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RESUME

L'objectif principal de cette these est d'acquérir de nouvelles connaissances sur la
structure tectonique et la lithosphérique de la région des Carpates et du bassin pannonien.
Nous avons appliqué trois méthodes différentes: modélisation 1D,modélisation 2D
géophysique intégrée et inversion 3D pour atteindre cet objectif. Ces méthodes sont
similaires concernant les bases de données utilisées, mais différent par le traitement et
l'interprétation de données. Au début, nous avons appliqué la modélisation automatique 1D
pour obtenir un premier apercu de la région étudiée. Deuxieémement, nous avons appliqué
la modélisation 2D intégré de la lithosphére qui combine l'interprétation du flux de
chaleur,du géoide, de la gravité et des données topographiques de la région des Carpates et
du bassin pannonien et des régions avoisinantes. Cette approche est capable de contraindre
des structures lithosphériques compliquées de la région étudiée mieux que l'interprétation
de chaque donnée indépendamment. Nous présentons quatre modeles intégrés 2D de la
lithosphére dans la région des Carpates et du bassin pannonienet des régions avoisinantes.
Enfin, sur la base de l'algorithme d'inversion 3D, nous présentons les modeles
géophysiques de la lithosphere dans la région des Carpates et du bassin pannonien.
L'algorithme calcule la structure de la densité lithosphériquepar l'inversion conjointe de la
gravité, géoide et données topographiques basé sur une approche bayésienne. Les modeéles
sont basés sur différents ensembles de données d'entrée et ils sontcontraints par différentes
données a priori. Sur la base de notre modélisation, nous ne pouvons pas confirmer
I'amincissement extréme (moins de 70 km) de la lithosphere du bassin pannonienproposé
par d'autres auteurs. D'autre part, les résultats montrent la tendance a l'augmentation de
I'épaisseur lithosphérique de Carpates d'occidentales vers de Carpates de l'estce que
confirme les théories antérieures sur la propagation du processus de subduction. Nous
avons obtenu des résultats controversés dans la région des Carpates du sud. Les résultats
basés sur l'inversion 3D montrent une lithosphére extrémement mince dans ce domainmais
les résultats basés sur la modélisation 2D intégrée ne supportent pas cetamincissement.
Cependant, les deux méthodes indiquent qu'il est plausible que la plateforme Moésienne
soit courbée et chevauchée sous les Carpates du sud. Dans le modele 3D, le bord sud-est du
bassin pannonien montre une lithosphére inattendue et étonnamment mince. Puisque la
zone est assez grande, nous pouvons exclure un effet de flexion, par conséquent, cette

région pourrait étre potentiellement intéressante pour une rechercheplus approfondie.



Mots clés: Modélisation géophysique intégrée, Carpates, bassin pannonien, 1D, 2D, 3D

inversion, géoide, gravité, topographie, géothermie



ABSTRAKT

Hlavnou myslienkou tejto prace bolo rozsirenie poznatkov o Strukture a tektonike
karpatsko—panonskej oblasti. Na vyskum Studovanej oblasti sme pouzili tri r6zne metddy,
1D automatické modelovanie, 2D integrované geofyzikalne modelovanie a 3D inverziu.
Tieto metddy st podobné v zmysle pouzitych vstupnych databaz, ale liSia sa spdsobom
spracovania a interpretacie. Ako prvé sme aplikovali 1D automatické modelovanie, ktoré
sluzilo ako prvy nahl'ad na Studované tizemie. Ako druhé sme pouzili 2D integrované
geofyzikdlne modelovanie litosféry, ktoré kombinuje interpretaciu povrchového toku,
geoidu, tiazovych anomadlii a topografie v karpatsko—pandnskej oblasti a okolitych
tektonickych jednotkach. Tento pristup k interpretacii je schopny vymedzit' komplikované
Struktary v litosfére lepSie, ako interpretdcia kazdého jedného geofyzikdlneho pola
samostatne. V tejto praci predstavime Styri 2D integrované modely litosféry v karpatsko—
panonskej oblasti a okolitych jednotiek. Ako posledné, predstavime geofyzikdlne modely
litosféry Studovanej oblasti na zédklade modelovania pouzitim 3D inverzie. Algoritmus je
schopny vypocitat’ hustotnt distribticiu v litosfére na zéklade Bayesianského pristupu zo
spolocnej inverzie tiazovej anomalie na vol'ny vzduch, geoidu a topografie. Tieto modely
st vypocitavané na zaklade roznych vstupnych datovych setov a a priori informacii. Na
zaklade nasho modelovania nemoézeme potvrdit’ extrémne stencenie (menej ako 70 km)
litosféry panonskej panvy. Na druhej strane naSe vysledky poukazuji na narastajici trend
litosférického hrubnutia Karpatského obluka od Zéapadnych Karpat smerom do
Vychodnych, ¢o potvrdzuje predchadzajice tedrie o postupnom procese subdukcie. V
oblasti Juznych Karpat sme dosiahli protichodné vysledky. Vysledky ziskané na zaklade
3D inverzie poukazuju na extrémne stencenu litosféru na druhej strane 2D integrované
modelovania takéto extrémne stencenie v danej oblasti nepodporuje. Napriek tomu je
pravdepodobnejsie, Ze moezijska platforma je ohnutd a podsunutd pod Juzné Karpaty.
Dalsia zaujimava vec sa ukazuje v juhovychodnej oblasti pandnskej panvy, kde vysledky
3D inverzie odhal'uju taktiez vyrazné stencenie litosféry. Tato oblast’ moze byt potencialne

zaujimava a bolo by vhodné d’alej pokracovat’ vo vyskume danej oblasti.

Klucove slova: Integrované geofyzikdlne modelovanie, karpatsko—panonsky

region, 1D, 2D, 3D inverzia, , geoid, tiaz, topografia, geotermika



ABSTRACT

The main aim of this thesis is to gain new knowledge about the lithospherical
structure and tectonics of the Carpathian—Pannonian Basin region. We applied three
different methods: 1D automatic modelling, 2D integrated geophysical modelling and 3D
inversion to achieve this goal. These methods are similar concerning the used databases but
differ by used processing and interpretation. At first we apply 1D automatic modelling to
get a very first overview of the studied region. Secondly, we apply 2D integrated
modelling of the lithosphere which combines the interpretation of surface heat flow, geoid,
gravity, and topography data in the Carpathian—Pannonian Basin region and surrounding
areas. This approach is able to constrain the complicated lithospheric structures of the
studied region better than interpreting each data set on its own. We present four 2D
integrated models of the lithosphere in the Carpathian—Pannonian Basin region and
surrounding areas. Finally, based on the 3D Inversion algorithm, we present the
geophysical models of the lithosphere in the Carpathian—Pannonian region. The algorithm
returns the density structure of the lithosphere from joint inversion of free air gravity,
geoid and topography data based on a Bayesian approach. The models are based on
different input data sets and constrained by different a priori data. Based on our modelling
we cannot confirm the extreme thinning (less than 70 km) of the Pannonian Basin
lithosphere proposed by other authors. On the other hand, the results show the increasing
trend of the lithospherical thickness of the Carpathian Arc from the Western Carpathians
toward the Eastern Carpathians which confirms the previous theories about the propagation
of subduction process. We got some controversial results in the area of the Southern
Carpathians. The results based on 3D inversion show extremely thin lithosphere in the
area; on the other hand, the results based on 2D integrated modelling do not support such
thinning. However both methods indicate that it is probable that the Moesian Platform is
bend and underthrusted underneath the Southern Carpathians. The south-eastern edge of
the Pannonian Basin based on 3D inversion shows unexpected and surprisingly thin
lithosphere. Since the area is quite large, we could exclude an effect of flexure, therefore

this area might be potentially interesting for further investigation.

Key words: Integrated geophysical modelling, Carpathian—Pannonian Basin

region, 1D, 2D, 3D inversion, geoid, gravity, topography, geothermics



PREFACE

During my master’s degree I was trying to understand from the geophysical and
tectonical point of view a very small a part of the Western Carpathians: The Turcianska
Kotlina Basin. I carried out 2D density modelling to create two density transects along the
seismic transects which are crossing the Turcianskd Kotlina Basin. During the studies, |
found that the gravimetry as geophysical discipline can contribute significantly to the
expansion of knowledge about the continental lithosphere structure. I realized the
complexity of the measured gravity field interpretation and also the importance of the
appropriate interpretative procedure choice which is dependent on the known and assumed
density changes in the study area, also from its geological structure and geometry.
Naturally, the study of the lithosphere cannot be based only on gravimetry, but it is also
necessary to pay attention to the results obtained by other geophysical methods such as
seismic refraction and reflection profiling, seismology, geothermics, magnetometrics,
paleomagnetism and many others. It is also inevitable to take into account the results of
geological, geographical and geodetic surveys. However, it should be noted that different
geophysical methods have limitations resulting partly from their physical nature, and partly
from the lack of available geophysical information. Results based only on independent
geophysical field interpretations are sometimes quite inaccurate and can lead to wrong

understanding or interpretation.

After I finished the degree I felt, as I have written before, that the density
modelling on its own has to be well constrained with a priori information otherwise the
uncertainty of the results might be very significant and might cast a shadow of doubt over
the acquired knowledge. During the year after the degree I was working in the private
companies in Australia, Czech Republic and Slovakia. After that prof. RNDr. Miroslav
Bielik, DrSc offered me a possibility to work on the lithospherical scale modelling using a
new method of research: the geophysical integrated modelling. This method is able to
constrain the complicated lithospheric structures of the studied region better than
interpreting each data set on its own. It combines the interpretation of surface heat flow,
geoid, gravity, and topography. Since I was interested in the lithospheric structure I have
chosen the bulk of these methods as useful tools for my PhD. study. Since I comprehended
that this approach is based on the interpretation of several geophysical fields at the same
time, so it could constrain the lithospherical structures better than interpreting each data set

on its own and therefore, this approach should decrease the uncertainty. There was also a



possibility to gain some additional knowledge and skills at the University Paris—Sud XI
under the guidance of prof. Hermann Zeyen. So I embraced the opportunity. Moreover it
was also the possibility to study the Carpathian—Pannonian Basin region in a wider scale
and to comprehend the big tectonics and geodynamics that has been creating our

environment.

Very soon after my PhD had started the stay at the University Paris—Sud XI came
true. After a year and some financial support problems I registered as PhD student also at
the University Paris—Sud XI. Both Universities signed the bilateral agreement and I entered
the bilateral PhD. programme under the guidance of two supervisors. It was prof. Hermann
Zeyen in France and prof. RNDr. Miroslav Bielik, DrSc. in Slovakia. I have spent more
than one year in France and bring valuable geophysical knowledge and skills. I am sure
that it was a very good experience not only from the scientific point of view. Since I was in
France with my wife, it gave us not only a perfect opportunity to live in a foreign country

but also to show us a different way of life.

The thesis focuses on the application of integrated modelling of the lithosphere in
the Carpathian - Pannonian Basin region to study and clarify the tectonic evolution and
lithospheric structure. The work is also focused on the relation between the studied region
and its surrounding tectonic units. The aim of the thesis is to create several 2D integrated
lithospherical scale models of the Carpathian—Pannonian Basin region. This should serve
for better understanding of the relation of the region with its surrounding units and also to
extend current knowledge. Another part of the thesis was to create 3D integrated models of

the lithosphere in order to clarify the structure and tectonic evolution.

From the scientific point of view, this cooperation brings some interesting results
but also raise new questions about the lithosphere in Carpathian—Pannonian Basin region.
It is clear that the scientific work must continue also in the future and the white spots on
the map need to be filled with the knowledge. We published a scientific paper about the
lithosphere in the Carpathian—Pannonian Basin region based on 2D integrated modelling in
the A rank Journal of Geodynamics (Grin€ ef al., 2013) and also presented our results in
many scientific conferences from which the most known is the EGU 2013 in Vienna. Here,
I try to present also the other results, findings or problems that I encountered during the
four years of my PhD. I was a member of the international team who contributed to the
improvement of the Windows version of the 3D programme LitMod3D, since the original

programme has been compiled for a variety of Linux distributions (Ubuntu, Suse, etc. for



either 32 bit or 64 bit architectures) (Fullea and Afonso, 2010). This software package was
used in the process of the 3D lithospherical modelling. We used also 1D algorithm (Fullea
et al., 2006) to get very first view of the studied lithosphere and to use it as starting model
for the 3D inversion. In the last step we used 3D inversion to get Mohorovici¢
discontinuity (Moho) and Lithosphere—Astenosphere Boundary (LAB). The inversion
process was repeated many time with different settings in order to get a satisfying fit of the

data. Moreover we used different available input databases.

Besides this cooperation I was a member in the other projects concerning my
previous research of the TurCianska Kotlina Basin. I published in cooperation another
scientific paper as a first author in the journal Contribution to Geophysics and Geodesy
(Grin€ et al., 2010), another one as a side author in the same journal (Csicsay et al., 2012)

and in the A rank journal the Geologica Carpathica (Bielik ef al., 2013).

During my PhD. I encountered some problems and most of them I was able to
resolve. But there is still one which stays unresolved; I was not able to finish the 3D
integrated geophysical modelling. The problem is still opened and I hope that I will have
an opportunity to finish it afterwards. This different approach is based on trial and error
methodology so the interpreter has more options to “play” with the resulting model and
have more liberty to consider the importance of explanation the dataset than it is in 3D

inversion case.



TABLE OF CONTENTS

1 INEFOTUCTION. ...t 13

2 GROIOQY ..ottt bbbt 15

2.1 Western Carpathians and Pannonian Basin ...........ccccccceevenieninncnienenne. 15

2.2 Transylvanian Basin, Eastern Carpathians and Apuseni Mountains....... 20

2.3 Southern Carpathians, Moesian Platform, Rhodope..........ccccccovvvennennne. 24

2.4 Surrounding teCtONIC UNILS ......ccvveeeiieeeiieeriieeeteeeieeeveeereeeeaeeeeree e 28

2.5 Tertiary evolution of the Carpathian arc and the Pannonian Basin ......... 29

3 Geophysical data and MOdelSs...........cceveiiiiiiii i 34
3.1 Overview of the lithospheric thickness and the crust in the Carpathian—

Pannonian Basin r€ZIOMN .......ccc.eeiiiiiiiiieciiie ettt e e ee e e eareeeaaeeenaeesnseaenes 34

3.2 Detailed geophysical studies of the Carpathian—Pannonian Basin region
45

3.2.1  Pannonian BaASIiN................cccccceiiiiiiiiiiiiiiiiiiiit et 45
3.2.2  The Transylvanian BaASIN ...............ccccccceiviiiiiiiianieiiesieee e 46
3.2.3  The CarpatiiQns ...............ccccccoeeoeeeiiaiieaiieeie e 48
3.2.4  The Viancea ZONe................ccccceiueriiiiiiiiiiiiiiit et 48
3.2.5  The Moesian PlAtfOrn ..............ccoooeevuieicuieeeiieeeiieeeeiee e 50
N \V/ =11 aToTo (o] (o]0 VRSSO 52
4.1 1D MOAEIIING .ttt 52
4.2 2D MOAEIING ...t 58
4.3 3D INVETSION PIOZIAIMINE ....c..veutieueeiieneeeiieniieteeneesieenieeneeseeeteeneeseeesesanens 60
4.4 LitMod3D—3D Programime.............cccveeecueeeniueeenreeesreeesereeseneessseesssseeenns 67
.41 LithOSPREEE ...t 68
4.4.2  Sublithospheric mantle and super-adiabatic buffer layer ................... 69
4.4.3 Thermodynamic modelling and density calculation............................ 70
G 4.4 PFEOSSUFC ..o et e e e e e e e e et e e e nnaea s 71



B3 ELOVATION oot 72

4.4.6 Potential fields: Gravity and Geoid anomalies .................cc.cc.c........ 73

5  Study area and Databases ..........ccccevveiiiieiieie e 75
5.1 LD AIA..ccuiieiiiiieee ettt 75

5.2 2D PIOTIIES weeeeeiieeiie et et e e e e nbe e e nrae e 75

53 3D INVETSION ATCA ....eeutieiiieiieeiieiieeteeite et e site et estteebeesabeesbeeseeeeseesaneens 76

5.4 INPUL dAtabaSES. ....ccueieiiiiieiiieie e 77

I |V T To [=] 1T g To =T | PSSR 83
6.1 1D geophysical MOdElliNg .........cceeevieriiiiiiiiiieieecie e 83

6.2 2D integrated geophysical modelling .........cccceeevvieeiiieciiieeieeeieeeeee 89

6.3 3D inversion MOdEIlINg ........cccueeiuiiiiieiieiiieie e 99

6.3.1 Results for the model without a priori data..............c....ccccoceuveeun.n. 100

6.3.2 Results for the models with a priori data................c.cccocovuveevnnn.n.. 106

6.3.3  Discussion of the 3D inversion models.................cccccocceevcencianennnn. 112

6.4 3D lithospherical modelling (LitMod3D).......ccccueeiiiiiiiiiiiiieieeieeee, 117

T CONCIUSION ..o 124
S 01 =Tt {1 SRS SS 129
9 BIDHOGraPpNY ..o e 131
10 SUMMANY N SIOVAK ..o 150

11 SUMMANY IN FIENCN ..ot 163



1 INTRODUCTION

Geophysical survey is an integral, although very often unrecognized part of
geological survey. A clear advantage is its non—invasive nature, effectiveness and
efficiency, whether in shallow or in deep exploration. Its critics point to the contrary, the
lack of a priori data and often controversial correlation of geophysical data with geological
reality. Gradual and thorough study of geophysical fields and phenomena with the
contribution of the development of computers, a suitable combination of several
geophysical methods, this criticism becomes unjustified or at least attenuated. Geophysics
proves a unique place especially in the analysis and research of deep structures, tectonic
setting, but it can be also very useful for solving problems of the geodynamic evolution of
the studied areas and regions. However, its advantages can defend well in shallow

geological survey for the needs of hydrogeology, engineering geology and environmental
geology.

The Carpathian—Pannonian Basin region is an interesting place that gives us an
opportunity to study tectonics, geodynamical processes, but also the subduction that
recently ends in the eastern part of the region. The attractivity of the region from a
geological and geophysical point of view can be confirmed by the amount of the previous
investigations. Most attention has drawn the Vrancea Zone where the last stadium of the
subduction process can still be observed. The Western Carpathians and the central part of
the Pannonian Basin were also well studied (e.g. Adam, 1976; Babuska et al., 1987; Sefara
et al., 1987; Praus et al., 1990; Horvath, 1993; Szafian et al., 1997; Bielik et al., 2004;
Posgay et al., 1995;. Tomek et al., 1987; 1989; Lillie, 1991; Lillie et al., 1994; Zeyen et
al., 2002; Alasonati Tasarova et al., 2009; Janik et al., 2011) by different geophysical
approaches. The main interest in this area was caused by the very high heat flow which
was interpreted as expression of thin crust and thin whole lithosphere. Also the
Transylvanian Basin has drawn attention due to its low heat flow and also somehow higher
topography comparing with the neighbouring Pannonian Basin. But there are still some
enigmatic places in the map of this region and some detailed survey should be done. I also
realized the fact that the strict interpretation of the Carpathian—Pannonian Basin region is
insufficient, so it needs to be extended to the surrounding tectonic units, which in my case

are the Bohemian Massif, the European Platform, the Black Sea, the Moesian Platform, the
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Balkanides, the Rhodopes, the Aegean Sea, the Dinarides, the Adriatic Sea and the Eastern
Alps.

Since we used three different approaches of the investigation based on the
integrated geophysical modelling I believe that the results give new knowledge about
tectonics and geodynamics of the Carpathian—Pannonian Basin region. The thesis work

plan is following:

- A general overview of current knowledge and research in the field, which used a
different methodology of study and research, and their confrontation with the

results achieved in this dissertation

- The creation of four regional integrated 2D models of the lithosphere by applying
the 2D algorithm (Cages) (Zeyen and Fernandez, 1994), cross different tectonic

units in Central and Southern Europe

- The creation of an integrated 3D model of the lithosphere in the focused area by

using the 3D inversion programme (Motavalli-Anbaran et al., 2013)

- The creation of an integrated model of the lithosphere in the Transylvanian Basin

by using LitMod3D (Fullea et al., 2009)

The work is divided into a few logical chapters. In the first I describe the basic
geology of the area and summarize the results of the previous geophysical surveys. The
second part is devoted to simple principles, methodology and data processing of 2D and
3D integrated geophysical modelling (3D inversion and LitMod3D). The third unit is
devoted to the results achieved. Work was performed sequentially at two sites, because the
study is designed as a double doctorate under management. Part of the study was headed
by prof. RNDr.Miroslav Bielik, DrSc. at the Department of Applied and Environmental
Geophysics at the Comenius University in Bratislava, and the second part by prof.

Hermann Zeyen from the IDES laboratory at the University Paris-Sud XI.
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2 GEOLOGY

The study area includes a series of very different lithospheric blocks that have
been amalgamated during the major European orogeneses from the Cadomian to the
Alpine ones (Fig. 1). The northern part of the study area is formed by the North European
Platform, which is separated by the Trans—European Suture Zone (e.g. Pharaoh, 1999) into
the Precambrian East European Platform in the E and the Paleozoic West European
Platform in the W. The West European Platform consists of a collage of Gondwana related
Precambrian and/or Cadomian terranes amalgamated during pre—Variscan tectonic events
and then covered by thick sedimentary deposits. In the area described, these terranes also
include the Matopolska Massif and the Bohemian Massif surrounding the German—Polish

Caledonides.

During the Alpine orogeny, the terranes of Alcapa and Tisza—Dacia docked to the
older ones, forming the immense East Alpine—Carpathian Arc. S—wards, the Carpathian
Arc turns around the Moesian Platform and continues into the orogenic zones of the
Balkanides. The southern branch of the Alpine orogen includes the Southern Alps that are
linked to the Dinarides, the Albanides and the Hellenides towards the SE. All these Alpine
mountain belts are wrapping around the large Pannonian Basin rimmed by volcanic chains,
which were formed by back-arc extension during the Neogene (Csontos et al., 1992). This
type of volcanism was preceded by the regional extension-related silicic and andesitic
volcanism (Kovac, 2000; Koneény et al., 2002). As a whole, the Alpidic orogenic system
of the area shows a very complex structure and evolution, consisting of numerous units and
blocks with intricate relationships in space and time (see e.g. Csontos and Vords, 2004;

Schmid et al., 2008; Ustaszewski et al., 2008).
2.1 Western Carpathians and Pannonian Basin

The Western Carpathian Mountains form the western and the northern parts of the
Carpathian arc, which is characterized by strong zonal arrangement with a strong fold
structure and migrating orogenic system from the S to the N. On the basis of lithology and
age of the rocks, the Western Carpathians can be divided into two parts, the Outer and the
Inner Western Carpathians (Kovac, 2000), or the Internides and the Externides. These two
parts are separated from each other by the Pieniny Klippen Belt. The Inner Western

15



Carpathians folding was finished before the Cretaceous (about 65 Ma ago), while the Outer

Western Carpathians were folded during the Tertiary (30—12 Ma). The Inner Western

Carpathians contain also elements of older Hercynian tectonogenesis which has been

transformed and incorporated into Alpine units. Morphological and tectonic settings of the

Western Carpathians, however, were strongly influenced by Tertiary (Neoalpine) tectonics.
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(Focsani Depression)
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2006). Keys: HCM, Holy Cross Mts.; GPC, German-Polish Caledonides; SA, Southern Alps, VZ,
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Foredeep

The Tertiary accretionary prism of the Outer Western Carpathians is a tectonic

feature, which is typical for the whole Alpine—Carpathian region. In this area there are
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several nappe units which were thrusted onto the folded European Platform. The final
process of forming an accretionary wedge was associated with the margin flexure of the
Platform on which the foredeep was formed (Kone¢ny et al., 2002; Mindr et al., 2011)
(Fig. 2).

The Western Carpathian foredeep is filled with Middle Miocene, mostly marine
sediments (Oszczypko, 1998). Further S, these are overridden by the frontal nappes of the
Carpathian Flysch Belt, which is the Tertiary accretionary complex with a typical fold—
and—thrust structure and wedge—shaped geometry (e.g. Oszczypko, 2006). Numerous thrust
sheets are composed of flysch—dominated sediments that were scraped off presumably
oceanic lithosphere attached to the southern passive margin of the North European
Platform. The backstop of this wedge is formed by a few km wide subvertical zones with

intricate inner structure, which is called the Pieniny Klippen Belt.

Further SE, the Central Western Carpathians contains a pile of basement and
cover nappes that originated during the mid—Cretaceous orogenic movements (Froitzheim
et al., 2008; Plasienka et al., 1997 and references therein). The southernmost Western
Carpathian zones are characterised by the presence of allochthonous relics of ophiolite—
bearing Triassic/Jurassic melanges and blueschist—facies metamorphosed complexes
attributed to the Meliatic Unit, a possible remnant of the Neotethyan (Meliata Ocean)
suture. The Western Carpathians form the eastern part of the Alcapa (Alps—Carpathians—
Pannonia) Megaunit, which represents a wedge—shaped megablock strongly squeezed in its
Eastern Alpine part between the Adriatic indenter and the southern spur of the Bohemian

Massif during the Tertiary collision.

The Western Carpathian part of Alcapa was extruded during this collision towards
the unconstrained eastern area occupied by an oceanic lithosphere underlying complexes of
the present Carpathian Flysch Belt (e.g. Ratschbacher et al., 1991). The southern boundary
of the escaping block is formed by the Periadriatic fault line, which continues ENE—ward
through the wide Mid—Hungarian fault line (Csontos and Nagymarosy, 1998; Palotai and
Csontos, 2010). This zone provides the contact to another large Tertiary crustal block
known as the Tisza—Dacia Megaunit, or Tiszia, which occupies a central position within
the Carpathian arc (e.g. the Apuseni Mountains), and is mostly covered by thick Neogene

and Quaternary sediments and volcanics of the Pannonian Basin.
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In the S, the Tisza—Dacia block is obducted by Tethyan ophiolites of the

Transylvanides (Mures Zone—lIonescu et al., 2009 and/or Eastern Vardar Ophiolite Unit—

Schmid et al., 2008).

The Pannonian Basin began as the back—arc basin system, which was a
consequence of a lithospheric extension and of the upwelling of the mantle material on the
inner side of the Carpathian arc (Csontos et al., 1992; Horvath, 1993; Royden, 1993;
Kovag, 2000). Along the margins of microplates were created normal and listric faults, but
also large strike slip faults during the formation of this basin system. The system is filled
by Tertiary and Neogene sediments that are locally up to 7 km thick (Bielik, 1988; Kilényi
and Sefara, 1989; Vakarcs et al., 1994; Bielik et al., 2005; Csato et al., 2007). The
Pannonian Basin is filled with Neogene and Quaternary sediments and volcanics. Locally
preserved Lower Miocene marine deposits and felsic volcaniclastics predated the main
rifting phase of the back—arc Pannonian Basin during the Badenian. Middle Miocene syn-
rift, still marine deposits are followed by the Upper Miocene and Pliocene brakish to
freshwater, post-rift sediments of the “Pannonian Lake”. This strong later thermal
subsidence is ascribed to thermal thinning of the mantle lithosphere due to asthenosphere

upwelling (Plasienka, 2012).
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19



2.2 Transylvanian Basin, Eastern Carpathians and Apuseni

Mountains

The Eastern Carpathians are formed by the E—ward thrusting nappe sheets of the
Median and the Outer Dacides and the Moldavides (Fig. 3) (Sandulescu, 1994) that were
stacked during the mid—Cretaceous “Austrian” phase. The Median Dacides (the Central
East Carpathians) involve basement/cover units attributed to several nappe systems— the
Bucovinian, Sub—Bucovinian and Infra—Bucovinian (this corresponds to the Getic unit of
the Southern Carpathians — their pre-Alpine basement is composed of various, high- to
low-grade metamorphic series; the cover includes Permian red—beds, Triassic carbonates,
Lower Jurassic Gresten—type clastics, later Jurassic and Lower Cretaceous pelagic facies
and pre—Albian synorogenic flysch sediments. The Bucovinian nappe stack is sealed by an
Albian—Cenomanian post—tectonic cover, but their final thrusting over the more external

Outer Dacides was post-Albian in age (Plasienka, 2012).

The Outer Dacides are already elements of the Carpathian Flysch Belt and are
composed of several fold-and-thrust, thin—skinned units. The innermost Black Flysch
Nappe contains Jurassic basalts and deep—water sediments. The underlying Ceahlau Nappe
was derived from the Severin—Ceahldu oceanic domain and contains Jurassic radiolarites
and basalts and Tithonian—Lower Cretaceous calcareous flysch overstepped by Albian
conglomerates. Still more external are the Moldavides— a frontal Carpathian fold—and—
thrust system overriding the Neogene foredeep and Phanerozoic cover of the East
European Platform. The Moldavides consist of numerous fold—and—thrust units composed
mostly of Cretaceous flysch in the inner subunits (Convolute Flysch, Macla, Audia). The
outer nappes (Tarcau, Marginal Folds) are dominated by Palacogene sandy flysch deposits.
The Subcarpathian Nappe occurs in the outermost position, being composed of detached
Oligocene and Lower Miocene sediments. The foredeep includes sediments of Upper

Miocene to Quaternary age (Plasienka, 2012).

The Outer East Carpathian flysch nappes partially overthrust the Palaecozoic
Trans-European Suture Zone followed by reactivation of faults of the Teisseyre—Tornquist
Zone. In the area concerned, the Trans—European Suture Zone is hidden and the Carpathian
frontal nappes override the margins of the East European Precambrian Platform and the
northern tip of the Scythian Platform, the latter affected by Palaeozoic deformation and

covered by thick Devonian to Jurassic sediments. SE—wards, the Trans-European Suture
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Zone involves also the Cimmerian (Jurassic) North Dobrogea orogen that fixes a contact
between the Moesia Platform and the North European Platform. In this way, the Moesian
Platform in the E and the southern Bohemian Massif edge in the W provided two fixed
lateral boundaries that had to be passed by the E-ward translating and rotating megablocks

Alcapa, Tisia and Dacia during the Miocene (Plasienka, 2012).

The Transylvanian Basin is a large, nearly circular depression /50-200 km in
diameter that spreads between the Apuseni Mountains and the Eastern Carpathians. The
basin has a polygenic fill with unconformities between the Upper Cretaceous, Palacogene
and Miocene sediments. The Miocene volcaniclastic, terrigenous and evaporitic sediments
are partly related to the Pannonian Basin and can reach thicknesses in excess of 4 km

(Sanders et al., 2002).

