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Abstract. the depocenters of  epicontinental basins usually comprise relatively continuous depositional re-
cords, and these can be used in the determination of  sediment routing and paleogeographic changes via a set of  va-
rious geophysical, sedimentological, biostratigraphic and geochronological approaches. although the margins of  such 
basins will have a major role as constraints for that sediment routing, their depositional records are typically scarce 
and incomplete, posing a common challenge in terms of  gaining information about them. the present study focuses 
on the upper Miocene succession present in the Malé Karpaty Mts., a pre-cenozoic horst dividing the vienna and 
Danube basins (central Europe). The data gained by facies analysis, biostratigraphy, shallow seismic survey, authigenic 
10Be/9Be dating and correlation of  archival borehole profiles reveals, that the succession under consideration repre-
sents a record of  the lake Pannon transgression, which appeared in the study area at ~10.9–10.6 ma. The subaerially 
exposed granitic massif  and middle miocene successions sourced a shoal water delta, which intercalated with wave-
induced dunes and open lacustrine muds in brackish sublittoral to marginal littoral environments. the granitic massif  
was probably also exposed later, during the regression of  lake Pannon  at ~10.2–10.0 ma, as a result of  the progra-
dation of  the paleo-Danube delta from the vienna Basin southeastwards. The depositional record of  the regressive 
sequence was documented and dated in well-cores from the nearby Danube Basin margin. The documented scenario 
of  transgression preceding the overall regression of  the paleo-danube delta system by a relatively short period is 
characteristic of  several other localities across the Pannonian Basin system, and may imply that the progradation of  
depositional system caused a base-level rise on account of  sediment loading-induced subsidence.
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IntroductIon

lake Pannon represents one of  the most ex-
tensive long-lived brackish water bodies which ap-
peared in Europe during the Neogene (harzhauser 
& mandic 2008; magyar et al. 2013). The brackish 
water flooded a complex system of  depocenters with 
water depth reaching 1,000 m as well as basement 
highs (Balázs et al. 2018). although the paleobathym-
etry of  basin floor environments is well constrained 
by seismic studies of  shelf  slope clinoform distri-
bution (uhrin & Sztanó 2012; Balázs et al. 2018), 
the determination of  the extent of  basin margins 
flooding is often difficult due to erosion, lack of  
seismic data and the coarse-grained nature of  sedi-
ment, making the use of  standard biostratigraphy of  
planktonic species difficult or impossible. however, 
the paleobathymetry of  the margins of  sub-basins 

has played a major role in forming the pathways of  
depositional systems controlling the normal regres-
sion of  lake Pannon (Bartha et al. 2015; Sztanó et al. 
2015). hence, exploring the distribution of  shallow 
lake facies can resolve the issue of  paleogeographic 
changes, as well as the timing and intensity of  tecton-
ic events on the borders of  a basin (e.g., visnovitz et 
al. 2017; harzhauser et al. 2018; Budai et al. 2019).

the present study is focused on the Malé 
Karpaty mts., which divide the Danube and vienna 
basins as the westernmost part of  the central West-
ern carpathians (Fig. 1). The question of  the behav-
ior of  this mountain horst during the shift of  the 
paleo-danube delta from the vienna Basin to the 
southeast during the early late miocene (~10 ma) is 
still poorly understood and merits further investiga-
tion (Kováč et al. 2011; šujan et al. 2016a; Joniak et 
al. 2020). The presence of  an unspecified succession 

Fig. 1 - location of  the study area. a) General location within Europe. B) location of  the malé Karpaty mts. in the alpine-carpathian-
Pannonian junction. localities discussed in the chapter 5.: StB – Styrian Basin, Tr – Transdanubian range, Paks – Paks boreholes, 
mcs – mecsek mts. c) location of  the study area with thickness maps of  the upper miocene to Quaternary successions. vienna Basin 
thickness map based on Berka et al. (2011) and Danube Basin thickness map according to Sztanó et al. (2016) and references therein. 
h. - hainburg/hundsheim hills, vBTF – vienna Basin transfer fault. localities discussed in chapter 5. are also depicted.
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of  the Pannonian lacustrine sediments was detected 
during construction work and by geological mapping 
in the Mlynská dolina university campus in the city of  
Bratislava (Nemčok et al. 1966; Polák 2011). hence, 
the deposits were excavated to study their facies and 
biostratigraphy, as well as to obtain numerical ages 
of  deposition through the application of  authigenic 
10Be/9Be dating. in order to determine the position 
of  the studied deposits within the malé Karpaty mts. 
clearly and to correlate them with equivalents in the 
neighboring basins, a shallow seismic survey was car-
ried out, together with a study of  archival borehole 
profiles. The goal of  the study was to investigate the 
paleoenvironment and timing of  the transgression 
of  lake Pannon in the study area. the resulting in-
formation sheds a new light on the evolution of  the 
Malé Karpaty Mts. horst during the early late Mi-
ocene and provides an important missing piece of  
the puzzle of  paleogeographic changes in the early 
history of  lake Pannon.

GeoloGIcal settInGs

The study area is located at the southwestern 
margin of  the malé Karpaty mts., which divides the 
neogene vienna and danube basins in central eu-
rope (Fig. 1). The malé Karpaty mts. and the hain-
burg/hundsheim hills are considered the western-
most outcropping massif  of  the Western carpathians 
(e.g., hók et al. 2014). The horst in the study area is 
composed of  crystalline rocks of  the tatric unit of  
the Bratislava massif  (Fig. 2). These early carbon-
iferous granitoids form a part of  the alpine thick-
skinned nappe, which is overthrust onto the meso-
zoic sequence forming the northwestern part of  the 
mountains and the basement of  the vienna Basin 
(Polák et al. 2012; uher et al. 2014). The uplift of  the 
Malé Karpaty Mts. started in the early Pleistocene; it 
had very moderate and partly flooded relief  during 
the late Pannonian/late Tortonian (šujan et al. 2017; 
šujan et al. 2018b; Joniak et al. 2020).

Both the vienna and Danube basins were 
formed during the miocene in, however, very differ-
ent tectonic regimes. The lower miocene fill of  the 
vienna Basin was accumulated in piggy-back dep-
ocenters above actively thrusted alpine napes. Major 
subsidence occurred under a pull-apart regime dur-
ing the middle miocene, with the vienna Basin trans-
fer fault as one of  the strike-slip fault systems open-

ing the basin (Fig. 1c) (hölzel et al. 2008; Beidinger 
& Decker 2011; lee & Wagreich 2017; Kováč et al. 
2017). The basin experienced a less distinct subsid-
ence phase during the early late miocene (hölzel et 
al. 2008). The middle miocene (Badenian and Sarma-
tian) seas were replaced by lake Pannon at the mid-
dle/late miocene transition (~11.6 ma) (magyar et 
al. 1999; harzhauser et al. 2003; magyar et al. 2013). 
The lake formed a shallow water body with frequent 
water level oscillations related to deltaic progradation 
(Kováč et al. 1998; harzhauser et al. 2004; Paulissen 
et al. 2011). The maximum extent of  lake Pannon in 
the vienna Basin is estimated to have been at ~10.5 
ma (harzhauser et al. 2003; harzhauser & mandic 
2004). The final regression appeared between ~10.0 
ma and ~9.5 ma and accumulation followed in al-
luvial settings at least up to ~8.0 ma (harzhauser et 
al. 2004; Paulissen & luthi 2011). The late miocene 
(Pannonian) sequence reaches a thickness of  up to 
~1200 m and is overlaid discordantly by Quaternary 
alluvial and eolian deposits generally few tens of  me-
ters thick (Fig. 1c).

the danube Basin comprises the northern-
most depocentre of  the Pannonian Basin system. 
hence, it experienced the first maximum subsidence 
within the first syn-rift stage during the middle mio-
cene (early Badenian), and this was related to the for-
mation of  a system of  halfgraben depocenters (Tari 
et al. 1992; horvath et al. 2006; Kováč et al. 2017; 
Balázs et al. 2017; šujan et al. 2021). The early late 
Miocene subsidence represents the last rifting phase, 
and is associated with normal faulting on the margins 
of  depocenters and the accumulation of  deep lacus-
trine, turbiditic, shelf  slope to deltaic and alluvial faci-
es in succession up to 4 km thick (Fig. 1c) (Tari 1994; 
magyar et al. 2007; Kováč et al. 2011; Sztanó et al. 
2016; šujan et al. 2021). in contrast to the evolution 
of  the vienna Basin, the danube Basin experienced 
intense accumulation during the basin inversion, re-
sulting in a Pliocene to Quaternary alluvial sequence 
more than 800 m thick (šujan et al. 2018b).

the late syn-rift tectonics, mostly expressed as 
normal faulting and the differentiation of  the lake 
Pannon bottom bathymetry (Balázs et al. 2018), 
probably resulted in the formation of  archipela-
go-like low-relief  horsts on the basin margins (mag-
yar et al. 2013; Budai et al. 2019). This was observed, 
for example, in the transdanubian Range domain, 
where deltaic deposits directly overlie the pre-late mi-
ocene rocks, and the remains of  terrestrial mammal 
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Fig. 2 - Geological map of  the study area and generalized geological cross-section (modified from the Geological map of  Slovakia 1:50,000). 
the Mlynská dolina, staré Mesto and nové Mesto represent districts of  Bratislava. the devín gate is a tectonically predisposed valley 
occupied by the Danube flowing from the vienna Basin towards the Danube Basin. The location of  the imaged area  may be found in 
Fig. 1. The complicated western margin of  the map represents state borders with austria.
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fauna of  the vallesian and Turolian ages (11.6–9.0 
ma and 9.0–5.3 ma, respectively; hilgen et al., 2012) 
were found in cavities (meszaros 2000; Bartha et al. 
2014; Bartha et al. 2015). 

