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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 

accumulatedinthebrackishLakePannonandinthefluvialfeeder
systems.Theycanreachathicknessofover6kmandrepresent
thetimeintervalbetween~11.6-2.6Ma.Inspiteoftheirsubstan-

tialvolume,theirstratigraphicsubdivisionhasbeenproblematic
for a long time, mostly as a result of the laterally prograding ar-

chitecture of the basin fill (MAGYAR, 2004;MAGYAR&
GEARY,2012).Moreover,thesubdivisionofLakePannonsedi-
ments evolved independently in the neighbouring countries
withinthePannonianBasinSystem,althoughthelithostrati-
graphicunitsarecontinuousacrosspoliticalboundaries.Signifi-
cant progress in cross-boundary correlation of the stratigraphic 

schemeshasbeenachievedinsomepartsofthebasin(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;SZTANÓetal.,2016),butcon-

siderablefurtherworkisneededtoobtainastratigraphicsystem
applicable to the entire Pannonian Basin System.

Inthepastdecadestherehavebeenseveraleffortsaimedat
correlating the Miocene sediments of Croatia and Hungary 

(SAFTIĆetal.,2003;HEĆIMOVIĆetal.,2010;MALVIĆ&
CVETKOVIĆ,2013).Theneedforthisiswelldemonstratedby
MALVIĆ&CVETKOVIĆ(2013),whocalledattentiontothefact
thattheotherwiselithologicallysimilarupperMioceneforma-
tionsappearinthestratigraphicchartsastime-transgressiveunits
inHungarybutasunitswithsynchronousboundariesinCroatia.
IntheframeworkoftherecentHungarian-Croatianbilateralpro-

ject „Stratigraphy and correlation of Upper Miocene – Pliocene 

sedimentsalongtheCroatian-Hungarianborder”,weaimedto
correlate the lithostratigraphic scheme of Lake Pannon deposits 

betweenHungaryandCroatiaintheDravaBasin,adeepsub-
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basin in the SW part of the Pannonian Basin System. The fact 

thattheDravaBasincoversasignificantproportionofthedistri-
butionareaofLakePannondepositsinCroatiaandthatseveral
upper Miocene key sections are located in this region adds spe-

cial importance to the area.Herewe present the correlated
scheme,thedefinitionsofthestratigraphicunitsharmonisedbe-

tweenthetwocountriesandprovidefieldandboreholeexamples
of the typical appearance of the units. Using seismic correlation 

andbiostratigraphicdatingfromorganic-walledmicroplankton
andmolluscs,weoffertemporallimitstothedepositionofthe
givenunits.

2. GEOLOGICAL SETTING 

TheDravaBasin(Fig.1)formedasaresultofearly-middleMi-
oceneextension(PRELOGOVIĆetal.,1998).AbovethePalaeo-
Mesozoicbasementthebasinisfilledbynearly7kmofCenozoic
sediments(HORVÁTHetal.,2006).Inmostofthebasinandits
surroundings the syn-rift succession began in the Eggenburgian 

orOttnangian,withterrestrial,fluvialandlacustrineclasticsin
thelowerMioceneandcontinuedwithmarinedepositsinthe
middleMiocene,bothintercalatedwithvolcanics,mostlypyro-

clastics(HÁMOR,1970;CHIKÁN,1991;LUČIĆetal.,2001;
SAFTIĆ et al., 2003; NAGYMAROSY& HÁMOR, 2012;
MALVIĆ&CVETKOVIĆ,2013;PAVELIĆ&KOVAČIĆ,2018).
IntheareaofthenorthwesternDravaBasinandintheMuraBa-
sin, the oldest Cenozoic rocks are of Oligocene age and marine 

sedimentation persisted during the early and middle Miocene. 

UpperMiocene–QuaternarydepositsoftheDravaBasinattain
athicknessofmorethan5km(Fig.1).Theyaccumulatedinthe
brackish Lake Pannon, the related marshes, and in the Pliocene 

tomodernfluvialsystemfollowingthelake.
Upper Miocene sediments crop out in the mountains border-

ingtheDravaBasin:inKalnik,Bilogora,PapukandKrndijain
North Croatia on the southern and in the Mecsek Mts. on the 

northernside(Fig.1).Thesemountainsrepresentbasementhighs

andincontrastwithcontinuoussedimentationinthebasin,they
emergedfromLakePannonduringoneormoretimeintervalsin
the late Miocene, thus their succession contains sedimentary gaps 

below,withinandabovetheLakePannondeposits(KLEB,1973;
KOVAČIĆ&GRIZELJ,2006;KOVAČIĆetal.,2011;SEBEet
al.,2013;SZTANÓetal.,2015).NoupperMioceneoutcropsare
knownintheVillányHillsinHungary.However,remnantsof
mostprobablyLakePannonsedimentspreservedintheshallow
subsurfaceinintramountainvalleysandelevatedkarsticcavities
(RAKUSZ&STRAUSZ,1953;DEZSŐetal.,2007)suggestthat
thisareawasfloodedaswellforatleastsometimeduringthelate
Miocene.

InthemarginalareassurroundingtheDravaBasin,sedimen-

tationacrosstheSarmatian-Pannonianboundarywascontinuous
inthedeepestpartofsmallsub-basins,whilebasementhighsun-

derwentmoderateupliftanddenudationasaresultoftheso-
called“post-Sarmatianinversionevent”(SAFTIĆetal.,2003;
HORVÁTHetal.,2006;TOMLJENOVIĆ&CSONTOS,2001).
WithintheDravaBasinitself,theexistenceofSarmatiansedi-
mentshasnotbeenprovenwithfaunayet,onlyintheNWinthe
Mura-Zalabasins(KŐRÖSSY,1989;HORVÁTHetal.,2018).
Lake Pannon deposits of the study area accumulated during the 

post-riftphaseofbasinevolution(PAVELIĆ,2001;HORVÁTH
etal.,2006;BALÁZSetal.,2016).Afterthissubsidence-domi-
natedinterval,basininversionstartedinthelatestMiocene,co-

evallywiththestillongoinglacustrinedeposition,andisstillac-
tivetoday(TOMLJENOVIĆ&CSONTOS,2001;CSONTOSet
al.,2002;KONRÁD&SEBE,2010;VANGELDERetal.,2015).