The Transylvanian Basin represents a post-Cenomanian sedimentary basin
developed on top of the Middle Cretaceous basement nappes (internal Carpathians). The
nappes form the hinterland of the Carpathians ‘backstop’ of the foreland folded belt further
to the E (Krézsek and Bally, 2006). The Middle to Late Miocene Transylvanian Basin
(similarly as the Vienna Basin) is not considered as a part of the Pannonian Basin system
and do not belong to the back—arc basin area. (e.g. Royden, 1985; Tari and Horvath, 1995;
Kova¢ and Bada, 1999; Fodor et al., 1999, Krézsek and Filipescu, 2005; Tilita et al.,
2006). It shows a moderate fault pattern, except for superficial extension related to salt
tectonics (e.g. De Broucker er al, 1998; Krézsek and Filipescu, 2005) and it is
characterised by low regional surface heat flow (e.g. Demetrescu et al, 2001). High
subsidence rates are documented during the Middle to Late Miocene (e.g. Cranganu and
Deming, 1996). The driving mechanism of the subsidence is one of the major unresolved
questions of the geology of the Transylvanian Basin (Huismans et al., 1997). One of the
most important factors influencing the late stage of the Transylvanian Basin is related to
the Late Miocene uplift of the Carpathians (e.g. Sanders, 1999) and associated
gravitational spreading (Schultz-Ela, 2001) of the post-salt overburden strata (Krézsek,
2004).
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Fig. 3 Tectonic sketch of Romania, Carpathian Foreland (Sandulescu, 1994): 1. East European Platform;
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Upper Cretaceous — Paleocene magmatic arcs; 14. Neogene magmatic arcs; 15. thrust-sheets; 16.
Faults.
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Basement of the Transylvanian Basin centre is composed of the supra—subduction
ophiolite and volcanic island arc complexes of the Transylvanides. Comparable oceanic
crust rocks are found also in the Southern Apuseni Mountains. These rocks are considered
as remnants of a marginal or back-arc basin, in which a volcanic arc developed. (Ionescu et
al., 2009). However, position of Transylvanides is not fully understood yet — they either
represent the “Main Tethyan Suture Zone” located between the Tisia and Dacia terranes
and connect, via the Pienides of the Poiana Botizei Klippen Zone, with the Alpine—
Western Carpathian Penninic sutures NW—ward (Sandulescu, 1994), or alternatively, they
belong to the obducted, fully allochthonous Eastern Vardar ophiolitic unit overlying the
Median Dacides (Bucovinian, Supragetic and Biharia; Schmid ez al., 2008).

The Apuseni Mountains are an example of an orogen in the interference zone
between two subduction systems. They form an internal mountain belt with respect to the
present—day Carpathian and Dinaridic—Hellenic Belts and are situated at the transition
between the Tisza, East Vardar and Dacia tectonic units (Merten et al., 2011). The East
Vardar Ocean was probably obducted onto parts of Dacia during Late Jurassic times
(Schmid et al., 2008), followed by late Early Cretaceous obduction and continental
collision between the Tisza and the Dacia continental blocks (Sandulescu, 1988; Csontos
and Voros, 2004). The latter is responsible for the E-ward emplacement of a large sheet of
Transylvanides (ophiolites) over the Dacia basement, which are recognized as far East as
the East Carpathians (e.g. Sandulescu and Visarion, 1978; Ionescu et al., 2009). In the
Apuseni Mountains, thrusting was followed by intra—Turonian W-ward back—vergent
thrusting, creating the retro—vergent side of the orogen in a series of four main nappe units
(Mecsek, Bihor, Codru and Biharia) (e.g. Sandulescu, 1984; Balintoni, 1994; Haas and
Pero, 2004; Schmid et al., 2008)

The Apuseni Mountains in western Romania are built of numerous, N-ward
verging thrust sheets emplaced during the mid—Cretaceous period (Inner Dacides in
terminology of Sandulescu, 1994). The Bihor “autochthon” in the Northern Apuseni
Mountains is composed of Pre—Alpine basement and its Permian to Cretaceous
sedimentary cover and is overridden by the Codru basement/cover nappe system and the
Biharia basement—dominated thrust units. In the Southern Apuseni Mountains (Muntii
Metaliferi, Mures Zone), the latter underlay obducted sheets of the Transylvanides —
Tethyan ophiolite and island-arc magmatites with related Lower Cretaceous flysch and

olistostrome complexes. The post-tectonic formations include the Senonian, Gosau—type
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shallow-marine terrigenous deposits (e.g. Schuller et al., 2009) and Upper Cretaceous—
Palaeogene calc-alkaline magmatites, so—called “banatites”. Intramontane grabens are

filled with Miocene deposits and acid volcanic rocks (Plasienka, 2012).
2.3 Southern Carpathians, Moesian Platform, Rhodope

The Southern Carpathians (Fig. 1) are predominantly built up of pre—Alpine
polymetamorphic, low— to high—grade crystalline basement complexes creating several
south-verging thick-skinned thrust sheets (Median Dacides—Sandulescu, 1994). Their
basement is made up of high-grade Proterozoic rocks showing Variscan reworking and
cooling (Dallmeyer et al., 1998; lancu et al., 2005). The scarce sedimentary cover includes
Permian and Scythian clastics, Middle Triassic carbonates, and variegated Jurassic to

Lower Cretaceous strata.

The Getic Depression (Fig. 1) that rims the Southern Carpathians from the S was
formed by Early Miocene dextral transtension and is filled with Neogene terrigenous,
molasse-type sediments more than 5 km thick. The external zones of the Getic Depression
continue laterally E—wards into the Focsani foredeep of the southern Eastern Carpathians.
S—wards, the Moesian Platform is located; it is a large crustal block forming the foreland of
the Carpathian—Balkan arcuate mountain belt that wraps it from the N, the W and the S. It
extends over a large area of Bulgaria, S of the Southern Carpathians and N of the
Balcanides. The metamorphic bedrock is covered by a more than 6 km thick layer of
sediments from Early Paleozoic to Recent and volcanic rocks as well (Carboniferous—
Permian, Triassic and Miocene) (Tari et al, 1997; Sandulescu, 1994). The deeper
substratum of the Moesian Platform is formed by the Precambrian basement affected by

Neoproterozoic orogenesis (Seghedi et al., 2005).

The Balkanides (Fig. 1) represent a thrust system overriding the southern margin
of the Moesian Platform. They include Lower Palacozoic low—grade volcano—sedimentary
complexes, some Variscan granitoids and thick Upper Palacozoic to Middle Eocene
carbonates and deep—water clastic deposits. Deformation occurred during two principal
phases—in the late Early Cretaceous and in the Eocene. The Srednogorie is composed of
high—grade  metamorphic  basement (probably = Precambrian) and Paleozoic
metasedimentary complexes intruded by Variscan granitoids. Cover successions include
variegated Upper Carboniferous to Lower Cretaceous sediments intensely folded in mid—

and end— Cretaceous times. The Rhodope metamorphic complex (Ricou et al, 1998;
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Schmid et al., 2008) forms a large, dome—like tectonic window. It consists of basement-
dominated complexes and involves several allochthonous units differing considerably in

their tectonometamorphic histories (Jandk et al., 2011).

The system of mountain ranges in the SE Europe serves as a type locality of
general concepts of the mountain tectonics, orogenic collapse and subduction dynamics.
Between the Carpathian and Balkan orogenic system is the Moesian Platform, considered
as a part of the stable European Platform (Fig. 4). Therefore, it is often used as a fixed
point for interpretation and kinematic reconstruction of the SE European plate movements
during the Cenozoic (e.g. Linzer, 1996; Morley, 1996; Linzer et al., 1998; Ricou et al.,
1998; Schmid et al., 1998; Zweigel et al.,1998; Van Hinsbergen et al., 2008).

However, tectonic stability of the block during the evolution of the Carpathians,
the Balkans and the Aegean region is still controversial and poorly defined by reliable
paleomagnetic studies of the vertical axis rotation. The adjacent regions of the Moesian
Platform (Fig. 1) were determined by extensive paleomagnetic rotation about a vertical
axis, which allowed to define and quantify the Mesozoic kinematics (Horner and Freeman,
1983; Balla, 1987; Kissel and Laj, 1988, Morris, 1995; Speranza et al., 1995; Kissel et al.,
2003; Csontos and Voros, 2004; Van Hinsbergen et al., 2005; 2008) In the N, in the
Carpathian region, ~80° of clockwise rotations in the large Tisza Block since the
Oligocene are generally interpreted as reflection of its wholesale motion around the NW
corner of the Moesian Platform during E-ward roll-back of the subducted Carpathian slab
(Patrascu et al., 1994; Panaiotu, 1998; Schmid et al., 1998). In the S, the whole domain
consists of the western Aegean and Albanian regions rotated about ~50° clockwise (away
from the northern Rhodope and the Moesian Platform) during the period /5 to 8 Ma. This
was interpreted as a combination of the effect of African plate S—ward roll-back and the
W-ward extrusion of Anatolia (Kissel and Laj, 1988; Kissel et al., 2003; Van Hinsbergen
et al., 2005). However, these interpretations are based on the assumption that the Moesian
Platform itself did not rotate during rotation of the domain. Although paleomagnetic data
from the Moesian Platforms are very rare, they indicate some Mesozoic rotation
(Dolapchieva, 1994) or some local rotations (Fig. 4) may have occurred during Eocene

compression (Van Hinsbergen ef al., 2008)
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Present-day knowledge indicates ~/5° clockwise rotation of contractile tectonics
and re-magnetization during the middle Eocene (Jordan ef al., 2001). Along the northern
edge of the Moesian Platform foredeep sediments of the Southern Carpathians, recorded

~30° rotation in a clockwise direction at a time between /3 and 6 Ma (Dupont—Nivet et al.,

2005).
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This phase of rotation is interpreted as a dextral movement associated with the E—
ward heading of the Tisza block provided that the Moesian Platform did not rotate.
However, an alternative interpretation presents another solution, namely that the Tisza
block and Southern Carpathians rotated clockwise together with the Moesian Platform
from /3 to 6 Ma. Based on the fact that the rotation takes place simultaneously with the
rotation of the western Aegean region, it can be expected that the Tisza block and the
western Aegean region partially rotated together. This could have important implications
for motion (extension), the location of the Aegean region and the Carpathian block rotation
(i.e. the west—Aegean rotations might be partly accommodated in the Carpathian back—arc)

(Van Hinsbergen et al., 2008).

On the southern margin of the Moesian Platform, the Alpine deformation
processes are associated with N—ward heading emplacement of the Balkanides and the
Srednogorie nappes in a back-thrust system. This was also accompanied by N-ward
subduction during African—European convergence (Boccaletti et al., 1974; Ricou et al.,
1998; Van Hinsbergen et al., 2005) which caused the upper Cretaceous to Paleogene
sedimentation cover of the Platform (Tari et al., 1997). During the middle Eocene, the
contraction ended almost on the entire length of the southern platform margin, with a few
exceptions that were still active in the Eocene (Sinclair et al.,, 1997). The Rhodope
Mountains form a complex structure involving exhumed high—grade metamorphic rocks,
which were buried and uncovered during the Creataceous to Paleogene (Ricou et al., 1998;
Brun and Sokoutis, 2007) overlain by Oligocene to Eocene sedimentary basins and
volcanic fields (Lilov et al., 1987, Yanev and Pecskay, 1997; Yanev et al, 1998).
Significant contraction south of the Moesian Platform ended in the Eocene (Ricou et al.,
1998). After this the deformation moved further S in the form of accretion (Van
Hinsbergen et al., 2005). By this time the Rhodope accretion was stuck on the Moesian
Platform as indicated by the absence of major post—Eocene structures, which in itself could
carry traces of significant movements between blocks. The post middle—-Eocene
exhumation of a wide metamorphic dome in the southern Bulgarian Rhodopes core
complex was widely conceived as a tectonic denudation as a result of large-scale extension
(Dinter and Royden, 1993; Ricou et al., 1998; Krohe and Mposkos, 2002; Brun and
Sokoutis, 2007). This extensional history has created a series of post middle-Eocene
graben and half—graben in the southern Rhodope Mountains, which cross—cut pre-Eocene

nappes (Tzankov et al., 1996; Nakov, 2001; Burchfiel et al., 2003).

27



Along the northern margins of the platform, late Cretaceous nappes are followed
by significant post-Eocene deformation. Although contractile deformation along the
southern edge of the Moesian Platform ended in the Eocene, western and northern margins
were subjected to overthrusting and right-—lateral wrenching associated with the N—ward
and E—ward propagation of the Carpathian fold—and-thrust belt around the Moesian
Platform from Eocene to Pliocene (Schmid et al., 1998; Bertotti et al., 2003; Matenco et
al., 2003; Dupont-Nivet et al., 2005; Vasiliev et al., 2005).

2.4 Surrounding tectonic units

As we can divide the Western Carpathians, we can sectionalize also the Eastern
Alps. Based on the age of tectonic units, rock lithology and lithostratigraphic contents in
the Eastern Alps, one recognizes several zones: molasse zone, flysch zone, Northern
Limestone Alps and the Central Eastern Alps (Kovac, 2000). The Bohemian Massif forms
the eastern part of the Variscan orogen and is composed primarily of metamorphic rocks,
granites and Paleozoic sedimentary rocks with plenty of fossils (Matte, 1991). European
Platform includes the Precambrian East European Platform in the NE and a younger
Paleozoic platform in the SW. These two units are separated from each other by the Trans-
European Suture Zone, which locally reaches a width up to 200 km and passes through
Europe from the N of the North Sea to the Black Sea in the S. The north—easternmost
boundary of the fault zone is in Poland, called Teisseyre—Tornquist Zone (Dadlez et al.,
2005). The Trans—European Suture Zone contains several interesting studied areas, which
were stuck on the SW border of the East European Platform during the Paleozoic
(Winchester, 2002). In eastern Poland they are known as the Bruno—Silesian (or Upper
Silesia), Matopolska and Lysogory blocks, while the last two have been uncovered in the
Holy Cross Mountains and separated from each other by the Holy Cross fault. The Adriatic
Sea is made of a stable intra—orogenic, Gondwana—derived terrane—the Adriatic (Apulian)
microplate. It creates a submerged foreland for both the Apennine thrust belt approaching
from the SW and for the frontal Dinaridic units thrust from the NE. The part of the Aegean
Sea as a part of the studied region is built of basement belonging to the Dacia—Balkan Belts
(Schmid et al., 2008).
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2.5  Tertiary evolution of the Carpathian arc and the Pannonian

Basin

The Carpathian-Pannonian domain is located in an embayment of the European
Platform. Its NW corner has a border with the Bohemian massif and the SE edge with the
Moesian Platform (Dérerova et al., 2006). Part of the Carpathian flysch zone is located in
the outer Western Carpathians, which is lying either on pre-Oligocene oceanic crust (Tari
et al., 1993) and / or on thinned continental crust (Winkler and Slaczka, 1992; Sperner et
al., 2002). Outside the Western Carpathian flysch zone is situated the foredeep on the bent

platform.

Tertiary evolution of the Alpine—Carpathian orogen is characterized by the
influence of the W to SW directed subduction (Fig. 5) (Sperner et al., 2001). Originally,
this was an active subduction along the Alpine—Carpathian arc. But after the continental
collision in the Eocene in the Alps, the subduction resumed only in the Carpathians, where
the passive European continental margins provided space for further subduction. (Dérerova

et al., 2006).

The Tertiary evolution of the Carpathians and the Pannonian back—arc basin was
interpreted by Konecny et al. (2002) in terms of Alpine subduction and orogenic evolution
of the compression zone. This resulted in a lateral intrusion of the Alcapa lithosphere along
transform faults during the Alpine collision and Carpathian gravitative subduction of the
oceanic or highly thinned continental lithosphere, where the flysch basin is located. Back—
arc basin extension was associated with the diapiric upwelling of the asthenospheric

mantle.
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Location of plate boundary
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Vrancea earthquakes

Fig. 5 Model for slab break-off beneath the Carpathian arc (Sperner, 1996). The slab segments in the
northern parts are already detached; the south-easternmost segment is still mechanically coupled

with the European plate (Sperner et al., 2001).

The subduction was always parallel within any segment of the Carpathian orogene
and it was not finished at the same time throughout the whole arc. Numbers of
observations suggest that the propagation of the subduction process was conducted from
the W to the E or to SE during the Neogene (Royden and Horvath, 1988; Rumpal and
Horvath, 1988; Ratschbacher et al., 1991a, 1991b; Csontos et al., 1992; Horvath, 1993;
Tomek and Hall, 1993; Linzer, 1996; Kova¢ et al., 1998; Kovac, 2000; Konecny et al.,
2002; Van Hinsbergen et al., 2008).

The back—arc extension indicates a middle Miocene slab retreat (Royden,1988),
which is considered as main mechanism of the Miocene movements for both Inner
Carpathians microplates of Alcapa and Tisza-Dacia (Van Hinsbergen et al., 2008) (Fig. 6).
These microplates, bounded by Mesozoic geometry, were moved independently from of
each other at different speeds and directions (Lankreijer et al., 1999). Paleomagnetic data
revealed a strong rotation of both microplates, the Tisza—Dacia block was turned clockwise
by ~60° during the Miocene (Balla, 1987; Marton and Fodor, 1995; Linzer et al., 1998;
Panaiotu, 1998; Wortel and Spakman, 2000; Sperner et al., 2001; Dupont—Nivet et al.,
2005) and Alcapa by ~80° counter clockwise (e.g. Kovac et al., 1997; Marton and Fodor,
1995). After the ending of movements both lithospheric fragments were amalgamated

along mid—hungarian tectonic zone (Csontos, 1995).
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Fig. 6 Movement of the Alcapa and Tisza microplates caused by roll-back effect, extension of the basin
and rotation the Tisza microplate and whole west Aegean area around a stable Moesian Platform

(Van Hinsbergen et al., 2008).

Neogene evolution of the Carpathian arc was influenced mainly by subduction of
the lithosphere, which was located beneath the front of orogene. This development took
place in three phases: 1) remnant oceanic lithosphere subduction, which was located in the
North Peninic-Magura flysch zone, active from late Oligocene to early Miocene (Kovac et
al., 1994), 2) active subduction of the Krosno—Menilite flysch zone basement from early to
late Miocene, 3) the last activity of subduction, at the southern tip of the Eastern
Carpathians in Vrancea area is dated to late Miocene to Quaternary. The present subsurface
contact zone between the European Platform and the Carpathians is suggested to be
situated along the axis of the Carpathian gravity low (Tomek et al., 1989; Tomek and Hall,
1993).

Continental collision started in the northernmost parts of the Carpathians and
continued further S or/ to the SE, which led to a corresponding shift in sedimentation of the
foredeep basins (Jificek, 1979; Meulenkamp et al., 1996; Kovac, 2000; Sperner et al.,
2001) and shifting volcanic activity (Pécskay et al., 1995; Kone¢ny et al., 2002; Seghedi et
al., 2004).
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The contrasting evolution of the accretionary prism and its subsequent folding
allows identification of three segments with different subduction history, roughly
corresponding with the Western Carpathians, NW part of the Eastern Carpathians and the
SE part of the Eastern Carpathians (Kova¢, 2000).

Temporal and spatial distribution of arc (subduction) type andesites suggests that
subduction processes stopped when the subducted slab was almost in vertical position,
closely followed by the detachement of the descending lithospheric plates from the
continental margin. The plate detachement is manifested as lack of seismicity in
intermediate depths in the northern parts of the Carpathians (Sperner et al., 2001). Like the
evolution of collision in the northern Carpathians, slab detachement began in the N and
gradually continued to the S. Final detachment of the sinking lithospheric fragment in the
Eastern Carpathians is confirmed by the results of seismic tomography (Goes et al., 1999;
Wortel and Spakman, 2000). The Recent lithosphere detachement process can be seen in
the Eastern Carpathians in the Vrancea seismic zone (Constantinescu and Enescu, 1964;
Sperner et al., 2001). This zone is considered to be the last place in the Carpathians with
ongoing gradual subduction, slab detachement and retreat of the tectonic plates, which is
responsible for the development of back—arc system in this area (Tomek and PANCARDI
Colleagues, 1996; Seghedi et al., 1998; Wortel and Spakman, 2000).

In general, a short period of andesite arc-type volcanism is interpreted as an
indication of the limited width of subducted lithosphere (200 to 300 km in the NW segment
(Krosno—Moldavicum zone) and less than 200 km in the SE segment), or as a sign of

gradual detachment of the slab during the volcanic activity

Subduction beneath the flysch in the external Carpathians was from the beginning
compensated by the uplift of asthenosphere and with this related to rifting in back—arc
region. Temporal and spatial distribution of back—arc extension reflects segmentation of
the subducting slab, as well as its final vertical tilt. This segmentation can be understood as
a process driven by gravity, which makes space for astenospheric flow and accelerates the

process of subduction (Dérerova et al., 2006).

Thinning of the lithosphere in the Pannonian region corresponds to diapiric uplift
of the asthenospheric material. Thinner lithosphere is documented by thermal modelling
(e.g. Lenkey, 1999) and the spatial distribution of andesite and acid volcanism associated

with regional extension (Szabo6 et al., 1992; Kova¢, 2000; Konecny et al., 2002). Miocene
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volcanic activity (Karpatian to Badenian) began in the W and the NW part of the
Pannonian basin system area, associated with subduction in front of the Western
Carpathians. The volcanic activity (Badenian to Sarmatian) continued in the NE regions of
back arc basin, associated with accelerated subduction in the NW part of the Eastern
Carpathians and finally the subduction and volcanic activity (Sarmatian to Pannonian) hit
the northern, central and eastern regions of the Eastern Carpathians (Pécskay et al., 2006).
Late—phase alkali basalt volcanism shows that during the late development stage of the
back—arc basin extensional conditions persisted and that diapiric uplift of the astenospheric

material incorporated unmetasomatised mantle material in itself.
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3 (GEOPHYSICAL DATA AND MODELS

The whole studied region was subject of the many geophysical studies not only in
the past but the research still continues these days. The tectonic history and unique
interesting geodynamics are keeping scientists curious and challenging. From the
beginning of the research, scientists have brought many different interpretations of the
tectonic evolution, geodynamics, the composition and structure of the Carpathian—
Pannonian Basin lithosphere. Since the amount of geophysical methods and approaches is
from its beginning large and still increasing, also the amount of the results is considerable.
These methods differ in the way of data acquisition, processing and interpretation which
many times bring controversial results. Despite of these controversies the knowledge is
wide and in most of these cases integrated together. However we cannot consider the
research finished and well done. These days also, there are white spots on the map of the
knowledge in the region; still a lot of questions and theories remain, so the investigation

must continue in the future as well.

3.1  Overview of the lithospheric thickness and the crust in the

Carpathian—Pannonian Basin region

In the following chapter, I try to present some of the previous lithospherical scale

focused results.

The research of the lithosphere in the past was based mainly on the interpretation
of seismic, seismologic, gravimetric, geothermal and magnetotelluric data (Fig. 7). One of
the first models presented was the map of the Carpathian—Pannonian Basin lithosphere
based on magnetotelluric measurements (Adém, 1976; Praus et al., 1990). Later, this map
was reinterpretated based on different geophysical approaches (e.g. Babuska et al., 1988;
Horvath, 1993; Lenkey, 1999; Zeyen et al., 2002; Dérerova et al., 2006). The lithosphere
was also investigated using geothermal modelling (Cermak, 1982; 1994; Majcin, 1994;
Majcin et al., 1998). More studies were done to investigate shallover, crustal structures.
The density modelling studies of the area were focused mainly on the development of
continental crust collision zones (Lillie, 1991; Lillie et al., 1994). In the Balkan Peninsula a
Moho map has been obtained on the basis of deep seismic profiling and seismological data

(Boykova, 1999). In Romania, regional maps for the upper crust and the Moho have been
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presented based on seismic refraction, reflection data, gravimetric and other geophysical
data (Radulescu, 1988; Enescu et al., 1992). Later, newer results including main crustal
boundaries (upper crust, Moho and crystalline basement) and a gravity stripped map of the
Romania were presented (Ioane and Ion, 2005). These geophysical models have been
constructed using information derived from published crustal models based on refraction

seismic and borehole data.

Study area or transects of this theses

Study area of the Carpathian - Pannonian region (e.g. Babuska et al., 1988;
Horvath, 1993; Lenkey, 1999; Zeyen et al., 2002; Dérerova et al., 2006; Csicsay, 2010)

—— Study area of Vrancea99 (Hauser et al., 2001)

Study area of Alasonati - TaSarova et al. (2009)
Study area of Bulgaria (Boykova, 1999)
Study area of CELEBRATION 2000 (Janik et al., 2011)

Fig. 7 Topographic map of central Europe and Balkan shows the geographical location of the previous
and our geophysical investigations.

One of the most important geophysical research projects was conducted in Central
Europe between the years 1997 and 2003. The projects were carried out in extensive

international cooperation, which included 30 institutions from /6 countries all over Europe
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and North America, namely POLONAISE'97 (Polish Litospheric onsets—An International
Seismic Experiment, 1997) CELEBRATION 2000 (Central European Litospheric
Experiment Based on Refraction 2000), Alp 2002 (Eastern Alps and adjacent regions),
SUDETES 2003 (Sudetes Mountains and adjacent regions) (Guterch et al., 2003). The area
was covered with a net of seismic profiles, where CELEBRATION 2000 is the most
important projects for the present thesis (Fig. 8). These seismic profiles cover a large area,

spreading from the Baltic to the Adriatic Sea.

The total length of all profiles is about 20 000 km and 295 big blasts were made
with an average distance of ca. 50 km. As a result of these projects, a net of refraction
seismic transects spreads from the North European Platform (eastern part of the Baltic Sea)
along the Trans-European Suture Zone, over Poland and the Bohemian Massif, through the
Carpathians, Sudetes and the Eastern Alps to the Pannonian Basin, Dinarides and the

Adriatic Sea.

During the last decade, a big amount of work on the CELEBRATION 2000 data
interpretation has been done. The results of the 2D seismic modelling for the main profiles
have already been published (Janik et al., 2005; 2009; Malinowski et al., 2005; Hrubcova
et al., 2005, 2010; Hrubcové and Sroda, 2008; Grad et al., 2006; 2007; Sroda et al., 2006;
Guterch et al., 2007). The results of integrated seismic modelling along several profiles
(CELO1, CEL04, CELOS5, CELO6, CEL11, CEL12 and CEL28 seismic profiles) from the
SE Poland were presented by Janik ef al. (2009), and a geological interpretation of these
results was presented by Narkiewicz et al. (2011).These data were incorporated together
into the map of the Moho depth that covers eastern part of Slovak Republic and northern
Hungary (Janik et al., 2011) (Fig. 9).
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Location of seismic profiles of the international project CELEBRATION 2000, with shot points
(big red dots) and receiver positions (small black dots). Profiles in white boxes are the seismic
profiles interpreted by Janik ez al. (2011) (Fig. 9)The numbers in small yellow boxes refer to shot
points along these profiles. The picture shows also the seismic profiles from POLONAISE’97 (P3,
P4, P5), SUDETES 2003 (S02, S03, S04, S05, S09) and other experiments (TTZ, LT-4, LT-5, LT-
3, LZW, VIII) (Janik et al., 2011).
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Fig. 9 Moho depth map of the study area based on the CELEBRATION 2000 data (Janik ef al., 2011).

Joint modelling of surface heat flow, gravity and topographic data using
geological and seismic data, allowed to create a new model of lithospheric thickness of the
northern part of the Carpathian—Pannonian Basin region and adjacent tectonic units (Zeyen

et al., 2002; Dérerova et al., 2006). This lithospheric thickness model was based on the
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results of the 2D integrated modelling along nine profiles (sections I, II, III, IV, V Zeyen et
al., 2002 and sections VI, VII, VIII and IX Dérerova et al., 2006) It includes also results
published earlier (Babuska et al., 1988, Horvath, 1993 and Lenkey, 1999) (Fig. 10).

MOEsian pLatFO®™

26"

LEGEND
[ EurOPEAN AND MOESIAN PLATFORMS B ALPINE - CARPATHIAN UNITS
1 Foreprer anp parwontaN SEDVENTS [l NEOGENE VOLCANIC AREAS

Fig. 10 Map of the lithospherical thickness of the Carpathian-Pannonian region (Dérerova et al., 2006).

This map shows significant changes in the thickness of the lithosphere along the
strike of the Carpathian arc. An increase of lithospheric thickness can be observed along
the Carpathian Mountains from the W to the E. Under the western segment of the Western
Carpathians no lithospheric thickening is observed, and values vary among 700 to 120 km.
This is in good agreement with the interpretation of the Alcapa movements against the
Eastern Alps and the Bohemian Massif in the Miocene (Fodor, 1995; Linzer, 1996). They
suggest that the strong Bohemian core had a root deep into the lower lithosphere. Then this
core behaved as a rigid anchor that blocked the N—ward movement of the colliding Alpine
region. This caused large—scale sinistral strike—slip movements in the Eastern Alps and
opened the Vienna basin (Lankreijer et al., 1999). The thickness of the lithosphere started
to increase in the eastern segment of the Western Carpathians (/50 km) and reached its
maximum in the Eastern Carpathians and the foredeep in Ukraine and Romania (240 km).

This thickening can be interpreted as a remnant of the tectonic plates that began to
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delaminate in the Miocene (Spakman, 1990, Spakman et al., 1993, Goes et al., 1999,
Wortel and Spakman, 2000, Dérerova et al., 2006). These results suggest that the
subducting plate may be detached from the European plate from the NW to the SE, its
effect still being seen strongly in the SE (Vrancea area) but fading out in the Western
Carpathians. A flat-lying, high—velocity anomaly at the bottom of the upper mantle has
been interpreted as subducted lithosphere that sunk into the deeper mantle as a result of
rollback and slab detachment along-strike of the Carpathian arc (Girbacea and Frisch,
1998; Sperner et al., 2001; 2003; 2004; 2005; Landes et al., 2004; Hauser et al., 2001,
2005; 2007; Raileanu et al., 2007). This roll-back movement could explain among other
things why maximum crustal thickening is observed under the foreland. (Fig. 11) The
lithospheric thickness increases from the W to the E. This supports the assumption that the
detachement of the slab began in the NW and gradually spread to the SE. Vrancea
seismogenic zone is considered as the last place where the progressive subduction roll—
back is still active at present. These phenomena were responsible for the development of
the arc (Tomek and PANCARDI Colleagues, 1996; Kazmér et al., 2003; Dérerova et al.,
2006).

Lithosphere beneath the Pannonian Basin according to Dérerova et al. (2006)
seems to be thicker than usually interpreted (Babuska et al., 1988; Horvath, 1993; Sefara et
al., 1996; Lenkey, 1999; Zeyen et al., 2002; Bielik et al., 2004). These models do not
support the thinning of the lithospheric to less than 70 km compared proposed by other
models claiming thinning to 60 km (Babuska ef al., 1988; Horvath, 1993 and Lenkey 1999)
or 40 km (Adam, 1996; Praus et al., 1990; Adam and Bielik, 1998). However, Dérerova et
al. (2006) did not exclude a thinner lithosphere if the lower lithosphere had denser material

than normal. This could explain the relatively low topography of the region.
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Fig. 11  Interpreted geological cross-section from the 2D seismic model along the main VRANCEA2001

seismic refraction line (Hauser et al., 2007).