Methods

Location of  the excavation and archival well-core data

 Since the study area is located within the urban area of  Bra-
tislava, several drillings had already been carried out at various sites in 
the past, mostly for engineering-geological purposes (Nemčok et al. 
1966). The lithological description of  these boreholes is available in the 
geofond archive of  the state geological institute of  dionýz Štúr, and 
was used to find suitable locations for the excavation of  the upper mio-

cene lacustrine sediments and for correlations. the sedimentological 
observations and sampling were carried out in two phases (Fig. 3): (1) 
a construction pit was opened during the year 2005, and an exposed 
outcrop (marked in this study “a”) served for biostratigraphic sam-
pling for ostracods and general facies observations; (2) a new profile 
marked as “B” was positioned on a slope at a distance of  ca. 33 m 
from the previous one, and which was subsequently excavated in 
2016, since the original profile was already situated below the parking 
lot of  the Faculty of  informatics and information technologies of  
the slovak technical university. the strata are in sub-horizontal ar-
rangement and hence the stratigraphic (vertical) distance of  the two 
profiles can be estimated, which comes to ca. 2 m. outcrop B was 
examined for facies analysis, mollusk and nannoplankton biostratig-
raphy, and authigenic 10Be/9Be dating.

the correlation of  the deposits studied in the vicinity of  the 
outcrops, as well as towards the Danube Basin is based on lithological 

Fig. 3 - location of  the studied outcrops, archival boreholes and shallow seismic surveys. a) Topographic map. B) Panoramic view of  the study 
area. c) Geological cross-section based on lithological logs of  archival boreholes reinterpreted from Nemčok et al. (1966).
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logs of  boreholes, which were obtained from the Geofond archive. 
the effectiveness of  correlation of  upper Miocene deposits in the 
danube Basin relies on the lithostratigraphic concept applied. Pre-
vious correlations utilized archival borehole profiles, together with 
the original interpretation based on an earlier concept elaborated by 
vass (2002), albeit with some modifications (e.g., Fordinál & Tuba 
1992; Nagy et al. 1995; Fordinál & harčová 1997). The upper mi-
ocene lithostratigraphy was newly defined on the basis of  genetic 
sedimentological criteria, considering all available geochronological 
data, by Sztanó et al. (2016), and the lithological well-core descrip-
tions under consideration here were reinterpreted in terms of  this 
concept. Besides the sedimentological criteria, which rely on an ap-
proach applied to correlative successions (Joniak et al. 2020; šujan 
et al. 2020), also the original biostratigraphic data of  mollusk and 
ostracod fossils were considered for purposes of  facies associations 
determination in the logs.

Sedimentology 
The facies were described in the standard way, on the basis of  

grain size, structure and texture, geometry and size of  the strata and 
visualized in a sedimentological log (Stow 2005). Based on observed 
association of  the facies, depositional processes were interpreted via 
the implementation of  paleoecological data obtained from the fossil 
record. Special attention was paid to bioturbations (ichnofossils) within 
the section. more detailed observations were made and photo doc-
umentation carried out on new outcrop B. Paleocurrent orientation 
measurement was possible using cross-stratification in the case of  four 
beds.

Biostratigraphy and paleoecology 
mollusk specimens were collected during the excavation of  

Outcrop B and delivered to the geological-Paleontological depart-
ment at the Natural history museum (vienna), where they were com-
pared with the systematic bivalve collection and the relevant taxonomic 
literature (hörnes 1862; Fuchs 1870; Schultz 2005).

ostracods were sampled along the entire extent of  outcrop a 
in 2005, but they were present only in massive clay to silt. all samples 
taken were dried naturally in the laboratory, successively washed on 
a 0.09 mm sieve mesh, and picked up under a stereo-microscope in 
order to study the taxonomy, species composition and paleography of  
ostracoda (Jiříček 1985; meisch 2000).

calcareous nannofossils were studied from 3 samples, desig-
nated FiiT 1, 2 and 3. Smear slides were prepared using the standard 
method (Bown 1998). calcareous nannofossils were counted in 300 
fields of  view, using an olympus BX 50 at 1250x magnification and 
oil immersion. an olympus infinity 2 camera, with QuickPhoTo 
camEra 2.3 software was used for the photography. The systemat-
ic identification of  calcareous nannofossils was carried out using the 
taxonomy developed by Young (1998) and the miKroTaX webpage 
established by Young et al. (2017). Standard nannofossil NN Zonation 
(martini 1971) was used for age determination.

the original intention of  studying foraminifera and palyno-
morphs from the three samples FiiT 1, 2 and 3 was not successful 
using standard methodology of  preparation, since all samples were 
barren.

Authigenic 10Be/9Be dating 

this method is based on the ratio of  the radiogenic cosmo-
genic isotope 10Be and stable 9Be. Beryllium-10 is produced in the 
atmosphere by interaction with cosmic rays and transported to the 
hydrosphere by precipitation (Bourlès et al. 1989). 9Be, in contrast, de-
rives from the chemical weathering of  rocks and the transport of  the 
products of  this process by runoff  and streams. Both isotopes adsorb 
to the surface of  clay minerals in the water column, and their ratio 

changes in strict accordance with the decay of  10Be (1.39 ± 0.01 ma; 
chmeleff  et al. 2010; Korschinek et al. 2010), providing a chemically 
closed system. Since the source of  the two isotopes is different, what 
causes variability in the initial ratio is the lithology of  source rocks, 
depositional environment, denudation rate, geographical position and 
mixing of  waters of  various origins (Bourlès et al. 1989; lebatard et al. 
2008; Willenbring and von Blanckenburg 2010; Simon et al. 2016; Si-
mon et al. 2020). hence, the initial ratio of  authigenic 10Be/9Be should 
be determined in order to provide an accurate calculation of  the dep-
ositional age. Two initial ratios were determined for the Danube Basin 
for the dating of  lacustrine and alluvial facies’ depositional age (šujan 
et al. 2016a); it was these which were employed by this study.

Five samples were analyzed, three originating from outcrop 
B (FiiT 1, 2 and 3) and two sampled from the well-cores of  boreholes 
on the Danube Basin margin (ma-1-153 and vo-5-51.8) (Fig. 2). The 
purpose of  the latter two samples was to identify the age correlation be-
tween deposits on the mountain horst and the Danube Basin fill. how-
ever, only very small amount of  material was preserved from the two 
cores and hence they proved adequate for only one dating sample each.

The samples were dried, crushed, and 1.5 g of  material un-
derwent leaching of  the authigenic phase according to the procedure 
described by Bourlès et al. (1989) and carcaillet et al. (2004), as modi-
fied by šujan et al. (2018a) in the laboratory of  the Department of  Ge-
ology and Paleontology (comenius university in Bratislava). aliquots 
for aas measurements of  natural 9Be concentrations were taken and 
300 µl of  the beryllium standard was then added. The following resin 
chemistry resulted in the separation of  the beryllium from other ele-
ments (merchel and herpers 1999). Finally, Beo powder was oxidized 
in an oven, put in a copper cathode and the 10Be/9Be ratio was meas-
ured at aSTEr, the French amS national facility (aix-en-Provence, 
France).

Shallow seismic survey 
Seismic refraction tomography and reflection seismics  were 

applied to determine the thickness and geometry of  the upper Mi-
ocene deposits around the outcrop. The data were obtained using 
24-channel DmT equipment with 10 hz geophones, while 4 successive 
blows from a hammer served as the source of  elastic waves. The dis-
tance between geophones was 5 m and points of  elastic wave initiation 
were located in the middle of  each pair of  geophones, as well as 2.5 m 
before the first and 2.5 m after the last geophone. Two perpendicular 
profiles were measured, with the same length of  120 m. The model of  
seismic wave velocity distribution in the geological environment was 
produced by reflexw version 8.0 software (Sandmeier 2016).

the data thus obtained served as seismic refraction tomogra-
phy models in a depth scale, and which were subsequently used for the 
determination of  changes in seismic velocity in both vertical and hori-
zontal directions. the seismic velocity information aided estimation 
of  the depth scale in the case of  seismic reflection profiles showing 
the geometry of  the geological environment under consideration, al-
though the  resolution achievable using this method is lower than that 
attainable in seismic refraction tomography (reynolds 1997; Sheehan 
et al. 2005).

results

Facies analysis
Description. the depositional record exhib-

its a heterolithic nature, with the alternation of  
sandy-gravelly and sandy units and mud-dominated 
units (Fig. 4). Description of  all facies, their internal 
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fabric, geometry, trace fossil inventory and interpret-
ed depositional processes are included in table 1. 
Photo documentation of  the facies may be seen in 
Figs. 5 and 6.