3. METHODS

The lithology, sedimentology and fossils of the target deposits 

wereinvestigatedinthefieldandincoresinbothcountries.In
order to identify and correlate lithostratigraphic and biostrati-

graphicunitsovertheentireDravaBasin,a181kmlongcompos-
iteseismicsectionwasconstructedparalleltotheNW-SEtrend-

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.
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ingaxisofthebasin(Fig.1).Thissectionconnectsthekeywells
Legrad (Leg)-1J,Severovci (Sev)-1,Ferdinandovac-1Duboka
(F-1D),Péterhida(Phida)-1,TerezinoPolje(TP)-1,Felsőszentmárton
(Fel)-I,Zaláta(Zal)-1,Dravica(Dra)-1,Krunoslavlje(Kru)-2and
Sječe(Sj)-2,andcrossestheDravariverandtheCroatian-Hun-

garianstateboundaryseveraltimes.Inadditiontothismaster
profile(Fig.7),fourN-Sdirectedcrosslineswithlengthsof55,
49,41and31km,respectively,werealsocompiled(Figs.1,8).
KeywellsIharosberény(Ih)-I,Vízvár-Észak(Víz-É)-4,Vízvár-
S(Víz-S)-1,Potony-1,andDonjaBukovica(DB)-1and-2were
connectedintothenetworkthroughthesesections.Lithological
andbiostratigraphicdatafromthekeywellswereobtainedfrom
welllogsandwellreports,andthesewereprojectedintotheseis-
micnetwork.Time/depthfunctionsforwelltoseismictiewere
takenfromthedatabasesofMOLandINA.Additionalscattered
biostratigraphicdatafromlargerdistanceswerecorrelatedtothis
seismicnetworkviaseismiccorrelation.

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.

Earlierstudiesdividedthesuccessionintothe‘Croatica’,
‘Banatica’,‘Abichi’and‘Rhomboideabeds’,whilePliocenede-

positsweredescribedasbelongingtothe‘Paludinabeds’(CRO-

ATIANGEOLOGICALSURVEY,2009;PIKIJA,2009;BASCH,
2009)Fig.2.Thisdivision, introducedoriginallybyJENKO

(1944),wasprimarilybasedonthesuperpositionofleadingmol-
lusctaxa,wherethe‘Croatica’and‘Banaticabeds‘weretradi-
tionallyattributedtothe“LowerandUpperPannonian”,while
the‘Abichi’and‘Rhomboideabeds’representedthe“Lowerand
UpperPontian”,respectively.Thisdivisiondidnottakeintoac-
count that the spatial and temporal distribution of molluscs is highly 

dependentonchangesofthedepositionalenvironment(MAGYAR
&GEARY,2012).Furthermore,ithassincebeenshownthatthe
Pontianstage,originallydefinedintheEuxinian(BlackSea)ba-
sin,waserroneouslycorrelatedintothePannonianBasinSystem
(e.g.MANDICetal.,2015).Nevertheless,thisschemeisstillin
useinCroatia,especiallyinpetroleumexplorationwells.

Thetwoothersystemsaremorelithology-based.Theyhave
beeninventedfortheentireNeogenesuccession,separatelyfor
subsurfaceandsurfacesediments.Anoldersystemintroduced
byŠIMON(1966,1980)andupdatedlaterbyVELIĆ(2007)is
usedforsubsurfacesedimentsandisbasedonwellandseismic
data(Fig.2).Inthissystemthelithostratigraphicunitsstillhave
thechronostratigraphicmeaningaswell,theyweredefinedas
equivalentsof (sub)stages,neglecting the time-transgressive
characteroftheunits.Inaddition,forhistoricalreasonsdifferent
namesexistforconcurrentunitsindifferentpartsofthebasins.
ThissystemhaslongbeenusedintheDravaBasin,withseparate
lithostratigraphicschemesforthewestern(WDB)andtheeast-
ern(EDB)partsofthebasin(ŠIMON,1966,1980)(Fig.2).Due
totheaforementionedweaknessesofthefirstdivision,asecond
systemhasbeencreatedinthepastthirtyyearsduringsurveying
relatedtotheconstructionoftheGeologicalMapoftheRepublic

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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ofCroatia.Newlithostratigraphicunitsinthissystemaredefined
and named according to the International Stratigraphic Guide 

(MURPHY&SALVADOR,1999).Thenamesoftheseunitsrep-

resent the recommendation of the National Committee for Stra-

tigraphy and are used on recently published geological maps of 

theRepublicofCroatia(mapsheetsfortheSlavoniaarea:FI-
LJAKetal.,2016a,2016b;HALAMIĆetal.,2019).Theunification
of lithostratigraphic units for the territory of Croatia is currently 

in progress. Within this process, the names of certain Pannonian 

lithostratigraphicunitsdescribedfromotherpartsofCroatiahave
beenadoptedtotheDravaBasinbasedonthesimilarlithology
and related depositional setting.

ForupperMioceneandPliocenesedimentsexposedatthe
surface,theschemecontainssixlithostratigraphicunitsoffor-
mationrank,describedindetailbelow(KOVAČIĆ,2004;FI-
LJAK et al., 2016a, 2016b; KOVAČIĆ & PAVELIĆ, 2017;
HALAMIĆetal.,2019)(Fig.3).Inaddition,locallyderivedclas-
ticsedimentsareclassifiedintodifferentunitsindifferentparts
of the stratigraphic column. The surface distribution of these for-

mationswasoutlinedbymappingintheHrvatskozagorjeregion
andtheMedvednicaMts.inNWCroatia,andalongthenorthern
marginoftheSavaBasininthePožeškagoraMts.andDiljgora
Mts.intheeasternCroatianregionofSlavonia.Geologicalmap-

ping of the mentioned deposits has not yet been carried out in the 

Krndija,PapukandBilogoraMts.However,asaresultofterrain
prospecting and recording of detailed geological sections, all the 

aboveformationshavebeenidentifiedintheseareas(KOVAČIĆ,
2004;KOVAČIĆ&PAVELIĆ,2017).

SimilarlytoCroatia,variousstratigraphicschemesdevelo-
pedforindividualbasinsandalsoforbasinmarginsusedtoex-
istinHungaryaswell.Thestandardisationofthesystembegan
withtheworkofJUHÁSZ(1994),whoproposedageneral,ge-

netically based scheme for all sedimentary basins of Hungary. 

Thisbecamewidelyacceptedandledtosignificantharmonisa-
tion,butbasinsedimentswerestilltreatedseparatelyfromthose

croppingout at thepresentmargins (JUHÁSZ,1998;KOR-

PÁSNÉHÓDI,1998).Thepasttwodecadeshavebroughtpro-

gressinrecognizingthatexceptfortheoldestformations(Békés,
EndrődandKállaFms.) indicating transgressionof the lake
(SZTANÓetal.,2010),allotherdepositsuniformlyreflectthe
infillingprocess.Thereforeabasin-widecorrelationofdeep,
open-watermudstones,turbiditesystems,shelfslopemudstones
anddeltaictofluvialsuccessionscaneasilybecarriedout(e.g.
SZTANÓetal.,2013a,2013b,2016;CSILLAG&SZTANÓ,
2015a, b), regardless of their present topographic position, i.e. 

buriedindeepbasininteriorsorexposedalongmarginsofthe
presenthills.Theformations,bothwiththeirlitho-andbiofacies,
followtheevolutionofthedepositionalenvironments,governed
bythelong-termnormalregressioninterruptedbyminorflood-

ingeventsorlocalvariationsinsedimentinput.Officialforma-
tion descriptions accepted by the Stratigraphic Commission of 

HungarywerepublishedinCSÁSZÁR(1997).

