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3.3 Integrated stratigraphy of the Beočin section . . . . . . . . . . . . . 30

3.3.1 Biostratigraphy . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3.2 Magnetostratigraphy . . . . . . . . . . . . . . . . . . . . . . . 36

3.4 Mean directions and inclination bias . . . . . . . . . . . . . . . . . . 44

3.5 Magnetostratigraphic interpretation . . . . . . . . . . . . . . . . . . 50

3.6 Age of the isolation of the Central Paratethys . . . . . . . . . . . . . 51

3.7 A two-step isolation of the Central Paratethys? . . . . . . . . . . . . 54

3.8 Mechanisms controlling isolation . . . . . . . . . . . . . . . . . . . . 54

3.9 Gateway locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 The Late Neogene demise of Lake Pannon 61
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 Formation and development of the Pannonian Basin . . . . . . . . 62

4.3 Results: Late Miocene to recent sedimentary architecture . . . . . . 67

v



Contents

4.4 Discussion: controls on the progradational infill of the Pannonian
Basin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4.1 Basin isolation and start of progradational basin infill . . . 68

4.4.2 Progradation from the southern and eastern basin margins 77

4.4.3 Connection with the Dacian Basin . . . . . . . . . . . . . . . 78

4.4.4 An intra-Messinian unconformity in the southern Pannon-
ian Basin? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5 The Dacian Basin: the link between the C. and E. Paratethys 83
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 The Dacian Basin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.1 The Carpathians . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.2 Late stages of orogenic build-up . . . . . . . . . . . . . . . . 87

5.3 Data and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.4.1 Lithofacies associations . . . . . . . . . . . . . . . . . . . . . 92

5.4.2 Seismic interpretation . . . . . . . . . . . . . . . . . . . . . . 113

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.5.1 Evolution of depositional systems . . . . . . . . . . . . . . . 117

5.5.2 Basin connectivity during the Badenian – middle Sarmatian
s.l. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.5.3 Basin connectivity during the late Sarmatian s.l. – Maeotian 123

5.5.4 Late Sarmatian / early Maeotian sea level drop . . . . . . . 125

5.5.5 Intra-Pontian regression and the Messinian Salinity Crisis
(LST2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6 Drainage network reorganization as a proxy for tectonic activity 131
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.2.1 Effects of drainage rearrangement and variations in U and
K values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.2.2 Preparation of the data . . . . . . . . . . . . . . . . . . . . . 136

6.2.3 Constants and parameters . . . . . . . . . . . . . . . . . . . . 136

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.3.1 Transylvanian Basin . . . . . . . . . . . . . . . . . . . . . . . 137

6.3.2 Carpathian bend area . . . . . . . . . . . . . . . . . . . . . . 140

6.3.3 Iron Gates area . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.4.1 Transylvanian Basin . . . . . . . . . . . . . . . . . . . . . . . 152

6.4.2 Carpathian bend area . . . . . . . . . . . . . . . . . . . . . . 153

6.4.3 Iron Gates Area . . . . . . . . . . . . . . . . . . . . . . . . . . 155

vi



Contents

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

7 Concluding remarks 161
7.1 Tectonic processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

7.2 Surface processes and depositional models . . . . . . . . . . . . . . 161

7.3 Structural inheritance . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.4 Basin connectivity and drainage networks . . . . . . . . . . . . . . 162

7.5 Climate, sea level and lake level fluctuations . . . . . . . . . . . . . 163

7.5.1 Driving forces . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.5.2 Effects of the Messinian Salinity Crisis . . . . . . . . . . . . 164

7.6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

Summary 167

Samenvatting 171

Acknowledgements | Dankwoord 175

About the author 177

List of Figures 179

List of Tables 183

References 185

vii



viii



1 | Introduction

1.1 Sedimentary basin studies: keys to the past and the future

Sedimentary basins form an archive that, when properly deciphered, helps us
understand the Earth’s past (Roure et al., 2010). They are not just of academic
interest, however, as they also provide us with hydrocarbon, mineral and fresh
water reserves. Furthermore, efforts are underway to exploit the geothermal
energy and unconventional hydrocarbon resources contained in sedimentary ba-
sins, and to assess their suitability for CO2-sequestration. All these endeavours
will benefit from a better understanding of the processes responsible for basin
formation and infilling.

Figure 1.1: The source to sink concept. In this example the basins serve as sinks and the
mountain ranges as sources. The system is affected by a wide range of controlling param-
eters; tectonic processes such as subduction, slab break-off, slab roll-back and continental
collision result in the formation of orogens and basins. As a result, surface processes start
redistributing mass, causing erosion of topographic highs and sedimentation in topo-
graphic lows. The brown arrows show how this process may evolve through time. Feed-
backs exist between surface, climate and tectonic processes; erosion of mountain ranges
will be enhanced by isostasy, for instance. To properly understand this interplay between
parameters the system should be studied as a whole. a – f are controlling parameters
acting on various parts of the system (see Table 1.1).
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Chapter 1. Introduction

Sedimentary basins are depressions in the Earth’s lithosphere that form as a
result of tectonic processes. Their development is not only affected by processes
acting within the Earth, however; as soon as the depressions form, surface pro-
cesses start transporting sediments to the depression from topographic highs.
Together these highs (‘sources’), basins (‘sinks’) and the areas in between (‘path-
ways’) form a source to sink system (Fig. 1.1) (e.g. Matenco et al., 2013). To properly
understand the formation and evolution of sedimentary basins we should con-
sider all parts of the source to sink system and all processes that affect it. Finally,
as juxtaposed sedimentary basins often influence each other, we also need to
consider these, and the connections that may exist between them (Matenco et al.,
2013).

To gain insight in this complex interplay between processes and parts of the
system, support from a range of disciplines is required. This formed the rationale
for Topo-Europe, a Europe-wide research program in which researchers from
over 20 countries inside and outside Europe work together (Cloetingh et al., 2007,
2009; Cloetingh and Willett, 2013). Within Topo-Europe the SourceSink project,
of which this study is a part, focuses specifically at source to sink systems, with
the Danube River Basin – Black Sea region serving as its natural laboratory (Ma-
tenco et al., 2013).

1.2 The Danube River Basin – Black Sea natural laboratory
The Danube River is one of the major rivers of Europe. In terms of length and
area drained, it is second only to the Volga (Fig. 1.2). Between its headwaters
in the Alps and its mouth in the Black Sea it traverses a number of sedimen-
tary basins and major orogens that formed during the Cretaceous and Cenozoic
(e.g. Balla, 1986; Ziegler, 1990; Schmid et al., 2008). During the region’s evolution
these orogens and basins were affected by lithospheric and mantle processes such
as continental collision, syn-orogenic extension, post-orogenic inversion and sig-
nificant regional and global climatic changes (e.g. Balla, 1986; Sandulescu, 1988;
Ratschbacher et al., 1991; Tari et al., 1992; Ziegler et al., 1995; Bada et al., 1999;
Fodor et al., 1999; Schmid et al., 2004; Cloetingh et al., 2005; Horváth et al., 2006;
Willett et al., 2006; Schmid et al., 2008). The presence of this wide range of tec-
tonic settings, the availability of a wealth of surface and subsurface data make
the region an excellent natural laboratory for source to sink studies.

Figure 1.2 (facing page): The Danube River Basin (black outline) – Black Sea source to sink
system. The system includes three major mountain ranges and associated sedimentary
basins. The Pannonian Basin, Vienna Basin and Transylvanian Basin used to be part of
the Central Paratethys, a large system of Oligocene to Quaternary inland seas and lakes.
After the Central Paratethys basins were filled with sediments the depocenter shifted to
the Dacian Basin, part of the Eastern Paratethys. The Black Sea Basin, also part of the
Eastern Paratethys, is the currently active sink.
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1.3 Scope and outline of this thesis

The aim of this thesis is to improve the understanding of source to sink systems
in general and the Danube River Basin – Black Sea source to sink system in par-
ticular. More specifically, the effect of a number of tectonic and surface processes
on the sources, pathways and sinks will be studied (Table 1.1).

The Oligocene to earliest Miocene was a key period in the formation of the
sources and sinks that currently make up the Danube River Basin – Black Sea
source to sink system. Continental collision resulted in the formation of a system
of mountain chains that included the Alps, Dinarides and Carpathians (Balla,
1986) and in the fragmentation of the oceanic domain that previously had been
present between Europe in the North and Africa and India in the South (Rögl,
1999). Two significant seas remained; the Mediterranean Sea in the South and
the Paratethys Sea in the North (Fig. 1.2) (Rögl, 1999). Associated with the con-
vergence, the roll-back of a lithospheric slab attached to the European continent
caused the formation of the Pannonian Basin in the back-arc of the Carpathian
Mountains (Figs. 1.1and 1.2) (Horváth et al., 2006). Chapter 2 presents a coherent
model for the formation of this basin and its syn-kinematic infilling. Sequence
stratigraphic concepts were applied for the interpretation of regional seismic lines
in the southern part of the basin to constrain the nature, timing and mechanics
of extension, the implications for the large-scale development of the Pannonian –
Carpathians back-arc – orogen system, and the implications for the connections
between sedimentary basins during basin formation.

Together with the Transylvanian Basin and the Vienna Basin, the Pannonian
Basin formed the central part of the Paratethys (Fig. 1.2). As extension rates in
the Pannonian Basin gradually decreased during the Middle and Late Miocene,
the marine Central Paratethys was disconnected from the neighbouring Eastern
Paratethys and the marine realm, effectively making the Central Paratethys a
system of large lakes. This event not only affected individual basins, it also led
to a major extinction event in the Central Paratethys and to the development of
an endemic fauna. At present it is not known whether the isolation event was
the result of tectonic processes, or of eustatic sea level fluctuations. In chapter 3

a magnetostratigraphic study is used to establish an age for this major paleogeo-
graphic event, and to identify the processes that caused the isolation.

After its isolation, the Pannonian Basin and the other Central Paratethys basins
were filled in with sediments derived from the surrounding mountain chains. In
chapter 4 a regional seismic transect is used to constrain the mechanisms of infill-
ing, the large-scale transport directions of sediments, and the sediment sources
for the Pannonian Basin. Moreover, it is shown how the infilling of the basin is
influenced by the balance between lithosphere dynamics, structural inheritance,
post-collisional tectonics, climate and connections between Paratethys basins.

The connection between the Central Paratethys and the Eastern Paratethys
across the Carpathians is the subject of chapter 5. A field study, reflection seis-

4



1.3. Scope and outline of this thesis

Sources Pathways Sinks

a Tectonic processes 2, 4, 5 3, 6 2, 4, 5

b Post-collisional vertical movements 5, 6 4 4

c Structural inheritance 2 5, 6 2, 4

d Basin connectivity and drainage net-
works

3, 4, 5, 6 3, 5, 6 2, 3, 5

e Climate, sea level and lake level fluc-
tuations

3, 4, 5 3, 4, 5 3, 4, 5

f Surface transport processes & deposi-
tional models

2, 3 2, 4, 5, 6 2, 4, 5

Table 1.1: Outline of the major processes that affect the Danube River Basin – Black Sea
source to sink system. Parameters can have an effect on the sources, pathways and sinks.
For instance, post-collisional vertical movements can create new source areas, block or
shift sediment pathways or destroy sinks. For each process it is shown in which chapter(s)
its effects on the source, pathway or sink are studied.

mics and paleontological methods were used to identify what types of connec-
tions were present through time, if any. Combined with the dating of the isolation
event (see chapter 3), the subsequent possible reconnection between the Central
and Eastern Paratethys during the Pliocene is studied, as are the possible effects
of the Messinian Salinity Crisis. This event caused the desiccation of the Mediter-
ranean Sea to the South. Its effects on the Paratethys Basins are still subject to
debate.

Although basin formation and mountain building processes have largely come
to an end, significant vertical movements still occur in the area. In chapter 6 a
new method is proposed that can be used to identify regions subject to recent
uplift based on the interplay between active tectonics and changes in drainage
networks. The new method is used to establish whether active uplift is occurring
in three case studies.
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Next to them comes Pannonia, along which the chain of the
Alps, gradually lessening as it runs through the middle of
Illyricum from north to south, forms a gentle slope on the
right hand and the left. The portion which looks towards the
Adriatic Sea is called Dalmatia and Illyricum, above
mentioned, while Pannonia stretches away towards the north,
and has the Danube for its extreme boundary.

Plinius the Elder

Naturalis Historia, Liber III, 147
circa 77–79 CE

Syn-rift deposits overlain by a progradational sequence,
Szeged (Banatsko Arand̄elovo) Depression (Fig. 4.5)



2 | Sequence stratigraphy of asymmetric
rifting systems – implications for the
formation of the Pannonian Basin1

2.1 Introduction
Back-arc basins form in the upper plate of the subduction system when a rapid
roll-back of the subducting lithospheric slab occurs. During roll-back the sub-
ducting slab exerts a pull on the overriding plate, causing extension (Molnar and
Atwater, 1978; Dewey, 1980; Royden and Burchfiel, 1989; Doglioni et al., 1999,
2007; van Hunen and Allen, 2011). Hence, back-arc basins form a very important
record of the dynamics of subduction and continental collision. Typical examples
of back-arc basins include the East China Sea, the Banda – Sunda back-arcs, the
Sea of Japan and the Black Sea (Uyeda and McCabe, 1983; Cloetingh et al., 1989;
Honza, 1995; Jolivet et al., 1989; Ziegler, 1990; Hall et al., 2011; Munteanu et al.,
2011).

The rapid evolution of back-arc basins associated with highly bended orogenic
chains such as in the Mediterranean area (e.g. Faccenna et al., 2004) makes it hard
to achieve a discrimination of extensional geometries that is detailed enough to
detect the migration of deformation in time and space. The outcomes of such an
analysis are essential for understanding the mechanics of deformation. In such
settings a significant increase in temporal resolution can be achieved by applying
sequence stratigraphic concepts to the extensional basin fill. It thus becomes
possible to define genetic units in the basin fill: tectonic systems tracts or rift
sequence stratigraphy sensu Van Wagoner et al. (1990); Prosser (1993); Martins-
Neto and Catuneanu (2010).

One example of a rapid back-arc evolution was recorded by the Pannonian
Basin (Fig. 2.1), which formed during the Miocene convergence between Eurasia
and Africa (e.g. Tari et al., 1992; Horváth et al., 2006; Cloetingh et al., 2006).
Although the mechanics and evolution of the western to central part of the basin
and its relationship with the Eastern Alps are well understood (e.g. Tari et al.,
1992; Ratschbacher et al., 1991), this is not the case for the southeastern part of
the basin. Deposits from the main phase of extension were buried deep below
the later post-rift basin fill here (e.g. Tari et al., 1999; Horváth et al., 2006), and
publicly available subsurface data is scarce.

For these reasons I studied a regional seismic transect and a number of lateral
correlation seismic lines (Figs. 2.2, 2.3, 2.4 and 2.5 and the seismic lines from

1This chapter was co-authored by Marten ter Borgh, Liviu Matenco and Dejan Radivojević
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Chapter 2. Sequence stratigraphy of asymmetric rifting systems

Matenco and Radivojević, 2012). The transect covers the southeastern part of
the Pannonian Basin (Fig. 2.1) and is calibrated by a large number of correlation
wells. The concepts of tectonic sequence stratigraphy were applied to the transect
to constrain the spatial and temporal evolution of the back-arc extension and
continental collision.

2.2 The Miocene – Quaternary evolution of the Pannonian Basin
The formation of the Pannonian Basin started in the Early Miocene or possi-
bly the latest Oligocene, following earlier moments of Cretaceous - Paleogene
convergence. It formed as a large back-arc basin floored by continental litho-
sphere during the convergence of Eurasia and Africa as the result of the rapid
roll-back of a lithospheric slab attached to the European continent (Tari et al.,
1992; Horváth et al., 2006; Cloetingh et al., 2006; Toljić et al., 2013). In the stu-
died region, located in Southeastern Europe, the convergence and subsequent
continental collision involved the European continent to the north, and a number
of continental blocks that were amalgamated during the collision to the south.
These blocks were kinematically linked with the Triassic – Neogene evolution of
the Alpine Tethys and Neotethys oceans (Csontos and Vörös, 2004; Schmid et al.,
2008).

During the roll-back the blocks that made up the overriding plate rotated
outwards into the so-called Carpathians embayment, which was underlain by
oceanic to thinned continental crust (Fig. 2.1; e.g. Ustaszewski et al., 2008). The
ALCAPA and Tisza-Dacia units, the two main blocks involved in the outward ro-
tation, had opposite senses of rotation and experienced an E-ward drift that was
partly coeval with basin formation (Balla, 1986; Csontos, 1995). For this reason,
the extension was spatially and temporally variable.

Continental collision resulted in the formation of a system of orogens that
includes the Dinarides and the Carpatho-Balkanides. As a result of the back-arc
extension the system of orogens is presently exposed as three separate mountain
chains (see Fig. 2.1); in the Pannonian Basin area the tectonic units are buried
below the basin fill.

Current models of basin formation suggest that the peak of back-arc extension
was reached during Middle Miocene times (~15 – 11 Ma; Fodor et al., 1999; Tari
et al., 1999, and references therein). Recent studies in the SE area of the Pan-
nonian Basin suggested that the extension migrated in space and time during
the clockwise rotation of the Apuseni Mountains and South Carpathians with
respect to the Dinarides (Fig. 2.1; Matenco and Radivojević, 2012; Stojadinovic

Figure 2.1 (facing page): Map of the study region showing the main tectonic units, extent
of the various basins, connections between basins and the location of the studied transect.
Modified after Schmid et al. (2008). G.H.P. – Great Hungarian Plain, I.G. – Iron Gates,
L.H.P. – Little Hungarian Plain.
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et al., 2013). Extension gradually ceased during the Middle to Late Miocene (Ma-
tenco et al., 2010; Merten et al., 2010). During the latest Miocene – Quaternary the
Pannonian Basin was inverted as a result of contraction driven by the Adriatic
indentation, possibly coupled with the transmission of stresses from the Carpa-
thians collision (the second phase of inversion of Horváth, 1995 and Horváth
et al., 2006; see also Bada et al., 2007; Dombrádi et al., 2010; Handy et al., 2010).

The Pannonian Basin was part of the Paratethys, a system of basins that once
stretched all the way from the Gulf of Lions in Western Europe to the Aral Sea in
Central Asia (Steininger et al., 1988; Rögl, 1999; Piller and Harzhauser, 2005). Due
to the absence of marine faunas during phases of isolation from the open ocean,
Central and Eastern Paratethys deposits are often correlated to regional time
scales (e.g. Rögl, 1999; Steininger et al., 1988), and not to the global geological
time scale (see Fig. 3.14 for a correlation of Central Paratethys time scales to the
standard geological time scale). The moment at which the infill of the Pannonian
Basin started is not well constrained. The oldest syn-rift deposits consist mostly
of fluvial, lacustrine and other continental deposits (e.g. Pavelić, 2001). There
is widespread consensus that sedimentation was occurring at approximately 20

Ma (Early Miocene), but it may have started earlier; exhumation ages show that
extension may have started as early as the Late Oligocene (Toljić et al., 2013).

During the Badenian (Middle Miocene) extension continued and open marine
conditions were established across the basin (Kováč et al., 1999). Deposition in the
SE part of the basin was highly heterogeneous during these times, ranging from
shallow water environments (reef limestones and coarse siliciclastics) to deep-
water pelagic sedimentation in the centre of extensional grabens (Matenco and
Radivojević, 2012). The basin fill is characterized by diachronous unconformities

Figure 2.2 (facing page): The locations of the seismic lines and the depth of the base of the
Neogene (seconds two way travel time) in Northern Serbia. Main tectonic structures, highs
and depressions: AyH – Algyő High; BAD – Banatsko Arand̄elovo Depression; BBH – Baki
Brestovac High; BCH – Bela Crkva High; BgH – Begejci High; BkD – Békés Depression;
BMD – Bački Monoštor Depression; BTD – Bačka Topola Depression; BjH – Bajmok High;
BRH – Bački Breg High; BzH – Bezdan High; CgD – Čurug Depression; CnD – Čantavir
Depression; ÐnH – Ðurd̄in High; DrD – Drmno Depression; GjH – Gaj High; KlH –
Kljajićevo High; KkD – Kishkunhalas Depression; KMH – Kikinda-Mokrin High; KbD –
Kolubara Depression; MkD – Makó Depression; MvD – Markovacka Depression; MrD
– Morović Depression; MoH – Morava High; MsH – Mošorin High; ObG – Obrenovac
Graben; OhH – Orahovo High; PcD – Pančevo Depression; PlH – Plavna High; PnD –
Plandište Depression; SCD – Srpska Crnja Depression; SfD – Sefkerin Depression; Shg
– Sava half-graben; SkH – Slankamen High; SdD – Smederevo Depression; SMD – Stara
Moravica Depression; SMH – Srpski Mileti– High; SrD – Srbobran Depression; SsD –
Samoš Depression; SzD – Szeged Depression; TcD – Tomnatec Depression; TcH – Telečka
High; TrH – Turija High; TrD – Temeri Depression; VlH – Velebit High; VGD – Veliko
Gradište Depression; ZgD – Zagajica Depression; ZrD – Zrenjanin Depression.
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which resulted from the gradual migration of extension; different parts of the
system experienced different vertical movements through time. The hanging-
walls of normal faults subsided, while the footwalls were exhumed. The spatial
migration of faults results in a change from subsidence to uplift, and vice versa
(Pigott and Radivojevic, 2010; Matenco and Radivojević, 2012).

The gradual isolation of the Pannonian Basin took place during Sarmatian
s.str. (late Middle – early Late Miocene) times. During the transition from the
Sarmatian s.str. to the Pannonian (Late Miocene), at 11.7 Ma, full isolation was
achieved, resulting in a major change in environment from restricted marine to
lacustrine, and in the development of an endemic brackish to fresh water fauna
(Fig. 2.2; Marunţeanu and Papaianopol, 1995; Rögl, 1999; Magyar et al., 1999b,
2007; ter Borgh et al., 2013).

During the final phase of progradational infill of the basin during the Late
Miocene a massive sedimentary influx occurred into the brackish Lake Pannon
that formed as a result of the isolation. The most important source was the paleo-
Danube and its northern tributaries, such as the paleo-Tisza, which discharged
into the basin from its (north)western and northern margins. Smaller amounts of
progradation occurred from the eastern and southern basin margins (see chap-
ter 4).

2.3 A tectonic sequence stratigraphic model for a back-arc basin associated
with a highly bended orogenic chain: the Pannonian Basin

Sequence stratigraphy was first applied on passive continental margin settings,
where the major relative sea level changes are caused by eustatic sea level fluctu-
ations and the effects of tectonic uplift or subsidence are small (e.g. Van Wagoner
et al., 1990; Posamentier et al., 1993; Catuneanu, 2006; Galloway, 1989; Schlager,
1993). In the case of extensional back-arc basins such as the Pannonian Basin rel-
ative sea level fluctuations are primarily the result of subsidence resulting from
crustal extension, and the influence of eustasy will be secondary. Eustatic and
tectonic relative sea level fluctuations affect regions in a different way; the mag-
nitudes of eustatic sea level fluctuations are similar over large distances. Rela-
tive sea level changes resulting from tectonics, however, can vary over relatively
small distances; in a graben, for instance, significant subsidence may occur above
a hanging wall, while at the same time the footwall is being exhumed. Moreover,
in the case of the Pannonian Basin, the basin is surrounded by orogenic chains, a
setting which at times caused isolation of the basin (Rögl, 1999).

For settings where most accommodation space is created by extensional tec-
tonics sequence stratigraphic models have been developed (e.g. Prosser, 1993;
Van Wagoner et al., 1990; Nøttvedt et al., 1995; Martins-Neto and Catuneanu,
2010). The models by Prosser (1993) and Nøttvedt et al. (1995) focus on the ex-
pression of rift related three dimensional systems on reflection seismics and can
easily be applied using reflection seismics only. The models by Van Wagoner
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et al. (1990) and Martins-Neto and Catuneanu (2010) instead make extensive use
of well and/or outcrop logs.

It was decided to use the approach by Prosser (1993) as a starting point for de-
veloping a sequence stratigraphic model for the Pannonian Basin, because it was
found that it could easily be adapted to the Pannonian Basin setting, because our
data consists mostly of seismics, and because the surface exposure of the syn-rift
deposits is very rare. Adapting the model for the specific setting is necessary be-
cause the development of an extensional system is dependent on a high number
of variables. Examples are extension and rotation rates, the mechanisms driving
the extension, pre-rift rheology, the sedimentary processes involved in the infill-
ing, climatic conditions, sea level changes and basin connectivity (Prosser, 1993;
Nøttvedt et al., 1995, this study). By using this particular model as a starting point
we do not imply that the large-scale tectonic settings are similar. Still, there are
characteristics that most rifting systems share; footwall uplift and hanging wall
subsidence across a normal fault, superimposed on a background subsidence,
and basin floor rotation (Nøttvedt et al., 1995).

2.3.1 Framework for the sequence stratigraphic model
Four major stages of basin evolution are recognized in the sequence stratigraphic
model (Prosser, 1993). During each phase distinct depositional systems are ac-
tive, and each phase has its own set of seismic features, allowing its recognition
on seismic lines. During the first phase, Rift Initiation, normal faults become ac-
tive and cause the formation of a depression in the earth’s crust. Sedimentation
keeps pace with subsidence and usually takes place in a continental setting. Rift
Initiation is followed by the Rift Climax, when the displacement rate on a fault
is at its maximum. Subsidence usually outpaces sedimentation, leading to an
increase in accommodation space, often to a transition to marine conditions, and
in the development of relief across the fault scarp.

In ideal conditions three subphases can be recognized within the Rift Climax;
during the Early Rift Climax successive episodes of tilting lead to offlap on the
hanging wall in a basinward direction, and in forced shoreline regressions. The
area is not completely drowned yet during this phase and sediment input from
deltas or alluvial fans occurs. During the Middle Rift Climax the entire area,
including the footwalls, submerges, resulting in sediment-starved conditions in
the graben. The gradual submergence results in retrogradation, in two directions,
away from the centre of the graben. Sediment transport along the axis of the
graben starts to dominate. When extension is asymmetric the deposits will often
exhibit a divergent pattern towards the footwall due to tilting. During the final
Late Rift Climax subphase the area is completely drowned. The depositional
system is dominated by the settling of (hemi)pelagic sediment from suspension
and from turbidity flows. Sediments from this subphase can often be observed to
blanket the underlying deposits and extend onto the footwall as well. Thickness
contrasts across the graben are smaller than for the underlying deposits.

13
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In the idealized setting, the Rift Climax is followed by the Immediate Post
Rift phase: activity on the fault ceases and subsidence will be limited to regional
thermal subsidence. Progradation from the hanging wall towards the footwall
will result in an onlap pattern onto the underlying deposits and major erosion
occurs on the footwall, resulting in progradation and aggradation away from the
footwall as well. In the centre of the graben axial turbidites are deposited.

The final phase is the Late post-rift. During this phase erosion leads to a
further decrease in relief, but as most of the relief has been removed already dur-
ing the preceding phase, fine-grained, (hemi)pelagic sedimentation is dominant.
Displacement along faults has ceased but thermal subsidence results in a long-
term creation of accommodation space. Eustasy now is the most important factor
affecting the relative base level on shorter time scales.

2.3.2 A sequence stratigraphic model for the Pannonian Basin

In the Pannonian Basin, the first tectonic systems tract above the Pre-Rift se-
quence (S1) is the Rift Initiation systems tract (S2) (Fig. 2.6). It is often found
only in the deepest part of the (half)grabens. The sequence usually has an overall
wedge-shaped geometry, with the thin side of the wedge on the hanging wall,
and the thick side against the footwall. Seismic contrast within the sequence
is usually poor and hummocky-like geometries are often observed close to the
fault. An important deviation from idealized model is that this systems tract was
not observed in all (half)grabens. Furthermore, Rift Initiation Systems Tracts as
defined by Prosser (1993) form in continental/alluvial settings, but a significant
number of (half)grabens formed at a moment when marine conditions had al-
ready been established. In those cases the graben fill starts with the Early Rift
Climax (S3a). In grabens with low amounts of subsidence it may be very hard to
distinguish between both systems tracts.

Above the Rift Initiation Systems Tract three rift climax systems tracts were
differentiated; Early (S3a) Middle (S3b) and Late (S3c) Rift Climax. In grabens
where the magnitude of the subsidence is close to the seismic resolution it may
not always be possible to identify all three systems tracts. The Early Rift Climax
Systems Tract usually downlaps onto the Pre-rift or Rift Initiation Systems Tract,
and in the latter case the contrast between the systems tracts is usually large. Of
the three Rift Climax Systems Tracts this one is usually the thinnest.

The lower boundary of the Middle Rift Climax Systems Tract (S3b) is char-
acterized by downward terminations onto the underlying systems tracts (Fig.
2.6). In half-grabens the systems tract shows retrogradational geometries onto
the hanging wall due to an increase of relative water depth. In the larger asym-
metric grabens the pattern of the seismic reflections is often divergent towards the
fault plane(s) and the overall geometry resembles a wedge. Close to a graben’s
bounding fault(s) the Early and Middle Rift Climax deposits are often strongly
tilted.
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The Late Rift Climax Systems Tract (S3C) can be distinguished from the Mid-
Rift Climax Systems Tract using three criteria (Fig. 2.6); sedimentation now ex-
tends onto the (often partially eroded) footwall, tilting of the deposits is smaller
than before, and the systems tract fills in a significant part of the remaining relief.
As a result, it often drapes the older systems tracts.

Conditions during the post-rift infill of the southeastern Pannonian Basin de-
viated significantly from the idealized model. In the centre of the basin drowned
conditions prevailed and footwalls were exposed only locally. Due to the size of
the basin large parts of the basin were beyond the influence of prograding deltaic
bodies. In large parts of the basin sedimentation thus was limited to hemipelagic
to pelagic deposition and far-travelled turbidity currents. If conditions would be
similar to those in the northwestern part of the basin, infill of the basin occurred
from the basin sides, primarily from the northwestern Alpine source area, and
consists of progradation of the shelf (Sztanó et al., 2013). On top of the shelf
deltaic deposits were deposited, followed by fluvial deposits.

2.4 Results: Neogene sedimentary architecture of the Pannonian Basin
A detailed analysis of the individual depressions, highs and fault patterns has
recently been published by Matenco and Radivojević (2012). Here, I will focus
on the distribution of extension, in space and in time.

2.4.1 Half-grabens first formed during the Early Miocene
The oldest structures related to the formation of the Pannonian Basin are Early
Miocene in age. They were observed all across the region with two notable ex-
ceptions; the E-W oriented Srbobran depression, and the N-S oriented Srpska
Crnja depression (Fig. 2.2). The Lower Miocene structures usually consist of half-
grabens and have an asymmetric syn-rift fill. Commonly the syn-rift sequence
starts with a Rift Initiation systems tract (S2), which is characterized by an almost
transparent seismic facies.

In the Lower Miocene half-grabens the Rift Initiation systems tract is followed
by the Early Rift climax systems tract, characterized by the offlap, downlap,
aggradation and tilting features described in section 2.3. In places where it di-
rectly covers the Rift Initiation, the contrast between the deposits from the two
systems tracts is usually large. Footwall erosion is common and a hummocky-
type internal seismic facies often occurs close to the footwall. The Early Rift
Climax is usually Badenian (Middle Miocene) in age. In a few cases well data
suggest an Early Miocene age.

The Middle Rift Climax deposits are often characterized by continuous, high
frequency reflections. Of the three Rift Climax systems tracts this one is usually
the thickest. The divergent pattern of the reflections and onlap of along-slope
deposits in the centre of the graben onto the footwall and hanging wall are usu-
ally the most diagnostic features. Thickness contrasts across the main fault are
usually large and tilting of the deposits close to the fault is common.
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The main diagnostic feature of the Late Rift Climax is that sedimentation now
extends onto the footwall. The faults are still active, but the thickness contrasts
across the fault and tilting of the graben fill to the fault are not as profound as
previously. The seismic facies associated with these deposits is similar to that
of the Middle Rift Climax, but in some cases the frequency of the reflections is
higher. The ages of both the Middle and Late Rift Climax vary depending on the
location. The youngest Rift Climax deposits are found in the east, in the Banatsko
Arand̄elovo Depression, where both the Middle and Late Rift Climax are often
Pannonian s.l. in age. Towards the west a gradual transition to older ages occurs;
all Rift Climax deposits west of the line Beograd – Baja predate the Pannonian
s.l.. The majority of the deposits are Badenian in age, Sarmatian deposits are
often thin or absent.

2.4.2 Grabens first formed during the Middle – Late Miocene
The geometry and fill of grabens that first formed during the Middle to Late
Miocene differs from the Lower Miocene half-grabens. Extension now is dis-
tributed over two oppositely dipping faults, leading to the development of sym-
metric grabens. Continental deposits are usually absent and the graben fill starts
with marine deposits. As a result a (continental) Rift Initiation systems tract is
usually not observed, and in the Early Rift Climax the hummocky type internal
seismic facies observed in the Early Miocene Early Rift Climax deposits is usually
absent. Footwall erosion is less common, and where it is present it is usually less
profound than for the structures that first formed during the Early Miocene.

2.5 Discussion

2.5.1 Distribution, timing and mechanisms of extension in the Pannonian Basin
From the distribution of tectonic systems tracts and the age data from the wells
it is apparent that extension was diachronous and that the amount of extension
recorded by upper crustal faults varied significantly along the studied transect.
The oldest Rift Climax systems tracts are Early Miocene in age, the youngest
ones Pannonian s.l.. Analysis of the tectonic systems tracts and well data show
that extension was predominantly asymmetric during the Early Miocene. Depo-
sition often started in continental settings, resulting in the presence of a clear Rift
Initiation sequence.

Rift Initiation and Early Rift Climax deposits are largely confined to the deeper
parts of the grabens. A proto-rift systems tract sensu Nøttvedt et al. (1995), con-
sisting of continuous deposition across the future basin, was not observed; either

Figure 2.3 (facing page): Tectonic systems tracts in the Miocene syn-rift deposits of the
southeastern part of the Pannonian Basin. Location in Fig. 2.2. Basement after Čanović
and Kemenci (1988).
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Figure 2.4: Excerpt from Fig. 2.3 between km 55 and 82, showing the uninterpreted seis-
mic data (above) and the interpreted seismic data (below). While the Early Rift Climax
deposits are present only above the hanging wall, the Late Rift Climax deposits extend
onto the partially eroded footwall. Above the syn-rift deposits a prograding system can
be observed; the presence of the graben has a clear effect on its thickness. Around km 64

a compaction-induced fault is present in the post-rift deposits.
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no significant initial subsidence occurred, or the deposits were removed after-
wards. The absence of significant amounts of regional subsidence during the
Early Miocene was first noted by Sclater et al. (1980) and is generally attributed
to thermal attenuation of the mantle lithosphere, which caused high-temperature
material to be brought close to the surface. The resulting high heat-input may
even have caused initial uplift, instead of subsidence. Additional support for this
theory comes from tomographic studies, which show that the lithospheric thick-
ness of the Pannonian Basin is lower than would be expected from the known
tectonic stretching values for the lithosphere (Horváth et al., 2006; Ustaszewski
et al., 2008).