Recent studies about the Western Carpathian—Pannonian lithosphere have been
presented by Alasonati Tasarova et al. (2009). They studied the region using 3D modelling
of the Bouguer gravity anomaly constrained by seismic models and other geophysical data.
They also show strongly thinned lithosphere, and place the boundary between
asthenosphere and lithosphere (LAB) at depths from 60 to 100 km (Fig. 12). The depth of
LAB decreases W—wards (/60 km in the eastern Alps) and N—wards (/40 km beneath the
Bohemian Massif and the Western Carpathians). This boundary reaches its maximum

under the East European Platform at a depth of a little less than 200 km.
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Fig. 12 The result of the 3D modelling of the Bouguer gravity anomaly constrained by seismic models and
other geophysical data. Maps show depth to the major density boundaries: a) lithosphere-
asthenosphere boundary (LAB), b) crust/mantle boundary (Moho), c¢) bottom of the sedimentary
basins, and d) top of the lower crust (Alasonati Tasarova et al., 2009).

The thickness of the crust varies parallel to lithospheric thickness. The thinnest
crust is found under the Pannonian Basin and the thickness gradually increases towards the
Alps and the East European Platform. The smallest crustal thickness was modelled along
profile CELO5 (cca. 22 km), which is consistent with estimation of Moho depth from
seismic data (Grad et al., 2006; Janik et al., 2011). This area is located in the central part of

the Pannonian Basin, where the strongest lithospheric stretching happened. However, the

entire Pannonian Basin is not characterized by such a thin crust; in the East it is about 26
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km and in the W it is even a little more. On the southern edge of profile CELO1 the crustal
thickness is 28 km (Sroda et al., 2006; Janik et al., 2011) and 35 km at the border of
Hungary and Austria. The crust gradually thickens to values about 47 km beneath the
Eastern Alps (Behm et al., 2007) and 35 to 38 km beneath the Bohemian Massif. The
Western Carpathians are characterized by intermediate crustal thicknesses, generally in the
inner Western Carpathians the values are in the range of 29 to 36 km, while in the outer
Western Carpathians and the foredeep the thickness reaches from 30 to 45 km (Alasonati
Tasarova et al., 2009).

The maximum values of crustal thickness were obtained in the northern part of the
Carpathian Foredeep, in the region of the Trans-European Suture Zone (up to 50 km) along
the profile CELOS5 (Grad et al., 2006; Csicsay, 2010), similar thicknesses were obtained by
other seismic interpretations (Tomek et al., 1987). Thickness of sediments varies in the
range from 0 to 7.8 km in the Pannonian Basin, 0-2 km in the inner Western Carpathians
and the maximum values are found in the Flysch zone of the outer Western Carpathians, up
to 21.5 km. The Carpathian Foredeep reaches values in the range of /-3 km, thickness of
sediments in the Polish Basin is about 5 km, in some places up to 7 km. The boundary
between the East European Platform and the Trans-European Suture Zone is characterized
by sediment thicknesses from 5 to 8§ km (Alasonati TaSarova et al., 2009), which is
comparable with the results of seismics (Sroda et al., 2006; Guterch and Grad, 2006; Janik
et al., 2009; Janik et al., 2011). The East European Platform is covered by a relatively thin

layer of sediments, less than 3 km.

Another approach used in the study of the crustal structure in the Carpathian
Pannonian Basin region was performed by Csicsay (2010) He carried out density
modelling along the same seismic profiles (CELEBRATION 2000) and performed 2D
integrated gravimetric modelling, which used the seismic refraction modelling results as
constraints. His models are based on relations between seismic velocity and density
published by Sobolev and Babeyko (1994). The interpretation indicates clearly lithospheric
structures varying significantly between the single megaunits and reflects the complicated
structure of the tectonic contact between the Western Carpathians and the southern margin
of the European Platform. This Moho depth map is shown in Fig. 13. The map reflects a
very deep and narrow Moho depression, which is not located exactly under the highest
topography (the High Tatras), but it is shifted towards the NE. In some places this map

differs from the older results. Locally this difference can reach 15 km.
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Fig. 13 The new map of the Moho boundary in the Carpathian — Pannonian Basin region (Csicsay, 2010).

Toéth et al. (2002) re—evaluated 20 000 measured and historical earthquake data
for the entire Pannonian Basin region. In addition, a review is given of the stress data
derived from 790 focal mechanism solutions for individual earthquakes. These data
demonstrate a high level of seismic activity in the Dinarides and the Carpathians, the
Vrancea area included. Hypocenters are mostly located in the upper parts of the crust (to
20 km) in this area, but in Vrancea intermediate—depth mantle earthquakes occur. The
majority of seismic events in the Pannonian Basin are concentrated at depths between 6-15

km with strike-slip and thrust stress releases.

Grenerczy et al. (2005) presented an overview of crustal deformation structures in
the Pannonian—Carpathian—Dinarides region, which were obtained from GPS campaigns
and space geodesy. This work supports a scenario in which the N—ward moving Adriatic
promontory squeezes out the Alpine-North Pannonian units to the East from between the
Bohemian Massif and Adria, the E—ward escape being probably absorbed in the central

part of the Pannonian Basin.
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3.2  Detailed geophysical studies of the Carpathian—Pannonian

Basin region

3.2.1 Pannonian Basin

In the Pannonian Basin being an integral part of the Carpathian—Pannonian Basin
region, extensive geophysical investigation has been done. The formation of the Pannonian
back-arc basin is generally related to the rapid Miocene rollback of a slab attached to the
European continent. The newest knowledge assumes that Carpathian rollback is not the
only mechanism responsible for the formation of the Pannonian Basin. The interpretation
of the regional seismic lines shows that an additional middle Miocene rollback of a
Dinaridic slab is required to explain the observed structures (Matenco and Radivojevié,
2012). The results of a detailed tectonic analysis performed by integrated interpretation of
bore—hole data and seismic reflection data argue in favour of a major clockwise rotation of
the maximum and minimum horizontal stress axes during the Neogene through
Quaternary, relating it to the shift of the termination of subduction along the Carpathian arc
(Lorincz et al., 2002). The Pannonian basin is characterised by high heat flow which can
be explained by the subsidence and maturation history of the Neogene sediments (Lenkey
et al., 2002) in general by Middle Miocene extension and thinning of the lithosphere (e.g.
Royden et al., 1983) (Fig. 14). The evidence for such a conclusion can be explained by the
presence of thin crust (e.g. Horvath, 1993; Csicsay, 2010; Janik et al., 2011), thin
lithosphere (e.g. Adam, 1976; Babuska and Plomerova, 1988; Praus ef al., 1990; Horvath,
1993, Dérerova et al., 2006) and normal faults in the basement of Neogene sediments (e.g.
Tari et al., 1993). The interpretation of the heat flow is quite difficult in terms of simple
conductive models because groundwater flow in porous sedimentary rocks or in fractured

rocks disturb the geothermal field.
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Fig. 14 Heat flow in the Pannonian basin and the surrounding areas. Inside the basin the heat flow is
corrected for the Neogene sedimentation Contour interval is 10mW/m?. Thick lines denote the
boundaries of the Carpathian molasse and flysch belts, the outcrop of the pre-Neogene rocks and
Neogene volcanic rocks on the surface. VB: Vienna basin, SB: Styrian basin, TM: Transdanubian
Mountains, NHM: North Hungarian Mountains, GHP: Great Hungarian Plain, ESB: East
Slovakian basin, TD: Transcarpathian depression, AM: Apuseni Mountains. (Lenkey et al., 2002).

The results of a combined seismic and gravity modelling study along a dip—
oriented transect in the Hungarian part of the Danube basin reveals significant updoming
of the Moho under the Danube basin. On the other hand, the thinnest part of the lithosphere
is shifted further S of the Danube basin (Szafian et al., 1999). This confirms the previous
theories (Horvath, 1993; Lankreijer et al., 1995) that the Neogene deformation in the upper
crust is decoupled from that of the lithospheric mantle lid along a rheologically weak lower
crust. The seismicity of the area can be understood in terms of collision of the Adriatic
microplate with Europe and differences in thermal state of the lithosphere (Lenkey et al.,

2002).
3.2.2 The Transylvanian Basin

Transylvanian Basin (depression) presents features that are not only special, but

also in stark contrast with what is observed in the adjacent Pannonian Basin.
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It 1s famous mainly for its methan gas (but no oil) and salt deposits. For the
purpose of investigation and exploitation of these natural resources many boreholes were
drilled. Besides these facts, the basin is characterised by an unusually high topography
(around 600 m), a very low surface heat flow, about 40 mW/m’ (e.g. Visarion and Veliciu,
1981), which is approximately two times less than in the Pannonian Basin, a very strong,
positive, airborne geomagnetic anomaly in the centre of the basin, normal thickness of the
crust or a rather thick crust (e.g. Horvath, 1993), and a basaltic layer in the basement, in the
very centre of the depression (lonescu et al., 2009). Despite these unusual geological and
geophysical properties, the Transylvanian Basin suffers from a considerable lack of quality
data (Huismans et al., 1997). Only a few models were presented to explain the tectonic
evolution (e.g. Royden, 1988; Huismans et al., 1997; Krézcek and Bally, 20006),
unfortunately no satisfying explanation of the Neogene subsidence of this area was given.
The reflection seismic profiles done in the area show the Cenozoic structures in the
Transylvanian Basin and the eastern part of the Pannonian Basin (Ciulavu et al., 2000).
Evidence for Late Miocene transpressional strike slip faulting in both areas has also been

observed.

It is hard to explain why heat flow increases from low values (30 mW m™) in the
central part towards higher values (60 mW m™) in the margins of the Transylvanian Basin.
Serban et al. (2001) conclude that any of the investigated disturbing effects such as
topography, topographically driven ground water flow and climatic changes cannot explain
the thermal anomaly in Transylvanian Basin. Based on this assumption, it can be suggested
that the reason for such a low heat flow is the very low heat production in the crust (Serban
et al., 2001). This suggestion was examined by a model which includes the effects of
lateral variation of heat-production rate in the crust, lateral variation of mantle heat flux,
sedimentation and erosion, sediment compaction and lateral variations of the lithology and
compaction parameters (Andreescu et al., 2002). It shows that the anomaly requires a
depletion in crustal heat-production rate in the centre of the basin corresponding to
~15mW m?. Laterally constant low heat production of the upper crust (0.5 uW m) could
be explained by the existence of ophiolite complexes in this area obducted on a thinner
upper crust and very thin radiogenic heat producing upper crust. The increase of the
surface heat flux towards the margins of the basin corresponds to an increase of the
thickness of the upper crust and might be accounted for by larger values (2.0 uW m~°) of

the heat—production rate in the upper crust in these areas (Andreescu ef al., 2002).
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3.2.3 The Carpathians

The Carpathians, from a tectonic point of view, are an integral part of the
Carpathian—Pannonian Basin region. Therefore, geophysical investigation has been
focused on the region as a whole. However we can consider some of the surveys in a local

S€nse.

One of the first Moho-focused investigation in the Western Carpathians were
carried out by the seismic refraction method HSS (Beranek and Zatopek, 1981a;b). The
reinterpretation of these results has brought some doubts, because the difference between
the new and the previous results was about 5-7 km (Sefara ef al., 1996). The new results of
the Moho in the Western Carpathians have brought the interpretation of the
CELEBRATION 2000 (Fig. 9) seismic experiment (Grad et al., 2006; 2007; Janik et al.,
2005; 2011). The Eastern and Southern Carpathians are pushed aside of the main scientific
interest because it has been focused mainly on the Vrancea area. The research here were
carried particularly out to understand the geodynamics and tectonics of the whole
Carpathian — Pannonian Basin region (e.g. Adam, 1976; Babuska et al., 1988; Horvath,
1993; Lenkey, 1999; Zeyen et al., 2002; Dérerova et al., 2006; Csicsay, 2010). These
studies are usually missing data from seismics within these regions, so they use different
methods to interpolate among the areas. Although the regions are on the edge of interest,

they show interesting features within the lithosphere that should be studied.

More problematic from a geophysical point of view is to investigate the
lithosphere—astenosphere boundary. The problem is that with increasing depth, the
sensitivity of geophysical data decreases and also the different geophysical methods may
display the LAB at different depths because of their investigated geophysical nature. In
addition, the determination of the LAB is usually worked out for bigger areas, therefore,
the previous investigations in the Carpathian—Pannonian Basin region are summarised

further up in the regional scale paragraph.
3.24 The Vrancea zone

The Vrancea region in the South—Eastern Carpathians (Romania) is one of the few
regions in the world where one can observe and study the geodynamic processes of post-
collisional tearing off of an almost vertically hanging slab segment (Wenzel ef al., 1998). It
has still attracted interest of geoscientists. Therefore, many studies were done here

(regional seismic tomography, seismology, refraction studies, GPS, gravimetry,
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geothermic studies and others) Very important geophysical research experiments are
international and multidisciplinary projects the VRANCEA99 (Fig. 15) and
VRANCEA2001 (Fig. 11) seismic refraction experiments which are part of a
multidisciplinary project in Romania (Hauser ef al., 2001; Landes et al., 2004).
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Fig. 15  Topographic map of Romania shows the geographical location of the VRANCEA99 seismic
refraction lines (Hauser et al., 2001). The contour lines indicate the depth to Moho (after
Radulescu, 1988).

The Vrancea area is characterized by intermediate (70-200 km) seismic events
with frequent earthquakes which are localized in a narrow (20 km x 50 km) nearly vertical
column (Bonjer et al., 2000; Oncescu and Bonjer, 1997) having often magnitudes above 7
(Wenzel et al., 1998). This suggests that the subducting slab is still hanging beneath the
South—Eastern Carpathians (Linzer et al., 1996; Sperner et al., 2001; 2005), whereas the
Miocene subduction zone extends laterally over a much larger area from the North—

Western to the South—Eastern Carpathians. Oncescu (1984) suggests that the intermediate—
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depth seismic events come from the zone that separates the sinking slab from its
neighbouring immobile part of the lithosphere. However, the most common theory about

the present days seismicity of the Vrancea zone is the detachement of the slab, there are

still different kinds of detachement and delamination theories put forward (e.g. Girbacea
and Frisch, 1998; Wortel and Spakman, 2000; Gvirtzman, 2002; Knapp et al., 2005;
Sperner et al., 2005) (Fig. 16)

Fig. 16 3D perspective lithosphere-scale block models (view towards NNW), shows three different
scenarios for the geodynamic setting of the Vrancea zone. (A) Oceanic slab subduction and break

off. (B) Oceanic slab subduction and progressive lateral tear within the Carpathian foreland. (C)

Continental lithospheric delamination (Knapp et al., 2005).

There is still debate about the character and origin of the descending lithosphere,
whether it is a continental or an oceanic slab. The theory of continental slab is supported
by the lack of geological evidence concerning Miocene oceanic crust in the Carpathians.
Some authors suggest that the descending lithosphere is rather thinned continental or
transitional lithosphere (Pana and Erdmer, 1996; Pana and Morris, 1999). Cloetingh et al.
(2004) argue in favour of a complex configuration of the underthrusted lithosphere and its

thermo—mechanical age as primary factors in the behaviour of the descending slab after

continental collision.
3.25 The Moesian Platform

The Moesian Platform is well known as petroleum province on the western
margin of the Black Sea. It is usually considered as a Precambrian basement block that is
generally regarded to belong to stable Europe. This platform was a subject of many
previous investigations of the Moho. The results were based mainly on data from deep
seismic profiling and seismology. Boykova (1999) unified these results and presented a
new Moho map in the Bulgarian region (Fig. 17). The deep refraction seismic profiles in
the area show crustal thicknesses around 35-40 km (Radulescu, 1988), which is in good fit
the seismological data of 34 km (Enescu et al., 1992). Most of the research in the Moesian
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Platform was focused on the sedimentary cover (e.g. Ionesi, 1989) and fault system (e.g.

Visarion et al., 1988).
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Fig. 17  Map of the Moho discontinuity in the central part of Balkan Peninsula. The isolines are in km from
the sea-level; Solid isolines show major isolines every 3 km; Dashed lines are secondary isolines
every 1.5 km (Boykova, 1999).
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4 METHODOLOGY

Methodology of almost every geophysical work can be divided into two phases,
the preparatory and interpretation stage itself. The internal structure of these stages is then
dependent on the selected method of research. This thesis discusses research of tectonics of
the Carpathian-Pannonian Basin region lithosphere, the chosen methods of research are 1D
modelling, 2D integrated geophysical modelling and 3D Inversion. All of these approaches

have their own methodology, which is in very broad terms similar.

The aim of the integrated geophysical modelling is to constrain complicated
lithospheric structures by using joint interpretation of different geophysical data sets at the
same time. This approach offers then an improved geophysical interpretation of
lithospheric structures and has more advantages than traditional kinds of interpretation of
the mentioned data sets on their own. In our case, we used 3 or 4 different data sets;
potential field data (gravity—Bouguer or free air—and geoid), topography and corrected heat
flow data. The quality of the interpretation may increase when these data are constrained
by results of the other geophysical methods or a priori data (borehole data, seismics).
Since we were interested in deeper lithospherical structures, the most suitable was taking
into account the results of the seismic interpretation done in the study region. We used the
same databases to extract all of our profiles or whole area for interpretation (it is discussed

further down in the input databases paragraph).

4.1 1D modelling
This paragraph is worked out based on the papers of Fullea et al. (2006; 2007)

One dimensional modelling is a very fast method which allows to establish the
very first model of the Moho and LAB and an overview of the Carpathian—Pannonian
Basin lithosphere. This automatic modelling approach was presented by Fullea et al.
(2006). From a scientific point of view, it is 1D modelling but on the other hand, when
doing this 1D analysis on many vertical columns covering an area, it gives us a 3D

overlook of the main boundaries that we are interested at in the studied area.

This method is based on the combination of elevation and geoid anomaly data to
map crustal and lithospheric thickness. The reason for using different data sets is that each

of these data sets is sensitive to different lithospherical phenomena. Topography reflects
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variations of the average density within the lithospheric column, whereas geoid anomaly
depends on the depth distribution of density variations and is proportional to the dipole
moment of density (Turcotte and Schubert, 1982). In this case, only two layers are
considered: crust and lithospheric mantle. Topography is modelled in local isostasy, based
on the assumption that the lithosphere floats freely on the asthenosphere and below a
certain level of compensation, z,,,, the pressure does not vary laterally. Then, the elevation
is a measure of the buoyancy of the lithospheric columns. This can be expressed as

(Lachenbruch and Morgan, 1990):

E=L"Pii g, Exo, eq. (1)
P.

E=—Fs {pa_pLL—HO} E<0, eq. (2)
Pa=Pul Pa

where E is elevation above sea level (m), p, is density of the asthenosphere p; is
average density of the lithosphere (kg.m™), p,, is density of sea water (kg.m™), L is
thickness of the lithosphere (m); and H; is depth below sea level of an unloaded
asthenospheric column (m) Parameters p,, p., and Hy are supposed to be known and are
taken from Lachenbruch and Morgan (1990). The elevation depends on two unknown
parameters, p; and L, therefore it is necessary to know the average density of the

lithosphere or its thickness.

In a two layer model where each layer has a constant density, p; can be written as:

E+z )p.+(z,—z.)p,
pL=( Z‘)p;: (=, Z‘)p, eq. (3)
+ZL

where z. is the depth of the Moho, z; is the depth of the LAB, p. the mean density
of the crust and p,, the mean density of the lithospheric mantle. The depths are positive
downwards and referred to the mean sea level. However, topography is taken positive
upwards. By combining eq. (1), eq. (2) and eq. (3), an equation can be obtained that relates

the crustal and lithospheric depths under local isostasy:

. = p.L+E(p.—p.)+z.(p,—P.) ’ eq. (4)
P = Pe

Eq. (4) is valid for points above or below sea level. If elevation is above sea level

(E >0), then p,, = 0; if it is below sea level, p,, = 1030 kg.m™ is the density of sea—water. If
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local isostasy holds and the wavelengths of the lateral density contrasts are big enough
with respect to their depth, i.e., the 1D approximation is suitable, then the geoid anomaly
(N), is proportional to the dipolar moment of the anomalous mass distribution (Fullea et
al., 2005; Haxby and Turcotte, 1978; Ockendon and Turcotte, 1977; Turcotte and
Schubert, 1982):

N:—% ZAp(Z)dZ, eq. (5)
g Ic

where /4p(z) is the density contrast with respect to a given reference column, G is
the universal gravitational constant, g is the Earth’s surface gravitational acceleration and
LC indicates integration along the whole model column containing the lithosphere and the
asthenosphere above the compensation level. For a two—layer model with constant density
for crust and lithospheric mantle we can rewrite eq. (5) as (with a positive downward

coordinate system):

N=-ZOp B 4 (2B o () ()] Mo @ ©
g

where z,,, is the depth of compensation and p, is the density of the asthenosphere.
An integration constant Ny is used to adjust the zero level of the geoid anomalies. N is

determined by applying eq. (6) to a lithospheric reference column.

Eq. (4) and eq. (6) form a system of equations with five unknowns. Moho depth
(zc), depth of LAB (z;), density of crust (p.), lithospheric mantle (p,,) and Ny. Since there
are five variables and only two constraints, here we fixed p. and p,, as known densities and
defined a reference model for Ny. Ny is hard to determine. In our study, we used many
different values for N, the best model fits the best with the model using Hauser et al.
(2007) seismic interpretation crossing the Vrancea Zone. However this is not a unique
solution, the inversion is stable for all points on the map. z. and z; are the calculated

parameteres.

For the lithospheric mantle density, p,, we consider a linear dependence on the

temperature based on Parsons and Sclater (1977). Therefore:
Pn(2)=p, (1+a[Ta -T, (z)]), eq. (7)

where « is the linear coefficient of thermal expansion (K '), T, is the temperature

at the LAB and 7,,(z) is the temperature at depth z in the lithosphere.
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The temperature distribution within the crust with the boundary conditions: fixed
temperature at the surface of the Earth (7}) and fixed heath flow at the base of the crust

(gm) and constant thermal conductivity £ is:

Tc(z):];+cllc—’”(z+E)+;; (E2—22+220[Z+E]), eq. (8)

c c

for constant crustal heat production Hy or

T°(2)=T, +%(2+E)+Hl‘c‘+h’2(l—exl{_@n, eq. (9)

c c r

for heat production decreasing exponentially with depth.

where H; is the crustal surface heat production, /4, is the characteristic length scale
of heat production distribution, z is depth, £ is the topography which is referred to the
mean sea level (see Fig. 18). T° is the temperature profile using constant decreasing heat
production throughout the crust and 7° is the temperature profile using exponentially

decreasing heat production throughout the crust.

The temperature at the Moho (z=z.), Ty, is calculated as:

N

T, =T<+C]]€—’”+(zc+E)+ki, eq. (10)

c c

where for a constant heat production f=f. and for an exponentially decreasing heat

production f=f.:
(E +z, )2
fcszT, eq. (11)

2{ ( (ZC+E)]]
f.=Hh | 1-exp | eq. (12)

7

For the lithospheric mantle we consider a linear temperature profile (Lachenbruch

and Morgan, 1990). Therefore the heat flow is constant within the lithospheric mantle and

equal to:
T -T

q, =k, ——"-, eq. (13)
ZL _Zc
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where k,, 1s the thermal conductivity of the lithospheric mantle. We can introduce
Eq. (13) into eq. (10) to obtain the temperature at the base of the crust as a function of E,

z., z;, and the thermal parameters:

(z,-2z.)60+6
z Ak+z,k +Ek,’

Ty(E.z.z,)= eq. (14)

where
0=(k.T +f);5:km7;(zc +E); Ak=k, —k,
The average value of the lithospheric mantle density, p,,, can be determined by

integrating eq. (7) between z. and z;:

S 1 “L
Po = [P (2)dz=p, (1+%[TQ—TM]), eq. (15)

ZL _Zc .
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The two layer model, where the density of the crust is p. and p,, for lithospheric mantle, for sea
water pw and asthenosphere p,,. E is the elevation (E>0 topography, E<0 bathymetry), z., and z;
are the depths of the crust/mantle and lithosphere/asthenosphere boundaries, respectively, referred
to the sea level. L is the total thickness of the lithosphere and L, is the depth of the free
asthenospheric level, i.e. without any lithospheric load (Fullea et al., 2007).
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4.2 2D modelling
This paragraph is worked out based on the paper Zeyen and Fernandez, 1994

The thermal structure and density distribution in the upper mantle is estimated
using a combination of geophysical information. This approach is able to constrain the
complicated lithospheric structures of the studied region better than interpreting each data
set on its own. We use a two—dimensional algorithm to determine the steady state thermal

structure of the lithosphere in the study area.

The program used consists of a two dimensional finite element algorithm to
calculate the temperature distribution based on a user—defined lithospheric structure where
each body is characterized by its density, thermal conductivity and heat production. The
first step is to solve the conductive heat transport equation under the steady state

temperature distribution using a finite element code:
V(k(x,z)-VT(x,z))+A(x,z):0, eq. (16)

where k is the thermal conductivity, 7' the temperature, 4 the volumetric heat
production and V' the 2D operator. The body structure is as much as possible constrained
by existing seismic and geological data. The thermal boundary conditions are fixed
temperatures at the upper limit (Earth’s surface; 20°C) and the lower one (lithosphere-
asthenosphere boundary; /300°C) as well as no horizontal heat flow across the lateral,
vertical boundaries. After the calculation of the temperature distribution, the body densities
are modified at each node of the finite element grid taking into account the thermal
expansion coefficient. With this modified density distribution, we calculate the gravity and
geoid variations and the topography, after having calculated the average lithospheric
density for every column of the grid. Data and model results are compared and the model

is then changed interactively by trial and error until an acceptable fit is obtained.

In summary, the thermal and gravity fields and local isostatic equilibrium are
coupled by the density distribution and lithospheric thickness. Surface heat flow and
temperatures in the uppermost mantle depend strongly on the lithospheric thickness and
may affect the Bouguer anomaly and elevation when a temperature dependent density is
assumed for the lithospheric mantle. Crustal thickness and its density distribution also
affect the Bouguer anomaly and surface elevation data (Zeyen et al., 1994). Topography is

sensitive to lateral variations of the average density above a certain compensation level.
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The level is defined within the asthenosphere that is supposed to have a sufficiently small
viscosity to relax shear stresses at geologically short timescales and to have a constant
density. Gravity anomalies depend on distance r to density variations by . Therefore
gravity anomalies will depend mainly on density variations within the crust. The geoid,
reflecting variations of the elevation of the gravimetric isopotential surface corresponding
to sea level depends on the distance to density variations by . The geoid is therefore also
more sensitive to near-surface density variations (specifically to topography) than to deep
ones. However, the decay is relatively slow, and therefore geoid anomalies reflect crustal
as well as mantle density variations. The formulas used have been published by Zeyen et

al. (2005).

Surface heat flow values and geotherms in the deeper parts of the crust and in the
upper mantle may be obscured by near-surface effects like groundwater flow or
paleoclimatic variations and also by the generally unknown distribution of heat—producing
elements in the crust. That is the reason why the surface heat flow should be properly
corrected for superficial phenomena. Such a surface heat flow is the sum of incoming heat
flow from the asthenosphere and the one produced by radiogenic heat production in the
lithosphere. From the modelling point of view, the asthenospheric heat flow is controlled
by thickness, thermal conductivity, surface and basal temperature of the lithosphere. The
majority of radiogenic heat is produced in the upper crust where it depends on lithology
(Vila et al., 2010). It is much higher than in the lower crust and in the lithospheric mantle,
respectively (Wollenberg and Smith, 1987; Rybach, 1988). Pollack and Chapman (1977)
empirically deduced that radiogenic heat production, on average, contributes 40% to the

continental surface heat flow.

Determination of lithospheric thickness based only on surface heat flow data has
large uncertainties. To reduce this uncertainty, one has to use other information. One
possibility is to take into account the dependence of density on temperature through the

coefficient of thermal expansion:
p(T)=p,(1+a(T-T,)), eq. (17)

where p(T) is the density (kg.m™) at a given temperature T(°C), py is the density at
temperature 7y (usually room temperature except for the mantle, where it is given at
asthenospheric temperature) and a is the thermal expansion coefficient taken as 3.5* 107

K (Afonso et al., 2005).
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The Bouguer anomaly is calculated at the top of the model when topography is
above sea level, otherwise at sea level using Talwani et al. (1959) two—dimensional

algorithm for each element (Zeyen and Fernandez, 1994).

The calculation of the geoid anomaly was carried out by converting the triangular
elements of the grid into rectangular prisms with a large lateral extension in order to

simulate two-dimensional anomalies (Zeyen ef al., 2005).

If local isostasy is assumed, the absolute elevation of a given lithospheric column
can be calculated by comparing its buoyancy force with that of a reference column.
Lachenbruch and Morgan (1990) take this reference column at the mid—oceanic ridges
where average elevation and lithospheric structure are well known. Surface elevation is

then given by Lachenbruch and Morgan (1990) (see eq. (1) and eq. (2))
43 3D inversion programme

This paragraph is worked out based on the paper Motavalli-Anbaran ef al. (2013)

Although, the 2D approach previously presented has some advantages, it cannot
treat all the complexity of the three—dimensional structure of the Carpathian—Pannonian
Basin region. A 3D approach is needed. In this work, we applied 3D inversion to obtain a
3D model of the lithosphere in the studied region. The algorithm used is a relatively fast
method based on a Bayesian approach with Gaussian probability density functions. We
used a 3D algorithm (GT 3D INV) to obtain the density structure of the lithosphere from
joint inversion of free air gravity, geoid and topography data. The algorithm delivers the
crustal and lithospheric thicknesses and the average crustal density in vertical columns.
The inversion process may be stabilised by using damping and smoothing parameter as

well as use of a priori information like crustal thicknesses from seismic profile.

The method used is direct, linearized, iterative inversion procedure. It returns
lateral variations in crustal thickness, average crustal density and lithospheric thickness.
The area of interest is subdivided into rectangular columns of constant size in the N-S (Y)
direction and E-W (X). In depth (Z), each column is subdivided into four layers: sea water
(if present, with known thickness, i.e. bathymetry, and a density of 71030 kg/m’), crust,
lithospheric mantle and asthenosphere. The programme calculates topography in one

dimension. Local isostasy is assumed as a function of thickness and average density of the
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lithosphere (eq. (1) and eq. (2)) along vertical columns of the model using the linear

density—temperature relationship of eq. (17) (Turcotte and Schubert, 1982).

In terms of densities, the crust is treated as a single layer. There is no difference
between sediments, upper and lower crust. In order to limit the effect of this disadvantage,
the programme allows modelling vertical density gradients in two ways: One option is to
fix the density at the Moho and the inversion algorithm returns density variations at the
surface, which results in variable vertical density gradients. The second option is to fix the
density contrast between surface and Moho, then the algorithm returns the average crustal
density. In the present case, we fixed the density at the base of the crust at 3000 kg/m’ and
inverted for surface density. In the mantle, density varies linearly with increasing

temperature (eq. (17)).