4.1. Lithostratigraphic units

Ourinvestigationsofbothsurfaceandsubsurfacesedimentsand
theirfossilcontentshowedthatformationboundariesaretime-
transgressiveovertheentireDravaBasinanditssurroundings,
anddonotcoincidewiththeboundariesofeitherdinocystormol-
lusc biozones. Consequently, in our opinion a correlated 

lithostratigraphic scheme for the upper Miocene – Pliocene la-

custrinetofluvialsuccessionshouldbebasedonthelithological
and sedimentological – and corresponding seismic – characteri-

sticsofthedeposits.Herewepresenttheproposedlithostrati-
graphicschemecorrelatedbetweenCroatiaandHungary(Fig.3)
and the short description of the units.

4.1.1. Kálla Formation

Sand,gravellysandandgravel,typicallylimonitic,oftenwith
abundantmoldsandimprintsoflittoralmolluscs(Fig.4)(KLEB,
1973;SZTANÓetal.,2010;SEBEetal.,2015).Itoccursaround

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.
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the basement highs that emerged as islands from the lake. Con-

sequently,itismoreabundantalongthemarginsoftheDrava
Basin.Itsmaterialwasderivedfromlocalsources,fromthedenu-
dation of the immediate background, and accumulated on the 

shoreface or on small locally fed deltas. Its thickness ranges from 

afewmetrestoafewtensofmetres.Beingsourcedfromolder
rocks,itsometimescontainsvertebrateandsubordinatelyinver-
tebratefossilsredepositedfromlower-middleMioceneforma-
tionsorevenfromMesozoicrocks(KLEB,1973;SEBEetal.,
2015).Inmostplacesitisatransgressivedepositatthebaseof
theLakePannonsuccession,unconformablyoverlyingolder
rocks,thusitsagedependsonthetimeofflooding.Atsomelo-

cationsaroundtheMecsekMts.,wheresedimentinputintothe
lakewashigh,itoverliesoffshorecalcareousmarlsandprinches
out,quicklyawayfromthemountains.Onpalaeohighsflooded
atalaterstageitinterfingerswith,oritisoverlainbytheÚjfalu
Formation(e.g.BUDAIetal.,2019).Themolluscfaunaofthe
formation contains littoral forms of dreissenids, cardiids, and 

prosobranchsnails,buttheactualspeciescompositionalways
dependsontheageofthegivenoccurrence(KLEB,1973;SEBE
etal.,2015).ThebestexposuresintheMecsekarethesandpits
ofPécs-Danitzpuszta(withCongeria pancici, C. ungulacaprae, 

C. partschi, Lymnocardium schedelianum;SEBEetal.,2015),
PécsváradandHimesháza(withCongeria balatonica, L. dumi

cici, L. cf. proximum, „Protoplagiodacna” sp., Phyllocardium 

planum;BUDAIetal.,2019),andCserdi(withCongeria trian

gularis, Lymnocardium ferrugineum, L. pelzelni, L. schmidti, L. 

szaboi, Prosodacnomya dainellii).Forthelocationofsitesment-
ionedinthetext,pleaserefertoSupplement1.

4.1.2. Békés Conglomerate Formation, Sveti Matej member of 
Croatica formation
Coarse clastics – conglomerates and breccias – occur in the region 

intwomainformsatthebaseofthecalcareousmarls(Fig.5).The
sedimentissimilarinbothcases:gravelmaterialisoflocalorigin,
whilesortingandroundingisvariable,dependingonthetransport
andreworkingprocessesand–inthecaseoftheBékésConglome-
rate–onwaterdepth,i.e.beloworabovewavebase.

TheSvetiMatejmemberoftheCroaticaformationiscom-

posedofunfossiliferousgraveldepositedunconformablyover
pre-Pannonianrocksinafluvialenvironment.Itismaximuma
fewmetresthickandisoverlainbythethin-beddedlimestones
oftheCroaticafm.(Fig.5A).ItisonlyknownintheMedvednica
Mts.Asafluvialsediment,itrepresentstemporaryemergenceof
thearea.Terrestrialdepositspredatinglacustrinefloodingin
HungaryareclassifiedintotheŐsiVariegatedClayFm.,though
thisunithasnotyetbeenrecordedintheMecsek-Dravaarea.

TheBékésConglomerate(Fig.5B)comprisesgravelsre-

workedbylacustrinewaveactionandisconformablyoverlainby
thecalcareousmarlsoftheEndrődFm.Typicalgrainsizeisbe-

low10cm,butthelargestclastscanexceed1m.Matrixmaterial
iseithermissingorisidenticaltotheoverlyingmarls.Theunit
is typically unfossiliferous, its thickness ranges from 1-2 m to 

~20m.Thewave-reworkedgravelsindicatethefloodingofdry-

lands,thereforetheunitoccursatlocationswhereopenlacustrine
sedimentsoverlieolderrocksunconformably:alongthemargins
andinthesouthernforelandoftheMecsekMts.aboveuplifted
basement highs. The best outcrops are in the Monyoród and 

Versendquarries.

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 

successionistreatedasoneformationinHungaryandastwoin
Croatia. White and grey, thin-bedded limestones and calcareous 

marlscomposethelowerpartoftheunit,followedbylightgrey-

ish,thick-beddedtomassivecalcareousmarls,toppedbyclay
marlsandsiltymarls(Fig.6A-C).Atlocationsclosetobasement
highs, thin (<1 m thick) clastic intercalations (marl, clay, sand and 

gravel)occurinthelowerpartofthecalcareousmarls.Itsthick-
nessrangesfromafewtensofmetresinmarginalareasto50-200
minthecentreoftheDravaBasin(Fig.7,e.g.wellPotony-1).In
Hungarythecalcareousmarl(with>~70%carbonatecontent)at
thelowerpartoftheEndrődFm.isseparatedastheTótkomlós
Member in the Great Hungarian Plain and as the Belezna Mb. to 

thewestoftheDanube.Itcanbewhitenearbasementhighsor
blackinthedeepbasininteriors(MAGYARetal.,2004)andcon-

tainssufficientamountsofTOCtobeasourcerock(BADICS&
VETŐ,2012).Theupperpartcomprisingclaymarlsisdistin-

guishedastheNagykörűMb.intheGreatHungarianPlainand
astheNagylengyelMb.inthewest(JUHÁSZ,1998),anditoc-
cursmostlyindeepbasins.TheEndrődFm.correspondstothe
CroaticaandMedvedskibregfms.inCroatia,which,basedon
their lithological composition and stratigraphic position, are fur-

theranequivalentoftheupperpartoftheMoslavačkagoraFm.
(KriževciMb.)andthelowerpartoftheIvanić-GradFm.(Lipo-

vacMb.)intheWDBandtheValpovoFm.andofthelowerpart
of theVinkovciFm. (LaslovoMb.) in theEDB (Fig.2) (eg.
MALVIĆ&CVETKOVIĆ,2013).Theunitisconformablyover-

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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lainbytheSzolnok/AndraševecFm.inthedeepbasininteriors
orbytheAlgyő/AndraševecFms.onsublacustrinebasement
highs.