Interpretation. the sandy gravels or gravel-
ly sands with faintly developed bedding (GSmp, 
SGmp; Fig. 5B–E, J–l) or with massive texture 
(GSm; Fig. 5F–h) are considered to be the result 
of  surge-type deposition from small streams en-
tering a relatively shallow lacustrine environment 
(Benvenuti 2003; rossi et al. 2017). The lacustrine 
environment is implied by the simple horizontal 
burrows without walls produced by deposit-feed-
ing ichnofauna (Planolites, Thalassinoides; Fig. 6a, B) 
(Tonkin 2012), present in the lowermost portions 
of  the beds. The abrupt deposition and high flow 
concentration are likely to have caused the poor 
sorting (cartigny et al. 2013), while modest round-
ing of  the clastic material as well as its petrology 
implies very short transport. comparable struc-
tures have been documented in shallow water del-
tas for example by Benvenuti (2003), Kostic et al. 
(2005) and rohais et al. (2008). Some of  the depo-
sitional events were preceded by erosion, forming 
the concave-upwards base of  lens-shaped bodies 
(Fig. 5F, h).

The massive fine- to medium-grained sand 
contain frequent mollusks (Sm; Fig. 5i) and trace 
fossils of  deposit-feeding ichnofauna (Planolites), 
as well as vertical dwelling burrows (Skolithos and 
Ophiomorpha; Fig. 5h), which may well have re-
sulted from the opportunistic colonization of  the 
sandy substrates following storms (Pemberton et 
al. 2012). The sandy lithology and moderate sorting 
imply deposition from currents despite the absence 
of  primary structures, which is probably caused by 
bioturbation in a lacustrine setting. this lithofacies 
contain articulated shells of  lymnocardiines, imply-
ing their in situ appearance.

Fig. 4 - sedimentological log of  the studied outcrops. lithofacies 
codes (blue) are described and interpreted in Table 1. out-
crop a: The excavation documented in 2005 for sedimen-
tological observations and the biostratigraphy of  ostracods. 
Outcrop B: the excavation documented and sampled in 
2016 for facies analysis, authigenic 10Be/9Be dating and the 
biostratigraphy of  mollusks and nannoplankton. letters 
with a camera symbol indicate photographs in Fig. 5. Grain 
size codes: c - clay, m - mud, SF - fine-grained sand, Sm - 
medium-grained sand, sc - coarse-grained sand, g - gravel.
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the origin of  the sm facies might be related 
to the joint appearance of  massive to faintly lam-
inated medium grained sand together of  muddy 
lenses (SFml; Fig. 5F–h). The facies represent sev-
eral events of  sandy surge-type flows, separated by 
slow flows (0.25–0.50 m·s-1) or suspension deposi-
tion (li et al. 2015; Yawar & Schieber 2017); this is 
also what is implied by the erosional nature of  the 
upper boundaries of  the muddy lenses. the dep-
osition occurred in a lacustrine setting, close to a 
source of  clastic sediment, as indicated also by the 

association of  trace fossils Planolites and Skolithos 
(Pemberton et al. 2012).

The trough cross-stratified medium grained 
sands with a thickness of  ~20 cm (St; Fig. 5E, Fig. 
6c) show much better sorting. The low degree of  
bioturbation (Planolites, Skolithos, ?Ophiomorpha, 
?Arenicolites) and good preservation of  the texture 
indicate a dynamic environment with a sandy bed-
load traction current. the nature of  the beds and 
trace fossil association favor an interpretation of  
their origin as being from wave reworking of  the 

Fig. 5 - Documentation of  facies. a) The complete excavation of  outcrop B performed by the authors in 2017 showing the positions of  the 
detailed photos. B–l) lithofacies are indicated by yellow symbols and discussed in the text and in Table 1. Trace fossils marked with 
white arrows: F - Skolithos; h - Ophiomorpha; K - aff. Skolithos; l – base of  coarse sandy bed contains Thalassinoides burrows (arrows). 
the coin is 23 mm in diameter. 
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material, supplied by the nearby small stream del-
ta (Dumas & arnott 2006; Pemberton et al. 2012; 
vakarelov & ainsworth 2013; rossi et al. 2017).

the faintly laminated clay to silt deposits 
(Fl; Fig. 5B) have their origin in either slow trac-
tion currents (<0.50 m·s-1) or from deposition 
from suspension. The lower degree of  bioturba-
tion compared to the massive muds (Fm) favor 
an origin in currents which might have induced 
stress on benthic fauna (Pemberton et al. 2012). 
The massive clay to silt (Fm; Fig. 5l, Fig. 6a, B) 
originated from a less dynamic environment, one 
which allowed ichnofauna to rework the original 
depositional texture (Pemberton et al. 2012). The 
two lithofacies were deposited close to a terrestrial 
source of  sediment, as evidenced by the abundant 
plant remains.

Fossil assemblages
Trace fossils. Poorly preserved trace fossils 

were identified at the ichnogenus level. The sim-
ple vertical burrows with diameters of  3.5–7.0 mm 
without wall lining are attributed to Skolithos (Fig. 
6c, D). Burrow depths are estimated up to the first 
10 cm. Skolithos is interpreted as the dwelling struc-
ture of  a wide variety of  suspension-feeding organ-
isms. Skolithos-dominated association occurs within 
the sequence of  sm, sFml, st lithofacies described 
herein. vertical pairs of  burrows reaching a diam-
eter of  2–3 mm and with distance between parallel 
burrows ~5 mm were attributed with uncertain-
ty to Arenicolites (Fig. 6D). however, no example 
of  the typical u-shaped burrow of  Arenicolites 
was found, though J-shaped burrows and parallel 
burrows were occasionally present. Arenicolites is 

List1

Code Lithofacies description
Lithofacies 

geometry
Depositional process

Sedimentary 

environment

GSmp, 

SGmp, 

GSm

subangular to subrounded gravel 

containing granules, less pebbles, 

with high proportion of sand, or sand 

with high content of granules and 

less pebbles, massive (GSm) or with 

faintly developed planar cross-

stratification (GSmp, SGmp), poorly 

to moderately sorted, clasts 

represent mostly fragments of 

granites, trace fossils Planolites  and 

Thalassinoides  on the base of a unit

sharp lower and 

upper boundary, base 

with complicated 

morphology 

indicating erosion, 

bodies forming 

lenses 10–50 cm 
thick

poor sorting and texture 

imply abrupt deposition 

from a surge-type laminar 

flow (possibly 

supercritical ?), single 

unit contain more 

depositional events due 

to bioturbation on its base

small stream 

delta front

Sm

massive fine- to medium-grained 

sand, moderately well sorted, with 

presence of articulated 

lymnocardiines, trace fossils 

Planolites,  Skolithos  and 

Ophiomorpha , plant detritus

tabular units 20–40 
cm thick, transitional 

from fine grained 

facies, mostly with 

sharp erosive 

transition to gravelly 

facies

primary texture probably 

reworked by bioturbation, 

originally formed by 

traction current (?) 

according to the level of 

sorting

small stream 

delta-front  

subaqueous 

platform

SFml

massive to faintly laminated medium-

grained sand with presence of 

bioturbations and lenses of mud, 

faintly developed horizontal 

lamination,  moderately sorted, with 

presence of lymnocardiines, trace 

fossils Planolites  and Skolithos 

tabular units ~10 cm 

thick, sharp base, 

mostly with sharp 

erosive transition to 

gravelly facies

primary texture partly 

reworked by bioturbation, 

faint lamination and 

lenses of mud indicate 

several events of surge-

type flow deposition 

separated by very slow 

traction currents or 

deposition from 

suspension

small stream 

delta-front  

subaqueous 

platform

St

trough cross-stratified medium-

grained sand, moderately well 

sorted, with presence of trace fossils 

Planolites  and Skolithos , 

questionable presence of trace 

fossils Ophiomorpha  and 

?Arenicolites 

lenticular body with 

sharp concave 

upwards base and 

sharp upper 

boundary, ~20 cm 

thick

sandy bedload  traction 

current induced by wave 

activity

3D dunes 

migrating on a 

small stream 

delta-front  

subaqueous 

platform

Fl

faintly laminated clay to silt, grey to 

greenish grey, frequent plant 

detritus, occasional presence of 

lymnocardiines

continuous horizontal 

bodies 5–50 cm thick, 
sharp lower and 

transitional upper 

boundaries

deposition from a slow 

traction current or from 

suspension

prodelta - 

subaqueous 

platform slope

Fm

massive clay to silt, grey, greenish 

grey to blue, appearance of plant 

detritus,  occasional presence of 

lymnocardiines

horizontal bodies with 

relatively high 

thickness

deposition from 

suspension or slow 

traction currents, 

reworked by bioturbation

prodelta - 

subaqueous 

platform slope

tab. 1 - lithofacies documented in 
the outcrops.



Šujan M. et al. 636

characterized as the dwelling burrow of  a suspen-
sion-feeding organism.

vertical/subvertical burrows with a wall di-
ameter reaching ~26 mm are identified as Ophio-
morpha (Fig. 5h). The depth of  the burrows is 
estimated to be up to several tens of  centimeters. 
Producers of  Ophiomorpha are a wide range of  
shrimps of  the families callianassidae and upoge-
biidae (Knaust 2012). 

