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1. INTRODUCTION
The majority of upper Miocene to Pliocene (Pannonian in the 
Central Paratethyan regional stratigraphic terminology, see HIL-
GEN et al., 2012) sediments of the Pannonian Basin System 
­accumulated in the brackish Lake Pannon and in the fluvial feeder 
systems. They can reach a thickness of over 6 km and represent 
the time interval between ~11.6-2.6 Ma. In spite of their substan-
tial volume, their stratigraphic subdivision has been problematic 
for a long time, mostly as a result of the laterally prograding ar-
chitecture of the basin fill (MAGYAR, 2004; MAGYAR & 
GEARY, 2012). Moreover, the subdivision of Lake Pannon sedi-
ments evolved independently in the neighbouring countries 
within the Pannonian Basin System, although the lithostrati-
graphic units are continuous across political boundaries. Signifi
cant progress in cross-boundary correlation of the stratigraphic 
schemes has been achieved in some parts of the basin (e.g. PIG-
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Abstract
Upper Miocene to Pliocene (Pannonian) sediments of the Pannonian Basin System accumula
ted in the brackish Lake Pannon and the fluvial feeder systems, between 11.6-2.6 Ma. Their strati-
graphic subdivision has been problematic for a long time due to the laterally prograding archi-
tecture of the basin fill and the historically independently evolving stratigraphic schemes of the 
neighbouring countries. We correlated the lithostratigraphic units of the Lake Pannon deposits 
between Hungary and Croatia in the Drava Basin, using lithological, sedimentological and pa
laeontological data from boreholes and outcrops, and seismic correlation. The Croatica and Med-
vedski breg formations in Croatia correspond to the Endrőd Fm. in Hungary, comprising shallow 
to deep water, open lacustrine, calcareous to argillaceous marls. The Andraševec fm. in Croatia 
corresponds to the Szolnok and Algyő Fms. in Hungary, consisting of sandstones and siltstones 
of turbidite systems and of clay marls deposited on the shelf-break slope. The Nova Gradiška 
fm. in Croatia is an equivalent of the Újfalu Fm. in Hungary, built up of a variety of lithologies, in-
cluding sand, silt, clay and huminitic clay, deposited in deltaic environments. The Pluska fm. in 
Croatia corresponds to the Zagyva Fm. in Hungary, consisting of variegated clays, silts, sands 
and lignites, deposited in alluvial and fluvial environments. Coarse-grained (sand, gravel) basal 
layers are assigned to the Kálla and Békés Fms. and the Sveti Matej member of the Croatica fm. 
Coarse-grained intercalations within the deep-water marls belong to the Dorozsma Member of 
the Endrőd Fm. in Hungary, and to the Bačun member of the Medvedski breg fm. in Croatia. 
Sediment transport and lateral accretion of the shelf edge in the Drava Basin took place from 
the N, NW, and W, to the S, SE, and E, respectively. According to the biostratigraphic and chro-
nostratigraphic analyses, the oldest shelf-break slopes in the Mura Basin are more than 8 Ma 
old, whereas the youngest ones in the southeasternmost part of the Drava Basin may be Plio-
cene in age (younger than 5.3 Ma). Thus, the 180 km long and at least 700 m deep Drava Basin 
was transformed into a fluvial plain during the last 3.5 million years of the Miocene.

OTT & RADIVOJEVIĆ, 2010; SZTANÓ et al., 2016), but con-
siderable further work is needed to obtain a stratigraphic system 
applicable to the entire Pannonian Basin System.

In the past decades there have been several efforts aimed at 
correlating the Miocene sediments of Croatia and Hungary 
(SAFTIĆ et al., 2003; HEĆIMOVIĆ et al., 2010; MALVIĆ & 
CVETKOVIĆ, 2013). The need for this is well demonstrated by 
MALVIĆ & CVETKOVIĆ (2013), who called attention to the fact 
that the otherwise lithologically similar upper Miocene forma-
tions appear in the stratigraphic charts as time-transgressive units 
in Hungary but as units with synchronous boundaries in Croatia. 
In the framework of the recent Hungarian-Croatian bilateral pro-
ject „Stratigraphy and correlation of Upper Miocene – Pliocene 
sediments along the Croatian-Hungarian border”, we aimed to 
correlate the lithostratigraphic scheme of Lake Pannon deposits 
between Hungary and Croatia in the Drava Basin, a deep sub-
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basin in the SW part of the Pannonian Basin System. The fact 
that the Drava Basin covers a significant proportion of the distri-
bution area of Lake Pannon deposits in Croatia and that several 
upper Miocene key sections are located in this region adds spe-
cial importance to the area. Here we present the correlated 
scheme, the definitions of the stratigraphic units harmonised be-
tween the two countries and provide field and borehole examples 
of the typical appearance of the units. Using seismic correlation 
and biostratigraphic dating from organic-walled microplankton 
and molluscs, we offer temporal limits to the deposition of the 
given units.

2. GEOLOGICAL SETTING 
The Drava Basin (Fig. 1) formed as a result of early - middle Mi-
ocene extension (PRELOGOVIĆ et al., 1998). Above the Palaeo-
Mesozoic basement the basin is filled by nearly 7 km of Cenozoic 
sediments (HORVÁTH et al., 2006). In most of the basin and its 
surroundings the syn-rift succession began in the Eggenburgian 
or Ottnangian, with terrestrial, fluvial and lacustrine clastics in 
the lower Miocene and continued with marine deposits in the 
middle Miocene, both intercalated with volcanics, mostly pyro-
clastics (HÁMOR, 1970; CHIKÁN, 1991; LUČIĆ et al., 2001; 
SAFTIĆ et al., 2003; NAGYMAROSY & HÁMOR, 2012; 
MALVIĆ & CVETKOVIĆ, 2013; PAVELIĆ & KOVAČIĆ, 2018). 
In the area of the northwestern Drava Basin and in the Mura Ba-
sin, the oldest Cenozoic rocks are of Oligocene age and marine 
sedimentation persisted during the early and middle Miocene. 
Upper Miocene – Quaternary deposits of the Drava Basin attain 
a thickness of more than 5 km (Fig. 1). They accumulated in the 
brackish Lake Pannon, the related marshes, and in the Pliocene 
to modern fluvial system following the lake.

Upper Miocene sediments crop out in the mountains border-
ing the Drava Basin: in Kalnik, Bilogora, Papuk and Krndija in 
North Croatia on the southern and in the Mecsek Mts. on the 
northern side (Fig. 1). These mountains represent basement highs 

and in contrast with continuous sedimentation in the basin, they 
emerged from Lake Pannon during one or more time intervals in 
the late Miocene, thus their succession contains sedimentary gaps 
below, within and above the Lake Pannon deposits (KLEB, 1973; 
KOVAČIĆ & GRIZELJ, 2006; KOVAČIĆ et al., 2011; SEBE et 
al., 2013; SZTANÓ et al., 2015). No upper Miocene outcrops are 
known in the Villány Hills in Hungary. However, remnants of 
most probably Lake Pannon sediments preserved in the shallow 
subsurface in intramountain valleys and elevated karstic cavities 
(RAKUSZ & STRAUSZ, 1953; DEZSŐ et al., 2007) suggest that 
this area was flooded as well for at least some time during the late 
Miocene.