In the half-grabens where faulting started during the Early Miocene the con-
trast in seismic facies between the Rift Initiation and Early Rift Climax systems
tracts is usually large. Probably this is a lithological contrast; between continental
Rift Initiation deposits and fine grained Early Rift Climax deposits. The Early Rift
Climax Systems Tract is often present only in the deeper parts of the graben; ei-
ther because at the point of its deposition the graben had not reached its final size,
or because the subsidence rate was larger than the sedimentation rate. In con-
trast with the idealized model (Prosser, 1993), the transition from Rift Initiation to
Early Rift Climax does not always coincide with a transition from continental to
marine deposition; Early Miocene deposition, however, is often characterized by
fluvial and lacustrine deposition. The distinguishing feature of the Early Rift Cli-
max systems tract is that subsidence outpaces sedimentation, not that a transition
to marine conditions occurred. The transition to marine conditions is a regional
feature that is not directly linked to the subsidence in individual grabens. This is
a very important aspect of asymmetric extensional systems; in such systems the
extension is directed towards one side of the system. The zone where subsidence
rates were highest also migrated in that direction. As a result of this migration,
the transition from one tectonic systems tract to the next may occur at different
times in different grabens, depending on the graben’s position.

In contrast with the Early Miocene, when half-grabens were formed, most new
structures that developed during the Badenian were grabens. In the grabens,
there usually is no evidence of a Rift Initiation sequence. This, combined with
a decrease in the exposure of footwalls, shows that large parts of the Pannonian
Basin had submerged at this point in time. In theory, it is possible to define a
marine Rift Initiation sequence as the part of the graben fill where the amount of
subsidence was in equilibrium with sedimentation. In practice such a distinction
could not be made; often sedimentation rates were smaller than subsidence rates
already very shortly after the start of graben formation.

Similar to the onset of the syn-rift phase the onset of the post-rift phase is di-
achronous; in some grabens extension had ceased already in the Badenian, while
in other grabens it lasted well into the Pannonian s.l.. When combining the data
presented in this study with the seismic profiles from Matenco and Radivojević
(2012) a clear pattern emerges; west of the line Beograd – Baja (Fig. 2.2) the rift
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climax first ended in the Badenian. Further east younger rift climax deposits can
be found; along the main seismic transect Pannonian ages are found, although
most subsidence occurred during the Badenian (Fig. 2.6). On the easternmost
lines, in the Banatsko Arand̄elovo Depression, which can be linked to the so-
called ‘Tisza-rift’ (Tari et al., 1999) in Hungary, most Rift Climax deposits are
Pannonian in age. The overall picture is that rifting first terminated in the west,
and last in the east. This can be linked to a transition from wide to narrow rifting
(Tari et al., 1999).

The end of rifting can be constrained using the sequence stratigraphic model.
When defining this limit, it does not suffice to look to the youngest units that were
affected by faulting since differential compaction can also lead to the formation
of faults (Fig. 2.6). Faults and folds in the post-rift often form directly above
the main fault as a result of the difference in compaction between the graben fill
and the footwall. The correct age for the end of rifting is given by the boundary
between the Late Rift Climax (S3c) and the Immediate Post-Rift (S4).

2.6 Conclusions
The Pannonian Basin, located between the Carpathians and Dinarides, formed
and evolved in response to a dominantly asymmetric extensional mechanism.
The onset of extension is often placed in the Early Miocene, but it may have
started as early as the Late Oligocene, as suggested by absolute age dating of
the exhumation in the detachment’s footwall, as observed in the Fruška Gora
Mountains (Fig. 2.2; Toljić et al., 2013). During the rest of the Miocene exten-
sion migrated to an area that is presently situated near the Apuseni Mountains
and South Carpathians (Fig. 2.1). Given the large-scale clockwise rotations and
translations that affected the latter area during this period (Csontos, 1995; Us-
taszewski et al., 2008), it is likely that the low-angle normal faults were originally
closely spaced and that the spacing increased by stretching and the migration of
extension in time. One can say that the Apuseni Mountains and South Carpathi-
ans drifted away towards the NE and E by extension in the hanging-wall of the
Dinarides.

The results from this study improve the understanding of the mechanics of the
extension that formed the Pannonian Basin. Earlier inferences were that exten-
sion started at ~20 Ma, but was essentially Middle Miocene in age, with possible

Figure 2.5 (facing page): Syn-rift deposits overlain by the progradational sequence in the
region between Belgrade and the Carpathians. Progradation is occurring away from the
Carpathians (around km 75). In the Pančevo depression progradation first occurs from
west to east, towards the centre of the depression. Roughly between km 15 and 30 the
shapes of the foresets become less pronounced, probably because the direction of transport
is changing when the depression is almost filled. A generally N-ward transport-direction
in this area is also evident from Fig. 2.3. Legend to the wells in Fig. 2.3.
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minor deformation in the Early or Late Miocene in the Great Hungarian Plain
part of the Pannonian Basin (Horváth et al., 2006, and references therein). Our
results demonstrate that the extension was a more continuous process that started
in the Late Oligocene or Early Miocene and lasted until the Late Miocene. This
new timing is in better agreement with the deformation observed at the exterior
of the Carpathians chain: recent kinematic and thermochronological studies of
this orogen have showed that the shortening and associated exhumation was a
largely continuous process that started in Late Oligocene times and ceased dur-
ing the late Middle – Late Miocene (~11 – 9 Ma; Matenco et al., 2010; Merten
et al., 2010; Merten, 2011). This would mean that, post-dating the Cretaceous –
early Paleogene closure of the Ceahlău-Severin ocean, there is a direct correlation
between the moments of shortening recorded at the exterior of the Carpathians
and the coeval extension in the Pannonian Basin. This implies that the roll-back,
which drove the extension, was a continuous process throughout the Miocene
until ~9 Ma, possibly starting already in Oligocene times. Such a direct continu-
ity has only been previously speculated, but not demonstrated.

In our case study a marked change in depositional environment occurred at
the end of the Early Miocene; from dominantly continental and lacustrine settings
to a mostly marine environment. At the same moment the mechanics of extension
changed from asymmetric to more symmetric, which increased the amount of
subsidence in grabens and caused a transgression at the scale of the entire basin,
establishing regional marine conditions. Therefore, I propose that this change
is the result of tectonic processes, by changing the mechanics of extension and
enhancing the syn-rift subsidence.

This type of evolution is certainly not unique to the Pannonian Basin. For
instance, the entire rifting evolution of the interior SE Asia basins in the South
China Sea, such as the Pattani or Malay Basins, is characterized by continental
(alluvial and/or lacustrine) deposition (Morley and Westaway, 2006). The onset
of marine sedimentation takes place during the post-rift evolution and the transi-
tion to oceanic lithosphere in the centre of the South China Sea. The asymmetric
migrating extension that opened the hanging-wall basins of the Basins and Range
Province is exclusively continental (Jones et al., 1992).

Figure 2.6 (facing page): Idealized succession of tectonic systems tracts for the Pannonian
Basin. The Rift Initiation Systems Tract represents the phase when the fault is activated
but no actual relief across the fault forms; sedimentation is larger than subsidence. When
subsidence is larger than sedimentation and relief forms the Rift Climax phase starts.
When extension stops the Immediate Post-Rift phase starts. See text for a more detailed
description. The Rift Initiation Systems Tract is present only when the graben first was ac-
tivated when continental conditions still prevailed in the basin; during the Early Miocene.
Redrawn and modified after Prosser (1993).
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Another important feature of regions subject to asymmetric extension is the oc-
currence of local transgressional-regressional cycles as a result of footwall uplift.
These cycles result from the migration of extension; when extension migrates,
half-grabens that are initially situated in the hanging-wall of actively deforming
faults would instead be situated in the footwall of the newly activated normal
fault. Since the footwall regions are subject to significant amounts of uplift, a
relative sea level drop will occur and an unconformity may form. This uncon-
formity will be located at the transition between the Rift Climax and Immediate
Post Rift systems tracts (Fig. 2.6). The age of this transition will vary across the
basin, as a result of the migration of deformation. Such a migration of uplift and
shifting of rift sequences is probably not unique to this part of the Pannonian
Basin. For instance, similar patterns are observed in the Little Hungarian Plain
part of the Pannonian Basin, near the transition with the Eastern Alps. Here,
the asymmetry of extension is associated with the large-scale exhumation of the
Rechnitz window in the footwall of detachments (Tari et al., 1992; Dunkl et al.,
1998).
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Causa latet, vis est notissima.
The cause is hidden, but the result is well known.

Ovidius

Metamorphoses IV, 287

Impression of the northern part of the section studied in this
chapter (Fig. 3.4)



3 | The isolation of the Pannonian Basin
(Central Paratethys): new constraints
from magnetostratigraphy and
biostratigraphy1

3.1 Introduction

Extensional back-arc basins form during the late stages of subduction. Their for-
mation is driven by the roll-back of mature subducting slabs (e.g. Royden and
Burchfiel, 1989; Doglioni et al., 1999, 2007; van Hunen and Allen, 2011). The
pre- and syn-rift infill of back-arc basin systems is characterized by a transition
from continental, alluvial and lacustrine to marine depositional environments
(e.g. Prosser, 1993). When slab roll-back ceases, extension stops gradually, and
basin formation ends (Molnar and Atwater, 1978; Uyeda and Kanamori, 1979;
Dewey, 1980; Jarrard, 1986). Due to the erosion of the adjacent exhuming oro-
gens the back-arc basins are regressively filled and isolated subsequently. The
resulting post-rift infill is often characterized by a transition from marine to la-
custrine, alluvial and continental deposition.

Back-arc basin systems are frequently made up of multiple basins which are
separated by sills or gateways. Examples are the basins of the Mediterranean and
SE Asia subduction zones (e.g. Rögl, 1999; Jolivet and Faccenna, 2000; Faccenna
et al., 2004; Hall et al., 2011). Due to the interplay between subsidence, sedimen-
tation, sea level fluctuations and rapid exhumation the connections between the
basins fluctuate (Leever et al., 2011; Munteanu et al., 2012). This affects the sedi-
ment fluxes between basins, evolution of endemic faunas and basin geochemistry
(e.g. Krijgsman et al., 2010; Karami et al., 2011).

One example of a system of back-arc basins is the Central Paratethys. The Pa-
ratethys was a large network of inland seas that once extended over Europe from
the present-day Gulf of Lions in the west to the Aral Sea in the east (Steininger
et al., 1988; Rögl, 1999). It encompassed large Central and Eastern European sedi-
mentary basins including the Vienna, Pannonian, Transylvanian, Dacian, Caspian
and Euxinian basins (Fig. 3.1).

1This chapter is based on ter Borgh, M., Vasiliev, I., Stoica, M., Knežević, S., Matenco, L., Krijgs-
man, W., Rundić, Lj., Cloetingh, S (2013). The isolation of the Pannonian Basin (Central Paratethys):
New constraints from magnetostratigraphy and biostratigraphy. Global and Planetary Change, 103,
99–118.
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What mechanisms controlled the changes in basin connectivity between Para-
tethys basins, and when these changes occurred is not well understood. Signif-
icant progress has recently been made, however, on the correlation of endemic
faunas, absolute age dating, environmental conditions and basin evolution (e.g.
Jiménez-Moreno et al., 2005; Çağatay et al., 2006; Flecker and Ellam, 2006; Popov
et al., 2006; Gillet et al., 2007; Magyar and Sztanó, 2008; Krijgsman et al., 2010;
Vasiliev et al., 2010b,a; Karami et al., 2011; Leever et al., 2011, and references
therein).

The isolation of the Central Paratethys caused a drop in water salinity as
well as a regional extinction event; the Sarmatian–Pannonian Extinction Event
(SPEE) (Harzhauser and Piller, 2007). Absolute ages of this event are incon-
sistent and range between 12 and 11 Ma (e.g. Vakarcs et al., 1994; Rögl, 1996;
Harzhauser et al., 2004; Lirer et al., 2009). High-resolution ages have recently
been obtained for two Central Paratethys basins; the Vienna basin (Paulissen
et al., 2011), using magnetostratigraphy, and by magnetostratigraphy comple-
mented with Ar–Ar dating in the Transylvanian Basin (Vasiliev et al., 2010a)
(Fig. 3.1). High-resolution ages for the largest Central Paratethys basin, the Pan-
nonian Basin, however, are still lacking. As a result, the mechanisms causing
the Late Miocene isolation of the Central Paratethys from the ocean and Eastern
Paratethys remain yet to be understood.

In this study we constrain the timing and mechanisms of the Late Miocene
isolation of the Central from the Eastern Paratethys by correlating the recently
dated sections in the Transylvania and Vienna basins to a new magnetostrati-
graphic and biostratigraphic section from the southern part of the Pannonian
Basin.

3.2 Regional setting
The Pannonian Basin was formed during the Miocene as a back-arc basin accom-
modating continuous and rapid slab roll-back along the Carpathian arc. The slab
was derived from the Alpine Tethys and attached to the European continent, sub-
ducting in a generally S-ward direction. The roll-back resulted in the extrusion of
the overriding plate into the so called Carpathians embayment. This embayment
was underlain by oceanic to thinned continental crust and had an extent that
resembled the presently curved shape of the Carpathian Mountains (Fig. 3.1; e.g.
Balla, 1986; Tari et al., 1992; Horváth et al., 2006; Schmid et al., 2008). As a result
of the roll-back, back-arc extension took place during the Miocene and possibly

Figure 3.1 (facing page): Map of the study area showing the main tectonic units, extent of
the various basins, connections between basins and the studied section. Modified after
Schmid et al. (2008). Isolation-ages for the Transylvanian and Vienna basin after Vasiliev
et al. (2010a) and Paulissen et al. (2011), respectively. SEC — Southeast Carpathians, CB
— Comăneşti basin.
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the Late Oligocene (see chapter 2). As a result of the ongoing extension ma-
rine conditions were established across the previously largely continental basin
(Kováč et al., 1999). The back-arc extension gradually ceased as a result of conti-
nental collision, which was recorded at the exterior of the Carpathians during the
Middle to Late Miocene (Matenco et al., 2010; Merten et al., 2010). Around the
same time the Pannonian Basin and other Central Paratethys basins were isolated
from the open oceans, as is evident from the replacement of marine fauna by an
endemic brackish to freshwater fauna (e.g. Marunţeanu and Papaianopol, 1995;
Rögl, 1999). The continental collision also led to the tectonic inversion of the
Pannonian Basin, which in turn caused the formation of an unconformity in the
shallow parts of the basin shortly after isolation (Horváth, 1995; Horváth et al.,
2006). Consequently, deposits recording the isolation event are present only in
the deeper parts of the basin.

A number of phases can be recognized for the infilling of the Pannonian Ba-
sin; either based on the mechanics of basin formation (see chapter 2), or based on
paleogeography. Using the latter criterion three main phases can be differenti-
ated based on the progressive confinement of the basin; 1) a marine to restricted
marine phase, 2) a lacustrine phase and 3) a deltaic to fluviatile phase (Magyar
et al., 1999b). The transition from the second to the third stage was gradual; the
basin was filled in by deltas from its margins (Juhász et al., 2007; Magyar and
Geary, 2010, see chapter 4). In the Central Paratethys the first two phases corre-
late roughly to the Sarmatian, and Pannonian s.str., respectively (e.g. Rögl, 1999;
Piller and Harzhauser, 2005, Fig. 3.2).

Due to the absence of marine faunas during phases of isolation from the open
ocean, Central and Eastern Paratethys deposits are often correlated to regional
time scales (e.g. Rögl, 1999; Steininger et al., 1988), and not to the global geolo-
gical time scale. As various conflicting definitions of regional Paratethys stages
exist (Sacchi and Horváth, 2002) special care should be taken when correlating
Paratethys deposits. The Sarmatian and Pontian stages, for instance, are used in
both realms but cover different time-intervals (Fig. 3.2; Papaianopol et al., 1995;
Rögl, 1999; Vasiliev et al., 2004). The confusion in biostratigraphic definitions
is furthermore accentuated by two distinct definitions of the Pannonian stage
(Fig. 3.2).

3.3 Integrated stratigraphy of the Beočin section
The isolation of the Pannonian Basin coincides with the boundary between the
Sarmatian and Pannonian regional stages. Conformable successions across this
boundary are scarce in the Central Paratethys (e.g. Magyar et al., 1999a; Sztanó
et al., 2005). This study focuses on one of the rare continuous sections: Fruška
Gora, an inselberg in the Pannonian Basin (Northern Serbia) with a pre-Neogene
core (Fig. 3.1). A complete section of Middle to Upper Miocene sediments is ex-
posed along the northern flank of the mountain (see also Stevanović and Papp,
1985; Ganić et al., 2010), within and around the km-size Lafarge’s Filijala quarry
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Figure 3.2: Overview of regional stratigraphic stages used in the Central and Eastern
Paratethys, including the proposed correlations between the Central and Eastern Parate-
thys (Lörenthey, 1902; Rögl, 1996; Sacchi and Horváth, 2002). The isolation of the Central
Paratethys coincides with the boundary between the Sarmatian (Sarm.) and Pannonian.
See Fig. 3.14 for a correlation of the Sarmatian – Pannonian boundary to the standard
geological time scale.

in the town of Beočin (Figs. 3.1, 3.3 and 3.4). Here, mostly distal upper Sar-
matian–Pannonian sediments that are well suitable for magnetostratigraphy and
biostratigraphy are excellently exposed.

To accurately date the isolation of the Central Paratethys 800 magnetostrati-
graphic cores were collected at ~25 cm intervals in the ~150 m thick Sarma-
tian–Pannonian s.str. deposits, as were 100 biostratigraphic samples at 1 – 2 m
intervals. The strata dip northwards, decreasing gently from ~17° in the S-ward,
lower stratigraphic part of the section located near the Fruška Gora Mountains
to ~3° near the northern, upper stratigraphic part of the section (Fig. 3.3). The
section was studied in five partially overlapping subsections that were spatially
positioned on the basis of field observations and GPS measurements. Four sub-
sections (A – D) covered exposed parts of the quarry. The lowermost subsection
(E) consisted of a short core that was sampled on the spot.
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Figure 3.3: Map of the section locality and surroundings, with the subsections and sample
numbers indicated. Q – Quaternary.

Low magnetic intensities and susceptibilities leading to unstable paleomag-
netic directions complicated previous paleomagnetic and magnetostratigraphic
studies (Lesić et al., 2007; Ganić et al., 2010). These problems have been avoided
by measuring the Natural Remanent Magnetism (NRM) with cryogenic 2G Enter-
prises DC-SQUID magnetometers (noise level 3 × 10−12 Am2), which are more
sensitive than the spinner magnetometers used previously.

Sarmatian sediments in the study area consist of laminated to thinly bedded
marls alternated with minor amounts of poorly consolidated sandy layers. Close
to the Sarmatian/Pannonian boundary diatomites are present. The Pannonian
deposits consist of gray to light-coloured marls and show three overall trends
in the otherwise rather uniform deposits: upwards 1) strata thickness increases
from medium bedded to massive; 2) macrofossils become more abundant; and, 3)
consolidation decreases, probably as a result of a decrease in carbonate content.
In the lowermost part of the unit cm- to dm-scale layers of well-rounded con-
glomerates with a marly matrix occur. These layers are discontinuous in space
and are interpreted as mass flows that originated elsewhere. In the section no
evidence of erosion was found. No deposits suitable for radiometric dating were
found.
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3.3. Integrated stratigraphy of the Beočin section

Figure 3.4: Impression of the northern part of the quarry, subsection Beočin A. Direction of
view is towards the north. The unconformity between the Pannonian s.str. and overlying
deposits (Pontian, c.f. Ganić et al., 2010) coincides with the limit between the gray marls
below and the yellow to brownish sands above.

3.3.1 Biostratigraphy

A sharp change in paleontological content is recorded from a marine-brackish
fauna in the Sarmatian deposits to a brackish-freshwater fauna in the Pannonian
(Fig. 3.5). This faunal turnover resulted from the changing paleoenvironmental
conditions related to the isolation of the Central Paratethys.

The Sarmatian microfauna is dominated by benthic calcareous foraminifera
and ostracods (Fig. 3.6), the latter dominated by Loxoconchidae and Leptocytheridae
(Fig. 3.5). The overall association demonstrates a lower Bessarabian (i.e. upper
Sarmatian s.str.) assemblage and indicates shallow water depths. These environ-
mental conditions are also demonstrated by local findings of oolites cemented
onto shells. The mollusc fauna from this part of the section consists of a scarce
Sarmatian association represented by Pirenella picta (Defrance), Ervilia cf. dissita
(Eichwald) and Cerastoderma sp. (Ganić et al., 2010).

The Pannonian s.str. microfauna is dominated by brackish to freshwater ostra-
cods (Figs. 3.7 and 3.8). The assemblage is representative for the deeper parts of
the Pannonian Basin and consequently water depths must have been a few 10s
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3.3. Integrated stratigraphy of the Beočin section

of m larger than during the Sarmatian. In the studied section, the classical os-
tracod biozones defined in the Pannonian Basin cannot be clearly differentiated
because the biozone boundaries are unclear (Fig. 3.5). We interpret this to result
from the fact that the Pannonian s.str. deposits from the Beočin area represent
a distal environment of Lake Pannon, whereas the original biozones have been
defined in shallower water environments. This in turn suggests that the compo-
sition of Lake Pannon ostracod assemblages is strongly facies dependent, as was
previously demonstrated for the Pannonian mollusc fauna (Magyar et al., 1999b).
Biozone correlation is furthermore complicated by contradictory biostratigraphic
definitions (see Pokorný, 1944; Brestenska, 1961; Krstić, 1973, 1985; Jiřiček, 1975,
1985; Rundić, 1997; Rundić, 2006).

The base of the Pannonian part of the studied section contains a small amount
of mollusc specimens of small-sized Congeria sp. and gastropods (Radix and
Gyraulus species) (Fig. 3.9). Molluscs are abundantly present in the middle and
upper parts of the Pannonian s.str. interval of the section, where bedding sur-
faces are particularly rich in bivalve and gastropod shells and imprints. The
species diversity is low which is interpreted to result from the relatively deep-
water environmental conditions during deposition. The most frequently occur-
ring bivalve species (Fig. 3.9) are represented by Congeria banatica R. Hoernes,
Congeria cf. partschi maorti Strausz, Congeria czjzeki R. Hoernes, Paradacna syr-
miense R. Hoernes, Paradacna lentzi (R. Hoernes) Limocardium ex gr. praeponticum
Gorj. Kramb and Limnocardium cf. spinosum Lörenthey. Gastropods are repre-
sented by Undulotheca halavaci Koch, Provalenciennesia sp., Gyraulus praeponticus
(Gorjanović-Kramberger), Radix kobelti Reuss and Micromelania sp.

Field observations show that Pannonian s.str. deposits conformably overlie the
Sarmatian ones in the studied section. In the basal part of the Pannonian s.str.,
however, reworked pre-Pannonian foraminifera are present, suggesting a phase
of erosion. It is likely that erosion affected the shallowest parts of the basin and
that reworked material was redeposited in the deeper water setting studied here.
The absence of a hiatus is supported by the presence of an ostracod assemblage
representative for the base of the Pannonian s.str. (Fig. 3.5), consisting of Amplo-
cypris subacuta Zalányi, Amplocypris crassus Krstić, Amplocypris ex gr. acuta Krstić,
Amplocypris sp., Herpetocyprella auriculata (Reuss), Candona (Typhlocypris) trigonella
(Héjjas), Candona (Propontoniella) sp., Candona (Thaminocypris) trapezoidalis Krstić,
Loxocorniculina hodonica Pokorný, Loxoconcha aff. rhombovalis Pokorny, Loxocon-
cha djaffarovi Schneider, Euxinocythere naca (Méhes), Cytherura moravica Pokorny,
Cytherura sp. and Cypria ex gr. pannonica Krstić (Fig. 3.5). The index species
for the lowermost profundal and sublittoral Pannonian mollusc biozones (sensu
Magyar et al. (1999b)), Lymnocardium praeponticum and C. banatica, were found in
the studied section.

The top of the Pannonian part of the section coincides with the top of the
Pannonian s.str., as is evident from the development of Candona (Typhlocyprella)
lineocypriformis Krstić, Candona (Reticulocandona) reticulata (Méhes) and Candona
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(Serbiella) sagittosa Krstić (Fig. 3.5), indicative of the Typhlocyprella linocypriformis
zone.

The Pannonian s.str. deposits are covered unconformably by Upper Pannonian
s.l./Pontian deposits. The ostracod fauna found in these deposits has only a few
taxa in common with the Pannonian s.str. fauna (Fig. 3.5).

3.3.2 Magnetostratigraphy

Cores were drilled with a portable drill powered by a portable electric generator
and oriented with a magnetic compass. The samples were subjected to both step-
wise thermal and alternating field demagnetization. Thermal demagnetization
was performed for 379 levels in a magnetically shielded furnace with tempera-
ture steps of 10 – 50 °C, until Natural Remanent Magnetism (NRM) intensities
had decreased to 10% of the original intensities or less. Alternating field (AF)
demagnetization was performed for 230 levels using an in-house built robotized
sample handler. We used 3 to 10 mT AF-demagnetization steps up to a maxi-
mum of 100 mT. Before AF-demagnetization, samples were heated to 150 °C in
a magnetically shielded furnace. After each demagnetization step the NRM was
measured using a horizontal 2G Enterprises DC SQUID cryogenic magnetometer.
The directions of the NRM components were calculated using principal compo-
nent analysis (Kirschvink, 1980).

The initial magnetic susceptibility was measured for all samples and the an-
isotropy of the magnetic susceptibility was measured for a subset of samples on a
Kappabridge KLY-2 and KLY-3, respectively. For the samples that were thermally
demagnetized the magnetic susceptibility after heating was measured as well.

Figure 3.6 (facing page): Sarmatian foraminifers and ostracods from the studied section.
All valves of ostracods belong to adult individuals, external lateral views, LV=left valve,
RV=right valve, BNP, BS=micropaleontological samples: 1. Quinqueloculina sp., (BNP 29);
2, 3. Ammonia ex. gr. beccarii (Linné), (BNP 29); 4, 5. Porosononion granossum (d’Orbigny),
(BNP 29); 6,7. Lobatula sp., (BNP 29); 8. Elphidiumaculeatum (d’Orbigny), (BNP 29); 9.
Elphidium cf. aculeatum (d’Orbigny), (BNP 29); 10. Elphidiumreginum (d’Orbigny), (BNP
29); 11. Elphidium reginum caucasicum Bogdanowicz, (BNP 29); 12. Elphidium ex gr. koberi
(Tollmann), (BNP, 29); 13. Elphidium joukovi (Serova), (BNP 29); 14, 15. Amnicythere tenuis
(Reuss), (BS7, BNP 29); 14. LV; 15; RV; 16, 17. Callistocythere egregia (Méhes), (BNP 29);
16. LV; 17. RV; 18,19. Aurila merita (Zalányi), (BS 7, BNP 29); 18. LV; 19. RV; 20. Senesia
vadaszi (Zalányi), (BS7); 21. Aurila sp., (BS 7); 22, 23. Cytheridea hungarica (Zalányi), (BS
11); 22. LV; 23. RV; 24. Loxoconcha kochi (Méhes), RV (BNP 29); 25. Loxoconcha ex. gr. kochi
(Méhes), LV (BS 7); 26. Loxocorniculum schmidi (Cernajsek), LV (BS7); 27. Loxoconcha sp.,
LV (BS 7); 28. Loxoconcha punctatella (Reuss), RV (BNP 29); Cyamocytheridea sp., LV (BNP
29); 30. Candona sp., LV, (BNP 29); 31. Cryptocandona sp., LV (BNP 29); 32. Candona sp. 2,
RV (BNP 29); 33. Xestoleberis glaberescense (Reuss), LV (BS 7); 34. Bythocypris sp., RV (BNP
29).
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Rock magnetism
Several rock-magnetic experiments were carried out on bulk samples to identify
the carriers of the magnetization. First, thermomagnetic runs were measured
in air on a modified horizontal translation type Curie balance with a sensitivity
of 5 × 10−9 Am2 (Mullender et al., 1993). Between 30 and 60 mg of powdered
sample was put into a quartz glass sample holder and was held in place by quartz
wool; heating and cooling rates were 10 °C/min.

Next, an alternating gradient magnetometer (MicroMag Model 2900 Prince-
ton, noise level 2× 10−9 Am2) was used to successively measure (at room temper-
ature) hysteresis loops, first order reversal curve (FORC) diagrams, isothermal
remanent magnetization (IRM) acquisition and back-field curves. The sample
mass ranged from 20 to 50 mg. The hysteresis loops of selected lithologies were
recorded to determine the saturation magnetization (Ms), remnant saturation
magnetization (Mrs), coercive force (Bc) and remnant coercive force (Bcr). They
were performed up to a maximum of ±2 T. The values were read after para-
magnetic slope correction and on a mass-specific basis. Because of the partial
saturation of the pole shoes, the response of the MicroMag Model 2900 is not lin-
ear above 1.6 T. Therefore, we only report the values for a maximum field of 1.6
T. The FORC diagrams were recorded to infer the domain state of the magnetic
carriers.

Rock magnetic analysis
Thermomagnetic runs show that the initial total magnetization is low in all mea-
sured samples (Figs. 3.10a, f, i and j). The runs show a reversible decrease in
magnetization (up to ~400 °C), which is characteristic for pyrrhotite and/or mag-
netite. In most samples, the transformation of an iron sulfide (pyrite) to a mag-

Figure 3.7 (facing page): Pannonian ostracods from the studied section. All valves of ostra-
cods belong to adult individuals, external lateral views, LV= left valve, RV= right valve,
BP= micropaleontological sample no.: 1. Amplocypris ex. gr. firmus (Krstić), LV (BP 505);
2. Amplocypris ex.gr. abscissa (Reuss), LV (BP 505); 3. Amplocypris ex.gr. perphoratus
(Krstić), LV (BP 212); 4. Amplocypris crassus (Krstić), RV (BP 536); 5, 6. Amplocypris ex.gr.
acuta (Krstić), LV (BP 536); 7. Amplocypris subacuta (Zalányi), LV (BNP11); 8. Herpeto-
cyprella auriculata (Reuss), LV (BP489); 9. Candona (Caspiolla) alasi alasi (Krstić), RV, (BP
300); 10. Candona (Zalanyiella) rurica (Krstić), RV (BP 409); 11. Candona (Propontoniella) sp.,
RV (BP489); 12. Candona (Serbiella) sagittosa (Krstić), RV, (BP 118); 13. Candona (Serbiella)
sp., RV (BP 409); 14. Candona (Typhlocyprella) lineocypriformis (Krstić), LV (BP 48); 15. Can-
dona (Thaminocypris) trapezoidalis (Krstić), LV; 16. Candona (Thaminocypris) improba (Krstić),
LV; 17. Candona (Reticulicandona) reticulata (Méhes), RV (BP 92); 18. Candona (Lineocypris)
sp., LV (BP 126); 19. Candona (Typhlocypris) trigonella (Héjjas), LV (BP 400); 20. Candona
(Typhlocypris) flectidorsata (Krstić), LV (BP 308); 21. Candona (Fabaeformiscandona) arcana
(Krstić), LV (BP 55); 22. Pseudocandona sp., RV (BP166); 23. Cypria dorsoconcava (Krstić), LV
(BP 308); 24. Cypria servica (Krstić), LV (BP166); 25. Cypria pannonica (Krstić), LV (BP 108).

38



3.3. Integrated stratigraphy of the Beočin section
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netic phase (pyrrhotite and magnetite) appears above 415 °C (Figs. 3.10a and
f). The transformation of an iron sulfide to a magnetic phase is not observed
for samples from the topmost part of the section and those from the oldest one
(Figs. 3.10i and j); only the paramagnetic matrix contribution was detectable and
the data suggest the existence of very low contents of magnetite (Figs. 3.10i and
j). Because the initial magnetization is very low, details on the reversibility dur-
ing cooling steps can be obscured by the limitations due to the sensitivity of the
Curie balance device. Therefore, the suspected greigite presence in some samples
(most commonly the ones acquiring GRM during the AF-demagnetization) could
not be traced during the thermo-magnetic runs.

All hysteresis loops are affected by noise, but the general shape can still be
distinguished (Figs. 3.10b and g). The hysteresis loops are (almost) closed in
fields of 300 mT. They are generally narrow-waisted, which is typical of multi-
domain magnetic behaviour and indicate the presence of a low coercivity mineral
with low values of Bc, which most likely represents multidomain magnetite. The
quality of the FORC diagrams is low. Using a smoothing factor of 5 we could
observe the open contours typical of a multi-domain type of behaviour with a
narrow peak at less than 10 mT (Figs. 3.10c and h). IRM acquisition curves and
the back-field curves were also noisy but show saturation below 300 mT and
the coercivity of remnance (Bcr) after application of the maximum positive field

Figure 3.8 (facing page): Pannonian ostracods from the studied section (continued). All
valves of ostracods belong to adult individuals, external lateral views, LV = left valve,
RV = right valve, BP = micropaleontological sample no.: 1. Hemicytheria croatica (Sokač),
LV (BP470-272); 2. Hemicytheria marginata (Sokač), LV (BP118); 3. Hemicytheria reticu-
lata (Sokač), LV (BP226); 4. Hemicytheria sp.1, LV (BP 226-1); 5. Hemicytheria tenuistriata
(Méhes), LV (BP 226-1); 6. Hemicytheria sp. 2, RV (BP1M); 7. Cytherura moravica (Poko-
rný), LV (BP 505); 8. Cytherura leylae (Agalarova), LV (BP 505); 9. Cyprideis obessa (Reuss),
RV (BP350); 10. Euxinocythere naca (Méhes), LV (BP505); 11. Amnicythere monotuberculata
(Sokač), LV (BP505); 12. Gen and sp. indet., LV (BP 505); 13. Euxinocythere ex. gr. prae-
bacuana (Livental), LV (BP536); 14. Euxinocythere ex. gr. bacuana (Livental) (BP505); 15.
Amnicythere lacunosa (Reuss), LV (BP400); 16. Amnicythere sp. 1, LV (BP 226); 17. Amni-
cythere ex. gr. biacicularia (Olteanu), LV (BP 400); 18. Amnicythere sinegubi (Krstić), LV (BP
505); 19. Amnicythere miscere (Krstić), LV (BP 536); 20. Leptocythere striatocostata (Schweyer),
LV (BP266); 21. Leptocythere ex. gr. lata (Schneider), LV (BP505); 22. Limnocythere sp., LV
(BP 505); 23. Loxoconcha djaffarovi (Schneider), LV (BP 536); 24. Loxoconcha ex. gr. ornata
(Schneider), LV (BP 536); 25, 26. Loxoconcha granifera (Reuss), LV (BP232,202); 27. Loxocon-
cha ex.gr. kolubarae Krstić, LV (BP118); 28. Loxoconcha aff. subrugosa (Zalányi), LV (BP350);
29. Loxoconcha kochi (Méhes), LV (BP536); 30. Loxocorniculina hodonica (Pokorný), LV (BP
536); 31. Loxoconcha cf. porosa (Méhes), LV (BP 481); 32. Loxoconcha aff. rhombovalis (Poko-
rný), LV (BP 505); 33. Loxocauda stevanovici (Krstić), RV (BP505); 34. Pontoleberis pontica
(Stancheva), LV (BP489); 35. Pontoleberis atilata (Stancheva), LV (BP208); 36. Xestoleberis aff.
glabra (Krstić), RV, (BP 458).
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could be estimated (Fig. 3.10e). The narrow-waisted shape of the hysteresis loops
and its parameters, the multi-domain state inferred from the FORC diagrams and
the irreversible character during the cooling steps on the Curie balance suggest
that the carrier of the magnetization is a multi-domain magnetite, present in the
rocks in limited quantities.