Perpendicularly cross-sectioned, horizontally 
oriented simple cylindrical burrows without walls 
were identified as Planolites (Fig. 6a, B, D). The di-
ameter of  the Planolites burrows ranges from 5 to 17 
mm, and they are produced during deposit-feeding 
activity. 

The largest burrows (with diameters from 12 
mm up to 25 mm), which are without walls, but with 
branched horizontal tunnels and vertical shafts and 
coarse-grained passive infill are identified as Thalas-
sinoides (Fig. 6a, B). The occurrence of  trace fossils 
within coarse-grained lithofacies were strongly in-
fluenced by their low preservation potential. Trace 

fossils with a high degree of  contrast within coarse-
grained and gravel lithofacies (Thalassinoides, Plano-
lites) were distinguished only at the point of  contact 
with muddy beds (Figs. 5l; 6a, B). Thalassinoides are 
the dwelling burrows of  suspension and deposit 
feeding shrimps. 

Mollusks. the fossil bivalves collected from 
Outcrop B are poorly preserved, despite their com-
mon presence as articulated specimens (Fig. 5i). in 
particular, they are present exclusively as internal 
casts due to post-depositional leaching of  arago-
nitic shell material. despite a careful comparison 
with the systematic bivalve collection of  the Geo-
logical-Paleontological department of  the natural 
history museum, they cannot be identified with 
certainty at the species level. The morphology, how-
ever, reveals a genus level classification with Lymno-
cardium at a high level of  certainty. the size, number 
of  ribs, shell outline and convexity allow the tenta-
tive identification of  specimens present (Fig. 7) as 
Lymnocardium cf. conjungens (hörnes 1862) and Lym-
nocardium cf. schedelianum (hörnes 1862). 

Fig. 6 - Documentation of  trace fossils, indicated by white symbols and arrows. Yellow symbols are lithofacies codes (Table 1). a) rounded 
trace fossils bounded by the lithological boundary represent ichnospecies Planolites; shapeless traces belong to Thalassinoides; B) Trace 
fossils bounded to the lithological boundary; P – Planolites, T – Thalassinoides; the diameter of  the coin is 23 mm; c) monospecific 
association of Skolithos ichnogenera vertical burrows, low intensity of  bioturbation; D) vertical trace fossils dominate, S – Skolithos, 
P – Planolites, ?a – a sign of  the u-shape indicate possible Arenicolites ichnogenera, ?o – a cross-section with a reddish wall resembles 
Ophiomorpha.
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Ostracods. the association of  ostracods is 
evaluated on the basis of  all the samples taken 
from Outcrop a together, since the species’ oc-
currence was stable along the section. The fossils 
collected are yellowish, opaque, chalky, seldom 
translucent, frequently broken and abraded. the 
species association comprises two different pal-
eoecological groups (Fig. 8). The first group con-
sists of  fossil, Paratethyan endemic species char-
acteristic of  brackish limnic facies such as those 
appearing in the recent caspian sea: Cyprideis aff. 
obesa (reuss 1850), Cyprideis sp., Amplocypris abscis-
sa (reuss 1850), Herpetocyprella auriculata juv. (reuss 
1850), Hemicytheria folliculosa (reuss 1850), H. ex gr. 
omphalodes (reuss 1850), Loxoconcha granifera (reuss 
1850), Lineocypris granulosa (Zalányi 1959), L. trape-
zoidea (Zalányi 1929), Lineocypris sp., Pontoniella sp., 
Xestoleberis sp. On a generic level, the fauna is com-
posed of  the extant brackish Cyprideis, Loxoconcha, 
Herpetocyprella, marine to brackish Xestoleberis and 
fossil Paratethyan genera Amplocypris, Hemicytheria, 
Lineocypris, and Pontoniella.

The second group represents freshwater spe-
cies with morphological affinities to extant holarc-
tic fauna which live in variable freshwater biotopes 

(Fig. 8): Candona sp. 1, C. sp. 2, Candona ex gr. neglec-
ta Sars 1887, Pseudocandona sp., Pseudocandona ex gr. 
eremita (vejdovský 1882), Cyclocypris sp.

Nannoplankton. sample Fiit1 exhibited poor 
nannoplankton association comprising Coccolithus 
pelagicus, Cyclicargolithus floridanus, Reticulofenestra 
minuta, R. pseudoumbilicus, R. haqii, Sphenolithus abies, 
Pontosphaera multipora, ?Discoaster adamanteus, Trique-
trorhabdulus sp., Coccolithus formosus, Cyclicargolithus 
abisectus, Reticulofenestra bisecta, Broinsonia parca parca, 
Micula staurophora, Prediscosphaera cretacea, Retecapsa 
crenulata, Watznaueria barnesae (Fig. 9, Table 2).

sample Fiit2 may be considered poor in 
abundance of  specimens with species including 
Isolithus semenenko, ?I. pavelici, Reticulofenestra tegulata, 
C. floridanus, R. haqii, R. minuta, W. barnesae (Fig. 9, 
Table 2). 

Sample FiiT3 was barren of  nannofossils 
and only clay minerals were observed.

Authigenic 10Be/9Be dating. the results of  the 
beryllium isotopic measurements are summarized 
in table 3. the degree of  analytical uncertainty of  
10Be/9Be ratio reaches relatively high values, rang-
ing from 5.99% to 11.11%, increasing from sample 
FiiT1 to FiiT3, which probably mirrors their po-

Fig. 7 - mollusk specimens collected from outcrop B. a) Lymnocardium cf. schedelianum (hörnes 1862). B–D) Lymnocardium cf. conjungens (hörnes 
1862).

Sample ID

Measured 
10

Be/
9
Be  × 

10
−14 

9
Be (at.g

-1
) × 

10
16

10
Be (at.g

-1
) × 

10
6

Natural 
10

Be/
9
Be × 

10
−11

Uncert. 

(%)
Age R0-L (Ma) Age R0-F (Ma)

Mean 

weighted age 

R0-L (Ma)

Mean 

weighted age 

R0-F (Ma)

FIIT1 5.17 5.98 ± 0.14 10.02 ± 0.58 1.67 ± 0.10 5.99 12.07 ± 0.75 11.03 ± 0.82

FIIT2 2.76 3.89 ± 0.10 5.49 ± 0.42 1.41 ± 0.12 8.51 12.42 ± 1.02 11.37 ± 1.04

FIIT3 3.52 4.85 ± 0.17 7.00 ± 0.73 1.44 ± 0.16 11.11 12.37 ± 1.36 11.32 ± 1.33

MA-1-153 3.07 2.85 ± 0.16 6.14 ± 0.44 2.15 ± 0.20 9.30 11.57 ± 1.06 10.52 ± 1.06

VO-5-51.8 9.62 7.08 ± 0.13 19.41 ± 1.71 2.74 ± 0.25 9.12 11.09 ± 1.00 10.04 ± 1.00

12.22 ± 0.55 11.19 ± 0.58

11.32 ± 0.73 10.27 ± 0.73

tab. 3 - authigenic 10Be/9Be isotopic data from outcrop B and from well-cores ma-1 and vo-5. The ages were calculated separately using 
lacustrine (r0-l) and floodplain (r0-F) initial ratios according to šujan et al. (2016a): r0-l = (6.97 ± 0.14) × 10–9, R0-F = (4.14 ± 0.17) × 
10–9. Processing a blank sample resulted in an aMs 10Be/9Be ratio of  1.11 × 10–14. ages shown in bold are considered representative, 
as explained in the text.
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sition within the profile, with an increasing input 
of  clastic material. all three Fiit samples exhibit 
very similar 10Be/9Be ratios, despite the lithological 
changes along the profile, implying that the fine-
grained material was derived from the same source 
and depositional process.

The depositional age calculation was per-
formed using lacustrine (r0-l = (6.97 ± 0.14) × 10–9) 
as well as the alluvial initial authigenic ratios (r0-F 
= (4.14 ± 0.17) × 10–9), established by šujan et al. 

(2016a). This, in turn, is justified by the results of  
the study by magyar et al. (2019), which showed that 
the calculation using alluvial initial ratio for lake 
Pannon deltaic sequence systematically yielded ages 
in better agreement with magnetostratigraphic and 
biostratigraphic proxies than is the case with la-
custrine initial ratio-based ages. the latter proved 
to be effective in the deep-water deposits of  lake 
Pannon, in which there was significant siliciclastic 
input (Botka et al. 2019).