In the marginal areas surrounding the Drava Basin, sedimen-
tation across the Sarmatian-Pannonian boundary was continuous 
in the deepest part of small sub-basins, while basement highs un-
derwent moderate uplift and denudation as a result of the so-
called “post-Sarmatian inversion event” (SAFTIĆ et al., 2003; 
HORVÁTH et al., 2006; TOMLJENOVIĆ & CSONTOS, 2001). 
Within the Drava Basin itself, the existence of Sarmatian sedi-
ments has not been proven with fauna yet, only in the NW in the 
Mura-Zala basins (KŐRÖSSY, 1989; HORVÁTH et al., 2018). 
Lake Pannon deposits of the study area accumulated during the 
post-rift phase of basin evolution (PAVELIĆ, 2001; HORVÁTH 
et al., 2006; BALÁZS et al., 2016). After this subsidence-domi-
nated interval, basin inversion started in the latest Miocene, co-
evally with the still ongoing lacustrine deposition, and is still ac-
tive today (TOMLJENOVIĆ & CSONTOS, 2001; CSONTOS et 
al., 2002; KONRÁD & SEBE, 2010; VAN GELDER et al., 2015).

3. METHODS
The lithology, sedimentology and fossils of the target deposits 
were investigated in the field and in cores in both countries. In 
order to identify and correlate lithostratigraphic and biostrati-
graphic units over the entire Drava Basin, a 181 km long compos-
ite seismic section was constructed parallel to the NW-SE trend-

Figure 1. The Drava Basin and its surroundings, with the depth of upper Miocene - Pliocene lacustrine and fluvial sediments. Base Pannonian surface from HOR-
VÁTH et al. (2012). EDB: Eastern Drava Basin; Mosl.: Moslavačka gora; PG: Požeška gora; SRB: Republic of Serbia; WDB: Western Drava Basin.



G
eologia C

roatica
Sebe et al.: Correlation of upper Miocene-Pliocene Lake Pannon deposits across the Drava Basin, Croatia and Hungary 179

ing axis of the basin (Fig. 1). This section connects the key wells 
Legrad (Leg)-1J, Severovci (Sev)-1, Ferdinandovac-1Duboka 
­(F-1D), Péterhida (Phida)-1, Terezino Polje (TP)-1, Felsőszentmárton 
(Fel)-I, Zaláta (Zal)-1, Dravica (Dra)-1, Krunoslavlje (Kru)-2 and 
Sječe (Sj)-2, and crosses the Drava river and the Croatian-Hun-
garian state boundary several times. In addition to this master 
profile (Fig. 7), four N-S directed crosslines with lengths of 55, 
49, 41 and 31 km, respectively, were also compiled (Figs. 1, 8). 
Key wells Iharosberény (Ih)-I, Vízvár-Észak (Víz-É)-4, Vízvár-
S (Víz-S)-1, Potony-1, and Donja Bukovica (DB)-1 and -2 were 
connected into the network through these sections. Lithological 
and biostratigraphic data from the key wells were obtained from 
well logs and well reports, and these were projected into the seis-
mic network. Time/depth functions for well to seismic tie were 
taken from the databases of MOL and INA. Additional scattered 
biostratigraphic data from larger distances were correlated to this 
seismic network via seismic correlation.

4. LITHOSTRATIGRAPHIC SCHEMES IN CROATIA 
AND HUNGARY
In Croatia three main lithostratigraphic schemes are in use today 
for upper Miocene deposits of the northern and eastern part of 
the country.

Earlier studies divided the succession into the ‘Croatica’, 
‘Banatica’, ‘Abichi’ and ‘Rhomboidea beds’, while Pliocene de-
posits were described as belonging to the ‘Paludina beds’ (CRO-
ATIAN GEOLOGICAL SURVEY, 2009; PIKIJA, 2009; BASCH, 
2009) Fig. 2. This division, introduced originally by JENKO 

(1944), was primarily based on the superposition of leading mol-
lusc taxa, where the ‘Croatica’ and ‘Banatica beds‘ were tradi-
tionally attributed to the “Lower and Upper Pannonian”, while 
the ‘Abichi’ and ‘Rhomboidea beds’ represented the “Lower and 
Upper Pontian”, respectively. This division did not take into ac-
count that the spatial and temporal distribution of molluscs is highly 
dependent on changes of the depositional environment (MAGYAR 
& GEARY, 2012). Furthermore, it has since been shown that the 
Pontian stage, originally defined in the Euxinian (Black Sea) ba-
sin, was erroneously correlated into the Pannonian Basin System 
(e.g. MANDIC et al., 2015). Nevertheless, this scheme is still in 
use in Croatia, especially in petroleum exploration wells.

The two other systems are more lithology-based. They have 
been invented for the entire Neogene succession, separately for 
subsurface and surface sediments. An older system introduced 
by ŠIMON (1966, 1980) and updated later by VELIĆ (2007) is 
used for subsurface sediments and is based on well and seismic 
data (Fig. 2). In this system the lithostratigraphic units still have 
the chronostratigraphic meaning as well, they were defined as 
equivalents of (sub)stages, neglecting the time-transgressive 
character of the units. In addition, for historical reasons different 
names exist for concurrent units in different parts of the basins. 
This system has long been used in the Drava Basin, with separate 
lithostratigraphic schemes for the western (WDB) and the east-
ern (EDB) parts of the basin (ŠIMON, 1966, 1980) (Fig. 2). Due 
to the aforementioned weaknesses of the first division, a second 
system has been created in the past thirty years during surveying 
related to the construction of the Geological Map of the Republic 

Figure 2. Informal upper Miocene and Pliocene units and lithostratigraphic schemes used for subsurface rocks in the Eastern and Western Drava Basin and in the 
Mura Basin in Croatia. The concept behind these schemes does not distinguish between bio- and lithostratigraphy and geochronology, therefore it is recommend-
ed that they are abandoned.
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of Croatia. New lithostratigraphic units in this system are defined 
and named according to the International Stratigraphic Guide 
(MURPHY & SALVADOR, 1999). The names of these units rep-
resent the recommendation of the National Committee for Stra-
tigraphy and are used on recently published geological maps of 
the Republic of Croatia (map sheets for the Slavonia area: FI
LJAK et al., 2016a, 2016b; HALAMIĆ et al., 2019). The unification 
of lithostratigraphic units for the territory of Croatia is currently 
in progress. Within this process, the names of certain Pannonian 
lithostratigraphic units described from other parts of Croatia have 
been adopted to the Drava Basin based on the similar lithology 
and related depositional setting.

For upper Miocene and Pliocene sediments exposed at the 
surface, the scheme contains six lithostratigraphic units of for-
mation rank, described in detail below (KOVAČIĆ, 2004; FI
LJAK et al., 2016a, 2016b; KOVAČIĆ & PAVELIĆ, 2017; 
HALAMIĆ et al., 2019) (Fig. 3). In addition, locally derived clas-
tic sediments are classified into different units in different parts 
of the stratigraphic column. The surface distribution of these for-
mations was outlined by mapping in the Hrvatsko zagorje region 
and the Medvednica Mts. in NW Croatia, and along the northern 
margin of the Sava Basin in the Požeška gora Mts. and Dilj gora 
Mts. in the eastern Croatian region of Slavonia. Geological map-
ping of the mentioned deposits has not yet been carried out in the 
Krndija, Papuk and Bilogora Mts. However, as a result of terrain 
prospecting and recording of detailed geological sections, all the 
above formations have been identified in these areas (KOVAČIĆ, 
2004; KOVAČIĆ & PAVELIĆ, 2017).