Thermal demagnetization
The thermal demagnetization diagrams (Fig. 3.11) are generally of good quality.
All directions with a mean angular deviation (MAD) ≤15 were considered reli-
able and were plotted with a closed symbol in Fig. 3.14. Directions with a higher
MAD were considered unreliable, were plotted with an open symbol in Fig. 3.14

and were not used for calculating averages. For parts A – D of the section, based
on outcrops (Fig. 3.3), both inclination and declination values are shown and
for part E, which is taken from a non-oriented core, only inclination values are
shown.

The intensities of the NRM are generally low; around 350 µA ·m−1 on average,
with peak values of up to 3000 µA · m−1. The magnetic intensity and susceptibil-
ity values fluctuate in a similar manner.

The first temperature-step, measured at room-temperature, produced random
results, indicating Viscous Remanent Magnetization (VRM). The random compo-
nent was removed at 80 °C. The measurements from the temperature steps from
80 °C to 150/200 °C produced a first remanent component (T3), present in over
95% of the samples.

Higher temperature components were found for over 70% of all samples. Two
components were distinguished; T2, between 180 °C and 260 °C and T1, between
260 °C and 340 °C. If the T1 and T2 components were identical they were com-
bined. Almost 40% of all samples contained a T1 component and 33% contained
a T2 component. Both normal and reverse fields were found for the T1 and T2

components. All samples bearing a T1 or T2 component, including those with
reverse fields, also had a distinct low-temperature normal component.

Based on the fact that the T2-components did not deviate significantly from
the T1-components we considered both T1 and T2 components to be of primary
origin and used them for magnetostratigraphy. The low-temperature component
was considered to represent a younger overprint.

Figure 3.9 (facing page): Pannonian molluscs from the Beočin quarry: 1,2. Congeria banatica
R. Hoernes; 3. Congeria cf. partschi maorti Strausz; 4,5. Congeria czjzeki R. Hoernes; 6,7.
Congeria sp.; 8. Limnocardium cf. spinosum Lőrenthey; 9. Limocardium ex gr. praeponticum
Gorj.-Kramb.; 10–12. Paradacna lentzi (R. Hoernes); 13,14. Paradacna syrmiense R. Hoernes;
15. Undulotheca halavaci Koch; 16. Provalenciennesia sp.; 17,18. Gyraulus praeponticus (Gorj.-
Krambg.); Radix kobelti Reuss; 20. Micromelania sp.
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Alternating field demagnetization
For the AF-demagnetized samples three components were differentiated; D3;
10–30 mT, D2; 30–60 mT and D1; 60–100 mT. The directions found were largely
in line with the thermally demagnetized samples with two notable exceptions;
firstly, some samples that produced a reverse field after thermal demagnetization
produced a normal field after AF demagnetization. The behaviour was found to
occur when the normal overprint on the otherwise reverse samples was removed
at temperatures higher than 150 °C with thermal demagnetization (Table 3.1).
150 °C also is the temperature all AF samples were heated to prior to AF demag-
netization; apparently the normal overprint on these specific samples can only
be removed using thermal demagnetization. This result is of considerable im-
portance when interpreting results from previous paleomagnetic studies in the
Pannonian Basin utilizing alternating field demagnetization (e.g. Elston et al.,
1994; Magyar et al., 2007). The second exception is that in some samples direc-
tions started changing strongly from demagnetization step 30 to 35 mT onwards.
This is likely due to Gyroremanent Magnetization (GRM) of greigite present in
these specific samples.

3.4 Mean directions and inclination bias
A Vandamme cutoff was applied before the calculation of all means. The AF mea-
surements, for which it could not be ruled out that they were suffering from the
anomalous behavior described in Section 3.3.2, were excluded, as were measure-
ments from short-lasting chrons. The means of the normal-polarity tilt-corrected
Characteristic Remanent Magnetization (ChRM) components differ significantly
from Earth’s present day magnetic field (Fig. 3.12; Table 3.2; Torsvik et al., 2008).

Figure 3.10 (facing page): Rock magnetic experiments. a, f, i and j are representative
thermo-magnetic runs for selected samples. Heating (solid lines) and cooling (dashed
lines) were performed with rates of 10 °C/min. Total magnetization is plotted in a series
of runs to increasingly higher temperatures. Individual data points have been omitted for
clarity. Cycling field varied between 150 and 300 mT. Panels a, and f show important alter-
ation after heating above 415 °C most probably as the effect of the pyrite transformation to
magnetite. Panel d represents the detailed part of the run until 425 °C. The sample codes
are indicated in the left upper corner. Hysteresis loops, (g and b), IRM and back-field
curves (e) and FORC (c, and h) for characteristic samples. The hysteresis figures show
the results up to ±300 mT (the important part of the loop), the IRM and back-field curves
are with applied paramagnetic contribution and mass correction. The sample codes are
indicated in the left upper corner and are followed by the hysteresis loop parameters.
Also displayed are: saturation magnetization (Ms), remanent saturation magnetization
(Mrs) and coercive force (Bc). The (remanent) saturation magnetizations were determined
after correction for the paramagnetic contribution and displayed on mass-specific basis.
The smoothing factors (SF) are indicated on the FORC diagrams; they are presented at 10

contour levels.
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Figure 3.11: Representative examples of demagnetization diagrams after tilt correction.
Legend in lower right corner. The T1/D1, T2/D2 and T3/D3-components are represented
by appropriately labelled lines. Solid (open) circles represent the projection on the hori-
zontal (vertical) plane. The numbers represent the subsequent demagnetization steps in
degree Celsius or mT, depending on the demagnetization method.
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Figure 3.12: a) Measurements of the low-temperature component (present day overprint),
no tilt correction. b) Measurements representing the Characteristic Remanent Magnetiza-
tion (ChRM) components, tilt correction applied. Normal (Reversed) measurements are
plotted with closed (open) symbols. A Vandamme-cutoff was applied; eliminated mea-
surements are displayed in red. The 95% certainty intervals of the means are shown in
yellow. Equal Area, Lower Hemisphere projection.
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Reverse field observed starting (values)

Sample Thermal demag. (°C) Alternating field demag. (mT)

BP423 20 0

BP77 100–150 0

BP427 100–150 0–5/10

BP57 100–150 Remains N
BP75 100–150 0

BP79 100–150 5–10

BP81 100–150 0

BP421 100–150 5–10/15

BP479 100–150 5–10

BP491 150–180 5–10 (erratic)
BP59 150–180 Remains N
BP47 150–180 Remains N
BP61 150–180 90–100

BP65 150–180 70–80

BP407 150–180 Remains N
BP429 150–180 70–80

BP511 180–200 Remains N

Table 3.1: Overview of samples showing a reverse signal that were measured using both
thermal and alternating field (AF) demagnetization. For each sample it is shown if and
at which demagnetization step the sample started showing a reversed ChRM using each
method. Samples that first started showing their reversed signal at temperatures higher
than 150 °C using thermal demagnetization did not show a reverse field when using AF
demagnetization. Some of these samples started showing reversed components at AF-
demagnetization steps close to the maximum (100 mT) but consequently the resulting
measurements could not be distinguished from the noise exhibited by completely demag-
netized samples.

The reverse fields are less well constrained (Fig. 3.12), due to the smaller amount
of reversed samples.

The fact that the inclination of the ChRM is shallower than that of the present
day field can be explained in three ways; either by a N-ward drift of the region of
about 300 km, by assuming large non-dipole components in the Earth’s magnetic
field or by assuming that the directions have been systematically flattened, for
instance by compaction (Krijgsman and Tauxe, 2004). A N-ward drift of 300 km
is unlikely, considering the fact that most of the shortening accommodated in
the Carpathians predated the deposition of the studied sediments and the total
shortening is estimated at only 260 km (Behrmann et al., 2000). A drift cannot be
explained from the Pannonian Basin extension either, since most of the extension
predated deposition of the studied sediments and the study area is located in
the southern part of the basin. To check whether the directions have been sys-
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Figure 3.13: a) Plot of elongation versus inclination for the TK03.GAD model (dashed
line) and for the reliable thermally demagnetized normal polarity data from sections A –
D (barbed line). Results from 20 bootstrapped datasets are shown as well. The elonga-
tion/inclination pair most consistent with the TK03.GAD model is found for f = 0.6,
where the lines cross. b) Histogram of corrected inclinations for 5000 bootstrapped
datasets, showing a corrected inclination of 65.5°, in good agreement with the predicted
Miocene inclinations (Torsvik et al., 2008, gray shading). The error-bar is for 95% certainty.
The arrow indicates the average for the uncorrected data.

tematically flattened the Elongation/Inclination method (Krijgsman and Tauxe,
2004; Tauxe and Kent, 2004) is applied. This method is based on the relationship
between the (paleo)latitude and the patterns in the directions of a large num-
ber (> 100) of data-points from the same locality. The results of the analysis
(Fig. 3.13; Table 3.2) show that an inclination bias is present. Correcting for this
bias using the same method yields an inclination matching the value expected
for the study area during the Miocene (Torsvik et al., 2008, Table 3.2). This shows
that the magnetization in the Beočin sections has been acquired before dewater-
ing and compaction of the sediment, thus representing a primary magnetic signal
and not a present-day overprint.

The ChRM field averages show that a rotation of the study area relative to
the European plate reference frame (Torsvik et al., 2008) since the beginning of
the Pannonian s.str. (Late Miocene) was very small at most. In fact, the observed
value is statistically indistinguishable from the expected 3.8°±3.5°. This finding is
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Declination Inclination A95

Low temperature component, no tilt cor-
rection (TC)

3.8 59.2 1.5

ChRM, only normal fields, no TC 11.7 63.7 2.4
ChRM, only normal fields, TC 7.7 58.3 2.2
ChRM, only reverse fields, no TC 171.6 -59.1 15.4
ChRM, only reverse fields, TC 164.2 -59.9 15.5
ChRM, normal and reverse fields, TC 6.9 58.5 2.2
ChRM, normal and reverse fields, TC, cor-
rected for flattening

6.9 66.5
(65.5+12.6/
-6.2)

2.0

Present day field (Torsvik et al., 2008) 3.1±4.2 62.8±2.4 3.0
Miocene field (Torsvik et al., 2008, 10 Ma) 3.8±3.5 63.0±2.0 2.5

Table 3.2: Field averages for the ChRM and low temperature component and the expected
recent and Miocene fields in the study area. The reported inclination value for the flat-
tening corrected ChRM-field is the average calculated from the corrected directions; the
median corrected inclination as derived from the elongation/inclination method (Fig. 3.13)
is given in between brackets.

at odds with a post Middle Miocene – pre-middle Pliocene 40° counterclockwise
rotation of the region inferred by Lesić et al. (2007). If such a rotation did occur
it must have taken place prior to the Late Miocene.

3.5 Magnetostratigraphic interpretation
The interpretation of the polarity pattern for the studied interval located between
42 and 110 m is straightforward; this part of the section comprises one reverse
and two normal polarity zones, one of which comprises half of the section. The
polarity pattern is less clear in the interval between 10 and 42 m, which coincides
with an abandoned part of the quarry where the sediments were more strongly
affected by weathering. Despite the weak signal the polarity pattern is still suf-
ficiently clear. Approximately 15 m of stratigraphy between the lower part of
subsection D and the top of the core (subsection E) is not exposed, resulting in
a gap in the polarity record (Fig. 3.14). The Pannonian/Sarmatian stratigraphic
boundary is located in subsection E (Figs. 3.3; 3.14).

An accurate correlation of the section to the Astronomically Tuned Neogene
Time Scale (Gradstein et al., 2012, ATNTS), supplemented by additional short-
term polarity fluctuations (following Krijgsman and Kent, 2004), was established.
A number of external constraints were used to achieve this correlation. A first
constraint for the correlation is given by the ages for the Sarmatian/Pannonian
boundary in adjacent basins. Previous studies from the Pannonian Basin put the
age at 11.5±1 Ma (e.g. Balogh and Jámbor, 1989; Rögl, 1996; Sacchi and Horváth,
2002; Vasiliev et al., 2010a). Secondly, since species representative for all Pannon-
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ian s.str. biozones are present, it can be concluded that the section represents a
significant amount of time, in the order of 105 − 106 years. Thirdly, the recon-
structed polarity pattern contains one remarkably long normal interval. There is
only one sufficiently long normal chron in the ATNTS this interval can be cor-
related to; chron C5n.2n – the longest in the Neogene and the only one to last
over 1 Myr. We thus correlate the long normal chron in the measured polarity
pattern to C5n.2n and the intervals above and below accordingly. The resulting
correlation has no significant mismatches in the polarity pattern and implies only
minor variations in sedimentation rate during the Pannonian compared to the 70

m/Myr average.
For the interval between 24 and 30 m subsections C and D show apparently

non-matching polarity patterns. The polarity pattern from subsection C is used
here as it is considered more reliable since it has higher temperature components
for this interval and the rock is less weathered. Some samples in subsection D
have a partly reversed signal, which could be a remnant of the ChRM observed
in subsection C. Alternatively, if the interpretation would have been based on the
polarity pattern from subsection D, the normal polarity zone in the core could
also be correlated to C5r.2r-1n instead of C5r.2n, affecting the isolation age.

3.6 Age of the isolation of the Central Paratethys
The record in the core consists of a normal polarity zone in the upper part and
a reverse polarity zone in the lower part. The normal polarity chron is corre-
lated to C5r.2n, resulting in an age for the Sarmatian/Pannonian boundary in
the Pannonian Basin of 11.69±0.04 Ma (Fig. 3.14). The stated uncertainty of one
standard deviation relates to the magnetostratigraphic age for the actual polar-
ity interpretation. An earlier correlation to the previous version of the ATNTS
(Lourens et al., 2004) resulted in an age of 11.63±0.04 Ma (ter Borgh et al., 2013),
deviating less than two standard deviations from the new age. Other factors that
might affect the uncertainty of the age, but are not easily expressed as a number,
are the missing part of the record between subsections D and E and the interval
between 24 and 30 m.

Previously, the isolation has been dated in other parts of the Central Parate-
thys; in the Vienna basin (Fig. 3.1) this was attempted using magnetostratigraphy
(Paulissen et al., 2011) and orbital tuning (Harzhauser et al., 2004; Lirer et al.,
2009). In the former study the magnetostratigraphic signal was of high qual-
ity and the correlation had a large number of tie-ins. Despite the fact that the
Vienna basin section is affected by the presence of a fault and a hiatus at the
Sarmatian/Pannonian boundary, the interpreted age of 11.7 Ma for the onset of
Pannonian deposition is still sufficiently reliable. By correlating the Vienna basin
section with our section it can thus be concluded that the Pannonian and Vienna
basins were isolated at the same time, at approximately 11.7 Ma.

In the Transylvanian Basin, however, a magnetostratigraphy study showed a
younger isolation age of 11.3±0.1 Ma (Vasiliev et al., 2010a). Two explanations

51



Chapter 3. The isolation of the Pannonian Basin

exist for this difference; either one or more of the ages are incorrect, or the Tran-
sylvanian Basin was isolated later than the other two basins. We will explore both
possibilities. The isolation age in the Transylvanian study was calculated in three
steps; first a polarity pattern was derived, which was then tied to the ATNTS
using a 40Ar/39Ar dated tuff. Based on this correlation a sedimentation rate of
0.11 – 0.21 m/kyr was calculated for the section that was in turn used to calculate
the isolation age (Vasiliev et al., 2010a). This rate is lower than the average rate of
0.36 m/kyr that was estimated for the upper Sarmatian to Pannonian (de Leeuw
et al., 2013) and it could be argued that this influences the dependability of the
age (Paulissen, 2011).

Using the alternative rate would result in an age of approximately 11.5 Ma.
The 0.36 m/kyr rate represents a long term average that also includes deltaic
sequences with high sedimentation rates (Krézsek and Filipescu, 2005). The 46

m of deposits between the 40Ar/39Ar dated tuff and the Pannonian/Sarmatian
boundary at Oarba de Mureş are part of an uppermost Sarmatian transgressive
systems tract (Krézsek and Filipescu, 2005; Sztanó et al., 2005; Filipescu et al.,
2011). They consist of distal, hemipelagic sediments alternated with low-volume,
fine grained turbidites. Sedimentation rates for this interval certainly were much
lower than the long term average. Consequently, there is no contradiction be-
tween the 0.11–0.21 m/kyr sedimentation rate applied to the Uppermost Sarma-
tian–Lowermost Pannonian interval and the 0.36 m/kyr long-time average.

Furthermore, the reliability of the 11.3±0.1 Ma isolation age was previously
questioned by inferring that a hiatus was present in the section (Paulissen, 2011).
Such a hiatus is present in the Vienna basin and in the shallow parts of the Tran-
sylvanian and Pannonian basins (Horváth, 1995; Krézsek and Filipescu, 2005;
Paulissen et al., 2011). In the deeper parts of the Transylvanian Basin, however,
no unconformity is observed (Krézsek and Filipescu, 2005). And indeed, in the
studied section at Oarba de Mureş no evidence for a hiatus was found, even
though the section was studied in much detail during a number of independent
studies (Sztanó et al., 2005; Sütő and Szegő, 2008; Vasiliev et al., 2010a). Further-
more, a detailed study of the same section showed that the complete top of the
Sarmatian biostratigraphic stage sensu Suess (1866) is present (Filipescu et al.,

Figure 3.14 (facing page): Polarity zones and magnetostratigraphic correlation to the AT-
NTS (Gradstein et al., 2012) for the studied section. The Pannonian and Sarmatian are re-
gional Paratethys stages, and a correlation of the boundary between these regional stages
(column ‘R’) to the standard geological time scale (Gradstein et al., 2012) (column ‘G’) is
given. Black denotes normal polarity and white reverse. Only the highest temperature
component for each sample is shown. The good samples are connected by closed and
dotted sample lines for the thermal and alternating field measurements, respectively. Di-
rectional excursions in chron C5n.2n (arrows) and additional subchrons after Krijgsman
and Kent (2004).
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2011). Of course the absence of proof for a hiatus is no proof of absence, but
considering the data available we see no reason to assume the isolation age for
the Transylvanian Basin to be incorrect.

3.7 A two-step isolation of the Central Paratethys?
The difference between the isolation age for the Pannonian and Vienna basins
at the one hand and the Transylvanian on the other, implies that the isolation
was diachronous; the Vienna and Pannonian basins were isolated first, around
11.7 Ma, and the isolation of the Transylvanian Basin followed 0.4 Myr later.
This is in agreement with the findings by Filipescu et al. (2011), who concluded
based on the absence of ostracod species indicative of the lowermost Pannonian
biozone (Zone A) that marine conditions likely persisted in the Transylvanian
Basin after they had disappeared in the remainder of the Central Paratethys. In
the Pannonian Basin this is not the case; all Pannonian s.str. biozones are present.
Furthermore, foraminifera indicative of the upper Bessarabian, a substage of the
Sarmatian s.l. of the Eastern Paratethys, were found in the Transylvanian Basin
(Filipescu et al., 2011), while the youngest Sarmatian deposits in the Pannonian
and Vienna basins contain a lower Bessarabian fauna (e.g. Harzhauser and Piller,
2004, this study).

Although differences between the foraminifer and ostracod records of the
Transylvanian and Pannonian basins are apparent, no such differences were ob-
served in the dinoflagellate and mollusc-records (Sztanó et al., 2005; Sütő and
Szegő, 2008). Additional work on the correlation between paleontological records
from the Transylvanian and Pannonian basins is therefore recommended.

The youngest Pannonian s.str. deposits in the studied section are ~9.8 Ma in
age. Consequently, deposition of lacustrine sediments persisted at least until that
moment in this part of the basin. Some of the deposits may have been removed
by erosion, but the section can still be considered to represent almost the entire
Pannonian s.str. based on the biostratigraphic results.

3.8 Mechanisms controlling the isolation of Central Paratethys basins
The isolation of the Pannonian and Transylvanian basins (Central Paratethys)
from the Dacian Basin (Eastern Paratethys) occurred during the final moments of
the continental collision that formed the Carpathians. It was previously proposed
to have been caused either by an absolute uplift of the area where the connection
was located, by an absolute glacio-eustatic sea level drop, or by a combination
of both. The isolation age found in this chapter will now be used to assess the
viability of these proposed mechanisms.

Two glacio-eustatic sea level drops have previously been proposed as the cause
for the isolation; the Ser-3 sequence boundary (Vakarcs et al., 1998) and the
Tor1/Ser4 sequence boundary (Harzhauser et al., 2004; Lirer et al., 2009). The
Ser-3 sequence boundary is dated at 12.7 Ma (Hardenbol et al., 1998; Gradstein
et al., 2012, Fig. 3.15), predating the 11.7 Ma isolation age found in this study.

54



3.8. Mechanisms controlling isolation

Figure 3.15: Event chart showing isolation ages for the Central Paratethys basins, proposed
isolation mechanisms and timing of these mechanisms. Time Scale and geomagnetic po-
larities: Gradstein et al. (2012). Sea level curve and sequences: Hardenbol et al. (1998).
Carpathians exhumation: Merten et al. (2010). Based on figure produced with TSCreator
(Ogg and Lugowski, 2013).

It can thus be ruled out as a cause for the isolation. The younger Tor1/Ser4 se-
quence boundary was dated at 11.8 Ma, and sea level kept falling until about 11.4
Ma (Hardenbol et al., 1998; Gradstein et al., 2012, Fig. 3.15). It thus is a viable
candidate for the isolation of the Pannonian and Vienna basins. It could not have
caused the isolation of the Transylvanian Basin, however. At 11.3±0.1 Ma, when
this isolation is thought to have occurred, the sea level had already started rising
again or was about to (Hardenbol et al., 1998; Gradstein et al., 2012). Further-
more, in the Transylvanian Basin the isolation event coincides with a transition
from a transgressive to a highstand systems tract (Krézsek and Filipescu, 2005;
Sztanó et al., 2005), incompatible with a sea level drop.
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Previous studies have focused on establishing what caused the onset of the
isolation. An equally important subject that did not receive as much attention
is why isolation was sustained. The total eustatic sea level drop around the
Ser-4/Tor-1 boundary amounted to about 135 m and occurred over a time span
of about 0.9 Myr (Hardenbol et al., 1998), with the lowest point being reached
around 11.4 Ma. This implies that almost the full sea level drop would have been
needed to achieve isolation. After the low-stand, the global sea level rose again,
by about 80 m during the next 0.9 Myr (Hardenbol et al., 1998) but this did not
end the isolation.

At the scale of the entire Pannonian–Transylvanian system, a major transgres-
sion is recorded during early Pannonian times at about 9.5 Ma. The transgres-
sion may have resulted from thermal basin sag subsidence, post-dating the large
Middle Miocene extensional event affecting the Pannonian Basin (Horváth et al.,
2006) or increased summer precipitation (Harzhauser et al., 2007; Böhme et al.,
2008). As a result of the transgression, Lake Pannon reached its maximum areal
extent (Magyar et al., 1999a).

Despite the transgressive trends no reconnection between the Central and East-
ern Paratethys occurred. Therefore, eustatic sea level changes alone cannot ex-
plain why isolation was sustained; another mechanism must have been active to
sustain isolation. The tectonic processes acting on the basins and surrounding
orogens provide such a mechanism (Horváth, 1995; Vasiliev et al., 2010a); the
isolation event is coeval with the main phase of orogenic thrusting in the Car-
pathian Mountains that occurred between 11 and 9 Ma (Horváth and Cloetingh,
1996; Matenco et al., 2010; Merten et al., 2010). We thus conclude that tectonic up-
lift is likely to have caused the isolation of the Central Paratethys and sustained
it by outpacing local and eustatic transgressions.

3.9 Locations of the gateways between Paratethys basins
While it is widely accepted that connections existed between the Central Parate-
thys (Transylvanian/Pannonian/Vienna basin) and the Eastern Paratethys (Da-
cian Basin), their exact location is not yet known. Examples of locations that
have been proposed are the western part of the South Carpathians (Fig. 3.1; e.g.
Magyar et al., 1999a), or the Comăneşti basin (Fig. 3.1 Marinescu, 1985).

Recent studies on the exhumation of the Carpathians (Necea, 2010; Merten,
2011) have demonstrated that at the time of the Pannonian Basin isolation, sig-

Figure 3.16 (facing page): Two scenarios for basin connectivity between the Pannonian
Basin and the rest of the Paratethys through time. Each coloured line represents the
connections that were present at a point in time. The main difference between the two
scenarios is that in scenario B both the Transylvanian and Pannonian had a connection
to the Dacian Basin, while in scenario A the Pannonian Basin was connected through the
Transylvanian Basin.
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nificant active exhumation in the region was occurring only in the E- and SE-
Carpathians (Fig. 3.1). These studies also demonstrated that the high topogra-
phy of the South Carpathians is mainly a result of Paleogene tectonic uplift and
that Miocene deformation modified these already high elevations only locally.
As the isolation was caused and sustained by an uplift of the Carpathians, it can,
somewhat speculatively, be argued that the connection between the Central and
Eastern Paratethys was located where uplift was active: in the East Carpathians
area, in between the Transylvanian and Dacian basins.

Based on the foregoing, two distinct scenarios for the situation prior to isola-
tion can be proposed (Fig. 3.16): either the Transylvanian and Pannonian basins
shared one connection to the Dacian Basin, with the Pannonian Basin being con-
nected through the Transylvanian Basin, or each basin had its own connection.
In the scenario where the Pannonian Basin was connected through the Transyl-
vanian Basin (Fig. 3.16a) isolation started with the Pannonian and Vienna basins
being disconnected from the rest of the system, by the blocking of the connection
across the shallow sill between the Pannonian and Transylvanian basins around
11.7 Ma (Fig. 3.16). 0.4 Myr later the connection between the Dacian and Transyl-
vanian basins was broken. The first step could have been triggered by the glacio-
eustatic sea level drop, or alternatively a small uplift of the Apuseni Mountains,
but the primary cause of the isolation must have been the uplift of the Carpa-
thian Mountains. In the scenario where the Pannonian and Transylvanian Basin
each had their own connection to the Dacian Basin (Fig. 3.16b) these connections
would have been broken independently.

In both scenarios a connection would have to form between the Transylvanian
and Pannonian basins after isolation as these basins had a common fauna during
the Pannonian s.str. (e.g. Magyar et al., 1999a). This may have been a result of the
transgression in the Pannonian Basin (Magyar et al., 1999a). A reconnection be-
tween the basins and the Eastern Paratethys did not occur during the Pannonian
since the magnitude of Carpathians uplift was larger than the sea level rise.

3.10 Conclusions
The Pannonian and Vienna basins were isolated from the Eastern Paratethys
around 11.7 Ma. The final major Central Paratethys basin, the Transylvanian
Basin, was isolated 0.4 Myr later, showing that the isolation of the Central Para-
tethys occurred in two steps. This means that the Pannonian and Transylvanian
Basin either both had their own connection to the Eastern Paratethys, or that the
Pannonian Basin was connected through the Transylvanian Basin. In the latter
case the connection between the Pannonian and Transylvanian Basin was broken
first.

The initial step in the isolation, around 11.7 Ma, may have been triggered by
a eustatic sea level fall, but another process must have been active to sustain
the isolation. The most likely candidate for this other process is the uplift of
the Carpathians and adjacent areas. The final step in the isolation, around 11.3
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Ma cannot have been caused by a eustatic sea level fall. Again, the uplift of the
Carpathians is the most likely cause.

In conclusion, the principal cause of the isolation of the Central Paratethys
was the uplift of the Carpathians, while sea level fluctuations may have had a
minor influence.
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The following rivers, both known to fame and adapted for
commerce, flow into the Danube; the Draus, which rushes
from Noricum with great impetuosity, and the Savus, which
flows with a more gentle current from the Carnic Alps, there
being a space between them of 120 miles.

Plinius the Elder

Naturalis Historia, Liber III, 147
circa 77–79 CE

View over the southernmost part of the Pannonian plain from
the tower of Vrdnik (Fruška Gora). Direction of view is

towards the south.



4 | The fine interplay between internal
forcing factors and connectivity events
in basins with low amounts of
accommodation space: the Late
Neogene demise of Lake Pannon1

4.1 Introduction
Lake Pannon was a gigantic long-lived brackish Miocene lake located in Central
and Southeastern Europe. If it still existed today it would be the largest con-
tinental lake on Earth; at its maximum extent its surface area exceeded that of
present-day Lake Michigan, Lake Victoria and Lake Superior combined (Magyar
et al., 1999b; Henderson and Henderson, 2009).

Lake Pannon formed when the uplift of the Carpathian Mountains isolated
part of the Paratethys, a large network of inland seas (Fig. 4.1). The uplift of
mountain ranges resulted not only in the birth of the lake but also in its demise;
the lake was surrounded by orogens on all sides, leading to large-scale prograda-
tion and finally to its complete infilling during the Late Miocene – Early Pliocene.
Progradation from the northern and western basin margins is well documented;
here the paleo-Danube and its northern tributaries caused a 400 km southeast-
ward migration of the lake’s shore during 6 My (Kováč et al., 2006; Magyar et al.,
2013; Sztanó et al., 2013). It is likely that progradation also occurred from the
southern and eastern basin margins. At present, only qualitative studies are
available from these regions.

Data from this region may also help settle another long-lasting debate; the
impact of the Messinian Salinity Crisis (MSC) on Lake Pannon (e.g. Vakarcs et al.,
1994; Csato et al., 2007, 2013; Sztanó et al., 2013). This debate revolves around the
question whether a regional sea level drop that occurred in the Mediterranean
Sea and other Paratethys seas also affected the lake. When discussing the origin,
effects and termination of the MSC, it is essential to know what happened in
Lake Pannon and what contribution the region made to the overall Paratethys –
Mediterranean water balance.

Existing studies on the effects of the MSC focus almost exclusively on the
paleo-Danube and its northern tributaries. Sediment influx from those areas
dominated the infill of the basin in terms of volumes, but events of sea level

1This chapter was co-authored by Marten ter Borgh, Dejan Radivojević and Liviu Matenco
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change may be hidden by the massive sedimentary progradation and the large
scale vertical tectonic movements associated with the latest Miocene – Quater-
nary inversion affecting the central part of the lake (Juhász et al., 2007; Magyar
and Sztanó, 2008). In the southeastern part of the lake lower sedimentation rates
were recorded (Magyar et al., 2013) and the amplitudes of latest Miocene – Qua-
ternary inversion were smaller (Matenco and Radivojević, 2012). As a result, the
relative impact of a possible MSC lake level drop would be larger than elsewhere
in the lake.

For these reasons, I studied an over 260 km long regional seismic transect
situated in the SE part of the Pannonian Basin by means of a seismic analysis
calibrated by a large number of correlation wells and additional seismic lines
(Figs. 4.2 and 4.3). The transect covers the entire Serbian part of the Pannonian
Basin, connecting previous sequence stratigraphic studies in Hungary with the
eastern and southern basin margin (Fig. 4.1).

4.2 Formation and development of the Pannonian Basin

The extent of Lake Pannon coincided roughly with that of the Pannonian, Vienna
and Transylvanian Basins. The lake was surrounded at its northern and eastern
sides by the Carpathians, an arc-shaped orogen, and by the Dinarides and the
Alps at its southern and western side, respectively (Fig. 4.1). The Pannonian
Basin part of the lake formed starting at around 20 Ma as a large back-arc basin
floored by continental lithosphere. This was the result of the rapid roll-back
of a lithospheric slab attached to the European continent, at the exterior of the
Carpathian arc (Tari et al., 1992; Horváth et al., 2006; Cloetingh et al., 2006).

The syn-rift infill of the Pannonian Basin is Miocene in age (see chapter 2). The
oldest syn-kinematic deposits were deposited in the Early Miocene and consist of
fluvial, lacustrine and other continental deposits (Pavelić, 2001). Syn-kinematic
deposition continued during Badenian – Sarmatian times (~ 15 – 11 Ma, e.g.
Fodor et al., 1999; Tari et al., 1999, and references therein) and occurred in open
marine to restricted marine environments (Kováč et al., 1999). The distribution
and amounts of vertical movements varied across the basin, resulting in a highly

Figure 4.1 (facing page): Map of the study region showing the main tectonic units, extent
of the various basins, connections between basins and the location of the studied transect.
Lake Pannon was a gigantic long-lived brackish lake, which covered large parts of the
Pannonian and Transylvanian basins at its maximum extent. The lake was filled in by
progradation from the basin margins; previous studies have shown that progradation
occurred from the western and northern basin margins, fed by the paleo-Danube (a) and
the paleo-Tisza (b). Whether progradation also occurred from the southern and eastern
basin margins (c) will be established in this study. Tectonic map modified after Schmid
et al. (2008). G.H.P. – Great Hungarian Plain, I.G. – Iron Gates, L.H.P. – Little Hungarian
Plain.
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heterogeneous bathymetry, ranging from exposed footwalls to water depths in
the order of hundreds of metres above the hanging wall (see chapter 2).

The back-arc extension gradually ceased as a result of continental collision,
which was recorded at the exterior of the Carpathians during the Middle to Late
Miocene (Matenco et al., 2010; Merten et al., 2010). The termination of rifting was
not uniform across the basin, however; in some parts extension remained active
well into the Late Miocene (Fig. 4.1; see chapter 2). Extension was followed by a
massive Pliocene – Quaternary thermal sag (Sclater et al., 1980).

The continental collision also led to the isolation at around 11.7 Ma of the
Pannonian and other Central Paratethys basins from the open oceans and the
development of an endemic brackish to fresh water fauna (e.g. Marunţeanu and
Papaianopol, 1995; Rögl, 1999; Magyar et al., 1999b; ter Borgh et al., 2013, see
chapter 3). Due to the absence of marine faunas during phases of isolation from
the open ocean, Central and Eastern Paratethys deposits are often correlated to
regional time scales (e.g. Rögl, 1999; Steininger et al., 1988), and not to the global
geological time scale (see Fig. 3.14 for a correlation of Central Paratethys time
scales to the standard geological time scale). The latest Miocene – Quaternary
contraction driven by the Adriatic indentation possibly coupled with the trans-
mission of stresses from the Carpathians collision led to the tectonic inversion of
the Pannonian Basin (the second phase of inversion of Horváth (1995); Horváth
and Cloetingh (1996)(see also Horváth et al., 2006; Matenco et al., 2007; Bada
et al., 2007; Dombrádi et al., 2010; Handy et al., 2010).