Fig. 8 - Brackish Paratethyan (a-l) and freshwater (m-S) ostracods from outcrop a. a) Cyprideis aff. obesa (reuss 1850), lv♀, external lateral 
view; B) Cyprideis sp., lv♀, external lateral view; c) Hemicytheria folliculosa (reuss 1850), rv♀, external lateral view; D) Hemicytheria sp., 
rv♀, external lateral view; E) Loxoconcha granifera (reuss 1850), c♀, external lateral view on rv; F) Xestoleberis sp., Rv, external lateral 
view; G) Amplocypris abscissa (reuss 1850), rv, external lateral view; h) Herpetocyprella auriculata (reuss 1850), rv juv., external lateral 
view; i) Lineocypris granulosa (Zalányi 1959), lv, external lateral view; J) Lineocypris trapezoidea (Zalányi 1929), c♀, external lateral view 
on rv; K) Lineocypris sp., rv, external lateral view; l) Pontoniella sp., rv♀, external lateral view; m) Candona sp. 1, rv♀, internal lateral 
view; N) Candona sp. 2, rv♂, external lateral view; o) Candona ex gr. neglecta Sars, 1887, rv♀, external lateral view; P) Pseudocandona 
sp., lv, external lateral view; r) Pseudocandona ex gr. eremita (vejdovský 1882), lv, internal lateral view; S) Cyclocypris sp., c, external 
lateral view on lv; abbreviations: c – carapace; rv – right valve; lv – left valve; ♂ – male; ♀ – female; juv. – juvenile. Scale bar: a-F, 
h-S – 0.1 mm; G – 0.2 mm
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the depositional ages of  the Fiit samples 
calculated in the described way range between 12.07 
± 0.75 ma and 12.42 ± 1.02 ma (r0-l), and 11.03 
± 0.82 ma and 11.37 ± 1.04 ma (r0-F). The single 
population appearance of  the FiiT samples allowed 
for the calculation of  the weighted mean ages using 
the approach of  Spencer et al. (2017), yielding val-
ues of  12.22 ± 0.55 ma (r0-l) and 11.19 ± 0.58 ma 
(r0-F). The depositional ages of  samples ma-1-153 
and vo-5-51.8 resulted in somewhat lower ages of  
11.57 ± 1.06 ma and 11.09 ± 1.00 ma (r0-l), and 
10.52 ± 1.06 ma and 10.04 ± 1.00 ma (r0-F), respec-
tively. Since both samples were taken from the same 
stratigraphic level, their weighted mean ages could 
be calculated: 11.32 ± 0.73 ma (r0-l) and 10.27 ± 
0.73 ma (r0-F), respectively.

The weighted mean age of  FiiT samples cal-
culated using the lacustrine initial 10Be/9Be ratio is 
older than 11.6 ma (middle/late miocene bounda-
ry). Nevertheless, all biostratigraphic proxies point-
ed to a late Miocene age for the section. hence, the 
ages calculated using the alluvial initial ratio may be 
considered representative, in agreement with evi-

dence for a significant terrestrial input of  sediment 
into the paleoenvironment. this approach is analo-
gous to the application of  authigenic 10Be/9Be dat-
ing to deltaic deposits by magyar et al. (2019).

the high degree of  uncertainty associated 
with the ages is linked to the high analytical uncer-
tainty values (6–11%), but can be explained by the 
low 10Be/9Be ratios resulting from ages, reaching 
from ~7.2 to 8.5 times the half-life of  10Be (1.387 
± 0.012 ma; chmeleff  et al. 2010; Korschinek et al. 
2010), which is close to the lower boundary of  the 
method’s  applicability (~14 ma; Bourlès et al. 1989).

Shallow seismic survey
Description. The shallow refraction seismic sur-

vey resulted in the seismic velocity models, which 
served for the calculation of  the velocity tomo-
graphic profiles depicted in Fig. 10. Three distinct 
sub-horizontally arranged horizons with different 
velocity properties were documented in seismic sec-
tion 1 (Fig. 10a). The upper horizon (1) represents 
an environment with low velocity, that is, with val-
ues of  <500 m·s-1. This horizon is 4.5–9.0 m thick 

Fig. 9 - Nannoplankton specimens 
collected from Outcrop B. 
nannoplankton association 
comprises reworked Paleo-
gene and Middle Miocene 
(a-D), and taxa attributed to 
the late miocene (E-G). a) 
Sphenolithus abies (FiiT1); B) 
Reticulofenestra pseudoumbilicus 
(FiiT1); c) Coccolithus pelagi-
cus (FiiT1); D) Cyclicargolithus 
floridanus (FiiT1); E,F) Reticu-
lofenestra tegulata (FiiT2); G) 
Isolithus semenenko (FiiT2); 
h) ?I. pavelici (FiiT2).

Sample Zone/Subzone Composition

FIIT3 Indeterminate barren, clay minerals

FIIT1

Coccolithus pelagicus, Cyclicargolithus floridanus,

Reticulofenestra minuta, R. pseudoumbilicus, R.

haqii, Sphenolithus abies, Pontosphaera multipora,

?Discoaster adamanteus Triquetrorhabdulus sp., 

Coccolithus formosus, Cyclicargolithus abisectus,

Reticulofenestra bisecta, Broinsonia parca parca,

Micula staurophora, Prediscosphaera cretacea,

Retecapsa crenulata, Watznaueria barnesae

FIIT2

Isolithus semenenko , ?I . pavelici , Reticulofenestra 

tegulata , C. floridanus, R. haqii, R. minuta, W.

barnesae

Redeposited material of NN6

(Sarmatian/U. Badenian), of 

Paleogene and Cretaceous

?NN9 equivalent/ Pannonian;

redeposited material of NN6 

(Sarmatian/Badenian) and 

Cretaceous

tab. 2 - documented nannoplank-
ton taxa.
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with a slightly inclined and gently truncated base. a 
12–16 m thick horizon (2), with seismic velocities in 
the range of  1100–1300 m·s-1, is situated below. The 
transition to the third horizon appears to be signifi-
cantly truncated. The lowermost horizon (3) occurs 
at depths 20–25 m and exhibits and average seismic 
velocity of  3600 m·s-1. Seismic section 2 shows the 
presence of  three horizons with seismic velocity 
properties comparable to that of  section 1, although 
with a different geometry of  the boundaries (Fig. 

10c). The upper horizon (1) is 10–20 m thick with 
seismic velocity values of  <600 m·s-1, and is divided 
from thy underlying horizon (2), which has a seismic 
velocity range of  1,000–1,500 m·s-1, by a complicat-
ed boundary with convex-upwards feature between 
45 and 85 m of  the section length. The boundary 
appears at various depths, reaching 9–20 m. The 
boundary towards the lowermost horizon (3), which 
has a seismic velocity of  >2,600 m·s-1, planar with-
out major truncations.

Fig. 10 - Shallow seismic survey. a, c) Seismic refraction tomography – velocity profiles; B, D) seismic reflection profiles. it should be noted 
that the vertical scale is different for refraction tomography and reflection seismic profiles. “?” indicates potential clinoforms. For the 
location of  the sections see Fig. 3. For details of  the studied outcrops, see Fig. 4.
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The reflection seismic images allow for the 
observation of  geometries on the scale of  >3.5 
m, which is the average thickness of  a single re-
flector (Fig. 10B, D). Section 1 displays continuous 
sub-horizontal high-amplitude reflectors within ho-
rizons (1) and (2), which could not be differentiated 
(Fig. 10B). Supposed toplaps between the sub-hori-
zontal and underlying gently inclined reflectors were 
observed at a depth of  10 m and section length of  
10–35 m. a transition to an environment with cha-
otic to low-amplitude reflectors (horizon 3) could be 
seen at a depth of  20–25 m, and this exhibited a 
truncated morphology. The lowermost reflectors of  
the horizon (1+2) appear to follow the morpholo-
gy of  the boundary towards horizon (3). The same 
boundary between the high-amplitude sub-horizon-
tal reflectors (horizons 1+2) and underlying chaotic 
to low-amplitude reflectors (horizon 3) can be seen 
in section 2 (Fig. 10D), with, however, a gentle mor-
phology without truncations.

Interpretation. the seismic velocity of  horizon 
(1) falls within the range of  values characteristic of  
a loose sandy, or sandy-gravelly environment; in ho-
rizon (2) seismic velocity is associated with an envi-
ronment predominantly composed of  poorly com-
pacted clays and silts; horizon (3) exhibits seismic 
velocities which may be interpreted as representing 
strongly weathered granitoids (e.g., Bourbié et al. 
1987). Those horizons with comparable lithology 
were located in boreholes drilled in close proximity 
to the seismic survey (Fig. 3). Despite the seismic ve-
locity values, the direct outcrop observations specify 
that horizon (1) contains a significant proportion of  
muddy facies, in addition to sand and gravel. the 
supposed muddy horizon (2) was not reached by 
the excavations, but reflection seismics shows their 
sub-horizontal geometry conformably covering the 
locally truncated weathered granites, with a possible 
presence of  clinoforms in Fig. 10B. The convex-up-
wards feature of  horizon (2) observed in Fig. 10c 
does not appear to be limited by reflectors in Fig. 
10D, but the reflectors are continuous across this 
feature. this implies that the anomaly is represented 
by lateral lithological transitions between mud-prone 
Miocene strata in the middle of  the anomaly and 
correlative sandy-gravelly deposits on both sides.