Similarly to Croatia, various stratigraphic schemes develo
ped for individual basins and also for basin margins used to ex-
ist in Hungary as well. The standardisation of the system began 
with the work of JUHÁSZ (1994), who proposed a general, ge-
netically based scheme for all sedimentary basins of Hungary. 
This became widely accepted and led to significant harmonisa-
tion, but basin sediments were still treated separately from those 

cropping out at the present margins (JUHÁSZ, 1998; KOR-
PÁSNÉ HÓDI, 1998). The past two decades have brought pro-
gress in recognizing that except for the oldest formations (Békés, 
Endrőd and Kálla Fms.) indicating transgression of the lake 
­(SZTANÓ et al., 2010), all other deposits uniformly reflect the 
in­filling process. Therefore a basin-wide correlation of deep, 
open-water mudstones, turbidite systems, shelf slope mudstones 
and deltaic to fluvial successions can easily be carried out  (e.g. 
SZTANÓ et al., 2013a, 2013b, 2016; CSILLAG & SZTANÓ, 
2015a, b), regardless of their present topographic position, i.e. 
buried in deep basin interiors or exposed along margins of the 
present hills. The formations, both with their litho- and biofacies, 
follow the evolution of the depositional environments, governed 
by the long-term normal regression interrupted by minor flood-
ing events or local variations in sediment input. Official forma-
tion descriptions accepted by the Stratigraphic Commission of 
Hungary were published in CSÁSZÁR (1997).

4.1. Lithostratigraphic units
Our investigations of both surface and subsurface sediments and 
their fossil content showed that formation boundaries are time-
transgressive over the entire Drava Basin and its surroundings, 
and do not coincide with the boundaries of either dinocyst or mol-
lusc biozones. Consequently, in our opinion a correlated 
lithostratigraphic scheme for the upper Miocene – Pliocene la-
custrine to fluvial succession should be based on the lithological 
and sedimentological – and corresponding seismic – characteri
stics of the deposits. Here we present the proposed lithostrati-
graphic scheme correlated between Croatia and Hungary (Fig. 3) 
and the short description of the units.

4.1.1. Kálla Formation
Sand, gravelly sand and gravel, typically limonitic, often with 
abundant molds and imprints of littoral molluscs (Fig. 4) (KLEB, 
1973; SZTANÓ et al., 2010; SEBE et al., 2015). It occurs around 

Figure 3. Correlation of the upper Miocene – Pliocene lithostratigraphic units in Croatia and Hungary.  Preferred formation names are capitalized, abandoned or 
local names are in plain format.  Age limits of the formations come from biostratigraphy discussed below. Note that the chart follows the axial sediment transport 
routes, either in deep basin centres or above sublacustrine highs. Marginal areas, which contain more locally-derived clastics and several unconformities, cannot 
be illustrated in the same figure.



G
eologia C

roatica
Sebe et al.: Correlation of upper Miocene-Pliocene Lake Pannon deposits across the Drava Basin, Croatia and Hungary 181

the basement highs that emerged as islands from the lake. Con-
sequently, it is more abundant along the margins of the Drava 
Basin. Its material was derived from local sources, from the denu
dation of the immediate background, and accumulated on the 
shoreface or on small locally fed deltas. Its thickness ranges from 
a few metres to a few tens of metres. Being sourced from older 
rocks, it sometimes contains vertebrate and subordinately inver-
tebrate fossils redeposited from lower - middle Miocene forma-
tions or even from Mesozoic rocks (KLEB, 1973; SEBE et al., 
2015). In most places it is a transgressive deposit at the base of 
the Lake Pannon succession, unconformably overlying older 
rocks, thus its age depends on the time of flooding. At some lo-
cations around the Mecsek Mts., where sediment input into the 
lake was high, it overlies offshore calcareous marls and prinches 
out, quickly away from the mountains. On palaeohighs flooded 
at a later stage it interfingers with, or it is overlain by the Újfalu 
Formation (e.g. BUDAI et al., 2019). The mollusc fauna of the 
formation contains littoral forms of dreissenids, cardiids, and 
prosobranch snails, but the actual species composition always 
depends on the age of the given occurrence (KLEB, 1973; SEBE 
et al., 2015). The best exposures in the Mecsek are the sand pits 
of Pécs-Danitzpuszta (with Congeria pancici, C. ungulacaprae, 
C. partschi, Lymnocardium schedelianum; SEBE et al., 2015), 
Pécsvárad and Himesháza (with Congeria balatonica, L. dumi­
cici, L. cf. proximum, „Protoplagiodacna” sp., Phyllocardium 
planum; BUDAI et al., 2019), and Cserdi (with Congeria trian­
gularis, Lymnocardium ferrugineum, L. pelzelni, L. schmidti, L. 
szaboi, Prosodacnomya dainellii). For the location of sites ment-
ioned in the text, please refer to Supplement 1.

4.1.2. Békés Conglomerate Formation, Sveti Matej member of 
Croatica formation
Coarse clastics – conglomerates and breccias – occur in the region 
in two main forms at the base of the calcareous marls (Fig. 5). The 
sediment is similar in both cases: gravel material is of local origin, 
while sorting and rounding is variable, depending on the transport 
and reworking processes and – in the case of the Békés Conglome
rate – on water depth, i.e. below or above wave base.

The Sveti Matej member of the Croatica formation is com-
posed of unfossiliferous gravel deposited unconformably over 
pre-Pannonian rocks in a fluvial environment. It is maximum a 
few metres thick and is overlain by the thin-bedded limestones 
of the Croatica fm. (Fig. 5A). It is only known in the Medvednica 
Mts. As a fluvial sediment, it represents temporary emergence of 
the area. Terrestrial deposits predating lacustrine flooding in 
Hungary are classified into the Ősi Variegated Clay Fm., though 
this unit has not yet been recorded in the Mecsek-Drava area.

The Békés Conglomerate (Fig. 5B) comprises gravels re-
worked by lacustrine wave action and is conformably overlain by 
the calcareous marls of the Endrőd Fm. Typical grain size is be-
low 10 cm, but the largest clasts can exceed 1 m. Matrix material 
is either missing or is identical to the overlying marls. The unit 
is typically unfossiliferous, its thickness ranges from 1-2 m to 
~20 m. The wave-reworked gravels indicate the flooding of dry-
lands, therefore the unit occurs at locations where open lacustrine 
sediments overlie older rocks unconformably: along the margins 
and in the southern foreland of the Mecsek Mts. above uplifted 
basement highs. The best outcrops are in the Monyoród and 
Versend quarries.

Figure 4. Kálla Formation. A) Tectonically tilted coarse, gravelly sands in the Pécs-Danitzpuszta sand pit; B) limonitic sand with mollusc molds and imprints (Lym-
nocardium in the centre), Cserdi, W Mecsek Mts.

Figure 5.  Conglomerates overlying the pre-Pannonian sediments or the basement. A) Gravels of the Sveti Matej member in erosional contact with underlying lami-
nated marls of Sarmatian Dolje formation (Sveti Matej, Medvednica Mts.) B) Békés Conglomerate in the southern foreland of the Mecsek Mts. (Monyoród quarry).
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4.1.3. Endrőd Formation, Croatica and Medvedski breg formations
The carbonate-dominated unit at the bottom of the Lake Pannon 
succession is treated as one formation in Hungary and as two in 
Croatia. White and grey, thin-bedded limestones and calcareous 
marls compose the lower part of the unit, followed by light grey-
ish, thick-bedded to massive calcareous marls, topped by clay 
marls and silty marls (Fig. 6 A-C). At locations close to basement 
highs, thin (<1 m thick) clastic intercalations (marl, clay, sand and 
gravel) occur in the lower part of the calcareous marls. Its thick-
ness ranges from a few tens of metres in marginal areas to 50-200 
m in the centre of the Drava Basin (Fig. 7, e.g. well Potony-1). In 
Hungary the calcareous marl (with >~70% carbonate content) at 
the lower part of the Endrőd Fm. is separated as the Tótkomlós 
Member in the Great Hungarian Plain and as the Belezna Mb. to 

the west of the Danube. It can be white near basement highs or 
black in the deep basin interiors (MAGYAR et al., 2004) and con-
tains sufficient amounts of TOC to be a source rock (BADICS & 
VETŐ, 2012). The upper part comprising clay marls is distin-
guished as the Nagykörű Mb. in the Great Hungarian Plain and 
as the Nagylengyel Mb. in the west (JUHÁSZ, 1998), and it oc-
curs mostly in deep basins. The Endrőd Fm. corresponds to the 
Croatica and Medvedski breg fms. in Croatia, which, based on 
their lithological composition and stratigraphic position, are fur-
ther an equivalent of the upper part of the Moslavačka gora Fm. 
(Križevci Mb.) and the lower part of the Ivanić-Grad Fm. (Lipo-
vac Mb.) in the WDB and the Valpovo Fm. and of the lower part 
of the Vinkovci Fm. (Laslovo Mb.) in the EDB (Fig. 2) (eg. 
MALVIĆ & CVETKOVIĆ, 2013). The unit is conformably over-

