trilo-
bus (Reuss, 1850) (sample 9a). Index species: (Konkian A – L); (Early Sarmatian M, N); (late Konkian – Early Sarmatian O); (Early 
Sarmatian P); (Konkian–Sarmatian R, S); (Planktic T – V, Z).



Vernyhorova, Y. et al.: Biostratigraphic framework of the Konkian-Sarmatian boundary 
based on microfossils from the well #20 Kerch Peninsula (Crimea)

71

slides were prepared using the standard method of Bown 
and Young in Bown (1998) and were counted in 300 fields 
of view, using an Olympus BX 50, an objective with 100× 
magnification, and oil immersion. We used an Olympus 
Infinity 2 camera with QuickPHOTO CAMERA 2.3 soft-
ware for photographic record. Systematic identification 
and taxonomy follow Young (1998) and Young et al. 
(2017). Standard NN zones are after Martini (1971).

Results

Foraminifera and Mollusca

A total of 97 species of benthic foraminifera belonging 
to 43 genera were identified in the studied interval 
(Supplement 1, Fig. 3). The assemblages are characterized 
by a marked difference between dominant and associated 

taxa. Dominant species constitute 10.00–95.34 % of the 
total assemblage in individual samples, corresponding to 
7–961 tests per sample (Supplement 1, Fig. 4), whereas 
associated species account for 0.28–8.41 % and are ge-
nerally represented by only a few specimens. The lower 
part of the studied section (samples 37–16; 35.7–18.8 m) is 
characterized by the occurrence of Spiroloculina konkensis, 
Quinqueloculina minakovae minakovae, Q. minakovae 
ukrainica, Q. konkensis, Nodobaculariella ex gr. konkensis, 
Bolivina dilatata, Sigmoidella caucasica, Cassidulina
sp. 1, Discorbis squamulus, and Elphidium kudakoense. 
Mollusc assemblages in this interval include Limacina 
konkensis and L. andrussovi. In the middle part of the 
section (samples 15–11; 18.1–16.1 m), the foraminiferal 
assemblages are dominated by Elphidium horridum. 
The associated mollusc fauna comprises Obsoletiformes 

Fig. 4. Portion of stratigraphically important foraminifera in the samples studied from well #20 in the Kerch Peninsula.
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lithopodolicus ruthenicus and Musculus sarmaticus. The 
upper part of the section (samples 10–01; 15.9–07.7 m) 
is characterized by the occurrence of Varidentella reussi, 
Articularia articulinoides, Articulina sarmatica, and 
Elphidium reginum. The mollusc assemblages continue 
to be represented by Obsoletiformes lithopodolicus 
ruthenicus and Musculus sarmaticus. This interval also 
contains abundant calcareous nannofossils, including 
Holodiscolithus macroporus, Braarudosphaera bigelowii, 
and Braarudosphaera bigelowii ssp. parvula. 

Planktic foraminifera were identified in 11 samples; 
however, they were rare and poorly preserved. A total of 
29 specimens representing 11 species were recorded (see 
Supplement 1). The majority of the assemblage is composed 
of reworked taxa exhibiting a broad stratigraphic range, 
spanning from the Eocene (e.g., Pseudohastigerina cf. 
wilcoxensis), through the Oligocene (Subbotina gortanii, S. 
eocaena), to the Miocene (Catapsydrax 
unicavus, Paragloborotalia siakensis,
Trilobatus trilobus).

Ostracoda

Ostracod valves and complete car-
apaces constitute more than half of 
the collected specimens. The valves 
are translucent to opaque and display 
white, brown, and black coloration. 
Many specimens are infilled with auth-
igenic minerals, probably pyrite and/or 
carbonate. Although the ornamentation 
is generally preserved, the observation 
of some taxonomically important fea-
tures, particularly marginal pore canals, 
the inner lamella and muscle scars, are 
hindered by mineral infilling. This is 
especially problematic for the identifi-
cation of leptocytherid taxa. The orna-
mentation is excellently preserved, but 
occasionally smoothed due to transport 
(sample 9). Both adults and juveniles are 
present, but due to the very low number 
of individuals in the samples, it is not 
possible to use the juvenile/adult ratio 
to consider post-mortem transport and 
autochthonism. However, the overall 
abundance of ostracods is low in most 
samples. Sixteen ostracod taxa were re-
cognized, but none could be identified to 
the species level. Cytheridea sp. resem-
bles Cytheridea acuminata Bosquet, 
1852 in general outline but differs in its 
fine ornamentation. The remaining taxa 
are retained in open nomenclature. The 

assemblage comprises representatives of the genera Au-
rila, Euxinocythere, Leptocythere, Callistocythere, Loxo-
concha, Loxocauda, Cytheridea, Cytherura, Sclerochilus, 
and Xestoleberis.

Calcareous nannoplankton

A total of 43 calcareous nannoplankton taxa were 
identified in the studied deposits. Preservation and abun-
dance are generally moderate (Supplement 3). The high-
est abundances were recorded in samples 14, 19, 16, 13, 
29, 35, 33, 37, and 32. The assemblages are dominated 
by reticulofenestrids in samples 4, 14, 19, 16, 13, and 29, 
where they comprise up to 97.9 % of the total assemblage. 
The highest abundances were recorded in samples 14 
and 19, with Reticulofenestra pseudoumbilicus account-
ing for 50.5 % and Reticulofenestra haqii for 46.0% of 
the assemblage (Figs. 6, 7; Supplement 3). In contrast, 

Fig. 5. Ostracoda from the samples of the well #20 Kerch.
A – Aurila sp., LV, sample 15; B – Callistocythere sp. 3, LV, sample 5; C – Cytheridea
sp. aff. Cytheridea acuminata Bosquet, 1852, RV, sample 32; D – Cytherura sp., LV, 
sample 34; E – Euxinocythere sp. form A, LV, sample SV20 30; F – Euxinocythere sp. 
form B, LV, sample 9; G – Hiltermannicythere sp., RV, sample 32; H – Leptocythere
sp. 1, LV, sample 32; I – Leptocythere sp. 2, LV, sample 9; J – Loxoconcha sp. 1, LV, 
sample 30; K – Loxoconcha sp. 2, LV, sample 31; L – Xestoleberis sp., 3, LV, sample 
32; M – Sclerochilus sp. 2, RV, sample 36. LV – left valve; RV – right valve. All 
valves in external lateral view. Scale bar 100 µm.
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samples 35, 33, 37, and 32 are dominated by Coccolithus 
pelagicus, which constitutes 85.7–90.7 % of the assem-
blage (Fig. 7; Supplement 3). Rare, reworked taxa were 
also observed throughout the section. These include Low-
er Miocene, Paleogene, and Cretaceous species repre-
sented by Helicosphaera euphratis, Reticulofenestra 
lockeri, Triquetrorhabdulus carinatus, Watznaueria bar-
nesiae, Micula staurophora, Prediscosphaera cretacea, 
and Cribrosphaerella ehrenbergii. Samples in interval
37–11; (35.7–16.1 m) are characterized by the dominance 
of Coccolithus pelagicus in the lower part of the section 
(samples 37–30), accompanied by less abundant Reticu-
lofenestra haqii, R. pseudoumbilicus, Braarudosphaera 
bigelowii, and Helicosphaera car-teri. Additional taxa 
recorded in this interval include Cyclicargolithus florida-
nus, Rhabdosphaera sicca, Sphenolithus moriformis, and 

