Toha A
(9(') NNECT?d

Authors and affiliation:
Nina Rman, GeoZS

Eva Kun, MBFSZ

Natalija Samardgi |
Dejan Gram, GeoZS
Jure Atanackov, GeoZS

Deliverable4.2 Milog Markil, Geo.
Andrej Lapanje, GeoZS

.. Dugan Rajver, Geo.
A JOInt repOrt on IIdik6 Sarolta Selmeczi, MBFSZ
geomanifestations in the Gyula Maros, MBFSZ
PannOnian baSin Tamara Mar k@l |

Tamas Budai, MBFSZ
Edit Babinszki, MBFSZ

E-mail of contact person:
nina.rman@geo-zs.si

Version: 21.05.2021

This report is part of a project that has
received funding by the European
Unionds Horizon 2
innovation programme under grant
agreement number 731166.

* X %
* *
* *
* *

* 4 *


mailto:nina.rman@geo-zs.si

Deliverable Data

Deliverable number
Dissemination level

Deliverable name

Work package
Lead WP/Deliverable beneficiary

D4.2
Public
A joint report on geomanifestations in

Pannonian basin
WP4, T4.2 Geomanifestations

MBFSZ/GeoZS and MBFSZ

the

Deliverable status

Submitted (Author(s))
Verified (WP leader)
Approved (Coordinator)

21/05/2021 | Rman Nhaet al.
24/05/2021 | Gyula Maros
25/05/2021 | Renata Barros




TABLE OF CONTENTS

1 INTRODUCTION ..ottt e e e e s e e e e s s st a e et e e e e s s nnnbbeeeaee s 2
2 STRUCTURAL FRAMEWORK OF THE PANNONIAN BASIN ......cccooiiiiiiiiiiieeeeee 3
2.1 The Pannonian Basin in the frame of the Alpine orogeny............ccccceeeviviinvennnnn. 3
2.1.1 PrePannonian PRaSE........cccuiiiiiiiiiiiiiiee e 5
2.1.2 Pannonian Basin evolution PRase..........cccoccviiiiiiiiiiiiiiiiiiee e 7
2.2 Stratigraphic harmoOniZAtON.............coeeiiiiiiiiiiieee e 9
T V1Y 10Tt = o = 9
MIAAIE MIOCENE........ceiiieiiiee ettt e e st e e e e e e aaes 11
LAt MIOCENE. ....eiiie ettt ettt e e e e e st e e e e e s et br e e e e e e e e anne 12
[ ([0 o= o = P EPPR PP PPRP 13
(O LU E= 1] ¢ T YU 13
3  GEOMANIFESTATIONS IN THE MURA-ZALA SUB-BASIN .......ccooiiiiiiiiiiie e 20
3.1 Geothermal an0mMali€Ss..........cooiiiii i e e e e e e e 21
3.1.1 Conductive heat flow due to thinner lithosphere.............cccoccviiiieennnnnns 21
3.1.2 Locally elevated hedtow density due to CONVECtioN..............cccvvvveeeernnnns 22

3.1.3 Numerical model of flow and heat transport to assess the effects of the
Ljutomer FaUIt ZONE........ooiiiiieiieeeee s 28
T €1 (o 10T V= 1 (= PP PP PPPPPY” o
3.2. 1 MINEIAl WALEK.....coi ittt e e e 44
3.2.2 THhEermMal WaLeL........c.eieiiieee et 45
3.3 Mantle helium gas SEEPS......cccooii i a e e e e e 51
34 CQ g8S SEEPS. . uueireieeeiiiiiiitiittiaata et e e e e e e e e e e e et e e e e reneeees 52
O T =T 1 1o PP PSP PP PPPPPPPON 53
3.6 MINEral OCCUITENCES......coieeie e e et e e e e e e e e e e e e aaaaaaaens 56
3.7 OrganiC Matter OCCUITENCES. ......iiuurreiieeeeaeiiireeee e e e e st et e e e s st e e e e e e s s annreneeeeeas 56
4  GEOMANIFESTATIONS IN THE BATTONYA HIGH .....oooiiiiiiiiiiiiiieieee e 61
0 R C1=To] (0T VAR= T [0 I 1= Tex (o] o 1 {ox P 61
4.2 GeOMANIfESIAIONS. .. ..eiiiiiiiiiiiie e 66
4.2.1 Geothermal aNOMAlIES. ........cooiiuiiiiiie it 67
4.2.2  HC FBSEIVOIIS. ...cieteeiiee e e ettt e ettt e e e e ettt e e e e e e e snnneeeeeeeesannnnreeeaes 69
4.2.3 OVErPreSSUIEd ZONE.......ccuuuiiiiiee ittt e e ettt e et e e e sinnaeeeeeeas 71
4.2.4 Hydrogeology, conditions of flow regime...........ccocovivviiiiiiniiiiieee s 71
4.2.5  SEISIMICITY.....utieeieee ettt e e e e et e e e s et e e e e e e e e e ennnees 74
4.3 Model examinations on geothermal anomalies.............ccooocuiiiiieieiiiiiiiiieeeeens 75
5 GEOMANIFESTATIONS IN THE PANNONIAN BASIN WITHIN THE BORDER OF
BOSNIA AND HERZEGOVINA ..ottt ettt e e anaee e 82
5.1 Geomanifestations liNked t0 WaLEIS...........cooiiiiiiiiiieiiiiieeeee e 83
oA B 1o U1 o SOOI 85
B CONCLUSIONS . ...ttt e e e e e e e e st e e e e e e snnste e e e eaeeeannnnnneeeaens 88
7 REFERENCES FOR STRUCTURAL FRAMEWORK ......cccciiiiiiiiiie e Q0
8 REFERENCES FOR MURA-ZALA BASIN ..ottt 94
9 REFERENCES FOR BATTONYA HIGH......ciiiiiee e 99
10 REFERENCES FOR BIH......coiiiiiiiiiiiie ittt nnaee e 102

