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Summary 

 

The architecture of sedimentary basin is the result of the interplay 

between deep-seated tectonic processes at lithospheric or crustal scale creating or 

reducing the accommodation space, and the near-surface processes taking place in 

the source and depositional areas. Understanding the evolution of the 

sedimentary basin requires, therefore, an integrated study of the coupling 

between sediment routing and lithospheric processes that are responsible for 

basin formation, evolution and, ultimately, for its closure by complete stages of 

regressive basin fill, or inversion and exhumation. 

This thesis is focused on understanding the mechanism controlling the 

tectonic and sedimentary evolution of back-arc basins, from their opening to 

subsequent inversion. During the quest of understanding the particular type of 

basin formation and subsequent inversion in the Black Sea Basin, two main 

objectives were pursued. 

The first objective is related to understanding the role played by inherited 

extensional rheology in far-field transmission and localization of compressional 

deformation driven by an active orogenic area into a pre-existing back-arc domain. 

Back-arc contractional geometries are not necessarily controlled by major internal 

asymmetries, such as active subduction zones. Therefore, the presence of 

inherited rheologically weak zones controls the vergence of thrusting systems 

during back-arc inversion. The lateral variability of such weakness zones may 

create a contractional polarity change, which is a change in the thrusting vergence 

along the strike of the back-arc basin where its opposite margins act as indenters. 

This type of change, critical for understanding a number of worldwide basins, such 

as the Black Sea or the Huon-Finisterre arc, has received little attention so far in 

phenomenological studies. 

The second objective of the thesis is to understand the effects of large sea-

level variations in the depositional architecture and sedimentary exchange 

between basins connected through a shallow marine barrier. The objective is 

studied in the context of the Late Miocene-Quaternary sediment fluxes between 

the Carpatho-Balkans source area, the Dacian marginal basin and the Black Sea 

main sink by the means of seismic sequence stratigraphic analysis calibrated by 

wells in both basins. 
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The thesis is organized in two main sections. Following a brief introduction 

in Chapter 1, two observational studies in Chapters 2 and 3 analyse the geometries 

and effects of Black Sea Basin back-arc opening and inversion, and the effects of 

the large scale sea-level drop recorded during the Messinian Salinity Crisis of the 

Paratethys. These observational studies form the base of the phenomenological 

process-oriented studies in Chapters 4 and 5 that analyse the mechanisms of back-

arc basin inversion by the means of analogue modelling. The thesis ends with the 

conclusions of Chapter 6. 

Chapter 1 is an introduction to the main objectives of the thesis by the 

means of a comprehensive description of the studied area of the Black Sea back-

arc basin. A summary presentation of the content of each chapter is available in 

the final part of this introduction. 

Following an overview of published studies on the Western Black Sea back-

arc evolution from its Cretaceous opening to the subsequent late Middle Eocene – 

Pliocene inversion, Chapter 2 quantifies the geometry and timing of Cretaceous – 

Pliocene deformation along the Romanian offshore by the means of seismic 

interpretation using a large number of 2D seismic lines calibrated with wells. The 

results of this interpretation are integrated with inversional structures described 

elsewhere in the Western Black Sea and adjacent onshore areas in a regional-scale 

interpretation of the Late Eocene – Pliocene inversion. This integration 

demonstrates that the inversional structures were formed along a coherent thrust 

system that displays significant variability along its strike. The quantification of 

contractional geometries suggests that a lateral transfer of offsets took place 

between observed structures, although the total amount of shortening remains 

constant in the order of 30km. This type of deformation implies that the main 

mechanism of Western Black Sea back-arc inversion is the N-ward gradual 

transmission of contractional deformation driven by the collision recorded by the 

Pontides and Balkanides orogens. 

The sedimentary fluxes recorded between connected basins that are 

separated by a low-elevation submarine gateway are studied in Chapter 3 by the 

means of a sequence stratigraphy study targeting the Late Miocene-Quaternary 

evolution of the Dacian-Black Sea system. The study is focussed in particular to the 

large sea-level drop that took place near the Miocene/Pliocene boundary during 

the Messinian Salinity Crisis recorded in the Paratethys realm. The large sea-level 

drop (> 1000 m) enhanced the role of the gateway connecting these basins (i.e. the 

Scythian Gateway), which acted for ~0.2My as a barrier trapping sediments in the 
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Dacian Basin that were shed from the Carpatho-Balkans source area in their way to 

the active Black Sea sink. Cancelling the accommodation space in the trapping 

Dacian Basin and the coeval erosion of the intermediate barrier have generated an 

outward sedimentary shift towards the main Black Sea sink. The massive 

sedimentary influx is observed by large shelf-progradation structures that took 

place during Pontian times by widespread shelf to slope clinoforms. The study links 

the erosional features observed on the Western Black Sea shelf with the initiation 

and deposition of thick deep-sea turbiditic sediments. These sediments were 

deposited during the large-scale shelf exposure that triggered its collapse and the 

formation of gravitationally-driven toe-slope deformation. 

Crustal-scaled analogue modelling experiments were employed in Chapter 

4 to understand the mechanism controlling the transfer of deformation in back-arc 

basins with a laterally variable rheology. By applying the modelling results to the 

studied natural scenario of the Balkanides – Moesian – Pontides – Western Black 

Sea system new insights were obtained concerning the kinematics of the Late 

Eocene-Pliocene inversion. Modelling experiments have inferred the key role 

played by crustal geometries inherited from the Cretaceous – Middle Eocene 

extension during the subsequent late Middle Eocene-Pliocene inversion. This 

rheology plays a critical role in particular in the transmission and localization of 

contractional deformation from the Pontides - Balkanides indenter into the 

Western Black Sea back-arc and adjacent continental areas. 

In Chapter 5, analogue models are used in order to test the influence of 

lateral changes in contraction polarity across the strike of a back-arc basin system 

during the inversion of pre-existing extensional geometries. The results 

demonstrate that transmission and localization of contraction from the active 

collisional area is strongly influenced by the distribution of rheologically weak 

versus strong domains, which are inherited from pre-dating extensional times. The 

modelling supports the earlier observational inference that the Western Black Sea 

contractional system is controlled by a Pontides indenter that created a north-

vergent thrust system, while the Eastern Black Sea is controlled by a Crimean-

Caucasus indenter that created a south-vergent thrust system. When the 

modelling study is applied to the case of the frontal subduction recorded by the 

New Guineea – New Britain system, the results suggest the presence of an 

extensional rift zone that must have controlled the observed change in 

contractional polarity presently observed in particular in the Huon – Finisterre Arc. 
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The results from observational and modelling studies are integrated in the 

discussions of Chapter 6 in order to summarized the key processes controlling 

back-arc basins evolution, in particular the Cretaceous - Pliocene geodynamic 

scenario of the Black Sea Basin in the overall framework of the collision recorded 

between Eurasia and Arabia - Africa continental units. A new tectonic scenario is 

proposed, where the opening of the Black Sea back-arc basin started during Late 

Barremian times and was juxtaposed over the inherited Paleo-Thetys suture zone. 

The initial rift geometry was likely E-W oriented, but subsequent gradual rotations 

changed this geometry to WNW-ESE during the gradual enlargement by extension. 

This took place coeval with the opening of neighbouring Srednogorie rift in the 

Balkans during Late Cretaceous times and Eastern Black Sea Basin in Paleogene 

times. It appears that the inversion of both sub-basins started coevally during late 

Middle Eocene times, driven by two indenters acting from opposite sides, i.e. the 

Balkanides - Pontides for the Western Black Sea and Srednogorie Basin, and the 

Caucasus - Crimea system for the Eastern Black Sea Basin. Differences between the 

two basins in terms of geometries and tectonic evolution during the late Middle 

Eocene – Pliocene inversion are related to pre-existing crustal rheologies that were 

inherited from earlier extensional times. 