Syracosphaera pulchra. In the samples 29–11, Reticulofe-
nestra pseudoumbilicus becomes the dominant taxon, re-
placing Coccolithus pelagicus. Other commonly occurring 
taxa include R. haqii, Braarudosphaera bigelowii, Rhab-
dosphaera sicca, Syracosphaera pulchra, Holodiscolithus 
macroporus, Umbilicosphaera jafari, and U. rotula. The 
uppermost part of the well, samples 10-01; (15.9–07.7 m) 
is characterized by a marked decrease in assemblage di-
versity and abundance. Reticulofenestra pseudoumbilicus
becomes rare or absent, whereas Braarudosphaera bige-
lowii, B. bigelowii ssp. parvula, and Holodiscolithus mac-
roporus increase in abundance and become characteristic 
com-ponents of the assemblages. The uppermost sample 
yielded a poor nannoplankton assemblage and lacked 
characteristic taxa (Figs. 6, 7).

Fig. 6. Stratigraphically im-
portant calcareous nanno-
plankton in the samples studied.
A–B – Braarudosphaera bigelowii 
ssp. parvula Stradner, 1960 
(samples 8, 37); C – Cyclicargo-
lithus floridanus (Roth and Hay, 
in Hay et al., 1967) Bukry, 1971 
(sample 36); D – Coccolithus pe-
lagicus (Wallich, 1877) Schil-
ler, 1930 (sample 16); E–F–G 
– Reticulofenestra pseudoumbi-
licus (Gartner, 1967) Gartner, 
1969 (samples 11a, 12, 15); H 
– Orthorhabdus rugosus (Bram-
lette & Wilcoxon, 1967) Young
& Bown 2014 (sample 27); I–J – 
Rhabdosphaera sicca (Stradner, 
1963) Fuchs & Stradner 1977 
(sample 18, 29); K – Holodisco-
lithus macroporus (Deflandre, 
in Deflandre and Fert, 1954) 
Roth, 1970 (sample 3); L – He-
licosphaera wallichii (Lohmann, 
1902) Okada and McIntyre, 
1977 (sample 12); M–N – Braaru-
dosphaera bigelowii (Gran and 
Braarud, 1935) Deflandre, 
1947 (samples 4, 5).
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Interpretation

The distribution of foraminifera, molluscs, and 
calcareous nannofossils reveals distinct changes in as-
semblage composition throughout the studied succession, 
particularly between the lower, middle, and upper intervals 
of the well. The high proportion of articulated carapaces 
(> 50 % of collected specimens) suggests limited post-
mortem transport and relatively rapid burial. According 
to biostratigraphically important foraminifera species 
and calcareous nannoplankton (Figs. 3–7, Supplements 
1–3), three stratigraphic units were identified in the 
studied material. The lower Konkian [samples 37–16, 
corresponding to 35.7–18.8 m, (Fig. 8)] is characterized 

Fig. 7. Calcareous nannoplankton association with marked important and most abundant species.

by Spiroloculina konkensis, Quinqueloculina minakovae 
minakovae, Q. minakovae ukrainica, Elphidium kuda-
koense, and mollusc species Limacina konkensis,
L. andrussovi. The upper Konkian [samples 15–11, 
corresponding to 18.1–16.1 m, (Fig. 8)] is characterized 
by benthic foraminifera Elphidium horridum and mollusc 
species Obsoletiformes lithopodolicus ruthenicus and 
Musculus sarmaticus. The Early Sarmatian [samples 10-01, 
corresponding to 15.9–07.7 m (Fig. 8)] is distinguished 
by the onset of foraminiferal species such as Varidentella 
reussi, Articularia articulinoides, Articulina sarmatica, 
and Elphidium reginum together with mollusc species 
including Obsoletiformes lithopodolicus ruthenicus, 
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and Musculus sarmaticus, as well as an abundance of 
calcareous nannofossils Holodiscolithus macroporus, 
Braarudosphaera bigelowii, B. bigelowii ssp. parvula. 
Planktic foraminifera are considered reworked. Only rare 
specimens of Streptochilus subglobigerum, Catapsydrax 
unicavus and Trilobatus trilobus can represent auto-
chthonous planktic foraminifera of the Middle to Upper 
Miocene.

The ecological preferences of the identified ostracod 
genera indicate deposition in a shallow-water setting. 
Aurila, Callistocythere, Loxoconcha, Loxocauda, Cy-
theridea, Cytherura, Sclerochilus, and Xestoleberis are 
characteristic of littoral to shallow sublittoral marine 
environments, whereas Euxinocythere and Leptocythere
are commonly associated with brackish conditions. The 
occurrence of two morphotypes of Euxinocythere may 
reflect either taxonomic differentiation or ecophenotypic 

Fig. 8. Biostratigraphical synthesis of important biostratigraphical taxa with the position in the studied material from the well core 
samples.
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variation related to environmental factors such as salinity, 
temperature, or carbonate availability.

The calcareous nannoplankton assemblages in lower 
and upper Konkian deposits contain common Cyclicargo-
lithus floridanus and rare Orthorhabdus rugosus, where-
as Sphenolithus heteromorphus is absent throughout the 
studied interval. The presence of Orthorhabdus rugosus
together with the absence of Sphenolithus heteromorphus
supports the assignment of the assemblages to the NN6 
Zone of Martini (1971) (Young, 1998; Young et al., 2017). 
This interpretation is further supported by the occurrence 
of Reticulofenestra pseudoumbilicus, Braarudosphaera 
bigelowii ssp. parvula, Helicosphaera wallichii, Holodis-
colithus macroporus, Rhabdosphaera sicca, R. poculii, 
Syracosphaera pulchra, Umbilicosphaera jafari, and U. 
rotula. 
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The occurrence of common Reticulofenestra pseu-
doumbilicus (also > 7 μm) in the Konkian part of the sec-
tion is consistent with an NN6 age and postdates its First 
Common Occurrence (FCO), calibrated at approximately 
13.1 Ma (Abdul Aziz et al., 2008). Accordingly, the Kon-
kian deposits penetrated by well #20 are assigned to the 
NN6 Zone and correlated with the middle Serravallian. 