Page 1 of 105 Revision no 118 Last saved 25/05/2021 09:58



INTRODUCTION

This report is a part of T4.2where we analysd occurrence and properties of selected
geomanifestations. We tested whether theonfirm the evolved structurajeological model in task

4.1. Datasets are based on approach as listed in Milestone M7a Inventory of available
geomanifestations fothe Pannonian basin case study. Point data, photos and fact sheets are stored
separately, in EGDI, while description of geomanifestations is given in this report.

The Pannonian Basin is a young, Neogene basin system on the top of a c&aiptekesozoc
crystalline and sedimentary sequencésis built up of numerous subbasins of slightly different age,
and core complexes and emerged island mountainfhe following chapters focus on
geomanifestations, geological and hydrodynamic models of the pil@sgsénilar geotectonially.

What is a geomanifestatiof? This term was initiated by Barros & Pissens (2020). They introduced the
O2y OSLIi 2F 3AS2YlIyAFSadlriarzya a2 RSTFAYS yé RAAI
processes. These manifatibns, or anomalies, often point to specific geologic conditions and,
GKSNBF2NBES OFly 6S AYLRNIFIYyG a2d2NOSa 2F AYyTF2NXYIGA

The investigation of geomanifestations in the Mtalabasin(Slovenia, Croatia, Hgary) Battonya
High(Hungary, Romaniand the Northern Bosnia & Herzegovina territofjgurel) were prevailed by

a stratigraphic harmonization and moealilding pocess, which laid the foundation of the pilot area
workflows. In the followings we a@d a geotectonic summary about the evolution of the Pannonian
Basin, which is based on Budai & Maros (2048)l a short stratigraphic harmonization of the infilling
sedimentary sequences of the basin.

Figurel: Pilot territories of the project AOI relevant for distribution of geomanifestations
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STRUCTURAL FRAMEWORK OF THE PANNONIAN BASIN

The Pannonian Basin is a young, Neogene aged basin system on the top of a ¢aheplblesozoic
crystalline and sedimentary sequences. The whole basin is built up from numerous subbasins of slightly
different age, and besides core complexes and emeligkthd mountains can be found within it.
However the whole Pannonia Basin is a repository of geomanifestations the following chapters will
focus on geomanifestations, geological and hydrodynamic models of the pilot areas in the basin, which
are similar m geotectonic buileup, but could be remarkably different from the types of
geomanifestations in the depth and on the surface. What does it mean geomanifestation? This term
was initiated by Barros & Pissens (2020) in an internal methodology report oétieddnect3d project.

¢tKSe@ AYUGNRBRdzOSR (GKS O2yOSLJi 2F 3AS2YFyATSaidliAazya

or past geological processes. These manifestations, or anomalies, often point to specific geologic
conditions and, therefore, can bemportant sources of information to improve geological
dzy RSNR Gl YRAY3I 2F |y I NBI dé

The investigation of geomanifestations in the Mufala, Battonya and the Northern Boshia &
Herzegovina territory of the project area (Figure 1.) were prevailed by a saphig harmonization

and modeibuilding process, which laid the foundation of the pilot area workflows. In the followings we
add a geotectonic summary about the evolution of the Pannonian Basin, which is based on Budai &
Maros (2018) and a short stratigraie harmonization of the infilling sedimentary sequences of the
basin.