Theformationcontainsanimpoverishedsublittoral-profun-

dalmolluscfaunawithusuallythin-shelledforms,suchasCon

geria banatica, “Dreissenomya” digitifera, “Pontalmyra” 

otiophora,variousParadacnaspecies,anddeep-water-adapted
pulmonate molluscs, such as planorbids (Gyraulus) and lym-

naeids (e.g. Velutinopsis, Undulotheca, Valenciennius),aswellas
a rich ostracod assemblage (JUHÁSZ&MAGYAR, 1992;
KOVAČIĆ,2004;VASILIEVetal.,2007;MagyarinSEBEetal.,
2015).Littoralfossilsoccurinredepositedinterbeds.Adiverse
thermophilousmacroflorawasrecoveredintheMecsekMts.in
theuppermostpartoftheformation(HABLY&SEBE,2016).
Thegeneraltrendoftheunitfromcarbonate-dominatedtoclay/
silt-dominated rocks has been attributed primarily to the increas-

ing amount of clastic input into the lake transported by the distal 

Alpine-Carpathianfeedersystemapproachingtheareafromthe
NandNW.Thelowerboundaryoftheformationcoincideswith
theSarmatian/Pannonianboundaryinbasinswithcontinuous
sedimentationacrossthemiddle/lateMioceneboundary,whileit
becomesincreasinglyunconformableandthusyoungeraway
fromthebasincentres.Theyoungestbiozoneidentifiedinthe
formationwithintheDravaBasinistheSpiniferites validus di-

noflagellatezone (<9Ma;BAKRAČetal.,2012andFig.7).
ThetypelocalitiesinCroatiaaretheKostanjekandVrapče

sections(Croaticafm.)andtheMedvedskibregsection(M.b.
fm.)intheNWpartoftheSavaBasin,ontheslopesoftheMed-

vednicaMts. (KOVAČIĆ et al., 2016, 2017a; KOVAČIĆ&
PAVELIĆ,2017).Atpresentthemostrepresentativesurfaceoc-
currencesaretheNašicequarryonthenorthernslopesofthe
KrndijaMts.(KOVAČIĆetal.,2017a)andthePécs-Danitzpuszta
sandpitintheMecsekMts.(SEBEetal.,2019).

Croatica formation

Thelower,well-bedded,hard,carbonate-rich,20–50mthickpart
oftheEndrődFm.occurringinthevicinityofbasementhighsis
distinguished as the Croatica fm. in Croatia. Most commonly it 

restsconformablyoversublittoralSarmatiandeposits,rarelyover
alluvialsedimentswhichunconformablyoverliedifferentbase-

mentrocks(Fig5A).Theunitisidentifiedbyits1-10cmthick,
whitecalcareousmarlorlimestonelayers(Fig.6B).Basedon
their lithological features, thin-layered limestones of the Croatica 

fm.inthemarginalpartsofthebasinareclearlydifferentfrom
theoverlyingmassivemarlsoftheMedvedskibregfm.,while
thesedifferencesarenotclearlyexpressedinthedeeperpartsof
thebasin,wherethecalcareousmarlsorlimestonesconformably
overlyingSarmatiandepositsaremassive,darkgrey,andrepre-

sentsourcerocks(TROSKOT-ČORBIĆetal.,2009).TheCro-

aticafm.istheequivalentoftheupperpartoftheMoslavačka
goraFm.(KriževciMb.)intheWDBandoftheValpovoFm.in
theEDB.ItisnotequivalenttotheTótkomlósMemberwithinthe
EndrődFm.,butcanbecorrelatedonlywithitslowermostpart.
Laterallyandupwardsitgraduallypassesintothemarlsofthe
Medvedskibregfm.Itiswidelydistributedinthemarginalparts
of depressions in the southern part of the Pannonian Basin Sys-

tem.

Thefirstdescriptionofthisunitunderthename„Pre-Pontian
formation” (GORJANOVIĆ-KRAMBERGER,1890)already
drewattentiontoitspeculiarmolluscfauna,consistingofpulmo-

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), whilethecalcareousnannoplanktonas-
sociation is rich in the endemic species Isolithus semenenko and 

I. pavelici (ĆORIĆ in KOVAČIĆetal.,2015,2017a). The palyno-

logicalsamplescontainnodinoflagellatesbuttheyarerichinthe
prasinophyte alga Mecsekia ultima (BAKRAČ,2005).Freshwa-
ter algae representing Sigmopollis spp.havealsobeenidentified
inthisformation(KOVAČIĆetal.,2015),aswellasplantremains
(aquatic grasses).

Thedepositionalenvironmentofthisunitisusuallyinter-
pretedasastressed,low-salinity,shallow-water,littoral-sublitto-

ralsetting(VRSALJKO,1999;KOVAČIĆetal.,2017a).While
marlintercalationsareinferredtoindicatewater-leveloscillations
thattemporarilycreateddeeperwater,thesedimentsoftheCro-

aticafm.areinterpretedtoreflectlowstanddepositionasacon-

sequenceofregressionattheendoftheSarmatian(PAVELIĆet
al.,2003).Theargumentsinfavouroftheshallow,littoral-sublit-
toralenvironmentincludetheabundanceofpulmonatesnails
(PlanorbidaeandLymnaeidae),whicharemostlyknowntoday
asshallow-waterorpaludaldwellers,thelackofdinoflagellate
cysts,thepresenceofprasinophytealgaeandrootedaquaticvege-
tation(e.g.VRSALJKO,1999;VASILIEVetal.,2007).Theover-
allpositionoftheCroaticafm.,lyingunconformablyaboveallu-

vialsedimentsoftheSvetiMatejmb.ordifferentpre-Miocene
basementrocks,orconformablyoverlyingshallow-waterSarma-
tiandeposits(VRSALJKO,1999;KOVAČIĆetal.,2015),also
suggestsarelativelyshallowwaterorigin.