The upper Konkian is an important time interval, 
called the Konkian-Sarmatian Conversion Time (KSCT). 
It represents a key phase of the basin’s gradual reorganiza-
tion (Vernyhorova, 2015, 2018), during which mollusc and 
foraminiferal assemblages underwent a profound transfor-
mation from typically Konkian to Sarmatian types in the 
Eastern Paratethys. While earlier Konkian intervals also 
exhibit a sharp reduction or disappearance of stenohaline 
elements (e.g. Popov et al., 2016; Palcu et al., 2017), the 
late Konkian event is distinct. Here, the abrupt decline in 
stenohaline taxa occurs concurrently with the emergence 
of characteristic mollusc and benthic foraminiferal species 
whose stratigraphic ranges span from the late Konkian to 
the earliest Early Sarmatian (Sokolov, 1899; Liverovskaya, 
1935, 1960; Bogdanovich, 1965; Nevesskaya et al., 1986; 
Krasheninnikov, 1959; Maissuradze, 1971; Bratishko 
et al., 2015). Nannoplankton data further constrain this 
interval, including the occurrence of Reticulofenestra 
pseudoumbilicus and correlation with calcareous nanno-
plankton zones CNM8–CNM11 (NN6–NN7) within the 
Serravallian (Andreyeva-Grigorovich & Nosovsky, 1976; 
Nevesskaya et al., 1986; Prisyazhnyuk et al., 2007; Ra-
dionova et al., 2012; Popov et al., 2016; Palcu et al., 2017; 
Raffi et al., 2020; Lazarev et al., 2025).

The overlying deposits are assigned to the early Sarma-
tian based on the presence and common occurrence of the 
foraminiferal species Varidentella reussi, Articularia ar-
ticulinoides, Articulina sarmatica, and Elphidium reginum 
(Fig. 8), together with the mollusc assemblage containing 
Obsoletiformes lithopodolicus ruthenicus and Musculus 
sarmaticus. The marked reduction of Reticulofenestra 
pseudoumbilicus and the abundance of Braarudosphaera 
bigelowii, B. bigelowii ssp. parvula, and Holodiscolithus 
macroporus characterize the nannoplankton assemblages 
of this interval.

Conclusion

Integrated analyses of benthic foraminifera, calcareous 
nannoplankton, ostracods and molluscs from well #20 on 
the western Kerch Peninsula enabled recognition of the 
lower Konkian, upper Konkian and Lower Sarmatian de-
posits and refinement of the Konkian-Sarmatian transition.

Three successive assemblages were identified: (1) 
a lower Konkian assemblage characterized by Spirolocu-
lina konkensis, Quinqueloculina minakovae group, El-
phidium kudakoense, and the molluscs Limacina konkensis

and L. andrussovi; (2) an upper Konkian assemblage 
dominated by Elphidium horridum and accompanied by 
Obsoletiformes lithopodolicus ruthenicus and Muscu-
lus sarmaticus; and (3) an Early Sarmatian assemblage 
marked by the appearance of Varidentella reussi, Articu-
laria articulinoides, Articulina sarmatica, and Elphidium 
reginum.

Calcareous nannoplankton assemblages containing 
Orthorhabdus rugosus, Cyclicargolithus floridanus, and 
common Reticulofenestra pseudoumbilicus, together with 
the absence of Sphenolithus heteromorphus, indicate as-
signment of the Konkian deposits to the NN6 Zone of 
Martini (1971). The Early Sarmatian interval is character-
ized by abundant Braarudosphaera bigelowii, B. bigelowii
ssp. parvula, and Holodiscolithus macroporus.

The Konkian-Sarmatian Conversion Time (KSCT) 
represents a transitional phase marked by a process of 
gradual basin reorganization during the late Konkian and 
the earliest Early Sarmatian in the Eastern Paratethys. This 
interval is characterized by a faunal turnover, where an 
abrupt decline in stenohaline elements occurs concurrent-
ly with the emergence of transitional mollusc and benthic 
foraminiferal species, which appear in the late Konkian 
and span into the early phase of the Early Sarmatian. In-
tegrated nannoplankton data (Reticulofenestra pseudoum-
bilicus, zones CNM8–CNM11 or NN6–NN7) provide 
a robust biostratigraphic constraint for this event within 
the Serravallian.

The foraminifera and ostracod associations are typical of 
a shallow littoral environment with submerged macrophyte 
habitats and characterized by fluctuating salinity. Part 
of the association is probably transported from a very 
marginal, shallow water environment. The predominance 
of ostracod genera tolerant of brackish conditions supports 
this interpretation, while the occurrence of taxa typical 
of very shallow coastal settings suggests that part of 
the assemblage may have been transported over a short 
distance before burial.

The integrated microfossil and mollusc record docu-
ments a distinct faunal turnover across the Konkian-Sar-
matian transition and provides a robust basis for regional 
stratigraphic correlation within the Eastern Paratethys.
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Ostracoda taxa from the well  #20
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Aurila sp. 1 0 1 0 0 1 0 1 0 0 0 1 1 0 0 0 0

Callistocythere sp. 3 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

Cytheridea sp. aff. Cytheridea
acuminata Bosquet, 1852 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0

Cytherura sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0

Euxinocythere sp. form A 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 1

Euxinocythere sp. form B 0 0 1 0 0 0 0 0 0 0 0 0 1 1 1 1 0

Euxinocythere sp. 2 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0

Hiltermanicythere sp. 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0

Leptocythere sp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0

Leptocythere sp. 2 0 0 1 1 1 1 0 0 0 0 0 0 1 0 0 0 0

Leptocythere sp. 3 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

Loxocauda sp. 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Loxoconcha sp. 1 0 0 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0

Loxoconcha sp. 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Sclerochilus sp. 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Xestoleberis sp. 3 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0
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Táto práca sa zaoberá biostratigrafickým určením hrani-
ce stupňov konka a sarmat s. l. vo východnej Paratetýde na 
základe analýzy mikrofosílií z vrtu č. 20 (45° 15' 40,9" N, 
35° 53' 49,2" E) na západnej časti Kerčského polostrova 
(Krym) (obr. 1, 2). Prechod medzi stupňom konka a sar-
matským stupňom predstavuje obdobie významných pa-
leoekologických zmien, sprevádzané výraznou prestavbou 
morských spoločenstiev (Harzhauser & Piller, 2004, 2007; 
Holcová, 2008; Ter Borgh et al., 2014). Cieľom štúdie 
bolo spresniť biostratigrafické členenie tejto hranice pro-
stredníctvom integrovanej analýzy bentických dierkavcov, 
vápnitého nanoplanktónu, lastúrničiek, mäkkýšov a vzác-
nych planktonických dierkavcov (obr. 3 – 7).