Correlation with borehole logs 
in relation to the outcrops under consider-

ation, the upper Miocene succession is distributed 

in the broader vicinity of  the excavations, reaching 
a thickness of  at least 40 m (range 157.5–197.5 m 
a.s.l., Fig. 3c). The succession is mostly composed 
of  subaquatic muds without signs of  subaerial ex-
posure, except for in well T-10. Sandy and gravelly 
strata are present at the base of  the succession (well 
S-9) and close to buried slopes of  pre-cenozoic 
granitoids (wells ch1-3, T-11, T-32), and represent 
less than 20% of  the overall thickness. The distribu-
tion and genetic character of  the overlying colluvi-
al/eolian and river terrace Quaternary deposits im-
plies that the upper Miocene succession in question 
represents an erosive remnant located on a moder-
ately sloping hill which survived incision by streams 
in surrounding valleys during the Pleistocene.

dIscussIon

Paleoenvironment 
The mollusk and ostracod specimens were 

found in situ within strata of  massive silt and bi-
oturbated sand. The shallow infaunal, lacustrine 
lymnocardiines are associated with a brackish wa-
ter environment (albrecht et al. 2014). Paratethyan 
ostracods lived in a brackish environment rang-
ing from 2‰ to 16‰ (cziczer et al. 2009). They 
achieved the highest degree of  species abundance 
in the open sublittoral limnic environment, in which 
trapezoidal and elongated candonidae and lepto-
cytheridae dominated (cziczer et al. 2009; Barna et 
al. 2010). The ostracod species associations changed 
towards the lake shore and consisted of  Paratethyan 
taxa and freshwater species coming from marsh-
es, oxbows, estuaries, and ephemeral lakes (Pipík 
et al. 2013). outcrop a contains the robust, large, 
heavy calcified valves and carapaces of  two Cyprideis 
species, which prevail over the large, flat valves of  
cyprididae and candonidae. their dominance prob-
ably results from higher resistance to transport and 
lithostatic pressure compared with that of  cyprid-
idae and candonidae; it was not therefore possible 
to calculate species dominance. the robust Cyprideis 
taxa occurred mostly in the sublittoral environment 
of  lake Pannon (Pipík et al. 2007). This bathym-
etrical assumption for Outcrop a is supported by 
the presence of  elongated, pointed in posterior 
valves of  Pontocyprella and trapezoidal valves of  Li-
neocypris which are frequently observed in sublittoral 
and profundal biotopes of  lake Pannon (cziczer 



Šujan M. et al. 642

et al. 2009; Pipík et al. 2012). on the other hand, 
the number of  carapaces indicates a higher rate of  
sedimentation, although it relates to the taxa with an 
adont hinge (candoninae, cyprididae), which makes 
examples of  these taxa prone to the separation of  
the valves after the death of  an individual (oert-
li 1971). This fact, together with the presence of  
freshwater taxa, suggests the proximity of  the coast. 
chalky and frequently damaged valves with abraded 
margins and surfaces probably represent the results 
of  mechanical transport or prolonged exposure 
before final burial (Kontrovitz 1967; Kaesler et al. 
1993). Thus, the ostracods confirm the supposition 
of  fine clastic deposition between the open sublit-
toral to marginal littoral environments influenced 
by freshwater fluvial transport.

Skolithos ichnofacies is a typical trace fossil of  
shallow marine environments with relatively high 
water current energy (Knaust 2017). Arenicolites can 
indicate a shallow marine environment influenced 
by stress factors, similarly to the Skolithos ichnofa-
cies opportunistic trace fossil association (Bromley 
and asgaard 1991). Ophiomorpha appears in a wide 
range of  environments and could be accompanied 
by Skolithos ichnofacies association in brackish wa-
ter environments (leaman et al. 2015; Gingras et 
al. 2012). The simple morphology of  the Planolites 
ichnofacies ensures its predisposition to a wide 
range of  environmental and stratigraphic situations 
(Knaust 2017). large, branched and chambered 
burrows of  shrimps related to the Thalassinoides ich-
nofacies observed in this research were described 
from the late Miocene lacustrine-deltaic sequence 

of  the Bzenec Formation of  lake Pannon (hyžný 
et al. 2015).

hence, the association of  trace fossils found 
in massive sand, in faintly laminated sand and in 
dunes implies a dynamic environment. the currents 
responsible for the formation of  dunes were most 
probably induced by wave action, as indicated by 
the ichnofauna and sorting of  the sediment (Dumas 
and arnott 2006; Pemberton et al. 2012; vakarelov 
and ainsworth 2013; rossi et al. 2017). in opposi-
tion to dune sediment, the faintly cross-bedded and 
massive sandy gravel and gravelly sand was deposit-
ed by short, local streams sourced by eroded gran-
ites onto a lake shore as a shoal water delta front 
(Fig. 11) (García-García et al. 2006; Ghinassi 2007). 
The surge-type flows achieved a more distal nature 
via the deposition of  planar sandy beds with mud-
dy lenses, transporting fine clastic particles and light 
ostracod valves in suspension up to the prodelta 
settings. The presence of  a shoal water delta envi-
ronment is also implied by the simple horizontal re-
flector geometry of  the sandy-gravelly strata in the 
order of  ~3 m thickness seen in reflection seismic 
profiles and in the absence of  clinoform geometry.

the deposition of  clays and silts took place 
in an environment of  slow currents and/or suspen-
sion below the wave base, but relatively close to the 
terrestrial source of  abundant plant detritus, most 
probably on the slope of  a subaqueous platform 
associated with the shoal water delta (Fig. 11). it 
is this which might be indicated by supposed on-
laps of  clinoform geometry in Fig. 10a (Patruno & 
helland-hansen 2018). The granitic massif  would 

Fig. 11 - Block diagram showing the 
depositional processes and 
paleoenvironment of  the 
outcrops – a shoal water del-
ta formed during transgres-
sion of  lake Pannon.
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not supply the short stream with a high amount of  
muddy sediment, which forms >50% of  the suc-
cession in the outcrops and even >80% in the near-
by archival well-cores (Fig. 3). The nannoplankton 
association in samples Fiit1 and Fiit2 and ostra-
cods from outcrop a clearly indicate that the fine-
grained material was derived from the erosion and 
redeposition of  contemporaneous and Middle Mi-
ocene deposits (NN6; martini 1971), which are still 
preserved in the vicinity of  the studied area (Fig. 
2). The rich presence of  nannoplankton taxa char-
acteristic of  the Paleogene and cretaceous periods 
implies that either their accumulations were much 
more extensive during the late Miocene compared 
to present, or that these specimens experienced 
multiple recycling phases.

The rapid alteration between those facies 
accumulated below the wave base, riverine stream 
facies and wave-reworking facies indicates that the 
depth of  the wave base, and hence wavelength, was 
limited. This is in good agreement with the posi-
tion of  the locality under consideration, which most 
probably took shape on the shore of  a small bay, 
as shown in Fig. 12. The narrow morphology of  
the bay, surrounded by the hills of  the pre-cenozo-
ic massif, confined the wave activity, which would 
have been much greater on an open coast of  lake 
Pannon (e.g., Sztanó et al. 2013). The intercalation 

of  shoal water delta facies and open lacustrine muds 
observed in the outcrops is characteristic of  trans-
gressive deposits (Ghinassi 2007; helland-hansen 
& hampson 2009), in this representing the trans-
gression of  lake Pannon above the Malé Karpaty 
Mts.

Age of  deposition 
the taxon Lymnocardium is endemic to lake 

Pannon and indicative of  a late Miocene age. the 
presence of  Lymnocardium cf. conjungens, and Lymno-
cardium cf. schedelianum reveals a probable time win-
dow for the deposition of  these sediments within 
the Pannonian letter stages D and/or E (Papp et al. 
1985), with a rough age constraint of  ~10.6–10.1 
ma (Fig. 13) (harzhauser et al. 2004). however, the 
same Lymnocardium taxa represent biozones with 
time slightly broader constrains, defined for the 
danube Basin as ~10.9–10.3 ma and 10.9–9.6 ma, 
respectively (Fig. 13) (magyar et al. 2007; Sztanó et 
al. 2016). in particular, L. schedelianum was present 
in littoral environments of  lake Pannon until even 
~9.6 ma, while in the sublittoral zone it evolved 
into L. soproniense vitális 1934 at ~10.3–10.2 ma 
(magyar et al. 2016). Therefore, its concurrent 
presence with L. conjungens  which then extends the 
possible time constraints in the studied succession 
to ~10.9–9.6 ma.

Fig. 12- a) location of  the panoramic view on the present-day topography. B) Panoramic artistic view on the paleogeography of  the studied 
locality at ca. 10.5 ma using present topography of  the area (šujan 2019, modified).
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Of  the ostracods, Herpetocyprella auriculata was 
identified in the lower Pannonian of  the vienna Ba-
sin, but the genus also occurs in the younger lake 
Pannon strata. Amplocypris abscissa, Hemicytheria folli-
culosa and Loxoconcha granifera allow the succession to 
be attributed to the regional Pannonian letter stages 
d and e, sensu Papp (1951). Cyprideis aff. obesa is sim-
ilar to the large sublittoral C. obesa and C. sublittoralis 
of  the Pannonian lithostratigraphic stage e, but it 
differs from C. obesa in outline and from C. sublit-
toralis in the details of  the hinge composition. the 
individuals from Outcrop a have, therefore, been 
left in an open nomenclature (Jiříček 1985).