Mantle temperature is estimated in a 1D approach to make the inversion
procedure less time consuming. Geotherms are calculated using fixed temperatures at the
surface and at the LAB (usually /0°C and 1300°C, respectively). Continental crust is
automatically subdivided into two layers of equal thicknesses (corresponding to upper and
lower crust) with different, user-defined thermal conductivity and heat production. The
reason for this is to obtain more realistic thermal models. Oceanic crust is assumed
automatically if bathymetry is deeper than a user—defined value (typically 2000 m). Its
properties correspond to those of the lower continental crust. In this way, we assume that
density varies linearly with depth in the crustal and lithospheric mantle blocks. Analytical
formulas can be used to calculate the gravity and geoid effects for such rectangular blocks.
The gravity effect is calculated based on Gallardo—Delgado et al. (2003) formula and the
geoid effect is calculated based on Fullea ef al. (2009) formula.

The data were extracted from worldwide data sets in geographical coordinates and
transformed onto a Cartesian coordinate grid with N,;#N,, grid points. All data sets have to
be defined on the same grid which is should be denser than the grid of material blocks in
order to stabilize the inversion procedure. From these grids, data are stored as a vector with
3 #Ny points, being Ny =N,z#N,4 the number of interpolated points in each one of the three

data sets. The data vector has then the following form:
A" =[d), s dyys Ay Aons Ayngarseeos Ay | = [rsees by s D1 s oos A g s AH, ., AH ],

eq. (18)
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Where dT is the transposed data vector, ¢ for topography, 4g (free air) gravity

anomaly and 4H geoid anomaly.

We have also N, =Ny #*N,, blocks for the crust and the same amount for the
lithospheric mantle. Therefore a number of N,=3#N, parameters has to be inverted. The

parameters are also stored in a common vector having the following form:

T
p = [p19""pr’pr+1""’p2Nh9p2Nh+1""’pBNh] = I:plﬂ""pNh’ch""’Zch’Zml”"’Zmp:' ,€q. (19)

There are 3 parameters per column of blocks: thickness (z.) and average density
(p) of the crust and thickness of the lithospheric mantle (z,). Density and thickness of the
water layer are known, density of the asthenosphere is taken as constant (p,) and its base is
defined at a constant, arbitrary depth below the expected deepest point of the lithosphere
(e.g. at a depth of 300 km) and density of the lithospheric mantle is calculated temperature
dependent using eq. (17).

There are two difficulties when potential field and topography data are inverted:
1) different uncertainties for different data sets.

2) the ill-posedness of the problem due to non—uniqueness, i.e. the impossibility

to find a solution to the mathematical problem.

The first problem is solved by defining a vector of data uncertainties ¢, , which
has the same length as the vector d. The quality of data adjustment can then be defined in
the least squares sense as the weighted norm of the differences between synthetic data f(p)
calculated with the parameter set p and the measured data d. If these differences are

defined as the following vector:

Eai = Li(p)’ eq. (20)
o,

1

the norm is defined as

E,=¢le,=(d-f(p)) C;\(d-f(p)), eq. (21)

C,1s the covariance matrix of the data taken here as a diagonal matrix having the

variances adl-z on the diagonal.

The second problem (ill-posedness) is overcome by regularization. The

regularization makes the inverted matrix non-singular. This gives a mathematically unique
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solution, although the geological non—uniqueness is not resolved. In this case a Bayesian
approach was used. For this regularization, a vector o, is defined having the same length as
p and containing the variability of each parameter with respect to an initially defined value
(the inversion process is iterative). If py is the initial parameter set, a second norm is
defined as follows:

£, :M, eq. (22)

pi
O-pi

Also here, it is important to normalize the differences of the parameters to avoid
others to dominate this expression (densities typically vary by tens of kg/m’, Moho
thickness by thousands of meters and LAB depths by tens of thousands of meters). The
normalization is done by dividing the differences within each parameter set by their
specific 0,. The o values can be interpreted as a measure of the permitted variability of
every parameter type. The second important use of these normalization factors is the
possibility to use them as a definition of a priori information. If at some locations a priori
data are known, such as Moho depth from seismic studies or near—surface densities from
borehole measurements, in that case these values can be used to construct the initial model
and constrain the solution at the particular locations. The corresponding o, is then set to
the uncertainty of the measured value of the specific parameter at the specific block. This
value should then be smaller than the overall g, for the corresponding parameter type and
constrain the variability of the single parameter during the inversion process. Based on

these considerations, the second norm is defined as:

Ep=3;-8p=(p—po)T-C;l-(p—po), eq. (23)

Sometimes, it is necessary to stabilize inversion to have a more or less smooth
model reducing its "roughness". Although roughness can be minimized in different ways,
in this case, we used the first derivative in X and Y direction for each parameter set as a

definition of roughness that has to be minimized:

&=, Z{u] , eq. (24)

i=l|

where j describes all blocks in the immediate neighbourhood of block i (7>i). Also

in this case, differences have to be normalized for the different parameter types. For this
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normalization the same values of 0, as in eq. (22) are used without eventual modifications

due to a priori information. This sum may be expressed in matrix form:
E,=p"Cs.p, eq. (25)

The matrix Cghas on its diagonal the number of direct neighbours of each block in
all directions (a value of 2 for the corner blocks, 3 for the blocks along the edges and 4 for
all other blocks of the model) divided by apiz . Off—diagonal, the positions j of row i

corresponding to the blocks touching block i have a value of —ap,-’z .
During the inversion process, a cost function has to be minimized defined as:

C=E,+1E,+ LE, eq. (26)

where the factor A controls the overall importance of parameter variability (E,)
with respect to data adjustment (E;) whereas u1is a factor controlling the importance of
smoothing which can be different for each parameter set. If Aand ware small, data
adjustment controls the inversion process, therefore parameters may change more freely.
This may introduce instability if the initial parameter set is too far—off from the optimum
set. On the other hand, if Ais large, the parameters are forced to stay near their initial
values at the expense of a good data fit. If «is large, a very smooth model is obtained. In
the algorithm, py is updated in every iteration step using the steepest descent method with
the values obtained from the last iteration. In this way, the parameters are not necessarily
forced to stay near the initial (a priori unknown) values. The exception is the case when
the parameters are marked as known through a small variability. Moreover, the use of AE,

implicitly introduces damping in the inversion.

The user can chose the values of A and ¢ by his own will, and is quite difficult to
give optimal values. In theory, they should be as small as possible so that the inversion
remains stable without excessive smoothing. A good way how to find out acceptable
parameters is running the inversion with different values or reducing the values between
subsequent iterations. On the other hand, if the variability of the model parameters is
correctly chosen, A and g may be close to unity. The inversion process is iterative because

the equations that should be solved are non—linear.

Minimizing eq. (26) is then achieved by calculating the following matrix equation

(Menke, 1984):
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p! :(AT*C;*A+,1*(;;1+#CS)'I *AT*C;‘*(d— f(pk))+ p*, eq. (27)

where A4 is the Frechet matrix of size (3Nsx N,) that contains on its position (i,j)
the influence of parameter j on the value of data point 7, calculated as a linearized partial
derivative of data point i with respect to parameter j:

L,

=L eq. (28
] ap/ q ( )

These derivatives are linear for density and calculated as the effect of body j at
point i divided by the actual density of the body. On the contrary the effects are strongly
non-linear for the depths of the prisms. They are calculated by varying the base of each
prism by a predefined value and calculating the difference of the effects on each data point.
The procedure does not increase the calculation time with respect to calculation of the
analytic linearized derivatives, however, it turned out to be more stable. The reason is that
the slope is averaged over a certain distance (typically / km for Moho depth, /0 km for
LAB depth) and the temperature effect, which is difficult to integrate into the linearized
partial derivatives, is automatically taken into account. The distance over which averaging
is done has little influence on the results as long as it is not too small to stay stable (>1 km
for LAB depth) and not too large to become meaningless (<20 km). Using LAB variations
10 times larger than Moho depth variations gives generally similar effects for both, as well
for gravity as for geoid effects. In order to normalize the values of matrix A and to stabilize

its inversion, the derivatives for Moho depth are calculated on the base of 700 m

4, =", eq. (29)
0 ZyoHo, )
( 100 J
and the derivatives for LAB depth on the base of 1000 m

4, =——, eq. (30)
o Z14B,j
( 1000 J
In this way, the variability for the model parameters o, should be in the order of
unity and in order to obtain similar values on the diagonals of matrices Cp'l and A'C;'4

The quality of the inversion result can be determined by using Bayesian inversion.

There are two matrices that are used to work out such an analysis: the resolution matrix R
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and the posterior covariance matrix £. In order to obtain the model parameters from the

data, a system of linear equations has to be solved:

P -pt=6(d-f(p')) eq. (31)
where
G=(4"c;la+ac; +uc,)'(47C;') eq. (32)

The resolution matrix indicates how well every single parameter is resolved just

by the existing data. It is calculated as (Menke, 1984)
R=GA eq. (33)

If no regularization parameter or a priori information is used (i.e. A=y=0), R is the
identity matrix. When the diagonal values become smaller than / and off—diagonal values
appear, this can be interpreted as indication that only a combination of parameters can be
effectively resolved from the data. The posterior parameter covariance matrix contains on
its diagonal the variance of the parameters as a function of the data variance. It is

calculated as (Menke, 1984)

E=GC, G, eq. (34)

post

Cpost 18 a squared matrix of size 3xN,. It contains on its diagonal the a posteriori
data variance, defined as the square of the difference between measured and calculated
data (d-fi(p))’. The square root of the diagonal values of E is interpreted as propagated

uncertainty of the data misfit onto the resulting parameters.
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44  LitMod3D-3D programme

This paragraph is worked out based on the paper Fullea et al. (2009, 2010)

LitMod3D (LIThospheric MODelling in a 3D geometry) was used in this work to
create a 3D model although finally, not more than a thorough debugging of its Windows
version was possible. This software has been developed by J. Fullea and J.C. Afonso to
perform integrated geophysical-petrological modelling of the lithosphere. The main
advantage is that it combines in a self—consistent manner concepts and data from

thermodynamics, mineral physics, geochemistry, petrology, and solid—Earth geophysics.

LitMod3D is composed of two modules: A module of the forward calculation
LITMOD3D FOR and an interactive interface module LITMOD3D INTF that is used for
visualization and modification of the input data. LITMOD3D FOR calculates heat
transfer, thermodynamic and rheological equations, gravitational potential and isostatic
equations (local and regional isostasy) for any sublithospheric to lithospheric mantle.
Outputs are temperature, surface heat flow, density, seismic velocity, geoid and gravity
anomalies and topography. The program allows modelling to a depth of 470 km, with
different user—defined layers. These layers are characterized by their own thermophysical
properties (e.g. density, thermal conductivity, volumetric heat production rate, etc.).

(Fullea et al., 2009).

The volumetric heat production rate is assumed to be constant for each element,
which is mainly a function of lithology. The relative effect of temperature and pressure on
the density of crustal bodies is considered by the coefficients of thermal expansion (o) and

compressibility (5):
p(T,P,C): po[l_(T_To)ac +(Pﬁc)]r eq. (35)

where C represents mineralogical composition, p, is reference density at the
surface (kg.m™), T is temperature pressure of interest (°C), T} is temperature at the surface

(°C), P is pressure (Pa)

Therefore, the density within the crustal bodies may change in both vertical and

lateral direction according to the 7—P—C field (Afonso et al., 2008; Fullea et al. 2009).
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441 Lithosphere

In absence of convection/advection, the 3D thermal steady—state thermal structure

of the lithosphere is defined by the following vector equation:

v<k(;,T,Pjv(T(;D:_H(;j, 4. (36)

where T is temperature (°C), k is the thermal conductivity tensor (W.m'K h, His
-
the radiogenic heat production per unit volume (W.m™) and x is position in space.

The temperature and pressure dependence of k£ in the mantle is modelled as

(Hofmeister, 1999).

298 1 K;P
ko =k (Tj exp{—(4y+§j J.a(T)dt}x(H KO j+kmd (T) , eq. (37)

298 T

where k° is the thermal conductivity at standard 7—P conditions, a—fitting
parameter, y is the thermodynamic/thermal Griineisen parameter, o(7) is the 7—dependent
coefficient of thermal expansion (in Kelvin), K7 is the isothermal bulk modulus, K’y its

pressure derivative and £,,4 is term describing the radiation contribution to £.

The parameter a for typical mantle phase has values in the range of 0.2 to 0.9,
while Griineisen parameter y varies between /.0 and /.45 (Hofmeister, 1999). The
parameter k£ is also changing with the composition which is affected by changes in

thermodynamic parameters, chemistry and relative proportions of the constitutive minerals.

Program LitMod3D solves eq. (36) with the finite differences technique. The

boundary conditions are as follows:
(a) fixed surface temperature (7)
(b) fixed temperature at the lower limit of the lithosphere (7,),

(c) no heat flow perpendicular to the vertical boundaries. These boundary
conditions are widely used in thermal modelling. In general, the choice of the surface
temperature 7 is simple, because usually the exact surface temperature does not have a
significant impact on the resulting model. The third boundary condition is widespread and

often used in thermal modelling (Fullea et al., 2009).
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4.4.2 Sublithospheric mantle and super-adiabatic buffer layer

The heat transfer in the sublithospheric mantle is typically dominated by
convection (Schubert et al, 2001) and therefore, the temperature distribution
approximately follows the adiabatic temperature gradient. The lower limit of the model is
always set to a depth of Z,,,=400 km, where the estimated average reference Tj,, 1s 1793 K.
This estimation is based on experiments of high—pressure and high—temperature phase
equilibrium in the system (Mg, Fe),SiO, (e.g. Frost, 2003; Katsura et al., 2004, Frost and
Dolejs, 2007). This is also consistent with the estimates of (a) potential temperature at mid-
ocean ridges (MOR) and (b) the global average depth discontinuity at 4/0 km depth
(Afonso et al., 2008). The uncertainty associated with the reference temperature at the
bottom boundary of the model should not be greater than + 50 K (Katsura et al., 2004,
Afonso et al., 2008). However, the expected lateral changes in temperature at a depth of
400 km could be easily larger than 7100 K. Between the lithosphere and the sublitospheric
mantle is located an area with a continuous superadiabatic gradient where the heat transfer
is controlled by conduction and convection. This area is modelled with a buffer layer,
which is located immediately below the lithosphere. This layer causes a continuous
variation of temperature between the two areas and mimics the thermal effect of
rheologically active layer, which is located at the bottom of the upper thermal boundary
layer in convecting mantle-like fluids (Solomatov and Moresi, 2000; Zaranek and
Parmentier, 2004). The temperature in the buffer zone varies linearly from the value at the
bottom of the lithosphere 7, = 1588 K to the value Tj,p, = 1673 K at the bottom of this
layer The thickness of the buffer layer varies automatically to maintain the heat balance
(i.e. energy conservation) between the basal heat input (assumed constant), internal heat
generation, and surface heat release in the system in order to be consistent with both the
adiabatic temperature profile at the reference MOR column (Afonso et al., 2008) and
mantle convection models (Solomatov and Moresi, 2000; Zaranek and Parmentier, 2004;

Afonso et al., 2008).

A constant temperature at the bottom of the numerical 73, domain can be defined
by the user in LitMod3D or range of adiabatic sublitospheric gradients. Adiabatic

temperature gradient in the sublitospheric domain is defined by:

dT _ T;mt - Tvblg[’fer

Az gy Zoe — (2, + Zbu[ﬁsr) ’

eq. (38)
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where z; is depth to T, (base of the lithosphere) and 3,4, 1s depth to Tj,p,

If there is an assumption that 7}, is constant (7p,, = 1793 K), then the
sublithospheric gradient is clearly defined and its lateral variation depends on the structure
of the lithosphere. But on the other hand, if a range of possible values is defined for
eq. (38), then Ty, will vary accordingly. The temperature gradient given by eq. (38) can
vary only in the expected range of 0.35 to 0.6 K.km™. This condition is usually reflected in
a maximum lateral temperature change of /20 K, which is in good agreement with the
prediction from seismic observations of the 4/0 km discontinuity (e.g. Afonso et al. 2008,

Chambers et al. 2005).
443 Thermodynamic modelling and density calculation

Stable mineral assemblages in the mantle are calculated by Gibbs free energy
minimization of the system CaO-FeO-MgO-A41,05;-Si0O, (CFMAS) or Na,O—CaO—FeO—
MgO-Al,05-Si0; (NCFMAS) (e.g. Connolly, 2005; Afonso et al., 2008). Each mantle
layer is thus characterized by a specific major—element composition (in wt.%), which

translates into specific bulk properties

LitMod3D works with a thermodynamic formalism and associated databases used
in free energy minimizing from Stixrude and Lithgow—Bertelloni (2005). Each mantle
layer is characterized by an index number and has three associated files that contain the
thermodynamic information. These files are then converted to the final format and the user

can create those files for any necessary CFMAS or NCFMAS composition.

Equilibrium mineral assemblages at temperatures below 500°C in LitMod3D is
not yet included due to the absence of reliable quantitative information on the kinematic
reaction and metastability at low temperatures. Thermophysical properties of the such low-
temperature assemblages are therefore calculated on the basis of local temperature and
pressure, but the modal proportions and phase compositions are assumed for mineral
assemblages, which have a temperature of 500°C. To calculate the bulk rock properties,
this program uses the Voigt—Reuss—Hill averaging scheme. The minimization system has

then the form:

l-[ .
G = ;niG’ , eq. (39)
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where 17 is the number of phases possible in the system, G' is the Gibbs energy of
a mole of the i—th phase, ' the amount of the phase, which is subject to the physical

constraint »n; = 0.

Mass balance requires:

l_[ .
n; = Z”fx} , eq. (40)

where 7', is the amount of j-th component in the system, ¢ is the number of

independent components , xij is the amount of the j—th component in the i—th phase.
444 Pressure

After calculating the temperature field, the pressure and density distribution in the

model is solved. The density of the crustal layer is given by:
P(T.P)=p,— pya(T~T,)+ p, (P~ Fy) eq. (41)

po is reference density at 7 and Py, a is the coefficient of thermal expansion (K™),

B is the compressibility (Pa™).

The mantle layer density is taken from the associated thermodynamic files. The
density and pressure are related through a coefficient of compressibility and through the

definition of lithostatic pressure P(z)
P(2)=[ p(z")gdz". eq. (42)
0

where g is the gravitational acceleration (mGal). The effect of pressure in the crust
is relatively small, therefore LitMod3D uses the explicit "one—iteration" formula:

P()=P(z—d2)+ gdz{p(z - dz)Hl + %j - pa(wm eq. (43)

This formula can be introduced into eq. (41) and the result is the density of the
crust at any depth z provided that the pressure, density and temperature are known at the
level of (z—dz). However, when using this formula to calculate the density at greater
depths, the accumulated error would become prohibitive. In this case, the density—pressure
coupling is solved in a fully iterative scheme. Iterations will stop only when the pressure
difference between two successive iterations is less than a predefined value (set by the

user).
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445 Elevation

The concept of local isostasy in an idealized model that assumes the Earth as an
ideal flat area defined by rigid vertical columns, freely floating on a viscous fluid, so that
the weight of the column acting per unit area is equal to the level of compensation (Watts

etal., 1993).

This is defined mathematically as follows:

jAp(z)dz =0 eq. (44)

LC ?

Ap(z) is the density contrast between the density of a given column and a

reference column, LC indicates integration from the compensation level to topography.

If dynamic sublitospheric load has little effect on isostatic equilibrium, then the
level of compensation can be placed at any depth below the base of the deepest
lithospheric column (Lachenbruch and Morgan, 1990). In LitMod3D this base is set to the
depth of 400 km. The reasons are:

a) it covers the entire depth of the potential thickness of the lithosphere

b) a unique global compensation level requires only one calibration constant

(Afonso et al., 2008):

Eor-Pon, €0 ca. (45
gpbot
F, P,
E = bot ], — ot _HJ E<0
pb(}t _pw [ gpbot ok ( ) eq. (46)

Pror 18 the average density at the bottom of the model (z=z5,;), Pro: 1s the pressure at
the bottom of each column, p,, is the density of seawater (1030 kg.m™), L is the solid part
of each column (L = zp,s + E,ps where E,p 1s the observed elevation), 71, is a calibration

constant.

When the reference column is adopted, then a calibration parameter can be
calculated. For its calculation a reference column can be used taken usually at the mid-
ocean ridges (MOR). Using eq. (41) with the parameters of the reference column, the

formula is as follows:

pMOR (Zbol - Er'idge) + pwEridge
pbor ’

[l,=z,, - eq. (47)
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where pyor 1s the average density of the reference mid—ocean ridge column, £

is the average bathymetry of the reference mid—ocean ridge column

If short wavelength density anomalies are present (usually <200 km, however it
mainly depend on the effective elastic plate thickness), such as intrusion or crustal material
underneath a tectonic plate, local isostasy cannot be used anymore to calculate the
geometry of the topography from the lithospheric geometry (Watts et al., 1993, Turcotte
and Schubert, 2002). This is the reason why this program has incorporated an algorithm to
calculate also regional isostasy. It uses the 2D thin elastic plate approach to calculate the

vertical motions that are associated with short wavelength lithospheric loads.

Regional compensation reduces the effect of lithospheric loads, depending on the
chosen values of the effective elastic thickness (7e). Small Te values filter only short
wavelength effects and in the limit case 7e=0, locally and regionally compensated
elevations are identical (/00% local compensation). On the other hand, large Te values
filter short—wavelength and long—wavelength deformations as well. In the limit case when
Te approaches infinity, the entire load is supported by the intrinsic rigidity of the

lithosphere (0% local compensation).
4.4.6 Potential fields: Gravity and Geoid anomalies

Geoid and gravity anomalies are calculated in the spatial domain, which works
with rectangular prisms with a flat top centred at each node of the FD (finite differences)
grid. However, this approach is more complicated and time—consuming than for example.
FFT (Fast Fourier Transformation), it is much more suitable to work with density gradients
and discontinuities. To optimize the speed of calculation, the density of each prism is
approximated by a linear function of depth. This simplification works only when the
vertical change in density in any single prism is approximately linear. In the crust, the
density can be constant, or may be a linear function of depth. In this case, this procedure
will not introduce significant errors in the computed model of the gravity field, and
therefore each top and bottom surface of each crustal layer is used to define the limits of
vertical prisms. On the other hand, in the mantle, density may suddenly change even within
a single layer (because of phase changes). LitMod3D in this case is able to perform three

different operations:

1) one layer is defined for each mantle layer (the same as for the crust)
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2) the program searches for possible phase transitions within each layer defines

one prism for each stable field

3) another check is performed in order to confirm that the density at the middle of
each prism is close enough to the average between the values for the upper and lower
limits. If this condition is not reached, the prisms are subdivided until a satisfactory result

will be reached for the third condition

Gravity anomalies and geoid surface in each point of the model are calculated by
adding the effect of all individual prisms. The vertical gravitational acceleration produced
by a rectangular prism whose density varies with the depth can be expressed analytically in
Cartesian coordinate system (Fullea et al., 2009). These equations are solved using the
values of density that varies linearly with depth. However, only the relative gravity and
geoid anomalies are important in this context, because the gravitational field of the
reference model is subtracted from the total field. The free air anomaly is then entered
directly by the reference model deducted from the gravitational acceleration effect. Bouger
gravity anomaly is then obtained by correcting the free—air anomalies for gravitational
attraction of topography assuming constant density reduction of 2670 kg/m’ for the Earth's
crust and 1030 kg/m’ for water.

Columns placed at the edges of the model are extended by /0° km to avoid border
effects which are produced by the density contrast at the border of the model. The fit of the
average calculated gravity anomalies and the observed gravity anomalies should be very
similar. The geoid low—frequency (regional) components are usually present in the
measured signal, which is caused by the slower decay (//r) with increasing distance from
the density anomaly. In addition, small deviations of the isostatic equilibrium, whether
local or regional, on the model borders can produce longwave components in the
calculated anomaly. These effects are removed by subtracting from the geoid a best—fit

plane (least squares method) (Fullea et al., 2009).
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5 STUDY AREAAND DATABASES

Although there are three different geophysical modelling approaches carried out
in this thesis, they differ only in the way of interpretation and the size of the grid or area
they affect. Since all of them are working on similar principles, the same databases can be

used for the extraction of the input data.

5.1 1D area

To get first ideas about the tectonics of the Carpathian—Pannonian Basin region,
first of all we started our modelling process with a 1D approach. This gives us very first
outlook on the studied region. The coordinates of the regions are (1/7%28°E — 43°/51°N) so
that the area includes the whole Carpathian—Pannonian Basin region including its
surrounding tectonic units. In the N and E these are the North and the East European
Platform, in the S the Moesian Platform and the Dinarides, and the Eastern Alps and the
Bohemian Massif in the W.

52 2D profiles

The northern part of the Carpathian—Pannonian Basin region was previously
investigated by the same method (Zeyen et al., 2002; Dérerova et al., 2006) as we recently
carried out. Therefore we focused our interest on the rest of the Carpathian—Pannonian
basin region and modelled four 2D integrated geophysical lithospherical models crossing
the whole area and surrounding tectonic units, including for some of them parts of the

existing profiles in order to integrate the new results with the older ones (Fig. 19).

Transect A (24,5°E/47°N — 24,5°E/39,5N°) is 830 km long and has a N-S
direction. It starts in the Transylvanian Basin, crosses the Southern Carpathians, the
Moesian Platform, the Balkanides and the Rhodopes and finishes in the northern Aegean

Sea.

Transect B (18,5°E /51°N — 26,5°E /41,5°N) is 1220 km long and has a NW-SE
direction. It starts on the North European Platform and crosses the Western Carpathians,
the Pannonian Basin, the Apuseni Mountains, the Southern Carpathians, the Moesian

Platform and the Balkanides.
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Transect C (/4°E /43°N — 28°E /48°N) is 1220 km long and runs SW-NE. It starts
in the Adriatic Sea and crosses the Dinarides, the Pannonian Basin, the Apuseni
Mountains, the Transylvanian Basin and the Eastern Carpathians, finishing on the East

European Platform.

Fig. 19  Location of the presented transects A, B, C and D on Google Earth with overlain topography (SIO,
NOAA, NGA, US Navy, GEBCO: SRTM30 PLUS V8.kmz).

Finally, Transect D (/7°E /47°N — 31°E /45°N) is 1100km long and has a WNW-—
ESE direction. Its starts in the western Pannonian Basin and crosses the Apuseni

Mountains, the Vrancea zone and the East European Platform and finishes in the Black Sea

5.3 3D inversion area

The 2D modelling approach may be very easily applicable in research of

structures perpendicular to the chosen transects. However, the Carpathian—Pannonian
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Basin region has clear 3D structures; therefore a 3D modelling approach is necessary.
Firstly, we used an inversion algorithm based on the joint interpretation of gravity, geoid
and topography data (Motavalli-Anbaran et al., 2012) to get an idea about studied region
and its three dimensionality. This approach is able to give rapidly a simplified lithospheric

model which can be subsequently used as starting model in LitMod3D.

The modelled area contains the same area as the 1D model (/7°E /43°N — 28°E
/51°N). We created three different models which differ from each other by the input a
priori data applied to the calculation. We started the inversion process with a starting
model (Fig. 25 and Fig. 27) resulting from the 1D inversion of geoid and topography data.
The other two models are using a priori data coming from the seismic models of the
Moho, however the 1D inversion was ran anyway. The first one is based on the
interpretation of the Moho discontinuity from CELEBRATION 2000 (Janik et al., 2011)
and includes only the Western Carpathians and northern part of the Pannonian Basin. They
present the results of modelling refracted and reflected waves employing 2D ray tracing for
seven interlocking profiles. These profiles were jointly modelled and interpreted with the
constraint that the models match at the crossing points of the profiles (Janik et al., 2011).
The second one is based on the integrated study of the whole area by Csicsay (2010). This
study is basically a compile of the previous works and its own gravity and integrated
modelling along some seismic profiles. His model is very well constrained by the recent
seismic experiments such as CELEBRATION 2000 and Alp2002 on the other hand the

quality of interpretation of the rest area is unknown.
5.4 Input databases

Topography has been taken from the GTOPO30 database (Gesch ef al., 1999). A
map of the Carpathian—Pannonian Basin topography including the area of Southern and
Eastern Europe is shown in Fig. 20. The highest topography on average of about /800-
2000 m can be observed in the Southern Carpathians. The Western, the Eastern
Carpathians and the Apuseni Mountains are characterised by an average topography of
1200 m. In the Transylvanian basin topography is in average about 500 m. Minimum
elevations occur in the Pannonian Basin, the East European platform and the Moesian
Platform (approximately /00 m). We can observed also some negative values of the
topography offshore in the Aegean, Adriatic and the Black sea, these data are taken from
the ETOPO1 data set (ftp.//topex. ucsd.edu/pub).
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Fig.20  Topography of the Central European region (from GTOPO30 data set, Gesch et al., 1999). The
gray lines show the position of the four interpreted 2D profiles, the black rectangle shows 1D, 3D
interpreted area as well as input Moho based on Csicsay (2010) data. The white polygon shows the
input Moho based on Janik et al. (2011) data.

Geoid data (Fig. 21) are taken from the EGM-2008 global model (Pavlis et al.,

2008). In order to avoid effects of sublithospheric density variations on the geoid, we have

removed the geoid signature corresponding to the spherical harmonics developed until

degree and order /0 (Bowin, 1991). In general the Carpathian—Pannonian region stands
out as positive anomaly with maxima of near /4 m in the Southern Carpathians and the

Apuseni Mountains and in the average with values about /2 m. The Eastern Carpathians

have a positive signature too, whereas the northern part of the Western and Eastern

Carpathian junction and the Transylvanian Basin as well as the North European Platform

show intermediate values. Relative minima are located along the Carpathian foreland

basin, the North European Platform and offshore.
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Fig.21  Geoid anomaly map of the Central European region (from the EGM 2008 dataset (Pavlis et al.,
2008) after removing the spherical harmonics until degree and order 10). The gray lines show the
position of the four interpreted 2D profiles, the black rectangle shows 1D, 3D interpreted area as
well as input Moho based on Csicsay (2010) data. The white polygon shows the input Moho based
on Janik et al. (2011) data.

The free air gravity anomalies (Fig. 22) were taken from the TOPEX 1-—min

gravity dataset (ftp.//topex. ucsd.edu/pub; Sandwell and Smith, 1997). Values between —50

and +7/50 mGal are observed. A comparison between Fig. 20 and Fig. 22 shows that the

free air anomalies reflect in general the topography variations. A series of maxima marks
the Alps, the mountains of the Bohemian Massif and the higher regions of the Inner

Western, the Eastern and the Southern Carpathians, the Balkanides, the Rhodopes. They

are bordered by the minima of the foreland basins in Italy, Austria, Poland, Ukraine,

Romania and Bulgaria as well as in the Pannonian Basin. However, a more detailed

analysis shows that the anomalies in the Pannonian Basin are, in relation to the topographic

elevation, less pronounced than those of the different foreland basins. In the Southern
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Carpathians, to compare with the rest of the Carpathians, the higher values of the free air

anomaly can be observed however the topography is very similar.
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Fig.22  Smoothed free-air gravity anomaly map of the Central European region (from TOPEX gravity
data, 1 min grid, ftp.//topex.ucsd.edu/pub). The gray lines show the position of the four interpreted
2D profiles, the black rectangle shows 1D, 3D interpreted area as well as input Moho based on
Csicsay (2010) data. The white polygon shows the input Moho based on Janik et al. (2011) data.