2.1  The Pannonian Basin in the frame of the Alpine orogeny

The Alpine orogenic systerRi§ure2) was formed by the collision of the stable European Platform and
the Adriatic microplate of the African Plate (Argad824, Channel&k Horvath 1976). The collision
resulted complex suture nes of different ages, nappe systems of different vergency, numerous crustal
blocks and several oceanic crust fragments during the formation of the AftangathiarDinaridic
system. Microplates were broken off the continental plates, and their movemeate characterized

by different rotations and extrusions. The polarity of the nappe systems along the suture zones was
turned from North to South in the Alpes, from Northwest to Southwest in the Western Carpathians and
in the Dinarides, to the East and tite South in the Eastern and Southern Carpathians. The obducted
continental crust slabs appear either in the lower crust or the upper crust position (Handy et al. 2014).
Due to the upwelling of the asthenosphere, the initiation of lower crustal or uppetimdetachments
(Handy et al. 2014) and (Horvath 2007), the subductioning slabaok motion caused pull force led

to an extension in the crust and formed the Pannonian Basin as an intramountain basin.

The Pannonian basin infilling sediments and awic sequences situate on a complex geological setting
(Figure3). The Pannonian Basin itself, apart from the Vienna and Transylvanian Basins, is a geologically
well-defined structure. Its subasins are the Kisalfold (Small Hungarian Plain or Danube Basin), the
Steier Basin, the Drava Trench, the Eastern Slovakian Basin, and the Alf6ld (Great Hungarian Plain),
together with the areas of Bacska, Banat and Karpatal@nétarpathia).

Page 3 of 105 Revision no 118 Last saved 25/05/2021 09:58



**,, * *: EO'l Gcoenﬂ’
ONNECT?d

Tell-Atlas

A F I C AN P LAT

- African Plate

I:l Eurasian Plate Alpine orogene system
! boundary of Eurasian
B ~pine toretand basins B sooucton sures "= ond African Plats

Figure2: Geotectonic position of the Carpathian basin within the-BhrpathiarDinaride system (after
Haas et al. 2002)

Figure3: Main subbasins in the Pannonian Basin and their deptiditions (Budai & Maros 2020)

The geodynamic and plate tectonic evolution of the Pannonian Basin and the basement of it can be
divided into two main phases. The first, longer period thattbug the basin of the later formed
Pannonian Basin evolved diog the Alpine cycle. We call it here asPannonian phase. It started in

the middle Permian and ended in the Early Miocene. The second phase, let us call it Pannonian phase
started somewhere in the early and middle Miocene, in slightly different timtssmthe different sub

basins and lasted until recent times. About 5 million years ago a compressional inversion phase were
initiated.

Page 4 of 105 Revision no 118 Last saved 25/05/2021 09:58



2.1.1 PrePannonian phase

By the end of the Carboniferous, a vast ocean called the Paleotethys penetrated the Pangea
supercantinent from the east. At its southern margin, a new ocean called the Neotethys opened up
(Ricoy 1994), from the middle Permian. This resulted in the closure of the Paleotéttgen and the

start of the secalled Cimmerian orogeny in the Late Jurassic. Asaich of this Neotethy&cean was
Meliata-Vardar oceanic branch was situated in the northern part of it, where sequences of the Alcapa
and Vardar Megainits were deposited aring the Triassic.

From the west the rifting of the CentrAtlantic Oceanvas started in the Late Triassic as a crucial point
of the Alpine orogeny. During this process oceaniclsagins were opened up and developed as the
Alpine Tethys (Stamp#8i Borel 2002). The Tisza Megait was isolated from the European Plate during
this process in the Middle Jurassic (Csontos, V6rds 2004), and it was surrounded by the@debata
from the south and the Alpine Tethys from the north. The subsequent Codruyywllhor and Mecse
units situated neighbouring along the edge of the Tisza Megh In the early middidurassidhe West
Vardar oceanic branch isolated the latter Dinaric crust, and the new spreading cansed obduction
and initiation of @cretiond prismin the West Vardar and Dinaridic realm (Schmid et al. 2008).

The Alpine orogeny itself was started with the closure of the Alpine Tethys in the Early Cretaceous
(Figured). This time originated the Austroalpine nappe systems in the Alcapa-MegéRatschbacher

et al. 1991), and the Mecsek, VillaBjhor and Béké€odru nappes were thrusted in the Tisza Mega

unit more or less at the same time. With the closafethe CeahlatBeverin oceanic branch the East
Vardar units were trusted onto the Dad¥legaunit and nappe origination were took place within it as
well.