The Pannonian Basin was part of the Paratethys, a system of basins that once
stretched all the way from the Gulf of Lions in Western Europe to the Aral Sea
in Central Asia (e.g. Steininger et al., 1988; Rögl, 1999; Piller and Harzhauser,

Figure 4.2 (facing page): The locations of the seismic lines and the depth of the base of the
Neogene (seconds two way travel time) in Northern Serbia. Main tectonic structures, highs
and depressions: AyH – Algyő High; BAD – Banatsko Arand̄elovo Depression; BBH – Baki
Brestovac High; BCH – Bela Crkva High; BgH – Begejci High; BkD – Békés Depression;
BMD – Bački Monoštor Depression; BTD – Bačka Topola Depression; BjH – Bajmok High;
BRH – Bački Breg High; BzH – Bezdan High; CgD – Čurug Depression; CnD – Čantavir
Depression; ÐnH – Ðurd̄in High; DrD – Drmno Depression; GjH – Gaj High; KlH –
Kljajićevo High; KkD – Kishkunhalas Depression; KMH – Kikinda-Mokrin High; KbD –
Kolubara Depression; MkD – Makó Depression; MvD – Markovacka Depression; MrD
– Morović Depression; MoH – Morava High; MsH – Mošorin High; ObG – Obrenovac
Graben; OhH – Orahovo High; PcD – Pančevo Depression; PlH – Plavna High; PnD –
Plandište Depression; SCD – Srpska Crnja Depression; SfD – Sefkerin Depression; Shg
– Sava half-graben; SkH – Slankamen High; SdD – Smederevo Depression; SMD – Stara
Moravica Depression; SMH – Srpski Mileti– High; SrD – Srbobran Depression; SsD –
Samoš Depression; SzD – Szeged Depression; TcD – Tomnatec Depression; TcH – Telečka
High; TrH – Turija High; TrD – Temeri Depression; VlH – Velebit High; VGD – Veliko
Gradište Depression; ZgD – Zagajica Depression; ZrD – Zrenjanin Depression.
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2005). During most of its syn-rift phase the Pannonian Basin was connected to
the rest of the Paratethys. The gradual isolation of the Pannonian Basin started
during Sarmatian times, starting around 13.0 Ma (Rögl, 1996). During the tran-
sition from the Sarmatian s.str. to the Pannonian, around 11.7 Ma, full isolation
was achieved (Fig. 4.2; e.g. Magyar et al., 2007; ter Borgh et al., 2013, see chap-
ter 3). This resulted in a major change in environment from restricted marine to
lacustrine deposition, as is evident from the development of an endemic fauna in
the Pannonian Basin (Magyar et al., 1999b).

Although two-way water exchange between the Pannonian Basin and the rest
of the Paratethys ended, it is likely that there were episodes in the Pannonian
s.str. during which outflow from the Pannonian Basin towards the Dacian Ba-
sin occurred. This is evident from the presence of molluscs and ostracods with
Pannonian affinities in Eastern Paratethys deposits (Magyar et al., 1999a, see sec-
tion 5.5.3) during the Maeotian and Pontian Eastern Paratethys stages. At least
part of the Eastern Paratethys ‘Pontian’ fauna is thought to have a Pannonian
Basin origin (Müller, 1995; Magyar et al., 1999a, see also Olteanu, 1989) No evi-
dence of migrations in the opposite direction, from the Eastern Paratethys to the
Pannonian Basin, is reported (Müller, 1995; Magyar et al., 1999a).

During the final, Middle to Late Miocene phase of progradational infill of
the basin a massive sedimentary influx occurred from the paleo-Danube and its
northern tributaries, such as the paleo-Tisza. In contrast with the modern Danube
river, which crosses the Pannonian and Dacian basins and ultimately drains into
the Black Sea, these rivers discharged into Lake Pannon from its (north)western
and northern margins. The progradation started in the Vienna Basin during Early
Miocene times and finished during the Late Miocene near the junction between
the South Carpathians and Dinarides (Kováč et al., 2004, 2006; Juhász et al., 2007;
Magyar et al., 2013). The progradation rapidly filled the Great Hungarian part of
the Pannonian Basin (Fig. 4.1). This resulted in the gradual transition from deep
water marls (Endrod Formation) and turbidites (Szolnok Formation) as part of
bottom-sets, deltaic slope foresets (the Algyő Formation; clays and siltstones) to
delta front, coastal plain (Ujfalu Formation; sand, silt, marl and clay) and alluvial
plain to fluvial (Zagyva, Nagyalfold Formations; continental sandstones, clays)
environments (Fig. 4.3 Juhász et al., 2007; Pigott and Radivojevic, 2010). These
formations reflect facies in the rapidly prograding bodies. Therefore, these are
diachronous in various parts of the basin and cannot be used in a strict chronos-
tratigraphic sense (Magyar et al., 1999a). In the study area, progradation occurred
throughout Late Miocene – Pliocene times (Magyar et al., 2013), being followed
by Pliocene – Quaternary terrestrial, fluvial, aeolian and alluvial sedimentation
(Fig. 4.3).

Along this first order progradational trend, one important feature dominates
the geometry of Upper Miocene – Quaternary sediments in the Great Hungarian
plain; an unconformity located near the limit between the Miocene and Pliocene.
The unconformity has been mapped based on seismic onlap onto shelf-margin
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clinoforms and local erosional features such as small-scale channels or lateral
truncations (e.g. Vakarcs et al., 1994; Csato et al., 2007; Magyar and Sztanó, 2008).
Locally, large-scale erosional features are observed, such as very deep canyons
(Juhász et al., 2013), whose link with the overall unconformity is not entirely
clear. The genesis of this unconformity is subject to debate. One set of ideas
suggests that the unconformity is related to differential tectonic uplift that took
place during the onset of the Pliocene – Quaternary inversion, which was su-
perposed over a longer term constant aggradational-progradational pattern of
normal regressive basin fill (Horváth et al., 2006; Magyar and Sztanó, 2008; Sz-
tanó et al., 2013). One other group of ideas argues for a significant base level drop
in the Central Paratethys as a result of the Messinian Salinity Crisis (MSC) (Csató,
1993; Csato et al., 2007, 2013; Juhász et al., 1999; Suc et al., 2011, and references
therein). This event should have been coeval with the ~200m MSC sea level drop
in the eastern neighbouring Dacian Basin (Leever et al., 2010, 2011) and with a
much larger drop in the Black Sea (Munteanu et al., 2012). A connection between
the Pannonian and Dacian basins is proposed in the Iron Gates area, where the
present-day Danube passes the Carpathian Mountains (e.g. Clauzon et al., 2005;
Suc et al., 2011), a hypothesis that is subject to debate (e.g. Jipa et al., 2011).

4.3 Results: Late Miocene to recent sedimentary architecture

Within the progradational infill of the Pannonian Basin four distinct seismic facies
were identified. The first seismic facies (S4) drapes the underlying units, its
thickness is larger above the grabens. The reflections in this seismic facies are
largely parallel and continuous.

Upslope along the reflections, S4 is replaced by another seismic facies (F1). The
boundary between the two facies is marked in Figs. 4.3 – 4.8 as the base of slope.
F1 differs from facies S4 and the underlying deposits in its internal configuration;
in a large number of locations a sigmoid configuration of the reflections indicates
progradation (Figs. 4.4 and 4.5). It can be observed all along the transect, not just
at the basin margins.

Progradation is directed from the sides of the transect to the centre, which is
located roughly between 110 and 140 km. Progradation is clearest near the mar-
gins of the grabens, and the unit thickens above the grabens, where accommoda-
tion space was largest. Deposits that exhibit this seismic facies are significantly
thicker in the central part of the transect, between km 63 and 76 and between
km 90 and 165, coinciding with the Zrenjanin depression (Figs. 4.3 and 4.4). Re-
flections of the SE directed prograding series are well defined between km 0 and
120. Near 120 km a zone of chaotic reflections is present. Here, the transect runs
very close to a normal fault and the chaotic pattern is probably associated with
deposition against the fault. The reflections of the NW directed progradational
series are less well defined and more chaotic, which may partly result from the
lower quality of the seismic lines from this area.
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The third seismic facies (F2) consists of largely continuous high-frequency re-
flections. The transition from facies F1 to F2 is the shelf break (Figs. 4.3 – 4.8).
In contrast with facies F1, no progradation is present. The final seismic facies
(F3) drapes all other facies and consists of high-frequency reflections with lower
continuity than in the previous facies.

At the boundary between seismic facies F1 and F2 upward terminations are
visible (Figs. 4.4 and 4.5). These upward terminations can at first sight easily
be interpreted to line up to form a sequence boundary but a detailed analysis
(Figs. 4.5 – 4.8) shows that this results from the alternation of progradational
clinothems with aggradational clinothems, which extend onto the shelf (Fig. 4.9).
Only the progradational clinothems exhibit reflection terminations. The aggra-
dational clinothems situated in between, however, do not terminate and extend
onto the shelf instead. The terminations therefore are not related to a regional
unconformity (Fig. 4.9).

From the interpreted profiles (Figs. 4.3, 4.4 and 4.5) it becomes evident that
the formation top of the lower Pontian as marked on the industry wells coincides
roughly with the top of the foreset (F1), while the top of the upper Pontian
coincides with the transition from the topset (F2) to fully fluvial deposits (F3).
From the overall progradational pattern it becomes evident that the lower and
upper Pontian formation tops mark facies boundaries and are time-transgressive.

4.4 Discussion: controls on the Late Miocene progradational infill of the
Pannonian Basin

4.4.1 Basin isolation and start of progradational basin infill

The onset of the phase of progradational infill of the basin coincided roughly with
the end of the syn-rift phase. Roughly, because the termination of rifting was
diachronous across the basin (see chapter 2). In the same time interval two other
notable events occurred in the Pannonian Basin; the basin was isolated from the
Eastern Paratethys (e.g. Magyar et al., 1999b) and a major reorganization of the
drainage system occurred in the Alps, causing part of its northern trunk system,
which had been draining towards the Mediterranean, to start flowing into the
Pannonian Basin; the paleo-Danube (Kuhlemann and Kempf, 2002; Kuhlemann,

Figure 4.3 (facing page): Continuous seismic transect from the centre to the southeastern
basin margin of the Pannonian Basin (location in Fig. 4.2). During the post-rift the basin
was filled in by prograding deltas from the basin margins. Facies representative for the
bottomsets (S4), foresets (F1) and topsets (F2) were marked. Facies S4 and F1 are separated
by the base of slope, F1 and F2 by the shelf break. The infilling of the lake was complete
when deltas from both basin margins met around 140 km. Thermal subsidence continued
after the lake was filled and up to 1 km of fluvial sediments (F3) were deposited. The
syn-rift basin fill is shown for reference.
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Figure 4.4: Excerpt from Fig. 4.3 between km 55 and 82, showing the uninterpreted seis-
mic data (above) and the interpreted seismic data (below). Above the syn-rift deposits a
prograding system can be observed. Bottomsets (S4), foresets (F1), topsets (F2) and fluvial
deposits (F3) each have a distinct seismic facies (see text). The presence of the graben has
a clear effect on the thickness of the progradational sequence (F1 – F3). Around km 64 a
compaction-induced fault is present in the post-rift deposits.

70



4.4. Discussion: controls on the progradational infill of the Pannonian Basin

Figure 4.5: The progradational sequence in the Szeged (Banatsko Arand̄elovo) Depression,
showing an alternation between progradational (P1 – P7) and aggradational clinoforms
(A1 – A7). Note that from unit P6 onwards the shapes of the foresets become less pro-
nounced. This is probably due to a gradually changing direction of progradation towards
the deepest part of the depression, oblique to the seismic line. Uninterpreted seismics
above, interpretation below. Location in Fig. 4.2.
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Figure 4.6: The progradational sequence in the Szeged (Banatsko Arand̄elovo) Depres-
sion. Uninterpreted seismics above, interpretation below. Location in Fig. 4.2. Significant
compaction occurred in the graben SE of km 15, affecting not only the syn-rift but also the
post-rift deposits. Compaction induced faults are present.
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Figure 4.7: The progradational sequence in the Morović Depression, where progradation
occurred in a northward direction. Uninterpreted seismics above, interpretation below.
Location in Fig. 4.2. Legend to the wells in Fig. 4.3.
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2007, and references therein). These three factors had a major effect on the infill
of the Pannonian Basin.

Deposition during the post-rift phase was heterogeneous and changes in de-
positional environment were diachronous; while sedimentation in relatively deep
water was occurring in the central parts of the basin, the basin was filled in from
its margins due to shelf progradation (Sztanó et al., 2013). The elements that
make up the prograding bodies are represented by seismic facies F1, represent-
ing the shelf margin and F2, representing deposition on the shelf (Figs. 4.3 –
4.8) The bottomsets of the prograding bodies are not easily distinguished from
the earliest post-rift deposits and they are therefore combined with systems tract
S4. With time, the progradation resulted in the complete infill of the Pannon-
ian Basin. The prograding unit is significantly thicker in the Zrenjanin, Szeged
and Makó depressions (Figs. 4.2 and 4.3). Here, extension was active during the
Pannonian s.l. (Matenco and Radivojević, 2012); much later than the Badenian-
Sarmatian rift climax in most other grabens.

The source-area for the progradational infill of the Pannonian Basin consisted
of the orogens surrounding the basin and most sediments were delivered to the
basin by the paleo-Danube (Magyar et al., 2013). Due to the prevalence of the
paleo-Danube as a source, in the majority of the basin progradation progressed
from NW to SE. Shelf progradation in front of the delta of the paleo-Danube
started around 10 Ma and had reached the region near the present-day Serbian-
Hungarian border, where our transect starts, by approximately 5.7 – 5.3 Ma (Mag-
yar et al., 2013). The progradational foresets have heights in the order of 100’s of
metres and are the result of the progradation of the shelf. The material required
is being fed into the system by deltas that are built higher up, on top of the shelf.
Gravity mass flows in turn transport the sediments across the shelf and the shelf
edge, up to 30 km past the shelf edge (Sztanó et al., 2013). Small-scale fluctua-
tions of the base level occurred throughout the phase of infill of the basin, which
leads to an alternation of progradational and aggradational clinoforms (Sztanó
et al., 2013; Uhrin and Sztanó, 2012). A detailed analysis of this 4th order cyclicity
could be used to check for a low-amplitude lake level change.

The post-rift fill of the basin is influenced by the pre-existing geometry of
the syn-rift deposits. The subsidence in the hanging wall as well as the uplift
of the footwall that took place along asymmetric structures resulted in a paleo-

Figure 4.8 (facing page): The progradational sequence between Belgrade and the Carpathi-
ans. Progradation is occurring away from the Carpathians (around km 75). In the Pančevo
depression progradation first occurs from the west to the east, towards the centre of the
depression. Roughly between km 15 and 30 the shapes of the foresets become less pro-
nounced, probably because the direction of transport is changing because the depression
is almost filled. A generally N-ward transport-direction in this area is also evident from
Fig. 4.3. Legend to the wells in Fig. 4.3.
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a)

b)

c)

Figure 4.9: Cartoon illustrating potential pitfalls of the interpretation of alternations of
progradational and aggradational bodies in seismic data. Compare to Figs. 4.5 – 4.8. In
the progradational bodies a significant number of upward terminations can be observed
(a). It might be tempting to interpret a regional unconformity through these termina-
tions (b), which would imply a major lake level drop. When using seismic lines with a
sufficiently high resolution, however, it becomes clear that the terminations result from
an alternation of bodies where deposition started at the shelf margin (‘progradational
clinothems’; in red), and clinothems where deposition also occurred on the shelf (‘aggra-
dational clinothems’; in green) (c). The terminations occur only in the progradational
clinothems. Since these clinothems are separated from one another by aggradational
clinothems, the presence of a regional unconformity can be ruled out.
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relief characterized by an alternation of depressions and highs. The paleo-relief
affected the geometry of the prograding bodies locally, even though the paleo-
relief was gradually buried as a result of thermal subsidence driven by the large-
scale lithospheric thinning (Horváth et al., 2006). For instance, the prograda-
tion in the Pančevo depression (Fig. 4.2) started from the western footwall, in
an E-ward direction. When the half-graben was almost filled, the direction of
progradation aligned with the strike of the local depocentre, in a N-ward direc-
tion (Fig. 4.3; Fig. 4.9). This influence of the pre-existing extensional depocentres
is furthermore accentuated by compaction of thick syn-rift deposits. The isostatic
response to sedimentation is significant as well, as the lithosphere retained only
a low amount of mechanical strength during the post-rift phase (e.g. Cloetingh
et al., 2006; Leever et al., 2011). Furthermore, because the transition from syn-rift
to post-rift occurred gradually across the basin (see chapter 2), the characteristics
of the progradational deposits vary. Above young grabens, such as the Banatsko
Arand̄elovo Depression (Makó trough), water depths were larger, resulting in
thicker deposits (Figs. 4.5 and 4.6).

4.4.2 Progradation from the southern and eastern basin margins

Sedimentological models for the infill of the Pannonian Basin have been defined
in the central part of the basin, and near the western basin margin (Uhrin and
Sztanó, 2012; Sztanó et al., 2013). On these basin margins an alternation of aggra-
dational clinothems was observed, which did not result in significant shelf edge
progradation, and progradational clinothems, which did. The alternation of the
two types of clinothems is thought to result from 4th order cyclicity (Sztanó et al.,
2013). This model is based on the Makó Trough and the western basin margin
and as a consequence, it is not necessarily representative for the entire basin.
Both case studies document deposition driven by the paleo-Danube; other parts
of the basin were filled with material provided by other rivers.

The data presented in this work shows that progradation also occurred from
the southern and southeastern margins of Lake Pannon. Although the sources
were different, the geometries of the prograding bodies are similar (Figs. 4.4 –
4.8). This suggests that sedimentation from these margins occurred in a similar
fashion as from the northwestern basin margin.

The SW-directed prograding shelf margin met with the N and NE-directed
shelf margin at or after 4.0 Ma (Magyar et al., 2013); apparently sediment trans-
port was still directed towards the deepest part of the basin at least until then.
Although outflow from Lake Pannon to the Dacian Basin occurred, its effects
on sedimentation in the Pannonian Basin were minor. This matches predictions
from numerical modelling (Leever et al., 2011); as long as sufficient accommoda-
tion space is still available in the Pannonian Basin, no significant sediment fluxes
from the Pannonian to the Dacian Basin are to be expected. The accommodation
space in the Pannonian (upstream) basin is filled in first.
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4.4.3 Connection with the Dacian Basin

The clear cyclicity present in the progradational basin infill shows that fluctua-
tions of the lake level occurred in a very orderly fashion. Changes in the water
level had a limited amplitude; the drops were not large enough to cause signifi-
cant exposure of the shelf and rises in water level were not large enough to cause
a sudden drowning of large parts of the basin margin. For a lake, such stability
is remarkable; fluctuations of 100’s of metres within a few thousand years, some-
times leading to complete desiccation, are common (e.g. Kutzbach and Street-
Perrott, 1985; Talbot, 1988). The stability of the lake provided favourable condi-
tions for the gradual development of a fauna adjusted to the specific conditions
of the lake (Müller et al., 1999).

Somewhat hypothetically, a link can be made between the outflow of water
from Lake Pannon and immigration events of Lake Pannon fauna into the East-
ern Paratethys. Immigration events were sporadic at first, during the Eastern
Paratethys Maeotian stage, and occurred at a large-scale during the Eastern Pa-
ratethys Pontian (Müller et al., 1999). This suggests that outflow from Lake Pan-
non was episodic at first, and became more important in the Eastern Paratethys
Pontian stage. What could have caused such a development? It may have been
the decrease in the extent of Lake Pannon due to the gradual infilling of the lake.
Water entering the drainage area through precipitation must have left it either
through evaporation or outflow (Leever et al., 2011). Since evaporation above the
lake will be higher than above land a decrease in the surface area of the lake due
to progradation of the basin margins will automatically lead to a decrease in total
evaporation in the catchment. If all other variables remain equal, this will lead
to an increase in the level of the lake, potentially creating or enlarging an outlet
from the lake. Alternatively, migrations during the Maeotian may be less evident
because environmental conditions were different in the two water bodies (Müller
et al., 1999).

4.4.4 An intra-Messinian unconformity in the southern Pannonian Basin?

Our findings from the southern part of the Pannonian Basin provide new facts
to the long-lasting debate on the effects of the Messinian Salinity Crisis (MSC)
in the Pannonian Basin. No evidence of a regional erosional unconformity was
found to be present in the post-rift deposits in the southern part of the basin.
That is a marked difference from the more northern part of the basin, where a
significant local unconformity is present (e.g. Csató, 1993; Juhász et al., 1999).
Whether this unconformity is the result of a MSC-related draw down or due to
localized uplift due to inversion is subject to discussion (e.g. Juhász et al., 2007;
Magyar and Sztanó, 2008; Csato et al., 2013).

The absence of a regional unconformity in the southern part of the basin shows
that a MSC-related lake level drop in the Pannonian Basin may have had a low
amplitude at most. In the southern part of the basin inversion was less intense,
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and apparently the effect of the lake level drop was not large enough to result
in the formation of an unconformity. The inferred location of the connection be-
tween the basins forms a second argument; a lake level drop would have resulted
in a reorganization of the drainage network towards the basin outlet. The study
area is the area closest to the inferred Dacian Basin – Pannonian Basin connec-
tion, so these effects should have had an even stronger effect here than in the
central part of the basin. Yet, evidence of erosion or a change of the direction
of progradation is absent; progradation was directed towards the centre of the
basin until infill of the basin was complete.

But does that mean that it can now be completely ruled out that a base level
drop with an amplitude similar to that of the Dacian Basin drop (100 – 200 m;
Leever et al., 2010) occurred in the basin? No, if the rate of base level drop did not
exceed the rate of subsidence, no erosion is expected to occur. In this respect, the
one-way nature of the connection is of significant importance. Besides the fact
that exchange of fauna and water occurred in only one direction, there is another
important difference between one and two-way connections. In the case of a two-
way (open water) connection the effect of a base level decrease in one of the two
connected basins will have an instantaneous effect on the base level in the other
basin, down to the level of the sill in between the basins. In the case of a one-way
connection, however, a decrease in the base level in the downstream basin will
only have an indirect effect; a river flowing across the barrier, for instance, will
incise as a result of the lower water level in the downstream basin. With time,
this may lead to a base level drop in the upstream basin, but this drop will be
gradual (Fig. 4.10).

4.5 Conclusions
During the transition from the Middle to the Late Miocene the stage was set for
the grand finale of the evolution of the Central Paratethys: extension in the Pan-
nonian Basin gradually ceased (chapter 2), a drainage reorganization occurred
in the Alps (Kuhlemann and Kempf, 2002; Kuhlemann, 2007) and the uplift of
the Carpathians isolated the Central Paratethys from the marine realm (see chap-
ter 3). The first event affected the amount of accommodation space available and
the second event caused a major increase of sediment influx into the basin. The
third event led to the formation of Lake Pannon, decreasing the effects of external
forcing factors such as eustatic sea level fluctuations.

Lake Pannon was subsequently filled in by progradation from all basin mar-
gins. Progradation from the northern and eastern margins dominated (e.g. Sz-
tanó et al., 2013; Magyar et al., 2013), but progradation from the southern and
western basin margins occurred as well and in a similar fashion. Prograding bod-
ies from the two basin margins met in the vicinity of Zrenjanin (Fig. 4.2), roughly
60 km north of Belgrade.

Compared to the pre-isolation situation, the impact of internal forcing factors,
such as thermal subsidence, tectonic inversion and the precipitation – evapo-
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ration balance on the basin infill increased. Episodic fauna migrations suggest
that a river must have flowed out from Lake Pannon towards the Dacian Basin.
Outflow was probably episodic at first and became more profound subsequently,
when the extent of Lake Pannon decreased and a resulting decrease in evapora-
tion may have created an excess of water.

Only local unconformities were observed in the post-rift basin fill; no evidence
of a lake level drop related to the Messinian Salinity Crisis was observed in the
southern part of the basin. This is not surprising when considering the other
factors that affected relative lake level in the basin. If the sea level drop in the
Dacian Basin affected the water level in Lake Pannon this drop must have been
gradual, as it was limited by the rate of incision of the river connecting the lake
to the basin (Fig. 4.10). Such a connectivity event with low amplitudes of lake
level change and a gradual drop of the lake level would be difficult to detect
in Lake Pannon because other significant relative lake level fluctuations occur; a
higher-order rapid aggradational – progradational cyclicity, significant amounts
of post-rift subsidence, massive progradation from the basin margins and finally
large scale inversion and erosion in the NW part of the Great Hungarian plain
(Fig. 4.10). In other words: a drawdown as inferred for the Dacian Basin would
not have dominated the lake level in the Pannonian Basin because a number of
processes were causing relative lake level changes with similar, or larger ampli-
tudes. The sedimentary record records the combination of all these relative lake
level changes. Whether erosion or deposition occurred depended on the balance
between the various processes affecting the relative lake level (Fig. 4.10). Where
inversion was active, a local unconformity formed, but in other regions high
amounts of thermal subsidence nullified the effect of the gradual lake level drop
(Fig. 4.10).

Figure 4.10 (facing page): The relationship between lithospheric processes and the MSC
sea level drop in the Dacian Basin. The sea level drop will lead to incision of the river
connecting the Pannonian and Dacian basins, as long as the low sea level lasts. The
incision will in turn lead to a gradual decrease of the lake level in the Pannonian Basin.
The rate of this lake level drop is limited to the rate of incision at the boundary. The
lake level drop is not the only process affecting accommodation space in the Pannonian
Basin however; lithospheric processes are active at the same time. As a consequence, no
actual decrease of water depth may occur when thermal subsidence is sufficiently high
and no unconformity will form. If the rate of thermal subsidence is lower, and only small
amounts accommodation space was present to start with an unconformity will form. This
is also the case for regions where inversion is active. Areas with sufficiently high water
depths are not affected significantly either.
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Joining up to Pannonia is the province called Mœsia, which
runs, with the course of the Danube, as far as the Euxine.

Plinius the Elder

Naturalis Historia, Liber III, 149
circa 77–79 CE

Fieldwork in the western Dacian Basin; Marius Stoica takes a
sample from Pontian deposits.



5 | The Dacian Basin: the link between
the Central and Eastern Paratethys1

5.1 Introduction

The Earth is a system that is in a constant state of flux; tectonic, surface and
atmospheric processes continuously redistribute mass and energy. At the Earth’s
surface these mass fluxes occur from topographic highs (sources) to topographic
lows (sinks). Connected sources and sinks form a source to sink system. To
reconstruct source to sink systems from the past we need to understand what
sources were connected to what sinks.

In this study the Miocene – Pliocene inter-basin connectivity in the Paratethys
is evaluated. The Paratethys is a chain of basins that stretched across Europe
from east to west from the Oligocene onwards (e.g. Steininger et al., 1988; Rögl,
1999). This study is focused on the connections between three major Central and
Eastern Paratethys basins: the Pannonian Basin, the Dacian Basin and the Black
Sea (Fig. 5.1). Although significant progress has been made recently (e.g. Çağatay
et al., 2006; Harzhauser and Piller, 2007; Krijgsman et al., 2010; Leever et al., 2010,
2011; Karami et al., 2011; Munteanu et al., 2012; Jipa and Olariu, 2013) there is
still considerable discussion on the exact nature, causes and effects of changes in
basin connectivity and on the locations of the connecting seaways (e.g. Magyar
and Sztanó, 2008; Krijgsman et al., 2010; Bache et al., 2012; Suc et al., 2011; Csato
et al., 2013).

The effects of connections between sedimentary basins can reach further than
just the source to sink system. In the Paratethys fluctuations in connectivity
also affected the water and sediment exchange between basins, water salinity,
the formation of regional unconformities, the occurrence of flooding events, the
development and migration of (endemic) faunas, and the regional climate (e.g.
Steininger and Wessely, 1999; Rögl, 1999; Popov et al., 2004; Krijgsman et al.,
2010).

The first major connectivity event affecting the Dacian Basin was its separation
from the Pannonian Basin near the end of Middle Miocene times. It was most
likely related to the uplift of the Carpathian Mountains (Horváth, 1995; Vasiliev
et al., 2010a; ter Borgh et al., 2013, see chapter 3). This uplift severed a pre-
existing connection, the location of which is not well constrained (Marinescu,
1985; Magyar et al., 1999b; Popov et al., 2004; Jipa and Olariu, 2013).

1This chapter was co-authored by Marten ter Borgh, Marius Stoica, Rick Donselaar and Liviu
Matenco
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The second connectivity event occurred at the end of the Miocene and resulted
in a sea level drop with a magnitude estimated at 100 – 200 m in the Dacian Basin.
This drop may have been coeval with a proposed large sea level drop (more than
1 km) in the Black Sea (Hsü and Giovanoli, 1979; Leever et al., 2010; Krijgsman
et al., 2010; Bartol et al., 2012; Munteanu et al., 2012; Stoica et al., 2013). Whether
this event occurred and was linked to the large sea level drop recorded during the
Messinian Salinity Crisis of the Mediterranean Sea (Krijgsman et al., 1999) is still
the subject of intensive debate (Çağatay et al., 2006; Popov et al., 2006; Krijgsman
et al., 2010; Bache et al., 2012; Suc et al., 2011). Whether the Messinian sea level
drop had an effect as far west as the Pannonian Basin is subject to debate as
well (Csató, 1993; Juhász et al., 1999, 2007; Magyar and Sztanó, 2008; Csato et al.,
2013).

In between the two mentioned connectivity events, one other event of sea level
drop potentially occurred during Late Miocene times (Kojumdgieva, 1983; Leever
et al., 2010; Jipa and Olariu, 2013). This event is less studied, primarily due to a
paucity of outcropping deposits of this age.

All these events influencing the evolution of the Dacian Basin and neighbour-
ing sedimentation areas share one common characteristic: the area that is most
often proposed as the connecting region is situated in the western part of the
Dacian Basin, close to the area where the Danube River presently crosses the
South Carpathians (e.g. Magyar et al., 1999b; Clauzon et al., 2005; Leever et al.,
2011; Suc et al., 2011; Jipa et al., 2011) (Fig. 5.1). By analyzing this area, I aim
to better constrain the connections between Paratethys basins, the sea and lake
level fluctuations, the evolution of the sedimentary processes in the Dacian Basin
and the exhumation history of the Carpathians through time. To achieve these
goals a multidisciplinary approach is required. Sedimentological fieldwork was
carried out in order to derive the temporal and spatial evolution of the deposi-
tional systems. Ages and paleo-environments were further constrained from the
fossil record. To extend the resulting sedimentary model to depth and to link
this model to basin-wide events a seismic interpretation was performed.

The results of this study will not only help us to better understand the pale-
ogeographic evolution of the Paratethys, it will also aid in the interpretation of
subsurface data from the Dacian Basin, and in understanding the depositional
systems that were active in the basin.

Figure 5.1 (facing page): Map of the Central and the western part of the Eastern Paratethys.
Shown are the main tectonic units, the extents of the individual Paratethys basins and the
location of the study area. Modified after Schmid et al. (2008). C.B. - Comăneşti Basin,
C-J.F – Cerna-Jiu Fault, F.D. – Focşani Depression, G.D. – Getic Depression, I.G. – Iron
Gates, S.G. – Scythian Gateway, T.F. – Timok Fault
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5.2 The Dacian Basin: the link between the Central and Eastern Paratethys

The Paratethys formed when exhumation and uplift of the SE European orogens
separated the oceanic domain that used to be present between the continental
blocks into several sub-domains, starting in Oligocene times. The two most im-
portant domains were the Paratethys to the north and the Mediterranean to the
south (Seneš, 1973; Steininger and Wessely, 1999). The semi-isolated Paratethys
basins recorded brackish to fresh water conditions, with occasional connections
to the main oceanic realm resulting in more marine conditions (Krijgsman et al.,
2010; Papaianopol et al., 1995).

Towards the end of Middle Miocene times the uplift of the Carpathians sep-
arated the Central Paratethys, consisting of the Pannonian, Transylvanian and
other smaller basins (Harzhauser and Piller, 2007; Magyar et al., 1999b) in the
west from the Dacian Basin and the Eastern Paratethys in the east (Fig. 5.1;
Çağatay et al., 2006; Marunţeanu and Papaianopol, 1995; Popov et al., 2006).
As a result of the isolation endemic lakes developed in the Central Paratethys.
Isolation of the Pannonian Basin and Transylvanian Basin most likely occurred in
two steps, around 11.7 Ma (ter Borgh et al., 2013, see chapter 3) and around 11.3
Ma (Vasiliev et al., 2010a) respectively. Since non-marine conditions prevailed in
the Paratethys during significant parts of its existence, a correlation to the global
geological time scale proved difficult. Instead, a regional timescale was defined
(see Rögl (1996) for an overview).

The Miocene – Quaternary Dacian Basin formed the link between the Central
and Eastern Paratethys. The connections between the various Paratethys basins
and the Late Miocene Dacian Basin and its precursor, the Carpathian foredeep,
varied through time. The Carpathian foredeep formed part of the Central Para-
tethys (Seneš, 1978). The Dacian Basin maintained an Eastern Paratethys affinity
for most of its Late Miocene – Quaternary evolution and is therefore usually
considered to be part of the Eastern Paratethys (e.g. Popov et al., 2006).

The Dacian Basin covers roughly the extent of the Moesian continental unit lo-
cated in the foreland of the highly bended Carpatho-Balkanides orogenic system
(Fig. 5.1). This orogen borders the basin on its western, northern and southern
sides. Towards the east the uplifted Dobrogea area separates it from the Black
Sea and the rest of the Eastern Paratethys (Fig. 5.1; Leever et al., 2010; Jipa and
Olariu, 2013, and references therein). The sedimentary facies in the Dacian Ba-
sin indicate an overall regressive pattern of complete basin fill, characterized by
mass-progradation structures with near-shore facies, and large-scale deltaic en-
vironments observed in particular during Maeotian and early Dacian times (Jipa
and Olariu, 2009).

5.2.1 The Carpathians

The Dacian Basin is separated from the Central Paratethys basins by the Carpa-
thian Mountains. This mountain range is part of the Carpatho-Balkanic orogen,
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together with the the Balkanides, another major southeastern European moun-
tain range (see Fig. 5.1). This orogen formed during the Late Jurassic – Miocene
as the result of the collision of a number of continental blocks associated with
the Alpine Tethys and Neotethys (e.g. Csontos and Vörös, 2004; Schmid et al.,
2008). The continental blocks were first separated from the European, Moesian
and Adriatic continental units by intervening oceanic domains and subsequently
amalgamated backwards by subduction and continental collision.