 

 

Samenvatting 

 

De opbouw van sedimentaire bekkens is het resultaat van de 

wisselwerking tussen processen in de diepe aarde en processen die aan of op het 

aardoppervlak plaats vinden. De tektonische processen in de lithosfeer en in de 

aardkorst spelen een belangrijke rol in de opheffingsgeschiedenis van de 

brongebieden, die zorgen voor de toevoer van sediment. Tektoniek bepaalt ook de 

accommodatieruimte voor sedimenten in de bekkens. Daarnaast zijn de 

oppervlakteprocessen belangrijk voor de aanvoer van sediment naar de bekkens 

en het sedimentatie proces in de bekkens zelf. Het begrijpen van de evolutie van 

het sedimentaire bekkensysteem vereist dus een geïntegreerde studie van de 

koppeling tussen sediment transport en lithosferische processen. Belangrijk zijn, 

naast deze fase van het opvullen van het bekken met sediment, ook de latere 

mogelijke inversie en exhumatie van het bekken. 

Dit proefschrift stelt zich ten doel om een kwantitatief inzicht te verkrijgen 

in de mechanismen die de tektonische en sedimentaire evolutie van bekkens 

aansturen. Hierbij gaat het om bekkens die gelegen zijn aan de retro-zijde van een 

subductie zone die na de initiële opening en ontwikkeling worden geïnverteerd. Bij 

dit onderzoek van de bekkenvorming en de daaropvolgende inversie in het Zwarte 

Zeegebied, stonden twee doelstellingen centraal. 

De eerste doelstelling was te komen tot een beter inzicht in hoeverre de 

mechanische eigenschappen van de lithosfeer, die beïnvloed zijn door eerdere 

fases van tektonische rek, de lokalisatie en de voortplanting van de latere 

compressie bepalen. Bij dit proces wordt de compressie gegenereerd door een 

tektonisch actief gebergte, waardoor het spanningsveld verandert ten opzichte van 

de eerdere rekfase aan de retro-zijde van het gebergte. De geometrie van de 

contractie aan de retro-zijde blijkt niet gedomineerd te worden door grote interne 

asymmetrie, zoals bij een actieve subductie zone. Als gevolg hiervan bepalen 

zwaktezones in de lithosfeer de vergentie van overschuivingen tijdens inversie van 

de retro-zijde. De laterale variaties van zulke zwaktezones kunnen resulteren in 

een polariteitverandering van de contractiegeometrie. Dit komt overeen met een 

verandering in de vergentie van de overschuivingen langs de strekking van het 

bekken achter de boog. Dit type omkering, dat tot dusverre weinig aandacht heeft 

gekregen in fenomenologische studies, is belangrijk voor een beter begrip van 
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bekkens in het algemeen. Voorbeelden hiervan zijn o.a. de Zwarte Zee en de Huon-

Finisterre boog. 

De tweede doelstelling van dit proefschrift is te komen tot een beter 

begrip van de effecten van grote zeespiegelvariaties in een afzettingsmilieu met 

sediment uitwisseling tussen bekkens die verbonden zijn door een ondiepe 

mariene barrière. Deze vraagstelling is onderzocht in samenhang met het transport 

van sediment tijdens het Laat Mioceen-Kwartair van het brongebied in de 

Karpaten en de Balkan boog, naar het randbekken van Dacië en het 

afzettingsbekken in de Zwarte Zee. Om dit proces te bestuderen zijn seismische 

sequentiestratigrafische analyses uitgevoerd die vervolgens gecorreleerd zijn met 

boorgegevens uit beide bekkens. 



CHAPTER 1 

Introduction 

 

Back-arc basins form in response to subduction processes at convergent 

subduction boundaries, the roll-back of a mature slab driving the observed 

hinterland extension (Dewey, 1981; Dvorkin et al., 1993; Doglioni et al., 2007). The 

uplift associated with asthenospheric convection is one additional mechanism able 

to explain back-arc extension and subsequent thermal subsidence (Hyndman et al., 

2005). The extensional subsidence (Uyeda and Kanamori, 1979) is enhanced during 

mature stages of subduction, due to the gravitational sinking effect of long and 

dense slabs (e.g., Doglioni et al., 1999), the back-arc basins being underlain by 

either oceanic or continental crust (Keep and McClay, 1997; Cerca et al., 2010). In 

contrast with back-arc basins underlain by (thinned) continental to transitional 

crust, oceanic basins are commonly driven by back-arc sea-floor spreading. The 

arrival at subduction zone of the continental crust carried by the lower plate 

during continental collision triggers the inversion and formation of compressional 

back-arcs, where the subsidence is accentuated either by flexural loading during 

thrusting on the arc-side of the basin or by large scale crustal or lithospheric scale 

folding (Figure 1.1, Uyeda and Kanamori, 1979; Burov and Cloetingh, 2009). 

Furthermore, vertical movements in the back-arc basin are controlled by rapid 

uplift of the orogenic/magmatic arc, in particular during continental collision when 

transcurrent movements due to lateral escape are often recorded (Ratschbacher 

et al., 1991a; 1991b). Back-arc basins can also be related to rapid subduction 

systems subsequently followed by what has been defined as “soft” orogenic 

collision (Matenco et al., 2010). This type of system is very common in Europe, the 

coexistence of extension with outward-vergent thrusting in highly arcuate orogens 

being a typical pattern for the Africa/Europe collision zone (Faccenna et al., 2004). 

These types of orogens are characterized by low amounts of exhumation during 

collision, usually below or at the limit of resolution of most thermochronological 

methods, driven by out-of-sequence deformation taking place outside the 

orogenic core (Merten, 2011). In these orogens, back-arc basins record rock 

orogenic exhumation at their margins, creating relative sea-level drops recorded 

by sequence stratigraphic studies (Matenco et al., 2011; Krezsek et al., 2010). All 

these studies demonstrated that detecting the moments and amplitudes of 
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Figure 1.1 - Cartoon illustrating the transmission of contractional deformation from 

a collision zone into the back-arc domain A) back-arc extension, and B) collisional 

foreland and hinterland, after the inversion of the former extensional structures 

(after Zigler et al., 1998). The subsidencence, in the back-arc domain is related, in 

the fisrt rifting stage, with the formation of normal faults (mechanic subsidence) by 

stretching and thining the continental crust, and with thermal cooling in the post-

rift stage. During inversion (B) the main subsidence mechanism is related with 

flexure due to orogening loading. In some cases this is enchanced by thermal 

cooling proceses, due to the short time span that took place between extension and 

subsequent inversion.  

 

contraction in back-arc basin is diagnostic for processes taking place in the 

orogenic core during collision. 

Modelling studies investigating the inversion of extensional basins (e.g. 

Nalpas et al., 1995; Brun and Nalpas, 1996; Buiter et al., 2009) have demonstrated 

the influence of a number of key parameters on the final geometry of thrusting 

kinematics, such as the spatial position of the inherited grabens, the obliquity of 

inversion, the brittle-ductile coupling or the balance between the amounts of 

extensional versus compressional deformation (Figure 1.1). This leads to complex 

back-arc geometries, the extension controlling the lateral transitions between 

crustal blocks with contrasting rheologies (Dvorkin et al., 1993; Huismans et al., 
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2001). The inherited weakness of extensional back-arc basins may focus 

deformation if the time between extension and inversion is short enough to avoid 

the rheological strengthening during thermal relaxation (e.g. Cloetingh et al., 2003; 

Jarosinski et al., 2011). The persistence of thermal anomalies associated with 

extensional weakening and decoupling the lower crust and/or mantle lithosphere 

would allow the presence of weak decollement layers transmitting deformation at 

large distances by reducing the brittle/ductile coupling (Smit et al., 2003). Such 

type of crustal transmission has not been investigated so far at the scale of an 

entire back-arc basin. 

 

1.1. The Black-Sea back-arc basin 

The Black-Sea is the largest European back-arc basin, formed over or being 

surrounded by orogens formed in relation with the closure of various oceanic 

branches of the Tethys Ocean (Paleotethys, Neotethys or Alpine Tethys) or by 

inverting pre-existing intra-continental rifts, such as the Balkanides, Pontides-

Taurides, Crimean and Caucasus (Figure 1.2). 

The Black-Sea formed in response to the roll-back associated with the N-

ward subduction of Neotethys under the Rhodope-Pontides arc (Adamia et al., 

1977; Letouzey et al., 1977; Görür, 1988). This induced upper plate extension 

resulting in the opening of the Black Sea back-arc basin during Cretaceous-Eocene 

times (Letouzey et al., 1977; Zonenshain and Le Pichon, 1986; Görür, 1988). This 

Cretaceous rifting took place over a suture area inherited from the evolution of the 

Paleotethys Ocean that was completely closed by Late Jurassic times, its remnants 

being well recognized in the Moesian platform, Crimea, North Dobrogea Orogen 

and the Turkish Pontides (Figure 1.2, Murgoci, 1915; Georgiev, 1996; Okay et al., 

1996; Seghedi, 2001; Dinu et al., 2002; Meijers et al., 2010). 