The heat flow density data (Fig. 23) were compiled from the worldwide dataset of
Pollack et al. (1993). The dominant feature of the heat flow density map is a general
increase from the Bohemian Massif and the Polish Platform via the Western Carpathians
towards the Pannonian Basin. The heat flow in the Bohemian Massif and on the Polish
Platform varies from 40 to 60 mWm™* with a minimum in the Moldanubicum (the core of
the Bohemian Massif). In the Outer Western Carpathians, the average heat flow increases
from 50 to 60 mWm ? in the SW to about 70 mWm ? in the NE (Cermak, 1994). Similar
values are observed in the Central Western Carpathians, except of the Central Slovakia

-2

Volcanic Field with a local maximum of 100 mWm The Pannonian Basin is

characterised by the highest mean values of the heat flow density (90 mWm™?), attaining
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over 110 mWm ™’ in the East Slovakian Basin (Horvath ef al., 1989). Low values of the

heat flow can be found in the Platform areas.

Surface Heat flow
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Fig. 23 Map of the surface heat flow density of the Central European region (from Pollack ef al., 1993).
The gray lines show the position of the four interpreted 2D profiles, the black rectangle shows 1D,
3D interpreted area as well as input Moho based on Csicsay (2010) data. The white polygon shows
the input Moho based on Janik et al. (2011) data.

The maps of the pre—Tertiary substratum relief published by Kilényi ef al. (1989),
and seismic data (Tomek et al., 1989; Posgay et al., 1990) provide a good knowledge
about the Neogene sedimentary fill in the Pannonian Basin. The Neogene sediments are in
average 2—3 km thick, in some subbasins the thickness exceeds more than 5 km (the East
Slovakian Basin, the Békés Basin, the Mako Basin) and in the Danube Basin over 7 km
(Kilényi et al., 1989). We have very good seismic data of the Transylvanian Basin, the
Southern Carpathians and the Moesian platform (Mucuta et al., 2006). Thickness of the
Tertiary sediments in the Transylvanian Basin is about 2-3 km and more than 9 km on

southern side of the Southern Carpathians at the contact with the Moesian Platform.

Seismics shows only a relatively thin layer of Tertiary sediments on the Moesian Platform
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(less than 7 km). There are few data concerning the thickness of the Western Carpathian
molasse foredeep and Flysch. Based on the results published by Tomek et al. (1987; 1989)
and Tomek and Hall (1993), the thickness of the Molasse and the Flysch sediments seems

to increase from 0 to /5 km going from the frontal thrust towards the Klippen Belt.

For the input depth of the crust—mantle discontinuity (Moho) we used the data
published by Mayerova et al. (1994), Sefara et al. (1996), Horvath (1993), Lenkey (1999),
Guterch et al. (1986), Lazarescu ef al. (1983), Boykova (1999), Mucuta ef al. (2006) and
Hauser et al. (2007). The newest maps of the Moho discontinuity were produced by Grad
et al. (2009) and Csicsay (2010). The Carpathian Mountain belt is characterized by a
thickened crust (30-55 km) in comparison with a thin crust (25-30 km) in the Pannonian
Basin. The Moho depth increases to 45-50 km underneath the Trans—European Suture
Zone (e.g. CELEBRATION 2000 Working Group, 2000). The crustal thickness tends to
increase from west to east along—strike of the Carpathian orogen. The Western
Carpathians are characterized by crustal thicknesses of about 30-35 km, the Eastern
Carpathians by 32-42 km and the seismogenic Vrancea zone by up to 45 km. The Moho
underneath the Southern Carpathians is at a depth of 42-50 km. However, in general, the
Carpathians are characterized by a rather thin crust and relatively low topography in

comparison with other orogens, which might be a result of the “soft collision”.

An initial model of the lithosphere thickness was defined from maps published by
Babuska er al. (1988); Horvath (1993); Sefara er al. (1996); Mocanu and Radulescu
(1994); Zeyen et al. (2002) and Dérerova (2006). As input data for the 3D inversion

process, we projected the before—mentioned data sets as it is described in the chapter 4.3.
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6 MODELLING RESULTS

6.1

1D geophysical modelling

The 1D modelling provides a very fast but preliminary view into the lithosphere

structure. We used this method to get a first result of the Carpathian—Pannonian Basin

lithosphere. We also used this 1D result as starting model in the 3D inversion. We obtained

the best results (the tightest fit between observed and measured data) by using the input

parameters shown in the Tab. 2. These settings also satisfy well our expectations about the

Moho and the LAB in the region (Fig. 25 and Fig. 27). Since there is a problem to

determine the reference geoid (Ny—see the methods chapter 4.1), we show different models

with different reference geoids used (Tab. 1, Fig. 24 and Fig. 26). Depending on the value

of Ny used, the positions of maxima and minima are the same, but the absolute values

change.
symbol parameter value A value B value C value D
Pc Average crustal density 2840 kg m™ | 2860 kgm™ | 2850 kg m> | 2850 kg m™
Z Moho depth of the ref. column 28 km 28 km 27 km 29 km
Pa density of the asthenosphere 3200 kg m™
Pw Density of Water 1030 kg m™
Zmax | The compensation level depth 300 km
Tab. 1 Values used for the different reference geoid models (Fig. 24 and Fig. 26).
symbol parameter value
Pe Reference average crustal density 2850 kg m™
Zc Moho depth of the reference column 28 km
Pa density of the asthenosphere 3200 kg m™
Pw Density of sea water 1030 kg m™
Zmax The compensation level depth 300 km
Tab.2  Parameter values that satisfy the best our expectations about the Moho and the LAB of the region

(Fig. 25 and Fig. 27). Also the starting model for 3D inversion using these parameters achieve the
best results.
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Fig.24 1D results for Moho depth in the Carpathian-Pannonian Basin region based on different reference
geoids (see Tab. 1for model parameters).

The Moho depth map shows significant crustal thickness variations (Fig. 25)
within the studied area, what can be expected based on the many previous studies of the
area (Zeyen et al., 2002, Bielik et al., 2004; Dérerova et al., 2006; Csicsay, 2010; Janik et
al., 2011; Hauser et al., 2001, 2007; Mocanu and Radulescu, 1994; Beranek and Zatopek,
1981; Guterch et al., 1984, 1986; Cekunov et al., 1988; Cekunov, 1993; Posgay et al.,
1995; Tomek et al., 1987, 1989; Tomek and Hall, 1993; Horvath, 1993; and many others).
It can be seen that the crustal thicknesses increase from the Pannonian Basin towards the E
and NE but the thickness of the crust does not fit well with the previous works in some

parts of the studied area. The misfit can be caused by the used local isostasy conception
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and by the 1D approach. It is very likely that the whole region is still not fully
compensated, some tectonic processes are still going on and therefore the local isostasy
cannot fully explain the topography of the region. The thickest crust is found underneath
the Carpathian arc or its immediate foredeep. Very high values are found in the Eastern
Carpathians and Vrancea area (40 km). In defiance with the expectations, the thickest crust
even in the small area is found in the Southern Carpathians (42 km). That area is shifted
from the Vrancea zone (the zone with the thickest expected crust) towards the West. This
implies that some additional research of the area might be needed to test this result. Also in
the Dinarides, crust with thicknesses higher than 40 km can be found and can reach in
some parts more than 40 km. The East European Platform is characterised by a crust with
thickness about 34 km. In the Apuseni Mountains, the depth of the Moho is about 36 km.
On the other hand, the Pannonian Basin and the Moesian Platform have thinner crust than
the surrounding areas. Here we got crustal thicknesses of less than 30 km in average. The
thinnest crust can be found in the SE part of the Pannonian Basin near the contact with
Southern Carpathians where it is only 26 km. This result is surprising because the thinnest
crust is expected in the central part of the Pannonian Basin (less than 25 km) (Beranek and
Zatopek, 1981; Guterch et al., 1984; 1986; Cekunov et al., 1988; Cekunov, 1993; Posgay
et al., 1995; Tomek et al., 1987, 1989; Tomek and Hall, 1993; Horvath, 1993; Lenkey,
1999; Bielik et al., 2004; Dérerova et al., 2006; Csicsay, 2010), or even less (22 km) based
on the interpretation of the CELEBRATION 2000 project (Janik et al., 2011). This

enigmatic result should be tested by one of the 2D lithospheric transects presented later.
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Fig.25 1D inversion result for Moho depth in the Carpathian—Pannonian Basin region. (see Tab. 2 for
model parameters and further explanation).
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Fig. 26 1D results for the LAB in the Carpathian-Pannonian Basin region based on different reference
geoids (see Tab. 1 for model parameters).

The lithospheric thickness map shows also significant variations (Fig. 27). Again
here we did not reach any extreme values of thinning or on the contrary thickening of the
lithosphere. The thickest lithosphere is placed in the NE part of the map where the East
European Platform, Eastern Carpathians and Southern Carpathians are located. The
thickness of the lithosphere of the East European Platform is on average more than /20 km
but in the northern part of this area some thicker places can be found. A strip of thicker
lithosphere follows the Eastern Carpathians and its foredeep where the values reach in
average /60 km. This result is in contrast with the results obtained by Babuska et al.,
(1988); Horvath, (1993); Sefara et al., (1996); Lenkey, (1999); Dérerova et al. (2006) who
published values between /60 km and 240 km. Especially in the Vrancea zone, a thicker

lithosphere is expected. From here, the thickness of the lithosphere is decreasing towards
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the West where the thickness is less than /70 km. The decreasing trend continues from here
also towards the South and reaches a minimum at the southern border of the Southern
Carpathians and in the SE part of the Pannonian Basin. Here, it is only 60 km. The
extremely low values of lithospheric thickness in this area were not shown before. The
Moesian Platform is characterised by an E-W trend of lithospheric thickness decrease. In
the East, the thickness is about /70 km and in the west it is only 80 km. The Pannonian
Basin lithospheric thickness ranges from 80 to /00 km which is in accordance with
Babuska et al. (1988), Horvath (1993), Sefara et al. (1996), Lenkey (1999), Zeyen et al.
(2002) and Dérerova et al. (2006). The Dinarides in the SW part of the map show a

maximum thickness of about /40 km.
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Fig. 27 1D inversion model of the lithospheric thickness in the Carpathian—Pannonian Basin region (see
Tab. 2 for model parameters and further explanation).
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6.2 2D integrated geophysical modelling

This chapter is based on the paper Grin€ et al. (2013)

Based on the before mentioned different crustal models that were constructed on
the different geophysical data, we created for each transect an initial model. The density—
related parameters were modified by trial and error until a reasonable fit was obtained
between measured and calculated data (Fig. 28, Fig. 30, Fig. 31, Fig. 32). Densities and
thermal parameters for the different bodies of the four transects are shown in Tab. 3. For
densities, no pressure dependence was used, since at a given depth, density variations due
to pressure variations are very small and the general density increase with depth would
only alter absolute values of gravity, geoid and topography not the lateral variations. We
took as reference density for the astenosphere the value of 3200 kg/m’ published by
Lachenbruch and Morgan (1990). Also results based on gravity modelling in the
Carpathian—Pannonian region confirm the same reference density value (Bielik ef al.,
1990; Bucha and Blizkovsky, 1994; Lillie and Bielik, 1992; Vyskocil et al., 1992). The
radioactive heat production for the mantle (0.02 uW/m’) is compatible with average
estimations given by Mareschal ef al. (2012). For the lower crustal heat production, we
used average values from Rudnick and Fountain (1995) (Tab. 3). Both values have only
very little influence on the results. Doubling them would change the surface heat flow by
only 2—3 mW/m’ which is much less than the uncertainty estimated to be about 10 mW/m’.
The upper crust, however, has a strong influence on the resulting surface heat flow and in
this layer, the concentration of radioactive elements (mainly U, Th and K) may be highly
variable. Since hardly any data exist for the study area, we used a standard value for felsic
upper crust of 2 uW/m’ (e.g. Vila et al., 2010). Also for the sediments, we used standard
values (Vila et al., 2010). The transects are crossing each other at some places and in these

crosspoints the parameters of layers are the same.

89



No. Units Density [kg/m®] | HP [uW/m3] TC [W/m K]
1 Pannonian Basin sediments 2400 1 2
2 | Western Carpathians 2670 1 2
3 | Transylvanian Basin sediments 2400 1 2
4 | Transylvanian Basin Mesozoic 2710 1 2
5 | Apuseni Mts. 2670 1 2
6 | Getic Depression sediments 2400 1 2
7 | Moesian Platform Mesozoic 2700 1 2
9 | Rhodopes 2650 1 2
10 | Aegean sea 2400 1 2
11 | Western Carpathian Flysch 2560 1 2
12 | Adriatic sea 2400 1 2
13 | Dinarides 2690 1 2
14 | Eastern Carpathians 2690 1 2
15 | Focsani Basin 2630 1 2

Balkanides, Western Carpathian-
Pannonian-Apuseni-Southern Carpathian,
S e I S T B
Transylvanian-Eastern Carpathian upper
crust

17 | Moesian Platform upper crust 2770 2 2,5
18 | Balkanidian-Rhodopian upper crust 2760 2 2,5
19 | Aegean sea upper crust 2730 2 2,5
20 | East European Platform upper crust 2770 2 2,5
21 | Adriatic sea upper crust 2770 2 2,5
2 Focsani Basin-East European Platform 2790 ) 25

upper crust

23 ,I,::izsjzlj.i;n East European Platform 2870 1 25
24 ::oo\f,sein(;rﬁifm East European Platform 2970 0,2 )

Western Carpathian-Pannonian-Apuseni-
Southern Carpathian, Transylvanian-
25a | Southern Carpathian, Dinaric-Pannonian- 2950 0,2 2
Apuseni-Transylvanian-Eastern
Carpathian lower crust

26 | Moesian Platform lower crust 2970 0,2 2
27 | Balkanidian-Rhodopian lower crust 2960 0,2 2
28 | Aegean sea lower crust 2930 0,2 2
29 | East European Platform lower crust 2970 0,2 2
30 | Adriatic sea lower crust 2970 0,2 2
31 | Lower Lithosphere 3200 0,02 3,4

Tab. 3 Densities and thermal properties of the different bodies used in the models. "No" refers to body

numbers in Fig. 28e, Fig. 29¢, Fig. 30e, Fig. 31e and Fig. 32e.

The calculated values of gravity and geoid are generally between the maximum

and minimum values of the uncertainty bars (Tab. 4). These uncertainties were calculated
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for topography, geoid and gravity as the standard deviation of the data sets in a stripe of 50
km to each side of the profiles and represent the variability of the data, and therefore
implicitly of the models, in the direction perpendicular to the profiles. The short
wavelengths of the discrepancies in the free air gravity are produced by shallow and small—
scale crustal structures that could not be considered in these regional models. Misfits of
short wavelength can be also found in the topography data where they are generally larger.
They are most likely due to not locally compensated structures and cannot be reproduced
by our model. These correspond to local features such as thrusting structures or
underplating. The regional isostasy (elastic flexure) should be integrated in order to explain
all the features. Part of the topography may be supported by elastic constraints if
equivalent elastic plate thicknesses (EET) are too large. Therefore, if we could not find a
model explaining all data sets together, we gave preference to a good fit of gravity and
geoid data and left topography unadjusted. A few authors have analysed the effective
elastic thicknesses of the different tectonic units of our region. Lankreijer et al. (1999)
proposed very low values for the Polish platform (5—/7 km) and the Pannonian Basin (5—
10 km). For the wavelengths we are concerned with (/00-200 km), the elastic effects
should then be small (e.g. Turcotte and Schubert, 1982). However, locally the elastic
support and deformation may be important. The strongest problems occur in the foreland
basins at the contact between the Southern Carpathians and the Moesian Platform (Fig. 28
and Fig. 30) and between the Eastern Carpathians and the East European Platform (Fig. 32)
where subduction—related plate bending may be the cause for a rather bad fit at

wavelengths around 50 km between modelled and measured data.

In every model, heat flow data show a large degree of scatter (Fig. 28a, Fig. 29a,
Fig. 30a, Fig. 31a and Fig. 32a). In general, these variations are related to groundwater
circulation or not totally corrected paleoclimatic effects (Kukkonen et al, 1993; Stulc,
1998). These effects are not included in the used algorithm that is why our models result in
a smooth variation with a minimum of 50 mW.m™ in the East European Platform and a
maximum of more than 80 mW.m™ in the Pannonian Basin. Moreover, the heat flow data
that we took into account were not well distributed and shows also a big range of different
values on the short distances in the studied area. For our regional models, we interpret
therefore only smooth variations and try to keep the average values with our calculated

curve. The consequence for such interpretation is that the calculated field does not fit very
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well with the values extracted from the map of the surface heat flow density (Pollack et al.,

1993).
Transect Std.Dev. Var.Reduction %

A

Topography 271m 71
Free_air 13,5 mGal 87
Geoid 0,28 m 96
B

Topography 208 m 56
Free air 12,3 mGal 81
Geoid 0,37 m 92
C

Topography 181 m 80
Free air 11,1 mGal 81
Geoid 0,21 m 99
D

Topography 161 m 70
Free air 9,3 mGal 84
Geoid 0,23 m >99

Tab.4  Misfit between observed and calculated data (topography, free air gravity anomaly and geoid) for

transect A, B, C and D.

In general, the thickness of the lithosphere decreases from the older and colder
Platforms to the younger and hotter Pannonian Basin with a maximum thickness under the
Eastern and Southern Carpathians. The thickness of the Carpathian arc lithosphere varies
between 150 km in the N to about 300 km in the Vrancea zone, in the Platform areas it is
between /20 and 150 km and in the Pannonian Basin, it is about 70 km. This thickness is
larger than published earlier (e.g. Horvath, 1993; Lenkey, 1999) but smaller than the
results from Dérerova et al. (2006). Hence part of the surface heat flow may be explained
as an increase in radioactive heat production in the Pannonian upper crust and sediments.
Reducing the lithospheric thickness to values between 40 and 60 km would uplift the
modelled topography and make it incompatible with the observed one. The lithosphere
thickness underneath the Apuseni Mountains reaches in the models a depth of about 720
km and thickens strongly underneath the Transylvanian Basin reaching locally values of

nearly 200 km.

Our models discover some interesting features. They show that the Moesian

Platform is overthrust from the North by the Southern Carpathians and from the South by

92



the Balkanides, which had been indicated already earlier based on geological studies
(Bergerat et al., 2010; Fiigenschuh and Schmid, 2005; Iancu et al., 2005; Rabéagia and
Matenco, 1999) (Fig. 28 and Fig. 30). This overthrusting induces bending of the platform
which gives a characteristic signature in the observables. To show its effect, we produced
also a model with a flat Moesian Platform Moho and underthrusting of the Southern
Carpathians and the Balkanides crust. This model explains also quite well geoid and free
air data, but produces a topography that differs much more from observed data than our
preferred model. Another result is strong lithospheric thickening underneath the Eastern
Carpathians and their foreland that reaches values of more than 230 km. For a good
correlation between the observed and modelled topography and geoid anomalies this
thickening is needed. The thickening can also be found in the Southern Carpathians but
much smaller (about /80 km) and underneath the Western Carpathians (about /50 km).

Thickening of the lithosphere in the Western and the Eastern Carpathian foreland
is also accompanied by crustal thickening except in Southern Carpathians. In all transects,
the crustal thickening is shifted towards the areas of highest topography. The thickest crust
outside the orogens is modelled under the Moesian Platform with thicknesses of about 45
km in some parts. Models based on seismic data are contradictive in the Vrancea area.
Mocanu and Radulescu (1994) indicate a crustal thickening to nearly 50 km, whereas
Hauser ef al. (2001) and Landes et al. (2004) give a maximum thickness of 40—41 km. For
our interpretation, we used the model of Hauser ef al. (2007) (maximum thickness of 47
km) as reference, since it seems to be the best constrained. All models place the maximum
thickness not underneath the highest topography but under the Focsani foreland basin. In
our best fitting model we found the thinnest crust in the Pannonian Basin at about 26-27

km which is similar to Posgay et al. (1995) but about 2 km thicker than Janik ez al. (2011).
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Profile A Romania-Aegean N-S (24.5/47 - 24.5/39.5)

Fig. 28
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Lithospheric model for transect A. (a) Surface heat flow density, (b) free-air gravity anomaly, (c)
geoid, (d) topography with dots corresponding to measured data with uncertainty bars and solid
lines to calculated values; (e) lithospheric structure; numbers in (¢) correspond to material number
in Tab. 3. In the lithospheric mantle, isotherms are drawn every 200°C. Numbers in the figure title
indicate the starting and endpoint coordinates of the transects. The black dashed lines correspond
to the results of a model with flat lower-upper-crustal limit and Moho underneath the Moesian
Platform. Dotted lines and dots show positions of interfaces obtained from different seismic
experiments. Black fat capital letters denote crossing points with the other interpreted transects.
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underneath the Moesian Platform. For further explanations, see Fig. 28.

Fig. 29
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Lithospheric model for transect B. For further explanations, see Fig. 28.

Fig. 30
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Lithospheric model for transect C. For further explanations, see Fig. 28.

Fig. 31
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Lithospheric model for transect D. For further explanations, see Fig. 28.

Fig. 32
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6.3 3D inversion modelling

The Carpathian—Pannonian Basin region is not very active these days. The main
subduction process has finished; however, there is one place where the active
underthrusting process can still be observed. It is the Vrancea zone. There are also some
enigmatic places within the region, where only little research was done, the Apuseni
Mountains and the Southern Carpathians. Since these regions, especially the Vrancea and
the Apuseni Mountains, do clearly have 3D structures, we decided to do also three—
dimensional modelling. Since we have also two different Moho data sets (Csicsay, 2010;
Janik et al., 2011) for the focused area, we used them as a priori information as well. So
we produced three models, one without using a priori data for the Moho depth and two

with different Moho models as a priori information.

At first, we started the inversion process without a priori input data, but with a
more realistic starting model than flat Moho and LAB boundaries. Therefore, we started
the inversion process with a starting model (Fig. 25) resulting from the 1D inversion of
geoid and topography data (chapter 6.1). For this starting model we used a constant crustal
density of 2850 kg/m’ based on empirical observations (the average crustal density from
2D models). For the 3D inversion, we chose a model with linear increase in density with
depth. The crustal density is fixed to 3000 kg/m’ at Moho decreasing linearly upwards, the
gradient being a result of the inversion procedure. This density variation with depth
simulates the fact that generally, crustal density is smallest in sediments and largest in the
lower crust. Numerical experiments showed that most of the gravity and geoid effect of
vertical density variations can be explained by such a model (Motavalli-Anbaran et al,
2013). More detailed models like an exponential density distribution in the sediments add
relatively little to the large—scale effects. The model is built of columns of 30x30 km size,
28 blocks in E-W and 29 in N-S direction giving a total of §/2 columns and 2436
unknowns, which are for each column Moho depth, LAB depth and surface density. In
every model we use the same settings for physical properties during calculation of the
thermal model (Tab. 5) (e.g. Zeyen and Fernandez, 1994) and also the same settings for
damping (Tab. 6). The parameter variability (Tab. 6) was used in order to keep the
resulting model parameters near to the input a priori data where they exist. The variability
used in the inversion process reflects how much we trust the a priori data. We used

smoothing of parameters in the case without a priori data and with CELEBRATION 2000
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a priori data. These parameters were used to reduce the non—uniqueness of the inversion
results and increase the stability of the inversion process. They are empirical, we obtained
the best results with them, which means that the differences between calculated and

measured values were the smallest.

T-surface T-LAB Thermal.exp.coeficient Mantle
10°C 1300°C 3.50*10° K*
Conduct Upper Crust | Conduct Lower Crust Conduct Mantle
2,50 W/(K*m) 2,00 W/(K*m) 3,40 W/(K*m)
HP Upper Crust HP HP lower Crust HP mantle
2,00 (LW/m?3) 0,20 (LW/m?3) 0,00 (LW/m?3)

Tab. 5 Physical properties fixed during the calculation of the thermal model.

uncertainty Gravi (mGal) Geoid (m) Topography (m)
5.0 0.3 30.0

variability Density (kg/m?®) Moho (m) Lithosphere (m)
10 100 1000

Tab.6  Used general parameters for 3D inversion. For points where Moho a priori data exist, the
corresponding variability was reduced by a factor /0.

6.3.1 Results for the model without a priori data

The model without a priori data obtains the best fit for all measured data among
all tested models. We applied both non—smoothing and slight smoothing of the model to
make it geologically more realistic, however, smoothing impedes strong lateral variations
of parameters. Regarding the fit of the measured vs. calculated data, the best one was
obtained in the non—smoothed model as has to be expected (Fig. 33 D, E, F). Based on the
2D modelling, we estimated densities for every tectonic unit in the area integrated in the
3D inversion. The average lithospheric densities are shown in Tab. 8. Fig. 33 A, B, C and
Fig. 33 D, E, F show the final 3D models after 5 iterations with slight smoothing and
without smoothing respectively. On Fig. 34 and Fig. 35 one can see the differences
between measured and calculated data sets. The misfit standard deviations and variance

reductions are given in the Tab. 7.

Stand. Deviation Var. Reduction %

Without a priori data
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and smoothing

topography 122 (m) 83
geoid 0,18 (mGal) 100
free air 10 (m) 90
Janik et al., 2011

topography 123 (m) 83
geoid 0,22 (m) 99
free air 11 (mGal) 88
Csicsay,2010

topography 126 (m) 83
geoid 0,35 (m) 98
free air 15 (mGal) 77

Tab.7  Resulting standard deviations and variance reduction of data misfits for different models.

Pannonian Basin Transylvanian Basin | Apuseni Mountains | Western. Carpathians
2790 (kg/m?) 2810 (kg/m°) 2820 (kg/m°) 2850 (kg/m°)
Eastern Carpathians | Southern Carpathians | Moesian Platform Platforms
2820 (kg/m?) 2850 (kg/m°) 2870 (kg/m?) 2870 (kg/m?)

Tab. 8  Average crustal density based on the 2D integrated geophysical modelling.

On both Fig. 33A, B, C and Fig. 33 D, E, F we observe very similar features. The
differences between them are due to the smoothing parameter used in the model of Fig. 33

A, B, C and so the first results are smoother than the other ones.

We can observe that the Moho depth increases from the Pannonian Basin towards
the NE to the East European Platform and also towards the SW to the Dinarides (Fig. 33 A,
D). In the Pannonian Basin, the most shallow Moho is in the SE part where it reaches
values of about 25-26 km and in the central part about 27—-28 km in the model without
smoothing. In the smooth model such a thin crust in the SE part of the Pannonian Basin
cannot be observed. Here the thickness is about 28 km. The thickness of the crust in the
East European Platform reaches values about 36 km in both models; locally, it can be about
39 km. The deepest Moho is observed underneath the Carpathian Arc or its foredeep. A
trend of increasing depth propagating from the Western Carpathians (about 37 km) towards
the Eastern Carpathians (about 43—44 km) can be also observed. The deepest Moho is
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obtained in the Vrancea area and locally in the Southern Carpathians where our models
show a depth of about 45 km. In the smoothed model a relatively shallow Moho is
observed underneath the southern part of the Southern Carpathians and in the central part

of the Moesian Platform (only less than 30 km).

The LAB maps (Fig. 33 B, E) has very similar features as Moho depth maps. The
depth of the LAB increases from the Pannonian Basin towards the NE to the East
European Platform. In the Pannonian Basin, it is in average between 90 and /70 km and the
most shallow LAB is also in the south-eastern part of the basin with values around 70 km
in the model without smoothing. In the other one, such extrem values were not reached. In
the Moesian Platform, we obtained very similar values as in central part of the Pannonian
Basin. Values between /00 and 740 km were obtained in the East European Platform. The
deepest LAB is observed beneath the Carpathian Mountains and their foredeep, reaching
values between /40 and /80 km, locally in the Eastern Carpathians and the Vrancea area
up to 200 km. An interesting feature can be observed spreading from the Eastern
Carpathians to the East European Platform. It is a kind of channel with relatively thick
lithosphere between /60 and /80 km. Another interesting zone can be observed spreading
between the Southern Carpathians and the Apuseni Mountains. It is a zone with very low

values of the LAB depth (about 60 km).

Crustal densities Fig. 33 C, F are very similar to those we got from the 2D
integrated geophysical modelling. Average crustal densities are influenced by the
sedimentary cover thickness. A very good example for that is the Getic basin, where we
got the lowest values of about 2770 kg/m’. Seismic data (Mocanu and Radulescu, 1994)
indicate that the thickness of the sediment cover reaches in this area values of more than /0
km. On the other hand, areas with nearly no sediment cover, very old platform areas such
as the East European Platform are characterised by very high average crustal densities
(about 2890 kg/m’). The Pannonian Basin is characterised by the quite low crustal densities

of about 2810 kg/m’.
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Result of the 3D inversion for Carpathian Pannonian Basin region with standard parameters (Tab.
6). Figures A, B, C represent modelling with slight smoothing (smoothing factor for density and
Moho: 0.1, for lithosphere: 0.3). Figures D, E, F show results for modelling without smoothing.
Although the modelling algorithm returns surface densities, the densities presented here are
average crustal densities. Black dashed line indicates the position of mountain topography
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Fig. 34  Plot of calculated data (left column) and difference "calculated minus measured" data with slight
smoothing. Black dashed line indicates the position of mountain topography (Carpathian arc,
Apuseni Mountains and Dinarides).
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smoothing. Black dashed line indicates the position of mountain topography (Carpathian arc,
Apuseni Mountains and Dinarides).

105



6.3.2 Results for the models with a priori data

We produced also models using the a priori data sets of Moho depth from
seismics and combined seismic and gravity data. This approach is another strategy to
reduce the non—uniqueness of the inversion results and increase the stability of the
inversion process. The algorithm allows to give a priori data for crustal density and/or
Moho depth. In our case, we used only Moho depths. The first model is based on the
CELEBRATION 2000 seismic interpretation (Fig. 9) (Janik et al., 2011), the second one is
based on the interpretation of Csicsay (2010) based on the integration of seismic and
gravity data sets (Fig. 13). Based on the CELEBRATION 2000 data, we defined 552
points and 7476 points for the Csisay’s data set, which covers the whole area. We applied a
slight smoothing in the models with CELEBRATION 2000 a priori data. It is necessary in
order to avoid important jumps in Moho depth at the edges of the given information. As it
was written before, smoothing impedes strong lateral variations of parameters. In the case
of thick sedimentary cover and short—-wavelength variations (</00-150 km), it affects the
result of crustal densities, since the program cannot recover the sharp density variations
expected between the area with sediments and the surrounding areas. We used the same
parameters as in the previous chapter. Fig. 36 shows the final 3D model of the lithosphere
after 5 iterations for both models with different a priori input data. On Fig. 37 and Fig. 38

one can see the differences between measured and calculated data.

The Moho depths of the final models in both cases are very strong influenced by
the input Moho data set, they do not differ much from their original files. The only
difference is that in the case of Janik et al. (2011) (Fig. 36 A—C) the input data does not
cover the whole Carpathian—Pannonian Basin region but only a part of the Western
Carpathians and northern parts of the Pannonian Basin. The rest of the area is based only

on the 3D Inversion. These two models also differ from each other.