In the southern part of the system, where the study area is located, the Dacia
block (Fig. 5.1) is essentially a piece of European continent that broke-off during
latest Middle to Late Jurassic times and was gradually sutured backwards during
the Cretaceous to Miocene closure of the Ceahlău-Severin Ocean and its eastern
Miocene remnant located at the exterior of the Carpathians (i.e. the Carpathians
embayment, Balla, 1986; Sandulescu, 1988). The Dacia unit consists of a thick-
skinned nappe stack that formed during late Early to Late Cretaceous times with
the overall geometry of a large antiform that is particularly well studied in the
East and South Carpathians (Berza et al., 1983; Fügenschuh and Schmid, 2005;
Iancu et al., 2005; Kräutner and Bindea, 2002).

At the exterior of the South Carpathians and Balkanides, the Danubian nappes
(the Marginal Dacides of Sandulescu, 1984) were originally part of the Moesian
foreland (Liégeois et al., 1996; Seghedi et al., 2005). The imbricated Danubian
nappe sequence formed by eastward thrusting during the latest Cretaceous under
low-grade (sub-greenschist to lowermost greenschist facies) metamorphic condi-
tions (Berza and Iancu, 1994; Ciulavu et al., 2008; Seghedi and Berza, 1994). Post-
dating the Late Cretaceous nappe emplacement, this unit was exhumed during
Late Eocene to Oligocene times by orogen-parallel extension (Fügenschuh and
Schmid, 2005; Schmid et al., 1998).

5.2.2 Late stages of orogenic build-up, back-arc collapse and post-kinematic evolution
Post-dating the formation of the thick-skinned nappe sequence, the sediments
situated in their foreland were subsequently deformed until Late Miocene times.
They are grouped in a unit that has been generically named the Getic Depression
that is laterally equivalent with the thin-skinned nappe system situated at the
exterior of the East and SE Carpathians (Sandulescu, 1988; Krézsek et al., 2013).
This unit contains up to ~10 km of dominantly siliciclastic sediments deposited
in a <100 km wide basin that was subsequently deformed during the Miocene
rotation, translations and docking of the South Carpathians against the Moesian
foreland (Dicea, 1996; Răbăgia et al., 2011).

Along the curved margin of the Moesian platform, the nappe sequences of
the Carpathian Mountains can be followed into Serbia and further to the SE
and E into the Balkans nappes of western Bulgaria (Schmid et al., 2008). To-
gether with the Serbo-Macedonian Massif they form the highly curved geometry
of what is commonly referred as the Carpatho-Balkanides (Dimitrijević, 1997;
Kräutner and Krstić, 2003). This geometry has been acquired during the large
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scale Paleogene-Miocene rotations and translations of the Dacia unit around the
Moesian promontory, closing the Ceahlău-Severin ocean and its E-ward continu-
ation in the Carpathians embayment, partly driven by the rapid roll-back of a slab
attached to the European-Moesian foreland (Csontos, 1995; Ratschbacher et al.,
1993; Royden, 1988; Schmid et al., 2008). These movements were accompanied
by the formation of two dextral strike-slip faults with a curved geometry, the 35

km offset Lower Oligocene Cerna-Jiu Fault and the ~65 km offset Miocene Timok
Fault (Berza and Draganescu, 1988; Kräutner and Krstić, 2003; Moser et al., 2005).
Along these strike-slips faults minor sedimentary basins formed locally (Bojar
et al., 1998).

In more details, interpretation of seismic profiles has demonstrated that the
Timok Fault splays towards the NE into a Lower Miocene (lower Burdigalian)
transtensional system made up by several N-S to E-W gradually bending faults,
created by the NE-ward oblique divergent movement of the South Carpathians
in respect to the E-W oriented Moesian margin (Rabăgia and Matenco, 1999;
Tărăpoancă et al., 2007; Răbăgia et al., 2011; Krézsek et al., 2013). The subse-
quent Middle – Late Miocene E- to SE-ward movements of the Carpathian units
were associated with strike-slip faulting in the internal parts and thrusting of the
Getic Depression over the Moesian platform (Maţenco et al., 1997; Sandulescu,
1988). Thrusting started in the Oligocene and ended in the Sarmatian. Significant
exhumation has occurred since (Bojar et al., 1998). Thrusting of the Balkanides
system is recorded on the southern margin of the Moesian platform starting with
Eocene times, post-dating Cretaceous duplication events (Bergerat et al., 2010;
Georgiev et al., 2001; Ivanov, 1988).

Following these large scale tectonic movements, the late-stage post-tectonic
evolution of the SE and South Carpathians is dominated by regional subsidence,
generally interpreted as a slab-pull effect derived from the subduction recorded
at the exterior of the Carpathians (Matenco et al., 2003; Tărăpoancă et al., 2004;
Cloetingh et al., 2004). The high-velocity anomaly observed beneath the Vrancea
seismogenic zone is a remnant of this subduction zone (Ismail-Zadeh et al., 2012;
Martin and Wenzel, 2006). The overall subsidence resulted in the formation of
yet another spatially superposed basin, generically named the Dacian Basin (Jipa
and Olariu, 2009). In the strict definition the term ‘Dacian Basin’ refers only to
the post-orogenic (from the Late Sarmatian s.l. onwards) development of the
region (Jipa and Olariu, 2009). In the basin up to 3 km latest Miocene (upper Sar-
matian) – Quaternary sediments were deposited on top of the Getic Depression,
the Moesian foreland and partly over the neighbouring Balkanides nappes.

West of the highly curved geometry of the South Carpathians, the Pannonian
extensional back-arc basin formed as a result of the rapid Miocene roll-back of
the external Carpathians slab (e.g. Horváth et al., 2006; Royden, 1988). This led to
the present-day topographic situation, wherein the Carpatho-Balkanides and Di-
narides are exposed as three separate mountain ranges (e.g. Schmid et al., 2008;
Ustaszewski et al., 2008); the mountain ranges together constitute a system of oro-
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gens; in the Pannonian Basin area the tectonic units are buried below the basin
fill. Extension in the Pannonian Basin area started in the Early Miocene or possi-
bly the Late Oligocene, and lasted throughout the Miocene (see chapter 2). Dur-
ing the Rift Climax, extension resulted in the formation of (half)grabens across
the entire region, and with time the region subject to extension was gradually
confined to a narrow zone in the eastern part of the basin. Extension was fol-
lowed by a post-rift, thermal sag phase starting in the Late Miocene (e.g. Tari
et al., 1999, and references therein). During the Pliocene – Quaternary the Pan-
nonian Basin was inverted and numerous contractional to transcurrent structures
were created across the basin (Bada et al., 2007; Fodor et al., 2005; Pinter et al.,
2005, see chapter 4). This inversion did not affect the Dacian Basin, however.

5.3 Data and methods
Lithofacies characteristics were recorded at over 150 outcrops (Fig. 5.2). Samples
were collected for micropaleontological analyses, which provided age and envi-
ronmental constraints (Cicha et al., 1998; Papp and Schmid, 1985; Popescu, 1979,
1995, 1999; Popescu and Crihan, 2004b,a, 2005a,b, 2008, 2011; Rögl et al., 2002,
2008, and references therein).

Based on this data, lithofacies types and lithofacies associations were rec-
ognized in the Middle Miocene (Badenian) to Pliocene (Pontian) sedimentary
record. Lithofacies types were defined first, which were then grouped in litho-
facies associations (Table 5.1). Based on the seismic interpretations and the field
observations depositional systems were recognized, which consist of genetically
linked and contemporary lithofacies associations. In the description of the ba-
sin fill regional Paratethys stratigraphic stages are used for indicating ages; see
Fig. 5.3 for a correlation between global and regional stratigraphic stages. As
the Paratethys was (partly) isolated from the marine realm for significant parts
of its evolution, endemic faunas often developed and correlations to the global
geological time scale proved difficult (e.g. Rögl, 1999).

2D seismic reflection profiles, formation tops and wells were acquired from
industry sources. A seismic interpretation was made which was correlated to the
surface data.

5.4 Results
The Middle Miocene – Pliocene sediments outcropping on the basin margin con-
sist of mostly unconsolidated coarse and fine clastics and marls. Small amounts
of carbonates are present as well. Depositional environments varied through time

Figure 5.2 (facing page): Geological map of the study area. Location: see Fig. 5.1. In
the inset the location of a number of additional outcrops outside the main study area is
shown, as are the locations of the studied seismic lines. The seismic lines displayed in
Figs. 5.11 and 5.12 are highlighted.
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Figure 5.3: Lithostratigraphic column, stratigraphic sequences, a qualitative indication of
salinity based on the fauna and important events affecting the western Dacian Basin; F –
fresh water; B – brackish water/restricted marine; M – normal marine salinity. The posi-
tion of the lithofacies associations is indicated with Roman numerals. Proximal deposits
are shown on the left, distal on the right. Grey indicates no deposition. Both global and
regional stratigraphic stages are shown; Global stages on the left (Gradstein et al., 2012),
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due to base level fluctuations, and laterally, due to the juxtaposition of various
sedimentary facies (Fig. 5.3). In the western part of the study area the deposits
onlap onto the metamorphic basement. About 15 km east of this basal noncon-
formity the Timok fault is located. The fault is completely covered by Miocene
and Pliocene sediments. Especially the Middle – Upper Miocene units thicken
considerably across the fault; from a maximum of about 500 m west of it, to over
2 km east of it. Besides the basal unconformity two important unconformities
are present in the sequence; one located at the base of the Maeotian, and one
in the middle Pontian. The unconformities divide the Mio – Pliocene basin fill
in three sequences (Fig. 5.3); (1) the Badenian – Sarmatian units (Middle – Up-
per Miocene); (2) the Maeotian units (Upper Miocene) and (3) the Pontian units
(uppermost Miocene) (Fig. 5.3). The Pontian in turn is covered by Dacian and
Romanian (Pliocene) deposits, which are beyond the scope of this study.

5.4.1 Lithofacies associations

Lithofacies association I: basement derived breccia

A decimetre-scale alternation of coarse polymict clast-supported breccias and
angular granules deposited directly over the basement (Table 5.1).

Figure 5.4 (facing page): Badenian foraminifers (VM11, TS4: micropaleontological sam-
ple). 1. Karrerotextularia inopinata (Luczkowska), (GB9, Kosovian); 2. Karrerotextularia
concavata (Karrer), (GB9, Kosovian); 3. Spirorutilis mariae (d’Orbigny) (GB9, Kossovian); 4.
Spirorutilis carinatus (d’Orbigny) (TS4, Moravian); 5. Martinottiella karreri (Cushman), (TS4,
Moravian); 6. Martinottiella communis (d’Orbigny), (VM2, Kosovian); 7. Cylindroclavulina
rudis (Costa), (TS4, Moravian); 8. Bigenerina agglutinans (d’Orbigny), (TS11, Wielician-
Kossovian); 9. Cornuspira striata (Czjzek), (GB9, Kosovian); 10. Lachlanella undosa (Karrer),
(TS12, Wielician); 11. Qiunqueloculina regularis (Karrer), (VM11, Kosovian); 12.Quinque-
loculina triangularis (d’Orbigny), (GV9, Kosovian); 13. Pyrgo simplex (d’Orbigny), (TS12,
Wielician); 14. Nummoloculina contraria (d’Orbigny), (VM11, Kosovian); 15.Pyrgoella sp.
(TS12, Wielician); 16. Triloculina gibba (d’Orbigny), (VM 11, Wielician); 17. Qiunquelo-
culina gracilis Karrer, (VM11, Kosovian); 18. Sigmoilinita tenuis (Czjzek), (Wielician, TS12);
19. Pseudonosaria sp. (TS12, Wielician); 20. Favulina hexagona (Williamson), (TS5, Mora-
vian); 21. Lagena geminensis (Popescu), (TS5, Moravian); 22. Lagena striata (d’Orbigny),
(TS4, Moravian); 23. Marginulina hirsuta (d’Orbigny), (TS 5, Moravian); 24. Siphonodosaria
sp. (TS16, Wielician); 25. Amphicoryna badenensis (d’Orbigny), (TS 5, Moravian); 26. Am-
phycorina sp., (TS16, Wielician); 27. Amphicoryna hispida (d’Orbigny), (TS5, Moravian);
28. Amphimorphina haueriana (Neugeboren), (TS16, Wielician); 29. Negeborina longiscata
(d’Orbigny), (TS16, Wielician); 30. Nodosaria ambiqua (Neugeboren) (TS4, Moravian); 31.
Dentalina acuta (d’Orbigny), (TS4, Moravian); 32. Stilostomella adolphina (d’Orbigny), (TS4,
Moravian); 33. Silostomella consobrina, (TS4, Moravian).
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Interpretation

This lithofacies association represents a developing river system; the basal few
10’s of m consist of scree which is gradually replaced by the finer sediments of
the river system.

Lithofacies association II: fan delta to alluvial fan
This association consists of conglomeratic sheets and lenses (Fig. 5.9; Table 5.1).
Both clast- and matrix-supported deposits occur. The deposits are organized in
sheets and occasionally lenses with high width to thickness ratios, which are
sometimes alternated with sands. Clasts are subangular to subrounded, are oc-
casionally imbricated and derived from metamorphic rocks and limestones from
the Carpathian hinterland. Composition and texture of the sheets points to im-
mature rocks with a short transport path.

The beds have thicknesses in the order of decimetres with rare occurrences of
beds of up to 1 – 2 meters. Inverse grading within the beds is present frequently,
normal grading is present but rare. Not all beds are graded. The beds are either
conformable or display low angle straight truncations. All facies in this associ-
ation are occasionally cemented locally. The cementation does not respect the
bedding and varies laterally.

Figure 5.5 (facing page): Badenian foraminifers from the western Dacian Basin (contin-
ued) (VM 11, TS 4: micropaleontological sample). 1. Glandulina ovula (d’Orbigny), (TS4,
Moravian); 2. Lenticulina inornata (d’Orbigny), (TS 5, Moravian); 3,4. Hoeglundina elegans
(d’Orbigny), (GB9, Kosovian); 5. Bolivina viennensis (Marks), (TS5, Moravian); 6. Bo-
livina hebes (Macfadyen), (TS5, Moravian); 7. Bolivina dilatata (Reuss), (TS4, Moravian);
8. Lapugyina schmidi (Popescu), (TS5, Moravian); 9. Coryphostoma digitalis (d’Orbigny),
(TS6, Moravian); 10. Bolivina antiqua (d’Orbigny) (TS 5, Moravian); 11. Bulimina konken-
sis (Livental) (VM11, Kosovian); 12. Bulimina elongata (d’Orbigny), (TS11, Wielician); 13.
Ehrenbergina serrata (Reuss), (TS4, Moravian); 14. Reussella spinulosa (Reuss), (TS12, Wieli-
cian); 15. Praeglobobulimina pyrula (d’Orbigny), (GB9, Kosovian); 16. Chillostomella ovoidea
(Reuss), (TS12, Wielician); 17. Brizalina antiqua (d’Orbigny), (GB9, Kosovian); 18. Anguloge-
rina alticarinata (Popescu & Crihan), (GB9, Kosovian); 19. Uvigerina urnula (D’Orbigny),
(TS5, Moravian); 20. 21.Uvigerina grilli Schmid, (TS11, Wielician); 22. Uvigerina ex. gr.
aculeata (d’Orbigny), (TS11, Wielician) 23. Uvigerina cf. urnula (D’Orbigny), (TS10, Wieli-
cian); 24. Uvigerina brunensis (Karrer), (GB9, Kosovian); 25. Fursenkoina acuta (d’Orbigny),
(TS12, Wielician-Kosovian); 26. Pleurostomella alternans (Schwager), (TS 5, Moravian); 27,
28. Valvulineria complanata (d’Orbigny), (GB9, Kosovian); 29. Cancris auriculus (Fichtel &
Moll), (TS12, Wielician); 30. Sphaeroidina bulloides (d’Orbigny), (GB9, Kosovian); 31, 32.
Biasterigerina planorbis (d’ Orbigny), (TS12, Wielician); 33, 34. Melonis pompilioides (Fichtel
& Moll), (TS16, Wielician); 35,36. Pullenia bulloides (d’Orbigny), (GB9, Wielician); 37, 38.
Gyroidinoides soldanii (d’Orbigny) (CG9, Kosovian); 39, 40. Hanzawaia boueana (d’Orbigny),
(GB9, Kosovian); 41, 42. Heterolepa dutemplei (d’ Orbigny), (GB9, Kosovian).
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Where the conglomerates alternate with silts, sands and marls of lithofacies as-
sociation III (see below), the fine deposits are often subjected to scouring, slump-
ing and loading by the conglomerates on top (Fig. 5.9). In most outcrops the
maximum particle size is around 30 cm. Occasionally, blocks with diameters of
1 – 2 metres are present.

Fauna associated with the lithofacies association

Fauna is absent in deposits from this lithofacies association, but in four sepa-
rate sections facies from this association were found to alternate with facies from
lithofacies association III (see below). Samples from those interbedded deposits
contained a marine fauna. The silty intercalations (outcrop Q041a; Fig. 5.2) pro-
vided a very rich benthic and planktonic foraminifera fauna already presented
by Jipa et al. (2011), characteristic for the Velapertina Zone of the upper Bade-
nian. At outcrop Q099 a fauna association representative for the lower part of
the middle Badenian was found in marls interbedded with the conglomerates.
Lenses of silts present at outcrop Q101 contained lower Sarmatian and reworked
upper Badenian foraminifera.

Interpretation

The presence of coarse clastics, intervening strata of clearly marine deposits and
their position in close proximity to the orogen demonstrate that this lithofacies
association must have been part of a coarse-grained gravel-rich depositional en-
vironment close to the coast. It is not immediately obvious, however, what part of
the depositional system these facies represent as conglomerates can be deposited
in a wide range of settings. For these deposits two types of settings can be inter-
preted: 1) debris flows or sheet washes, as part of subaerial alluvial fans, and 2)
subaqueous debris flows in the subaqueous part of a fan delta. Discriminating
between these types of deposits is notoriously difficult, as many sedimentological

Figure 5.6 (facing page): Badenian foraminifers (VM 11, TS 4: micropaleontological sam-
ple). 1, 2. Cibicidoides austriacus (d’Orbigny), (TS5, Moravian); 3. Lobatula lobatula (Walker
& Jakob), (TS16, Wielician); 4,5. Cibicidoides ungerianus (d’Orbigny), (GB9, Kosovian); 6.
Alliatina excentrica (di Napoli); 7. Elphidium fichtelianum (d’ Orbigny), (TS11, Wielician);
8. Elphidium crispum (Linné), (TS 4, Moravian); 9. Elphidium crispum (Linné), (TS7, Mora-
vian); 10. Elphidium flexuosum flexuosum (d’Orbigny), (TS4, Moravian); 11. Praeorbulina
glomerosa circularis (Blow), (TS4, Moravian); 12-15. Globigerinoides triloba (Reuss), (TS4,
Moravian); 16. Praeorbulina sicana (Di Stefani), (TS4, Moravian); 17, 18. Globogodrina dehis-
cens (Chapman et al.), (TS4, Moravian); 19, 20. Globoturborotalita woodi (TS4, Moravian); 21,
22. Globigerina bulloides (d’Orbigny), (TS11, Wielician); 23, 24. Globigerinella obesa (Bolli),
(TS12, Wielician);25, 26. Globoturborotalita cf. woodi (Jenkins) (GB9, Kosovian); 27. Velaper-
tina indigena (Luczkowska), (VM2, Kosovian); 28. Planostegina costata (d’Orbigny), (TS7,
Moravian); 29, 30. Amphistegina bohdanowiczi (Bieda), (TS7, Moravian); 31. Limacina sp.
(VM 11, Kosovian).
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features of the deposits are identical (e.g. Nemec and Steel, 1984). This is also the
case in this study area; the sedimentological characteristics of the conglomerates
are inconclusive. In such situations, discrimination can be achieved by looking
at the subaerial versus submarine character of the intervening strata (Nemec and
Steel, 1984) and faunal character. In this case, the intervening strata are marine
(facies association III, see below and Table 5.1) and are associated with a fauna
that is representative of inner and external shelf and prodelta environments. This
facies association is thus interpreted to represent a marine depositional environ-
ment; the foreset beds of a fan-delta. Bearing in mind that such subaqueous
and subaerial deposits can be hard to distinguish from one another it cannot be
ruled out that part of the deposits were deposited in a subaerial setting, as al-
luvial fans. In the latter case, the deposits from Lithofacies type II.3 are a likely
candidate (Table 5.1).

Lithofacies association III: shallow marine clastics and marls
This facies association consists of sands, silts and sand/marl alternations (Ta-
ble 5.1). It is often associated with facies association II, with facies from the
two associations alternating. Coal and wood fragments occur in these deposits
and a marine microfauna is present. The deposits consist of a centimetre-scale
interbedding of sands and silts. They have often been distorted as a result of
loading, syn-sedimentary faulting and slumping (Fig. 5.9).

Fauna associated with the lithofacies association

In the finer layers middle Badenian and upper Badenian faunas were found that
indicate normal marine conditions (~35 g/l). The lowermost Sarmatian is charac-

Figure 5.7 (facing page): Badenian ostracods (VM 11, TS 4: micropaleontological sam-
ple). 1.Cytherella russoi Sissingh, (TS4, Moravian); 2. Paranesidea brevis (Lienenklaus), (TS6,
Moravian); 3. Triebelina boldi Keij, (TS6, Moravian); 4. Eucytherura aff. textilis triden-
tata (Carbonel), (TS4, Moravian); 5,6. Phlyctenophora affinis (Schneider), (TS12, Wielician-
Kosovian); 7. Parakrithe rotundata (Aielo et al.), (TS5, Moravian); 8. Argilloecia acuminata
(Müller), (TS6, Moravian); 9,10. Krithe papillosa (Bosquet), (TS12, Wielician); 11. Kanga-
rina coarctata Ruggieri, (TS5, Moravian); 12. Cytheridea (Cytheridea) acuminata (Bosquet),
(TS12, Wielician-Kosovian); 13. Pokornyella deformis (Reuss), (TS6, Moravian); 14. Tenedo-
cythere sulcatopunctata (Reuss), (TS12, Wielician); 15. Aurila (Aurila) opaca (Reuss), (TS12,
Wielician, Kosovian); 16. Aurila (Aurila) cicatricosa (Reuss), (TS12, Wielician-Kosovian);
17. Aurila (Euaurila?) angulata (Reuss), (TS12, Wielician-Kosovian); 18. Aurila (Euaurila)
punctata (Muenster), (TS12, Wielician-Kosovian); 19. Grinioneis haidingeri (Reuss), (TS12,
Wielician-Kosovian); 20. Henryhowella asperrima (Reuss), (TS5, Moravian); 21. Loxocor-
niculum schmidi (Cernajsek), (TS4, Moravian) 22. Loxocorniculum hastatum (Reuss), (TS12,
Wielician-Kosovian); 23. Loxoconcha kochi (Mehes), (TS6, Moravian); 24. 25. Loxoconcha
punctatella (Reuss) (TS7, Moravian); 26, 27. Xestoleberis dispar (Mueller), (TS12, Wielician-
Kosovian); 28, 29. Xestoleberis tumida (Reuss), (TS12, Wielician-Kosovian).
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terized by dysoxic conditions. The remainder of the Lower Sarmatian contains a
fauna indicative of salinities that were lower than during the Badenian (brackish;
20 − 22 g/l).

In all Badenian sediments from this lithofacies association benthic foraminifers
are well represented and diverse (Figs. 5.4, 5.5 and 5.6; Table 5.2). The known
stratigraphic range for many of them spans the entire Badenian. Some associ-
ations, mainly the ones that also contain planktonic taxa, can be used for more
precise dating, however.

The Lower Badenian foraminifera associations are characteristic for the Prae-
orbulina glomerosa Zone and Orbulina suturalis / Globorotalia bikovae Zone or
the first part of the of upper Lagenid Zones (Popescu, 1998 Rögl et al., 2002, 2008)
that corresponds mainly to top part of Zone 5 and Zone M6 of Berggren et al.
(1995). These index taxa are recorded in large numbers in the analysed samples
together with other planktonic species such as Globigerinoides triloba, G. bispheri-
cus, Praeorbulina sicana, Globogodrina dehiscens, Globigerina praebuloides, G. bulloides,
G. diplostoma, G. eamesi and Globigerinella obesa. Foraminifer associations from the
middle Badenian are dominated by calcareous benthonic foraminifers (especially
Lagenidae and Buliminidae) that can be correlated to the planktonic foraminifera
Globoturborotaliita drury / Globigerinopsis grilli Zone and probably with the up-
permost part of the benthonic foraminifera Lagenids Zone and the Pseudotriplasia
minuta Zone. The upper Badenian microfauna is dominated by planktonic fora-
minifers indicative of the Velapertina Zone, as well as pteropods (Limacina spp.).

Ostracods are abundant in the Badenian deposits. They are represented by
almost all fully marine taxa already recognized in the Central and Eastern Pa-

Figure 5.8 (facing page): Sarmatian foraminifers and ostracods (VM14, IL084: micropale-
ontological sample). 1, 2. Articulina problema (Bogdanowicz) (VM8, Volhynian); 3. Ortho-
morphina dina (Venglinski, 1958), (CG5, Volhynian); 4. Affinetrina guriana Djanelidze, (VM
14, Volhynian); 5. Varidentella cf. pseudocostata (Vengliski), (VM14, Volhynian); 6., 7. Vari-
dentella reussi (Bogdanowicz) (7-VM14, 8-CG5, Volhynian); 8. Pseudotriloculina angustioris
(Bogdanowicz) (IL08, upper Volhynian); 9. Sigmoilopsis sp., (IL08, upper Volhynian), 10.
Bolivina dilatata maxima (Cicha & Zapletalova), (CG05, Volhynian); 11, 12. Anomalinoides
dividens (Luczkowska), (IL1, Volhynian); 13. Cornuspira striata (Czjzek), (CG05, Volhy-
nian); 14. Anomalinoides dividens (initial part). 15. 16. Elphidium hauerinum (d’Orbigny) (15,
CG5; 16,VM19, Volhynian); 17. Elphidium reginum (d’Orbigny), (VM17, upper Volhynian);
18, 19. Aurila (Aurila) mehesi (Zalanyi), (VM17, Volhynian); 20, 21. Cytheridea hungarica
Zalányi, (VM17, Volhynian); 22, 23. Euxinocythere (Euxinocythere) diafana (Stancheva); 24,
25. Callistocythere incostata (Pietrzeniuk), (VM17, Volhynian); 26. Callistocythere postvallata
(Pietrzeniuk), (VM17, Volhynian); 27, 28. Amnicythere tenuis (Reuss), (VM17, Volhynian);
29. Amnicythere sp. (CG5, Volhynian); 30, 31. Cytherois sarmatica (Jiřiček); 32. Loxoconcha
cf. curiosa (Schneider), juvenile, (VM19, Volhynian); 33. Loxocorniculum schmidi (Cerna-
jsek), (VM 17, Volhynian); 34. Loxocorniculum hastatum (Reuss), (VM17, Volhynian); 35.
Xestoleberis glaberescense (Reuss), (VM17, Volhynian).
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ratethys (Table 5.2) (Gross, 2006; Olteanu and Jipa, 2006; Seko et al., 2012; Zorn,
2010). 24 Ostracod species were identified, most of them from the lower and mid-
dle Badenian sediments (Fig. 5.7). The upper Badenian provided a less diverse
assemblage.

The base of the Sarmatian is marked by a bloom of foraminifera species Anoma-
linoides dividens (Luczkowska) which is considered as the marker for the base of
the Sarmatian (Luczkowska, 1967), i.e. the Anomalinoides dividens Zone (Popescu,
1995). This level is well represented in almost all sections with Volhynian sedi-
ments of this facies association. In the middle and upper part of the lower Sar-
matian, species of Miliolidae and Elphididae foraminifera become frequent in the
Varidentella reussi Zone and Elphidium reginum Zone, together equivalent of the
Articulina sarmatica Zone. The most important taxa at this level are represented
by Varidentella reussi, V. cf. pseudocostata, Pseudotriloculina angustioris, P. conso-
brina, Cornuspira striata, Orthomorphina dina, Affinetrina guriana, Bolivina dilatata
maxima. In the upper part of the lower Sarmatian, close to the boundary with
the middle Sarmatian, a high development of species Articulina problema together
with Elphidium reginum and E. hauerinum was noticed. Ostracods from Volhynian
sediments (Fig. 5.8) are characteristic mainly for shallow water (Table 5.2).

Interpretation

This facies association is interpreted to represent deposition in front of the fan
delta environments of facies association II. This interpretation is supported by the
presence of sediments indicative for marine and elements indicative for terrestrial
environments. The observed slumping and dewatering is consistent with the
deposition of significant amounts of sediments. The transition from basement to
the (partly) alluvial setting of facies association II to this facies association occurs
over a distance of only a few kilometres, suggesting that the relief must have
been steep.

Lithofacies association IV: marine limestones

Limestones consisting of packstones and rudstones with a Sarmatian fauna and
a significant clastic content (Table 5.1).

Figure 5.9 (facing page): Examples of Badenian and Sarmatian deposits; a – lithofacies as-
sociation II; Badenian conglomerate sheets and lenticular bodies, Danube river section,
east of Turnu Severin (outcrop Q053); b – alternation of marls containing a lower Sarma-
tian fauna, silts and sands (shallow marine clastics and marls; lithofacies association III)
and conglomerates (lithofacies association II; fan delta to alluvial fan) (outcrop Q101); c,
d – features suggestive of slumping, lithofacies association III (shallow marine) (outcrops
Q037 and Q025).
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Interpretation

These limestones were deposited close to the shelf edge. They were only de-
posited in between the fans; sufficiently far away to allow for the deposition of
carbonates, but close enough for them to receive a significant clastic influx and a
mixing of clastic and carbonate material. Often the limestones were deposited on
top of Jurassic limestones, which probably formed highs in the basin bathymetry.

Lithofacies association V: shelf deposits
Lithofacies association V consists of various varieties of marls with a significant
siliciclastic content (Table 5.1). The deposits are horizontally laminated, layered
or massive and the bed boundaries are usually non-erosive. The marls are often
interbedded with matrix-supported conglomerates, silty, sandy and organic-rich
layers.

Fauna associated with the lithofacies association

Microfauna assemblages were found that date from the early Badenian to the
middle Sarmatian. They are indicative of a shallow water environment that was
slightly deeper than that of Lithofacies association III. The faunas share many
characteristics; the main difference between the two facies associations is the bal-
ance between planktonic and benthic species; planktonic species dominate facies
association V, whereas benthic species dominate facies association III. Moreover,
foraminifera are less abundant and diverse in deposits from facies association V.

Badenian ostracods were present, albeit with lower frequencies than for Litho-
facies Association III. In addition to the assemblages found in that facies asso-
ciation, a few species characteristic for deeper environments were identified. In
the Sarmatian ostracod assemblages the species Cytherois sarmatica and Xestole-
beris glaberescense are dominant. The Sarmatian ostracod fauna is dominated by
species characteristic for deeper water environments (Table 5.2), when compared
with the deposits from association III.

Interpretation

This facies association is linked to facies associations II and III, representing de-
position beyond the influence of the fan deltas; in between the fans and at larger
depth.

Figure 5.10 (facing page): Examples of Maeotian and Pontian deposits; a – Unconformity
separating Sarmatian conglomerates below (lithofacies association II; fan delta to alluvial
fan) from Maeotian deposits (lithofacies association VII) (outcrop R017). Note the scree
deposits at the contact; b – Maeotian fluvial deposits (lithofacies association VI) (outcrop
Q109); c, d – features suggestive of slumping in Pontian deposits (lithofacies association
VIII). The coloured intervals on the ruler have a length of 1 dm each (outcrops Q077 and
Q080).
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Table 5.1

Lithofacies Description Interpretation

Facies Association I: Basement derived breccia
I.1:
Basement de-
rived breccia
(Bn)

Decimeter-scale alternation of
mostly unconsolidated clast-
supported breccia and granules.
Blocks angular, size up to 40

cm. Large-scale fining upwards.

Scree (basal few 10’s of m,
angular fragments) overlain by
finer sediments representing a
developing river system (finer
sediments flow in between the
coarse blocks).

Facies association II: fan delta to alluvial fan
II.1:
Clast-supported
gravel, peb-
ble and cobble
sheets (Bn-Sm)

Decimeter-scale alternation of
gravel, cobble, pebble and sand
sheets. Clast-supported, sub-
angular to subrounded clasts.
Sands are immature and have a
high mica content. Imbrication,
inverse grading. Occasional
tabular crossbedding of ~5°.

Coarse grained fan delta. In-
terbedded with facies III.1 and
III.2, which contain a marine
fauna, indicative of the inner
shelf and beyond.

II.2:
Matrix-
supported
gravel, peb-
ble and cobble
sheets (Bn-Sm)

As II.1 but matrix-supported. Coarse grained fan delta. In-
terbedded with facies II.1,
which contains a marine
fauna, external shelf and
beyond.

II.3:
Coarse grained
lenticular bod-
ies (Bn-Sm)

Lenticular sediment bodies of
clast-supported subangular to
subrounded pebbles and cob-
bles. The clasts are chaotic and
do not show any sorting. The
lenses are < 1 m thick and
have a high width/thickness
ratio; widths are in the order
of 10 m or more. Occasionally
cemented. Occasionally interca-
lated with II.1.

Coarse grained fan delta, pos-
sibly debris flows in shallow
unstable low-sinuosity chan-
nels on an alluvial fan surface
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Table 5.1 – continued from previous page

Lithofacies Description Interpretation

Facies association III: shallow marine clastics and marls
III.1:
sand/silt sheets
(Bn-Sm)

As II.1, but sands and silts in-
stead of conglomerates. Inter-
calated silts and clayish silts.
Slight planar cross-bedding.

Shoreface; marine conditions.

III.2:
Sand/silt alter-
nation (Bn-Sm)

Centimeter-scale interbed-
ded sands and silts. Distorted
as a result of loading, syn-
sedimentary faulting and
slumping. Coal and wood-
fragments occur.

Shallow water; shoreface
and/or shelf. Normal marine
conditions.

III.3:
Marls (Sm)

Centimeter-scale layered fossil-
rich marls and massive marls,
interbedded with sands. Sands
become more prominent to-
wards the top. Occasionally
wood fragments are present.
Slumping occurs.

Prodelta and area between the
fans.

Facies association IV: Marine carbonates
IV.1:
Limestones
(Sm-2/Sm-3)

Packstones and rudstones with
a significant clastic content.

Shallow marine, formed on
top of a paleorelief, often con-
sisting of mounts of Jurassic
limestones.

Facies Association V: Shelf deposits
V.1:
Laminated and
layered marls
(Bn-Sm)

Laminated and layered marls,
organic and coccolith-rich lay-
ers. Iron oxides present abun-
dantly.

Inner shelf. Marine deposition
in between the mass flow fans.
Disoxic to anoxic lacustrine to
low-salinity marine.

V.2:
Marls and tuffs
with sands (Bn)

Decimeter-scale marls, in-
terbedded with massive,
centimetre-scale graded and
layered sands. Marls occasion-
ally contain tuff. Unconsoli-
dated.