Although a coeval opening of the both western and eastern sub-basin was 

proposed by different researchers (Zonenshain and Le Pichon, 1986; Nikishin et al., 

2003), most of the studies agree that the initial Early Cretaceous opening of the 

Western Black-Sea sub-basin (Okay et al., 1994; Dinu et al., 2005) was followed by 

renewed Late Cretaceous to Eocene extension (Yilmaz et al., 1997; Dinu et al., 

2005) during the formation of the Eastern Black Sea (Robinson et al., 1995; Banks, 

1997). These long-lasting extensional processes ultimately created a transitional to 
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oceanic crust in the central parts of these sub-basins (Edwards et al., 2009; 

Yegorova and Gobarenko, 2010). 

Starting with Late Eocene times, a large scale inversion affected both sub-

basin due to continental collision taking place between the Pontides and Taurides 

continental units and their lateral equivalents (Finetti et al., 1988; Okay et al., 1994; 

Yilmaz et al., 1997). Inversion structures of various Eocene to Quaternary ages 

have been described all around the Black Sea, spanning from the south in the area 

of Pontides-Balkanides orogens (Dachev et al., 1988; Finetti et al., 1988; Doglioni et 

al., 1996; Robinson et al., 1996; Okay and Sahinturk, 1997; Yilmaz et al., 1997; 

Georgiev et al., 2001; Stuart et al., 2011), across the Romanian shelf (Moroșanu, 

2002; 2007; Țambrea et al., 2002; Dinu et al., 2005), to the north in the area of 

Odessa Shelf – Crimea - Greater Caucasus (Tugolesov et al., 1985; 

Khriachtchevskaia et al, 2010, Nikishin et al., 2010). These observations of isolated 

contractional features have led to the interpretation of multiple tectonic episodes 

with variable amplitudes. Except few local exceptions (Finetti et al., 1988; 

Robinson et al., 1996), these isolated structures lack a coherent integration in 

terms of mechanical processes and driving mechanisms. 

Numerical modelling studies have analysed the Black Sea mechanics and 

evolution in terms of large integration at the scale of the entire basin (Spadini et al., 

1995; Cloetingh et al., 2003). Hence, recent detailed analysis of kinematic 

structures has changed the boundary conditions used by the numerical modelling, 

such as the duration of extensional versus contractional periods. For instance, the 

time span between the main extensional period and the onset of inversion has 

been re-evaluated from Middle Cretaceous – Eocene to Middle Eocene – Late 

Eocene, respectively. This has major implications in terms of evolutionary crustal 

rheologies during contraction. Furthermore, a detailed quantification of the role of 

inherited extensional structures and crustal rheology’s over the transmission and 

localization of contractional deformation at large distances from acting indenters 

in the Black Sea has not been achieved so far, preventing an accurate 

interpretation in terms of mechanical effects. 
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1.2. Scope and thesis outline 

The main aim of this study is to derive the evolution and mechanics of the 

Cretaceous – Middle Eocene opening and the Late Eocene-Pliocene Black-Sea 

back-arc inversion. An observational part of the thesis is subsequently followed by 

process-oriented modelling. These studies have analysed the Cretaceous – Tertiary 

kinematics and depositional geometries, combined with constraints derived from 

existing studies in neighbouring onshore areas. The analysis required the 

understanding of the main moments of evolution of the basin fill and its particular 

mechanisms in the depositional environment of the Eastern Paratethys. 

The Late Eocene-Quaternary contractional structures were studied across 

the western shelf of the Western Black Sea, with particular emphasis on the 

Romanian offshore segment and its links to the neighbouring Balkanides-Pontides, 

Odessa shelf-Crimea orogenic structures. This interpretation has allowed the 

correlation of basin opening and inversion structures across the Western Black Sea 

Basin and the construction of regional correlative profiles. The results suggest that 

the formation of contractional structures is related to far-field transmitted 

shortening from the collision between the Pontides and Tauride continental units 

(Figures 1.1 and 1.2). Compressional stresses were transmitted into a back-arc 

basin that displays large lateral variations in crustal rheologies that seem to control 

the localization of thrusting. Observations suggest that the strength contrast 

between the Western Black Sea-Pontides domain and the Balkanides-Moesian 

platform area exerts a significant influence in the localization of deformation. This 

inference was tested by the means of a series of physical/analogue modelling 

experiments, which were performed by taking into account a large variability of 

parameters driven by observational studies. Among these parameters, the most 

important role in transmission and localization of deformation proved to be the 

Figure 1.2 - Tectonic map of the Black Sea and adjacent areas (compiled from 

Afanasenkov et al., 2007; Dinu et al., 2005; Doglioni et al., 1996; Finetti et al., 

1988; Khriachtchevskaia et al., 2009; Mikhailov et al., 1999; Nikhishin et al., 2010; 

Okay et al., 2006; Robinson et al., 1997; Saintot et al., 2006a, Munteanu et al., 

2011). The solid black polygons represent the working areas of chapters 2-6. BF – 

Bistrița Fault, PCF- Peceneaga – Camena Fault, IMF- Intra - Moesian Fault, NAF- 

North Anatolian Fault; OF- Odessa Fault, SGF- Sfântu Gheorghe Fault, STF- Sulina 

– Tarhankut Fault, TF - Trotuş Fault, WCF- West Crimea Fault, EBSB- East Black 

Sea Basin, WBSB- West Black Sea Basin, GS- Gubkin Swell, HD – Histria 

Depression, KD – Kamchya Depression, KT- Karkinit Throug, KMR- Kalamit Ridge, 

MAH-Mid Azov High, MBSH- Mid Black Sea High, NDO-North Dobrogea Orogen, 

NKD- North Kilia Depression, SG- Shtormovaya Graben, SSR- Surov-Snake Island 

Ridge. 
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pre-existing crustal geometries inherited from moments of extension, which 

controlled the crustal rheologies and allowed the transmission of deformation at 

large distances from acting indenters. Understanding the large differences in 

depositional geometries during various moments of evolution of the Eastern 

Paratethys was studied by connecting the depositional geometries observed in the 

Western Black Sea with the neighbouring Dacian Basin and Carpathians – 

Balkanides source area. Particularly interesting is the switch from Miocene 

sediment starvation to latest Miocene – Quaternary massive sedimentary influx in 

front of the Carpathians source area. The results demonstrate that this evolution 

was driven by large sea level variations and moments of complete basin fill in the 

upstream Dacian Basin that have triggered massive sedimentation in the Black Sea. 

The study took into account the particular geometry of the system, characterized 

by variable accommodation space and sediment supply, large sea-level variations, 

existence of barriers separating the basins and moments of sedimentary shifts 

between the trapping basin and the main sink. 

Following an overview of the Western Black sea evolution from Cretaceous 

opening to Eocene – Pliocene inversion, Chapter 2 is using the interpretation of 2D 

seismic lines calibrated by wells to constrain the geometry and timing of 

extensional and subsequent inversional structures along the Romanian offshore. 

The results of this interpretation are integrated with previously described 

inversional structures elsewhere in the Western Black Sea and adjacent areas in a 

regional-scale interpretation of the Late Eocene – Pliocene inversion. The analysis 

of cumulated thrusts offsets demonstrates a large variability along the strike of the 

contractional system that infers a lateral transfer of offsets between the observed 

structures, although the total amount of shortening remains constant in the order 

of 30km. The analysis suggests that the main mechanism of Western Black Sea 

back-arc inversion is the N-ward gradual transmission of contractional deformation 

driven by the collision recorded by the Pontides-Balkanides orogens. These 

observations form the base of designing the analogue modelling experiments 

described in Chapters 4 and 5. 