Na základe výsledkov sme identifikovali tri po sebe 
nasledujúce spoločenstvá bentických dierkavcov, ktoré 
umožnili spoľahlivo rozlíšiť spodnú konku, vrchnú konku 
a spodný sarmat (obr. 2, 8). Spodná konka je charakterizo-
vaná asociáciou s prevahou druhov Spiroloculina konken-
sis, Quinqueloculina minakovae a Elphidium kudakoense
spolu s mäkkýšmi Limacina konkensis a L. andrussovi. 
Vrchná konka je typická dominanciou druhu Elphidium 
horridum a výskytom mäkkýšov Obsoletiformes lithopo-
dolicus ruthenicus a Musculus sarmaticus. Spodný sar-
mat je definovaný prvým a početným výskytom druhov 
Varidentella reussi, Articularia articulinoides, Articulina 
sarmatica a Elphidium reginum (obr. 8). Analýza asociá-
cie vápnitého nanoplanktónu potvrdila zaradenie sedimen-
tov konky do biozóny NN6 na základe výskytu druhov 
Orthorhabdus rugosus, Cyclicargolithus floridanus a hoj-
ného Reticulofenestra pseudoumbilicus pri súčasnej ab-
sencii druhu Sphenolithus heteromorphus. Sedimenty 
spodného sarmatu sú charakterizované vysokým zastú-

Biostratigrafický rámec konsko-sarmatského rozhrania 
na základe mikrofosílií z vrtu č. 20 Kerčský polostrov (Krym)

pením druhov Braarudosphaera bigelowii, B. bigelowii
ssp. parvula a Holodiscolithus macroporus. Planktonické 
dierkavce sa zistili len sporadicky a väčšina nájdených 
exemplárov predstavuje redeponované formy. Spoločen-
stvá lastúrničiek a bentických dierkavcov naznačujú sedi-
mentáciu v plytkom prímorskom prostredí s premenlivou 
salinitou, pričom časť materiálu mohla byť transportovaná 
z veľmi plytkých pobrežných oblastí.

Výsledky mikropaleontologickej analýzy poukazujú 
na existenciu prechodného obdobia označovaného ako 
Konkian-Sarmatian Conversion Time (KSCT) (Vernyho-
rova, 2015, 2018), ktoré predstavuje postupnú reorganizá-
ciu panvy počas neskorej konky a najstaršieho sarmatu. 
Pre toto obdobie je charakteristické prudké vymiznutie 
stenohalinných druhov (napr. Popov et al., 2016; Palcu 
et al., 2017) a súčasné objavenie sa euryhalinných foriem 
bentických dierkavcov a mäkkýšov (Sokolov, 1899; Live-
rovskaya, 1935, 1960; Bogdanovich, 1965; Nevesskaya 
et al., 1986; Krasheninnikov, 1959; Maisuradze, 1971; 
Bratishko et al., 2015), ktoré pretrvávajú aj v najstaršom 
sarmate. Naše výsledky potvrdzujú výsledky predchádza-
júcich výskumov a identifikované zmeny asociácií doku-
mentujú postupnú adaptáciu spoločenstiev na meniace sa 
podmienky prostredia a kolísanie salinity.
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Biological iron removal and pigment recovery  
from acid mine drainage using  

native microbial consortia
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Abstract: The biological removal and recovery of iron from actual mine water were carried out using mining 
influenced water (MIW) sourced from the Smolník mine site in Slovakia. The oxidation of ferrous iron was 
improved by utilizing native acidophilic microbial communities, resulting in more than 99 % iron removal within 
30 hours under acidic conditions. A stepwise treatment process – incorporating aeration, microbial oxidation, 
and controlled pH adjustment – facilitated the formation of iron precipitates, including schwertmannite and 
ferrihydrite. Elemental and structural analyses showed that these biologically formed precipitates contained low 
levels of arsenic, complying with regulatory standards for pigment applications. Overall, the findings demonstrate 
a sustainable approach that not only removes contaminants but also enables the recovery of valuable materials.

Key words: acid mine drainage, pigments, Smolník, bacterial oxidation, mining influenced water, schwertmannite

Introduction Introduction 

Iron occurs widely as a contaminant in both natural 
source waters and industrial wastewaters (Nordstrom, 
2011). In particular, mining and metallurgical activities 
generate substantial volumes of effluents characterized by 
elevated iron concentrations (Johnson & Hallberg, 2005). 
The presence of iron in aquatic systems poses huge risks to 
ecosystems and technical infrastructure, thereby efficient 
and sustainable removal technologies are needed for such 
purposes (Kaksonen & Janneck, 2024; Stumm & Morgan, 
1996).

At the same time, iron represents a valuable resource 
with diverse industrial applications, highlighting the 
importance of its recovery rather than mere disposal. 
Among other uses, the resulting products – often natural or 
synthetic iron oxides – can subsequently serve as mineral 
pigments in a wide range of applications, including paints, 
stains, ceramics, plastics, and building materials.

Microbial processes offer promising solutions for 
both iron removal and resource recovery. Among these, 
iron-oxidizing microorganisms promote the formation 
and precipitation of iron minerals such as jarosite, 
schwertmannite, ferrihydrite, and goethite (Bigham et al., 
1990).

In nature, iron occurs mainly in two oxidation states, 
as ferrous (Fe²⁺) and ferric (Fe³⁺) ions. The prevailing 
form is dependent on pH, oxygen concentration, and redox 
conditions (Stumm & Morgan, 1996). 

The oxidation of ferrous iron to ferric iron by dissolved 
oxygen is a complex and multi-step process. It involves 
the formation of transient, partially oxidized Fe²⁺– Fe3+ 
intermediate phases, such as green rusts, which are 
metastable and challenging to characterize or predict. 
Over time, these intermediates undergo transformation 
into more thermodynamically stable iron oxide minerals, 
including hematite, magnetite, goethite, and lepidocrocite 
(Morgan & Lahav, 2007). 

Mining influenced waters are commonly acidic due to 
the oxidation of sulfide minerals, such as pyrite, exposed 
during mining activities, which generates acidity and 
lowers the pH of the drainage waters (Johnson & Hallberg, 
2005; Singer & Stumm, 1970; Wolkersdorfer, 2022).