Figure 6. A-C: Endrőd Fm./Croatica and Medvedski breg fms. A) Thin-bedded limestones and calcareous marls with clay interbeds in the lower part of the unit 
(Pécs-Danitzpuszta sand pit, Mecsek Mts.; image width 2 m); B) Thin-bedded limestones of the Croatica fm. (Našice quarry, Krndija Mts.); C) Massive calcareous marls 
in the upper part of Medvedski breg fm. (Našice quarry). D-F: Andraševec fm./Szolnok and Algyő Fms. D) Thin- to medium-bedded graded, laminated turbidites 
alternate with siltstones at Mirti/Hruševec; E) A graded, structureless to  planar and cross-laminated turbidite bed at the lower part of Petnja outcrop; F) Sandstone 
with imbricated rip-up mud clasts (well TP-1, 2564-2565 m)
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lain by the Szolnok/Andraševec Fm. in the deep basin interiors 
or by the Algyő/Andraševec Fms. on sublacustrine basement 
highs.

The formation contains an impoverished sublittoral-profun-
dal mollusc fauna with usually thin-shelled forms, such as Con­
geria banatica, “Dreissenomya” digitifera, “Pontalmyra” 
otiophora, various Paradacna species, and deep-water-adapted 
pulmonate molluscs, such as planorbids (Gyraulus) and lym-
naeids (e.g. Velutinopsis, Undulotheca, Valenciennius), as well as 
a rich ostracod assemblage (JUHÁSZ & MAGYAR, 1992; 
KOVAČIĆ, 2004; VASILIEV et al., 2007; Magyar in SEBE et al., 
2015). Littoral fossils occur in redeposited interbeds. A diverse 
thermophilous macroflora was recovered in the Mecsek Mts. in 
the uppermost part of the formation (HABLY & SEBE, 2016). 
The general trend of the unit from carbonate-dominated to clay/
silt-dominated rocks has been attributed primarily to the increas-
ing amount of clastic input into the lake transported by the distal 
Alpine-Carpathian feeder system approaching the area from the 
N and NW. The lower boundary of the formation coincides with 
the Sarmatian/Pannonian boundary in basins with continuous 
sedimentation across the middle/late Miocene boundary, while it 
becomes increasingly unconformable and thus younger away 
from the basin centres. The youngest biozone identified in the 
formation within the Drava Basin is the Spiniferites validus di-
noflagellate zone (<9 Ma; BAKRAČ et al., 2012 and Fig. 7).

The type localities in Croatia are the Kostanjek and Vrapče 
sections (Croatica fm.) and the Medvedski breg section (M. b. 
fm.) in the NW part of the Sava Basin, on the slopes of the Med-
vednica Mts. (KOVAČIĆ et al., 2016, 2017a; KOVAČIĆ & 
PAVELIĆ, 2017). At present the most representative surface oc-
currences are the Našice quarry on the northern slopes of the 
Krndija Mts. (KOVAČIĆ et al., 2017a) and the Pécs-Danitzpuszta 
sand pit in the Mecsek Mts. (SEBE et al., 2019).

Croatica formation
The lower, well-bedded, hard, carbonate-rich, 20–50 m thick part 
of the Endrőd Fm. occurring in the vicinity of basement highs is 
distinguished as the Croatica fm. in Croatia. Most commonly it 
rests conformably over sublittoral Sarmatian deposits, rarely over 
alluvial sediments which unconformably overlie different base-
ment rocks (Fig 5A). The unit is identified by its 1-10 cm thick, 
white calcareous marl or limestone layers (Fig. 6B). Based on 
their lithological features, thin-layered limestones of the Croatica 
fm. in the marginal parts of the basin are clearly different from 
the overlying massive marls of the Medvedski breg fm., while 
these differences are not clearly expressed in the deeper parts of 
the basin, where the calcareous marls or limestones conformably 
overlying Sarmatian deposits are massive, dark grey, and repre-
sent source rocks (TROSKOT-ČORBIĆ et al., 2009). The Cro-
atica fm. is the equivalent of the upper part of the Moslavačka 
gora Fm. (Križevci Mb.) in the WDB and of the Valpovo Fm. in 
the EDB. It is not equivalent to the Tótkomlós Member within the 
Endrőd Fm., but can be correlated only with its lowermost part. 
Laterally and upwards it gradually passes into the marls of the 
Medvedski breg fm. It is widely distributed in the marginal parts 
of depressions in the southern part of the Pannonian Basin Sys-
tem.

The first description of this unit under the name „Pre-Pontian 
formation” (GORJANOVIĆ-KRAMBERGER, 1890) already 
drew attention to its peculiar mollusc fauna, consisting of pulmo-
nate snails (e.g. Radix croatica, Gyraulus praeponticus, G. du­
bius) and small cardiids (e.g. “Lymnocardium” praeponticum). 

The ostracod assemblage contains brackish species (e.g. Herpe­
tocyprella auriculata), while the calcareous nannoplankton as-
sociation is rich in the endemic species Isolithus semenenko and 
I. pavelici (ĆORIĆ in KOVAČIĆ et al., 2015, 2017a). The palyno-
logical samples contain no dinoflagellates but they are rich in the 
prasinophyte alga Mecsekia ultima (BAKRAČ, 2005). Freshwa-
ter algae representing Sigmopollis spp. have also been identified 
in this formation (KOVAČIĆ et al., 2015), as well as plant remains 
(aquatic grasses).

The depositional environment of this unit is usually inter-
preted as a stressed, low-salinity, shallow-water, littoral-sublitto-
ral setting (VRSALJKO, 1999; KOVAČIĆ et al., 2017a). While 
marl intercalations are inferred to indicate water-level oscillations 
that temporarily created deeper water, the sediments of the Cro-
atica fm. are interpreted to reflect lowstand deposition as a con-
sequence of regression at the end of the Sarmatian (PAVELIĆ et 
al., 2003). The arguments in favour of the shallow, littoral-sublit-
toral environment include the abundance of pulmonate snails 
(Planorbidae and Lymnaeidae), which are mostly known today 
as shallow-water or paludal dwellers, the lack of dinoflagellate 
cysts, the presence of prasinophyte algae and rooted aquatic vege
tation (e.g. VRSALJKO, 1999; VASILIEV et al., 2007). The over-
all position of the Croatica fm., lying unconformably above allu-
vial sediments of the Sveti Matej mb. or different pre-Miocene 
basement rocks, or conformably overlying shallow-water Sarma-
tian deposits (VRSALJKO, 1999; KOVAČIĆ et al., 2015), also 
suggests a relatively shallow water origin.