The sedimentary exchange between connected basins separated by a low 

elevation barrier is studied in Chapter 3 by the means of a sequence stratigraphy 

study targeting the Middle Miocene-Quaternary evolution of the Dacian-Black Sea 

system. This study allows us to analyse the effects of the large sea-level drop that 

took place at the Miocene/Pliocene boundary (i.e. the Messinian Salinity Crisis, 

Clauzon et al., 1996; Krijgsman et al., 1999) into the sediments pathways between 
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the source area (Carpathians) to the active sink (Black Sea) over a sediment 

trapping basin (Dacian Basin). The study links the large erosional features observed 

on the Western Black Sea shelf (Hsü, 1978; Hsü and Giovanoli, 1979; Gillet et al., 

2007; Konerding et al., 2010) with the initiation and deposition of the thick deep-

sea deposition that was coeval with the large scale shelf exposure. This has 

triggered its collapse and the formation of gravitationally driven toe-slope 

decollements. An outward sedimentary shift towards the Black Sea is driven by 

cancelling the accommodation space in the Dacian Basin and the erosion of the 

intermediate barrier. A massive sedimentary influx resulted and is observed in the 

offshore Romania by large shelf progradation during (Upper) Pontian times by 

widespread shelf to slope clinoforms. 

Crustal scaled analogue modelling experiments are used in Chapter 4 to 

understand the transfer of deformation in back-arc basins with a laterally variable 

rheology. By applying the results to the case of the Balkanides – Moesian – 

Pontides - Western Black Sea inversion system, new insights are obtained 

concerning the kinematics of the Late Eocene-Pliocene inversion. Modelling results 

are in agreement with the assumption that the Western Black Sea had a 

mechanically weaker crust at the time of inversional onset in order to transmit the 

deformation at far distances from the shortening indenter (Figure 1.1). The 

presence of a mechanically weak crust is justified by the short time span between 

extension and subsequent inversion (Figure 1.1.B). Modelling experiments have 

suggested the key role played by crustal geometries inherited from the Cretaceous 

- Early Eocene extension during the subsequent late Middle Eocene-Pliocene 

inversion (Ivanov et al., 1997; Okay and Sahinturk, 1997; Yilmaz et al., 1997), in 

particular over the transmission and localization of contractional deformation from 

the Pontides-Balkanides indenter into the Western Black Sea back-arc and adjacent 

continental areas. 

The influence of lateral changes in contraction polarity across the strike of 

a back-arc basin system during inversion of pre-existing extensional geometries are 

analysed in Chapter 5 by the means of analogue modelling. The results 

demonstrate that transmission and localization of contractional strain from the 

active collisional area into a previous extensional domain is strongly influenced by 

the distribution of weak versus strong domains, which are inherited from earlier 

extensional opening. Understanding the kinematics of inversional structures can 

provide critical insights to constrain the geometry of extensional structures and 
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explain the processes acting during the observed geodynamic evolution of the 

Black Sea system. 

The results of these observational and modelling studies are integrated at 

regional scale in the concluding Chapter 6, that discusses the active processes 

taking place during the tectonic evolution of the Western Black Sea from Early 

Cretaceous opening to the Late Eocene-Miocene inversion and Miocene – Pliocene 

passive margin evolution. The regional integration demonstrates that although the 

amount of contractional deformation transmitted by neighbouring orogenic 

indenters was roughly the same in the entire Black Sea area, strain partitioning 

was strongly controlled by the distribution of crustal rheology, inherited from the 

Cretaceous – Eocene extension. This partitioning resulted in apparently contrasting 

contractional geometries, such as the dextral swing of Balkanides at connection 

with Pontides or the polarity change between N-ward directed thrusting in the 

Western Black Sea when compared with S-ward directed thrusting in the Eastern 

Black Sea. 
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CHAPTER 2 

1
Kinematics of back-arc inversion of the Western Black Sea 

Basin 

 

Abstract 

Back-arc basin evolution is driven by processes active at the main 

subduction zone typically assuming the transition from an extensional back-arc, 

during the retreat of a mature slab, to a contractional basin, during high-strain 

collisional processes. Such a transition is observed in the Black Sea, where the 

accurate quantification of shortening effects is hampered by the kinematically 

unclear geometries of Cenozoic inversion. By means of seismic profiles 

interpretation, quantified deformation features and associated syn-tectonic 

geometries on the Romanian offshore, this study demonstrates that uplifted areas, 

observed by exploration studies, form a coherent thick-skinned thrust system with 

N-ward vergence. Thrusting inverted an existing geometry made up by successive 

grabens that were inherited from the Cretaceous extensional evolution. The 

shortening started during Late Eocene times and gradually affected all areas of the 

Western Black Sea Basin during Oligocene and Miocene times, deformation being 

coherently correlated across its western margin. The mechanism of this 

generalized inversion is the transmission of stresses during the collision recorded 

in the Pontides-Balkanides system. Syn-tectonic sedimentation in the Western 

Black Sea demonstrates that this process was continuous and took place through 

the onset of gradual shortening migrating northwards. Although the total amount 

of shortening is roughly constant in an E-W direction, individual thrusts have 

variable offsets, deformation being transferred between structures located at 

distance across the strike of the system. The Black Sea example demonstrates that 

the vergence and offset of thrusts can change rapidly along the strike of such a 

compressional back-arc system. This generates apparently contrasting geometries 

that accommodate the same orogenic shortening. 

 

                                                            
1 This chapter is based on Munteanu, I., Matenco, L., Dinu, C., Cloetingh, S., 2011. 
Kinematics of back-arc inversion of the Western Black Sea Basin. Tectonics 30, 
TC5004, doi: 10.1029/2011tc002865. 
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2.1. Introduction 

Extensional back-arc basins evolve at convergent plate boundaries in 

response to the interplay between the convergence of tectonic plates and the 

velocity of subduction, the roll-back subduction being generally defined as the 

responsible mechanism (e.g., Dewey, 1980; Morgan et al., 2008). The structural 

style of back-arc basins can change in time from extensional to compressional with 

various intermediate classes (Uyeda and Kanamori, 1979; Jarrard, 1986). These 

processes generate sedimentary successions overlying a variety of crustal types, 

from continental to oceanic ones (e.g., Molnar and Atwater, 1978; Royden et al., 

1982; Mathisen and Vondra, 1983). Compressional back-arc basins form due to 

back-thrusting of the orogenic core, like in the Pyrenees or Swiss Alps (e.g., Schmid 

et al., 1996; Beaumont et al., 2000). Typically, the roll-back driven extension that 

opens a back-arc basin is enhanced during the mature stage of subduction, due to 

the gravitational sinking effect of a long and dense slab (e.g., Doglioni et al., 1999). 

However, the arrival at the subduction zone of the continental material carried by 

the down-going plate during the onset of collision (e.g., O'Brien, 2001) changes 

these general conditions. The buoyant continental crust is gradually involved in 

shortening, eventually decreasing the roll-back effect, facilitated or not by other 

processes such as slab break-off, and therefore inverting the earlier formed 

extensional back-arc (Horvath et al., 2006; Doglioni et al., 2007; Matenco et al., 

2010). Hence, the gradual versus instantaneous transmission of compressional 

stresses (senso Ziegler and Cloetingh, 2004) into large back-arc basins, such as the 

Pannonian Basin or the Black Sea, locally underlying thinned continental to oceanic 

crust, is less understood (Cloetingh et al., 2003; Hyndman et al., 2005; Currie and 

Hyndman, 2006; Horvath et al., 2006). In particular, the balance between the role 

of the inherited geometry of extensional grabens, subsequent thrust faulting and 

the formation of a compressional basin is an interesting feature controlling the 

back-arc evolution during inversion. 

Back-arc basins are a common characteristic for all Mediterranean-type of 

orogens (such as Apennine, Carpathian or Hellenides) that are characterized by the 

coexistence of extension and outward-vergent thrusting at the exterior of highly 

arcuate mountain chains, as a typical pattern for the Africa/Europe collision zone 

(e.g., Faccenna et al., 2004; Brun and Faccenna, 2008). The Black Sea is the largest 

European back-arc basin (Figure 2.1), its evolution being controlled by processes 

active during the northward subduction of the Neotethys beneath the Rhodope-

Pontides volcanic arc (e.g., Adamia et al., 1977; Letouzey et al., 1977; Zonenshain 

and Le Pichon, 1986; Okay et al., 1994). It comprises two sub-basins, eastern and 



Kinematics of the back-arc inversion of the Western Black Sea Basin                       13 

 

 

 



Kinematics of the back-arc inversion of the Western Black Sea Basin                       14 

 

 

western, both being generally through to have oceanic or sub-oceanic crust in the 

middle part (Starostenko et al., 2004; Shillington et al., 2009) and are separated by 

the Mid-Black Sea High (Figure 2.1), which is composed of thinned continental 

crust (Stephenson et al., 2004). Following its Cretaceous – Early Eocene opening, 

large-scale compressional episodes are recorded all around its western basin 

starting with the late Middle Eocene collision recorded between the Istanbul and 

Sakarya blocks (e.g., Görür, 1988; Robinson et al., 1996; Stephenson et al., 2004). 