In acidic environments, the abiotic oxidation of ferrous 
iron by dissolved oxygen is kinetically limited, as Fe²⁺ 
remains relatively stable at low pH (Morgan & Lahav, 
2007). Consequently, spontaneous chemical oxidation 
proceeds slowly and is insufficient to account for the rapid 
iron cycling observed in acid mine drainage systems. 
Instead, this process is largely driven by the metabolic 
activity of acidophilic iron-oxidizing microorganisms, 
which catalyse the oxidation of ferrous to ferric iron at 
rates several orders of magnitude higher than abiotic 
reactions (Johnson et al., 2012).

The microbial oxidation of iron plays a central role in 
both natural and engineered systems, enabling efficient iron 
removal and influencing the formation of secondary iron 
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minerals. Biohydrometallurgical studies have demonstrated 
that near-complete ferrous iron oxidation can be achieved 
at pH values as low as 1.5 without the need for chemical 
neutralization, highlighting the advantages of biological 
processes over conventional chemical treatments (Kakso-
nen et al., 2014). These processes promote the formation 
of iron precipitates such as schwertmannite, jarosite, and 
goethite, which are critical for the removal of iron and 
associated contaminants from mine waters.

This study focuses on iron removal regarding acid 
mine drainage from the historical mining site in Smolník, 
Slovakia. In the recent years, pH of the mining influenced 
water from the main drainage shaft Pech, ranges from 
3.95 to 4.12 and produces a high volume of mine water 
(approximately 6.5–10 L/s). Concentration of metals 
analysed in the water ranges according to the weather 
conditions and rainfall volumes (Tabs. 1 and 2). 

Tab. 1 
Change in the composition of mine water over the years 

(the month number is in parentheses), mg/L, n.a.:  
not analysed, partly published in Bártová (2025)

Shaft Pech SO4
2– Fe Al Mn Zn Mg Ca

2011 2,082 272 57.9 22.6 8.4 n. a. n.a.

2020 1,722 232 40.3 16.5 4.4 n. a. n.a.

2024 (12) n. a. 223 44.8 17.6 5.5 192 69.5

2025 (4) 1,766 229 44.1 17.1 5.4 210 153

2025 (10) n. a. 192 34.0 11.9 4 153 115

2026 (1) 2,138 260 48.5 14.7 5.16 308 104

2026 (2) 2,871 238 40.7 12.9 50.3 275 111

Tab. 2 
Change in the composition of mine water over the years 

(the month number is in parentheses), µg/L, n.a.:  
not analysed, partly published in Bártová (2025)

Shaft Pech Cu Li Co Pb As Cd Sb Cr Ni

2011 1,710 312 861 20.8 22 16.4 – 2.9 n. a.

2020 498 253 308 36.4 73 3.8 11.2 0.4 n. a.

2024 (12) 1,140 250 390 10.5 34.6 0.43 < 0.1 < 0.1 140

2025 (4) 1,070 290 410 12.1 28.4 0.85 < 0.1 < 0.1 n. a.

2025 (10) 400 190 210 41 35.7 2.4 0.15 1 130

2026 (1) 2,580 310 460 41.7 63.9 6.2 0.1 0.8 150

2026 (2) 1,750 n. a. 360 47.1 39.4 5.8 < 0.1 0.6 90

This study uniquely integrates microbial iron oxidation 
with controlled pH-driven precipitation to simultaneously 
achieve iron removal, selective metal retention, and 
production of value-added pigment materials from real 
mine water. The primary objective was to optimize Fe²⁺ 
oxidation and to characterize iron precipitates generated 
from an actual mine water under controlled laboratory 
conditions. Mine water samples were either inoculated 
with pre-cultivated iron-oxidizing acidophiles (native 
strains) or left uninoculated, enabling comparison between 
products formed via biological and abiotic oxidation.

Methods Methods 

Bacterial strains and incubation conditions

Native microbial consortia were cultivated for 
experimental purposes in mine water from the outflow 
of the main discharge shaft (Pech), supplemented with 
9K salts to promote growth: 1.6 mmol/L MgSO₄·7H₂O, 
0.76 mmol/L (NH₄)₂SO₄, 0.23 mmol/L K₂HPO₄, and 
120 mmol/L FeSO₄·7H₂O. The cultures were maintained in 
baffled, magnetically stirred and aerated vessels (working 
volume 0.5 L) at 25 °C and 240 rpm in a temperature-
controlled incubator. Microbial culture was subcultured 5 
times before the final inoculation used in the experiment.

Mine water parameters

Tab. 3
Parameters of the Smolník  mine water (2026), n.a.: not 

analysed

pH ORP Conductivity Temperature Flow rate

– mV mS/cm °C L/s

3.95 286.4 2.53 11.7 n. a.

pH/ ORP analysis

A combined glass electrode (InLab Micro Mettler 
Toledo) was used for pH measurement. The oxidation-
reduction potential (ORP) of the liquid phase during 
bacterial iron oxidation was measured with a combined 
Pt-Ag/AgCl redox electrode (InLab Redox Micro Mettler 
Toledo). In both cases, the Seven2Go S2 (Mettler Toledo) 
was used. 

Iron speciation

Ferric iron was determined with a UV-spectrophoto-
metric method at 300 nm (Basaran & Tuovinen, 1986). 
Ferrous iron concentrations were determined by a modi-
fied o-phenanthroline spectrophotometric method, insen-
sitive to Fe3+ interference (Herrera et al., 1989).
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Cell monitoring

Presence of microbial cells was confirmed by direct 
microscopic count using a Neubauer counting chamber 
with a depth of 0.01 mm.

Chemical analyses

Elemental analysis of the water was done using AAS 
(Varian AA240Z, AA240FS) and ICP-MS 7700 (Agilent). 
Sulfate concentration was analysed by ion chromatography 
(Dionex ICS 5000). Total iron was determined using AAS.

The microstructure and morphology 

Iron powders were investigated by MIRA 3 FE-SEM 
scanning electron microscope (TESCAN GROUP, a. s.) 
with an EDX detector (Oxford Instruments).

XRPD patterns were obtained using a D8 Advance 
diffractometer (Bruker) operating with Cu Kα radiation in 
the Bragg-Brentano configuration. 

Elemental composition was determined using a hand-
held X-ray fluorescence (XRF) analyzer (X-MET8000 Ex-
pert Geo, Hitachi High-Tech), equipped with a silicon drift 
detector (SDD) and an X-ray tube operating up to 50 kV.

Colour measurements

Colour measurements were performed using a Nix™ 
Spectro 2 Color Sensor with D50 2° settings. The sensor 
produces scan results in various colour systems (Stiglitz 
et al., 2016). For the purposes of this study, all data are 
expressed in the CIEL*a*b* colour space (Robertson, 
1977).