The deeply buried nappes were highly metamorphosed and suffered plastic deformations. While the
upper crust units suffered only light flexural structures or more intensive fold tectonics (Kovacs et al.
2000), during these processes. The basement Variscan crystalline rocks suffered retrograde Alpine
metamorphism (Haas ed. 2001).
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Figure4: Paleotectonic map for 84 Ma. (Handy et al. 2014)
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In the late Cretaceous the collision was continued in the Dinarides, in the Alcapa and Tisaaiga

the Dacia MegdJnit thrusted on the European plate at Moesia. Collisionagmatic events originated

like banaites in the Tisza Meganit and the suture zones like the Pieniny and Sava zone were initiated
(Schmid et al. 2008). A short orogenic event occurred in the East and South Carpathians (Laramide
phase) affecting the Traglvanian Basin too (Schmid et al. 2008).

?d

The compressional phase was followed by quite rapid emergence and gravitational collapse starting in

the Late Cretaceous. Thiswasthe®b f f SR aD2al dz S@Syi(i>xé HKAOK NIa&dz
terrigenous, reef, and later a continuously deepening marine sequence above the folded and
erosionally truncated surface of p@osau formations. The chain of Gosau basiassarrounded by

normal and strikeslip faults. Due to the nortsouth compression, the eenging nappe systems were

deformed by transpressional stress fields (Froizheim et al.2008).

5dzNAYy 3 GKS tIfS23SyS GKS yI LILIS ,2003), and theHungarian/ G A y dzS
Paleogene Basin was formed (BA®86)and stretched from Slovenia to the present Northern

Hungary. From the plate tectonic point of view, this basin was a foreland, flexypeabasin (Tari et al.

1993), subsidence of which warovoked by the load of the nappe stacks buckling the continental crust.

The AlcapaMegaunit, contemporaneously with the formation of the Paleogene Basin, was moving
towards the ENE along the Periadriatic Lineament and the Balaton Line of tRdudghrian Shear
Zone (K&zmé& Kovacs S. 1985). The Alcapa Maga has a highly complexeglogic setup and
originated from the African Plate, while the nowadays sesithated Tisza Meganit has a European
Plate origin. The two tectonic megmits are attached to each other along the Miiingarian Shear
Zone which stretches SW to NE. The Wiiednsdanubian (Sava) unit, situated south of the -Mid
Hungarian Line (or Lineament), has two definitions in the most recent literature: according to Haas et
al. (2000), it is defined as a highly deformed geologic unit with Southern Alpine origin, butimxclud
the SzolnokMaramaros flysch beltHigure5). Schmid et al. (2008) and Ustaszewsky et al. (2008) have
a different opinion, as they include the SzolAdi&ramaros flgch belt in the Sava unit.

Early Miocene ~18 Ma

S 2
ADRIA %b %b
PROMONTORY 5 2
% 3%

Terrestrial erosional Diverse marine Deep marine \_# Rotati
- | | | | otation
area environments flysch deposition

Figure5: Position of the megainits and units of the Pannonian Basin approx. 18 Ma. Modéffest
Haas [ed.] et al. (2002).
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The geodynamic model of this movement can be explained as an escaping orogenic wedge, or as a
gravitational collapse along with a dragging effect associated with the initial subduction beneath the
Eastern Carpathians. Most likelyoth effects were involved. The southern boundary of the Alcapa
Megaunit is well defined with steep shear zones and bunches of ssliestructures in the upper

crust, along the MieHungarian Shear Zone (CsontsNagymarosy 1988). These strgip faults
truncated the sedimentary sequences in the Paleogenebmadins. These times the Midungarian

Shear Zone and the Periadriatic lineament werenieféective continuation and acted as a dextral strike

slip (Fodor et al. 1999) with transpressionalees/faults (PalotaR013). The whole unit either in sense

of Haas et al. (2000) or Schmid et al. (2008) can be interpreted as a suture zone of geodynamic mega
melange of mainly South Alpine originated fragments and subunits with remarkable magmatiosignal
tonalities with subordinate granodiorites. In our territory the Karava®adorje plutons are part of

these intrusbns The Paleogene magmatic event may directly link to the shear zone, and can be
followed in the Southern Alps to Slovenia and obseinetie Hungarian Paleogene Basin as well.

CretaceoudPaleogene sedimentary units of the Szokd&ramaros flysch belt were deposited in the
Magura Ocean, while the oceanic crust progressively subducted between the continuously- north
eastward moving Alcapglegaunit, the Tisza Meganit and the stable European Platform. This flysch
belt is the pinched, sheared remnant of the oceanic crust between the Alcapa and Tiszahitega
(Schmid et al. 2004).