In the Janik et al. (2011) (Fig. 36 A—C) model one cannot see the difference in
Moho depth between the Carpathian arc, its foredeep and the East European Platform. All
of these tectonic units have very similar Moho depths (about 39 km). Moho depth
decreases, however, towards the Pannonian and the Transylvanian Basin and also towards
the Moesian Platform. The thinnest crust is found in the Pannonian Basin (22-23 km)
exactly where the CELEBRATION 2000 data exist. The Transylvanian Basin is
characterised by higher values (about 32 km) which decrease towards the Eastern and the

Southern Carpathians (about 38 km). A somehow strange crustal feature can be found in
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the southern part of the study area. Here a belt with crustal thickness values between 27
and 30 km spread from the southern part of the Pannonian Basin through the Moesian
Platform. The thickest crust is found again in the area where the CELEBRATION 2000

data exist, it is in the Trans—European Suture zone (51 km).

The second model of the Moho based on Csicsay (2010) (Fig. 36 D-F) a priori
data is strongly influenced by them. The thinnest crust is shown in the central part of the
Pannonian Basin (60 km). The thickness increases slightly towards the Transylvanian
Basin and in the central part of it reaches values about 33 km. In the NE direction the
Moho depth increases quite dramatically: underneath the Trans European Suture zone it
reaches maximum values of more than 57 km. In this model, the Pannonian Basin and the
Moesian Platform are separated from each other by an area with thicker crust (about 42
km). This area spreads westward to the Dinarides and eastward to the Southern

Carpathians. A crustal thickness of about 46 km can be found in the Vrancea zone.

For the LAB both models (Fig. 36) differ more from each other than for the
Moho. The main features can still be spotted but the values are very different. As it was in
the previous model, the LAB depth increases from the Pannonian Basin towards the N and
NW and reaches its maximum underneath the Carpathian arc or its foredeep. Then it
stabilises in the East European Platform. The Moesian Platform is also characterised by
somewhat smaller values of LAB depth than would be expected and than we obtained from

2D modelling.

The LAB in the Pannonian Basin in the CELEBRATION 2000 case has values
about 80 km in the thinnest area but in the central part of the Pannonian Basin it is around
100 km. The Transylvanian Basin is characterised by slightly higher values of the LAB
depth (/10 km) than the Apuseni Mountains (/00 km), which is thicker than in the
Pannonian Basin. The deepest LAB is located in the Eastern Carpathians and the Vrancea
area (about /70 km). Even deeper values of the LAB (/90 km) are obtained further North
in Poland in the Trans European Suture Zone. The Moesian Platform lithospheric thickness
is surprisingly similar to the Pannonian Basin one; therefore, the boundary between them

cannot be distinguished.
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Fig. 36 Result of the 3D inversion with two different a priori data sets. A, B, C used as a priori Moho data
from Janik et al. (2011) and D, E, F used a priori Moho data from Csicsay (2010). Black dots in A
and D indicate the location of a priori data points. Black dashed line indicates the position of
mountain topography (Carpathian arc, Apuseni Mountains and Dinarides).
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On the other hand, the results that we got based on Csicsay (2010) data are

quantitatively different. The shallowest LAB is observed in the Apuseni Mountains area

(less than 50 km) and in the Southern Carpathians (even less than 40 km). The Pannonian
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Basin reaches values about 60 km in the whole area. Its adjacent Transylvanian Basin has a
thicker central part (/10 km) and outwards the thickness decreases up to about 80 km. The
deepest LAB can be found in the Eastern Carpathians (more than 220 km), in the Vrancea
and the Getic Basin (more than 270 km). The rest of the Carpathian arc has a LAB depth of
about /60 km. The Moesian Platform shows values between 60 and 700 km. The area of
the Pannonian Basin and the Moesian Platform is clearly split by a belt with thicker

lithosphere.

Crustal densities in both cases have an increasing trend from the Pannonian Basin
(less than 2760 kg/m’) towards the platform. The platform areas are usually very deeply
eroded and because of that, crustal densities are larger. In the Janik model we obtained
densities between 2870 and 2910 kg/m’. In the Csicsay model we got even larger densities
and in some parts can reach extreme values of 2980 kg/mj. In the Carpathian foredeep, the
densities are smaller, in the range of 2800-2860 kg/m’. Here, the crustal densities are
strongly influenced by the thick layer of Neogene sediments with smaller densities. On the
other hand, higher densities can be found in the higher topography areas of the Carpathians
(2900-2930 kg/m’). We obtained very controversial results in the Moesian Platform, where
in the Janik-based model we have relatively low values of crustal density (2790-2850
kg/m’) and in the Csicsay—based model we got significantly higher values of the crustal

densities in the range of 2900—2940 kg/m’ in some parts even bigger 2980 kg/m’.

Fig. 39 shows the differences between the data misfits of the two models with a
priori information (Fig. 37 D, E, F and Fig. 38 D, E, F). For gravity and topography, we
observe a considerable scatter of these differences in most of the area. Geoid data show
some scatter mainly in the Southern Carpathians and Getic Basin. In general, the most

problematic area is located in the Southern Carpathians and the Getic Basin.
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Fig. 39  Maps of the differences between the data misfits of the two models with a priori information (Fig.
37D, E, F and Fig. 38 D, E, F).

6.3.3 Discussion of the 3D inversion models

The Carpathian—Pannonian Basin region was subject of extensive scientific
research for the last decades. However, some parts are very well known, others are still
enigmatic. Also the diversity of scientific approaches results in a diversity of results. This
diversity also brings up issues for interpretation. Here, we add our piece to the puzzle. The
3D inversion is a very new and fast method to establish a model of the lithosphere and the
crustal density distribution. Since there are options for stabilizing the inversion process
such as smoothing, damping and using a priori information (Moho depth), we used them
all to provides the best model. As we had two different input data sets and also the option
to create the 3D inversion model based only on 1D input model we did 3 different
calculations based on 3 different input data sets. The starting model for all of the three
models was the same output of the 1D modelling based on the Fullea et al. (2006)

algorithm.

At first sight it can be clearly seen that the maps of the Moho and the LAB depth
are similar in terms of the tectonic features. The shallowest Moho and LAB depths are
found in the Pannonian Basin and larger depths in the East European Platform and even
more underneath the Carpathian arc where the maximum depths are reached in the Eastern
and the Southern Carpathians. Also in the map of the crustal densities, similar features can
found. Low densities were obtained in the Pannonian Basin and in the Carpathian

foredeep, but these two similar features have probably two different explanations. The
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previous studies in the Pannonian Basin show lower crustal densities which can be a
consequence of thinner, younger crust and also considerable thicknesses of sedimentary
cover. On the other hand, in the foredeep such low values of the densities are caused by the
thick Neogene sediments which decrease the average density (Bielik et al., 2004). The
platform areas and higher mountainous areas show higher densities that are caused by the

absence of a significant sedimentary cover.

The thinnest crust is modelled when using the Csicsay a priori data. Nevertheless
the program was very limited (because of the a priori input data covering the whole study
region), therefore the Moho map is very similar to the result of Csicsay (2010). Such a thin
crust is also expected by other authors (Bielik et al., 2004; Beranek and Zatopek, 1981;
Guterch et al., 1984, 1986; Cekunov et al., 1988; Cekunov, 1993; Posgay et al., 1995;
Tomek et al., 1987, 1989; Tomek and Hall, 1993; Horvath, 1993; Lenkey, 1999; Janik et
al., 2011). The most surprising area is the SE part of the Pannonian Basin, where we got
very thin crust for the 1D model and also some indication of thin crust for the model based
on Janik et al. (2011). The Transylvanian Basin is characterised by values around 34 km
for all three models and this result is also in very good agreement with the previous works
(Bielik et al., 2004; loane and Ion, 2005; Csicsay, 2010; Cloetingh et al., 2005; Hauser
2007). The Southern and Eastern Carpathians show similar anomalies in all of our models;
however in this case, we obtained more similarities between Csicsay Moho and no—a priori
data than for the Janik model. Especially in the Vrancea zone we got values around 45 km
which is in the range of values of 4/ km from Hauser et al. (2001) and Landes et al.
(2004), 47 km from Hauser et al. (2007), but less than 50 km from Mocanu and Radulescu,
1994 or even 53 km from loane and Ion (2005). The biggest differences among the models
occurs N of the Eastern Carpathians in the East European Platform. Here, the spread of the
Moho depths is significant, from 39 km (model without a priori data and Janik’s model) to
more than 57 km (Csicsay, 2010). The Moesian Platform is characterised by similar Moho
depths around 33 km. Only in the model without a priori information it can be locally even
less than 30 km. A depth of about 33 km is shown also on the other authors' maps. (Ioane
and lon, 2004; Bielik ef al., 2004; Beranek and Zatopek, 1981; Guterch et al., 1984, 1986;
Cekunov et al., 1988; Cekunov, 1993; Posgay et al., 1995; Tomek et al., 1987, 1989;
Tomek and Hall, 1993; Horvath, 1993; Lenkey, 1999; Csicsay, 2010; Janik et al., 2011).

Lithospheric thicknesses show similar features as Moho depths. The thinnest

lithosphere is again obtained in an unexpected area. The minimum begins in the southern
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margin of the Transylvanian Basin and continues North of the Southern Carpathians to the
Pannonian Basin. This minimum can reach very low values (less than 40 km). In this area,
such a thin lithosphere was not predicted. Usually, the published thicknesses exceed 7120
km (Babuska et al., 1988; Horvath, 1993; Sefara et al., 1996; Lenkey, 1999; Zeyen et al.,
2002; Dérerova et al., 2006). The results reflect clearly the tectonic complexity of the area.
Since the used algorithm is based on the local isostasy conception it reaches its limit. The
Pannonian Basin is characterised by values in the range from 70 to /10 km, in some local
places it could be even less (60 km). We obtained this very shallow LAB using Csicsay’s a
priori data and they coincide well with previous works (Babuska et al., 1988; Horvath,
1993; Sefara et al., 1996; Lenkey, 1999; Zeyen et al., 2002; Dérerova et al., 2006),
although the ultra shallow LAB of about 40 km (Adam et al., 1996) was not confirmed by
our method. The Eastern and the Southern Carpathians and their immediate foredeep show
lithospheric thickness in the range from /40 to 180 km which confirms the previous
investigations (Babuska et al., 1988; Horvath, 1993; Sefara et al., 1996; Lenkey, 1999;
Zeyen et al., 2002). However, it shows also a considerable difference with the results
published by Dérerova et al. (2006). There exist small areas with even thicker lithosphere
mainly in the Ukrainian Eastern Carpathians and the Vrancea zone. Controversary results
were obtained in the Moesian Platform, all models show thin lithosphere not more than
100 km, in average, it is only 80 km. Nevertheless Dérerova et al. (2006) published a
thickness of 740 km.

Concerning the crustal densities, at first sight regions with thick sedimentary
cover can be distinguished on the maps, mainly in the foredeep areas. The low densities of
the sediments decrease also the average density of the crust, so these regions are
characterised by values between 2780 and 2820 kg/’. On the other hand, lower densities are
found also in the Pannonian Basin region, but here besides the sedimentary cover, the
ALCAPA and Tisza—Dacia microplates are characterised by lower densities of upper and
lower crust (Bielik et al., 2004, Dérerova et al., 2006, Csicsay, 2010). Platform areas on
the other hand are characterised by higher values of the densities, here we obtained the
maximum values between 2890 and 2980 kg/m’. These regions are usually very deeply
eroded and also they are part of old stable platform areas that are characterised by higher
density values (Csicsay, 2010). Very thick crust in the southern territories caused by the a
priori data forced the inversion algorithm to return higher densities in this region, similar

to those expected in the platform areas.
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The densities offer different views on the study region. While for the
lithospherical thickness and Moho depth the model based on Csicsay data seems to provide
the best solution, for the densities, the best solution is provided by the model without a
priori data. Comparing average densities of the crust obtained by the 2D modelling and 3D
inversion it can be seen that this model gives geologically meaningful densities in almost
all parts of the model. On the contrary, the models with a priori data show somehow
unrealistic densities in certain areas. This can be observed mainly in the Pannonian Basin,
where both models with a priori data show very low crustal densities. Moreover, the model
based on Csicsay data has problems to realistically explain the densities in the East
European Platform and Moesian Platform areas, where very high values were obtained. On
the other hand, all models show unrealistic average densities in the Southern Carpathians

and the adjacent Getic depression.

We present here four models based on the 3D inversion approach. These models
differ from each other by the input a priori data or used parameters of smoothing and/or
damping in inversion process. Every model can explain the measured data with a similar
precision. In the Carpathian—Pannonian Basin region an extensive research of the crust has
been done in the last decades. In this thesis we took into account most of them, however in
the 3D inversion we calculated our models based on the most recent ones and most
complex work in our opinion. The models without a priori data are very useful in the areas
where no a priori data such as crustal thicknesses or crustal densities exist. However, these
models are based on the integrated modelling of potential fields with their inherent non-
unique solutions and we have to consider them as very first models and further research
has to be done, or some a priori data have to be taken into account. Despite its limitations,
the model without smoothing gives the most acceptable results in the Carpathians and the
north—eastern part of the area among all of the models. The result of the lithospheric
thickness in the mentioned area is also closer to the results obtained by Dérerova et al.
(2006). As a second step, we built another model based on high—quality seismic Moho data
(Janik et al., 2009). However, these data are not distributed within the whole area but only
in its north—western quarter. The rest of the study area is without a priori data. It must be
said that the rest of the area does not meet the common expectations about the area in some
parts. The most doubtful one is the Vrancea zone, where the lithosphere is thinner than it
would be expected. Regarding the still active subduction process one can suppose that the

lithosphere here should be thicker. Also the Carpathian arc seems to have thinner
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lithosphere than expected. These are the results which can throw a shadow of doubt on the
method. The last model seems to be the best, except the Trans European Suture Zone,
where the unexpected structures are found. Although this model is based on the Moho
constructed by Csicsay (2010), it can fulfil for the most areas our expectations based on
seismic models. It shows very thin crust and lithosphere of the Pannonian Basin, on the
other hand, it shows thicker crust of the Vrancea zone, which is in good agreement with the
previous works. Since his model is not based only on good quality seismic data but also on
the gravity modelling without seismic constraints, some of the areas are still doubtful. It is
mainly the area of the Trans European Suture Zone. However very similar results for the
LAB were obtained by Dérerova et al. (2006). The most controversial result was obtained
for the Southern Carpathians, where the programme calculates extremely thin lithosphere,
which is not expected but on the other it has not been studied yet. One of our 2D transects
(Fig. 28) crossing this area does not show such an extremely thin lithosphere but it must be

said also that we were not successful in explaining all of the data
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6.4 3D lithospherical modelling (LitMod3D)

The last task of my PhD studies was to establish a 3D lithospheric model of the
Carpathian—Pannonian Basin region based on the 3D geophysical modelling (LitMod3D).
Very soon after the recognition of the very time consuming work we decided to make a
study area smaller. Our results from the previous methods and the studied papers show that
the area of the Transylvanian Basin is worth of further investigation. During the
interpretation of the data occurred some problems that made work slower and also the
work with the software was really hard and slow. Since the program was not in the final
version, it had still some bugs to fix. At the present time this part of the work stays

unfinished.

LitMod3D was developed to perform combined geophysical-petrological
modelling of the lithosphere and sublithospheric upper mantle. The main advantage of the
modelling program is that is built within an internally consistent thermodynamic
geophysical framework, where all relevant properties are functions of temperature,
pressure, and composition which is not usual when compared with known software
packages of today. The program outputs temperature, pressure, surface heat flow, density
(bulk and single phase), seismic wave velocities, geoid and gravity anomalies, elevation,
and lithospheric strength for any given model by simultaneously solving the heat transfer,
thermodynamic, rheological, geopotential, and isostasy (local and flexural) equations.
These outputs can be used to obtain thermal and compositional models of the lithosphere
and sublithospheric upper mantle that simultaneously fit all available geophysical and
petrological observables (Fullea et al., 2009). LitMod3D is a collection of Fortran
subroutines and shell scripts organized into a forward calculation execution file module
(LitMod3D.exe) and an interactive interface execution file module (LitEdit.exe) used to
visualize data and modify the model. The original program has been compiled for Linux
distribution, however a Windows version exists as well which was being debugged with
my help during the final period of my thesis. The most important problem was the
LitEdit.exe — the interactive interface module. It contained a lot of more or less severe
errors that made the work weary. The most serious bugs were related to the process of
inserting and modifying new layers. Finally, we were able to make the programme run
correctly, without undesirable effects. Today, the programme is distributed within a large

community of interested Windows version users. The debugging process took me a lot of
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time, so the work has stayed unfinished, therefore here I just present only a preliminary

result of the lithospheric model of the Transylvanian Basin and its surroundings.

Although the program offers improved modelling, it has also some weak sides.
The main advantage and its disadvantage at the same time is basically the fact that the
program was built by specialist in geophysics with extended knowledge in computer
programming and I think that the present version of the program is still not the final one.
The main problem of the program from my point of view, as it was mentioned further up,
is the interface module (LitEdit.exe) which is not very intuitive and user—friendly.
Changing parameters of the layers and defining the geometry of the interfaces is a
complicated and rather unstable process. Modifying interfaces and especially defining new
ones creates often fake features and it is quite tricky to fix these spots. It can be concluded
that the more layers are needed to explain the data the more difficult is the work with the
program. Another issue of the program is the time of the thermal calculation. Although the
thermal calculation does not have to be running every single time of the calculation (after
4-5 changes if it were small crustal changes), on my computer the calculation takes ca. 1

hour which makes the modelling process last long.

The Transylvanian Basin is located in the eastern part of the Carpathian—
Pannonian Basin region surrounded by the Eastern Carpathians from the North and the
East, the Southern Carpathians from the South and the Apuseni Mountains from the West.
The area is interesting because of little previous detailed investigation done here in terms
of the lithospheric structures. Moreover, our results from the previous studies have shown
some interesting places where we could not explain all the data (topography mainly). The
investigation area forms a rectangle with corners (21°%28°E — 44°/48°N). Although I tried
hard to find a best model (best fit of the measured and calculated data), I failed. Therefore I
will present only a preliminary result (Fig. 40, Fig. 41, Fig. 42, Fig. 43, Fig. 44, Fig. 45,
Fig. 46). The starting model contains seven layers which represent the main layers of the
region within lithosphere. I did not used petrological parameters of layers so far. All
parameter that I used in the starting model are in the Tab. 9. The process of creation of the
model is similar to that of Cages (trial-and—error). The local isostasy concept is used for
topography calculation. We assume that the lithosphere of the region is divided into two
parts; one belongs to the Tisza—Dacia microplate and the second one belongs to the East

European Platform (the Moesian Platform included).
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Tab. 9

Fig. 40

Body Densitay Thermal Conductivity |Heat Productiaon Rate
(kg/m?) (W/mK) (LW/m’)

Tisza-Dacia sediments | 2400 2,5 1
Tisza-l?:iﬁliupper 2750 25 5
Platform sediments 2400 2,5 1
Platform upper crust 2770 2,5 2

Tisza-Dacia lower crust | 2950 2 0,2

Platform lower crust | 2970 2 0,2

Mantle lithosphere 3200 3,4 0,02

Densities and thermal properties of the different bodies used in the 3D model.
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Fig. 41

Fig. 42
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Fig. 43 Layer 4 represents the upper crust for the whole study area.
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Fig. 44  Layer 5 represents the Tisza—Dacia microplate lower crust.
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Fig. 45  Layer 6 represents the East European and Moesian Platform lower crust.
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Here I show also the result of this model (Fig. 47), it can be seen that it is still far

from the final version. More trial and error work has to be done.
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Fig. 47  Plot of the measured data (left column) and the difference “calculated minus measured” data (right
column).
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7 CONCLUSION

The Carpathian—Pannonian Basin region provides a very good occasion for
studying its complex tectonical activities not only historical but also present ones. The
complex geodynamic history reflects the complicated structure of its lithosphere. Based on
critical analysis of previous results and scientific works, we have tried to bring new
knowledge and shed new light on the lithosphere structure in this interesting region. Our
research was based mainly on integrated geophysical interpretation of free air, geoid,
surface heat flow and topography data. We created four lithospherical scale 2D
geophysical integrated models, a 1D model of the Moho discontinuity and the LAB and
four 3D inversion models based on different input datasets. The model using LitMod3D

got only to a preliminary stage and therefore, this task is still unfinished.

Three different geophysical interpretation approaches carried out in this study
allow us to propose a new overlook over the Carpathian—Pannonian Basin region. Joint
modelling of surface heat flow, gravimetric and topographic data, using geological and
crustal seismic data as constraints, allowed us to establish a revised model of the
lithospheric structure of the Carpathian—Pannonian Basin region and parts of their
surrounding tectonic units. The final transects as well as 1D and 3D models show strong
variations across the studied area. It can be observed on all our results that the lithospheric
thickness increases from the Western Carpathians to the Eastern Carpathians along the
strike. In comparison with previous results (Horvath, 1993; Lenkey, 1999), our model
reveals in general smaller differences between the thicknesses of the lithosphere under the
North European Platform and the Pannonian Basin. The large published lithospheric
thicknesses north of the Western Carpathians (Horvath, 1993; Lenkey, 1999), in
combination with a relatively thin crust (<40 km), would imply a too high gravity anomaly
or a topography below sea level. The programmes calculate the topography based on the
assumption of local isostasy which is an important restriction and has to be discussed. Part
of the topography may be supported by elastic constraints if equivalent elastic plate
thicknesses (EET) are too large. There are two different approaches to resolve the problem.
In 2D modelling, if we could not find a model explaining all data sets together, we gave
preference to a good fit of gravity and geoid data and left topography unadjusted. In 1D
and 3D inversion, the programme is automatically trying to keep the differences between

measured and calculated data as low as possible. Depending on the a priori data and
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chosen internal options, the programme can change the thicknesses or densities to obtain as
good a result/fit as it can. A few authors have analysed the effective elastic thicknesses of
the different tectonic units of our region. Lankreijer et al. (1999) proposed very low values
for the Polish Platform (5—77 km) and the Pannonian Basin (5—10 km). For the wavelengths
we are concerned with (larger than /00-200 km), the elastic effects should then be small
(e.g. Turcotte and Schubert, 1982). However, locally the elastic support and deformation
may be important. This concerns a few places in our transects/models, especially the area
around the Southern and Eastern Carpathians, where subduction—related plate bending may
be the cause for a rather bad fit between modelled and measured data at wavelengths
around 50 km. These blocks are probably not in isostatic equilibrium and their topography

cannot be modelled correctly with our algorithm.

The parameter uncertainties for 3D inversion are in the order of several km for the
Moho depth, several tens of km for the LAB depth and several kg/m’ for average crustal
densities (Motavalli-Anbaran et al., 2013). The uncertainty also depends on the amount of
the used a priori information. A priori information when they are not spread within the
whole area sometimes introduce short wavelength variations in the model parameters. This
might happen when the a priori data are very different from what the programme
»expects®, when there is a big jump in the a priori data and the calculated one. This is the
reason why the combination with slight smoothing is also necessary. However, the
application of smoothing might cause loss of the short and intermediate wavelengths of

Moho depth or density variations in complicated areas.

Somehow different estimation of the uncertainty can be evaluated in the case of
the 2D programme. Since the programme is based on trial-and—error modelling, it is
difficult to give a quantitative uncertainty estimate. However, based on the many trials, we
estimate the uncertainty on lithosphere thickness to be /0-75%. The thermal parameters
have only very little effect on the final results. In areas where the Moho depth is well
known from seismic data, this uncertainty is somewhat smaller; in areas with a narrow
zone of strong thickening, it may be somewhat bigger, since at large depth, density
variations have less effect on the observables. Changes in crustal thickness can be partially
compensated by changes of LAB depth in the same direction (thicker crust needs also
thicker lithosphere). As a rule of thumb, / km thickening of the crust can be compensated
by 10 km deepening of the LAB. However, this compensation fails for too large

modifications. Experience shows that crustal thickness variations of more than 3—4 km
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cannot be compensated by LAB variation due to the different depth dependence of the

three different observables.

Although our results differ locally significantly quantitatively and qualitatively
between each other, they show in general similar features. Lithospheric thickness increases
from the eastern segment of the Western Carpathians, and reaches a maximum value in the
Eastern Carpathians and in the Ukrainian and Romanian foreland. This thickening is
interpreted as remnants of a slab, which started to break off in the Miocene. These results
are in good agreement with the results of seismic tomography from Spakman (1990),
Spakman et al. (1993), Goes et al. (1999), and Wortel and Spakman (2000). They also
suggest remnants of deep subduction and slab detachment below the Carpathian—
Pannonian Basin region. They showed that the slab seems to be detached from the
European plate (probably except for the seismogenic Vrancea zone). A flat-lying, high—
velocity anomaly at the bottom of the upper mantle not only beneath the Carpathian—
Pannonian Basin region but as well beneath the whole Mediterranean area has been
interpreted as subducted lithosphere that sunk into the deeper mantle as a result of rollback
and slab detachment along strike of the Carpathian arc. This important roll-back could also
explain why crustal thickening is not observed above the slab or even behind the
subduction, but in front of it. The increasing thickness of the lithospheric slab from the
Western Carpathians to the Eastern Carpathians supports the suggestion that the slab
break-off started in the NW and propagated towards the SE, the seismogenic Vrancea zone
being inferred as the final expression of the progressive subduction, slab roll-back and
plate boundary retreat that were responsible for the evolution of the arc (Kazmér et al.,
2003; Tomek and PANCARDI colleagues, 1996). The area of the Southern Carpathians
brings some controversial results. On the one hand we got from 2D modelling crustal and
lithospherical thickening underneath the area on the other hand we got very thin
lithosphere from the 3D inversion. This might be explained by the effort of the programme
to keep a reasonably good fit of all of the input data sets. This area is problematic also in
2D modelling and since 2D modelling is based on trial and error we could chose which
data set needs to be well explained. We gave the preference to gravity and geoid data as it
was explained further up. Since the area is not in isostatic equilibrium, we suggest that the
result in 2D is more trustworthy. In the area of the Southern Carpathians, our 2D models
show lithospheric and crustal thickening. We suggest that the Moesian Platform is bend
and underthrusted beneath the Southern Carpathians. This could be the result of the

126



clockwise moving (dextral wrenching in the sense of Matenco, 1997) of the lighter and
younger Tisza—Dacia microplate against the denser, older and static Moesian Platform
during the Neogene. Although some authors (e.g. Sandulescu, 1994; Matenco, 1997;
Nakov, 2008) proposed this scenario before, we give geophysical evidence of it for the first
time. These results are supported by the existence of the large gravity low along the
Southern Carpathians (Bielik et al., 2006), which can be explained by the thick foredeep
sediments and the elastic bending of the down—going Moesian plate. (Matenco, 1997). On
its southern side, the Moesian Platform is also underthrusted underncath the Balkanides
and Rhodopes which are thrusted over it. The result is in good accordance with previous
work (e.g. Nakov, 2008; Schmid et al., 2008). The Pannonian Basin lithosphere, based on
our modelling, is thicker than usually proposed by other authors. The models that we
created do not support a thinning to less than about 70 km and we did not find any evidence
for regional extreme thinning of the lithosphere to only 40 km (Adam, 1996; Adam and
Wesztergom, 2001; Horvath, 1993). It may exist, however, in some local features under a
few narrow subbasins. However, the regional difference of /0-20 km, although not far
from the estimated uncertainties of our models, may be significant. There are a few
different hypotheses which can be put forward to explain this difference. The simplest one
would be that seismic, magnetotelluric and thermal analyses do not see the same variations
of physical properties and that therefore different methods give the lithosphere—
asthenosphere boundary at different temperatures (Dérerova et al., 2006). On the other
hand, it is claimed that the alkaline volcanism trace elements show a less depleted
uppermost mantle than normal (e.g. Rosenbaum et al., 1997). The models show mainly
that the lower lithosphere has to be denser than a normal lithosphere of 60 km thickness.
Here, we interpret this higher density by lower temperatures; however, it could be also due
to less depleted, possibly plume-related material. Nevertheless, in order for this argument
to be valid, the less depleted material should not form the asthenosphere, which would
result in too high buoyancy of the lithosphere and therefore too high topography. Finally,
the fact that we used a steady state model may result in a too thick lithosphere: if a recent
heating of the lowermost lithosphere happened, the average lithosphere would still be
cooler and denser than it were with the same thickness in steady state. Therefore, our
steady state model would result in a too thick lithosphere for a steady—state model to
compensate for this relatively high average density, which means that the lateral variations

of LAB depth we give here have to be considered as minimum variations.
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The model based on 3D inversion without a priori data shows interesting features
also at the contact of the SE edge of the Pannonian Basin, the Southern Carpathians and
the Dinarides. Here, strong thinning of the lithosphere can be observed. In the model with
Csicsay (2010) a priori data, where this strong thinning does not exist, the area should
have a higher crustal density, since the a priori (gravity—based) Moho is relatively thick.
Neither the lithospheric thinning, nor the high crustal densities were expected here.
Although detailed studies of lithosphere in this area are rare petrological studies indicate
that the Tertiary ultrapotassic volcanism of the Serbian province is related to a post-
collisional tectonic regime that followed the closure of the Tethyan Vardar Ocean by Late
Cretaceous subduction beneath the southern European continental margin. No mantle
plume evidence was put forward (Prelevi¢ ef al., 2005). The regional studies (Babuska et
al., 1988; Horvath, 1993; Lenkey, 1999; Zeyen et al., 2002; Bielik et al., 2004; Dérerova et
al., 2006;) also do not assume lithospheric thinning. It would be very convenient to
calculate a 2D transect also across this area to confirm or deny this lithospheric thinning.
Also seismic data would be needed in order to check the crustal thickening claimed by

Csicsay (2010).

Although a model based on the 3D integrated modelling (LitMod3D) was one of
my objectives, it was finally not possible to achieve this task in the imparted times, since
we had to spend too much time on debugging and testing the programme. In my opinion
the programme LitEdit which is an interface programme of LitMod3D is still a beta
version, it should be more user friendly because the process of entering layer parameters
demands much patience of the user. On the other hand I think that once the programme is
finalized, it becomes a fantastic and powerful tool for the geophysical survey of the

lithosphere.
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8 PROSPECTIVE

The Carpathian—Pannonian Basin region has been shown to be an area worth of
further investigation. Although some interesting hypothesis about the tectonic evolution
have been confirmed, there are also some questions that are still waiting for bigger
scientific interest. Also the knowledge that we have today should be subject of further

scientific interest, critics and improvement.

1D automatic modelling has shown up as a handy tool, because of its simplicity
and quickness. It gives a very fast result and a very preliminary view on a study region,
which may contribute to further or later interpretative work. Also it can be used as a

starting model for 3D inversion better than starting calculation with flat layers.

2D integrated geophysical modelling defends its place in the field of geophysical
investigation of lithospherical structures. Despite of its usefulness, some modification
might be useful such as integration of the primary and secondary seismic wave velocities
calculations, or a possibility to insert a picture file to the background of the graphical
interface. This might simplify importing the a priori data. The advantage is a relatively fast

trial-end-error process that is necessary for comfortable work.