The typical fauna and algal flora of the Croatica fm., how-
ever, can often be observed in lithologically different sediments, 
always representing the earliest Pannonian. In fact, this special 
fossil assemblage is apparently present in much of the Pannonian 
Basin System, in places where the Sarmatian/Pannonian bound-
ary is characterized by continuous sedimentation. It indicates a 
specific environment, which was obviously widespread in the 
earliest Pannonian, but did not last very long, only a few hundred 
thousand years at most. Therefore, this assemblage can be used 
as a biostratigraphic marker, upon which the „Lymnocardium” 
praeponticum Zone (KORPÁS-HÓDI, 1987), the Radix croatica 
– Lymnocardium plicataeformis – Gyraulus praeponticus Ceno-
zone (VRSALJKO, 1999), the Mecsekia ultima Zone (SÜTŐ-
SZENTAI, 1982), and the Mecsekia ultima – Spiniferites bentorii 
pannonicus Zone (BAKRAČ et al., 2012) were established. The 
Mecsekia ultima and “Lymnocardium” praeponticum zones have 
also been reported from deep-water, clay-silt deposits (e.g. 
­SZTANÓ et al., 2005; SÜTŐ-SZENTAI & SZEGŐ, 2008). Gene
rally, the families of Lymnaeidae and Planorbidae are dominated 
by littoral and sublittoral taxa indeed, but in Lake Pannon some 
of their representatives conquered the deep-water environment 
(JUHÁSZ & MAGYAR, 1992; GEARY et al., 2000). Even within 
the Drava Basin, such species of Gyraulus, Velutinopsis and Va­
lenciennius occur in core samples from the bottom of several 
hundred metre high shelf-break slopes (Fig. 13), indicating a very 
deep habitat for these animals. Thus, the original habitat of this 
earliest Pannonian peculiar fossil assemblage remains a puzzle.

Dorozsma Marl Member of the Endrőd Formation, Bačun 
member of the Medvedski breg formation
In the vicinity of basement highs, the offshore calcareous marls 
and marls contain clastic intercalations (gravel, sand, silt) origi-
nating from the erosion of the emergent blocks. These are classi-
fied under the name Bačun mb. within the Croatica and Medved-
ski breg fms. in Croatia and as the Dorozsma Mb. within the 
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Endrőd Fm. in Hungary. The deep-water redepositional character 
of these conglomerates and sandstones by turbidity currents and 
debris flows is unambiguously shown by their sedimentary facies 
in the form of graded beds, complete and incomplete Bouma-se-
quences and widespread pebbly mudstones (BÉRCZI & PHIL-
LIPS, 1985; BÉRCZI et al., 1987; SZTANÓ et al, 2013b). In the 
deep parts of the SE Drava Basin such coarse-grained material 
was identified in wells (e.g. Sječe-2).

4.1.4. Szolnok and Algyő Formations, Andraševec formation
Deep-water sandstones and shales are classified as the Andraševec 
fm. in Croatia (KOVAČIĆ, 2004; KOVAČIĆ et al., 2004). The 
same deposits are assigned to the Szolnok and Algyő Fms. in 
Hungary, representing basin-centered turbidite systems, and 
slope shales together with the slope-related turbidite systems, re-
spectively (BÉRCZI, 1988; JUHÁSZ, 1994; SZTANÓ et al., 
2013b). These deep-water formations conformably overlie the 
Endrőd/Medvedski breg Fm., and they are conformably overlain 
by the Újfalu/Nova Gradiška Fm. They are the approximate 
equivalents of the middle and upper parts of the Ivanić-Grad Fm. 
and Kloštar Ivanić Fm. in the WDB, and the middle and upper 
parts of Vinkovci Fm. in the EDB. 

The Szolnok Fm. and the lower part of the Algyő Fm. consist 
of very fine to medium-grained sandstones intercalated with silt-
stones (Fig. 6 D-F). The thickness of the sandstone beds varies 
from a few cm to several metres. Thin sandstone beds commonly 
alternate with siltstones a few centimetres in thickness. As the 
thickness of the sandstone beds increases, the frequency and 
thickness of silty interbeds decrease. Cm- to dm-thick sandstone 
beds commonly show sedimentary structures including plane to 
cross-lamination, convolution and normal grading. Bouma se-
quences may occur. Thick beds are usually structureless or show 
faint water escape dishes or pipes. In the wells, 10-50 m thick 
sand-prone intervals alternate with a few tens of metres of mud-
prone intervals. Intervals of thick stacked sandstones with muddy 
intervals less  than a few metres thick, occur at the upper part of 
the sand-prone succession, i.e. in the upper part of the turbidite 
systems (TP-1 and Fel-I). The thin-bedded heterolithic part of the 
successions represents the lobe margins of deep lacustrine tur-
bidite systems, while thick-bedded to amalgamated sandstones 
were deposited at the lobe axis and off-axis regions (SZTANÓ et 
al., 2013b). The clastic detritus is mineralogically and structur-
ally relatively mature and had been produced mostly by the 
weathering of siliciclastic sedimentary and metamorphic rocks 
of Alpine provenance (KOVAČIĆ & GRIZELJ, 2006).

Figure 8. Composite seismic reflection profiles 2 and 4 from the margin to the centre of the Drava Basin and their interpretation. For profile locations see Fig. 1. For 
legend see Fig. 7.
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In the Drava Basin it is difficult to distinguish the basin-cen-
tre and the slope-related turbidite systems, i.e. to determine the 
boundary between the Szolnok and Algyő Formations. In many 
depressions of the Pannonian Basin System, turbidites were de-
posited at several tens or even more than 100 km away from the 
feeding slope, where the source areas were often separated from 
the sink areas by the rough relief of the lake floor (cf. SZTANÓ 
et al., 2013a, b). In contrast, “toe-of-slope” turbidite systems of 
the Algyő Formation accumulated within a distance of 10-20 km 
from the slope (cf. SZTANÓ et al., 2013b). The latter are normally 
more sensitive to interactions between lacustrine base level and 
sedimentation rates, which determine the aggradation/prograda-
tion rates of the shelf-break slope. In the Drava Basin, however, 
the source of turbidites can be traced back to a distance of 100 
km (see the “8 Ma” horizon or Galeacysta etrusca horizon in Fig. 
7), as most of the system was not influenced by confining basin 
floor topography, at least not in the NW-SE axial direction. There-
fore, the sand/shale ratio, or the stacking pattern of deep-water 
lobes might have been controlled by these allocyclic processes in 
addition to free autocyclic lobe switching. The exact linkage be-
tween the aforementioned processes needs further investigation. 
Seismically the Szolnok Fm. is characterized by parallel, low to 
moderate amplitude, moderate to high continuity seismic facies. 
In the lower part, reflections onlap apparently on the basement or 
on the 1-2 reflections thick Endrőd Fm. The lower part of the 
Algyő Fm. is seismically similar, but several downlap reflections 
occur.

The upper part of the Algyő Fm. is composed of siltstone and 
clay marl with rare and thin intercalations of sandstone. Mud-
stones can be structureless or laminated, chaotic beds and slump 
folds are common (Ih-1). This part of the Algyő Formation cor-
responds to the inclined part of the clinoforms. The shelf-edge 
can usually be identified relatively easily (see marks in Figs. 7 
and 8), where dipping reflectors deviate from overlying parallel 
ones. The dip of the clinoforms gradually decreases towards the 
bottomsets, but several downlaps help to distinguish the toe of 
slope. The height of the clinoforms can be used to estimate pal-
aeo-water depth (POGÁCSÁS & RÉVÉSZ, 1987; BALÁZS et 
al., 2018), which could reach 900-1300 m in the centre of the 
Drava Basin (KOVÁCS et al., under review).

The thickness of deposits related to the turbidite systems is 
~1000 m at Péterhida but exceeds 1300 m in the deepest part of 
the basin (wells TP and Fel). The uppermost 300-400 m is related 
directly to the toe of slope. On the Iharosberény high (Ih-1, Fig. 
8A) a 100 m thick succession of toe-of-slope turbidites lies un-
conformably on Badenian limestones. The thickness of the mo-
notonous mudstones (upper part of Algyő Fm.) over the basement 
highs can be as little as 300 m (Ih), while it attains 500-600 m in 
the central part of the basin.