So far, a regional integration of the compressional thick-skinned structures 

observed on the Pontides margin (e.g., Okay et al., 2001; Sunal and Tüysüz, 2002), 

in the Balkanides thrusting (Doglioni et al., 1996), along the Odessa Shelf/Crimean 

margin (e.g., Stovba et al., 2009) and along the Romanian – northern Bulgarian 

offshore (Dinu et al., 2005; Tari et al., 2009) is lacking. The latter area displays a 

significant number of Late Eocene – Oligocene structural highs (e.g., Moroşanu, 

1996), whose unclear genesis has not been yet connected with the coeval 

inversion observed elsewhere. By interpreting a regional network of (~150) seismic 

lines acquired for petroleum exploration in the central-western part of the Black 

Sea Basin, correlated with litho-stratigraphic data from (~68) exploration wells, a 

kinematic and genetic analysis of these structural highs was performed. The 

analysis focus along the missing link of the Romanian offshore and was 

complemented with a review of previously published geometries elsewhere, in 

Figure 2.1 – (previous page) Tectonic map of the Black Sea and adjacent areas 

(compiled from Finetti et al., 1988; Doglioni et al., 1996; Robinson and Kerusov, 

1997; Mikhailov et al., 1999; Dinu et al., 2005; Okay et al., 2006; Saintot et al., 

2006a; Afanasenkov et al., 2007; Khriachtchevskaia et al., 2009; Nikhishin et al., 

2010). The inset is the location of Figure 2.8. The red and blue lines represent the 

location of cross-sections in Figure 2.9 and Figure 2.10, respectively. The dotted 

red line represents the part of cross-section in Figure 2.9 which is mirrored in 

order to visualize the same vergence of the Pontide thrust system. Note that the 

large amount of Paleogene-Neogene faults with small offsets in Crimea, Greater 

Caucasus and Pontides have been simplified to reflect the most internal and 

external thrusts and/or back-thrusts of these orogenic belts. The N-ward vergence 

interpretation of the thrusting observed between the Western Pontides and the 

Black Sea is taken from Robinson et al. (1996). BF- Bistriţa Fault, IMF- Intra 

Moesian Fault, NAF- North Anatolian Fault; OF- Odessa Fault, PCF- Peceneaga-

Camena Fault, SGF- Sfântul Gheorghe Fault, STF- Sulina-Tarhankut Fault, TF- 

Trotuş Fault, WCF- West Crimea Fault, EBSB- East Black Sea Basin, WBSB- West 

Black Sea Basin, GS- Gubkin Swell, HD – Histria Depression, KD – Kamchya 

Depression, KT- Karkinit Trough, KMR- Kalamit Ridge, MAH-Mid Azov High, MBSH- 

Mid Black Sea High, NDO-North Dobrogea Orogen, NKD- North Kilia Depression, 

SG- Shtormovaya Graben, SSR- Surov-Snake Island Ridge. 
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order to achieve an integrated view along the Western Black Sea Basin. This 

regional integration of inversional structures has been subsequently used to derive 

the mechanics and geometry of the associated thrust system. 

 

2.2. Constraints on the opening and inversion of the Western Black Sea 

The Black Sea is situated at the transition zone between a group of 

orogenic belts formed during the closure of Paleo- and Neo-Tethys oceans and a 

tectonic mosaic of units deformed in Late Proterozoic to Paleozoic times at the 

southern margin of the East-European craton (e.g., Şengör, 1987; Okay et al., 1996; 

Robinson et al., 1996; Stephenson et al., 2004; Saintot et al., 2006a, b). Presently, a 

number of orogenic systems of various ages are observed along its margins, such 

as the Istanbul Zone, the Pontides, and the Crimea-Caucasus system, the Dobrogea, 

the Balkanides and Strandja-Sakarya Zone (Figure 2.1). 

The Western Black Sea opened in late Early Cretaceous times (Aptian-

Albian) (e.g., Finetti et al., 1988; Görür, 1988; Ţambrea, 2007), commonly 

interpreted as a remnant or extensional back-arc basin related to the N-ward 

subduction of the Neotethys behind the Serbomacedonian – Rhodope – Pontide 

arc (e.g., Letouzey et al., 1977; Zonenshain and Le Pichon, 1986; Okay et al., 1994; 

Yilmaz et al., 1997; Afanasenkov et al., 2007). Although a coeval opening of all 

domains of the Black Sea during Cretaceous times has been inferred (e.g., 

Zonenshain and Le Pichon, 1986; Nikishin et al., 2003), most studies agree that the 

Eastern Black Sea has opened later, during latest Cretaceous, Paleocene or Eocene 

times (e.g., Robinson et al., 1996; Banks, 1997; Kaz’min et al., 2000) by the rotation 

of the Shatsky Ridge away from the Mid Black Sea High (Figure 2.1, see also Okay 

et al. (1994)), leading to the coeval formation of thinned continental to oceanic 

crust (Shillington et al., 2008; Edwards et al., 2009). 

The Early Cretaceous opening of the Western Black Sea took place in 

successive deformation phases. This is sedimentologically marked by a gradual 

change in facies, from Upper Jurassic – lowermost Cretaceous 

evaporites/carbonates to Lower Cretaceous carbonatic/siliciclastic deposition and, 

ultimately, by the onset of deep-water sedimentation during Upper Cretaceous 

times (Figure 2.2, Görür, 1988; Dinu et al., 2005). This opening lead to the possible 

formation of oceanic crust, subsequently followed by a phase of overall subsidence 

during Late Cretaceous times (Finetti et al., 1988; Görür, 1988; Starostenko et al., 

2004). The transition from active rifting to passive margin evolution took place 
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during Turonian – Maastrichtian times, when a generalized transgression and the 

onset of a widespread carbonatic deposition is recorded, changing from the earlier 

Cenomanian siliciclastic input (Figure 2.2). This overall sedimentation pattern was 

interrupted locally by coarse syn-kinematic siliciclastic deposition (mostly breccias) 

due to the transcurrent deformation along the Peceneaga-Camena fault system 

(Figure 2.1, Ţambrea, 2007). Hence, the relationship between the successive 

phases of extensional opening and the transcurrent activity is rather unknown in 

terms of geometry and kinematic effects. Few differences are observed along the 

Pontide margin (Figure 2.1), where the Early Cretaceous back-arc opening was 

followed by a main extensional episode that took place during Late Cretaceous 

times, resulted in the formation of large grabens filled with syn-kinematic volcano-

clastic sediments (Görür, 1988; Yilmaz et al., 1997). Normal faults can be laterally 

followed along their strike onshore, where the Late Cretaceous extensional 

structures are observed in the Srednogorie back-arc basin of the Balkanides (Figure 

2.1). Here, extensional grabens are filled with up to a 3 km thick (volcano-) clastic 

succession that indicates Campanian deep-water and Maastrichtian – Paleocene 

shallow-water environments (Georgiev et al., 2001). Here the extension was 

associated with the magmatism of the “Banatitic” province, a back-arc calk-alkaline 

intrusive and extrusive event that extended NW-wards to the Apuseni Mountains 

of Romania (Berza et al., 1998; von Quadt et al., 2005; Zimmerman et al., 2008). 

Near the northern margin of the Western Black Sea (the Odessa Shelf, Figure 2.1), 

syn-kinematic deposition in (half-)graben structures demonstrates an Early 

Cretaceous – early Late Cretaceous age of extension, subsequently followed by a 

latest Cretaceous – Eocene period of post-rift thermal subsidence 

(Khriachtchevskaia et al., 2009). 