Inner shelf and beyond be-
low storm wave-base with fre-
quent hyperpycnal flows or
turbidites.
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Table 5.1 – continued from previous page

Lithofacies Description Interpretation

V.3:
Massive and
layered marls
(Bn-Sm)

Massive and centimeter-scale
layered marls. Silty and calcare-
ous levels present.

Inner to Outer shelf. Marine
deposition in between the
mass flow fans.

Facies Association VI: Braided rivers
VI.1:
Coarse grained
sheets (Me)

Coarse-grained sheet- to lens-
shaped bodies. Alternation
of sheets of sandstone and
pebble-/cobble- sized clasts.
Organized in foresets which
occasionally grade into trough
cross-beds with set heights of
10–30 cm.

Braided river. The steep cross-
beds formed by frontal and
lateral accretion of migrating
mid-channel bars. The sandy
trough cross-sets formed
on the channel floor and
were covered by prograding
avalanche bar foresets.

VI.2:
lenticular sand
bodies (Me)

Thin (10–50 cm), wide lenses
of fine to coarse-grained sands.
Often associated with VI.1.

Braided river, depression fills
in lower-energy side channels
and/or stranded mid-channel
bars.

VI.3:
Cross-bedded
sands (Me)

Well sorted steep angular cross-
bedded sands and laminated
alternations of sands and silts
with dispersed pebbles and
cobbles.

Braided river, avalanche fore-
sets of bank-attached bars

Facies Association VII: Shallow lacustrine deposits
VII.1:
Marl (Me-1)

White marls rich in reworked
material as well as fossils. In-
terbedded with matrix sup-
ported conglomerates with
well-rounded fragments.

Shallow brackish environment
(salinity > 10g/l). Lacustrine
to restricted marina. Fauna
with fresh water affinities
become more prominent in
younger layers.
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Table 5.1 – continued from previous page

Lithofacies Description Interpretation

Facies association VIII: Shallow marine clastics
VIII.1:
Sands (Pt-1/Pt-
2)

Centimeter-scale cross-bedded
frequently bioclastic well-sorted
silts to sands to gravels. Coars-
ening upwards.

Littoral zone

VIII.2:
Rhythmites (Pt-
1/Pt-2)

Centimeter to decimeter-scale
alternation of sands and clays.
Abundant evidence of slump-
ing and sediment instabil-
ity. Horizontal lamination as
well as unidirectional ripple-
lamination.

Tidal flat/ mixed sand mudflat
(rhythmites).

VIII.3:
Sandy to silty
lacustrine marls
(Pt-1)

Centimeter-scale layered fossil-
rich silty and sandy marls

Lacustrine

VIII.4:
Fine sands (Pt-
1/Pt-2)

Well sorted fine sands, silts.
Small gravels/granules present.

VIII.5:
Channel (Pt-2)

Erosional channel. Contains
rip-up clasts, coarse grained
material.

Probably a submarine channel

Table 5.1: Lithofacies associations, description of the sedimentary features, con-
straints from fauna, and interpretation of the depositional environment. Bn-(1/2/3) –
(lower/middle/upper) Badenian; Sm-(1/2/3) – (lower/middle/upper) Sarmatian; Me –
Maeotian; Pt-(1/2) – (lower/middle) Pontian
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Table 5.2

Badenian

Agglutinated foraminifers:
Martinottiella karreri, M. communis, Semivulvulina deperdita, Spirorutilis carinatus, Cylin-
droclavulina rudis, Karrerotextularia inopinata, K. concavata and Bigenerina agglutinans.
The most frequent calcareous Miliolids foraminifers: Cornuspira striata, Sigmoilinita
tenuis, Lachlanella undosa, Qiunqueloculina regularis, Q. triangularis, Q. gracilis, Trilo-
culina gibba, Pyrgo simplex, Nummoloculina contraria, Pyrgoella sp..
Lagenids forminifers: Dentalina acuta, Marginulina hirsuta, Lagena geminensis, L. striata,
Favulina hexagona, Amphicoryna badenensis, A. hispida, Amphimorphina haueriana, Negebo-
rina longiscata, Nodosaria ambiqua, Pseudonodosaria sp., Nodosarella rotundata, Lenticulina
inornata, Glandulina ovula.
Buliminids foraminifers: Bolivina viennensis, B. retiformis, B. hebes, B. dilatata dilatata, B.
gracilis, B. antiqua, Bulimina subulata, B. konkensis, Bulimina elongata, B. cf. lappa.
The Uvigerina genus is well represented in the Middle Badenian sediments from litho-
facies association III. The most common species are: Uvigerina macrocarinata, U. ur-
nula, U. grilli, U. ex. gr. aculeata, U. brunensis. Other species from this group are:
Lapugyina schmidi, Angulogerina alticarinata, Coryphostoma digitalis, Ehrenbergina serrata,
Reussella spinulosa, Praeglobobulimina pyrula, Brizalina antiqua, Pleurostomella alternans,
Sifonodosaria sp., Stilostomella adolphina and S. vernuilli.
The Robertinidae foraminifers are represented by the high frequency of Hoeglund-
ina elegans and the Rotaliidae by Valvulineria complanata, Cancris auriculus, Sphaeroid-
ina bulloides, Cibicidoides austriacus, Cibicidoides ungerianus, Lobatula lobatula, Bias-
terigerina planorbis, Amphistegina bohdanowiczi, Melonis pompilioides, Pullenia bulloides,
Chillostomella ovoidea, Heterolepa dutemplei, Gyroidinoides soldanii, Hanzawaia boueana, Al-
liatina excentrica, Elphidium fichtelianum, E. crispum, E. flexuosum flexuosum and Planos-
tegina costata.
The ostracods are most frequent in the shallower environment (lithofacies asso-
ciation III) and are represented by almost all fully marine Paratethys taxa: Cy-
herella, Paranesidea, Triebelina, Eucytherura, Aurila, Callistocythere, Cytheridea, Pokorniella,
Phlyctenophora, Parakrithe, Krithe , Argilloecia, Tenedocythere, Grinioneis, Henryhowella,
Loxoconcha, Loxocorniculum and Xestoleberis genera.
The main species are: Cytherella russoi, Paranesidea brevis, Triebelina boldi, Eucytherura
aff. textilis tridentata, Phlyctenophora affinis, Parakrithe rotundata, Argilloecia acumi-
nata, Krithe papillosa, Kangarina coarctata, Cytheridea (Cytheridea) acuminata, Poko-
rnyella deformis, Tenedocythere sulcatopunctata, Aurila (Aurila) opaca, A. (A.) cicatricosa,
A.(Euaurila?) angulata, A. (E.) punctata, Grinioneis haidingeri, Henryhowella asperrima,
Loxocorniculum schmidi, L.hastatum, Loxoconcha kochi, L. punctatella, Xestoleberis dispar,
X. tumida.

110



5.4. Results

Table 5.2 – continued from previous page

Sarmatian

Identified foraminifera are:
Anomalinoides dividens, Varidentella reussi, V. cf. pseudocostata, Pseudotriloculina angus-
tioris, P. consobrina, Cornuspira striata, Orthomorphina dina, Affinetrina guriana, Bolivina
dilatata maxima. Articulina problema, Elphidium reginum and E. hauerinum.
The ostracod taxa from the Lower Sarmatian are mainly characteristic for shallow
water: Aurila (Aurila) mehesi, Cytheridea hungarica, Euxinocythere (Euxinocythere) diafana,
Callistocythere incostata, C. postvallata, Amnicythere tenuis, Loxocorniculum schmidi, L.
hastatum, Loxoconcha cf.curiosa , Cytherois sarmatica and Xestoleberis glaberescense. In
the deeper environment (lithofacies association V) the species Cytherois sarmatica and
Xestoleberis glaberescense are dominant.

Maeotian

Eucypris corrugata, E. gajtanensis, Caspiolla balcanica, C. acronasuta, Candona combiba, C.
inclinata, C. scomlensis, C. subtrapezoidalis, Candoniella suzini, Typhlocyprella lineocypri-
formis. The Hemiccytheria genus is well represented by Hemicyteria cancellata, H. in-
flata, H. strabella. The Leptocytheridae ostracods are frequent: Maetocythere praebacuna,
M. bacuana, M. bosqueti, Euxinocythere crebra as well as the Loxoconchidae with Loxo-
concha originalis, L. ancila, L. dobrotici, L. placida, L. potentis. The Xestoleberis genus is
represented by a large number of individuals of the Xetoleberis mariposa species.

Pontian

The basal part of the unit is dominated by Candonidae (ostracods):
Caspiocypris pontica, C. alta, C. labiata, Pontoniella lotzi, P. acuminata, P. acuminata striata,
Hastacandona hysterica, Caspiolla venusta, C. balcanica.
Upwards the fauna was enriched with other taxa like Leptocyderidae species such
as Amnicythere andrusovi, A. cornutocostata, A. cymbula A. palimpsesta, A. lata, A.naca,
A. subcaspia, Maetocythere bosqueti, M. praebaquana, M. sp., as well frequent individuals
of Cypria tocorjescui, Cypria sp., Bacunella dorsoarquata, B. sp., Cytherissa bogatschovi, C.
sp., Loxoconcha djaffarovi, L. eichwaldi, L. granifera, L. petasa, L. pontica, L. schweyeri, L.
babazananica, Mediocythereis apatoica, Pontoleberis pontica, Tyrrhenocythere pontica.
Characteristic species for the Late Pontian are: Tyrrhenocythere filipescui, T. taurica,
Cytherissa boghatschovi, Scottia sp., Amplocypris sp..

Table 5.2: Overview of the microfauna identified in samples from the western Dacian
Basin
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Lithofacies association VI: braided rivers

This lithofacies association consists of (mostly) unconsolidated sands, pebbly
sands and conglomerates (Figs. 5.3 and 5.9; Table 5.1). The conglomerates are
pebble to cobble-sized and are usually alternated with the sands. Some of the
conglomerates are organised in sheets and in foresets which may grade downdip
into trough cross beds. The shape of the foresets is tangential with short and
steep foresets, dip angles of approximately 20 degrees and set heights smaller
than 1 m. The sandstones are organized in cross-beds and lenticular bodies with
a thickness in the order of decimetres, and widths in the order of metres.

Interpretation

The facies suggest fluid flow in a braided river system, which comprises a net-
work of unstable channels with mid-channel bars, localized lower-energy sand-
filled channels and bank-attached bars. The cross-bedded sandstone beds formed
as bank-attached bars in a braided river environment (Lithofacies type VI.3; Ta-
ble 5.1). Cross-beds formed by avalanche foresets of migrating mid-channel bars
in a braided river environment (Lithofacies type VI.1). The finer-grained facies
(Lithofacies type VI.2) formed as depression fills in lower-energy side channels
in a braided river environment.

Lithofacies association VII: shallow lacustrine deposits

This lithofacies association contains only one lithofacies type; white marls to
sands (Table 5.1). Outcrops of the lithofacies type are found directly on top of an
unconformity. The deposits contain a Maeotian fauna suggestive of shallow fresh
to brackish water. At the basin margin the thickness of the deposits is limited to
a few metres.

Fauna associated with the lithofacies association

Outcrops are scarce but in the few outcrops that are present an extremely rich
association of ostracods characteristic for the lower Maeotian was found. Small
amounts of brackish foraminifera (species of Ammonia, Porosononion, Qiunque-
loculina) were present as well. The ostracod fauna and foraminifera suggest a
brackish shallow water environment, with salinities that were lower than dur-
ing the Sarmatian. Some ostracod taxa characteristic for the upper Pannonian
(s.str.) of the Pannonian Basin (Central Paratethys) are present; prominent ex-
amples are Typhlocyprella lineocypriformis, Maeotocythere praebaquana and Candona
(Thaminocypris) trapezoidalis.

Interpretation

Lacustrine deposition close to the lake shore. The lake may have had limited
connectivity with the ocean.
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Lithofacies association VIII: shallow marine clastics
Association VIII consists of well sorted sands, silts and gravels, and of rhythmites
(Table 5.1). The rhythmites consist of centimetre-to decimetre-scale alternations
of mostly sand and clay layers. The individual layers of the rhythmites are well-
sorted and, in case of the sands and gravels, well-rounded. Horizontal and uni-
directional ripple-lamination and stratification is present. Slumping is common,
as are small scale syn-sedimentary normal faults limited to individual beds, iso-
clinal recumbent folding of slumped deposits, erosional contacts in between beds
and the presence of clay rip-ups.

In the sandy facies, planar cross-beds occur, with dip angles of up to 40° and
set thicknesses of up to 40 cm. Average grain sizes varies from 300 to 2000 µ,
but no grading is present within the sets; changes occur at the set boundaries
and sorting is very good. Broken fragments of shells up to a few cm’s in size are
abundant.

Fauna associated with the lithofacies association

Deposits from this facies association contain a lower Pontian ostracod fauna that
is characterized by the ‘Paradacna abichi beds’, similar to what was described in
other parts Dacian Basin (Stoica et al., 2013). The basal part, close to Maeotian, is
dominated by Candonidae (Table 5.2). During the middle Pontian the lower Pon-
tian shelf to basinal brackish ostracod fauna is replaced by littoral and lacustrine
faunas. In upper Pontian deposits a ‘second Pontian bloom’ (Stoica et al., 2013) is
evident. The fauna consists of the lower Pontian association together with several
new species (Table 5.2).

Interpretation

The rhythmites were deposited in a coastal setting. They bear close resemblance
to the deposits of the lower mud flats as described by Evans (1965). An important
difference between the Dacian Basin and the setting described in that study is the
likely absence of significant tidal motion in the Dacian Basin, due to its reduced
size and paleobathymetry. The rhythmicity in the sediments must therefore be
attributed to other periodic phenomena, most likely seasonal variability. The
sands are interpreted as littoral deposits.

5.4.2 Seismic interpretation
Rift Climax: Badenian – Sarmatian (Middle–Late Miocene)
No clear differences between the Sarmatian and Badenian deposits are evident
on reflection seismics. Wells drilled in the shallow part of the basin show that
the sequence includes deposits from both stratigraphic units (Fig. 5.11). Deposits
from the two stages are therefore considered to be part of the same sequence.
Tilting and termination of the deposits against the Timok fault indicate that sig-
nificant vertical movements must have occurred along the fault. Part but not all
of the apparent tilting may result from a contrast of seismic velocities between
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Figure 5.11: Seismic profiles 4_1994 and 15_1992 from the western margin of the Dacian
Basin. Uninterpreted profile above, interpreted seismics in the two lower panes. Discus-
sion in text, location in Fig. 5.2 (inset).
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the basin fill to the SE and the basement to the NW of the fault. At shallow
and intermediate depth the sequence toplaps basement units and southwest of
the reactivated Timok fault it overlies Paleogene deposits, at depths of over 2000

msec two-way travel time (TWT).

Due to the significant vertical displacements along the Timok fault, the syn-
kinematic deposits are interpreted in terms of tectonic systems tracts (see chap-
ter 2). It should be noted that the setting in the study area differs significantly
from the large-scale extension of chapter 2; the Timok fault was a transtensional
strike-slip fault with a significant normal component. Only two systems tracts
are distinguished within the rift-climax sequence; the Early – Middle Rift Climax,
which show intensive tilting of the deposits against the fault and erosion of the
western fault block, and a Late Rift Climax, during which deposition extended
onto the western fault block and faulting and associated tilting was less intense
(Fig. 5.11).

Both the Early – Middle and Late Rift Climax systems tracts are characterised
by an alternation of sets of high amplitude, low frequency continuous reflections
with sets of low amplitude discontinuous reflections (Fig. 5.11). In seismic lines
parallel to the basin margin it is evident that the sets of the low amplitude re-
flections form bodies with widths of 4.7 ± 1.7 km that are embedded in the units
with the continuous high amplitude reflections. Perpendicular to the orogen the
bodies appear continuous. Within the low-amplitude-reflection bodies the indi-
vidual reflections pinch out against each other, showing a pattern suggestive of
compensational stacking of deltaic lobes (Fig. 5.12). Similar to the bodies as a
whole, features suggestive of stacking are more abundant on the lines parallel
to the basin margin than on those perpendicular to it. This shows that sediment
transport was directed towards the southeast on average.

LST1: Maeotian (Late Miocene)

West of the Timok fault, close to the basin margin, Maeotian deposits cover
Badenian and Sarmatian deposits unconformably; an onlap pattern is evident
(Fig. 5.11). Apparently, the relative sea level rose, but the rise is still limited.
The unit is therefore interpreted as a lowstand systems tract. East of the Timok
fault the Maeotian downlaps onto the Rift Climax deposits but no truncation of
these deposits is evident. The reflections have a sigmoid configuration, indicat-
ing progradation away from the basin margin and an infilling of the available
accommodation space. Within the sequence an alternation of progradational and
aggradational clinoforms is apparent (Fig. 5.11).

When compared to the Rift Climax, the Maeotian deposits are not faulted
intensively; it is likely that the contrast in accommodation space across the Timok
fault and the minor faulting of the Maeotian results from differential compaction.
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Figure 5.12: Detail from seismic line 92_14_14. Two seismic facies have been distinguished;
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TST1 / HST1: early Pontian (Late Miocene)
The lower Pontian exhibits clear sigmoids near the basin margins and highs and
the reflection patterns are parallel to slightly divergent at larger depth. The se-
quence toplaps LST1 and locally coastal onlap can be observed at the base of
the sequence. The sequence overlies the underlying deposits concordantly and is
interpreted as a Highstand Systems Tract; a Transgressive systems tract may be
present at its base (TST1).

LST2: middle Pontian (Late Miocene)
This sequence overlies truncated units. At the basin margins coastal onlap is
evident from surface outcrops while at depth downlap is apparent. The unit is
relatively thin and thins further away from the basin margins. No clear sigmoids
were observed, reflections are parallel to slightly divergent and reflections are
strong. This sequence is interpreted as a Lowstand Systems Tract.

TST2 and HST2: late Pontian (Late Miocene/Pliocene)
The upper Pontian onlaps onto the middle Pontian; across the Timok fault a
sigmoid configuration of the reflectors is apparent (Fig. 5.11). The remaining
reflections are divergent, continuous and often chaotic. Based on the foregoing,
this sequence is interpreted as a Highstand Systems Tract. At the base of the
sequence some terminations are present that are compatible with a Transgressive
Systems Tract.

5.5 Discussion

5.5.1 Evolution of depositional systems

Rift Climax: Badenian – Sarmatian (Middle – Late Miocene)
Near the basin margins the upper Badenian to middle Sarmatian deposits reach
thicknesses of up to 500 m. SE of the strike-slip faults crossing the Timok fault,
this thickness increases to over 2 km. The micropaleontological analyses show
that deposits from all Badenian substages are present.

Although they are interpreted to belong to a single sequence, significant pa-
leoenvironmental events are evident in the deposits. As a consequence of the
isolation of the Paratethys from open marine basins (the Mediterranean Sea or
Indian Ocean) at the Badenian/ Sarmatian boundary, salinities decreased, result-
ing in a transition from marine to brackish conditions. Very few Badenian species
passed this barrier. After a short period of dysoxic condition, a brackish water
fauna developed during the early Sarmatian.

The depositional system that was active during this period consisted of deltaic,
shallow marine and shelf environments; facies associations II, III and V, respec-
tively. The fauna found is indicative of a normal marine salinity. Also present are
limestones (facies association IV) and scree deposits directly above the basement
(facies association I) (Fig. 5.3).
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The proximal deposits consist of various types of clastics. Most of them were
deposited by subaqueous debris flows part of a delta front. In the subaerial part
of the system, where debris flows occur, braided rivers in unstable, shallow chan-
nels were present on the fan surface. The source area for the sediments consists
of the nearby Carpathians, which were uplifting at the time when this system
was active. The shallow marine deposits were deposited away from and in be-
tween the fans and consist of various types of marls and silts. The fauna shows
water depths of at most 100 m. Internal unconformities and local hiatuses occur,
resulting from both autocyclic behaviour of the system and tectonics. Firstly, the
shifting of the delta lobes results in local shift from deposition to erosion, and
back. In the part of the system where the debris flows and the shallow marine
deposits interfinger, the shallow marine sands, silts and mud were often dis-
turbed by slumping and loading processes resulting from oversteepening at the
delta front. Finally, local uplift and tilting may have resulted in further slumping
and local erosion.

The deposits presently exposed at the surface show a juxtaposition of fan-
related facies to shallow marine facies. Occasionally, these facies alternate (Fig.
5.9), which is interpreted to result from shifts in the locations of the fans. This
shifting of fans can also be used to explain the alternating sets of high ampli-
tude, continuous reflections and sets of low amplitude discontinuous reflections
at depth. Furthermore, a gradual shift of facies towards the east shows that
progradation of the system away from the basin margin occurred.

More distal marine deposits consist of marls which occasionally contain tuff.
The microfauna suggests marine conditions. Water depths range from a few 10’s
of metres up to at least 200 m, based on the presence of Globigerina sp.

Locally, packstones and rudstones with a significant clastic content were de-
posited (Lithofacies association IV; Marinescu, 1978; Krstić et al., 1997). This
facies is juxtaposed to a deeper water facies (Lithofacies association V), where
marls were deposited. These carbonates were likely deposited away from the
fans, probably on top of highs in the basin floor, often formed by Jurassic lime-
stones.

The transition from basement to alluvial to shallow marine occurs over a rel-
ative short distance, showing that the relief must have been steep. Indeed, a
young relief is to be expected during the Badenian to Sarmatian, as major uplift
occurred during these stages in the South Carpathians (Bojar et al., 1998). The
most proximal parts of the system have since been removed as a result of uplift
and erosion (Bojar et al., 1998).

Apart from uplifting the source area, tectonic processes also resulted in strike-
slip faulting parallel to the orogen with significant vertical movements. These
faults were located at the basin margins, some of them inside the presently ex-
posed basement, some of them in the basement underlying the basin (Fig. 5.13).
In the study region, the Timok fault was active, as is evident on reflection seismics
from the large change in thickness of the Badenian – Sarmatian across the fault
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Figure 5.13: The depositional system that was active during the Badenian and Sarma-
tian. The Roman numerals refer to the facies associations as indicated in Table 5.1 and
section 5.4.1.

system (see also Tărăpoancă et al., 2007). The total horizontal offset along the
fault is estimated at 65 km dextral displacement (Fügenschuh and Schmid, 2005)
and the maximum vertical offset is about 2.5 – 3 km (Tărăpoancă et al., 2007). A
significant part of this offset predates the Middle Miocene; in the study area the
Badenian – Sarmatian vertical offset is limited to about 1500 msec (Fig. 5.11).

Some of the deposits from facies association II, which is associated with the
Rift Climax, were previously interpreted to be Pontian in age; a hypothesis with
major paleogeographical implications (Clauzon et al., 2005; Suc et al., 2011). This
study provides additional constraints on the age of these deposits; at outcrop
Q073 (Fig. 5.2) a rich upper Badenian fauna was found in silty and clayish layers
interbedded with the deposits from lithofacies association II and at outcrop Q101

fines with a lower Sarmatian fauna were found interbedded in conglomerates
(Figs. 5.2 and 5.9). Previously, the Badenian to Sarmatian age of the conglomer-
ates was already shown in other conglomeratic deposits based on fauna found
in interbedded fines (Fig. 5.2; outcrops Q040, Q041A of this study) (Jipa et al.,
2011). The conglomerates were also shown to be unconformably covered by
lower Maeotian deposits (Jipa et al., 2011; Fig. 5.2; Fig. 5.10; outcrop R017, this
study) and by lower Pontian deposits (Fig. 5.2; outcrop R015). No Pontian faunas
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were found.

LST1: Maeotian (Late Miocene)

The fact that the Maeotian is separated from the Badenian and Sarmatian de-
posits by an angular unconformity at the basin margin (Fig. 5.10) shows that a
significant relative sea level fall must have occurred during the late Sarmatian
or early Maeotian, prior to the deposition of the Maeotian sediments. At depth,
SE of the Timok fault, the Maeotian downlaps onto the Sarmatian. The bound-
ary between the Sarmatian and the Maeotian is marked by a contrast in seismic
facies.

The onset of Maeotian deposition coincides with an initial increase in relative
sea (lake) level, which is interpreted as the base of LST1. The relative sea level was
much lower than during the Rift Climax phase, however; fluvial, lacustrine and
shallow marine Maeotian deposits cover marine Badenian – Sarmatian deposits.
The fact that fluvial and lacustrine Maeotian deposits are covered by restricted
marine Pontian deposits shows that the base level was significantly lower than
during the Pontian as well (Fig. 5.2; Fig. 5.3).

The depositional system that was active differs significantly from the system
that was active during the Badenian/Sarmatian. Two distinct Maeotian facies
associations were identified; the first association represents a braided river sys-
tem (VI). The second association (VII) represents shallow lacustrine deposition.
The deposits from this facies association contain a brackish and sometimes fresh
water fauna from which the Maeotian age is evident. Deposits belonging to this
facies have thicknesses of a few metres at most.

The surface deposits most likely were deposited on a delta plain; lacustrine
or restricted marine deposition where the delta plain was below sea (lake) level,
and fluvial deposition above sea level. It is likely that shoreface deposits were
also deposited; that no such deposits were identified most likely results from the
low number of outcrops of Maeotian age.

On the seismic lines the Maeotian is characterized by an overall prograding se-
quence. Two types of clinoforms can be recognized within the sequence; progra-
dational and aggradation clinoforms (Fig. 5.11), which have geometries that are
somewhat similar to the ones described in chapter 4. It can be speculated that this
alternation is caused by fluctuations of the water level in the basin. Alternatively,
however, the alternation may result from autocyclic behaviour of the depositional
system. At present, there is insufficient data to rule either option out.

As a result of the progradation a regressional trend is to be expected in surface
deposits. This fits with what is known from other parts of the Dacian Basin
(South Carpathian Foredeep – Madulari and Cerna Sections) where brackish to
fresh water deposition was shown to give way to more fluvial-continental facies
(Krijgsman et al., 2010; Stoica et al., 2013).
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TST1 / HST1: early Pontian (Late Miocene)
A dramatic change of depositional systems and base level occurs at the base of
the lower Pontian; a transgressive event takes place that can be correlated to sim-
ilar events in other Paratethys basins (Krijgsman et al., 2010; Stoica et al., 2013).
The transgressive moment is associated in the study area with the presence of
levels rich in the bivalve Congeria (Andrusoviconca) amygdaloides novorossica (Mari-
nescu, 1978). Like the Maeotian deposits, lower Pontian deposits are scarce at the
surface, probably due to later erosion.

Together, LST1 and TST1 represent a phase of overall transgression; the initial
transgression occurred during the Maeotian and resulted in the development of
LST1. The accommodation space created at this point was filled in by prograda-
tion from the basin margins. Subsequently, during the late Maeotian and/or early
Pontian, the base level rose further, resulting in the development of TST1, and
reached its highest point during the early Pontian, when HST1 was deposited.

In the coastal environment well sorted sands, silts and clays were deposited,
often as rhythmites. Coarse clastics are mostly absent. Offshore, marls were
deposited. The deposits observed at the surface contain faunas indicative of
relatively shallow water depths; in the order of 10’s of metres.

The depositional system is different from the Maeotian system, and especially
from the Badenian – Sarmatian system. The relative base level is much higher
than during the Maeotian. The large influx of coarse clastic material that occurred
during the Rift Climax stopped. Facies were continuous over larger distances and
differences in water depth were significantly smaller. This can be explained from
the fact that the major phase of thrusting and uplift in the nearby Carpathians
had largely ceased by this time. As a result the relief was not as steep as during
the Rift Climax.

LST2: middle Pontian (Late Miocene / Pliocene)
During the middle Pontian the same depositional system is active as during the
early Pontian, but a marked change in base level is inferred from the observed
facies; marls give way to more sandy deposits, and a brackish lower Pontian
fauna is replaced by a littoral to lacustrine fauna.

This inferred base level drop matches earlier results from other parts of the
Dacian Basin (Stoica et al., 2007; Krijgsman et al., 2010). In those cases, it was
concluded that the base level decrease occurred within the same time frame as
the Messinian Salinity Crisis in the Mediterranean.

Close to the basin margin the base of the middle Pontian often consists of
an angular unconformity. In large parts of the study area the middle Pontian
rests on units older than the early Pontian; often the upper Badenian to middle
Sarmatian and occasionally even the basement. Apparently a phase of erosion
occurred prior to the middle Pontian deposition.

On the seismic lines; the lower Pontian reflections terminate against toplap-
ping middle Pontian reflections (Fig. 5.11). SE of the strike-slip faults cross-
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cutting the Timok fault the middle Pontian downlaps onto the lower Pontian. No
erosional features were observed here (Fig. 5.11).

TST2 / HST2: late Pontian (Late Miocene / Pliocene)
At the surface the upper Pontian deposits show a return to deeper water con-
ditions, similar to those of the lower Pontian. On the seismics clinoforms can
be observed in the upper Pontian sequence (Fig. 5.11), both on lines oblique to
the orogen and on lines parallel to the orogen; the direction of progradation
varied. In all cases the progradation seems to be directed towards regions that
experienced local subsidence during the Badenian to Maeotian. The faulting that
was active during this period caused subbasins to form which were largely filled
during their formation. This resulted in significant variations in thickness of the
sedimentary deposits. The formation of the subbasins and the associated dif-
ferential compaction gave rise to the ramps from which progradation occurred
during the post-rift phase.

5.5.2 Basin connectivity during the Badenian – middle Sarmatian s.l.
When discussing connections between basins it is important to distinguish be-
tween one-way connections, which can consist of rivers flowing from one basin
to another or of subsurface flow, and two-way connections, which allow for the
transport of water, sediments and fauna in both directions. During the late Bade-
nian and the Sarmatian s.str. a two-way connection must have been present in be-
tween the Pannonian Basin and the Carpathian foredeep2; marine and restricted
marine conditions prevailed during this period in the Pannonian Basin (e.g. Rögl,
1999; Piller and Harzhauser, 2005), so there must have been an influx of saline
water. From the late Badenian onwards, a connection to the Eastern Paratethys
through the Carpathian foredeep is the only likely source of saline water for the
Central Paratethys (Rögl, 1999).

The exact location for this connection is not known. Recent dating of the
isolation event suggests that the Transylvanian Basin formed a link between the
two basins (Vasiliev et al., 2010a; Filipescu et al., 2011; ter Borgh et al., 2013, see
also chapter 3). The study area has often been proposed as a location for this
connection as well.

Based on the results it can not be ruled out that a two-way connection was
present in the study region during the early Badenian; deposits from this sub-
stage were deposited at significant water depths. In the late Badenian to Sarma-
tian the presence of a two-way connection in the study area is somewhat unlikely.
The presence of such a feature should have had an impact on the depositional
environment, for instance by the occurrence of a zone where no proximal depo-
sits are present. Deltaic deposits of this age are present continuously along the
basin margin, however.

2I’m not using the term ‘Dacian Basin’ here, as that term should only be used to refer to the
post-orogenic phase of the Carpathian foredeep; from the late Sarmatian onwards.
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There is no clear proof either for a one way connection in the study area,
in fact local sediment-transport from the uplifting orogen into the basin fits the
depositional model better. If a one-way connection, for instance in the form of a
river flowing from the Pannonian to the Carpathian foredeep, was present, it did
not have a significant impact on deposition in the basin.

5.5.3 Basin connectivity during the late Sarmatian s.l. – Maeotian

From about 11.7 Ma onwards water exchange from the Dacian towards the Pan-
nonian Basin was no longer possible, as is evident from the development of an
endemic fauna in the Pannonian Basin (e.g. Magyar et al., 1999b). This moment
coincides with the start of the late Sarmatian s.l. in the Dacian Basin and with the
boundary between the Sarmatian s.str. and the Pannonian s.str. in the Pannonian
Basin (e.g. Magyar et al., 1999b).

In the Maeotian deposits ostracod taxa with affinities with the upper part of
the Pannonian s.str. of the Pannonian Basin (Central Paratethys) were found. This
finding, combined with earlier reports of the presence of freshwater molluscs
with Pannonian affinities in Maeotian deposits of the western Dacian Basin (e.g.
Olteanu, 1979), suggests in favour of at least a one-way connection from the
Pannonian to the Dacian Basin. Moreover, modelling shows that in order to
maintain bracksih conditions in Lake Pannon, a one-way connection with an
outflow in the order of 15 m3/s is required (Uhrin, 2011).

It cannot be ruled out that this one-way connection existed already during
the late Sarmatian. In that case the isolation of the Pannonian Basin blocked the
connection between the basins in one direction only. Unfortunately deposits from
this interval are absent in the study area.

Alternatively, a new connection could have formed at the beginning of the
Maeotian. At least two mechanisms could have been responsible for connecting
the basins; firstly, the onset of the Maeotian coincided with a transgression, albeit
a minor one (e.g. Krijgsman et al., 2010; Stoica et al., 2013, this study).

Secondly, the reconnection could have resulted from an increase of the lake
level of the Pannonian Basin. The relative lake level rose continuously (see chap-
ter 4; Sztanó et al., 2013), and it is possible that part of this rise was absolute,
which may have created an outlet from the lake; either episodically or perma-
nent. The lake level rise may have resulted from the decrease in extent of Lake
Pannon and the effects this had on the precipitation / evaporation balance of
the lake (see section 4.4.2). The outflow may have occurred either along a river
(e.g. Leever et al., 2011), or through subsurface flow (Menkovic and Koscal, 1997;
Uhrin, 2011). Subsurface flow can only explain the migration of fauna if it oc-
curred along karst networks; flow along faults or as groundwater flow as sug-
gested by Menkovic and Koscal (1997) would not allow for a migration of fauna.
The Iron Gates area contains significant amounts of limestone formations and
networks of caves are known to be present (e.g. Ljubojević, 2001).
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Figure 5.14: Overview of major events affecting the Central and Eastern Paratethys during
the Miocene and Pliocene. Infill of the Pannonian Basin after Magyar et al. (2013). Vh –
Volhynian, Bs – Bessarabian, Kh – Khersonian.
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In conclusion, it is likely that a one-way connection from the Pannonian Basin
to the Dacian Basin existed during the Maeotian. Whether it originated during
the Maeotian, or already during the Sarmatian, can, at present, not be established.

5.5.4 Late Sarmatian / early Maeotian sea level drop
Maeotian deposits are separated from older units by an angular unconformity.
The youngest deposits below the Maeotian unconformity are middle Sarmatian
in age. No upper Sarmatian fauna was found in the study area, suggesting a
hiatus between the middle Sarmatian and Maeotian deposits. Although most
workers have focused on the intra-Pontian unconformity (e.g. Clauzon et al.,
2005; Krijgsman et al., 2010; Leever et al., 2011; Suc et al., 2011; Jipa et al., 2011), it
thus appears that another regressional event occurred during which the relative
base level drop in fact was at least within the same order of magnitude, possibly
even larger. In the fluvial deposits from facies association VI no datable fauna
was found to be present, but the deposits were placed in the Maeotian based on
their position between two unconformities; the deposits cover Sarmatian deposits
and are in turn covered by Pontian restricted marine sediments.