Results and discussionResults and discussion

Water collected from the Smolník site was analysed 
and treated in order to remove dissolved iron and recover 
precipitates usable as mineral pigments in form of powders. 
Air-dried precipitates were then characterised using X-ray 
diffraction (XRD), X-ray fluorescence (XRF), scanning 
electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDX), and NIX™ colour determination 
instruments. Liquid samples and resulting mine water 
after Fe-precipitates removal were analysed using atomic 
absorption spectroscopy (AAS).

Initial composition of the mine water is given in the 
Tab. 1 and Tab. 2 in the last row [2026(2)]. During the 
experiment, concentrations of Fe, As, Al, Mg, Mn, Cu, Co 
and SO2–

4 were followed, as these elements either form 
a pigment structure (Fe, Al, S) or they are considered an 
unwanted impurity, often exhibiting toxic characteristics 
(As) or they are considered a valuable component of the 
water (Cu, Co, Mg, Mn) where leaving them in the water 
might lead to possibilities of their subsequent recovery 
from already iron-free solutions.

The formation of iron precipitates (pigments) in mine 
water was performed as a sequential process consisting 
of three main stages: (i) the initial aeration of MIW (30 
hours) in order to lower pH and to oxidise and precipitate 
a small amount of Fe to remove a phase on which arsenic 
can be sorbed and which can be removed from the solution, 
(ii) the subsequent bacterial inoculation to accelerate 
ferrous iron oxidation, and (iii) pH adjustment in order 
to precipitate poorly crystalline iron phases such as 
ferrihydrite or schwertmannite. Subsequently, the gradual 
transformation of these metastable phases into more 
thermodynamically stable minerals, including goethite or 
hematite, can be achieved over time. Between individual 
stages, Fe-precipitates were filtered out from the solution 
using a PES filter with a pore size of 0.20 µm.

Iron oxidation

Enhanced ferrous iron oxidation is minor or negligible 
at pH below 4 (Jones et al., 2014; Morgan & Lahav, 2007). 
As the pH of Smolník MIW already oscillates around this 
value, and after several hours of aeration the value drops 
below 3.5, in order to accelerate iron oxidation, acidophilic 
microbial consortia need to be introduced into the process. 
Despite the genotypic differences, many acidophilic iron 
oxidisers share many common physiological traits (Kupka 
et al., 2023). For this reason, native microbial species were 
preferred over pure collection species, which can be costly 
and their purity needs to be confirmed over a longer period 
of time to ensure, that we are still working with the declared 
species. Native microbial consortia isolated directly from 
Smolník MIW were pre-cultivated and subsequently used 
for the process of iron oxidation.

2L of Smolník MIW was aerated for 30 hours and then 
filtrated to collect the first iron phase (A). The filtered 
water was transferred into a new flask (working volume 
5 L), and 50 mL of an exponentially growing microbial 
culture (approximately 2.0 × 10⁶ cells/mL) was added. 
Iron introduced with the growth medium was not taken 
into account.

Iron oxidation processes were monitored over an 
additional 30 hours, where already within first 21 hours 
the ferrous iron concentration dropped substantially. After 
29 hours the Fe2+ concentration decreased below 2 mg/L 
(Fig. 1), corresponding to a removal efficiency exceeding 
99 % (Fig. 2).

After iron oxidation was completed, the water was 
again filtered and iron precipitates were collected for the 
latter analyses (B). 

After the filtration step, the water was divided into 
three flasks for the final step of the pH adjustment. The 
starting point for each of the adjustment was pH 2.6. From 
this point the pH was increased to values (i) 3.2 (optimal 
stability level to form schwertmannite), (ii) 4.1 (current 
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Fig. 1. Iron oxidation monitored via 
Fe²⁺ and Fe³⁺ concentration change 
over 30 h

Fig. 2. Efficiency of Fe2+ removal/
oxidation exceeding 99 %

Smolník MIW pH), (iii) 5.5 (high efficiency level for Al 
precipitation), and (iv) 6.2 (fast ferrihydrite formation 
+ complete Al removal), using 20 % NaOH. After each 
adjustment step the precipitate was filtered out and the 
water either continued for another round of treatment or it 
was stabilised using concentrated HNO3 and subsequently 
analysed using AAS (Tab. 4). It should be noted that, 
the pH of 5.5 was obtained by using the filtrate from 
water previously adjusted to pH 3.2, as a substantial iron 
concentration remained in this sample.

As table 4 shows, the majority of Fe was effectively 
removed during bacterial oxidation, without any further 
pH adjustments. Applying pH levels above 4.1, the Fe 
concentration complied with the Regulation No. 269/2010 
Coll., for total iron in discharged wastewater, which is 
2 mg/L. Aluminium was effectively removed from the 
solution at pH 5.5, as it was expected. Co, Cu, Mg, and 
Mn did not co-precipitate from the water at pH below 4.1 

Tab. 4
Final elemental composition of mine water after the pH 

adjustment and precipitates removal

Na
me

Co
nd

itio
ns

Fe [m
g/

L]
Al [m

g/
L]

M
n

[m
g/

L]
M

g
[m

g/
L] 

Cu [µ
g/ L

]
As [µ

g/ L
]

Co [µ
g/ L

]

– initial MIW 238.8 40.7 12.88 275.3 1750 39.4 359.9

A 30 hours 
aeration 196.5 40.9 13.12 277 1740 15.7 369.4

B bacterial 
oxidation 15.68 42.2 13.22 273.1 1780 3.3 368.3

C pH 3.2 8.39 38.8 13.18 246.3 1750 2.3 404.2

D pH 4.1 0.21 32.7 13.03 236 1610 1.9 394.1

E pH 5.5 0.05 0 11.7 216.3 210 1.8 400.2

F pH 6.2 0.05 0 10.99 210.9 60 1.8 334.6
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and such water may be used for their subsequent recovery. 
Most arsenic was removed during the initial aeration step. 
In the second step of the bacterial oxidation, the remaining 
arsenic concentration also complied with the Regulation 
No. 269/2010 Coll., for arsenic in discharged wastewater, 
which is 0.02 mg/L.

Pigments from the first two steps (i, ii) of the formation 
of iron precipitates were analysed using handheld X-ray 
fluorescence (XRF) analyser to confirm their elemental 
composition and to ensure that resulting products do not 
contain high concentrations of arsenic (or other potentially 
toxic elements). XRF analysis showed that product A (30-
hour aeration) contained high concentrations of arsenic 
(384 mg/kg). In product B (bacterial oxidation) only minor 
arsenic traces were detected, 20 mg/kg. This value already 
complies with the European Commission criteria which 
claims, that pigments used shall not be based on Cd, Pb, 
Cr6+, Hg, As, Se, Sb or Co, where the following impurities 
from any pigments used shall not be present in the final 
product formulation in quantities exceeding 100 mg/kg 
(Commission Decission 2025/2607). 
According to this definition, sample B 
could already be considered a usable 
product as a pigment. Remaining 
iron oxides resulting from the pH 
adjustment were not examined by XRF 
method since according to Tab. 2. As 
was not detected in the source water at 
sufficiently high concentration.