The Eocene opening of the Eastern Black Sea (e.g., Görür, 1988; Meredith 

and Egan, 2002) has induced renewed extension in the western basin, which, 

offshore Romania and Bulgaria, generated faults with offsets in order of tens to 

hundreds of meters, with associated syn-kinematic deposition (e.g., Robinson et al., 

1996; Dinu et al., 2005). A notable exception is a NE-SW oriented, ~2 km high fault 

escarpment, located offshore Varna (Figure 2.1), which is inherited from the initial 

late Early Cretaceous opening as demonstrated by syn-to post kinematic sediments 

(Tari et al., 2009). A large part of this fault offset appears to be reactivated during 

Eocene times. Hence, the full understanding of this structure origin is still unclear. 
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Figure 2.2 - Tectono-stratigraphic chart of the Western Black Sea part situated in 

the offshore Romania (compiled from Băleanu et al., 1995; Dinu et al., 2002; 

Ionescu, 2002; Dinu et al., 2005; Ţambrea, 2007). The Miocene-Pliocene 

biostratigraphic ages are a combination between the endemic Central and Eastern 

Paratethys stages used by the local petroleum exploration (see Rögl, 1996 for 

further biostratigraphic correlations). The absolute age equivalents are taken from 

magnetostratigraphic studies (Krijgsman et al., 2010). The tectonic events are 

derived from the present study. 
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Except the Paleocene-Early Eocene moments of renewed extension, the 

overall Upper Cretaceous-Eocene passive margin sedimentation is characterized by 

a general progradation, the formation of unconformities, the associated system-

tracts being driven by sea-level variations (Dinu et al., 2005). This passive margin 

evolution is ultimately interrupted by the late (Middle) Eocene collision recorded 

southwards between the major tectonic units of the Pontides and the Taurides, 

smaller continental fragments being accreted in between (Sakarya, Kirsehir, Şengör 

and Yilmaz, 1981; Okay et al., 1994). This was the time when the last remnants of 

the Neotethys Ocean were closed along the Izmir – Ankara Suture Zone (Figure 2.1) 

(Şengör and Yilmaz, 1981). The Pontide - Tauride collision induced large scale uplift 

that exhumed the southern margin of the Black Sea (Okay and Sahinturk, 1997; 

Okay et al., 2001). This exhumation provided enhanced siliciclastic influx, making a 

major change from the earlier dominant carbonatic sedimentation (Dinu et al., 

2005). 

Existing studies assume a direct prolongation of the Pontides to the 

Balkanides system onshore Bulgaria along a swing in the thrust system located in 

the SW part of the Black Sea (Figure 2.1, e.g., Robinson et al., 1996). The Pontides 

thrusting and exhumation is coeval with the large scale contraction recorded in the 

Balkanides nappes (the "Illyrian" phase of Ivanov (1988)), inverting the Late 

Cretaceous extensional structures of the Srednogorie and the Eastern Balkans 

units (Ivanov, 1988; Sinclair et al., 1997; Georgiev et al., 2001). The vergence of the 

contractional system observed near the contact between the Western Pontides 

and the adjacent Black Sea (Figure 2.1) is not yet fully constrained. Interpretations 

generally assume the existence of an association of N- and S-vergent thrusts with 

reduced offsets (Finetti et al., 1988; Yilmaz et al., 1997; Sunal and Tüysüz, 2002; 

Morosanu, 2007). The Balkanides thrusting was associated in the offshore with a 

thick Late Eocene foredeep that was filled with more than 4 km of sediments in the 

area of the Kamchya Depression (Figure 2.1, Sinclair et al., 1997). The overall 

central Pontides northward arc-shaped geometry (Figure 2.1) is interpreted to be 

the result of oroclinal bending in latest Cretaceous to earliest Paleocene times, 

likely derived from the Neo-Tethys closure between the Pontides and the 

metamorphic promontory of the Anatolide-Tauride Block (Meijers et al., 2010). 

The major contraction taking place at the southern margin of the Black Sea 

led to the onset of inversion recorded in the extensional basins and to the 

formation of other foreland and thrust-sheet top basins (e.g., Finetti et al., 1988; 

Robinson et al., 1996; Sunal and Tüysüz, 2002; Nikishin et al., 2003). In contrast 

with the large-scale structures observed in the south, inversion along the NE part 
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of the Western Black Sea led to the formation of Oligocene-Miocene reverse faults 

and associated folds with N-ward vergence and offsets in the order of tens to few 

hundreds of meters (Afanasenkov et al., 2007; Khriachtchevskaia et al., 2009). 

Along this northern margin, the structural grain changes rapidly east of the 

Odessa-West Crimea fault system (Figure 2.1), where the Crimean Orogen is 

thrusted S-wards over the Black Sea domain from Oligocene to recent times (e.g., 

Stovba et al., 2009). The Odessa-West Crimean fault system has been defined on 

the basis of potential field geophysics, wells and older seismic reflection profiles to 

accommodate a dextral displacement of the Odessa Shelf units, such as the 

Karkinit Trough, the Shtormavaya Graben and the Kalamit Ridge (Figure 2.1, e.g., 

Garkalenko et al., 1970; Tugolesov et al., 1985; Robinson et al., 1996; or their 

counterparts in Romanian nomenclature, see Dinu et al., 2005), when compared 

with their equivalent units located in Crimea and East Black Sea Basin. More recent 

interpretations have demonstrated that this dextral structure is characterized in 

seismic lines by a large zone of deformation made up by high-angle reverse faults 

with small vertical offsets (Afanasenkov et al., 2007; Khriachtchevskaia et al., 2009). 

While the overall Miocene has reduced thicknesses in the entire Western 

Black Sea, higher rates of subsidence are apparently recorded during the Pliocene-

Quaternary times (Figure 2.2, Cloetingh et al., 2003; Nikishin et al., 2003). The well-

studied sea-level drop of the Messinian Salinity Crisis in the Mediterranean (MSC, 

5.96-5.33Ma in Krijgsman et al. (1999)) is recorded in the Black Sea by large scale 

shelf erosion and massive progradation during the subsequent Lower Pliocene 

high-stand (e.g., Hsü and Giovanoli, 1979; Gillet et al., 2007). The initial exposure 

of the shelf margin triggered instability and failure of the outer shelf and slope, 

generating gravitational gliding and mass transport of sediments towards the 

deep-sea part of the basin (Dinu et al., 2005; Ţambrea, 2007). Rapid sea level 

changes are also inferred for the Pliocene-Quaternary endemic evolution of the 

Western Black Sea (Winguth et al., 2000; Lericolais et al., 2009), when sea level 

drops triggered the transport of important volumes of sediments towards the 

deep-sea part of the basin. Consequently, thick successions of mass-transport and 

turbiditic deposits are observed along a number of deep-sea fans in front of 

modern rivers discharging into the Black Sea (e.g., Popescu et al., 2001). 
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2.3. Structural interpretation of seismic profiles on the central part of the 

Western Black Sea shelf 

The structure of the Western Black Sea passive continental margin 

indicates complex deformational patterns, buried below younger shelf sediments 

with almost no deformation. The geometries and syn-kinematic sedimentation 

demonstrate a Cretaceous period of extension associated with a late-stage of 

strike-slip movements, and a Late Eocene–Middle Miocene basin inversion 

characterized by a significant number of thrusts with relative low offsets (Figures 

2.3-2.7). 