the nannoplankton assemblage of  sample 
Fiit1 included no index fossil, but species common 
in middle miocene (upper Badenian, Sarmatian) 
Coccolithus pelagicus, Cyclicargolithus floridanus, Reticu-
lofenestra minuta, R. pseudoumbilicus, R. haqii, Spheno-
lithus abies, Pontosphaera multipora, ?Discoaster adaman-
teus and Triquetrorhabdulus sp. together with species 
characteristic of  the Paleogene Coccolithus formosus, 
Cyclicargolithus abisectus, Reticulofenestra bisecta, and 
cretaceous, Broinsonia parca parca, Micula staurophora, 
Prediscosphaera cretacea, Retecapsa crenulata, Watznaueria 
barnesae. despite the fact that sample Fiit1 might 
be tentatively assigned to nn6 Zone on the basis 
of  its overall assemblage (martini 1971), its affinity 
to the upper Miocene strata clearly points to the re-
deposited character of  the specimens derived from 

various sources. the presence of  Isolithus semenenko 
(lyuľeva 1989) (sample FiiT2) is representative for 
the late miocene age (Fig. 13), and according to the 
approach of  lyuľeva (1989) and Kováč et al. (2006), 
might be considered an indication of  the NN9 bi-
ozone. however, it has also been documented in a 
wider age window across lake Pannon (11.6–8.9 
ma) and potentially also in the middle miocene de-
posits of  the central Paratethys (Ćorić 2006; reis-
chenbacher et al. 2007; cziczer et al. 2009; Galović 
2017) and in the deposits of  the Pontian age located 
in the Taman peninsula (radionova et al. 2012), all 
of  which makes only the correlation to the late mi-
ocene age robust. the other species present in sam-
ple Fiit2 are redeposits of  the Middle Miocene, 
namely C. floridanus, R. haqii, and R. minuta and cre-
taceous reworking represented by W. barnesae.

the authigenic 10Be/9Be age determinations 
were performed using both lacustrine and alluvial 
initial ratios, since both proved useful in the analy-
sis of  the lake Pannon deposits (šujan et al. 2016a; 
Botka et al. 2019; magyar et al. 2019). Nevertheless, 
the alluvial initial ratio-based weighted mean age of  
11.19 ± 0.58 ma overlaps the time span constrained 
by the biostratigraphic proxies, and hence, is as-
sumed to be the relevant one. the facies inventory 
implies a nearby terrestrial source of  sediment. the 
time frame under consideration was characterized 
by the presence of  the extensive paleo-danube del-

Fig. 13 - Stratigraphic scheme summarizing the data collected and showing the expected position of  the succession featured in this study. 
Boundaries of  the upper miocene succession in the vienna Basin: (a) – base of  the deltaic čáry Fm. (Paulissen & luthi 2011); (b) – 
base of  the deltaic čáry Fm. (harzhauser et al. 2004); (c) – base of  the alluvial Gbely Fm. (Paulissen & luthi 2011); (d) – base of  the 
alluvial Gbely Fm. (harzhauser et al. 2004). lithostratigraphy of  the Danube Basin according to Sztanó et al. (2016). a question mark 
in biostratigraphy means that the determination allows only for a tentative correlation with a biozone. a question mark in lithostrati-
graphy indicates the absence of  data regarding the presence of  the correlative deposits, or the absence of  a depositional age.
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ta in the vienna Basin (Fig. 13), and this prograded 
close to the malé Karpaty mts. (Fig. 1) (harzhauser 
et al. 2004). This deltaic body might have affected 
the initial isotopic ratio found in the lake Pannon 
water column as the source of  an increased input 
of  terrestrial 9Be. thus, taking the biostratigraphic 
and authigenic 10Be/9Be results as a guide, the age of  
deposition of  the succession falls within the period 
~10.9–10.6 ma.

Lithostratigraphic position and implications 
for paleogeography 

the origin of  the succession as transgressive 
facies is in accord with the gradual flooding of  lake 
Pannon margins (magyar et al. 2013; Sztanó et al. 
2016), a process which reached its greatest extent 
in the vienna Basin at ~10.5 ma (harzhauser et al. 
2003; harzhauser & mandic 2004). Subaerially ex-
posed and gradually flooded basin margins formed 
by a pre-cenozoic massif  were truncated by erosion 
and formed the bays of  lake Pannon in the area of  
the malé Karpaty mts. in the study area (Fig. 10). 
comparable strata have been described as Kisbér 
mb. within the sublittoral lacustrine muddy Szák 
Fm. in the foothills of  the transdanubian Range 
(Budai & Fodor 2008; Sztanó et al. 2016). Deposits 
which correlate to the Szák Fm. have been assigned 
to the ivanka Fm. in the slovakian part of  the dan-
ube Basin, and equivalent to the Bzenice Fm. of  the 

vienna Basin (Fig. 13). hence, the succession under 
examination here should be included in the ivanka 
Fm. (Sztanó et al. 2016).

The depositional record was correlated with 
succession on the northwestern margin of  the Dan-
ube Basin  on the basis of  information from bore-
holes acquired from archival reports and published 
data (Fig. 14). The whole upper miocene succes-
sion appears to be tilted towards the basin center 
with inclination of  ~3.5°, a finding similar to those 
was observed in other studies of  the region (šujan 
et al. 2016b; šujan et al. 2018b; Joniak et al. 2020). 
Post-depositional tilt due to Pliocene basin inversion 
is a common feature of  the margins of  Pannonian 
Basin System depocenters (e.g., horváth et al. 2006).

the depositional record made it possible to 
distinguish three upper Miocene formations overlaid 
discordantly by the Quaternary gravels of  mostly 
fluvial origin. Since only a few boreholes in the area 
penetrated the pre-late miocene basement (ma-1 
and JrD-203 situated nearby the section), the figure 
~20–50 m for the thickness of  lowermost open la-
custrine ivanka Fm. is only a tentative estimate(Fig. 
14); it consists solely of  muddy open lacustrine faci-
es and of  sandy delta front and shoreface deposits, 
containing dominantly brackish fauna (Fordinál and 
Tuba 1992; Fordinál 1995; Nagy et al. 1995; Fordinál 
and harčová 1997). The open lacustrine deposits 
of  the ivanka Fm., which are generally coeval with 

Fig. 14 - correlation of  the studied outcrops with boreholes situated on the Danube Basin margin. Note the ×5.5 vertical exaggeration of  the 
geological section. Borehole JrD-203 is situated 320 m to the north of  the section. For explanations of  geology on the location map 
see Fig. 2.
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the outcrops studied here, contain shells of  Congeria 
(Trigonipraxis) martonfii lörenthey 1893, Lymnocardium 
spinosum lörenthey 1902, L.? promultistriatum jekelius 
1944, Parvidacna tinnyeana (lörenthey 1906) and P.? 
turislavica (Jekelius 1944) in the well-core of  ma-1 
(Nagy et al. 1995). This stratigraphic interval was as-
signed by Nagy et al. (1995) to the lithostratigraph-
ic stage c of  the vienna Basin according to Papp 
(1951) and rögl et al. (1993), with an age range of  
~11.2–10.7 ma (harzhauser et al. 2004). Fordinál & 
Tuba (1992) documented mollusk fauna character-
istic of  lithostratigraphic stage D (~10.7–10.4 ma, 
harzhauser et al. 2004) at the base of  upper miocene 
deposits in well-core JrD-203. This is located clos-
er to the basin margin (Fig. 14), a fact which agrees 
with the expected age of  the transgressive sequence 
studied here. The open lacustrine ivanka Fm. shown 
to be present in Fig. 14 could be considered as cor-
relative to the lower part of  the succession which 
is seen to outcrop in the Pezinok claypit located ca. 
20 km to the northeast (Fig. 2c), where occurrence 
of  Congeria (Coelogonia) gitneri Brusina 1892 record-
ed by Fordinál (1993) points to an estimated age of  
~11.2–10.1 ma (lithostratigraphic stages c–E, Papp 
1951, harzhauser & mandic 2010). it is worth men-
tioning that the lake Pannon transgression of  deep 
basin depocenters appeared much earlier, at the be-
ginning of  the late miocene at ~11.6–11.4 ma, as 
indicated by mollusk fauna and dinoflagellates from 
the Danube Basin well-cores (magyar et al. 2007).

the gradual regression of  lake Pannon is re-
corded by deposition of  the deltaic Beladice Fm., 
reaching a thickness of  ~60 m in the section consid-
ered here (Fig. 14). it consists of  terrestrial, poorly 
drained floodplain facies, originating in a landscape 
with marshes and swamps, as well as deltaic chan-
nels, and also the open lacustrine facies included 
in the ivanka Fm. the Beladice Fm. contains mol-
lusk fauna characteristic of  brackish to freshwater 
environments (Fordinál 1995; Nagy et al. 1995; 
Pipík 1998). Species related to the transition from 
an open lacustrine to a deltaic environment in the 
core Ma-1 include Lymnocardium conjungens (hörnes 
1862), Dreissena (Modiolodreissena) auricularis (Fuchs 
1870), Congeria (Andrusoviconcha) neumayri andrusov 
1897, Melanopsis bouei Férussac 1823, and Melanopsis 
austriaca handmann 1882. The occurrence of  these 
species is typical of  the regressive deltaic succession 
of  lake Pannon documented in the Pezinok claypit 
(Fordinál 1997) (Fig. 2c), and was observed in the 

correlative čáry Fm. in the vienna Basin (harzhaus-
er et al. 2004). The anagenetic evolution of  Dreissena 
(Modiolodreissena) auricularis from Congeria (Coelogonia) 
gitneri was suggested by Papp (1950) and implies that 
the regression marked by deposition of  the deltaic 
Beladice Fm. appeared in the area of  well ma-1 and 
in the upper part of  the Pezinok outcrop (horusitzky 
1907) within a time frame of  ~10.1–9.65 ma (litho-
stratigraphic letter stage F, harzhauser et al. 2004). 
The two dating results of  samples ma-1-153 and 
vo-5-51.8 from boreholes ma-1 and vo-5 displayed 
floodplain initial ratio-based authigenic 10Be/9Be ages 
of  10.52 ± 1.06 ma and 10.04 ± 1.00 ma, respectively 
(Table 3; Fig. 14). The samples are placed just above 
the base of  the deltaic Beladice Fm. and their mean 
weighted age of  10.27 ± 0.73 ma agrees with start 
of  the lake Pannon regression after it had reached 
its greatest extent; this is also indicated by the oth-
er proxies mentioned above. hence, the regression 
phase of  lake Pannon in the area of  Bratislava could 
be constrained to ~10.2–10.0 ma.