Although 3D inversion works very well today it can still be improved. Usually the
sedimentary cover is quite well known in many areas around the world. Incorporating this
information to the programme might improve largely the lithospheric model. Also the
possibility to distinguish between upper and lower crust can have a significant impact on
the result in a positive sense. Also it misses the possibility to split the crust into more
separated bodies which might represent different tectonical structures like microplates.
After a few changes and adding this programme would become a very powerful tool in the

lithosphere investigation field and can produce realistic models.

In our study, we revealed some areas where it is difficult to explain geophysical
data by the geological reality. It is mainly the area of the Southern Carpathians and its
adjacent Getic depression and also some issues can be found in the south—eastern part of
the Pannonian Basin. It is clear that additional research of these areas should be followed.
Probably the easiest way is to lead other 2D transects through these areas, but the best

option is the investigation using LitMod3D which can provide better and more realistic
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solutions thanks to its unique properties. On the other hand the programme is still

encountering problems, which might discourage a user from working with it.
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10 SUMMARY IN SLOVAK

Struktara litosféry v strednej Eurépe: integrované

geofyzikalne modelovanie

Uvob

Geofyzikélny prieskum je neoddelitelnou, hoci Casto podcenovanou, sucast'ou
geologického prieskumu. Zjavnou vyhodou je jeho neinvazivna podstata, efektivita a
efektivnost, ¢i uz v plytkom alebo hlbokom prieskume. Jeho oponenti poukazuji naopak
na potrebu a priori dajov a Casto krat kontroverznu korelaciu geofyzikalnych dat a
geologickej reality. Rozvoj pocitatov a vhodna kombinacia viacerych geofyzikalnych
metdd dnes umoznuje komplexné Stidie v oblasti geofyziky a zmierfiuje tato kritiku.
Geofyzika dokazuje unikatne postavenie, najméd v oblasti analyzy a vyskumu hlbokych
Struktur, tektonickej stavby, ale taktiez moze byt vel'mi uzito¢na pri rieSeni problémov
spojenou s geodynamickou evoliciou skimanych oblasti a regionov. Svoje prednosti vSak
dokaze obhgjit aj v plytkom geologickom prieskume pre potreby hydrogeologie,

inzinierskej geoldgie alebo environmentélnej geologie.

Dizertacnéa praca je rozdelena do niekolkych logickych cCasti. V prvej Casti je
popisana zakladnda geoldgia oblasti a vysledky predchadzajacich geofyzikalnych
prieskumov. Druhd ¢ast’ je venovana vSeobecnym principom, metodike a spracovaniu dat
dvojrozmerného geofyzikalneho modelovania (2D), trojrozmernej inverzie (3D) a
trojrozmerného integrované¢ho geofyzikalneho modelovania (3D). V tretej casti su
popisané vysledky dizertacie. Praca bola vykondvana postupne na dvoch miestach, pretoze
stadium je koncipované ako PhD. §tdium pod dvojitym dohladom. Cast §tidia bola
vedend prof. RNDr. Miroslavom Bielikom, DrSc. z Katedry aplikovanej a
environmentalnej geofyziky Univerzity Komenského v Bratislave, a druha cast’ prof.

Hermannom Zeyenom z laboratorii IDES z Univerzity Paris-Sud XI.
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Tento projekt je zamerany na vyskum a rozSirovanie vedomosti o hlbokych
Struktirach litosféry v karpatsko—panonskej oblasti. Mal som moZznost” a poteSenie, aby
som predstavil a priniesol nové trendy do tradi¢né¢ho slovenského vyskumu hlbokych
litosferickych Struktur v podobe novych, modernych a progresivnych vedeckych metod
integrovaného geofyzikalneho modelovania v 2D a 3D na zaklade algoritmov od Zeyena a

Fernandeza (1994), Motavalli-Anbarana et al., (2013) a Fullea et al., 2009.
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GEOLOGIA

Studovana oblast’ zahfiia rad velmi odlisnych litosferickych blokov, ktoré boli
amalgamované dohromady v hlavnych eurdpskych orogenézach. Severna cast’ Studovane;j
oblasti tvori severoeurdpsku platformu, ktora je oddelend transeurdpskou suturnou zénou
(napr. Pharaoh, 1999) od prekambrickej vychodoeuropskej platformy. Severoeurdpska
platforma sa sklada z kolaze prekambrickych a / alebo kadémskych utvarov zlucenych
dohromady pocas predvariskych tektonickych udalosti a je pokrytd mnoZstvom
sedimentarnych lozisk. V opisanom priestore, tieto Gtvary zahrnuji aj Malopolsky masiv a

Cesky masiv obkoleseny nemecko-pol'skymi Kaledonidmi.

Pocas alpinskeho vrasnenia sa mikroplatne Alcapa a Tisza-Dacia presunuli a
ukotvili do starSich ttvarov, ktoré tvoria alpsko-karpatsky obluk. Na juhu sa karpatsky
obluk otaca okolo moezijskej platformy a pokracuje do orogénnych z6n Balkanid. Juzna
vetva alpinského orogénu zahfiia Juzné Alpy, ktoré s spdjané s Dinaridmi, Albanidmi a
Hellenidmi. Vsetky tieto alpské horské pasma sa obtacaju okolo vel'kej pandnskej panvy,
ktora je lemovana sopeénymi retazcami, ktoré boli vytvorené pocas zaoblukovej extenzie
pocas neogénu (Csontos et al., 1992). Tomuto typu vulkanizmu predchadzala regionalna
extenzia a s nou suvisiaci kremicito-andesitovy vulkanizmus (Kova¢, 2000;. Konecny et
al., 2002). Alpsky orogénny systém ako celok vykazuje vel'mi zlozita Struktaru a vyvoj,
ktory sa skladd z mnohych jednotiek a blokov so zlozitymi vztahmi v priestore a Case

(napr. Csontos a Vords, 2004; Schmid et al., 2008;. Ustaszewski et al., 2008).
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PREDCHADZAJUCI GEOFYZIKALNY PRIESKUM

V karpatsko-pandnskej oblasti boli vypracované mnohé Studie na zaklade roznych

geofyzikalnych metod.

Predchéadzajuce $tudie hustotného modelovania sa sustredili najmé na vyvoj kory
kontinentalnych koliznych zon. Su to vSak najmé seizmické data (seizmickej refrakcie,
seizmickd tomografia), ktoré poskytuju podrobnejsSie informécie o litosferickych
Struktarach. Region strednej Eurdpy bol pokryty hustou sietou seizmickych projektov.
Tieto projekty boli vykonadvané v Sirokej medzinarodnej spolupraci, ktord zahfnala 30
institacii z 16 krajin Eurdpy a Severnej Ameriky. Tieto projekty boli POLONAISE'97
CELEBRATION 2000 Alp 2002 Sudety 2003 (Guterch et al., 2003). Seizmické profily

pokryvaja rozsiahlu oblast’ tiahnucu sa od Baltského mora k Jadranskému moru.

Integrované modelovanie réznych dat sucasne (geoid, gravitacia, tepelny tok a
topografia) za pomoci roznych geologickych a seizmickych tdajov, umoznil uz davnejsie
vytvorit’ litosfericky model karpatsko-pandnského regionu a prilahlych tektonickych
jednotiek (Zeyen et al., 2002. Dérerova et al., 2006). Tento model hrubky litosféry bol
zalozeny na vysledkoch 2D integrovaného geofyzikalneho modelovania pozdiz novych 2D

profilov.

Iny pristup k modelovanie litosféry v regione bol publikovany Tasarovou et al.,
(2009). Autori prezentuju vysledky 3D hustotného modelovania za pouzitia seizmickych a
dalsich geofyzikalnych dat. Na ich mapach si zobrazené hibky hlavnych hustotnych

rozhrani.

Dalsi pristup $tadia $truktir zemskej kory bol predstaveny Csicsayom (2010). Vo
svojej praci predstavil hustotnil interpretaciu 2D profilov pozdiZ niektorych vybranych
seizmickych profilov (CELEBRATION 2000) Toto integrované modelovanie bolo
zalozené na najcastejSie pouzivanych vztahov pre transformaciu seizmickych rychlosti na

hustoty (Sobolev a Babeyko, 1994; Christensen a Mooney, 1995).
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METODIKA

Metodika takmer kazdej prace sa dé rozdelit’ do dvoch faz, a to do fazy pripravnej
a fazy samotnej interpretacie. Vnitorné ¢lenenie tychto faz je nasledne zavislé na zvolene;j
metéde vyskumu. Tato praca sa zaoberd vyskumom litosféry v karpatsko-panonskej
oblasti. Za metddy vyskumu boli zvolené nasledujice; 1D automatické modelovanie, 2D
integrované geofyzikalne modelovanie, 3D inverzia a 3D integrované geofyzikalne
modelovanie. VSetky tieto pristupy maju svoje vlastné metodiky, ktoré s podobné vo

vSeobecnej rovine.

1D modelovanie

1D modelovanie je velmi rychla metdda, ktord ndm umoznuje vytvorit' prvy
model Moho diskontinuity a LAB (hranice litosféra-astenosféra). Tento automaticky
pristup modelovania bol predlozeny Fulleaom et al. (2006). Z vedeckého hl'adiska sa jedna
o 1D model, ktory je zobrazeny v ploche, ¢o ndm dava 3D pohl'ad na hlavné rozhrania

litosféry v zdujmovej oblasti.

Tato novd metoda je zalozena na kombinécii topografickych dat a anomalii
geoidu, ktord dokdze urcit’ hribku kory a litosféry Zeme. Dovod pre pouZitie roznych dat,
je to, ze kazda z tychto dat je citlivd na iné fenomény litosféry. V tomto pripade su

vystupom len dve vrstvy : kora a LAB.

2D modelovanie

V tejto praci sme pouzili 2D integrované modelovanie litosféry (CAGES), ktory
kombinuje sucasni interpreticiu povrchového tepelného toku, anomalii geoidu,
gravitaénych a topografickych dat v karpatsko-pandnskej oblasti a jej okoli. Tento pristup
je schopny lepSie ohrani¢it' zlozité tektonické Struktury Studovaného Uzemia nez
interpretacia kazdej geofyzikalnej sady dat zvlast. Vypocet je realizovany metodou
kone¢nych prvkov. Program najprv vypocita distribuciu teploty v litosfére a za pomoci
linearneho prepoctu medzi teplotou a hustotou, je vypocitané rozdelenie hustoty, ktora sa

pouziva k vypoctu zmeny topografie, geoidu a gravitacie (Zeyen a Fernandez, 1994).
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V tejto praci predstavujem Styri 2D integrované modely litosféry. Tieto modely
poskytuju lepsi odhad distriblicie hustoty v litosfére a hibky hlavnych hustotnych

diskontinuit, ako s hranica litosféra-astenosféra a Moho diskontinuita.

3D inverzia

Hoci 2D pristup poskytuje urcité vyhody, nemdze vysvetlit zlozitost
trojrozmernej Struktury Studovaného regioénu. V tomto pripade je nutné pouzit' 3D pristup
(Mottavali-Anbaran et al., 2013). Pouzitd metdda je semi-automatickd, a teda je velmi
rychla. Je zalozend na bayesovskom pristupe s Gaussovou funkciou rozloZzenia
pravdepodobnosti. 3D algoritmus (GTinv3D) bol pouzity pre vypocet hustoty litosféry zo
spolo¢nej inverzie gravitacie, geoidu a topografickych dat. Algoritmus poskytuje vypocet
hrabky kory a litosféry a priemernej hustoty kory. Inverzny proces moze byt’ stabilizovany
pomocou tlmenia a / alebo vyhladzovacimi parametrami, taktiez pouzitim a priori

informacii, ako je napr. hribka kory ziskana na zaklade seizmickych dat.

LitMod3D

LitMod3D (LIThospheric MODelling in a 3D geometry) mal byt pouZzity v tejto
praci za ucelom vytvorenia 3D modelu litosféry. Nakoniec vSak bol len dokladne
otestovany a boli odstranené chyby, ktoré komplikovali pracu s Windows verziou
programu. Tento softvér bol vyvinuty v spolupraci J. Fulleau a J. C. Afonsa a bol
navrhnuty, aby vykonaval integrované geofyzikalno-petrologické modelovanie litosféry.
Hlavnou vyhodou je, ze spaja samo-konzistentnym sposobom data z réznych oblasti

termodynamiky, mineralnej fyziky, geochémie, petrologie a geofyziky.

LitMod3D sa skladd z dvoch modulov: modul na vypocet priamej ulohy
LITMOD3D FOR a modulu interaktivneho rozhrania LITMOD3D Intf, ktory sa pouziva
pre vizualizdciu a modifikaciu vstupnych dat. LITMOD3D FOR pocita prenos tepla,
termodynamické a reologické rovnice, gravitatny potencidl a izostatické rovnice. Vystupy
su teplota, povrchovy tepelny tok, hustota, seizmické rychlosti, anomalie geoidu, tiazové
anomalie a topografia. Program umoziiuje modelovanie do hibky az 410 km, s roznymi
uzivatelom definovanymi vrstvy. Tieto vrstvy sa vyznacuju vlastnymi tepelno-fyzikalnymi

vlastnost’ami. (Fullea et al., 2009).
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VYSLEDKY

1D modelovanie

Mapa hibky Moho diskontinuity regionu vykazuje vyrazné zmeny v hribke kory
v Studovanej oblasti, ktoré boli predpovedané aj na zdklade mnohych predchadzajtcich
studii (Zeyen et al., 2002; Bielik et al., 2004;. Dérerova et al., 2006; Csicsay, 2010; Janik
et al., 2011;. Hauser et al., 2001; 2007; Mocanu a Radulescu, 1994;. Baranok a Zatopek,
1981; Guterch et al., 1984.; 1986; Cekunov et al., 1988; Cekunov 1993; Posgay et al.,
1995; Tomek et al., 1987; 1989; Tomek a Hall, 1993; Horvath, 1993 a d’alSie). Na mape je
vidiet, Ze hrubka kory sa zvySuje smerom von z pandnskej panvy, no hriibka kory nie
vel'mi dobre koreluje s predchadzajicimi pracami v niektorych castiach studie. Najhrubsia
kora sa nachadza pod karpatskym oblukom alebo v jeho bezprostrednom predpoli. Vel'mi
vysoké hodnoty sa vyskytuji vo Vychodnych Karpatoch a v oblasti Vranceai (40 km). Na
rozdiel od o¢akavani, najhrubsia kora sa nachadza v malej oblasti v Juznych Karpatoch (42
km). Vychodoeurdpska platforma sa vyznacuje hrubSou kérou a dosahuje hodnoty asi 36
km, rovnako ako v pohori Apuseni. Na druhej strane, panonska panva a moezijska
platforma maja tenSiu koru, nez okolie. Tu predpokladdme priemerni hrabku mensiu ako
30 km. NajtenSia kora sa nachadza v juhovychodnej Casti pandnskej panvy v kontakte s

Juznymi Karpatmi, kde je hrubka len okolo 26 km.

HrubsSie litosféra sa nachadza v severovychodnej casti mapy v oblasti
vychodoeurdpskej platformy, Vychodnych Karpat a Juznych Karpat. Hrubka litosféry
vychodoeurdpskej platformy je v priemere viac ako /20 km, ale opédt je mozné najst
hrubsie oblasti v severnej ¢asti. Dalsim miestom s velkou hrubkou litosféry je oblast
Vrancea. Odtial'to hrubka litosféry klesa smerom na zapad, kde hriibka moze byt mene;j
ako 110 km. Klesajuci trend pokracuje aj na juh a dosahuje tu minimdlne hrubky litosféry
na juznej hranici Juznych Karpat a juhovychodnej Casti pandnskej panvy. Tu modZeme
pozorovat’ hrubky len okolo 60 km. Tieto extrémne nizke hodnoty hrubky litosféry neboli
skor predpokladané. Moezijska platforma sa vyznacuje hribkou litosféry s klesajucim
trendom od vychodu na zapad. Na vychode je hribka okolo /70 km a na zépade, je to len
80 km. Hrubka litosféry panonskej panvy sa pohybuje v rozmedzi hodnét od 80 do 100 km.

2D modelovanie
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Data povrchového tepelného toku vykazuji zna¢nu variabilitu. Vo vSeobecnosti
sa predpokladd, ze tato variabilita je viazana na pohyb podzemnych vdd alebo je spojend s
paleoklimatickymi uc¢inkami, ktoré nie st riadne opravené (Kukkonen et al., 1993; Stulc,
1998). Tieto efekty nie su zahrnuté v algoritme, ¢o je dovod, preco nase modely dosahuji
minimum 50 mWm™ vo vychodoeurépskej platforme a maximum viac ako 80 mWm™ v
panonskej panve. Okrem toho udaje o povrchovom tepelnom toku, ktoré sme brali do
uvahy, nie su pravidelne distribuované v Studovanej oblasti, preto v naSich modeloch

interpretujeme len pozvol'né, hladké variacie.

Vseobecne plati, ze hrubka litosféry klesa od starSich a chladnejSich platform
smerom do mladsej a horucej pandnskej panvy, pricom maximalna hribka je dosiahnuté
vo Vychodnych a JuZznych Karpatoch. Hriubka litosféry pod karpatskym oblikom sa
pohybuje v rozmedzi od /50 km na severe po zhruba 300 km v oblasti Vrancea. V
oblastiach platforiem to je medzi /20 a 150 km a pandnskej panvy nieco okolo 70 km. Této
hrabka je vSak vicsia, nez su predtym publikované hodnoty (napr. Horvath, 1993; Lenkey,
1999), ale mensie, nez aké boli publikované Dérerovou et al. (2006). Cast’ povrchového
tepelného toku mozno vysvetlit zvySenim radioaktivnej produkcie tepla v panonskej
vrchnej kore a sedimentoch. Sten¢enie hodnot hrubky litosféry medzi 40 a 60 km by prilis
zvysilo topografiu, a teda vysledok by bol nezlucitelny s pozorovanymi datami. Hrabka
litosféry pod pohorim Apuseni v nasich modeloch dosiahol hodnét cca /20 km a vyrazne
zhrubnutie sme namodelovali v transylvanskej panve, kde lokdlne dosahuje hodndt az 200

km.

NaSe modely ukazali niektoré zaujimavé veci. Ukazuje sa, ze moezijska platforma
je prekrytd zo severu Juznymi Karpatmi a z juhu Balkanidmi, ¢o uz bolo skor uvedené v
niektorych starSich geologickych Studiach (Bergerat ef al., 2010; Fiigenschuh a Schmid,
2005; Iancu et al., 2005; Rabagia a Matenco, 1999). Toto prekrytie vedie k ohnutiu
platformy, ktord zanechava charakteristicki stopu v pozorovatelnych datach. Dalsim
vysledkom je vyrazne zhrubnutie litosféry pod Vychodnymi Karpatmi, kde v ich predhlbni
st dosiahnuté hodnoty viac ako 230 km. Pre dobri korelaciu medzi pozorovanou a
modelovanou topografiou a anomaliami geoidu je takéto zhrubnutie nutné. Podobné
zhrubnutie je mozné najst’ aj vo Vychodnych Karpatoch, ale vSak ovel'a mensSie (asi /80

km) a taktiez pod Zapadnymi Karpatmi (asi /50 km).

Hrubnutie litosféry v predhlbni Zapadnych a Vychodnych Karpat je sprevadzané
zhrubnutim kory, s vynimkou Juznych Karpatoch. Vo vsetkych naSich modeloch,
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zhrubnutie kory je posunuté do oblasti s najvysSou topografiou. Maximalna hrabka kory
naSich modelov mimo orogén je pod moezijskou platformou (okolo 45 km) v niektorych
oblastiach. Seizmické modely ukazuji niektoré rozporuplné vysledky v oblasti Vrancea.
Mocanu a Radulescu (1994) predpokladaji zhrubnutie kéry do asi 50 km, zatial' co Hauser
et al. (2001) a Landes et al. (2004) predpokladaji maximalnu hrubku v rozmedzi od 40 do
41 km. V nasom pripade sme pouzili ako referenény model od Hausera et al. (2007),
pretoze sa zdd byt najlepSie definovany. V nasom najlepSie zostuladenom modely
predpokladdme najtensiu kéru v panonskej panve (cca 26 az 27 km), ¢o je podobné ako

predpokladéa Posgay et al. (1995), ale asi 2 km hrubsie ako Janik et al. (2011).

3D inverzia

Zostavili sme tri r6zne modely pomocou metdody 3D inverzie na zaklade dat
topografie, tiaze a geoidu: jeden model bez a priori dat a dva modely s roznymi sadami a
priori dat, prvy vychadza z korovych hrubok na zaklade seizmickych dat z projektu
CELEBRATION 2000 (Janik et al., 2011)., a druhy je zaloZeny na modeli zverejnenom
Csicsayom (2010).

NajtensSia kora bola namodelovana na zdklade a priori dat od Csicsaya (2010).
Avsak, pouzitim tychto a priori udajov bol program vyrazne obmedzeny v snahe menit’
hodnoty hribky pocas inverzného procesu, preto tdito mapa Moho je v podstate vysledkom
publikovanym Csicsayom (2010). Takato tenka kora je tieZ predpovedana aj inymi autormi
(Bielik et al., 2004; Beranek and Zatopek, 1981; Guterch et al., 1984, 1986; Cekunov et
al., 1988; Cekunov, 1993; Posgay et al., 1995; Tomek et al., 1987, 1989; Tomek and Hall,
1993; Horvath, 1993; Lenkey, 1999; Janik et al., 2011). Najviac prekvapujuca je JV cast’
panonskej panvy, kde sme dostali len vel'mi tenku koéru modelu zaloZzeného na 1D
vstupnom modeli, ale taktiez v modeli zalozenom na a priori datach od Janik et al. (2011)
su niektoré naznaky tenkej kory. Transylvanska panva sa vyznacuje hodnotami okolo 34
km v kazdom modeli, €o je v dobrej zhode aj s vysledkami predchadzajucich Studii (Bielik
et al., 2004; Toane and Ion, 2005; Csicsay, 2010; Cloetingh et al., 2005; Hauser, 2007).
Juzné a Vychodné Karpaty dosahuju podobné hodnoty anomalii vo vSetkych modeloch, no
v tomto pripade sme dosiahli podobné vysledky v modeloch zaloZenych na Csicsayovych
datach a bez a priori. Najmi v oblasti Vrancea sme dosiahli hodnot cca 45 km, ktord je v
rozmedzi hodndt 47 km (Hauser et al, 2001; Landes et al., 2004), 47 km (Hauser et al,
2007.) 50 km (Mocanu a Radulescu, 1994) alebo 53 km (Ioane a Ion, 2005). Najvacsi
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rozdiel medzi vSetkymi modelmi bol dosiahnuty severne od Vychodnych Karpat, vo
vychodoeurdpskej platforme. V tejto oblasti sme zaznamenali znacny rozdiel v dosiahnute;j
hibke Moho od 39 km (model bez a priori dat a Janikov model) a viac neZ 57 km (Csicsay,
2010). Moezijska platforma sa vyznacuje hibkou Moho okolo 33 km. Iba v mapach bez a
priori informacii to moZe byt lokalne aj menej ako 30 km. Hibka Moho cca 33 km je tiez
publikovand aj inymi autormi (napr. loane and Ion, 2004; Bielik et al., 2004; Beranek and
Zatopek, 1981; Guterch et al., 1984, 1986; Cekunov et al., 1988; Cekunov, 1993; Posgay
et al., 1995; Tomek et al., 1987, 1989; Tomek and Hall, 1993; Horvath, 1993; Lenkey,
1999; Csicsay, 2010; Janik ef al., 2011).

Litosferické hrabky ukazuju podobné vlastnosti ako Moho hibky. Najtensia
litosféra je dosiahnutd v necakanej oblasti. Minimum zadina na juznom okraji
transylvanskej panvy a pokraduje pozdiz hranice medzi Juznymi Karpatmi a panénskou
panvou. Toto minimum mdze dosiahnut’ vel'mi nizkych hodnét (lokélne aj menej nez 40
km). Zvycajne, predchadzajuce publikacie v tejto oblasti ukazuji hodnoty vyssie ako 720
km (Babuska et al., 1988; Horvath, 1993; Sefara et al., 1996; Lenkey, 1999; Zeyen et al.,
2002; Dérerova et al., 2006). Panonska panva sa vyznacuje hrubkou litosféry v rozsahu od
70 do 110 km, na niektorych miestach to mdze byt aj menej ako 60 km. Model s vel'mi
plytkou LAB sme dostali na zaklade modelu od Csicsaya (2010), napriek tomu sa
nepotvrdila ultra-tenka litosféra (40 km) (Adam et al., 1996. Vychodné a Juzné Karpaty a
ich predhlbne ukazuju hrabku litosféry v rozmedzi /40 az 180 km, Co potvrdzuje
predchadzajuce stadie (Babuska et al., 1988; Horvath, 1993; Sefara et al., 1996; Lenkey,
1999; Zeyen et al., 2002). Avsak, tieto ukazuju aj vyrazné odliSnosti od vysledkov
publikovanych Dérerovou et al. (2006). Sporné vysledky boli ziskané aj v moezijskej
platforme, pricom vSetky modely ukazuji tenku litosféru v priemere okolo 80 km, nie viac

ako 100 km. Avsak, Dérerova et al. (2006) publikovali hrabku 740 km.

Co sa tyka hustot kory, na prvy pohlad je mozné rozli§it miesta s hrubymi
depozitmi sedimentov, je to najmid v predhlbnovych oblastiach. Velmi nizke hustoty
sedimentov znizuju taktiez priemerna hustotu kory, preto su tieto oblasti charakterizované
priemernou hustotou kéry medzi 2780 a 2820 kg/m’. Na druhej strane niZSie hustoty sa
nachadzaju aj v oblasti panonskej panvy. Avsak tu, na rozdiel od sedimentarneho pokryvu,
mikroplatne ALCAPA a Tisza-Dacia sa vyznacuje niZzSou hustotou vrchnej a spodnej kory
(Bielik et al., 2004, Dérerova et al., 2006, Csicsay, 2010). Oblasti platférm sa naopak

vyznacuju vys$imi hodnotami hustoty kéry. Tu sme ziskali maximalne hodnoty medzi
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2890 a 2980 kg/m’. Tieto oblasti st vo vieobecnosti hlboko erodované, navyse tieto oblasti

st oblasti starych stabilnych kratonov, ktoré sa vyznacuju vysSou hustotou (Csicsay, 2010).

LitMod3D

Poslednou tulohou mdjho doktorandského S$tudia bolo vytvorenie 3D modelu
litosféry karpatsko-panonskej oblasti na zaklade geofyzikalneho 3D modelovanie
(LitMod3D). Velmi rychlo po rozpoznani, Ze praca je velmi ¢asovo ndrocnd sme sa
rozhodli zamerat na menS$iu oblast. Nase predchddzajuce vysledky a nastudované
predchadzajuce prace poukazovali na fakt, Ze oblast’ transylvanskej panvy je hodna
dalsicho zadujmu. Pocas interpretacie dat sa vyskytlo mnoho problémov suvisiacich s
funk¢nost'ou programu, ktoré spomalovali pracu, no niektoré z nich boli natol’ko zdvazne,
ze bolo nutné program opravovat’. V sucasnej dobe je tato uloha nedokoncend, no je nutné

povedat’, Ze program funguje spol’ahlivo.
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ZAVER

Tri rdzne pristupy geofyzikalnej interpretacie boli vykonané v tejto Stadii, ktoré
nam poskytuji novy pohlad na problematiku Struktary litosféry v karpatsko-panonskej
oblasti. Spolo¢né modelovanie povrchového tepelného toku, geoidu, tiaze a topografickych
dat za pomoci seizmickych a geologickych a priori dat, nam umoznilo vypracovat
revidovany model litosferickych Struktur regionu a jeho okolitych tektonickych jednotiek.
Vysledné 2D profily a taktiez 1D a 3D modely poukazuji na velké variacie v Studovane;j
oblasti. Na vSetkych naSich vysledkoch je mozné pozorovat vacsiu hrubku litosféry
narastajucu z oblasti Zapadnych Karpat do Vychodnych Karpat. Porovnanim s
predchadzajucimi vysledkami (Horvath, 1993; Lenkey, 1999), nase vo vSeobecnosti
poukazuji na mensie rozdiely medzi hrubkou litosféry pod severoeurdépskou platformou a
panonskou panvou. Velka hribka litosféry publikovand severne od Zapadnych Karpat
(Horvath, 1993; Lenkey, 1999), v kombinécii s relativne tenkou kérou (<40 km), by
znamenalo prili§ velku tiazovli anomaliu alebo topografiu pod uroviiou mora. Program
pocita topografiu na zaklade hypotézy lokalnej izostazie, ¢o je vyrazné obmedzenie. Cast’
topografie mézu byt podporované elastickym napédtim, ak zodpovedajuca efektivna
elasticka hribka (EET) je prilis vysoka. Existuju dva odlisné pristupy ktoré prispievaji k
vyrieSeniu problému. V 2D modelovani, ak nebolo mozné vysvetlit' vSetky pozorované
data, dali sme prednost’ dobrej zhode anomalii tiaze a geoidu, topografia dostala mensiu
prioritu. Pri 1D modelovani a 3D inverzii sa program snazi automaticky udrzat’ rozdiely
vstupnych moznosti, parametrov a a priori dat, program sa snazi menit hustoty alebo

hrabky tak, aby bola dosiahnuté ¢o najtesnejsia zhoda.

Hoci nasSe vysledky sa lokalne liSia kvantitativne aj kvalitativne, o mohlo byt’
sposobené roznymi Startovacimi modelmi, ktoré boli zaloZené na réznych a priori datach,
vo vSeobecnosti maju podobné vlastnosti. V kazdom pripade je nutné zvazit, ¢o je
doveryhodné. V tejto Studii sme mali v niektorych oblastiach k dispozicii vel'mi dobré
seizmické data pre Moho diskontinuitu. Jednd sa predovSetkym o panonsku panvu,
Zapadné Karpaty a oblast’ Vrancea. Naopak, v Juznych Karpatoch a getickej panve, kde
existuje len malo dopliujtcich informécii, sme dosiahli niektoré prekvapivé vysledky,
alebo také, ktoré sa nedaju spolahlivo vysvetlit. DalSou zaujimavou oblastou je

juhovychodnd cast’ panonskej panvy. NaSe vysledky dosiahnuté 3D inverziou ukazuju
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velmi mald hibku Moho a velmi tenkd hrubku litosféry, ¢o v tejto oblasti nebolo
oc¢akavané. Bolo by vhodné a dobré, keby sa tato oblast’ stala predmetom zaujmu aj

d’al§ieho vyskumu.