 

2.3.1. Structures associated with basin opening and enlargement  

Normal faults with Barremian-Albian syn-kinematic patterns are coeval 

with a period of rifting initiation and subsequent basin widening. The geometries 

are grabens, half-grabens and horsts that were subsequently inverted and are 

presently oriented WNW-ESE (Figure 2.8). The observed fault offsets are less than 

400 m with wedge-shaped syn-kinematic deposits and local footwall erosion 

(Figures 2.3 – 2.7). The onset of rifting is observed by seismic syn-kinematic 

patterns or by facies changes in wells (Figure 2.2) and appears to be slightly older 

than the generally assumed Aptian-Cenomanian age (Görür, 1988; Dinu et al., 

2002). Wedge-shaped geometries and transparent to chaotic reflectors 

demonstrate the presence of syn-kinematic sediments, located in the normal faults 

hanging-walls, which formed as a direct result of fault offsets (Figure 2.3). These 

first wedges are pre-Aptian in age, as demonstrated by their lateral correlation 

with wells. Lower Cretaceous facies and thickness changes are frequently related 

to block asymmetries during normal faulting (Ţambrea et al., 2002). A facies 

transition is observed from continental shales during the onset of the Lower 

Cretaceous to coarse continental and subsequently marine sandstones during 

Figure 2.3 – (previous page) NNW-SSE oriented seismic line and its interpretation 

calibrated by wells, crossing the shelf of the Black Sea offshore Romania (vertical 

scale in two-way-travel time, location in Figure 2.8). Note the series of uplifted 

structures, thrusts inverting or truncating earlier normal faults, locally organized 

in half-grabens (Lebăda, Midia). Note also the large thickness of the prograding 

uppermost Miocene - Pliocene deposits. Ex1 and Ex2 – Cretaceous extensional 

structures apparently separated by PCF (see Chapter 3.1. for details). CF- Corbu 

Fault, DSF- Delfin South Fault, DNS-Delfin North Fault, EF- Egreta Fault, LF- Lotus 

Fault, LHF- Lebăda Heraclea Fault, MTF- Midia-Tîndală Fault, TLF- Tomis-Lotus 

Fault, OSF- Ostrov-Sinoe Fault, PCF- Peceneaga-Camena Fault, PLF- Pelican Fault, 

PF- Portiţa Fault, SF- Sinoe Fault, SGF- Sfântul Gheorghe Fault. 
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Barremian times (Figure 2.2). These sediments change laterally in terms of 

lithology and thicknesses: conglomerates and marine sandstones in the normal 

fault footwalls or areas not affected by normal faulting (like at Corbu, Figures 2.4 

and 2.7), and a transition from marine sandstones to distal shales located on the 

normal fault hanging-walls (e.g., Midia, Figure 2.3). These observations support the 

interpretation of an initial phase of rift initiation (system-tract, senso Prosser 

(1993)) as early as the Berriasian-Barremian times. The grabens are slightly 

asymmetric, a larger number of faults with higher offsets can be observed along 

their northern flanks, such as in the case of the Lebăda-Heraclea High (Figures 2.3 

and 2.4). However, this asymmetric geometry, can also be the result of the 

subsequent N-ward thrusting, the southern flank of the extensional grabens being 

largely removed in the thrust hanging-walls due to sub-aerial exposure. 

Two main extensional structures are separated by the Peceneaga-Camena 

Fault in the areas of Delfin in the south and spanning from Midia to Heraclea in the 

north (noted ex1 and ex 2 in Figures 2.3 – 2.7). The first one has the geometry of a 

(half-) graben filled by syn-kinematic Barremian – Albian deposits in their hanging-

walls, while the footwalls are locally truncated by subsequent erosion or covered 

by a post-tectonic cover which starts with the Upper Cretaceous. The second one it 

is a wider graben-horst structure with tilted normal faults (Figures 2.3 and 2.6), 

which define three smaller grabens separated by two horst structures (Figure 2.3). 

The northern flank is formed by a master listric fault dipping to the south 

associated with numerous synthetic faults (Figures 2.3 and 2.4). The southern 

extension of this structure is the Peceneaga-Camena Fault. The half grabens are 

filled with syn-kinematic Barremian-Albian and post-kinematic Upper Cretaceous 

sediments. Syn-kinematic block rotation resulted in exposure and erosion of the 

uplifted footwalls. 

Deformation continued during Late Cretaceous times (Figures 2.4 – 2.6). A 

reduced number of normal faults locally with larger offsets are observed (such as 

south of Tomis, Figure 2.3). Along the flanks of the Heraclea structure, 

Cenomanian sediments with wedge-shaped geometries located in the fault 

hanging-walls are covered by Coniacian-Maastrichtian sediments (Figures 2.3 and 

2.4). Late Cretaceous was also the moment when the major Peceneaga-Camena 

Fault (Figure 2.1) was (re)activated. This fault is a lithospheric scale structure 
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defined onshore as the southern margin of the Cimmerian Triassic-Jurassic North 

Dobrogea Orogen (Figure 2.1), located in the SE European prolongation of the 

Tornquist–Teisseyre Lineament (Hippolyte, 2002 and references therein). 

Correlation between individual graben structures located in the vicinity of this 

major onshore structure and syn-kinematic sedimentation offshore demonstrates 

a sinistral movement during Late Cretaceous times, although a precise correlation 

is hampered by subsequent Paleogene truncations (Figures 2.4, 2.6 and 2.7). 

Strike-slip constraining and releasing bends can be observed along its offshore 

prolongation (Figure 2.8), locally with large offsets along individual sub-vertical 

fault segments. Such a local transpressive structure is the Ostrov-Sinoe Fault, with 

a ~2 km Late Cretaceous offset that thrusts the metamorphic basement over the 

thick sediments of the Corbu Depression (Figures 2.4 and 2.7). This transpressive 

movement is associated with high-angle reverse faults that truncate the sediments 

of the Corbu Depression, which display syn-kinematic depositional geometries 

during Late Cretaceous times (Figure 2.7). These faults can be speculated to be the 

result of a Late Cretaceous phase of compressional deformation. However, the 

restraining bend geometries observed in map view (Figure 2.8) have likely resulted 

from a different mechanism, as being formed by coeval strike-slip deformation 

recorded along the Peceneaga-Camena and Ostrov-Sinoe faults system. 

A number of high-angle normal faults splay-off the Peceneaga-Camena 

Fault and are coeval with its main strike-slip activity, as demonstrated by the latest 

Cretaceous syn-kinematic patterns and Paleogene post-tectonic cover (south of 

PCF, Figures 2.4, 2.6 and 2.7). One other major fault defined onshore is the steeply 

dipping Sfântu Gheorghe Fault, along which occurred the thrusting of the North 

Dobrogea Orogen over the Scythian Platform (Figure 2.1, Seghedi, 2001). Offshore, 

this reverse offset is post-Cretaceous and does not appear to be significant 

(Figures 2.4 – 2.6). 

 

Figure 2.4 – (previous page) NE-SW oriented seismic line and its interpretation 

calibrated by wells, crossing the Corbu “depression”, Peceneaga-Camena Fault, 

Tomis-Lotus structure, Histria Depression, Lebăda-Heraclea structure and the 

Scythian Platform on the Black Sea offshore Romania (vertical scale in two-way-

travel time, location in Figure 2.8). Note the large variations in Oligocene 

thickness, the overlying erosional morphology and the subsequent truncation of 

the Peceneaga-Camena Fault. Note also that the low-angle thrust system extends 

only until the Heraclea structure, the tilted normal faults being only slightly 

inverted northwards. 
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Successive extensional rifting episodes were gradually replaced by tectonic 

quiescence during a thermal subsidence stage which lasted until the Middle 

Eocene, locally associated with small-scale differential compaction structures (like 

as near Lebăda in Figure 2.3). The overall extensional geometries are truncated or 

tilted by subsequent Late Eocene - Middle Miocene thrusts. 

A widespread unconformity is observed on top of the Cretaceous deposits, 

covered by Eocene carbonatic sediments and derived mainly by the interpretation 

of bio-facies in wells (Figure 2.2, Dinu et al., 2005). This unconformity is often 

hidden by the deep erosion associated with the onset of thrusting in Late Eocene 

times and its quantification is rather difficult due to the uncertainties related with 

dating the Paleocene deposits offshore Black Sea (Figure 2.3, Ionescu, 2002; 

Ţambrea, 2007). Its origin is unclear, but is most probably related to a combination 

between shelf exposures during the well-known global sea-level drop that took 

place at the beginning of Paleocene times (Haq et al., 1988) and local uplift 

recorded along the strike-slip restraining bends that formed in Late Cretaceous. 