ThetypicalfaunaandalgalfloraoftheCroaticafm.,how-

ever,canoftenbeobservedinlithologicallydifferentsediments,
alwaysrepresentingtheearliestPannonian.Infact,thisspecial
fossil assemblage is apparently present in much of the Pannonian 

BasinSystem,inplaceswheretheSarmatian/Pannonianbound-

ary is characterized by continuous sedimentation. It indicates a 

specificenvironment,whichwasobviouslywidespreadinthe
earliestPannonian,butdidnotlastverylong,onlyafewhundred
thousand years at most. Therefore, this assemblage can be used 

asabiostratigraphicmarker,uponwhichthe„Lymnocardium” 

praeponticumZone(KORPÁS-HÓDI,1987),theRadix croatica 

– Lymnocardium plicataeformis – Gyraulus praeponticus Ceno-

zone(VRSALJKO,1999),theMecsekia ultimaZone(SÜTŐ-
SZENTAI,1982),andtheMecsekia ultima – Spiniferites bentorii 

pannonicusZone(BAKRAČetal.,2012)wereestablished.The
Mecsekia ultima and “Lymnocardium” praeponticumzoneshave
also been reported from deep-water, clay-silt deposits (e.g.
SZTANÓetal.,2005;SÜTŐ-SZENTAI&SZEGŐ,2008).Gene-
rally, the families of Lymnaeidae and Planorbidae are dominated 

bylittoralandsublittoraltaxaindeed,butinLakePannonsome
oftheirrepresentativesconqueredthedeep-waterenvironment
(JUHÁSZ&MAGYAR,1992;GEARYetal.,2000).Evenwithin
theDravaBasin,suchspeciesofGyraulus, Velutinopsis and Va

lencienniusoccurincoresamplesfromthebottomofseveral
hundredmetrehighshelf-breakslopes(Fig.13),indicatingavery
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

Inthevicinityofbasementhighs,theoffshorecalcareousmarls
andmarlscontainclasticintercalations(gravel,sand,silt)origi-
nating from the erosion of the emergent blocks. These are classi-

fiedunderthenameBačunmb.withintheCroaticaandMedved-

skibregfms.inCroatiaandastheDorozsmaMb.withinthe
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EndrődFm.inHungary.Thedeep-waterredepositionalcharacter
of these conglomerates and sandstones by turbidity currents and 

debrisflowsisunambiguouslyshownbytheirsedimentaryfacies
in the form of graded beds, complete and incomplete Bouma-se-

quencesandwidespreadpebblymudstones(BÉRCZI&PHIL-

LIPS,1985;BÉRCZIetal.,1987;SZTANÓetal,2013b).Inthe
deeppartsoftheSEDravaBasinsuchcoarse-grainedmaterial
wasidentifiedinwells(e.g.Sječe-2).

4.1.4. Szolnok and Algyő Formations, Andraševec formation
Deep-watersandstonesandshalesareclassifiedastheAndraševec
fm.inCroatia(KOVAČIĆ,2004;KOVAČIĆetal.,2004).The
samedepositsareassignedtotheSzolnokandAlgyőFms.in
Hungary, representing basin-centered turbidite systems, and 

slopeshalestogetherwiththeslope-relatedturbiditesystems,re-

spectively (BÉRCZI,1988; JUHÁSZ,1994;SZTANÓetal.,
2013b).Thesedeep-waterformationsconformablyoverliethe
Endrőd/MedvedskibregFm.,andtheyareconformablyoverlain
by theÚjfalu/NovaGradiškaFm.Theyare theapproximate
equivalentsofthemiddleandupperpartsoftheIvanić-GradFm.
andKloštarIvanićFm.intheWDB,andthemiddleandupper
partsofVinkovciFm.intheEDB.

TheSzolnokFm.andthelowerpartoftheAlgyőFm.consist
ofveryfinetomedium-grainedsandstonesintercalatedwithsilt-
stones(Fig.6D-F).Thethicknessofthesandstonebedsvaries
fromafewcmtoseveralmetres.Thinsandstonebedscommonly
alternatewithsiltstonesafewcentimetresinthickness.Asthe
thickness of the sandstone beds increases, the frequency and 

thickness of silty interbeds decrease. Cm- to dm-thick sandstone 

bedscommonlyshowsedimentarystructuresincludingplaneto
cross-lamination,convolutionandnormalgrading.Boumase-

quencesmayoccur.Thickbedsareusuallystructurelessorshow
faintwaterescapedishesorpipes.Inthewells,10-50mthick
sand-proneintervalsalternatewithafewtensofmetresofmud-
proneintervals.Intervalsofthickstackedsandstoneswithmuddy
intervalslessthanafewmetresthick,occurattheupperpartof
the sand-prone succession, i.e. in the upper part of the turbidite 

systems(TP-1andFel-I).Thethin-beddedheterolithicpartofthe
successions represents the lobe margins of deep lacustrine tur-

biditesystems,whilethick-beddedtoamalgamatedsandstones
weredepositedatthelobeaxisandoff-axisregions(SZTANÓet
al.,2013b).Theclasticdetritusismineralogicallyandstructur-
ally relativelymature andhadbeenproducedmostlyby the
weatheringofsiliciclasticsedimentaryandmetamorphicrocks
ofAlpineprovenance(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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IntheDravaBasinitisdifficulttodistinguishthebasin-cen-

tre and the slope-related turbidite systems, i.e. to determine the 

boundarybetweentheSzolnokandAlgyőFormations.Inmany
depressionsofthePannonianBasinSystem,turbiditeswerede-

positedatseveraltensorevenmorethan100kmawayfromthe
feedingslope,wherethesourceareaswereoftenseparatedfrom
thesinkareasbytheroughreliefofthelakefloor(cf.SZTANÓ
etal.,2013a,b).Incontrast,“toe-of-slope”turbiditesystemsof
theAlgyőFormationaccumulatedwithinadistanceof10-20km
fromtheslope(cf.SZTANÓetal.,2013b).Thelatterarenormally
moresensitivetointeractionsbetweenlacustrinebaseleveland
sedimentationrates,whichdeterminetheaggradation/prograda-
tionratesoftheshelf-breakslope.IntheDravaBasin,however,
the source of turbidites can be traced back to a distance of 100 

km(seethe“8Ma”horizonorGaleacysta etruscahorizoninFig.
7),asmostofthesystemwasnotinfluencedbyconfiningbasin
floortopography,atleastnotintheNW-SEaxialdirection.There-
fore,thesand/shaleratio,orthestackingpatternofdeep-water
lobesmighthavebeencontrolledbytheseallocyclicprocessesin
additiontofreeautocycliclobeswitching.Theexactlinkagebe-

tweentheaforementionedprocessesneedsfurtherinvestigation.
SeismicallytheSzolnokFm.ischaracterizedbyparallel,lowto
moderate amplitude, moderate to high continuity seismic facies. 

Inthelowerpart,reflectionsonlapapparentlyonthebasementor
onthe1-2reflectionsthickEndrődFm.Thelowerpartofthe
AlgyőFm.isseismicallysimilar,butseveraldownlapreflections
occur.

TheupperpartoftheAlgyőFm.iscomposedofsiltstoneand
claymarlwithrareandthinintercalationsofsandstone.Mud-

stones can be structureless or laminated, chaotic beds and slump 

foldsarecommon(Ih-1).ThispartoftheAlgyőFormationcor-
responds to the inclined part of the clinoforms. The shelf-edge 

canusuallybeidentifiedrelativelyeasily(seemarksinFigs.7
and8),wheredippingreflectorsdeviatefromoverlyingparallel
ones.Thedipoftheclinoformsgraduallydecreasestowardsthe
bottomsets,butseveraldownlapshelptodistinguishthetoeof
slope. The height of the clinoforms can be used to estimate pal-

aeo-waterdepth(POGÁCSÁS&RÉVÉSZ,1987;BALÁZSet
al.,2018),whichcouldreach900-1300minthecentreofthe
DravaBasin(KOVÁCSetal.,underreview).