Tab. 5
Elemental composition of precipitates according to SEM-EDS analyses (all values are expressed in At %)

Name Conditions O Fe S Al Si K Cu Co Mg Mn Zn As

– 30 hours aeration 75.4 18.9 3.8 1.4 – – 0.2 0.2 0.1 0.0 – 0.0

A Bacterial oxidation 70.8 23.8 5.0 – – – 0.3 0.1 0.0 0.0 – 0.0

B pH 3.2 68.2 20.6 5.2 5.2 – 0.3 0.2 0.1 0.1 0.1 – 0.0

C pH 4.1 69.8 21.5 5.4 2.3 – 0.3 0.1 0.1 0.2 0.2 – 0.0

D pH 5.5 70.0 2.9 3.6 19.0 3.1 0.2 0.6 0.0 0.0 0.3 0.3 0.0

E pH 6.2 72.1 13.9 2.8 8.0 2.2 0.6 0.2 0.0 0.1 0.0 – 0.0

All samples were characterised using XRD. The ob-
tained patterns of the iron precipitates show mostly broad 
and low-intensity reflections, indicating that all solids are 
poorly crystalline. Considering the low pH and high sul-
fate concentrations of the mine water, samples formed at 
pH < 4.1 are most consistent with schwertmannite-type 
Fe(III), oxyhydroxysulfate precipitates. At higher pH 
(5.5–6.2), the precipitates likely shift toward poorly 
crystalline ferrihydrite-like Fe oxyhydroxides. No sharp 
reflections characteristic of well-crystallized hematite or 
goethite are observed, indicating that the solids are freshly 
formed and structurally disordered (Fig. 3).

Elemental composition of precipitates was analysed by 
scanning electron microscopy (SEM) coupled with ener-
gy-dispersive X-ray (EDX) detection (Tab. 5). 

EDS analysis revealed a transition from Fe-rich oxy-
hydroxysulfate phases (schwertmannite-like) at low pH 
(Fig.4) to Al-rich hydroxide phases at higher pH (Fig. 
5), confirming a sequential precipitation mechanism con-
trolled by microbial oxidation and pH adjustment.

Fig. 3. XRD patterns of precipitates: A, 
B – without pH adjustment; C, D, E, F – 
with pH adjustment
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Fig. 4. Morphology of the surface of Fe-rich oxyhydroxysulfa-
te phases (schwertmannite-like) at low pH 2.6 after bacterial iron 
oxidation

Fig. 5. Morphology of poorly crystalline ferrihydrite-like Fe oxy-
hydroxides following adjustment to pH 6.2

Tab. 6
Precipitates characterisation according to XRD and SEM-EDS analyses

Name Conditions Description

A 30 hours 
aeration

Predominantly amorphous to poorly crystalline Fe-rich sulfate-bearing oxyhydroxide, 
likely ferrihydrite- to schwertmannite-like, with minor Al-silicate traces.

B Bacterial 
oxidation

Amorphous to poorly crystalline Fe-rich oxyhydroxide with significant sulfate 
association (schwertmannite-like) and minor trace metals.

C pH 3.2 Mixed Fe-Al oxyhydroxide phase with minor sulfate and trace metal components; 
poorly crystalline.

D pH 4.1 Fe-rich oxyhydroxide with notable sulfate association (possibly schwertmannite-like) 
and minor Al and trace metals; low crystallinity.

E pH 5.5 Al-rich hydroxide/hydroxysulfate phase (basaluminite- or hydrobasaluminite-like) with 
minor Fe oxyhydroxide and silicates.

F pH 6.2 Al-rich hydroxide/hydroxysulfate phase (basaluminite- or hydrobasaluminite-like) with 
minor Fe oxyhydroxide and silicate components.
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Tab. 7
Colour characterisation of prepared precipitates/pigments

→ CIE L*a*b* Nix Color 

A 30 hours aerati on CIELAB: 32.84, 16.42, 34.09
#6e4215
32.84, 16.42, 34.09

nix
Color Sensor

B bacterial oxidati on CIELAB: 46.63, 18.09, 47.59
#986218
46.63, 18.09, 47.59

nix
Color Sensor

C pH 3.2 CIELAB: 34.16, 14.59, 26.14
#6e4727
34.16, 14.59, 26.14

nix
Color Sensor

D pH 4.1 CIELAB: 14.81, 5.94, 10.97
#312216
14.81, 5.94, 10.97

nix
Color Sensor
nix

E pH 5.5 CIELAB: 48.80, 8.82, 26.42
#8d6e47
48.80, 8.82, 26.42

nix
Color Sensor

F pH 6.2 CIELAB: 18.80, 6.78, 11.48
#6e4215
32.84, 16.42, 34.09

nix
Color Sensor

Mineralogical and compositional characteristics of 
the precipitates obtained under diff erent experimental 
conditions determined by XRD and SEM-EDS analyses 
refl ect the progressive removal of iron and the increasing 
infl uence of aluminium precipitation as pH increases. 
The presence of sulfate and minor trace elements across 
several samples suggests their incorporation into poorly 
crystalline phases, such as ferrihydrite- or schwertmannite-
like materials at acidic conditions, and basaluminite-type 
phases at near-neutral pH. Overall, the observed mineral 
transformations highlight the strong dependence of 
precipitate composition and structure on pH and oxidation 
conditions (Tab. 6).

The colour of iron precipitates is a critical parameter 
for their potential application as pigments, as it directly 

infl uences both their aesthetic appeal and commercial 
value. Colour variations are strongly governed by mineral 
phase, degree of crystallinity, particle size, and chemical 
composition, all of which aff ect optical properties such as 
light absorption and scattering (Cornell & Schwertmann, 
2003). In addition, impurities and substitutions (e.g., Al, 
sulfate, or trace metals) can modify hue and stability, 
aff ecting pigment performance (Bigham et al., 1990; 
Schwertmann & Cornell, 2000). To quantitatively evaluate 
these properties, it is convenient to express colour values 
in the CIE L*a*b* colour space system, which provides 
a standardized, device-independent framework based on 
lightness (L*) and chromatic coordinates (a*, b*). This 
system correlates well with human visual perception and 
enables precise comparison between samples, including 
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the calculation of colour differences (ΔE), making it 
particularly suitable for pigment characterization and 
quality control (Mclaren, 1976; Robertson, 1977). 