The formation and the main deformation phase along the&-Mungarian Zone occurred also in the
Paleogeneearly Miocene. During this process the Alcapa Megih moved eashortheastward along

this zone and rotated clockwise (Marton 2001). The Alcapa Meg@aotated the Tisza Meganit into

the MaguraOcean, wlile deforming between them the pinched, sheared blocks of South alpine relation
and sediments of the flysch ocean. (Balla 1984, Balla 1986, BallaQ€880¢s et al. 1992, Fodor et al.
1998) Figureb).

By the Middle Miocenemegaunits in the basement of the Pannonian Basin had settled into their
current position. In the Dinarides the dextral transpressioroceurred in the middle Miocex the
shortening in the external Miocene thrust belts along the arc of the Carpathians were active and
contemporaneously, basin evolution processes started in the central part of th@akjpathiarDinaric
orogene, which led to the formation of the Pannan Basin.

2.1.2  Pannonian Basin evolution phase

Budai & Maros (2018) The history of the Pannonian Bagmnsisong connedbn with a basin system

which had been separated from the Alpine Tethys in the Paleogene and was named Paratethys. The
initial real seacircumstances changed later in the Late Miocene into an endemic lake and completely
filled up with sediments by the Pliocene.

The shortening, caused by plate convergence of Adria and Europe gradually was overspeeded by the
extension caused by the rdiack effect of the subducting slab (Dewey 1980) in the territory of the
Pannonian basin. In other parts of the orogenic system, as in the foredeep basins of the Carpathian arc,
contemporaneous thrust faults were active. In the territory of the baok typePannonian Basin the

main structural phases of the basin evolution can be explained by a thareohanical and isostatic
compensational model of Mckenzie (1978). Thelalkk mechanism was accompanied by attenuation

of the crust, which resulted in an asthesphere upwelling (Royde& Horvath 1988). This was
strengthened by the asthenosphere flows (Kovécs I. et al. 2012). In practical terms, the subsidence was
due to the isostatic movement of the attenuated and loensity crust (i.e. Roydefa Keen 1980).In
summary, the thermal flux of the crust increased.
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The extensional tectonic regime was characterized by probably rotating extensional forces as the
subduction processes propagated from Eastern Carpathians to Vrancea Zone and below the Dinarides
(Matenco&w I R A @,20223. @ was complicated by the rolah of megaunits as well, the axis of the

main extensional force was probably rotated counterclockwise (Matefios I R A @, 2@8AR 6
general the extension activated the fault planes of nappe systems, with emerging previously buried
basement core compkes and went along listric and steep normal fawfigiire6), originating grabens

and halfgrabens (Horvéath et al. 2006). The highly complex structure of the basenterdriginal
complexity and the rotation linked to extensional tectonics originated a very complex trench system.
Characteristics of some sildasins are linked partly to strik&ip shearing.

In grabens and basins there are direct quantitative connestizetween sediment sequences, rotation
and the tectonic event history (Balazs et al. 2016).

The amplitude of extension was several hundreds of kilometres, with a rate of approximatglyc¥#

for the whole territory and lithosphere (Lenke}999). Thisate may vary from 1.1% to 1.4% (Bereczki

et al 2017) in the individual subasins and for the rigid lithosphere, depending on the extensional fault
pattern. Lithospheric extension rate of the mantle lithosphere may have been significantly higher than
this.

We divide the basin forming process into two significant part: the so called Synrift phase and the Postrift
phase. The Synrift can be characterized by the maximum extension, lasted from Eggenburgian to middle
Badenian. Coevally the Alcapa and TiszaaWeits were rotated oppositely in several phases: 80° CCW
and 100° CW respectively (Martok Fodor 2003, Marton et al. 2007, FodoR010). Siliciclastic
sequences were deposited in the inner basin in considerable thickness, while only in limited extensio
at the shorelines.

The isostasy induced sinking reached balance in the Late Miocene, the start of a thermal balance may
also have been achieved, which resulted in a cooling of the crust, which led to a thermal induced
subsidence phase. This period is defined as a Postafieoin the geologic literature (Horvat2007).

The beginning of this Postrift phase is not contemporaneous in the Pannonian Basin, but generally
started from the end of Sarmatian. The docking and collision of main units in the basement which had
by then acurred in the Eastern Carpathian area then resulted in the fall of extensional forces and a
quick basin inversion (Horvath995). This posBarmatian inversion resulted in the folding of synrift
deposits and erosion at certain part of the basin, in casitto the very thick sediment accumulation in
other parts of the basin. In summary, approximately 5000 metres thick sedimentary sequences

were deposited during the Postrift phase (Figure 3). This was the time of Lake Pannon, which became
totally isohted due to the contemporaneous emergence of the Carpathians and gradually filled with
the terrestric sediments. At this stage the deformation regime was characterized by low amplitude
strike-slip and normal faults, and with atectonic compaction.