The Szolnok, Algyő and Andraševec Formations contain a 
profundal mollusc fauna with Congeria banatica, “Dreisseno­
mya” digitifera, Paradacna abichi, P. lenzi, “Pontalmyra” 
otiophora, Valenciennius reussi, accompanied by sublittoral spe-
cies including C. czjzeki, C. zagrabiensis, C. croatica, and Lym­
nocardium majeri in the uppermost part of the Algyő and 
Andraševec Formations. In the ostracod assemblage Amplocypris 
reticulata, Candona (Caspiolla) lobata, C. (Pontoniella) paracu­
minata, smooth Hemicytheria marginata, Cyprideis ex gr. 
macrostigma, Cy. obesa, and nodose forms of the genus Cypri­
deis dominate, while the dinocyst assemblage consists of mainly 
endemic forms, such as S. bentorii “coniunctus”, S. virgulaefor­
mis, S. paradoxus, S. balcanicus, S. validus etc. The vertical ar-

rangement of the facies within the Andraševec fm. and the ac-
companying fossil communities indicate the shallowing of the 
depositional environment.

The type areas where turbidite successions, i.e. the 
Andraševec fm. are exposed at the surface, are the Hrvatsko 
zagorje region and the Medvednica Mts. in NW Croatia. The for-
mation is named after the Andraševec sections on the northern 
slopes of the Medvednica Mts. Spectacular outcrops of the tur-
bidite system exist in the N Medvednica (Mirti/Hruševec; 
KOVAČIĆ et al., 2004). The lower part of the Petnja sand pit in 
the Dilj Mts. exposes a turbidite lobe with channels. (This out-
crop was previously interpreted as a shallow delta and thus clas-
sified into the Nova Gradiška fm. (PAVELIĆ, 2001; KOVAČIĆ 
et al., 2017b)). No outcrops of the typical Algyő or Szolnok Fm. 
exist in SW Hungary. Sediments of a less than 100 m high slope, 
transitional in size between shelf break and and delta scale slopes, 
are exposed at the village of Szulimán (SZTANÓ et al., 2015).

4.1.5. Újfalu Formation, Nova Gradiška formation
The unit consists of an alternation of sand and calcareous silt lay-
ers with intercalations of lignite, variegated clay and gravel (Fig. 
9). The sediments display a coarsening upward trend on the scale 
of 20-50 m thick intervals. The successions begin with biotur-
bated or laminated siltstones, overlain by thin-bedded silt-sand 
heterolithics. Slump folds and other soft-sediment deformation 
structures are common. The sands are structurally and mineralo
gically very similar to the sands of the Andraševec fm., indicat-
ing a common source area. Tabular to trough cross-bedding, sym-
metrical and asymmetrical cross-lamination, occasionally plane 
lamination are visible in the sandy units. Erosional surfaces are 
occasionally marked by small pebbles, mollusc debris and mud 
intraclasts. Cross-bedded sets may be stacked or alternate with 
cross-laminated sands. They mostly originated from the migra-
tion of dunes towards the SE. Rarely observed symmetrical to 
slightly asymmetrical cross-lamination is the result of current and 
wave action. The calcareous silts are massive, strongly biotur-
bated, and locally contain relics of horizontal lamination. Alter-
nating fine-grained variegated sediments with pedogenic fea-
tures, organic-rich sands-silts, gravels and lignite are 
characteristic of the upper part of the cycles and are more fre-
quent in the upper parts of the formation. Subsurface data from 
both wells and seismic sections indicate that this unit attains a 
thickness of 1500 m in the NW Drava Basin, while it is only ca. 
300 m thick in the SE (Fig. 7). The unit conformably overlies the 
Algyő/Andraševec Fm. In the Hrvatsko zagorje region and in the 
DB it is overlain by the Pluska fm., while in the Požega and Sava 
Basins by the Vrbova (Cernik) fm. (KOVAČIĆ, 2004; HALAMIĆ 
et al., 2019). Nova Gradiška fm. is the approximate equivalent of 
the Bilogora Fm. in the WDB and the Vera Fm. in the EDB.

The formation contains a littoral-sublittoral mollusc fauna 
with Congeria rhomboidea, C. balatonica, C. triangularis, 
Dreissena auricularis, Lymnocardium majeri, L. diprosopum, L. 
arpadense, L. hungaricum, L. rogenhoferi, Phyllocardium pla­
num, Paradacna okrugici, various Prosodacnomya species, etc., 
as well as an ostracod assemblage with Hungarocypris pannonica 
and Candona (Camptocypria) lobata (KOVAČIĆ, 2004). The di-
nocyst assemblage is dominated by Impagidinium globosum, Ga­
leacysta etrusca, Pyxidinopsis psilata, Spiniferites virgulaefor­
mis and Spiniferites cruciformis (BAKRAČ et al., 2012). The 
sediments of the unit were deposited during the late late Miocene 
and in the eastern part of the Drava Basin (Fig. 7) during the 
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­earliest Pliocene, based on the well to seismic correlation of the 
Miocene/Pliocene boundary (Fig. 7).

The formation was deposited as progradational delta lobes 
into the brackish Lake Pannon (SZTANÓ & MAGYAR, 2007; 
SZTANÓ et al., 2013a), which were strongly influenced by sedi-
ment input from the NW. The siltstones and the heterolithics were 
deposited on the prodelta to the lower delta front. Most of the sand 
was deposited on mouth bars in the upper delta front environ-
ment. Sand deposition on the mouth bars was related to pro-
longed, frequent floods under humid climate conditions. Proxi-
mal bar sands continued distally and laterally to distal bar silts 
affected by strong bioturbation. Short-term advance, retreat and 
lateral shifting of the distributary channels and related mouth 
bars resulted in the vertical alternation of proximal and distal 
mouth bar deposits (KOVAČIĆ et al., 2004). Alternating fine-
grained sediments, sands, gravels and coals from the upper parts 
of the coarsening upward units were deposited in very shallow 
brackish interdistributary bays, in brackish wetlands or in fresh-
water marshes and ponds in a delta plain environment (JUHÁSZ 
& MAGYAR 1992; JUHÁSZ, 1994; KOVAČIĆ et al., 2004).

The Nova Gradiška formation is named after sections lo-
cated near the town of Nova Gradiška in western Slavonia. Apart 
from Slavonia, the type localities are in the Hrvatsko zagorje re-
gion (Hum Zabočki and Selnica sections) and in the Žumberak 
Mt. (Malunje section). The most representative surface occur-
rence in the Drava Basin is in the Našice quarry (STEVANOVIĆ, 
1961). Some small occurrences are also detected in the northern 

Krndija, Papuk and Bilogora Mts. In Hungary the Újfalu Fm. is 
usually exposed at some distance from the basement outcrops as 
a result of tilting and erosion caused by inversion-related uplift 
(SZTANÓ et al., 2015, 2016). The Mozsgó (Fig. 9B) and Himesháza 
(BUDAI et al., 2019) sand pits exhibit good outcrops, and the clas-
sic locality of Árpád (now Pécs-Nagyárpád; SZÓNOKY et al., 
1999) also belongs to this formation.

4.1.6. Zagyva Formation, Pluska formation
The unit is composed of alternating packages of a few metres, 
occasionally few tens of metres thick cross-bedded, fining-up-
ward sands or sandstones and a few metres to a few tens of me-
tres thick successions of silt, clay and possibly lignite or huminitic 
clay (Fig. 10). Close to basement highs, gravels may also occur. 
The clays are often variegated and show signs of pedogenesis. 
Sands represent fluvial channel sediments, the major ones can be 
visualized on seismic images (Fig. 11), while the silt-clay units 
can be interpreted as abandoned channel-fills and/or floodplain 
fines. Though outcrops usually expose channel sands, the bulk of 
the formation is composed of fine-grained floodplain deposits 
(UHRIN & SZTANÓ, 2007; NÁDOR & SZTANÓ, 2011; UHRIN 
et al., 2011; ŠUJAN et al., 2020). The thickness of the unit could 
attain 1000 m in the central depression, e.g. near the borehole 
­Fel-I (Fig. 7). In Croatia, in the Hrvatsko zagorje region, fluvial 
channel and floodplain sediments have been described as the 
Pluska fm. (KOVAČIĆ, 2004).