To determine colour, Nix™ Spectro 2 Color Sensor 
was used. The Nix Pro Color Sensor is able to  determine 
the true colour of a soil sample regardless of moisture 
content, which is based on positive correlations between 
Nix Pro Color Sensor scans for samples in dry and moist 
conditions (Stiglitz et al., 2016). 

The synthesized iron precipitates exhibited a wide 
range of colour coordinates in the CIE L*a*b* space (L* 
= 14.81–48.80, a* = 5.94–18.09, b* = 10.97–47.59), cor-
responding to dark brown, brown, and yellow- to oran-
ge-brown (ochre-like) hues typical of iron-based pigments 
(Tab. 7). The consistently positive a* and b* values in-
dicate the predominance of red and yellow chromatic 
components, while variations in L* reflect differences in 
lightness among the samples. These colour differences 
can be related to the identified mineral phases and com-
positions, where Fe-rich oxyhydroxides (ferrihydrite- to 
schwertmannite-like) tend to produce darker brown to 
orange-brown hues, while Al-rich hydroxide/hydroxysul-
fate phases are associated with lighter, more yellowish 
tones (Cornell & Schwertmann, 2003; Schwertmann & 
Cornell, 2000). In addition, sulfate incorporation and the 
presence of trace elements can influence colour intensity 
and saturation, particularly in poorly crystalline Fe-phases 
such as schwertmannite (Bigham et al., 1990). From an 
application perspective, this variability is advantageous, as 
it enables the production of a range of earth-tone pigments 
from a single secondary raw material. Such pigments are 
suitable for use in construction materials, coatings, cera-
mics, and decorative applications. Overall, these findings 
demonstrate that mine water can serve not only as a source 
of iron-rich precipitates but also as a promising feedstock 
for the sustainable production of inorganic pigments with 
tunable colour properties.

ConclusionsConclusions

Despite extensive research on acid mine drainage 
(AMD) treatment, most studies have focused on iron re-
moval, microbial oxidation, or mineral formation separate-
ly. The integration of biological oxidation with controlled 
precipitation for simultaneous contaminant removal and 
resource recovery remains limited, particularly in real 
AMD systems. In addition, the role and performance of 
native microbial consortia under field-relevant conditions 
have not been adequately addressed.

This study demonstrates that coupling microbial Fe²⁺ 
oxidation with staged pH adjustment enables efficient 
iron removal from authentic mine water while generating 
iron-rich precipitates with properties suitable for pigment 

applications. Native acidophilic microorganisms showed 
high activity under acidic conditions, eliminating the 
need for intensive chemical inputs and highlighting their 
practical applicability.

Importantly, the process allows selective iron removal 
while retaining dissolved metals such as Cu, Co, Mn, and 
Mg in solution, creating opportunities for their downstream 
recovery. These metals could be recovered in subsequent 
treatment steps, such as selective precipitation, adsorption, 
or solvent extraction, depending on their chemical 
speciation. The combined treatment and valorization 
approach enhances both environmental and economic 
performance.

Overall, this work presents an integrated and sustainable 
strategy that advances AMD treatment beyond remediation 
toward resource recovery, supporting the development of 
circular and value-driven water management solutions. 
The results are directly applicable to the treatment of 
mining-influenced waters at the Smolník site and similar 
AMD-affected localities.
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Biologické odstránenie železa a súčasné získavanie pigmentov  
z kyslých banských vôd s využitím prirodzene sa vyskytujúcich  

mikrobiálnych spoločenstiev

Táto práca sa zaoberá biologickým odstraňovaním a sú-
časným získavaním železa z reálnej banskej vody (mining 
influenced water, MIW) z lokality Smolník. Vzhľadom na 
vysokú koncentráciu železa a prítomnosť sprievodných 
prvkov predstavuje takáto voda environmentálny prob-
lém, ale zároveň potenciálny zdroj sekundárnych surovín. 
Cieľom práce bolo optimalizovať proces oxidácie Fe²⁺ 
pomocou natívnych acidofilných mikroorganizmov a cha-
rakterizovať vzniknuté zrazeniny z hľadiska ich potenciál-
neho využitia ako minerálnych pigmentov.

Proces odstránenia železa a  jeho následné získavanie 
vo forme pigmentov pozostával z troch hlavných krokov: 
(i) počiatočnej aerácie banskej vody, (ii) biologickej oxi-
dácie železa pomocou natívnych mikrobiálnych konzorcií 
izolovaných priamo z lokality Smolník a (iii) postupnej 
úpravy pH s cieľom tvorby pevných fáz. Výsledky uká-
zali, že biologická oxidácia Fe²⁺ výrazne urýchľuje pro-
ces oxidácie železa aj pri nízkych hodnotách pH, pričom 
účinnosť odstránenia železa presiahla 99 % v priebehu 30 
hodín.

Mineralogická charakterizácia (XRD) a chemická 
analýza (SEM-EDS, XRF) preukázali, že pri nižších hod-
notách pH vznikajú prevažne slabo kryštalické Fe-oxy-
hydroxysulfátové fázy typu schwertmannit, zatiaľ čo pri 
vyšších hodnotách pH sa tvorí ferrihydrit a hydroxidové 
fázy bohaté na Al. Výsledky potvrdzujú, že zloženie 
a štruktúra precipitátov sú silne závislé od pH a oxidačných 
podmienok.

Z hľadiska chemického zloženia sa preukázalo, že väč-
šina železa je odstránená už počas biologickej oxidácie, 
zatiaľ čo ďalšie prvky ako Cu, Co, Mn a Mg zostávajú 
v roztoku. To vytvára predpoklady na ich následné získa-
nie. Arzén bol účinne odstránený už v počiatočnej fáze ae-
rácie a jeho koncentrácia v produktoch spĺňala legislatívne 
limity na využitie pigmentov.

Farebná charakterizácia (CIELab*) ukázala, že pri-
pravené materiály vykazujú široké spektrum odtieňov od 
tmavohnedej po žltooranžovú, typických pre železité pig-
menty. Tieto vlastnosti spolu s ich chemickým zložením 
naznačujú možnosť ich využitia v stavebných materiáloch, 
farbách alebo keramike.

Výsledky práce ukazujú, že kombinácia biologickej 
oxidácie železa a riadenej úpravy pH predstavuje efektív-
ny a prakticky aplikovateľný spôsob úpravy banských vôd. 
Zároveň umožňuje nielen odstránenie kontaminantov, ale 
aj získanie hodnotných produktov. Tým prispieva k efek-
tívnejšiemu využívaniu zdrojov v oblastiach ovplyvne-
ných banskou činnosťou.
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