The thickness of deposits related to the turbidite systems is 

~1000matPéterhidabutexceeds1300minthedeepestpartof
thebasin(wellsTPandFel).Theuppermost300-400misrelated
directlytothetoeofslope.OntheIharosberényhigh(Ih-1,Fig.
8A)a100mthicksuccessionoftoe-of-slopeturbiditesliesun-

conformably on Badenian limestones. The thickness of the mo-

notonousmudstones(upperpartofAlgyőFm.)overthebasement
highscanbeaslittleas300m(Ih),whileitattains500-600min
the central part of the basin.

TheSzolnok,AlgyőandAndraševecFormationscontaina
profundalmolluscfaunawithCongeria 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
AndraševecFormations. 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,whilethedinocystassemblageconsistsofmainly
endemic forms, such as S. bentorii “coniunctus”, S. virgulaefor

mis, S. paradoxus, S. balcanicus, S. validusetc.Theverticalar-

rangementofthefacieswithintheAndraševecfm.andtheac-
companyingfossilcommunitiesindicatetheshallowingofthe
depositionalenvironment.

The type areas where turbidite successions, i.e. the
Andraševecfm.areexposedatthesurface,aretheHrvatsko
zagorjeregionandtheMedvednicaMts.inNWCroatia.Thefor-
mationisnamedaftertheAndraševecsectionsonthenorthern
slopesoftheMedvednicaMts.Spectacularoutcropsofthetur-
bidite system exist in the NMedvednica (Mirti/Hruševec;
KOVAČIĆetal.,2004).ThelowerpartofthePetnjasandpitin
theDiljMts.exposesaturbiditelobewithchannels.(Thisout-
cropwaspreviouslyinterpretedasashallowdeltaandthusclas-
sifiedintotheNovaGradiškafm.(PAVELIĆ,2001;KOVAČIĆ
etal.,2017b)).NooutcropsofthetypicalAlgyőorSzolnokFm.
existinSWHungary.Sedimentsofalessthan100mhighslope,
transitionalinsizebetweenshelfbreakandanddeltascaleslopes,
areexposedatthevillageofSzulimán(SZTANÓetal.,2015).

4.1.5. Újfalu Formation, Nova Gradiška formation

The unit consists of an alternation of sand and calcareous silt lay-

erswithintercalationsoflignite,variegatedclayandgravel(Fig.
9).Thesedimentsdisplayacoarseningupwardtrendonthescale
of20-50mthickintervals.Thesuccessionsbeginwithbiotur-
batedorlaminatedsiltstones,overlainbythin-beddedsilt-sand
heterolithics. Slump folds and other soft-sediment deformation 

structures are common. The sands are structurally and mineralo-

gicallyverysimilartothesandsoftheAndraševecfm.,indicat-
ing a common source area. Tabular to trough cross-bedding, sym-

metrical and asymmetrical cross-lamination, occasionally plane 

laminationarevisibleinthesandyunits.Erosionalsurfacesare
occasionally marked by small pebbles, mollusc debris and mud 

intraclasts.Cross-beddedsetsmaybestackedoralternatewith
cross-laminated sands. They mostly originated from the migra-

tionofdunestowardstheSE.Rarelyobservedsymmetricalto
slightly asymmetrical cross-lamination is the result of current and 

waveaction.Thecalcareoussiltsaremassive,stronglybiotur-
bated,andlocallycontainrelicsofhorizontallamination.Alter-
natingfine-grainedvariegatedsedimentswithpedogenicfea-
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 

bothwellsandseismicsectionsindicatethatthisunitattainsa
thicknessof1500mintheNWDravaBasin,whileitisonlyca.
300mthickintheSE(Fig.7).Theunitconformablyoverliesthe
Algyő/AndraševecFm.IntheHrvatskozagorjeregionandinthe
DBitisoverlainbythePluskafm.,whileinthePožegaandSava
BasinsbytheVrbova(Cernik)fm.(KOVAČIĆ,2004;HALAMIĆ
etal.,2019).NovaGradiškafm.istheapproximateequivalentof
theBilogoraFm.intheWDBandtheVeraFm.intheEDB.

The formation contains a littoral-sublittoral mollusc fauna 

withCongeria 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., 

aswellas anostracodassemblagewith Hungarocypris pannoni ca 

and Candona (Camptocypria) lobata (KOVAČIĆ,2004).Thedi-
nocyst assemblage is dominated by Impagidinium globosum, Ga

leacysta etrusca, Pyxidinopsis psilata, Spiniferites virgulaefor

mis and Spiniferites cruciformis(BAKRAČetal.,2012).The
sedimentsoftheunitweredepositedduringthelatelateMiocene
andintheeasternpartoftheDravaBasin(Fig.7)duringthe
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earliestPliocene,basedonthewelltoseismiccorrelationofthe
Miocene/Plioceneboundary(Fig.7).

Theformationwasdepositedasprogradationaldeltalobes
intothebrackishLakePannon(SZTANÓ&MAGYAR,2007;
SZTANÓetal.,2013a),whichwerestronglyinfluencedbysedi-
mentinputfromtheNW.Thesiltstonesandtheheterolithicswere
depositedontheprodeltatothelowerdeltafront.Mostofthesand
wasdepositedonmouthbarsintheupperdeltafrontenviron-

ment.Sanddepositiononthemouthbarswasrelatedtopro-

longed,frequentfloodsunderhumidclimateconditions.Proxi-
mal bar sands continued distally and laterally to distal bar silts 

affectedbystrongbioturbation.Short-termadvance,retreatand
lateral shifting of the distributary channels and related mouth 

barsresultedintheverticalalternationofproximalanddistal
mouthbardeposits(KOVAČIĆetal.,2004).Alternatingfine-
grainedsediments,sands,gravelsandcoalsfromtheupperparts
ofthecoarseningupwardunitsweredepositedinveryshallow
brackishinterdistributarybays,inbrackishwetlandsorinfresh-

watermarshesandpondsinadeltaplainenvironment(JUHÁSZ
&MAGYAR1992;JUHÁSZ,1994;KOVAČIĆetal.,2004).

TheNovaGradiškaformationisnamedaftersectionslo-

catednearthetownofNovaGradiškainwesternSlavonia.Apart
fromSlavonia,thetypelocalitiesareintheHrvatskozagorjere-

gion(HumZabočkiandSelnicasections)andintheŽumberak
Mt.(Malunjesection).Themostrepresentativesurfaceoccur-
renceintheDravaBasinisintheNašicequarry(STEVANOVIĆ,
1961).Somesmalloccurrencesarealsodetectedinthenorthern

Krndija,PapukandBilogoraMts.InHungarytheÚjfaluFm.is
usuallyexposedatsomedistancefromthebasementoutcropsas
aresultoftiltinganderosioncausedbyinversion-relateduplift
(SZTANÓetal.,2015,2016).TheMozsgó(Fig.9B)andHimesháza
(BUDAIetal.,2019)sandpitsexhibitgoodoutcrops,andtheclas-
siclocalityofÁrpád(nowPécs-Nagyárpád;SZÓNOKYetal.,
1999)alsobelongstothisformation.