Figure 9. Újfalu Fm./Nova Gradiška fm. A) Sand with convolute bedding, silt, huminitic clay and lignite near Mučna Reka (Bilogora Hills, Croatia); B) Medium-grained 
cross-stratified sand to silt layers and channel forms west of the Mecsek Mts. (Mozsgó sand pit).

Figure 10. Pluska fm. A) Erosional contact between well sorted fine-grained sands of the Nova Gradiška fm. and the overlying poorly sorted gravels, sands and silts 
of the Pluska fm. Pluska, Hrvatsko zagorje. B) Bioturbated, pedogenetically altered sandy silt of the Pluska fm. Dubravica, Hrvatsko zagorje.
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The formation conformably overlies sediments of the Újfalu/
Nova Gradiška Fm. in the basin centre and unconformably in 
marginal areas (Figs. 7, 8). We do not possess fossil data from the 
formation which would allow us to constrain the age of the fluvial 
deposits. Based on the interpreted seismic sections of this study, 
the formation started to accumulate in the Pliocene (Fig. 7). In 
basinal areas it is difficult to separate Pliocene fluvial sediments 
from their Quaternary counterparts (e.g. NÁDOR & SZTANÓ, 
2011). The latter attain a thickness of nearly 300 m in the north-
ern marginal part of the Drava Basin (e.g. borehole Görgeteg-I; 
KOLOSZÁR et al., 2001; KROLOPP, 2002), so they can be even 
thicker in the basin centre. Towards the basin margin, an uncon-
formity separates the Zagyva Fm. from the Plio-Quaternary suc-
cession, while at the margins the formation is often missing due 
to pre-Quaternary denudation. The dating of the Plio-Quaternary 
fluvial succession and thus the upper age limit of the unconform-
ity is uncertain: based on malacostratigraphy, magnetostratigra-

phy and the presence of a possibly volcanogenic bentonite layer, 
fluvial sedimentation has been ongoing since at least 2-2.1 Ma, 
but a Pliocene age for the lowermost part of the succession above 
the unconformity cannot be excluded either (KOLOSZÁR et al., 
2001; KROLOPP, 2002).

5. BIOSTRATIGRAPHIC CORRELATIONS
5.1. Dinoflagellates
The dinoflagellate stratigraphy of the Pannonian Stage (inter-
preted in the wide sense) was first established by SÜTŐ-
SZENTAI (1982), and it has been continuously revised and im-
proved since then (e.g. SÜTŐ-SZENTAI, 1988, 1990, 2000; 
SOLIMAN & RIDING, 2017). This system was applied in Croa-
tia with some modifications (KRIZMANIĆ in LUČIĆ et al., 
2001; BAKRAČ, 2007; BAKRAČ et al., 2012).

The dinoflagellate zones are interval zones where subsequent 
zone boundaries are marked by the first appearance of novel mor-

Figure 11. Seismic geomorphology shows a set of minor and major meandering linear elements on time slices extracted from flattened variance attribute 3D da-
ta, at a depth of approximately 650 m. These are interpreted as fluvial channels on the alluvial plain building up the Zagyva/Pluska Fm.
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phologies (species). There is consensus that the oldest Pannonian 
deposits are characterized by Spiniferites pannonicus, and, where 
present, by the prasinophyte Mecsekia ultima, which always oc-
curs immediately above the Sarmatian sediments. The first ap-
pearances of Spiniferites oblongus and Pontiadinium pecs­
varadense are both suitable for marking subsequent biozone 
boundaries. The following significant change in the dinocyst re-
cord is benchmarked with the more or less coeval first appearance 
of several forms, such as Spiniferites bentorii coniunctus, S. val­
idus, S. balcanicus, and S. paradoxus. In this interval, either one 
(S. validus; BAKRAČ et al., 2012) or two (S. paradoxus or S. co­
niunctus and S. validus; SÜTŐ-SZENTAI, 1991; KRIZMANIĆ 
in LUČIĆ et al., 2001) or three (S. paradoxus, S. validus, S. tih­
anyensis; SÜTŐ-SZENTAI, 2000) biozones are distinguished. 
The first appearance of Galeacysta etrusca marks the base of a 
new biozone, and the subsequent first appearance of Spiniferites 
cruciformis is considered to be the youngest biostratigraphic 
marker in the sedimentary succession of Lake Pannon (BAKRAČ 
et al., 2012; Fig. 3). 

Dinoflagellate data were collected from several wells in the 
Drava Basin (Fig. 12). When depicting dinoflagellate data on the 
seismic profiles, it is found that the older biozones correspond to 
relatively thin (a few tens of metres) sediment packages, which 
were deposited in deep water; these cannot be correlated along 
seismic reflectors between the wells because the uncertainty of 
the correlation and of the time/depth functions of wells is usually 
greater than the thickness of the individual biozones. The occur-
rences of Galeacysta etrusca and Spiniferites cruciformis, how-
ever, can be correlated between the wells. These two species were 
recovered from only a few hydrocarbon exploration wells (see Ta-
ble 1) but they were commonly discovered in shallower boreholes 
from around the Villány Hills (SÜTŐ-SZENTAI, 1994, 2011). 
Correlations show that the deepest occurrences of these species 
in individual wells are not coeval, i.e. they do not represent the 
first appearance date (FAD) of the respective forms (Fig. 7). The 
stratigraphically deepest occurrence of G. etrusca was recorded 
in the deep-water deposits of the Potony-1 well, at 2780 m, thus 
this occurrence approaches the best the real FAD of G. etrusca. 
The corresponding shelf edge above the slope is located some 65 
km to the NW of the well along our Section 1 (Figs. 7, 1). The old-
est occurrence of S. cruciformis, however, was found in well Sev-

1, at 1370 m depth, in shelf deposits. The coeval shelf edge is iden-
tified at about 15 km to the SE along Section 1 (Fig. 7).

5.2. Molluscs
In the littoral deposits of Lake Pannon, a series of taxon-range 
zones (or rather lineage zones) were established on the basis of 
subsequent new morphologies within the supposedly anagenetic 
evolutionary lineage that starts with Lymnocardium edlaueri and 
ends with Prosodacnomya vodopici (MÜLLER & MAGYAR, 
1992; MAGYAR et al., 1999, 2000; MAGYAR & GEARY, 2012). 
The boundary between the Lymnocardium decorum and Proso­
dacnomya carbonifera zones, defined by the first appearance of 
the genus Prosodacnomya, could be clearly identified on seismic 
profiles in the Budafa area, immediately east of the northwest-
ernmost tip of Section 1 (Fig. 7), based on the data provided by 
BARNABÁS & STRAUSZ (1991) on the occurrences of L. de­
corum and Prosodacnomya in this region. This dataset was com-
pleted with scattered unpublished information on the presence of 
these forms in hydrocarbon exploration wells from the northern 
side of the Drava Basin. Based on the above data, we traced this 
biozone boundary on seismic profiles across the entire study area 
as shown in Figs. 7 and 8. This seismic horizon turned out to be 
only very slightly older than the oldest occurrence of Galeacysta 
etrusca in the Potony-1 well.

The profundal deposits of Lake Pannon were divided into 
the older Congeria banatica zone, characterized by C. banatica 
and various members of the evolutionary lineage from Radix to 
Provalenciennesia, and the younger “Dreissenomya” digitifera 
zone, characterized by “D.” digitifera and Valenciennius (MA
GYAR et al., 1999; MAGYAR & GEARY, 2012; Fig. 3). In the 
Drava Basin, both biozones are present. The shelf-break slope, 
however, belongs to the younger “D.” digitifera zone everywhere 
in the Drava Basin (Figs. 8, 13). 