Although Maeotian deposition coincided with a minor transgression, the rela-
tive sea level was still at the lowest point for the whole period studied. This was
the result of relative base-level drop that occurred at the end of the Rift Climax.
The relative sea level was lower than during the subsequent intra-Pontian MSC
event. The late Sarmatian / early Maeotian base-level drop correlates at the scale
of the entire Dacian Basin (Leever et al., 2010) and is coeval with a sea level drop
observed in the Black Sea (sequence boundary SB2 of Munteanu et al., 2012).

5.5.5 Intra-Pontian regression and the Messinian Salinity Crisis (LST2)
A significant regression occurred during the middle Pontian. This regression can
be correlated to a regional drop in base level that affected the entire Eastern Para-
tethys (e.g. Krijgsman et al., 2010). Whether the Central Paratethys was affected
as well is subject to discussion; some studies proposed that a Messinian (Pontian)
Gilbert-type delta was present in the study area (Clauzon et al., 2005; Suc et al.,
2011). If such a delta is indeed present a major river flowing from the Pannonian
Basin (C. Paratethys) to the Dacian Basin must have been present. The presence
of this delta was challenged recently (Jipa et al., 2011) based on paleontological
data that showed that the foreset deposits were in fact Badenian in age, predating
the Messinian Salinity Crisis by at least 2 My.

In this study the proposed foreset deposits were studied in more detail. They
belong to lithofacies association II (fan delta to alluvial fans), which were part of
the depositional system as it was active during the Badenian and Sarmatian. This
age is constrained further by the presence of Badenian and Sarmatian faunas in
the deposits. No evidence of Pontian faunas was found in the conglomerates.

Although the exact location and scale of a connection between the Central and
Eastern Paratethys can not be resolved at present, it is highly likely that a one-
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way connection existed (see chapter 4). The most important evidence for this is
the migration of Central Paratethys fauna towards the Eastern Paratethys (Müller
et al., 1999).

Both seismic and sedimentary facies suggest a significant transgression at the
start of the late Pontian. This transgression is probably the result of a change in
the hydrological balance in the region, which resulted from warmer and more
humid conditions (Krijgsman et al., 2010). Alternatively, it may have been caused
by a reconnection of the Paratethys with the Mediterranean Sea due to the Zan-
clean transgression at the Miocene/Pliocene boundary (5.33 Ma), which ended
the Messinian Salinity Crisis in the Mediterranean (e.g. Clauzon et al., 2005).

5.6 Conclusions
This study provides new constraints on the base level fluctuations and fluctua-
tions in basin connectivity that affected the infill of the Dacian Basin during the
Miocene and Pliocene. The findings indicate that the Dacian Basin experienced a
large number of events in a rather short amount of time of ~10 My, responding to
the tectonic uplift of the Carpathians and to far-field driven connectivity events
linked with the Pannonian Basin and with the Black Sea.

Relative sea level fluctuations were tectonically driven during the Badenian
and Sarmatian (Fig. 5.14). Thermochronology indicates that the South Carpa-
thians adjacent to the study area experienced the last phases of exhumation
during these times (Bojar et al., 1998; Fügenschuh and Schmid, 2005; Merten,
2011), which coincides with the massive Badenian – (early) Sarmatian coarse
progradation that occurred at the basin margins of the Dacian Basin. The dis-
tances between the source and the sink were short at this time; the activity of
transtensional faults with significant vertical displacements such as the Timok
fault resulted in the continuous creation of new accommodation space close to
the orogen.

At the end of the Sarmatian, rapid tectonic exhumation ceased and the Da-
cian Basin became subject to steady subsidence (e.g. Bertotti et al., 2003; Matenco
et al., 2003). From the Maeotian onwards, the influence of tectonics was sec-
ondary and regressional-transgressional cycles were governed by eustatic and
basin connectivity events. The effects of these events were enhanced by the lim-
ited accommodation space; in effect, the Dacian Basin was a large shallow em-
bayment connected with the Black Sea. This study demonstrates that sea level
changes in such a system with limited accommodation space create large effects
in which the induced changes of the depositional environments are observed
over very large areas.

The Miocene – Pliocene evolution of the combined Pannonian Basin – Da-
cian Basin – Black Sea system also demonstrates the importance of the concept
of connectivity in basin studies. Starting from an initial early Badenian period
when a two-way connection existed between the Pannonian and Dacian basins,
the connections between the basins were gradually reduced as a result of the
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uplift of the Carpathians. The final connection was severed during the Sarma-
tian s.l., establishing Lake Pannon as an endorheic basin (Fig. 5.14). This study
has significant inferences for the connectivity between the Dacian and Pannonian
Basin. Firstly, the analysis of the depositional environments in the western part
of the Dacian Basin shows that it is unlikely that the final connection between
the two basins was located here. Secondly, the results show that the isolation
did not persist throughout the Maeotian; the presence of Pannonian Basin fauna
in Dacian Basin shows that a connection between both basins must have existed
during at least part of the Maeotian. It is possible that the regional lake level rise
recorded in the Pannonian and Transylvanian Basin during the early Pannonian
and the coeval transgression in the Dacian Basin may have led to the connectivity
event(s).

A significant regression occurred in the Dacian Basin during the late Sarmatian
or early Maeotian. The regional nature of this event is confirmed by seismic
stratigraphic studies at the scale of the entire western Dacian Basin and the Black
Sea (Leever et al., 2010; Munteanu et al., 2012). Our study shows that water levels
in the Dacian basin dropped to the lowest point in post-Badenian times, which
demonstrates that this was the most important event in this particular basin. The
start of deposition during the Maeotian coincided with a minor transgression, but
even after this transgression (relative) water levels were still lower than during
the Sarmatian and Pontian. On the other extreme, the Pontian starts with a rapid
major transgression, which brought the lake to its highest level in post-Sarmatian
history. This short-lived event was followed by a lake level drop during middle
Pontian times, an event that was possibly equivalent to the Messinian Salinity
Crisis of the Mediterranean. This drop may have occurred in the entire Dacian
Basin and the Black Sea (Hsü and Giovanoli, 1979; Munteanu et al., 2012). The
timing of the event in the Black Sea event is subject to debate, however (e.g.
Kojumdgieva, 1983), and it may alternatively be placed in the Maeotian, which
would mean that it could correlate to the period between the end of the Rift
Climax and LST1.

In case the event in the Black Sea was Pontian in age, an apparent mismatch
between the Dacian Basin and Black Sea becomes evident; the largest relative
sea level drop recorded in the Dacian Basin took place during the late Sarmatian
or early Maeotian, coinciding with the end of the Rift Climax, while the intra-
Pontian (MSC) event had a lower amplitude. In the Black Sea the reverse was
proposed to be the case (Bartol and Govers, 2009; Munteanu et al., 2012); the
intra-Pontian MSC sea level drop was proposed to have an amplitude in the
order of 1.3 – 2.2 km while the Maeotian drop was much smaller.

This apparent mismatch can be cited as an argument that the current dating of
the Black Sea-event is wrong. It can also be explained, however, from the fact that
the lake level in the Dacian Basin is controlled by the elevation of the submarine
barrier separating the two basins. If the water balance for an isolated Dacian
Basin is positive, the water level in the basin will not drop below the level of
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this barrier; a one-way river connection flowing across the now exposed barrier
into the Black Sea will form, and the Dacian Basin will evolve as an elevated
lake (Bartol et al., 2012). A further, more gradual drop of the lake level may
occur as a result of incision at the barrier. If the balance between precipitation
and evaporation is negative, the lake will disconnect and its level will continue
to fall, but the drop will be independent from the one in the Black Sea. This
mechanism is of major relevance when interpreting Eastern Paratethys base level
drops for which no exact age data is available.

These inferences underline that systems of isolated lakes with low accommo-
dation space experiencing connectivity events are much more sensitive to exter-
nal forcing parameters than open marine environments. Changes are rapid and
can be short-lived, environments, fauna and sea level changing rather fast in time
and space. In any case, none of these events seem to respect the order of cyclicity
defined in classical sequence stratigraphy.
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The Danube pours down from Mount Abnoba, one very high
but easy of ascent, flows trough several nations, at last flowing
into the Pontus trough six streams; a seventh channel is lost in
the marshes.

Tacitus

Germania, ch. 1
circa 98 CE

The Iron Gates near the Mraconia monastery. Southward
(upstream) view.



6 | Drainage network reorganization as a
proxy for tectonic activity

6.1 Introduction
When the distribution of uplift over a region changes, drainage networks must
adjust. Often, a catchment will enlarge its drainage area, at the cost of one or
more other catchments. This results in drainage network reorganization, which may
occur through a variety of processes including stream diversion, capture and be-
heading (e.g. Bishop, 1995). Recent modelling studies have shown how tectonic
processes can result in drainage network reorganization and leave an imprint in
the drainage network (Castelltort et al., 2012; Goren et al., 2012). The drainage
network may thus be used to constrain recent tectonic activity of a region, which
can help bridge the gap between the very recent record of tectonic activity (e.g.
GPS-measurements, geodesy; 100 − 102a) and the longer-term record (radiomet-
ric methods; > 106a).

Recently, methods have been developed to extract information on tectonic ac-
tivity from Digital Elevation Models (DEM) (Wobus et al., 2006; Perron and Roy-
den, 2013, and references therein). These methods have focused mostly on the
internal characteristics of catchments. In this study a new approach to DEM-
analysis is showed that can be used to establish the occurrence of tectonic ac-
tivity from the interactions between catchments as a result of drainage network
reorganization.

I do this by applying this newly developed methodology to the recent evo-
lution of the Carpathians and associated sedimentary basins. The Carpathians
are a low-topography orogen, resulting from a ‘soft’ continental collision. The
resulting low exhumation rates hamper thermochronological studies (Matenco
et al., 2010). Alternative methods for determining uplift can help improve our
understanding of the collisional mechanics of such low-topography orogens.

The Cretaceous – Pliocene exhumation is relatively well constrained in the
Carpathians (e.g. Bojar et al., 1998; Sanders et al., 1999; Willingshofer et al., 2001;
Fügenschuh and Schmid, 2005; Moser et al., 2005; Necea, 2010; Merten, 2011).
Less is known about the occurrence of recent uplift, or lack thereof (Fielitz and
Seghedi, 2005; Necea, 2010; Molin et al., 2012; Tiliţă et al., 2013). I will examine if
uplift occurred recently, and if this caused drainage network reorganization.

Within the Carpathians three case studies were selected; the first case study
focuses on the Carpathian bend area (Fig. 6.1a), the youngest part of the orogen,
where large-scale tectonic activity occurred in an intra-continental domain (e.g.
Leever et al., 2006; Matenco et al., 2007; Merten et al., 2010). The second case
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Figure 6.1: Overview of the part of the Danube catchment this study focuses on. Three
case studies were selected: a) the Carpathian bend area; b) the drainage divide between
the Olt and the Mureş in the Transylvanian Basin, and c) the drainage divide between the
Jiu and the Danube near the Iron Gates. Also shown are the drainage divides between
individual catchments of Danube tributaries, SRTM elevation data and streams with a
stream order larger than 2.
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study focuses on the southern part of the Transylvanian Basin (Fig. 6.1b), where
the occurrence of short-wavelength Quaternary uplift is suggested (Krézsek et al.,
2010; Matenco et al., 2010; Tiliţă et al., 2013). The Iron Gates, where the river
Danube crosses the Carpathians, are the subject of the final case study (Fig. 6.1c).
At present, this area connects the Pannonian and Dacian Basins. When the Iron
Gates formed, and what processes were responsible is still subject to debate (see
chapters 3, 4 and 5).

6.2 Methods
We apply a procedure to compare the tributaries in a catchment. As first reported
by Hack (1957), most river profiles are described by the following equation:

S = ks Am (6.1)

where S is the local river slope, A the contributing area, ks a constant describing
channel steepness, and m the concavity index. If we limit the scope of our analy-
sis to a catchment where we can safely assume that ks and m are constant we can
expect that all rivers in this catchment will share a relationship between A and
S. Since drainage network reorganization leads to a change in contributing area,
we can then use this relationship between channel slope and contributing area to
assess whether part of a catchment was involved in river capture processes. In
such cases, the relationship will not hold for the parts of the catchment involved.

It would seem that the most straightforward approach is to directly compare
slope to area. In fact, slope-area analyses are commonly used for studying river
profiles but are affected by a number of problems. The main problem is that an
estimation of the local river slope is required. Usually a Digital Elevation Model
(DEM) is used, but the vertical resolution of such models is commonly limited to
one meter and subject to significant errors. Estimation of slopes from such data
by differentiation leads to a further increase of uncertainty (Perron and Royden,
2013). Stair-steps and the integer format of many DEMs are an additional source
of uncertainty (Perron and Royden, 2013). Resampling techniques can help over-
come part, but not all of these limitations (Wobus et al., 2006).

Instead of using a method that is based on differentiating elevation data we
choose a strategy that performs an integration over the catchment in the upstream
direction building forth on existing methods (Whipple and Tucker, 1999; Royden
et al., 2000; Perron and Royden, 2013, Goren (pers. comm., 2012)). We start with
the transient stream-power law equation:

dz
dt

= U(x)− ε(x) (6.2)

where U is the uplift rate, x is the distance from the river outlet to some point
along the river, z is elevation and ε the detachment-limited rate of bedrock chan-
nel erosion (Whipple and Tucker, 1999):

ε = K(x)A(x)mSn (6.3)
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where S is the local river slope (dz/dx). Combining 6.3 and 6.2 we get after
rewriting:

U(x) = K(x)A(x)m
(

dz
dx

)n
+

dz
dt

. (6.4)

Essentially, this equation describes the upstream migration of a knick point with
kinematic wave speed C(x) = K(x)A(x)m. The time (τ) it takes for a knick point
to migrate from a reference point x0 to a point x along the river can be found by
integrating C(x) over x:

τ(x) =
∫ x

x0

(
1

K(x)A(x)m

) 1
n

dx. (6.5)

In the case where K is uniform across the entire catchment we can rewrite this
to:

τ(x) = K− 1
n

∫ x

x0

dx
A(x)

m
n

. (6.6)

The integral part of this equation can be calculated stepwise on DEM data. When
we’re only making a comparison of the various tributaries in a catchment it is not
necessary to know the absolute value of τ; a dimensionless value, which we will
call χ, will suffice. We thus introduce a reference drainage area A0 of 1m2 (Perron
and Royden, 2013), resulting in:

χ(x) =
∫ x

x0

(
A0

A(x)

)m
n

dx. (6.7)

We now turn back to equation 6.4. Assuming a topographical steady-state ( dz
dt =

0), separating variables and integrating both sides of the equation (Perron and
Royden, 2013), this equation can be rewritten to:

∫
dz =

∫ ( U(x)
(K(x)A(x)m

) 1
n

dx. (6.8)

Combining equations 6.8 and 6.7 we arrive to (Perron and Royden, 2013):

z(x) = z(x0) +

(
U

KA0
m

) 1
n

χ(x) (6.9)

and conclude that for a steady-state and spatially constant uplift rates and K-
values all points in a catchment with a similar value of χ should be at the same
altitude. We can thus use this relationship to identify portions of a catchment
that deviate from the rest of the catchment, for instance because uplift rates or
erodibility are spatially variable or because river piracy is occurring. Another fac-
tor that may influence χ-plot stems from an important assumption in the stream
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Figure 6.2: Conceptual χ-plots. a – a capture in steady state. All tributaries share the same
trend; b – one tributary is undergoing capture; c – one tributary has recently captured
drainage area from another river; d – one tributary is subject to lower uplift rates than the
others. Whether a higher or lower χ-value is to be expected depends on the value of n.
Here n = 1 was assumed.

power equation. The stream power of a river depends on the actual discharge,
and commonly drainage area (A) is used as a proxy for precipitation (P). If the
distribution of precipitation over the catchment is not uniform this affects the
calculation of χ.

6.2.1 Effects of drainage rearrangement and variations in U and K values

From equation 6.6 we can derive what the expected effect will be of processes
such as river capture, of a spatial variation in uplift rates and of spatial variations
in erodibility on plots of χ over z. For simplicity, we start with a conceptual
catchment (Fig. 6.2a) where a linear relationship exists between χ and z but the
technique also works for non-linear trends.
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If a tributary is losing drainage area due to capture this will lead to a decrease
of the value A in equation 6.6. As a consequence, the tributary undergoing
capture will have a larger value of χ for a given altitude than a tributary in the
same catchment that is not losing drainage area (Fig. 6.2b); local river slope is
too low for what is to be expected based on the discharge along the tributary.
Such losses of drainage area will only be evident when a subset of the tributaries
are losing drainage area; if all tributaries are subject to capture this will not be
visible on a plot.

If a tributary has been capturing drainage area from another river recently the
system is probably not in steady-state yet. If a river segment gained upstream
contributing area by capturing another river, this will lead to an increase of A.
According to equation 6.6 for a given altitude lower χ-values are expected than
for tributaries not involved in river capture. Until steady-state conditions are
reached the segment that was captured will be on a different trend than the
capturing tributary (Fig. 6.2c).

Spatial variations in factors such as erodibility and uplift will affect U and K
in equation 6.5. In the case where part of a catchment is subject to lower uplift
rates, this will result in lower values of χ for a given altitude (Fig. 6.2d); less
material needs to be eroded for a knick point to migrate and that takes less time.
Lower values of K have a similar effect; if, for instance, erodibility is lower in part
of the catchment, erosion rates will be lower there and knick points will migrate
at a lower speed.

6.2.2 Preparation of the data
Upstream stream length, cumulative drainage area and elevation were deter-
mined by applying a steepest decent algorithm on a SRTM-DEM (Farr et al.,
2007). Hydrological correctness had to be assured by blocking incorrect flow-
paths in a few cases, but not in the areas the analysis was focused on. 8-Way
flow directions were determined per pixel, on the corrected, sink-filled version
of the DEM.

Since the stream-power law our analysis is ultimately based on only applies to
bedrock rivers (e.g. Sklar and Dietrich, 1998), we limit the analysis to the part of
the drainage system where incision into bedrock occurs. Alluviated rivers were
not used in the analysis but for reference, they are displayed in the χ-plots in gray.
Streams with a drainage area of 106m2 or smaller were assumed to be dominated
by debris-flows (Montgomery and Foufoula-Georgiou, 1993) and were not used
in the analysis. To save computation time, streams with a drainage area between
106m2 and 107m2 were not used either, after it was found that this did not notably
affect the analysis.

6.2.3 Constants and parameters
To calculate χ it is necessary to know m

n . Commonly, this value falls in a narrow
range near 0.5, between 0.35 and 0.6 (Whipple and Tucker, 1999). Various values
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were tested and it was found that a m
n -value of 0.5 produced the best results,

whereby most tributaries in a stable catchment share a relationship between χ
and z. We therefore set m

n to 0.5 for all analyses.

The relationship between z and χ was found to be strongly affected by lithol-
ogy; a clear inflexion was found to be present in the χ-plots at the boundary
between pre-Miocene (mostly metamorphic and igneous) and Miocene sedimen-
tary rocks. Although the presence of the lithological inflections did not render
the analysis impossible it was found that adding a lithology-dependent factor
(α) to equation 6.7 made the plots significantly easier to comprehend. A value
of 0.6 for the Miocene rocks removed the inflections, for the dominantly igneous
and metamorphic rocks a value of 1 was used. Although not strictly part of the
analysis, a value of 0.3 was used for the alluviated streams. The lithologies were
classed based on the 1 : 200, 000 map sheets of the Geological Map of Romania
(Fig. 6.3).

6.3 Results

6.3.1 Transylvanian Basin

The Transylvanian Basin is drained by three rivers, each draining roughly one
third of the basin. Two rivers, the Someş and the Mureş, exit the basin at its
western margin, into the bordering Pannonian Basin (Fig. 6.1). In the southern
part of the basin the River Olt leaves the basin, crossing the Southeast Carpa-
thians towards the Dacian Basin (Fig. 6.1). A comparison of the topography in
the catchments of the three rivers shows that the area drained by the Olt is at a
significantly higher elevation than the bordering Mureş catchment (Fig. 6.4).

At the drainage divide between the Olt and the Mureş a valley is present that
has the appearance of a wind-gap (Fig. 6.5). South of the divide, in the Olt
catchment, a valley fill with a maximum width of 5 km is present. North of the
divide, in the Mureş catchment, the maximum valley width is about 1 km. South
of the divide Quaternary strath terraces are abundant, north of the divide few of
them are present close to the divide, and further north none are present. There is
also a marked difference in altitude between the terraces and the rivers on both
sides of the divide; the Würm-1 terrace is located at approximately 430 m at both
sides of the divide. South of the divide the river is flowing at approximately 400

m. North of it at approximately 350 m. It thus appears that river incision during
and/or after the latest glacial was larger north of the divide.

The χ-plot for the Olt-tributaries (Fig. 6.6) shows that the tributaries bordering
the divide have higher χ-values for a given altitude than the other tributaries.
An estimate was made of the lost drainage area (Fig. 6.4). In the resulting χ-plot
(Fig. 6.7) all tributaries plot closer together.
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Figure 6.3: The lithologies that were distinguished for setting K in equation 6.8 and
overview of the parts of the catchments displayed in χ-plots in the continuation of this
chapter. Colours of streams match the colours used in the plots. Lithologies were differ-
entiated based on map sheets of the 1 : 200, 000 Geological Map of Romania.
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Figure 6.4: DEM of the Transylvanian Basin. The Olt is at a significantly higher elevation
than the Mureş and the Someş. The outlines of Figs. 6.5 and 6.8 are shown. Mio-Pliocene
thrusts after Tiliţă et al. (2013). AF – Appulum Fault, RCF – Ruşi-Cenade Fault, AT –
Alămor Thrust , OF – Odorhei Fault.
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Figure 6.5: Geological map of Sibiu-area. A wind gap is located near Ocna-Sibiului. The
river south of the wind gap is a tributary to the Olt, while the river north of the wind gap
drains into the Mureş. Mio-Pliocene thrusts after Tiliţă et al. (2013).

6.3.2 Carpathian bend area
Within the upper part of the Buzău catchment features indicative of river cap-
ture processes are apparent. In the upper reaches of the catchment close to the
drainage divide a distinct hook-shaped pattern is present (Fig. 6.8). The highest
topography in the Buzău catchment does not coincide with the drainage divide,
but is located downstream of the hook (Fig. 6.8).

On the χ-plot for the Buzău two distinct clusters can be distinguished (Fig. 6.9).
In the first cluster a linear relationship is apparent between z and χ (Fig. 6.9; in
green). In the second cluster clear inflections are present (Fig. 6.9; in red). The
‘flat’ parts of the plot coincide with the region between the highest topography
and the drainage divide. The ‘steep’ parts are located downstream of the ‘flat’
areas.

Based on the data above I hypothesize that capture occurred in the upper part
of the Buzău catchment; either by capture from the Olt catchment, or by capture
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Figure 6.6: χ-plot of the tributaries of the Olt that border the Mureş catchment. The
northwestern branch of the Olt (in orange and purple) has higher χ-values than the the
southeastern branch (in blue). In the inset the different lithologies are shown: red for
igneous and metamorphic rocks and cyan for Miocene sedimentary rocks. Location of
clusters in Fig. 6.3.
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Figure 6.7: χ-plot of the tributaries of the Olt that border the Mureş catchment, after
shifting the drainage divide between the Olt and Mureş towards the north. As a result,
the northwestern branch of the Olt moves towards the southeastern branch in the plot. It
is likely that the tributaries west of Sibiu (in orange) were also subject to capture by the
Mureş, but that possible shift was not modelled. Legend in figure caption 6.6
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Figure 6.8: DEM of the Carpathian Bend area. In its upper reaches the Buzău river makes
a 180° turn. The drainage divide between the Olt and the Buzău and Rimnic rivers does
not coincide with the highest topography but is located very close to the Braşov Basin.
In between the drainage divide and the highest topography Quaternary sediments are
present along the course of the Buzău. Numerous wind gaps are present at the drainage
divide and within the catchment of the SE-flowing rivers.
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Figure 6.9: χ-plot of the Buzău catchment. In the higher parts of the catchment two
distinct clusters are present; a cluster with a roughly linear trend (in green), and a cluster
with a clear inflections, at ~700 m and ~950 m (red). Rivers incising into Quaternary
(terrace-)deposits are shown in yellow. In the inset the different lithologies are shown:
red for igneous and metamorphic rocks, cyan for sedimentary rocks and dark blue for
Quaternary deposits. Location of clusters in Fig. 6.3.
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Figure 6.10: χ-plot of the Buzău catchment, upper part of drainage area removed. The
original data is shown in grey. The two distinct clusters present in Fig. 6.9 now share a
linear trend. Legend in figure caption 6.9.

of the tributaries from the first cluster by tributaries from the second cluster
(Leever, 2007). This hypothesis was checked by removing the upper part of the
drainage area (Fig. 6.10).

On the resulting χ-plot the previously described clusters can no longer be dis-
tinguished; the entire drainage area shows the same linear relationship between
z and χ.

To test if the Buzău captured drainage area from the Olt the presumably cap-
tured drainage area was added to the Olt catchment. A χ-plot of the Olt tribu-
taries bordering the drainage divide (Fig. 6.11) shows that the neighbouring part
of the Olt catchment has a significant spread but that all tributaries have roughly
the same linear trend. Adding drainage area to the Olt did not result in a more
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Figure 6.11: χ-plot of the upper part of the Olt catchment, which borders the Buzău catch-
ment. In the inset the different lithologies are shown: red for igneous and metamorphic
rocks and dark blue for Quaternary deposits. Location of clusters in Fig. 6.3.

coherent χ-plot; the tributaries bordering the Buzău catchment moved closer to
the other tributaries, but the line for this cluster now is much steeper than that
of the neighbouring clusters (Fig. 6.12).

6.3.3 Iron Gates area

After crossing the Carpathians at the Iron Gates the Danube enters the Dacian
Basin near the town Drobeta-Turnu Severin (Fig. 6.13). On both banks, the trib-
utaries of the Danube have small drainage areas only; in the north they are bor-
dered by that of the river Jiu and its tributaries. About 250 km downstream of the
Iron Gates this river also drains into the Danube. The Jiu catchment also includes
other rivers, such as the Motru and Gilort, but I will refer to the entire catchment
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Figure 6.12: χ-plot of the upper part of the Olt catchment, which borders the Buzău
catchment. The surface area of the region that was removed from the Buzău catchment
was added to Olt-tributary (in dark red) that borders the Buzău catchment. The original
data is shown in grey. Legend in figure caption 6.11.
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Figure 6.13: DEM of the Jiu catchment. Near Drobeta-Turnu Severin small tributaries of
the Danube border the Jiu catchment. The drainage divide coincides with a sharp change
in relief here, and the small tributaries of the Danube are at a significantly lower elevation
than the Jiu.
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Figure 6.14: A minor tributary to the Danube incising deeply into Miocene deposits.
Remains of an older landscape are present above the cliffs. Photo taken near outcrop R017

(Fig. 5.2)

as the Jiu catchment. The rivers in between the Danube and the Danube-Jiu
drainage divide shows signs of a rejuvenation of the landscape; steep incision
into older landscapes. The rivers incise deep in the Miocene deposits exposed
at the basin margin (Fig. 6.14). Hook-shaped drainage patterns were observed
(Fig. 5.2; Marinescu (1978)).

At present the Danube is not incising, due to the presence of the Iron Gates
hydroelectric dams. This was different in the recent past, however. In a very
detailed contribution, Cvijić (1908) described strong active erosion at multiple
locations along the gorges. A number of terraces and platforms are present in
the Iron Gates area, some of which were dated, which has been cited to prove
that incision along the Iron Gates gorges during and after the Pleistocene (Cvijić,
1908) or even the last ice age (Marović et al., 1997) exceeded 100 m. Considering
the altitudes of the river terraces and the large difference in discharge between
the Danube and the Jiu, it is highly unlikely that the Jiu has been incising at the
same rate.

On the χ-plot for the Jiu the tributaries bordering the Danube have higher
χ-values than the rest of the catchment for a given altitude (Fig. 6.15). The hy-
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Figure 6.15: χ-plot of the Jiu catchment. Tributaries shown in blue border the Danube,
tributaries shown in orange do not. Rivers incising into Quaternary (terrace-)deposits are
shown in yellow. In the inset the different lithologies are shown: red for igneous and
metamorphic rocks, cyan for sedimentary rocks and dark blue for Quaternary deposits.
Location of clusters in Fig. 6.3.
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Figure 6.16: χ-plot of the Jiu catchment. The surface area of the region that was hypoth-
esized to have been captured away from the catchment by the Danube was added to the
rivers neighbouring this area, the original data is shown in grey. Legend in figure caption
6.15.
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pothesis that this resulted from the beheading of the catchment by the Danube
was tested. The area of a triangular region bounded by the drainage divide, the
Cerna valley and the Danube was added to the tributaries on the Jiu-side of the
drainage divide. As a result, χ-values for these tributaries decreased significantly,
to values more in line with the rest of the Jiu catchment (Fig. 6.16).

6.4 Discussion

6.4.1 Transylvanian Basin

The Transylvanian Basin is drained by three rivers. Are the divides between
these three rivers stable, or not? Three separate lines of evidence suggest that the
drainage divide in between the Mureş and Olt is not. Firstly, the catchment of
the Olt is at a significantly higher elevation than that of the Mureş. The drainage
divide is not at a significantly higher elevation than the rest of the Olt catchment;
the catchment of the Olt forms a platform within the basin. Secondly, a wind
gap is located at the drainage divide near Sibiu. Thirdly, south of the wind gap
river terraces are located over a wider area than one would expect for the small
river flowing through it. The terraces are present north of the drainage divide
as well, but their extent gradually diminishes towards the north. North of the
divide the rivers incise deeper than south of it. Besides these field observations,
the χ− z-analysis shows that the tributaries of the Olt next to the drainage divide
have lost drainage area. After the Tirnava Mara was captured by the Mureş from
the Olt, it started capturing drainage area from the Olt along the drainage divide.
This can be considered to be a second phase of river capture. Adding back area
to these Olt tributaries put them on a trend similar to the other Olt-tributaries in
this part of the catchment.

The most likely explanation for these observations is that the Olt used to have
a major tributary continuing past Sibiu towards the north (Fig. 6.4), then turning
towards the east, to Medias. This tributary, the Tirnava Mara River, was captured
by the Mureş near this eastward bend. The significantly lower base level of
the Mureş led to significant erosion along the Tirnava Mara and its tributaries.
As a result, the drainage divide between the Tirnava Mara and the Olt started
moving southwards. The most prominent example of this is the valley between
Medias and Sibiu, which is gradually being captured by the Mureş; effectively,
the flow direction is being reversed in this segment. The terraces along this river
segment that are currently being removed date from the Würm (Weichselian)
glacial and Riss-Würm (Eemian) interglacial (Gheorghian et al., 1975), showing
that the capture must have occurred during or after the Eemian; after 130 ka.

What could be causing the demise of the Olt? It is unlikely that a lithological
contrast between the captures’ basin fill caused capture; no significant differences
exist; both catchments are incising into Sarmatian and Pannonian deposits, which
have similar lithologies. Another possible explanation is that the Olt catchment
is affected by uplift, whereas that of the Mureş is not or less. Evidence of such
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a contrast indeed exists; in the subsurface of the Transylvanian Basin significant
amounts of salt are present. Since the Badenian this salt has been migrating
from the basin centre towards the basin margins, causing uplift at the margins
(Krézsek and Bally, 2006; Tiliţă et al., 2013). A shallow thrust outcrops at the
Sibiu wind gap, and a salt diapir reaches the surface there (Fig. 6.5). Faults
belonging to the Rusi-Cenade fault system (RCF) coincide with hooks and wind
gaps at other points in the Olt catchment. It thus becomes apparent that the Olt
is affected significantly by active uplift related to salt migration. Part of the RCF
is located in the Mureş catchment, and uplift must have occurred there as well.
The tributaries of the Mureş that are affected have a larger catchment than the
Tirnava Mara, however, are less easily defeated by uplift.

The main phase of salt migration in the Transylvanian Basin occurred during
the Miocene (e.g. Krézsek and Bally, 2006), with peaks during the late Sarmatian
and late Pannonian (Tiliţă et al., 2013). Two alternative driving forces for the late
salt migration have been proposed; (1) gravitational spreading off the slope of
the rising Carpathians (Krézsek and Bally, 2006) enhanced by volcanic loading in
the east (Szakács and Krézsek, 2006), and (2) escape of salt from the thick clastic
load in the basin centre towards the margins in an overall compressional regime
(Tiliţă et al., 2013).

In general, the zone where salt-related thrusts are present follows the drain-
age divide between the Olt and the Mureş (Fig. 6.4). It is likely that this is not
merely a coincidence but that the drainage system in the southern part of the
Transylvanian Basin was affected by the short-wavelength uplift resulting from
salt tectonics. This implies that salt diapirism was active even during the Quater-
nary, something that was first speculated by Krézsek and Bally (2006) and proven
locally by Tiliţă et al. (2013). The results from this study show that although the
magnitude of uplift may have been limited (in the order of 10’s of metres; Tiliţă
et al., 2013), the implications were significant.

Another factor that may have contributed to the instability of the drainage
divides in the Transylvanian Basin is a larger-scale instability of the Danube
River Basin drainage system. It is likely that the modern appearance of the
Danube near the Iron Gates developed during the Pliocene or Pleistocene (see
section 6.4.3). Such an event may have caused a significant drop in the base level
upstream of the Iron Gates. Since the Mureş drains to the Pannonian Basin, this
would have led to a drop of base level in that catchment as well. This in turn
could have contributed to the migration of the drainage divide between the Olt
and the Mureş.

6.4.2 Carpathian bend area
In the lower reaches of the Transylvanian Basin the Olt catchment is not stable.
It will now be established whether this is also the case further upstream, in the
Carpathian bend area. Here, the upper reaches of the Olt catchment share a
drainage divide with rivers belonging to the Buzău catchment.
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Until now, two theories have been proposed for river capture in the Carpa-
thian bend area. Fielitz and Seghedi (2005) speculated that the Braşov Basin was
originally part of the E-ward, foreland directed drainage systems, including the
Buzău. This is in line with paleontological data, which show that the basin had
Eastern Paratethys affinities until the late Early Pleistocene (Necea, 2010), and
with seismic constraints (Leever et al., 2006). The Transylvanian Basin used to be
part of the Central Paratethys (Rögl, 1999). Capture of the Braşov Basin by the
Olt started after 8 Ma and is still ongoing. Leever (2007) identified three features
of the Buzău that are not completely explained by this model: it does not explain
why the highest topographic elevations are located south of the drainage divide,
why the 180° turns are present in the upper reaches of the Buzău catchment, and
why Quaternary sedimentation occurred there. Instead, a model is proposed
where recent uplift is defeating the tributaries to the Buzău close to the drainage
divide. River long profiles and the occurrence of small magnitude earthquakes
in the region are put forward as evidence favouring this theory.