4.1.6. Zagyva Formation, Pluska formation

Theunitiscomposedofalternatingpackagesofafewmetres,
occasionallyfewtensofmetresthickcross-bedded,fining-up-

wardsandsorsandstonesandafewmetrestoafewtensofme-

tres thick successions of silt, clay and possibly lignite or huminitic 

clay(Fig.10).Closetobasementhighs,gravelsmayalsooccur.
Theclaysareoftenvariegatedandshowsignsofpedogenesis.
Sandsrepresentfluvialchannelsediments,themajoronescanbe
visualizedonseismicimages(Fig.11),whilethesilt-clayunits
canbeinterpretedasabandonedchannel-fillsand/orfloodplain
fines.Thoughoutcropsusuallyexposechannelsands,thebulkof
theformationiscomposedoffine-grainedfloodplaindeposits
(UHRIN&SZTANÓ,2007;NÁDOR&SZTANÓ,2011;UHRIN
etal.,2011;ŠUJANetal.,2020).Thethicknessoftheunitcould
attain 1000 m in the central depression, e.g. near the borehole 

Fel-I(Fig.7).InCroatia,intheHrvatskozagorjeregion,fluvial
channelandfloodplainsedimentshavebeendescribedasthe
Pluskafm.(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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TheformationconformablyoverliessedimentsoftheÚjfalu/
NovaGradiškaFm.inthebasincentreandunconformablyin
marginalareas(Figs.7,8).Wedonotpossessfossildatafromthe
formationwhichwouldallowustoconstraintheageofthefluvial
deposits. Based on the interpreted seismic sections of this study, 

theformationstartedtoaccumulateinthePliocene(Fig.7).In
basinalareasitisdifficulttoseparatePliocenefluvialsediments
fromtheirQuaternarycounterparts(e.g.NÁDOR&SZTANÓ,
2011).Thelatterattainathicknessofnearly300minthenorth-

ernmarginalpartoftheDravaBasin(e.g.boreholeGörgeteg-I;
KOLOSZÁRetal.,2001;KROLOPP,2002),sotheycanbeeven
thickerinthebasincentre.Towardsthebasinmargin,anuncon-

formityseparatestheZagyvaFm.fromthePlio-Quaternarysuc-
cession,whileatthemarginstheformationisoftenmissingdue
to pre-Quaternary denudation. The dating of the Plio-Quaternary 

fluvialsuccessionandthustheupperagelimitoftheunconform-

ityisuncertain:basedonmalacostratigraphy,magnetostratigra-

phyandthepresenceofapossiblyvolcanogenicbentonitelayer,
fluvialsedimentationhasbeenongoingsinceatleast2-2.1Ma,
butaPlioceneageforthelowermostpartofthesuccessionabove
theunconformitycannotbeexcludedeither(KOLOSZÁRetal.,
2001;KROLOPP,2002).

5. BIOSTRATIGRAPHIC CORRELATIONS

5.1. Dinoflagellates
ThedinoflagellatestratigraphyofthePannonianStage(inter-
preted in the wide sense) was first established by SÜTŐ-
SZENTAI(1982),andithasbeencontinuouslyrevisedandim-

proved since then (e.g.SÜTŐ-SZENTAI,1988,1990,2000;
SOLIMAN&RIDING,2017).ThissystemwasappliedinCroa-
tiawithsomemodifications(KRIZMANIĆinLUČIĆetal.,
2001;BAKRAČ,2007;BAKRAČetal.,2012).

Thedinoflagellatezonesareintervalzoneswheresubsequent
zoneboundariesaremarkedbythefirstappearanceofnovelmor-

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,whichalwaysoc-
cursimmediatelyabovetheSarmatiansediments.Thefirstap-

pearances of Spiniferites oblongus and Pontiadinium pecs

varadense are both suitable for marking subsequent biozone 

boundaries.Thefollowingsignificantchangeinthedinocystre-

cordisbenchmarkedwiththemoreorlesscoevalfirstappearance
ofseveralforms,suchasSpiniferites bentorii coniunctus, S. val

idus, S. balcanicus, and S. paradoxus.Inthisinterval,eitherone
(S. validus;BAKRAČetal.,2012)ortwo(S. paradoxus or S. co

niunctus and S. validus;SÜTŐ-SZENTAI,1991;KRIZMANIĆ 

inLUČIĆetal.,2001)orthree(S. paradoxus, S. validus, S. tih

anyensis;SÜTŐ-SZENTAI,2000)biozonesaredistinguished.
ThefirstappearanceofGaleacysta etrusca marks the base of a 

newbiozone,andthesubsequentfirstappearanceofSpiniferites 

cruciformis is considered to be the youngest biostratigraphic 

markerinthesedimentarysuccessionofLakePannon(BAKRAČ
etal.,2012;Fig.3).

Dinoflagellatedatawerecollectedfromseveralwellsinthe
DravaBasin(Fig.12).Whendepictingdinoflagellatedataonthe
seismicprofiles,itisfoundthattheolderbiozonescorrespondto
relativelythin(afewtensofmetres)sedimentpackages,which
weredepositedindeepwater;thesecannotbecorrelatedalong
seismicreflectorsbetweenthewellsbecausetheuncertaintyof
thecorrelationandofthetime/depthfunctionsofwellsisusually
greaterthanthethicknessoftheindividualbiozones.Theoccur-
rences of Galeacysta etrusca and Spiniferites cruciformis,how-

ever,canbecorrelatedbetweenthewells.Thesetwospecieswere
recoveredfromonlyafewhydrocarbonexplorationwells(seeTa-
ble1)buttheywerecommonlydiscoveredinshallowerboreholes
fromaroundtheVillányHills(SÜTŐ-SZENTAI,1994,2011).
Correlationsshowthatthedeepestoccurrencesofthesespecies
inindividualwellsarenotcoeval,i.e.theydonotrepresentthe
firstappearancedate(FAD)oftherespectiveforms(Fig.7).The
stratigraphically deepest occurrence of G. etruscawasrecorded
inthedeep-waterdepositsofthePotony-1well,at2780m,thus
thisoccurrenceapproachesthebesttherealFADofG. etrusca. 

Thecorrespondingshelfedgeabovetheslopeislocatedsome65
kmtotheNWofthewellalongourSection1(Figs.7,1).Theold-

est occurrence of S. cruciformis,however,wasfoundinwellSev-

1,at1370mdepth,inshelfdeposits.Thecoevalshelfedgeisiden-

tifiedatabout15kmtotheSEalongSection1(Fig.7).