6. GEOCHRONOLOGY
Our means to date the thick upper Neogene succession of the 
Drava Basin are severely limited. Of the relevant biostratigraphic 
boundaries, only the FAD of Prosodacnomya was reliably dated. 
The earliest representative of this genus, P. carbonifera was re-
covered from a sedimentary inclusion embedded into volcanic 
material in the Tihany peninsula, Lake Balaton (SZTANÓ et al., 
2013a). The Tihany maar volcano is known to have started its ac-
tivity 7.92±0.22 to 7.96±0.03 Ma ago (as assessed by K/Ar and 
Ar/Ar analyses by BALOGH & NÉMETH (2005) and WIJ-
BRANS et al. (2007), respectively). Therefore, the first appear-
ance datum of Prosodacnomya could be determined as ca. 8 Ma 
(Fig. 3). This interpretation was recently confirmed by magneto-
stratigraphic investigations in central Hungary (KELDER et al., 
2018; MAGYAR et al., 2019). The FAD of Galeacysta etrusca 
has long been supposed to be very close to that of Prosodac­
nomya (MAGYAR & GEARY, 2012), although the two fossils 
never occur in the same layer due to their originally highly dif-
ferent environmental requirements (Fig. 3).

The biostratigraphic boundary between the Congeria bana­
tica and “Dreissenomya” digitifera Zones in the profundal zone 
of Lake Pannon was tentatively dated as ca. 9.6 Ma (MAGYAR 
et al., 1999; MAGYAR & GEARY, 2012; Fig. 3). In the Drava 
basin, this boundary runs within the Endrőd Formation; the cor-
responding shelf-break slope is located in NW Hungary (MA
GYAR et al., 2013).  

An additional chronological tie point can be the age of the 
significant unconformity that is observed within the late Neogene 

Table 1. First (lowest) recorded occurrences of the dinoflagellate species Gale-
acysta etrusca and Spiniferites cruciformis in the Drava Basin boreholes.

Galeacysta etrusca

Well Core or cutting Two-Way-Time (ms) Measured Depth (m)

Dra-1 cutting 1680 2005

F-1D core 1565 1942

Potony-1 cutting 2065 2780

Sev-1 cutting 1330 1550

Víz-S-1* core 1570 2174

*representing data from Víz-S-1, Víz-S-2, Víz-D-1, and Her-D-1 wells, which lie on the 
same seismic reflector

Spiniferites cruciformis

Well Core or cutting Two-Way-Time (ms) Measured Depth (m)

Dra-1 cutting 1232 1310

Potony-1 cutting 1714 2065

Sev-1 cutting 1210 1370
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Figure 12. Dinoflagellates from wells in the Drava Basin.
1 Spiniferites pannonicus, Dravica-1 well, 2880–2885 m, 2 Spiniferites oblongus, Dravica-1, 2840–2845 m, 3 Pontiadinium pecsvaradensis, Dravica-1, 2820–2825 m, 
4 Spiniferites bentorii coniunctus, Dravica-1, 2800–2805 m, 5 Spiniferites balcanica, Dravica-1, 2695–2700 m, 6 Spiniferites validus, Dravica-1, 2190–2195 m, 7 Galea-
cysta etrusca, Dravica-1, 1300–1310 m, 8 Spiniferites cruciformis, Dravica-1, 1300–1310 m, 9 Spiniferites oblongus, Legrad-1J, 2076–2081 m, 10 Spiniferites balcanica, 
Legrad-1J, 1659–1665 m, 11 Spiniferites bentorii coniunctus, Legrad-1J, 1659–1665 m, 12 Spiniferites validus, Legrad-1J, interval 1659–1665 m, 13 Spiniferites pan-
nonicus, Potony-1, 3260 m, 14 Spiniferites oblongus, Potony-1, 3204 m, 15 Pontiadinium pecsvaradensis, Potony-1, 3174 m, 16 Spiniferites bentorii coniunctus, Potony-1, 
3040 m, 17 Galeacysta etrusca, Potony-1, 2780 m, 18 Achomosphaera andalusiensis, Severovci-1, 2750–2760 m, 19 Galeacysta etrusca, Severovci-1, 480–490 m, 
20 Spiniferites cruciformis, Severovci-1, 920–930 m, 21 Spiniferites oblongus, Zalata-K-1, 2540 m, 22 Pontiadinium pecsvaradensis, Zalata-K-1, 2500 m, 23 Pontiadinium 
inequicornutum, Zalata-K-1, 2460 m, 24 Impagidinium globosum, Zalata-K-1, 1980 m, 25 Galeacysta etrusca, Zalata-K-1, 1640 m.
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succession of the Drava Basin in its northern margin (UJSZÁSZI 
& VAKARCS, 1993; SACCHI et al., 1998, 1999). This uncon-
formity looks very similar to, and seems to be geographically 
connected with another unconformity in the sedimentary succes-
sion of the central Pannonian Basin System („Great Hungarian 
Plain”), where it was magnetostratigraphically dated between 4.6 
and 6.8 Ma (MAGYAR & SZTANÓ, 2008 and references 
therein). As the vertebrate fauna was Miocene below and Plio-
cene above the unconformity in several boreholes, its basinward 
conformity was considered to roughly correspond to the Mio-
cene-Pliocene boundary (5.3 Ma; MAGYAR & SZTANÓ, 2008). 
If we tentatively accept this approach, the 5.3 Ma horizon can be 
traced across much of the Drava Basin within the shelf deposits, 
whereas in the easternmost part of the basin it crosses the shelf 
edge and continues in the deep-water deposits (Fig. 7).

7. CONCLUSIONS
The sedimentary infill of the Drava Basin is composed of the 
same suite of sedimentary units both on the Hungarian and Cro-
atian sides, similarly to other parts of the Pannonian Basin Sys-
tem: local transgressive coarse clastics around emergent base-
ment highs, open-to-deep water calcareous marls, turbidite 
sandstones, slope mudstones, and sand to clay sequences depos-
ited in delta plain and alluvial environments. These units can be 
well correlated across the basin.

The comparison of the various rock units in boreholes with 
seismic profiles evidenced that the formation boundaries are 
time-transgressive in the Drava Basin, similarly to other studied 
regions of the Pannonian Basin System.

At present, dinoflagellate biostratigraphy and seismic stra-
tigraphy are the only tools to subdivide and chronostratigraphi-
cally correlate the deep-water deposits in the Drava Basin. When 
plotting the first (lowest) occurrences of individual species aga-
inst the seismic database, however, it becomes evident that inves-
tigations from scattered drill cores and cuttings can easily fail to 
identify the first appearance datum of any stratigraphic marker 
species, therefore special attention is required for the interpreta-
tion of biozone boundaries in such boreholes. 

According to the interpreted seismic network, sediment 
transport directions in the study area varied between N to S and 
W to E. Seismic correlation of the biochronologically first ap-
pearance datum of the bivalve genus Prosodacnomya from out-
side the study area suggests that the oldest clinoform surfaces in 

the Mura Basin are more than 8 Ma old. The 8 Ma old shelf edge 
slope (dated by the FAD of Prosodacnomya) is located in the nort-
hernmost part of the Drava Basin, between the wells Leg-1J and 
Sev-1 in Croatia and between wells  Ib-I and Víz-É-4 in Hungary. 
The youngest clinoforms detected in the southeasternmost part 
of the Drava Basin are younger than the – supposedly – Miocene–
Pliocene unconformity, thus they might be Pliocene in age.
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Supplement 1. Location of outcrops mentioned in the text.