At the beginning of the Pliocene, subduction was practically terminated due to the gradual rise of the
subduction dip angle, a northern compression of the Adria microplate that rotated counterclockwise,
and started to dominate the stress field of the realm (Batlal€2007). Relative to all these processes,

a compressional stress field came about within the Carpathian Basin. The subsidence had been changed
to inversion in the mountainous area, while subsidence of deepbsgins still continued (Horvath,
Cloetingdn, 1996). According to in situ stress measurements (Gerner et al. 1999), space geodesy methods
(Grenerczy et al. 2005) and model calculations (Bada et al. 2007) this stress field is still active in the
recent times.
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Figuré6: Typcal synrift halfgraben structure witH its postrift cover (interpreted seismic profile).

2.2  Stratigraphic harmonization

The stratigraphic harmonization prevailed the 3D model building of the Pannonian Basin in the frame
of the GeoConnect3d project. In thigrioduction we provide a short summary about the geohistory of
the infilling sedimentary sequences in the Pannonian Basin and the results of the huge work of
harmonization of the sedimentary and volcanic unit stratigraphy and synonym harmonization of the
formation names. This chapter is based on Budai & Maros (2018) with extensions.

Considering Early and Middle Miocene lithostratigraphic units, in case of some partner countries do not
have already accepted, official names for the units, we temporarily kb@tgarian names (e.g. in
Serbia and provisionally Bosnia and Herzegovina, as well as in the areas along the border in Romania).
Considering the Late Miocene units there is more or less a consensus using the Hungarian names;
neverthelessSlovakia has ownames for its Pannonian lithostratigraphic units. The philosophy of
displaying the harmonization was pointed out from Hungary occupying a central place in the Pannonian
Basin. So almost all the charts (FigwE3B) contains a Hungarian column as a comipaint. The order

of the charts is clockwise from south.

The Hungarian Neogene is characterized by the formation, evolution and infilling of the Pannonian
basin, which was a stiasin of the former Paratethys over the last 24 million years. During thes tim
within the IntraCarpathian region6000-7000-metre-deepsub-basins and ridges were formed. These
were infilled with fine grained siliciclastic sediments that were transported from the continuously
emerging areas of Alps and Carpathians.

EarlyMiocene

At the beginning of the Miocene, marine sedimentation was limited to the northerrbsisins of the

Paleogene basin. The fine grained open marine sedimentation (Szécsény Schlier Formation) was
characteristic mainly of the Late Oligocene, but thisagion changed with the deposition of coarser

grained material (Budafok Sandstone and Pétervdsara Sandstone Formations) in thdi&aehe,

supplied by newly formed huge delta systems. The Eggenburgian sedimentary basin became filled up

with the fluvid-alluvial succession (Zagyvapélfalva Formation) which was cowétethe material of

GKS da[26SN) wkKe2fAGS ¢dzFFéd ¢KAA ff26SR GKS LI N
IpolytarndcFossils Nature Conservation Area. In the South Slovéldaams the Eggenburgian open

marine sedimentation was manifested in the formation of the Filakovo Formation, and the marine
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regression resulted in the deposition of the Bukovina Formation comprising continental deposits with
rhyodacite tuffs. The Early btiene of the Danube Basin in Slovakia represents a different
sedimentation realm.

From the Ottnangian onwards, coal deposition occurred in many areas of the evolving lacustrine and
swamp environments (Salg6tarjan Formatiphoth in Hungary and Slovakia).

Simultaneously, in the early Miocene thick deposits of flqai#lvial sediments of the Szaszvar
Formation were deposited in the Tisza Magit, and in the freshwater marshes on the alluvial plains.

The intense andesite volcanism during the Early khecwas related to the beginning of the
subduction of the Magura Ocean (Mecsek Andesite, Peripannon Pluton Formation in Slovenia). Similar
continental sediments can be found in the Transdanubian Range Unit, in western forelands of the
Transdanubian Rang8d¢mlévaséarhely Fm).

In the Hravatsko Zagorje Basin (Croatia) the late Oligogeagly Miocene was predominated by shelf
prodelta sediments (Meljani Formation), maribeackish shoreface, delta and prodelta deposits
(Golubovec Formation) and the prewfidt @ aK2NBFI OS al OSt 2 C2NXIF GA2Yy>
which shows shorefaeeffshore transition. The Ottnangian Bednja and the Karpatian Crkovec
Formations also represent shorefagdfshore transition. The offshore character of the Crkovec
Formation beomes more pronounced towards the corresponding Slovenian Haloze
Formation.Extensional tectonics related to the lstage evolution of the Dinarides and the opening of

the Pannonian Basin allowed the formation of freshwater sedimentary basins in thed@sébinaric

and Serbian Lake Systems) and in the southern margin of the Pannonian Basin (Kiskunhalas Formation).
In the Mecsek Mts. (S Hungary) gyfh age sediments crop out to the surface. These freshwater (at
most slightly brackistwvater) deposits arsupposed to be coeval with the initiation of extensi{@ebe

et al. 2018)

The early Miocene succession of the North Croatian Basin more or less corresponds with-i&vala
Mecsek area in S Hungary. The alluvial Daranovci Formation can be corwldtethe Szaszvar
Formation and the lacustrine members of the Glavnica Formation can be correlated with the
Kiskunhalas Formation which has only been clarified somewhat by recent research.