5.2. Molluscs

InthelittoraldepositsofLakePannon,aseriesoftaxon-range
zones(orratherlineagezones)wereestablishedonthebasisof
subsequentnewmorphologieswithinthesupposedlyanagenetic
evolutionarylineagethatstartswithLymnocardium edlaueri and 

endswithProsodacnomya vodopici(MÜLLER&MAGYAR,
1992;MAGYARetal.,1999,2000;MAGYAR&GEARY,2012).
TheboundarybetweentheLymnocardium decorum and Proso

dacnomya carboniferazones,definedbythefirstappearanceof
the genus Prosodacnomya,couldbeclearlyidentifiedonseismic
profilesintheBudafaarea,immediatelyeastofthenorthwest-
ernmosttipofSection1(Fig.7),basedonthedataprovidedby
BARNABÁS&STRAUSZ(1991)ontheoccurrencesofL. de

corum and Prosodacnomyainthisregion.Thisdatasetwascom-

pletedwithscatteredunpublishedinformationonthepresenceof
theseformsinhydrocarbonexplorationwellsfromthenorthern
sideoftheDravaBasin.Basedontheabovedata,wetracedthis
biozoneboundaryonseismicprofilesacrosstheentirestudyarea
asshowninFigs.7and8.Thisseismichorizonturnedouttobe
onlyveryslightlyolderthantheoldestoccurrenceofGaleacysta 

etruscainthePotony-1well.
TheprofundaldepositsofLakePannonweredividedinto

the older Congeria banatica zone, characterized by C. banatica 

andvariousmembersoftheevolutionarylineagefromRadix to 

Provalenciennesia, and the younger “Dreissenomya” digitifera 

zone, characterized by “D.” digitifera and Valenciennius(MA-
GYARetal.,1999;MAGYAR&GEARY,2012;Fig.3).Inthe
DravaBasin,bothbiozonesarepresent.Theshelf-breakslope,
however,belongstotheyounger“D.” digitiferazoneeverywhere
intheDravaBasin(Figs.8,13).

6. GEOCHRONOLOGY

Our means to date the thick upper Neogene succession of the 

DravaBasinareseverelylimited.Oftherelevantbiostratigraphic
boundaries,onlytheFADofProsodacnomya wasreliablydated.
Theearliestrepresentativeofthisgenus,P. carboniferawasre-

coveredfromasedimentaryinclusionembeddedintovolcanic
materialintheTihanypeninsula,LakeBalaton(SZTANÓetal.,
2013a).TheTihanymaarvolcanoisknowntohavestarteditsac-
tivity7.92±0.22to7.96±0.03Maago(asassessedbyK/Arand
Ar/AranalysesbyBALOGH&NÉMETH(2005)andWIJ-
BRANSetal.(2007),respectively).Therefore,thefirstappear-
ance datum of Prosodacnomya couldbedeterminedasca.8Ma
(Fig.3).Thisinterpretationwasrecentlyconfirmedbymagneto-

stratigraphicinvestigationsincentralHungary(KELDERetal.,
2018;MAGYARetal.,2019).TheFADofGaleacysta etrusca 

haslongbeensupposedtobeveryclosetothatofProsodac

nomya (MAGYAR&GEARY,2012),althoughthetwofossils
neveroccurinthesamelayerduetotheiroriginallyhighlydif-
ferentenvironmentalrequirements(Fig.3).

ThebiostratigraphicboundarybetweentheCongeria bana

tica and “Dreissenomya” digitiferaZonesintheprofundalzone
ofLakePannonwastentativelydatedasca.9.6Ma(MAGYAR
etal.,1999;MAGYAR&GEARY,2012;Fig.3).IntheDrava
basin,thisboundaryrunswithintheEndrődFormation;thecor-
respondingshelf-breakslopeislocatedinNWHungary(MA-
GYARetal.,2013).

Anadditionalchronologicaltiepointcanbetheageofthe
significantunconformitythatisobservedwithinthelateNeogene

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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successionoftheDravaBasininitsnorthernmargin(UJSZÁSZI
&VAKARCS,1993;SACCHIetal.,1998,1999).Thisuncon-

formitylooksverysimilarto,andseemstobegeographically
connectedwithanotherunconformityinthesedimentarysucces-
sion of the central Pannonian Basin System („Great Hungarian 

Plain”),whereitwasmagnetostratigraphicallydatedbetween4.6
and 6.8Ma (MAGYAR& SZTANÓ, 2008 and references
therein).AsthevertebratefaunawasMiocenebelowandPlio-

ceneabovetheunconformityinseveralboreholes,itsbasinward
conformitywasconsideredtoroughlycorrespondtotheMio-

cene-Plioceneboundary(5.3Ma;MAGYAR&SZTANÓ,2008).
Ifwetentativelyacceptthisapproach,the5.3Mahorizoncanbe
tracedacrossmuchoftheDravaBasinwithintheshelfdeposits,
whereasintheeasternmostpartofthebasinitcrossestheshelf
edgeandcontinuesinthedeep-waterdeposits(Fig.7).

7. CONCLUSIONS

ThesedimentaryinfilloftheDravaBasiniscomposedofthe
same suite of sedimentary units both on the Hungarian and Cro-

atian sides, similarly to other parts of the Pannonian Basin Sys-

tem:localtransgressivecoarseclasticsaroundemergentbase-

ment highs, open-to-deepwater calcareousmarls, turbidite
sandstones, slope mudstones, and sand to clay sequences depos-

itedindeltaplainandalluvialenvironments.Theseunitscanbe
wellcorrelatedacrossthebasin.

Thecomparisonofthevariousrockunitsinboreholeswith
seismicprofilesevidenced that theformationboundariesare
time-transgressiveintheDravaBasin,similarlytootherstudied
regions of the Pannonian Basin System.

Atpresent,dinoflagellatebiostratigraphyandseismicstra-
tigraphyaretheonlytoolstosubdivideandchronostratigraphi-
callycorrelatethedeep-waterdepositsintheDravaBasin.When
plottingthefirst(lowest)occurrencesofindividualspeciesaga-
insttheseismicdatabase,however,itbecomesevidentthatinves-
tigations from scattered drill cores and cuttings can easily fail to 

identifythefirstappearancedatumofanystratigraphicmarker
species, therefore special attention is required for the interpreta-

tion of biozone boundaries in such boreholes. 

According to the interpreted seismicnetwork, sediment
transportdirectionsinthestudyareavariedbetweenNtoSand
WtoE.Seismiccorrelationofthebiochronologicallyfirstap-

pearancedatumofthebivalvegenusProsodacnomya from out-

side the study area suggests that the oldest clinoform surfaces in 

theMuraBasinaremorethan8Maold.The8Maoldshelfedge
slope(datedbytheFADofProsodacnomya) is located in the nort-

hernmostpartoftheDravaBasin,betweenthewellsLeg-1Jand
Sev-1inCroatiaandbetweenwellsIb-IandVíz-É-4inHungary.
The youngest clinoforms detected in the southeasternmost part 

oftheDravaBasinareyoungerthanthe–supposedly–Miocene–
Pliocene unconformity, thus they might be Pliocene in age.
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Supplement 1. Location of outcrops mentioned in the text.