Je tazké rozhodnut, ktory model je najleps$i. Kazdy z nich mé silné a slabé
stranky. Model bez a priori dat je vel'mi silny v oblasti Zapadnych a Vychodnych Karpat a
najmé v oblasti Vrancea. Na druhej strane, v oblasti pandnskej panvy nekoreSponduje s
litosferickymi modelmi, ktoré boli uz skér publikované, navySe tu existuju seizmické data
velmi dobrej kvality. Dalsia prekvapujiica oblast’ je oblast’ juhovychodnej Gasti panonskej
panvy. Tato oblast’ je navySe pomerne dost’ §iroka, ¢o nie je zrejme sposobené elastickym
efektom ohnutej dosky, tak ako to moze byt v inych oblastiach. V pripade hustoty
modelov, model bez a priori dat podéva geologicky najprijatel'nejSie vysledky, hustoty su

najrealistickejSie v porovnani s ostatnymi modelmi.

Hoci vytvorenie modelu zalozeného na integrovanom 3D modelovani
(LitMod3D) bol jeden z mojich ciel'ov, nebolo mozné dokoncit’ tito ulohu, pretoze sme
museli stravit’ prili§ vel'a ¢asu dolad’ovanim a testovanim programu. Podl'a mdjho nazoru,
LitEdit je stale v beta verzii, je vel'mi zlozit¢ s nim pracovat’ , pretoze proces zadavania
parametrov vrstiev vyzaduje vela trpezlivosti uzivatel'a. Na druhej strane si myslim, ze ako
nahle bude program uplne dokonceny, stane sa z neho fantasticky a vykonny néstroj pre

geofyzikalne Stadium litosféry.
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11 SUMMARY IN FRENCH

Détermination d’'un modele lithosphérique en
Europe centrale: modélisation géophysique
intégrée

Introduction

L’exploration géophysique est une partie intégrante, bien que trés souvent
méconnu de prospection géologique. Un avantage évident est sa nature non invasive,
l'efficacité et l'efficience, que ce soit en exploration peu profonde ou profonde. Ses
adversaires soulignent au contraire, le besoin de données a priori et la corrélation souvent
controversée des données géophysiques avec la réalité géologique. Avec le développement
des ordinateurs, une combinaison appropriée de plusieurs méthodes géophysiques est
devenue possible, ce qui permet aujourd'hui des études complétes dans les domaines de la
géophysique et atténue cette critique. La géophysique s'avére une méthode unique
notamment dans l'analyse et la recherche de structures profondes, du cadre tectonique,
mais il peut étre également trés utile pour résoudre les problémes de 1'évolution
géodynamique des zones et régions étudiées. Toutefois, ses avantages peuvent aussi bien
se défendre en exploration géologique peu profonde pour les besoins de 1'hydrogéologie, la

géologie et de la géologie de I'environnement.

La présente theése doctorale est divisée en plusieurs parties logiques. Dans le
premier je décris la géologie fondamentale de la région et je résume les résultats des levés
géophysiques précédents. La deuxiéme partie est consacrée a des principes généraux, la
méthodologie et le traitement des données de la modélisation géophysique en deux
dimensions (2D), de l'inversion en trois dimensions (3D) et la modélisation géophysique en
trois dimensions (3D). La troisiéme partie est consacrée aux résultats obtenus. Le travail a
été effectué successivement sur deux sites, parce que I'étude est congue comme un doctorat
en cotutelle. Une partie de 1'é¢tude a été dirigée par le prof. RNDr. Miroslav Bielik, DrSc.

au département de géophysique appliquée et de l'environnement a 1'Université de
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Comenius a Bratislava, et la deuxiéme partie par le prof. Hermann Zeyen du laboratoire

IDES a 'Université Paris-Sud XI.

Ce projet est orienté sur la recherche et 1'¢largissement de la connaissance de la
structure lithosphérique profonde de la région des Carpates et du bassin pannonien. J'ai eu
la chance et le plaisir d'introduire dans la recherche slovaque traditionnelle des structures
profondes les nouvelles méthodes scientifiques de modélisation géophysique intégrée en
2D et de 3D basées sur les algorithmes de Zeyen et Fernandez (1994), Motavalli-Anbaran
et al. (2013) and Fullea et al., 2009.
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Géologie

La zone d'é¢tude comprend une série de blocs lithosphériques fortement variables
qui ont été fusionnés dans les grandes orogeneses européennes du cadomien a l'alpin. La
partie nord de la zone d'étude est formée par la plateforme nord-européenne, qui est
séparée par la zone de suture transeuropéenne en la plateforme est-européenne
précambrienne dans l'est et la plateforme ouest-européenne paléozoique dans I'Ouest. La
plateforme est-européenne est constituée d'un collage de terranes du Gondwana du
précambrien et/ou du cadomien fusionnés lors d'événements tectoniques pré-varisques puis
recouverts par des dépdts sédimentaires épais. Dans la zone décrite, ces terranes
comprennent également le Massif Malopolska et le Massif de Bohéme entourant les

calédonides germano-polonaises.

Au cours de l'orogenese alpine, les terranes d'Alacapa et Tisza-Dacia etaient
amarrés aux plus agés, formant l'immense arc orogénique des Alpes orientales et des
Carpates. Vers le sud, I'Arc des Carpates tourne autour de la Plateforme Moésienne et se
poursuit dans de larges zones orogéniques des Balkanides. La branche sud de I'orogene
alpin inclut les Alpes méridionales qui sont liés aux Dinarides, Albanides et Hellénides
vers le sud. Toutes ces chalnes de montagnes alpines contournent le grand bassin de
Pannonie qui est bordé par des chaines volcaniques, qui ont ét¢ formées par extension
arriére-arc au Néogene (Csontos et al., 1992). Dans l'ensemble, le systeme orogénique
alpin de la zone montre une évolution trés complexe et aussi une structure compliquée,
composée de nombreuses unités et des blocs avec des relations complexes dans l'espace et

le temps (Csontos and Vo6ros, 2004; Schmid et al., 2008; Ustaszewski et al., 2008).
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Exploration géophysique précédente

Beaucoup d'é¢tudes se sont faites dans la région des Carpates et du bassin

pannonien basées sur de nombreuses méthodes géophysiques différentes.

Des études antérieures de modélisation de la densité ont été axées principalement
sur le développement des zones de collision continentale. Ce sont cependant les données
sismiques (sismique réfraction, tomographie sismique) qui fournissent des informations
plus détaillées sur les structures lithosphériques. La région de 1'Europe centrale a été
couverte d'un réseau dense de projets sismiques. Ces projets ont été réalisés dans une vaste
coopération internationale, qui comprenait 30 établissements de 16 pays partout en Europe
et en Amérique du Nord. Ces projets étaient POLONAISE'97, CELEBRATION 2000, Alp
2002, SUDETES 2003 (Guterch et al., 2003). Les profils sismiques couvrent une vaste

zone qui s'étend de la mér Baltique jusqu'a la mer Adriatique.

La modélisation conjointe de données de geoide, gravitation, le flux de chaleur et
la topographie a l'aide de données géologiques et sismiques, permettait au début des années
2000 de créer un modele d'épaisseur lithosphérique de la région de Carpates—bassin
pannonien et des unités tectoniques adjacentes (Zeyen et al., 2002; Dérerova et al., 2006).
Ce modele d'épaisseur lithosphérique se basait sur les résultats de la modélisation

geophysique 2D intégrée basée sur neuf profils.

Une autre approche de modélisation lithosphérique dans la région a été publiée
par TaSarova et al. (2009). Ces auteurs présentent le résultat d'une modélisation 3D de
I'anomalie de Bouguer contrainte par des modéles sismiques et d'autres données

géophysiques. Sur ses cartes ils represent la profondeur des limites principales de densité.

Une autre approche utilisée dans 1'étude de la structure de la croiite a été réalisée
par Csicsay (2010). Il a réalis¢ la modélisation de la densité le long des quelques profils
sismiques (CELEBRATION 2000) et a effectué une modélisation gravimétrique 2D
intégrée, qui utilisait des résultats de la modélisation de réfraction sismique. Cette
modélisation intégrée ¢€tait fondée sur les formules les plus utilisées pour la transformation
de vitesses sismiques en densité, celles de Sobolev et Babeyko (1994) et celles de

Christensen et Mooney (1995).
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Méthodologie

La méthodologie de presque tous les travaux de géophysique peut étre divisée en
deux phases, la phase de préparation des données et la phase d'interprétation elle-méme. La
structure interne de ces étapes est alors dépendante de la méthode de recherche choisie.
Cette these traite la recherche de la lithosphéere de la région Carpates—Bassin pannonien. La
méthode de recherche choisie est la modélisation automatique 1D, la modélisation
géophysique 2D intégrée, l'inversion 3D et la modélisation géophysique 3D intégrée.
Toutes ces approches ont leur propre méthodologie, qui sont en termes trés généraux

similaires.

Modélisation 1D

La modélisation uni-dimensionnelle est une méthode trés rapide qui nous permet
d'établir le premier modele du Moho et de la LAB (limite lithosphére-asthénosphére) et un
apercu la lithosphére. Cette approche automatique de modélisation a été présentée par
Fullea et al. (2006). Du point de vue scientifique, c'est une modélisation 1D, mais d'autre
part, elle nous donne un regard quasi-3D des limites principales qui nous intéressent dans

la zone étudiée.

Cette nouvelle méthode est basée sur la combinaison de données d'élévation et des
anomalies du géoide pour détérminer 1'épaisseur de la croite et la lithosphére de la Terre.
La raison pour utiliser de données différentes, est que chacun de ces ensembles de données
est sensible a différents phénoménes lithosphériques. La topographie est sensible a la
variation de la densit¢é moyenne a l'intérieur de la colonne lithosphérique, tandis que
'anomalie du géoide dépend de la distribution en profondeur des variations de densité et
est proportionnelle au moment dipolaire de la densité (Turcotte et Schubert, 1982). Dans ce

cas, seuls deux couches sont considérés: crolite de manteau et la lithosphére.

Modélisation 2D

Nous appliquons la modélisation de la lithosphére intégrée en deux dimensions
(logiciel Cages) qui combine l'interprétation du flux de chaleur de surface, du géoide, de la
gravité et des données topographiques de la région des Carpates-bassin pannonien et des

régions avoisinantes. Cette approche est capable de contraindre les structures
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lithosphériques compliquées de la région étudiée mieux que l'interprétation de chaque
données geophysique par elle méme. Le calcul est effectué en utilisant la technique des
¢léments finis, pour relier les différentes équations physiques. Le programme calcule
d'abord la distribution de la température dans la lithosphére et via une relation linéaire
entre températures et densités, la distribution des densité est calculée qui sert a calculer les
variations de topographie, du géoide et de la gravité. En plus, avec des parameétres
rhéologiques données, la répartition de la rigidité de la lithospherepeut étre calculée (Zeyen
et Fernandez, 1994). Nous présentons dans cette théses quatre modeles 2D intégrés de la
lithosphére. Les modeles fournissent des estimations améliorées de la distribution de
densité dans la lithosphére et de la profondeur de grandes discontinuités de densité telles

que la discontinuité Moho et de la limite lithosphere-asthénosphére.

Inversion 3D

Bien que, I'approche 2D precedement présentée ait des advatages, elle ne peut
expliquer la complexité de la structure trois dimensionnelle de la région d'étude. Dans ce
cas l'approche 3D est nécessaire (Mottavali-Anbaran ef al., 2013). La méthode utilisée est
semi-automatique et trés rapide. Elle est basé¢ sur une approche bayésienne avec des
fonctions de densité de probabilité gaussiennes. Dans un premier temps, nous avons utilis¢
l'algorithme 3D (GTinv3D) pour obtenir la structure de la densité de la lithosphére a partir
de l'inversion conjointe de la gravité, du géoide et des données topographiques.
L'algorithme fournit 1'épaisseur de la crolte et de la lithosphére ainsi que la densité
moyenne de la crolite. Le processus d'inversion peut étre stabilisé a l'aide d'amortissement
et d'un parametre de lissage ainsi que par l'utilisation de l'information a priori comme

I'épaisseurs de la crolite basées sur des profils sismiques.

LitMod3D

LitMod3D (LIThospheric MODelling in a 3D geometry) a été utilisé dans ce
travail pour reconstitution d'un modele 3D, bien que finalement, pas plus d'un débogage
approfondi de la version de Windows a ¢té possible. Ce logiciel a ét¢ développé par J.
Fullea et J. C. Afonso pour effectuer une modélisation géophysique-petrologique intégrée

de la lithosphere. L'avantage principal est qu'ill combine des données de Ila
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thermodynamique, la physique des minéraux, la géochimie, la pétrologie, et la

géophysique de la Terre.

LitMod3D est compos¢ de deux modules: un module de calcul directe -
LITMOD3D FOR et un module d'interface interactif - LITMOD3D INTF qui est utilisé
pour la visualisation et la modification des données et du modele 3D. LITMOD3D FOR
calcule le transfert de chaleur, et les équations thermodynamiques et rhéologiques, les
équations des champs potentiels et des équilibres isostatiques (isostasie locale et régionale)
pour toute la lithosphéres et le manteau supérieur sublithospherique. Les sorties sont la
température, le flux de chaleur de surface, la densité, la vitesse sismique, la topographie et
les anomalies du géoide et de la gravité. Le programme permet la modélisation jusqu'a une
profondeur de 410 km, avec différentes couches définies par I'utilisateur. Ces couches sont

caractérisées par leurs propriétés thermodynamiques (Fullea et al., 2009).
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Résultats

Modélisation 1D

La carte de la profondeur du Moho montre d'importantes variations des épaisseurs
de la crolte au sein de la zone étudiée, ce qui peut étre prévu sur la base de nombreuses
études précédentes de la région (Zeyen et al., 2002; Bielik et al., 2004; Dérerova et al.,
2006; Csicsay, 2010; Janik et al., 2011; Hauser et al., 2001; 2007; Mocanu and Radulescu,
1994; Beranek and Zatopek, 1981; Guterch et al., 1984; 1986; Cekunov et al., 1988;
Cekunov, 1993; Posgay et al., 1995; Tomek et al., 1987, 1989; Tomek and Hall, 1993;
Horvath, 1993; et d'autres). On peut constater que 1'épaisseur de la crolite augmente du
bassin pannonien vers I'E et le NE mais 1'épaisseur de la crolite ne cadre pas bien avec les
travaux précédents dans certaines parties de la zone étudiée. La crolite la plus épaisse se
trouve sous l'arc des Carpates ou sous son avant-pays immédiat. Des valeurs tres élevées se
trouvent dans les Carpates de 1'Est et de la zone de Vrancea (40 km). Au contraire des
attentes, la crotite la plus épaisse se trouve dans la petite zone au sud des Carpates (42 km).
La platforme de I'Europe de 1'Est se caractérise par une crolte épaisse d'environ 36 km
comme on la trouve aussi sous les monts d'Apuseni. D'autre part, le bassin pannonien et la
plateforme moésienne ont une crotite plus mince que la zone environnante. Ici, nous avons
obtenu une épaisseur moyenne de moins de 30 km. La crolite la plus mince se trouvé dans
la partie SE du bassin pannonien dans le contact avec les Carpates du Sud ou la profondeur

est seulement 26 km.

La lithosphére la plus épaisse est placée dans la partie NE de la carte sous la
plateforme est-européenne, les Carpates de 1'Est et les Carpates du Sud. L'épaisseur de la
lithosphere de la plateforme est-européenne est en moyenne plus que 720 km mais la aussi
on peut trouver des endroits plus épais dans la partie nord de cette région. Une autre place
avec une lithosphére aussi épaisse est la zone de Vrancea. De la, I'épaisseur de la
lithosphére baisse vers l'ouest, ou I'épaisseur est de moins de /70 km. La tendance a la
baisse se poursuit a partir de la aussi vers le sud et atteint un minimum d'épaisseur
lithosphérique a la frontiere sud des Carpates du Sud et la partie SE du bassin pannonien.
Ici, elle est seulement 60 km. Ces valeurs extrémement basses de 1'épaisseur lithosphérique
n'ont pas été présentés auparavant. La plateforme moésienne se caractérise par une

¢épaisseur lithosphérique avec une tendance a la baisse de l'est vers 'ouest. Dans l'est,
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I'épaisseur est d'environ /10 km et a l'ouest, elle est seulement 80 km. L'épaisseur de la

lithosphére Pannonienne varie de 80 a 100 km.

Modélisation 2D

Les données de flux de chaleur indiquent un grand degré de dispersion. En
général, ces variations sont liées a la circulation d'eau souterraine ou d'effets
paléoclimatiques pas proprement corrigés (Kukkonen et al, 1993;. Stulc, 1998). Ces effets
ne sont pas inclus dans l'algorithme utilisé, c'est pourquoi notre modele se traduit par une
variation lisse avec un minimum de 50 mW.m™ dans la plateforme est-européenne et un
maximum de plus de 80 mW.m™ dans le bassin pannonien. En outre, les données de flux de
chaleur que nous avons pris en compte ne sont pas bien répartis dans la zone étudiée. Pour

nos mod¢les régionaux, nous n'interprétons que des variations lisses.

En général, 1'épaisseur de la lithosphére diminue a partir des plateformes plus
anciennes et plus froides vers le bassin pannonien plus jeune et plus chaud avec une
épaisseur maximale dans les Carpates orientales et septentrionales. L'épaisseur de la
lithosphere sous l'arc des Carpates varie entre /50 km au Nord a environ 300 km dans la
zone de Vrancea. Dans les domaines de plateforme, elle est entre 720 a 150 km et dans le
bassin pannonien est d'environ 70 km. Cette épaisseur est plus grande que publiée
précédement (par exemple, Horvath, 1993; Lenkey, 1999), mais plus petite que les
résultats de Dérerova et al. (2006). Ainsi, une partie du flux de chaleur de surface peut
s'expliquer par une augmentation de la production de chaleur radioactive dans la croite
supérieure sous le bassin et dans les sédiments. En réduisant I'épaisseur lithosphérique aux
valeurs entre 40 et 60 km on ¢éleverait trop la topographie modélisée et ainsi les données
calculées seraient incompatibles avec celles observées. L'épaisseur de la lithosphere sous
les monts d'Apuseni atteint dans les mod¢les une profondeur d'environ 720 km et s'épaissit
fortement sous le bassin de Transylvanie pour atteindre localement des valeurs de prés de

200 km.

Notre modele apporte quelques caractéristiques intéressantes. Il montre que la
plateforme moésienne est chevauchée du nord par les Carpates du Sud et du sud par les
Balkanides, ce qui avait été déja indiqué plus tot par des études géologiques (Bergerat et al,
2010; Figenschuh et Schmid, 2005; Iancu et al., 2005; Rabagia et Matenco, 1999). Ce

chevauchement induit une flexion de la Plateforme qui donne une signature caractéristique
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dans les observables. Un autre résultat est le fort épaississement lithosphérique sous les
Carpates de I'Est et leur avant-pays qui atteint les valeurs de plus de 230 km. Pour une
bonne corrélation entre la topographie observée et modélisée et les anomalies du géoide cet
épaississement est nécessaire. L'épaississement peut également é&tre trouvé dans les
Carpates de I'Est, mais beaucoup moins important (environ /80 km) et en dessous Carpates

de I'Ouest (environ 150 km).

L'épaississement de la lithosphére dans 1'Ouest et I'avant-pays des Carpates de
I'Est est accompagné d'épaississement de la croite, sauf dans les Carpates du Sud. Dans
tous les transects, I'épaississement de la croite est décalé vers les domaines de la
topographie la plus ¢levée. L'épaisseur maximale de la crolte dans nos modeles en dehors
des orogenes se trouve sous la plateforme Moésienne avec une épaisseur d'environ 45 km
dans certaines régions. Les modeles basés sur les données sismiques sont contradictoires
dans la région de Vrancea. Mocanu et Radulescu (1994) indiquent un épaississement de la
crolite a pres de 50 km, tandis que Hauser et al. (2001) et Landes et al. (2004) donnent une
¢épaisseur maximale de 40 a 41 km. Pour notre interprétation, nous avons utilisé le modele
de Hauser et al. (2007) comme référence, car il semble étre le micux contraint. Afin de
s'adapter a des anomalies a l'air libre et les données géoide, nous avons dii modéliser un
épaississement local sous la chaine de montagne jusqu'a une épaisseur intermédiaire de 40
km. Dans notre meilleur modele, nous avons trouvé la crotite la plus fine dans le bassin
pannonien a environ 26-27 km, ce qui est similaire a Posgay et al. (1995), mais environ 2

km plus épais que Janik ef al. (2011).

Inversion 3D

Nous avons construit trois différents modeles avec la méthode d'inversion 3D des
données de topographie, géoide et gravité : Un modele sans données a priori et deux
modeles avec deux séries de données a priori différentes, I'un basé¢ sur des données
d'épaisseur de crotite sismiques (Janik e al., 2011).et 1'autre basé¢ sur le modéle régional

d'épaisseur de croiite publié par Csicsay (2010).

La crofite la plus mince a été obtenue sur la base des données a priori de Csicsay
(2010). Néanmoins, comme les données a priori limitent fortement la variabilit¢ des
paramétres correspondants pendant le processus d'inversion, la carte du Moho est

essentiellement le résultat de Csicsay (2010). Cette crolite mince est également prévue par
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d'utres auteurs (Bielik et al, 2004;. Beranek et Zatopek, 1981; Guterch et al, 1984, 1986;.
Cekunov et al, 1988;. Cekunov, 1993;. Posgay et al, . 1995; Tomek et al, 1987, 1989;.
Tomek et Hall, 1993; Horvath, 1993; Lenkey, 1999; Janik et al, 2011). La zone la plus
surprenante est la partie SE du bassin pannonien, ou nous avons obtenu une croite tres
mince avec le modéle basé sur la modélisation 1D, mais il y a aussi quelques indications
d'une crolte mince dans le modele basé sur Janik ef al. (2011). Le bassin de Transylvanie
se caractérise par des valeurs d'environ 34 km sur chaque modé¢le et ce résultat est
¢galement en trés bonne corrélation avec des travaux précédants (Bielik et al, 2004;. loane
et Ion, 2005; Csicsay 2010;. Cloetingh et al, 2005; Hauser 2007). Le Sud et 1'Est des
Carpates présentent des valeurs d'anomalies similaires mais ici, les résultats sont plus
similaires entre le modele basé sur Csicsay et celui sans données a priori. Surtout dans la
zone de Vrancea nous avons des valeurs d'environ de 45 km ce qui est dans la gamme des
valeurs de 41 km (Hauser et al, 2001; Landes et al, 2004), 47 km (Hauser et al, 2007.) et 50
km (Mocanu et Radulescu, 1994) voire 53 km (loane et Ion, 2005). Le plus grand
desajustement survient au Nord des Carpates de 1'Est dans la plateforme est-européene.
Dans cette région, nous observons une importante augmentation de la profondeur du
Moho, passant de 39 km a plus de 57 km (Csicsay, 2010). La plateforme Moésienne est
caractérisée par des profondeurs du Moho d'environs 33 km. Dans les cartes sans
information a priori cette profondeur peut localement méme étre inférieure a 30 km. Une

profondeur d'environ de 33 km est prévue aussi par d'autres auteurs (e.g. loane et Ion,

2004; Boykova, 1999 ).

Les épaisseurs lithosphériques montrent des caractéristiques similaires a celles du
Moho. La lithosphere la plus mince est visible dans une zone imprévue, commencant dans
la marge sud du bassin de Transylvanie et suivant la limite entre les Carpates du Sud et le
bassin pannonien. Ce minimum peut atteindre des valeurs tres faibles (localement moins de
60 km, pour un modeéle méme moins de 40 km, méme si ce résultat est certainement dii aux
effets de flexure dont les logiciels utilisés ne tiennent pas compte). Habituellement, les
publications indiquent dans cette zone des valeurs excédant /20 km (Babuska et al., 1988;.
Horvath, 1993; Sefara et al., 1996:. Lenkey, 1999; Zeyen et al., 2002; Dérerova et al.,
2006). Le bassin pannonien est caractérisé par des é€paisseurs lithosphériques dans la
gamme de 70 a 110 km, qui localement peuvent étre moins de 60 km. Nous avons obtenu
cette LAB trés mince en utilisant les données de Csicsay comme informations a priori.

Néanmoins, une lithosphére ultra-mince d'environ 40 km (Adam et al., 1996) n'a pas été
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confirmée par notre méthode. Les Carpates de 1'Est et du Sud et ses avant-pays immédiats
montrent une épaisseur lithosphérique dans la gamme de /40 a 180 km ce qui confirme de
srésultats précédents (Babuska et al., 1988;. Horvath, 1993; Sefara et al., 1996;. Lenkey,
1999; Zeyen et al., 2002). Cependant ces épaisseurs sont considérablement différentes des
résultats obtenus par Dérerova et al. (2006). 11 y a aussi de petites zones avec une
lithosphere encore plus épaisse, principalement dans les Carpates orientales ukrainiennes et
dans la zone de Vrancea. Des résultats controverses ont été obtenus aussi dans la
plateforme moésienne : tous les modeles montrent une lithosphére mincede 80 km en
moyenne, ne dépassant pas /00 km. Cependant, Dérerova et al. (2006) présentent une

épaisseur de /40 km.

Dans les cartes de I'épaisseur de la crofite, les régions avec une couverture
sédimentaire épaisse peuvent étre distinguées a premiere vue. Elles se trouvent surtout
dans les domaines de l'avant-pays. Les densités trés basses des sédiments diminuent
¢galement la densité moyenne de la crotiite. Ces régions sont caractérisées par des densités
crustales moyennes comprises entre 2780 et 2820 kg/m’. D'autre part des densités plus
faibles se trouvent également dans la région du bassin pannonien. Cependant, ici, & part la
couverture sédimentaire, les microplques Alcapa et Tisza-Dacia sont aussi caractérisées
par des densités plus faibles de la crolite supérieure et inférieure (Bielik et al., 2004;
Dérerova et al., 2006; Csicsay, 2010). Les zones de plateformes sont caractérisées par des
valeurs élevées de la densité crustale. Ici, nous avons obtenu les valeurs maximales entre
2890 et 2980 kg/m’. Ces régions sont généralement trés profondément érodées et font
partie d'anciennes zones de craton stable qui se caractérisent par des valeurs de densité plus

¢levées (Csicsay, 2010).

LitMod3D

La derni¢re tache de mes études de doctorat était de créer un modele 3D
lithosphérique de la région du bassin des Carpates-Pannonie basé sur la modélisation
géophysique 3D (LitMod3D). Nous avons décidé de nous concentrer sur une zone d'étude
réduite a la moitié sud du systéme carpato-pannonien. Nos résultats par rapport aux
méthodes précédentes et les documents étudiés montrent que la zone du bassin de
Transylvanie est digne d'une enquéte plus approfondie. Pendant l'interprétation des
données quelques problémes de programmation et d'untilisation surtout de l'interface

graphique se sont découverts qui ont fait le travail plus lent et nous ont forcé de faire un
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debugging approfondi du logiciel. A I'heure actuelle, la modélisation géophysique-

pétrologique en 3D reste donc inachevée.
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CONCLUSION

Trois approches d'interprétation géophysique différentes ont été réalisées dans
cette étude. Le travail nous permet d'apporter de nouvelles données sur la structure
lithosphérique de la région des Carpates et du bassin pannonien. La modélisation conjointe
du flux de chaleur de surface, du géoide, de la gravité et des données topographiques, en
utilisant des données sismiques, géologiques comme contraintes, nous a permis d'établir un
modele révisé de la structure lithosphérique de cette région et de ses unités tectoniques
avoisinantes. Les transects 2D ainsi que les mod¢les 1D et 3D montrent de fortes variations
dans la zone étudi¢e. On peut observer sur l'ensemble de nos résultats une augmentation de
I'épaisseur de la lithosphére des Carpates de 1'Ouest vers les Carpates de I'Est. Une
comparaison entre nos résultats et ceux publiés précédamment (Horvath, 1993; Lenkey,
1999) révele des petites différences générales entre les épaisseurs de la lithosphere sous la
plateforme européenne du nord et le bassin pannonien. La grande épaisseur lithosphérique
publiée au nord des Carpates de I'Ouest (Horvath, 1993; Lenkey, 1999), en combinaison
avec une croute relativement mince (<40 km), impliquerait une anomalie trop élevé de
gravité ou une topographie en dessous du niveau de la mer. Le programme calcule la
topographie fondée sur l'hypothése d'isostasie locale, ce qui constitue une restriction
importante. Une partie de la topographie peut étre supporté par des contraintes élastiques si
la plaque élastique a épaisseur équivalente (EET) trop grande. Il y a deux approches
différentes pour résoudre le probléme. Dans la modélisation 2D, si nous ne pouvions pas
trouver un modele expliquant tous les données en méme temps, nous avons donné la
préférence a un bon ajustement des données de gravité et de géoide et la topographie a été
moins bien ajustée. Dans les inversions 1D et 3D, le programme essaie automatiquement
de garder les différences entre les données mesurées et calculées aussi bas que possible.
Selon les données a priori et les options internes choisies, le programme donnera des

résultats différents.

Bien que nos résultats différent, ils présentent en général des caractéristiques
similaires. Les modeles montrent localement d'importantes différences quantitatives et
qualitatives qui pourraient étre causés par les différents modeles de départ qui sont basés
sur différentes données a priori. En tout cas, il faut considérer ce qui est digne de
confiance. Dans cette étude, nous avons eu a notre disposition dans certaines zones de tres

bonnes données sismiques pour le Moho. Il s'agit 1a surtout du bassin de Pannonie avec les
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Carpates Occidentales et la zone de Vrancea. Par contre, dans les Carpates du Sud et le
bassin gétique ou il n'y a guere de données supplémentaires, nous avons obtenu certains
résultats surprenants ou pas bien expliqués. Un autre domaine intéressant est le bassin de
Pannonie du Sud-Est. Nos résultats d'inversion 3D montrent une faible profondeur de
Moho et une épaisseur de la lithosphére trés mince ce qui n'était pas prévu ici. Il serait bien

que ces régions seraient 1'objet de recherches suplémentaires.

I1 est difficile de résoudre quel modele est le meilleur. Chacun d'entre eux a des
cotés forts et faibles. Le modele sans données a priori est trés fort dans la région des
Carpates Occidentale et Orientale, et surtout dans la zone de Vrancea. D'un autre c6té, il ne
correspond pas aux modeles lithosphériques publiés antérieurement dans le bassin de
Pannonie, dans lequel les données sismiques de bonne qualité existent. De plus, il montre
des caractéristiques surprenantes dans la partie sud-est du bassin de Pannonie. Si dans
d'autres régions, la flexion élastique de la lithosphére peut avoir un effet indésirable sur les
résultats, dans cette région assez large nous ne pouvons pas évoquer cet effet pour
expliquer I'amincissement lithosphérique obtenu. Dans le cas des modeles de la densité, le
modele sans données a priori donne des résultats géologiquement acceptables, les densités

étant plus realistes que dans les autres modeles.

Bien qu'un modéle bas¢ sur la modélisation 3D intégrée (LitMod3D) était 'un de
mes objectifs, il n'était pas possible de terminer cette tdche, puisque nous avons dii passer
trop de temps a déboguer et tester le programme. A mon avis, le programme LitEdit est
toujours une version béta, il devrait étre plus facile a utiliser, car le processus d'entrer des
parametres d'une couche exige beaucoup de patience de l'utilisateur. D'autre part, je pense
que une fois le programme sera finalisé, il devient un engin fantastique et puissant pour

I'étude géophysique de la lithosphere.
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