In the charts showing the lower Miocene units of Serbia and the S&rasje Depression of Bosnia
Herzegovina the Vrdnik Series corresponds to the Hungarian Szaszvar Formation. Forrifte syn
lacustrine sediments the Kiskunhalas Formation has been Ui$edTuzla Basin has its own succession
with local names.

In N Hungary the Karpatian marine sedimentary cycle starts with cogaseed clastic beds of the
Egyhazasgerge Formation. As the sea level rosegfaiaed siliciclastic sequences were deposited

the open basins (Garab Schlier Formation). At the end of the Karpatian gpaised and carbonate
sedimentation (FO6t Formation) took place again due as the sea became shallower. In the South
Slovakian Basinthe Salgotarjan Formation passes up ittte Modry Kamen Formation with consists

of mixed marine and brackish sandstones/siltstones, upwards passing into littoral and bathyal
sediments, classified into 3 members.

The Eggenburgian openarine deposits of the Presov Formation and Celovce Formatitime East

Slovakian Basin correspond to the Burkalo Formation in the Fansathian Trough of Ukraine.
{dzo&aSljdsSyiate | Keélriddza Ay GKS hiddylry3aalys GKS {
Formations of Karpatian age can be correlated with taee$hul Formation in Ukraine.
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Middle Miocene

In the Badenian age of the Middle Miocene, pelagic basins were formed in the trenches opened up in
the Karpatian and earliest Badenian. The first deposithade up of breccia, conglomerate and
sandstone compsing tuffaceous intercalationg belong to the Abony Formation in the Great
Hungarian Plain. Transgression resulted in the deposition ofjfiamed siliciclastic sediments (Baden
Formation). In the early Badenian (~ Langhian) along the shprggh minimum or moderated
terrigenous influxg the highly variable lithofacies of Leithakalk (Lajta Limestone Formation Pécsszabolcs
aSYOSNI da[26SN) [ SAGKITFE1é0 6SNB F2NX¥YSR® Ly Ol &
shoreface conglomerates, pebbly sataies, sandstones and sand were deposited [Budafa Formation

(S Transdanubia), Pusztamiske Formation (NW Transdanubia)]. A temporary shallowing took place
during the middle Badenian resulting in coal formation in the Mecsek (Hidas Formation) Indications of
evaporites in well successions correlate with the Badenian Salinity Crisis (~13.8 Ma).

Badenian marine deposition started earlier in the Slovenian area. The Haloze Formation of Karpatian
early Badenian age comprises different lithofacies, such as congdterend breccia, as well as marl,
siltstone and sandstone with tuff interbeddings. The Spilje Formation in Slovenia (comprising several
members/lithofacies) is of Badenian and Sarmatian ages and represents shoreface to dbsttnyad
sedimentary enviroments. It corresponds to the Hungarian Baden Formation (including the former
Tekeres Schlier and Szildgy Clay Marl as members) and Lajta Limestone Formation, as well as the
Sarmatian Kozard and Tinnye Formations. In the Hravatsko Zagorje Basin and th€rdatian Basin

the Badenian Veljanica Formation and Sarmatian Dolje Formetimth of offshore facieg and the

+ NI LW6S C2NXIFGA2Y O0.FRSYAFYO YR GKS tSo6AYy{1l aSyYo
shoreface carbonates, correspond to the misens of the Spilje Formation in Slovenia and the Baden
Formation and Lajta Formation, as well as the Kozard and Tinnye Formations in Hungary (see later).

For Badenian and Sarmatian offshore and shoreface,uitsgarian names have been used in Serbia

and BosniaHerzegovina (see HSRBBIH chart). Abony Formation (coarse clastic succession
underlying the Badenian marine sediments in the Great Hungarian Plain) and Budafa Formation
(shoreface coarse clastics and sandstone of early Badenian age) haveasisiepieted in the chart.