the regression in the study area appeared si-
multaneously with alluvial deposition in the localities 
of  haslau and Götzendorf  in the western part of  
the vienna Basin (Fig. 2c) (harzhauser et al. 2004; 
harzhauser & Tempfer 2004). The regressive deltaic 
system was still far from the Sopron-Eisenstadt Basin 
located ca. 70 km to the southwest, since offshore 
conditions with deposition of  Szák Fm. muds ap-
peared in the area of  the at ~10.0 ma, as indicated by 
magnetostratigraphy and presence of  Lymnocardium 
soproniense specimens in the Sopron claypit (Fig. 2c) 
(magyar et al. 2007). The regressive deltaic system 
appeared there later, at ~9.7–9.5 ma according to the 
magnetostratigraphic and mollusk biostratigraphic 
data (magyar et al. 1999).

the fault displacement is modest, reaching 
offsets of  20–30 m, tentatively documented on the 
basis of  borehole correlation and the altitude of  the 
ivanka Fm. on the danube Basin margin, and in the 
outcrops seen in Fig. 14. thus, the syn- and post-late 
miocene activity of  these normal faults was of  low 
intensity. The structures should be related to the SW-
NE trending malé Karpaty fault (marko and Jureňa 
1999; lenhardt et al. 2007), which exhibits a much 
higher degree of  offset – in the order of  hundreds of  
meters – further to the northeast (Joniak et al. 2020). 
it is reasonable to assume that this fault branches out 
into a fault system of  structures with smaller slip in 
the area of  Bratislava.
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the information gained in this study implies, 
that the pre-cenozoic massif  in the area of  Bratislava 
was passively flooded by lake Pannon transgression, 
becoming an archipelago. considering the thickness 
of  correlated formations, the granitic hills must also 
have been partly exposed during the lake Pannon re-
gression. the paleo-danube river channels branched 
around the exposed hills and the Malé Karpaty Mts. 
might have been fully covered only later by the al-
luvial volkovce Fm., which accumulated up to ~6.0 
ma (Sztanó et al. 2016; šujan et al. 2016a). as may 
be seen in Fig. 13, the timing of  changes between 
sedimentary formations during the late Miocene, re-
corded as gradual shifts of  depositional systems, is 
relatively well defined for the Danube Basin (Sztanó 
et al. 2016; šujan et al. 2016a; šarinová et al. 2018). 
however, there are inconsistencies and uncertainties 
in the lithostratigraphy of  the upper Miocene se-
quence of  the vienna Basin related to the transition 
from open lacustrine to deltaic and alluvial settings. 
harzhauser et al. (2004) constrained the timing of  
the change from open lacustrine to deltaic environ-
ment to ~10.2 ma, and subsequently to an alluvial 
environment at ~9.6 ma. Nonetheless, constraints 
based on magnetostratigraphy by Paulissen and luthi 
(2011) imply ~10.5 ma and ~10.0 ma, respectively, 
for the same paleoenvironmental shifts. Kováč et 
al. (1998) even suggested erosional contact between 
the alluvial Gbely Fm. and deltaic čáry Fm., which 
is well documented in marginal settings (e.g., Jelínek 
et al. 2011), but not expected in the central part of  
the basin. the existing lithostratigraphic models do 
not include time-transgressive boundaries of  the for-
mations. if  the paleo-danube delta represented one 
migrating depositional system, the final regression in 
the vienna Basin had to appear before or at the same 
time as it took place on the NW margin of  the Dan-
ube Basin (~10.0 ma). hence, it is a matter for future 
research to specify the timing of  these transitions 
and their temporal and spatial differences.

Broader context within the Pannonian Basin 
System 

The settings observed are specific compared 
to lake Pannon transgressions documented in oth-
er locations. Extensive swamps, marshes and alluvial 
plains were present on the northwestern margin of  
the early lake Pannon (vienna and Styrian basins; 
Fig. 2B), with a high sediment supply from the East-
ern alps, and were gradually replaced at ~11.3–10.5 

ma by an open lake environment due to a water level 
rise (harzhauser et al. 2003; Gross et al. 2011). The 
area of  the city of  vienna experienced several short 
floodings separated by subaerial exposure during the 
same period (harzhauser et al. 2018). The margins 
of  the sopron-eisenstadt Basin experienced trans-
gression as early as ~11.5–11.2 ma in the locality 
St. margarethen (Fig. 2c) (lithostratigraphic stage B, 
harzhauser et al. 2002). The study area between the 
vienna and Danube basins was flooded by transgres-
sion shortly afterwards at ~10.9–10.6 ma, while re-
gression occurred at ~10.2–10.0 ma according to the 
present study.

Transgression appeared later, at ~9.5–9.2 ma, 
in the area of  the Transdanubian range (Fig. 2B) 
(cziczer et al. 2009), and transgressive depositional 
settings comparable to those of  the present study 
have been documented for this time (Budai and 
Fodor 2008; csillag et al. 2010). The paleo-Danube 
depositional system reached the area at ~8.6 ma 
and regressive deltaic deposits covered the massif  
(magyar et al. 2013; Bartha et al. 2014; 2015; Sztanó 
et al. 2016).

investigation of  the Paks well-cores in the cen-
tral Great hungarian Plain (Fig. 2B) implies that the 
Németkér and Tolna basement highs were flooded 
by transgression later than the surrounding troughs, 
at ~8.9–8.4 ma according to the results of  nanno-
plankton biostratigraphy, magnetostratigraphy and 
authigenic 10Be/9Be dating (magyar et al. 2019). The 
regressive deltaic system approached the area shortly 
afterwards, at some point after ~8.4 ma.

the massif  of  the Mecsek Mts. further to the 
south (Fig. 2B) was partly flooded by the earliest 
lake Pannon at the Middle/late Miocene boundary 
(Sebe et al. 2019). an event of  subaerial exposure 
was followed by the transgression after ~8.0 ma, and 
an open lacustrine environment had ceased to exist 
by the onset of  the paleo-danube depositional sys-
tem at ~7.3–6.8 ma (Kovács et al. 2018; Budai et al. 
2019).

all the areas mentioned experienced the pattern 
of  water level rise, which shortly (~1 ma) preceded 
the overall regression due to the paleo-danube shelf  
progradation. the pattern might be explained by 
sedimentary loading-induced subsidence due to the 
prograding shelf  slope depositional system and pro-
gressive basin filling (Gvirtzman 2001; Karpytchev 
et al. 2018). This effect might have caused a relative 
base-level rise in front of  the advancing depositional 
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system, which accumulated a sequence of  turbidites, 
shelf  slope and deltaic deposits up to 1.5 km thick 
in most of  the Pannonian Basin system depocenters 
(e.g., uhrin and Sztanó 2012; Balázs et al. 2018).

conclusIons

the present study focuses on the upper Mi-
ocene deposits, exposed above the pre-cenozoic 
basement of  the malé Karpaty mts. between the 
vienna and danube basins. according to biostrati-
graphic data and authigenic 10Be/9Be dating, the 
shoal water delta sandy-gravelly facies alternating 
with wave-induced dunes and open lacustrine muds 
represents a succession formed by the lake Pannon 
transgression within a time frame of  ~10.9–10.6 
Ma. the data acquired imply that the surrounding 
granitic massif  formed an archipelago and was sub-
aerially also exposed during the following regression 
of  the paleo-Danube deltaic system, which took 
place at roughly ~10.2–10.0 ma. Fault displacement 
played a minor role in forming the syn-depositional 
relief, which is implied by the elevation of  the cor-
related open lacustrine Pannonian (Tortonian) de-
posits above the Malé Karpaty Mts. massif  and on 
the danube Basin margin. the depositional history 
of  the lake Pannon transgression was soon fol-
lowed (~1 ma) by the regression of  the paleo-Dan-
ube deltaic depositional system, and this has also 
been observed on other pre-cenozoic blocks across 
the basin system, such as the transdanubian Range 
and Mecsek Mts. the settings could be explained by 
the loading-induced subsidence of  the prograding 
shelf-slope.

the application of  authigenic 10Be/9Be dating 
brought another piece of  evidence that in the case 
of  high input of  terrestrial material into lacustrine 
environment close to river deltas, the alluvial initial 
ratio is more relevant in comparison to the lacus-
trine one for age calculations; this finding is similar 
to that documented by magyar et al. (2019).
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