Both theories can explain why the Braşov depression was captured by the Olt.
The theories differ in their explanations of hook-shaped drainage patterns in the
Buzău catchment, however. According to Fielitz and Seghedi (2005) the hooks are
the remaining tributaries of the Buzău; other tributaries were already captured.
I’ll refer to this theory as the ‘pre-existing feature scenario’. According to Leever
(2007) the ends of the hooks were captured by the Buzău from other foreland-
directed rivers; the ‘defeat scenario’. The methodology put forward in this study
can be used to test the predictions from both models. For the ‘defeat scenario’
we can expect the rivers gaining drainage area to have lower χ-values for a given
altitude than rivers losing drainage area. Removing the area where capture is
occurring from both sets of rivers should bring the rivers closer together on the
plot. In the ‘pre-existing feature scenario’, we expect a river losing drainage area
to have higher χ-values for a given altitude than a river not losing drainage area.
In this scenario the rivers containing the hooks are losing drainage area whereas
the rivers south of the local divide are not. In this case, we should expect the
lower reached of the rivers containing hooks to plot below the other rivers in
the drainage area, since they are actively losing area. Because the hooks are not
the result of capture but merely a relic of the old drainage system, we expect the
spread in the graph to increase when we remove this part from the drainage area.

The results clearly favour the ‘defeat scenario’; the rivers containing the hooks
have lower χ-values for a given altitude than the other tributaries. Removing the
area between the regional and local drainage divide removes the spread entirely.

It can thus be concluded that the uplift is affecting the Buzău in a number of
ways. Firstly, because of the uplift the river long profile is being disturbed, up
to the point that erosion is no longer occurring and sedimentation starts. This
explains sedimentation along these segments of the rivers. The river Olt, less af-
fected by the uplift, captured the Braşov Basin from the Buzău. In the remainder
of the Buzău catchment the tributaries with the smallest stream power started be-
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ing defeated by the uplift, leading to the formation of wind gaps (Leever, 2007).
Tributaries with higher stream powers remained and captured the drainage area
from the defeated rivers.

6.4.3 Iron Gates Area
The drainage divide between the Jiu and the Danube and its tributaries near
Turnu Severin is not stable. This is evident both from geomorphological evidence
and from the χ − z-analysis. The small tributaries to the Danube are capturing
drainage area from the Jiu, a river that drains into the Danube over 200 km
further downstream.

Considering the current organization of the drainage network, it is not surpris-
ing that drainage network reorganization occurs; the drainage divide between
the Jiu and Danube is strongly asymmetric, as is directly apparent from the DEM
(Fig. 6.13). The rivers draining directly towards the Danube do so in as little as
5 km, while the confluence with the Jiu occurs over 200 km downstream along
the Danube. In between Drobeta-Turnu Severin and the confluence with the Jiu,
the Danube drops only approximately 10 m; from approximately 35 to 25 m. The
drainage divide is located at approximately 350 m.

Having established that a disequilibrium exists, I will try to establish how
this situation developed; are the catchments not in equilibrium any longer, or
haven’t the catchments reached equilibrium yet? This question can be answered
by exploring what an equilibrium-situation would have looked like. The drainage
divide is currently migrating towards the northeast, so, if an equilibrium existed
previously, it must have been located southwest of its current location, closer to
the Danube. Considering the fact that the drainage divide is already very close to
the Danube, it is hard to imagine it even closer to a Danube somewhat similar to
the present day river. I therefore speculate that an old equilibrium-situation must
have been drastically different from the present situation. A significant change
must have occurred recently to either the Jiu or the Danube, and the rivers have
not yet reached equilibrium since.

The most likely possibilities for parameters that may have been different are
uplift rates, or discharge. A difference in uplift rates would imply that the Jiu
catchment was uplifted at higher rates, in order to maintain the higher relief of
this catchment. Data on recent uplift rates is scarce, but considering the fact
that continental collision has long ceased uplift rates are probably not very high
and its wavelength will probably be long. A significant difference in uplift rates
between the Jiu and the nearby Danube catchment is therefore unlikely, but con-
sidering the lack of data it can not entirely be ruled out either.

If the current disequilibrium of the Danube-Jiu drainage divide is not the result
of a difference in uplift-history, then what can it be the result of? A significant
increase in discharge along the Danube is a more likely cause; such an increase
would have increased the stream power of the Danube, leading to an increase
in incision rates along the Danube in the Iron Gates area. Prior to the increase
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in discharge a much smaller river would have been located at the position of
the current Danube; a river somewhat similar in size to the rivers in the Jiu
catchment.

The formation of the Iron Gates
A long-standing controversy still exists on the moment at which the Danube first
crossed the Carpathians, and what mechanism was responsible. This question is
of large importance for paleogeographic reconstructions of Southeastern Europe;
the Danube is Europe’s second longest river and its catchment extends from the
Alps to the Black Sea.

Existing ideas, based mainly on geological and geomorphological observa-
tions, are grouped in three hypotheses (Menkovic and Koscal, 1997; Marović
et al., 1997; Leever, 2007):

1. The overflow hypothesis - the Danube Gorges formed by the Pannonian
lake overflowing into the Dacian Basin, which caused the observed incision.

2. The capture hypothesis - the eastward-flowing drainage system of the Da-
cian Basin captured the westward-flowing drainage system of the Pannon-
ian Basin.

3. The antecedence hypothesis - a river was present already since the Pliocene
or even the Middle Miocene.

The first two hypotheses can be combined in one model while the third is incom-
patible with the others.

An important difference between the three hypotheses is the time scales on
which they play; in the river capture and overflow models the reconnection-event
takes place in the Pleistocene while in the antecedence hypothesis a connection
would have been present much earlier; before the Upper Pliocene (Leever, 2007).

The results from this study suggest that the Danube in the Dacian Basin is
a recent feature. This would fit the capture/overflow group of theories (Peters,
1876; Toula, 1896; Marović et al., 1997) for the formation of the Iron Gates. It can
also be united partly with the antecedence theory as put forward by Menkovic
and Koscal (1997); a connection between the Dacian and Pannonian Basins was
present in the Iron Gates area since the Miocene, but until the Pontian (lat-
est Miocene/Early Pliocene) flow occurred underground, along karst caves and
faults. The present-day morphology is much younger than the Pontian; the newly
formed Danube tributaries incise into rocks at least as young as the upper Pon-
tian, and restricted marine to lacustrine conditions prevailed during much of the
Pontian (Fig. 5.2, see chapter 5). For the antecedence theory to be true, the mo-
ment at which the Danube regained its surface expression must be placed later,
during the Pliocene or the Pleistocene. After fluvial-continental conditions were
established in the Dacian Basin during the Pliocene (Jipa and Olariu, 2009) time
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Figure 6.17: Drainage network reorganizations follow the pattern of recent uplift; the
catchments most affected by uplift lose drainage area to neighbouring catchments. Geolo-
gical Map modified after Schmid et al. (2008), legend in Fig. 2.1. B.B. – Braşov Basin, I.G.
– Iron Gates.

is first required to establish the Jiu as a separate river, before starting drainage
network reorganization. In this scenario the newly established surface expression
of the Danube would have been the cause of drainage network rearrangement.

6.5 Conclusions

χ − z-analysis can be used to identify zones where drainage rearrangement is
occurring. Drainage rearrangement can in turn be used as a proxy for the occur-
rence of uplift. The analysis can also be used to constrain spatial variability of
uplift and lithology within a catchment.

The analysis was applied to three mountainous areas in Southeastern Europe
in two of which active uplift is shown to be occurring. For the Transylvanian
Basin it is shown that uplift as a result of salt migration is still ongoing on the ba-
sin margins. As a result river catchments are unstable: locally drainage network
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reorganizations occur. In the Carpathian bend area Pliocene – Quaternary uplift
resulted in the capture of the Braşov Basin by the Olt from the Buzău. Drain-
age network reorganization is also occurring within what remains of the Buzău
catchment; part of the tributaries are being defeated by uplift and their drainage
area is captured by other tributaries, supporting previous suggestions by Leever
(2007).

In the Southern and Southeastern Carpathian Mountains catchments under-
going active uplift are losing drainage area to other catchments (Fig. 6.17). For
the Olt, this means it has recently gained drainage area in its upper reaches, from
the Buzău. In the Transylvanian Basin, however, it is losing drainage area to the
Mureş (Fig. 6.17).
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Source to sink systems form as the result of the competition between tectonic
processes, that build topography, and surface processes, that destroy it. In the
Danube River Basin – Black Sea source to sink system continental collision pro-
duced both topographic highs and topographic lows; mountain ranges formed
at the contact between the colliding plates, and sedimentary basins formed in the
fore-arc and back-arc (Fig. 1.1). Surface processes responded to this uneven dis-
tribution of mass by eroding the topographic highs and transporting the erosion
products to the topographic lows.

7.1 Tectonic processes

Even though a common mechanism was responsible for the formation of moun-
tain ranges and basins, it appeared previously that there was a mismatch between
the timing of collision and the timing of basin formation; shortening and exhuma-
tion in the orogen (the Carpathian Mountains) occurred from the Late Oligocene
to the Late Miocene, while extension in the back-arc basin (the Pannonian Basin)
was thought to occur predominantly during the Middle Miocene. Results from
this study however, show that extension was a more continuous process, with a
timing similar to that of shortening and exhumation near the plate margins. This
implies that the roll-back of the Carpathian slab, which caused the extension,
started as early as the Late Oligocene and remained active until the Late Miocene
(see chapter 2).

7.2 Surface processes and depositional models

When orogenesis and basin formation stopped, not only the sources and sinks
were affected but also the pathways connecting them. The distance between
sources and sinks was smallest during the early development of the source to
sink system. When small sinks close to the sources had been filled in, the distance
increased. In the Dacian Basin for example, the source, pathway and sink were
only a few 10’s of kilometres apart during the climax of nappe-stacking in the
Carpathians (see chapter 5); at present the Dacian Basin has been filled in and
sediments are deposited as far away as the Black Sea.

An increase in distance between sinks and sources also occurred in the Pan-
nonian Basin. Here, extension was accommodated by a large number of grabens.
The footwalls were often exhumed and subjected to erosion, while the grabens
served as sinks for the erosion products. As a consequence the distance between
these (local) sources and sinks was small (see chapter 2). By the end of the Rift
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Climax extension and the associated thermal subsidence had caused the entire
region to submerge and become a sink.

After extension had ceased the Pannonian Basin was filled in. New data pre-
sented in this thesis show that progradation also occurred from the southern
and eastern basin margins, in addition to the previously described progradation
from the northwestern basin margin (see chapter 4). Although the sources were
different, the geometries of the shelf margins are similar (see chapter 4).

7.3 Structural inheritance
Tectonic and depositional processes often influence source to sink systems long
after their termination. In the Pannonian Basin for instance, post-extensional
compaction caused an increase in accommodation space above thick graben fills.
As a result the post-extensional sedimentary infill is thicker there (see chapter 4).
Although movement along the graben bounding fault had long ceased, the dif-
ferential compaction caused the formation of minor normal faults in the post-
extensional basin fill. For this reason, the graben infill should be studied to con-
strain the duration of extension, and not the fault (see chapter 2).

Effects of differential compaction on the post-kinematic basin fill are also evi-
dent in the Dacian Basin, where a strike-slip fault running parallel to the thrust
front locally caused large differences in the thickness of sedimentary deposits
well after faulting had ceased (see chapter 5).

7.4 Basin connectivity and drainage networks
The effects of fluctuations in basin connectivity on the Paratethys were very large.
An example is the isolation of the Central Paratethys from the Eastern Paratethys.
As a result transport of sediments between these regions was no longer possible,
the source to sink system was split in two, a regional extinction event occurred
and an endemic fauna developed. These changes significantly affected the sub-
sequent phase of basin fill (see chapter 4).

The Pannonian Basin was isolated around 11.7 Ma (see chapter 3). The main
cause of this event must have been the uplift of the Carpathians although eustatic
sea level fluctuations may have had a minor influence as well, by triggering the
isolation. The isolation probably occurred in steps; during the Badenian the Cen-
tral and Eastern Paratethys formed a single domain. During the late Badenian
and Sarmatian, approximately from 13 Ma onwards, the uplift of the Carpathians
started separating the Central from the Eastern Paratethys. It is likely that the
basins were first connected at a number of places and that the number of con-
nections gradually decreased during the late Badenian and Sarmatian. Around
11.7 Ma the Pannonian and Vienna Basin were isolated, followed by the Transyl-
vanian Basin around 11.3 Ma. This means that the Pannonian and Transylvanian
Basin either both had their own connection to the Eastern Paratethys, or that the
Pannonian Basin was connected through the Transylvanian Basin (see chapter 3

and 5).
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The first occurrence of Central Paratethys species in the Eastern Paratethys
Dacian Basin correlates roughly to the period when progradation had caused
Lake Pannon to shrink to about half its maximum size (see chapter 5); surface
processes may have caused the outflow of water allowing for the migration of
fauna. Significant sediment fluxes from the Pannonian Basin towards the Dacian
Basin did not occur right away however; the Pannonian Basin was filled in first.

The interaction between tectonic uplift, sediment pathways and deposition in
the source also affected the western part of the source to sink system; the Alps
were an important source area for the Danube River Basin – Black Sea source to
sink system from the Late Miocene onwards. Around 10 Ma, the uplift of the
Swiss Jura Mountains blocked the old west-flowing river system that drained the
Alps and a new east-flowing river developed: the paleo-Danube (Kuhlemann and
Kempf, 2002). The consequences for the infill of the Pannonian and Dacian Basin
were enormous; the paleo-Danube was responsible for the infill of the majority
of the Pannonian Basin. Without the water- and sediment-input from the Alps it
would have taken millions of years longer to fill the basin and the reconnection
of both basins might not have occurred, in turn affecting the Dacian Basin and
the Black Sea.

The present-day drainage system in the Danube River Basin has not reached
stable conditions yet; the drainage divides between major tributaries to the Da-
nube are moving (see chapter 6). In the Carpathian bend the Buzău River is
losing drainage area to the Olt River, showing that active uplift is occurring in
the area. In the Transylvanian Basin shifts of the drainage divides occur as well;
this results partly from active salt movement in the subsurface, and partly from
the large-scale instability of the drainage network. The Danube is forming new
tributaries downstream of the Iron Gates, where the river crosses the Carpathi-
ans. This suggests that the present-day course of the Danube near the Iron Gates
formed during the Pliocene or Pleistocene.

7.5 Climate, sea level and lake level fluctuations

7.5.1 Driving forces

Throughout their existence the Paratethys basins have experienced important
lake and sea level fluctuations. Although tectonic processes, climate fluctuations
and eustatic sea level fluctuations all had an effect on the (relative) sea and lake
levels in the basins, the relative contributions of these processes varied. During
the early development of the system the fluctuations resulted mostly from tec-
tonic processes. As orogenic uplift and subsidence in the basins gradually ceased
other processes gained importance.

Climatic fluctuations were especially important in isolated basins as is evident
from the cyclicity in the basin fill of the Pannonian Basin after 11.7 Ma (see
chapter 4). Altogether, the stability of the isolated Lake Pannon is remarkable;
fluctuations of the lake level were small. As such, the Lake Pannon case stands
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in stark contrast to isolation events in other basins, where isolation events caused
dramatic lake level fluctuations.

7.5.2 Effects of the Messinian Salinity Crisis
One example of such a fluctuation is the Messinian Salinity Crisis (MSC). After
the isolation of the Mediterranean Sea from the Atlantic Ocean the water level in
the newly formed lake dropped more than a kilometre, leading to the deposition
of large amounts of evaporites in the basin and the formation of deep canyons
on the basin margins. Whether this drop also affected the Paratethys seas and
lakes has been the subject of major debate over the past decades. In the Dacian
Basin a sea level drop of 100 – 200 m occurred (Leever et al., 2010, 2011), as
is evident both from seismics and field observations (see chapter 5). Previous
studies of the Pannonian Basin were inconclusive; an unconformity is present in
the central part of the basin, but whether its formation resulted from the MSC or
from inversion remained subject to debate. The results from this thesis show that
no regional unconformity is present in the southern part of the basin. For this
reason it is concluded that the Messinian Salinity Crisis did not result in a large
lake level drop in the Pannonian Basin (see chapter 4).

7.6 Outlook
I’m not the first, and I won’t be the last, to conclude that the more we learn, the
more we become aware of what we do not know; our knowledge can only be finite,
while our ignorance must necessarily be infinite1. What steps can we take to answer
some of the remaining and new questions?

Dating the basin fill, correlations across basins
Although significant progress has been made in correlating events in different
parts of the Paratethys and the Mediterranean Sea, there is still much to be done.
Important events and processes that should be dated include the progradation of
the southern basin margin of Lake Pannon, the timing of the Maeotian base level
fluctuations in the Dacian Basin, and the major base level drop that occurred in
the Black Sea. Magnetostratigraphic ages exist for the progradational sequence
that filled the central and northwestern part of the Pannonian Basin but this se-
quence could also benefit from additional and more precise dating; the currently
available ages are ultimately based on measurements from the 1980s and the
uncertainties are considerable.

Considerable uncertainties on the ages of syn-rift deposits of the Pannonian
Basin also remain. This is especially true for the Lower Miocene deposits. Dating
these deposits is complex, as outcrops are rare, sections are usually incomplete
and significant amounts of the deposits that are present are continental. If suit-
able outcrops or cores are found, magnetostratigraphy could be used to better

1Karl Popper – Conjectures and Refutations: The Growth of Scientific Knowledge (1963)
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date this phase. To further improve our understanding of the formation and in-
filling of the basin, a larger availability of log-data and the access to seismics,
cores and cuttings for additional biostratigraphic work is very much welcome.

The depositional models for the western margin of the Dacian Basin devel-
oped in this thesis could be extended to the east. To develop such a model
additional high-resolution and, preferably, 3D seismics are required. It would be
very interesting to compare the resulting model with the depositional model for
the Pannonian Basin, to see whether deposition in the Dacian Basin can merely
be considered a continuation of deposition in the Pannonian Basin after that ba-
sin had been filled in, or that it differs significantly. Additional dating of the
progradation in the Dacian Basin could be used to establish how the basins inter-
acted with each other during this phase of infill; did sedimentation rates in the
Dacian Basin increase significantly after the Pannonian Basin had been filled, or
not? Results from this study provide additional proof that the subdivision of the
Pontian as used in the Pannonian Basin mark facies boundaries, which are time-
transgressive. For now we don’t have indications that this is also the case for the
Eastern Paratethys Pontian, but it is recommended to investigate this further.

The deep Earth
The establishment of plate tectonics as a model was a development that revolu-
tionized our understanding of the Earth. When it comes to our understanding of
the deep Earth, however, we’re only scratching the surface. Although big steps
have been made in the past decades in remote sensing and modelling of the deep
Earth, there is still much we can not observe or measure, making it difficult to
test our hypotheses of deep earth processes. As a result, there still are gaps in
our understanding of the formation and evolution of major tectonic features; an
example in the study area is the Transylvanian Basin. As our methods for ob-
serving the deep Earth improve, so will our models of deep Earth processes and
we should not be surprised if some of the models we now accept as truths prove
to be oversimplified, or wrong. While more data from the deep Earth is needed,
we should not neglect the (near-)surface. There, the problem is not the lack of
data, but rather an excess of it; we don’t always know where (and how) to look.
New models should be based on and tested with constraints from both deep and
near-surface sources.
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Summary

When continental plates collide, enormous forces are released, causing the plates
to fold, fault and thicken. Mountain ranges are without doubt the most promi-
nent products of this process. There is also much that we can not readily see at
the surface, however. Apart from the mountain ranges, where the Earth’s surface
is uplifted, there are also large parts of the collision zone that go down, forming
sedimentary basins.

The two most important types of basins that may form during continental
collision are foreland basins and back-arc basins. Foreland basins form next to
mountain ranges, where the enormous weight of the orogen may cause the litho-
sphere to flex down, forming a depression in the Earth’s surface. Back-arc basins
form in the overriding plate as the result of slab roll-back. During this process the
subducted slab that previously separated the converging continents sweeps back
through the mantle like a paddle and the hinge point of subduction migrates
away from the overriding plate.

The distribution of mass that results from continental collision is often uneven;
high mountains may be located next to deep basins. As a result, surface processes
start eroding the topographic highs, and transport the erosion products to the
topographic lows. Together the topographic highs (‘sources’), basins (‘sinks’)
and the areas in between (‘pathways’) form a source to sink system.

The aim of this thesis is to improve the understanding of source to sink sys-
tems in general and the Danube River Basin – Black Sea source to sink system
in particular. The sources of this system are formed by a number of mountain
chains, including the Alps, Dinarides and Carpathians, and a number of Parate-
thys basins serve as sinks.

The Paratethys is an example of a system of sedimentary basins that formed
during continental collision. This collision was related to the large-scale conver-
gence of the African and European plates, and a number of smaller continental
blocks that were located in between. Apart from the basins, a number of moun-
tain chains formed, including the Alps, Dinarides and Carpathians. Convergence
started during the latest Cretaceous and lasted throughout the Cenozoic. Prior to
collision, the continental blocks were separated by oceanic lithosphere. When the
continental blocks converged, the oceanic plates between the blocks subducted,
and the continental blocks collided.

Chapter 2 presents a coherent model for the formation and infilling of one
of these basins; the Pannonian back-arc basin. Sequence stratigraphic concepts
were applied for the interpretation to constrain the nature, timing and mechanics
of extension in the southern part of the basin. Even though a common mecha-
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nism was responsible for the formation of mountain ranges and basins, previous
results suggested that there was a mismatch between the timing of shortening
and exhumation in the orogen (the Carpathian Mountains) and extension in the
back-arc basin. New constraints on the timing of extension from this study show
that extension was a more continuous process than previously thought, and that
it occurred simultaneously with shortening and exhumation near the plate mar-
gins.

Together with the Transylvanian Basin and the Vienna Basin, the Pannonian
Basin formed the central part of the Paratethys. As extension-rates in the Pannon-
ian Basin gradually decreased during the Middle and Late Miocene, the marine
Central Paratethys was disconnected from the neighbouring Eastern Paratethys
and the marine realm, effectively making the Central Paratethys a system of large
lakes. This event not only affected individual basins, it also led to a major ex-
tinction event in the Central Paratethys and to the development of an endemic
fauna. At present it is not known whether the isolation event was the result of
tectonic processes, or of eustatic sea level fluctuations. Magnetostratigraphic re-
sults presented in chapter 3 show that this major paleogeographic event occurred
around 11.7 Ma. Based on this age, it is concluded that the uplift of the mountain
chains in the area was the prime cause of the isolation, while eustatic sea level
fluctuations may have had a minor influence.

After its isolation, the Pannonian Basin and the other Central Paratethys ba-
sins were filled in with sediments derived from the mountain chains surround-
ing the basins. In chapter 4 a regional seismic transect is used to constrain the
mechanisms of infilling, the large-scale transport directions of sediments, and
the sediment sources for the Pannonian Basin. New data presented in this thesis
shows that progradation also occurred from the southern and eastern basin mar-
gins, in addition to the previously described progradation from the northwestern
basin margin (see chapter 4). Although the sources were different, the geome-
tries of the shelf margins are similar. Moreover, it is shown how the infilling of
the basin is influenced by the balance between lithosphere dynamics, inherited
grabens, post-collisional tectonics, climate and connections between Paratethys
basins. The possible effects of the Messinian Salinity Crisis on the basin fill are
also investigated. While this crisis is known to have caused the desiccation of
the Mediterranean Sea to the south, its effects on the Paratethys Basins are still
subject to debate. The results presented in this chapter suggest that its effects on
the Pannonian Basin were minor at most.

The connection between the Central Paratethys and the Eastern Paratethys
across the Carpathians is the subject of chapter 5. A field study, reflection seis-
mics and paleontological methods were used to identify the types of connections
that were present through time, if any. Combined with the dating of the isolation
event (see chapter 3), the subsequent possible reconnection between the Central
and Eastern Paratethys during the Pliocene is studied. This reconnection is ev-
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ident from the migration of Pannonian Basin (Central Paratethys) species to the
Dacian Basin (Eastern Paratethys).

Although basin formation and mountain building processes have largely come
to an end, significant vertical movements still occur in the area. In chapter 6 a
new method is proposed that can be used to identify regions subject to recent
uplift based on the interplay between active tectonics and changes in drainage
networks. The new method is used to establish whether active uplift is occurring
in three case studies. In the Carpathian bend the Buzău river is losing drain-
age area to the Olt river, showing that active uplift is occurring in the area. In
the Transylvanian Basin shifts of the drainage divides occur as well; this results
partly from active salt movement in the subsurface, and partly from the large-
scale instability of the drainage network. The Danube is forming new tributaries
downstream of the Iron Gates, where the river crosses the Carpathians. This
suggests that the present-day course of the Danube near the Iron Gates formed
during the Pliocene or Pleistocene.
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Samenvatting

Bij het botsen van continentale platen komen enorme krachten vrij, waardoor de
platen breken, plooien en verdikken. Gebergteketens zijn zonder twijfel de meest
in het oog springende producten van deze processen. Het is echter niet zo dat
de complete botsingszone omhoog komt; er zijn ook grote gebieden waar daling
plaatsvindt en sedimentaire bekkens gevormd worden.

De twee belangrijkste soorten bekkens die gevormd kunnen worden in bot-
singszones zijn voorlandbekkens en back-arc bekkens. Voorlandbekkens ontstaan
in de naast gebergten gelegen gebieden, als de enorme massa van het gebergte er
voor zorgt dat de lithosfeer daar doorbuigt en er zich een depressie vormt in het
aardoppervlak. Back-arc bekkens vormen zich in de bovenliggende plaat achter de
gebergteketen, als gevolg van het terugrollen van de subducerende plaat. Hierbij
neemt de hoek waaronder de plaat subduceert toe, van relatief vlak naar relatief
steil. Als gevolg hiervan migreert het knikpunt van de subducerende plaat weg
van de plaatgrens, waardoor de plaat aan de andere kant van de plaatgrens on-
der rek komt te staan. Als resultaat van de rek verdunt de plaat, en onstaat het
back-arc bekken.

De massaverdeling die resulteert van het botsen van continenten is vaak on-
evenwichting; hoge gebergten worden geflankeerd door diepe bekkens. Opper-
vlakteprocessen kunnen gezien worden als reactie op deze onevenwichtigheid;
de gebergten ondervinden erosie, en de erosieproducten worden vervolgens ge-
transporteerd naar de lager gelegen gebieden, waar ze uiteindelijk afgezet wor-
den. Samen vormen de hoog gelegen gebieden (“brongebieden”), de bekkens
(“bergingsgebieden”) en de tussengelegen gebieden (“transportgebieden”) een
bron-tot-bergingsysteem; een “source to sink system”.

Dit proefschrift beoogt een bijdrage te leveren aan het begrip van bron-tot-
bergingsystemen in het algemeen en het begrip van het Donau – Zwarte Zee
systeem in het bijzonder. De brongebieden van dit systeem bestaan uit een aantal
gebergteketens, waaronder de Alpen, Dinariden en Karpaten, terwijl een aantal
Paratethys-bekkens dienen als bergingsgebieden.

De Paratethys is een voorbeeld van een systeem van sedimentaire bekkens dat
gevormd werd tijdens het botsen van continenten, in dit geval de grootschalige
botsing tussen de Afrikaanse en Europese plaat en een aantal tussengelegen klei-
nere continentale platen. Bij deze botsing ontstonden naast de bekkens ook een
aantal gebergteketens, waaronder de Alpen, Dinariden en Karpaten. Het naar
elkaar toe bewegen van de platen begon tijdens het Laat Krijt en duurt nog al-
tijd voort. Voorafgaand aan de botsing waren de twee continentale platen van
elkaar gescheiden door oceanische lithosfeer; tijdens het naar elkaar toe bewegen
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van de twee continenten subduceerde deze en kwamen de continentale platen
vervolgens in botsing.

In hoofdstuk 2 wordt een model gepresenteerd voor de vorming en invulling
van een dergelijk bekken; het Pannoonse back-arc bekken. Interpretaties van
regionale seismische profielen in het zuidelijke deel van het bekken geven nieuwe
inzichten met betrekking tot de duur, aard en kinematiek van deze fase van rek.
Alhoewel hetzelfde grootschalige proces verantwoordelijk was voor de vorming
van de bekkens en de gebergten, suggereerden eerdere studies dat de vorming
van bekkens eerder ophield dan de gebergtevorming. De resultaten van deze
studie tonen echter aan dat de extensie langer voortduurde en dat de vorming
van bekkens grofweg gelijkertijd plaatsvond met verkorting en exhumatie aan de
plaatgrenzen.

Samen met het Transylvaanse Bekken en het Weense Bekken vormde het Pan-
noonse bekken het centrale deel van de Paratethys. Gedurende het Midden en
Laat Mioceen nam de snelheid van korstoprekking in het Pannoonse Bekken
geleidelijk af, en werd de verbinding tussen de voorheen mariene Centrale Para-
tethys en de Oostelijke Pararethys verbroken. Als gevolg hiervan veranderde de
Centrale Paratethys van een systeem van binnenzeeën in een merensysteem. Een
groot deel van de mariene fauna zoals die aanwezig was geweest in de Centrale
Paratethys ging hierbij te gronde, en maakte plaats voor een nieuw ontwikkelde
brakwaterfauna. Deze fauna was endemisch, dat wil zeggen dat ze alleen in
dit gebied voorkwam. Op basis van magnetostratigrafie wordt in hoofdstuk 3

vastgesteld dat de isolatie van de Centrale Paratethys omstreeks 11,7 miljoen jaar
geleden plaatsvond. Op basis van deze ouderdom wordt beargumenteerd dat
het omhoogkomen van gebergten tussen de Centrale en Oostelijke Paratethys de
oorzaak vormde voor de isolatie. Mondiale zeespiegelfluctuaties kunnen ook een
invloed gehad hebben, maar niet een doorslaggevende.

Nadat het Pannoonse bekken en de andere Centrale Paratethys-bekkens geïso-
leerd waren geraakt werden de bekkens opgevuld met sedimenten die afkomstig
waren van de gebergteketens die de bekkens omringden. Deze fase van op-
vulling is het onderwerp van hoofdstuk 4. Op basis van een regionaal seismisch
profiel wordt bepaald welke processen hierbij meespeelden, wat de grootschalige
transportrichtingen van het sediment waren, en uit welke brongebieden de sedi-
menten afkomstig waren. Eerdere studies hebben aangetoond dat de invulling
plaatsvond vanuit het noordwesten; de in dit proefschrift gepresenteerde gege-
vens tonen aan dat opvulling ook plaatsvond vanaf de oostelijke en zuidelijke
randen van het bekken. De opbouw van de sedimentlichamen langs de verschil-
lende randen van het bekken is grotendeels identiek, ondanks het feit dat de
brongebieden verschilden. In het vervolg van het hoofdstuk wordt verklaard hoe
de bekkeninvullingsprocessen afhankelijk waren van de balans tussen lithosfeer-
processen, de structuur van de onderliggende syn-kinematische structuren, het
klimaat en de verbindingen van het bekken met andere Paratethys-bekkens. Ook
wordt de mogelijke invloed van de Messinien-saliniteitscrisis op het bekken on-
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derzocht; tijdens deze crisis droogde de Middellandse Zee bijna compleet op. Of
de crisis ook een significante invloed had op de Paratethys-bekkens is al lange
tijd onderwerp van discussie; de in het hoofdstuk gepresenteerde resultaten sug-
gereren dat de effecten van de crisis op het Pannoonse bekken zeer beperkt zijn
gebleven.

De verbinding tussen de Centrale en Oostelijke Paratethys vormt het onder-
werp van hoofdstuk 5. Op basis van een veldonderzoek, interpretaties van seis-
mische profielen en een paleontologische studie wordt in dit hoofdstuk vastge-
steld welk soort verbinding bestond op welk moment. In combinatie met de
datering van de isolatie van het bekken uit het vorige hoofdstuk wordt in dit
hoofdstuk de op de opvolgende fase van herverbinding bestudeerd. Dat een
dergelijke verbinding bestaan moet hebben blijkt uit de migratie van tot op dat
moment endemische soorten uit de Centrale Paratethys naar het Dacische Bekken
(Oostelijke Paratethys).

Alhoewel de fase van bekken- en gebergtevorming in de regio inmiddels gro-
tendeels ten einde gekomen is, vinden er nog steeds significante verticale be-
wegingen van de ondergrond plaats. In hoofdstuk 6 wordt een nieuwe methode
gepresenteerd waarmee vastgesteld kan worden of in een gebied recent opheffing
van de ondergrond heeft plaatsgevonden, door de effecten op het afwaterings-
systeem te analyseren. De nieuwe methode wordt in dit hoofdstuk toegepast op
drie deelregio’s, om vast te stellen of er daar op het moment opheffing plaats-
vindt. In de Karpatenbocht blijkt dat de rivier de Buzău stroomgebied verliest
aan de Olt, waaruit afgeleid kan worden dat er in dit gebied inderdaad ophef-
fing plaatsvindt. In het Transylvaanse Bekken blijken ook verschuivingen van
waterscheidingen plaats te vinden; deze verschuivingen kunnen deels verklaard
worden door de migratie van zout in de ondergrond, en deels door de grootscha-
lige instabiliteit van het afwateringssysteem. Tot slot blijkt dat de waterscheiding
tussen de Donau en de Jiu migreert op de plek waar de Donau het Dacische
bekken binnenstroomt. Dit suggereert dat de huidige verschijningsvorm van de
Donau ontstond tijdens het Plioceen of Pleistoceen.
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Marinescu, F. (1985). Der östliche Teil des Pannonischen Beckens (Rumänischer Sektor):
Das Pannonien s.str. (Malvensien). In Papp, A., Jámbor, A., and Steininger, F., editors,
Chronostratigraphie und Neostratotypen – Miozän der Zentralen Paratethys – M6 - Pannonien,
vol. 7, pages 144–149. Akad. Kiadó, Budapest.
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Mogoş, P.-A. (1993). Cretaceous to Miocene thrusting and wrenching along the central
South Carpathians due to a corner effect during collision and orocline formation. Tecton-
ics, 12(4), 855–873.

Rögl, F. (1996). Stratigraphic correlation of the Paratethys Oligocene and Miocene. Mitt.
Ges. Geol. Bergbaustud. Österr, 41, 65–73.

Rögl, F. (1999). Mediterranean and Paratethys. Facts and hypotheses of an Oligocene to
Miocene paleogeography (short overview). Geologica Carpathica, 50(4), 339–349.

Rögl, F., Ćorić, S., Harzhauser, M., Jimenez-Moreno, G., Kroh, A., Schultz, O., Wessely,
G., and Zorn, I. (2008). The Middle Miocene Badenian stratotype at Baden-Sooss (Lower
Austria). Geol. Carpathica, 59(5), 367–374.
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and Cloetingh, S. (2013). The isolation of the Pannonian basin (Central Paratethys): New
constraints from magnetostratigraphy and biostratigraphy. Global and Planetary Change,
103, 99–118.
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