In the Danube Basin the lower Badenian Bajtava Formation comprising transgressive marginal
conglomerates, sandstones and volcanoclastics is overlain by a siliciclastic succession (siltstones,
calcareous clays) called Spacince Fatiom. This is followed by the Pozba Formation consisting of
calcareous clays, siltstones and sandstones and volcanoclastics. Biogenic limestones are also found in
the marginal areas. The firgrained Badenian siliciclastics correspond with the Baden Rmma
whereas the Sarmatian Vrable Formation can be correlated with the Kozard Formation in Hungary.

Due to the continuous subduction of the European Plate, an intensive, islantypg&candesite
volcanism took place during the mi@adenian, and a chairf great volcanoes were formed along the
inner arc of the emerging Carpathians (N Hungary: Borz¥@sggrad and Méatra Volcanic Formation
Groups).

In the East Slovakian Basin volcaniclastic deposits (Nizny Hrabovec Formation) of early Badenian age
can befound. The Mirkovce Formation occurs in the western part of the basin and comprises
monotonous grey claystones and siltstones originated from below the wave base. The Middle Badenian
in the central basin part is represented by the Vranov Formation madaf gpiciclastics (sandstone

and pelites). The deemarine environment changed into a shallamarine one and later to a lagoonal

one and evaporites of the Zbudza Formation were deposited. In the Ukrainian area the before
mentioned evaporites correspond tdéhe Novoselytska, Tereblianske Formation and Solotvino
Formation formed due to a regression. [From the upper part of the Badenian onwards up to the
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Pannonian lithostratigraphic units can be well correlated between E Slovakia and Ukraine (see the
lithostratigraphic chart)].

During the sedevel rise in the late Badenian, carbonate sedimentation took place in shallow marine

shelf environments (Lajta Limestone Formation Rakos Membeik ! LILISNI [ SAGKIF T f 1
sedimentation was characterized by figeained diciclastic deposits in the open marine environments

(Baden Formation Szilagy Clay Marl Member).

In the Middle Miocene, at the beginning of the Sarmatian, volcanic activity renewed with rhyolitic tuff
falls, followed by carbonate sedimentation in shallomarine shelf environments. The volcanism,
predominantly felsic, andesite, rhyolite and dacite, moved eastward along the inner arc of the
Carpathians, to the Tokd#jyirség area. There it formed huge stratovolcanoes. In the South Slovakian
Basins the Halid/inica, Opava, Lysec and Pokoradza Formations represent volcanic activity.

During the entire Sarmatian, in shoreface environments biogenic calcarenite, coarse, porous limestone,
oolithic-bioclastic limestone, pebbly calcareous sandstone and locally peeelgbelonging to the
Tinnye Limestone Formation deposited. Towards the open sea there is a transition from the Tinnye
Limestone into the offshore clay marl, marl and siltstone (Kozard Formation).

Late Miocene

Evolution of the Carpathian Basin during ttete Miocene was determined by thermal subsidence, in
contrast to the Middle Miocene extensional tectonics. In accordance with the changing tectonic
regimes, sedimentation patterns also changed. By the beginning of the Middle Miocene the central
basin ofthe former Paratethys had closed completely, forming a lake with no runoff. This was Lake
Pannon, which gradually became a freshwater lake due to continuous river inflow.

The evolution of the Lake Pannoan be divided into three main phases. At the end of the Sarmatian,
the Carpathian Basin was separated from the Paratethys, erosion started on the emerging areas near
shore, and freshwater input increased. The second phase occurred during the contiis@os$ the
sealevel, when the lake filled the whole Carpathian Basin. The third phase occurred during a slow
regression and infilling of the basin, which was terminated at the beginning of the Plidegue{).

Continuous infilling of the Lake Pannon was accomplished by the sediment influx of rivers originating

in the elevating areas of the Alps and Carpathians. The intense NW sediment inpuS@ramatian

delta systems at the edge of the Danube Basin). Later, there was NE input from the Eastern Carpathians,
as well as from the Drava and Mura valleys. Delta systems started to develop on the coastal areas of
the basin, then gradually prograded inte inner parts. The water might have been a thousand metres

deep in the deep inner areas, due to continuous subsidence, e.g. in the Békés Trough. During the
transgression, a calcareous marl with high organic content was deposited onto the top of thedmise
O9YRNI R C2NXNIGA2YO0OT 6KAETS Ay GKS RSSLISNI OSy i NI f
characterized by very thick turbidites (Szolnok Formation).

On the delta plain and at the delta front, there were various lithologies dominated bysitiay
ASRAYSYGIGAZ2Y 6AGK &FyRad2yS AYGSNDSRRAYIAT 2y G
Formation).

In Slovakia (Danube Basin and Komamd dzNB2 @2 | NBF 0 GKS 9y RNI Rz {1 2¢
correspond to the lvanka Formation.
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