 

2.3.2. Inversion structures in the Western Black Sea  

Interpretation of seismic profiles demonstrates that extensional structures 

and subsequent passive margin sediments in the Western Black Sea were generally 

inverted starting with the Late Eocene times. The inversion resulted in the 

formation of a large number of widely distributed thrust faults associated with 

structural highs that separate thrust-sheet top basins. Unconformities observed in 

wells drilled over the structural culmination of the associated anticlines (Figure 2.3, 

around Lebăda, Midia) and the syn-kinematic patterns observed in seismic lines on 

the flanks of these structural highs indicate that the inversion lasted until Middle 

Miocene times (Figure 2.5, Egreta and N-wards). Syn-kinematic patterns 

demonstrate that thrusts offset and growth of the associated anticlines took place 

gradually: earlier wedge-shaped reflectors were subsequently tilted by later 

deformation on the flanks of structural highs, while their top was subjected to 

partial erosion during Oligocene times (Figure 2.3 around Lebăda). These syn-

kinematic patterns are well preserved, particularly in those places that were 

Figure 2.5 – (previous page) NE-SW oriented seismic line and its interpretation 

calibrated by wells, crossing the Sinoe and Egreta anticlines, and the prolongation 

of North Dobrogea (see Seghedi, 2001) in the offshore (vertical scale in two-way-

travel time, location in Figure 2.8). Note the extension of the low-angle thrust 

system until the Egreta anticline and the syn-kinematic Oligocene deposits with 

high variations in thicknesses. 
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subsequently covered by subsidence-driven sedimentation. The inversion formed a 

large number of N-vergent thrust faults, locally grouped in imbricated fans (Figure 

2.6, north of Delfin). In the latter, reverse offsets formed structural highs along 

asymmetric, N-verging antiforms. Small S-vergent thrusts (i.e., back-thrusts) are 

observed along these structural culminations in local pop-up structures (e.g., 

Figure 2.3). The thrust system structurally inverted earlier Cretaceous normal 

faults that dip S-wards, while the ones with N-ward dip were truncated. The sub-

vertical position of the truncated normal faults situated in the hanging-wall of 

thrust planes is due to rotation effect coeval with the reverse movement along 

listric-shaped thrust planes (e.g., Figure 2.3). 

Two Late Eocene thrust systems formed due to inversion of the S-ward 

dipping normal faults of the Cretaceous Delfin Graben (DNS and DNF in Figures 2.3 

and 2.6), while the N-ward dipping normal faults were most probably truncated by 

new formed thrust faults. The northward system has a larger cumulated offset in 

the west as indicated by its pronounced antiformal geometry (Figure 2.6) when 

compared with the small offsets in the east (Figure 2.3). In the former area, syn-

kinematic basins can be observed both in the hanging-wall and footwall of the 

structure with wedge-shaped geometries of sediments (Figure 2.6). The footwall 

contains tilted reflectors onlapping a lowermost Upper Eocene erosional surface, 

which laterally marks the transition between shallow and deep water carbonates 

(Ionescu, 2002). At the same place, the continuation of deformation is recorded by 

yet another erosional unconformity, observed in the middle of the Upper Eocene 

sequence. This later moment of deformation is visible also in the hanging-wall 

basin, where tilted reflectors demonstrate syn-kinematic geometries of Late 

Eocene in age. 

The geometries of the thrust lineaments located more to the north 

indicate that these N-vergent structures were active starting from the Late Eocene 

and continued throughout the Early-Middle Oligocene, as demonstrated by 

erosion on the top of the antiforms and syn-kinematic patterns along their flank 

(e.g., Midia, Lebăda, Figures 2.3 and 2.4). 

The development of Midia-Tîndală thrust system inverted and truncated 

two different pre-existing (half) grabens of Lower and Upper Cretaceous in age 

(Figure 2.3). In this area, the main normal fault controlling the Early Cretaceous 

half-graben was inverted and eroded on the antiformal culmination with Late 

Eocene syn-kinematic deposition in the thrust sheet top basin carried on the 

hanging-wall flank. Continuation of deformation during the Early Oligocene 
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ultimately led to exhumation and erosion of the entire hanging-wall. Along strike, 

the Midia-Tîndală thrust system intersects the oblique Peceneaga-Camena Fault 

(Figure 2.6), the thrust hanging-wall mostly containing uplifted basement and pre-

Cretaceous strata along a wider area of deformation with higher offsets. The 

Peceneaga-Camena Fault and the Late Cretaceous normal faults on its southern 

flank are truncated and tilted due to the movement along a listric thrust system 

(Figure 2.6). 

The thrust lineament of Tomis – Lotus is asymmetric along its strike, from 

the uplifted and deeply eroded structure of Lotus to the buried antiformal 

structure of Tomis (Figures 2.4 and 2.6, respectively). In the case of Tomis, N-ward 

vergent thrusts truncated or partly re-activated a graben made up by Early and 

Late Cretaceous normal faults (Figures 2.3 and 2.6). Here, Late Eocene and Middle 

Oligocene syn-kinematic sediments (progressively tilted onlaps) observed on the 

uplift flank are separated by an erosional unconformity, which demonstrates 

subsidence during thrusting or between the two thrusting events. Among these, 

the Late Eocene deposits in the hanging-wall are syn-kinematic as deduced by the 

observation of clear bi-vergent onlapping reflectors (Figure 2.3). The Lotus 

structure is juxtaposed over the Peceneaga Camena - Ostrov Sinoe High (Figure 

2.7). In this case, the N-vergent thrusting truncated an inherited Late Cretaceous 

strike-slip restraining bend. A back-thrusting generated a local pop-up, while 

progressive tilting of Oligocene reflectors on the northern flank demonstrates 

continuous syn-kinematic growth (Figure 2.7). 

The most obvious thrust lineament is observed along the Lebăda-Heraclea 

High, where a large thrust fault has a ramp-flat geometry, which generated a ramp 

anticline at Lebăda and a fault-propagation fold at Heraclea (Figure 2.3). The 

thrusting truncated and/or inverted some of the pre-existing Cretaceous normal 

faults that extend S-wards to the Tomis-Lotus High (Figures 2.3, 2.4 and 2.6). Other 

S-dipping normal faults appear to be only carried passively over the ramp anticline 

at Lebăda (Figure 2.3). Differences in pre-Eocene strata thicknesses indicate that 

the main thrust reactivated a pre-existing listric normal fault detach along the 

northern margin of the Cretaceous graben. Contractional deformation at Heraclea 

led to reduced offsets along small thrusts that locally form small pop-up structures 

(Figures 2.3 and 2.4). Lebăda and Heraclea structures display syn-kinematic wedge 

shaped and tilted reflectors in sediments of Late Eocene and Early – Middle 

Oligocene in age, overlain by post-kinematic Late Oligocene strata, similarly to the 

nearby observed structures. Laterally, deformation along the Lebăda-Heraclea 

system was transferred by splaying, merging and tear faulting to other, less 
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important thrust structures (Figure 2.8). More to the offshore, this structure was 

truncated by subsequent Late Miocene normal faults (Figure 2.6). Towards the 

onshore, it is recognized in two thrusted and uplifted structures, Sinoe and Egreta 

(Figure 2.5). The first one is made up by two individual thrust faults with tilted, 

wedge-shaped reflectors illustrating a Late Eocene and Early Oligocene syn-

kinematic deposition, separated by a clear unconformity. The second one is a large 

structure that indicates younger, Middle Miocene thrusting, as demonstrated by 

wedge-shaped reflectors located in Late Eocene - Middle Miocene sediments and 

by the unconformity truncating the anticline culmination (Figure 2.6). 

The Middle Miocene deformation is increasingly more frequent N-wards 

(Figures 2.5 and 2.6), where small offset faults with N-ward vergence form large 

open anticlines. Clear syn-kinematic reflector patterns located in Oligocene-Middle 

Miocene sediments and local drag-folding are observed at least on three thrust 

lineaments (like on the Sfântul Gheorghe Fault, Figures 2.4 and 2.5). 

The inversion of extensional structures and the formation of new thrust 

faults during the Late Eocene – Middle Miocene times are associated with 

subsidence in thrust sheet top basins. The material eroded from structural 

culminations is re-deposited in these basins, gradually tilted by on-going 

deformation and organized in successive, juxtaposed syn-kinematic wedges. 

Deposition in these wedges started in Upper Eocene (e.g., Delfin and Tomis, Figure 

2.3 and 2.6), and continued at larger scale during Oligocene – Lower Miocene 

times (Lebăda, Heraclea, Egreta and N-wards, Figure 2.4). The Oligocene thrusting 

event is associated with enhanced subsidence as revealed by the deposition of a 

thick syn- to post-kinematic sedimentary cover of predominantly clastic sediments 

(Figure 2.2). The subsidence outpaced the local uplift on top of the emerged 

anticlines, ultimately burying them beneath this cover. The subsidence is obvious 

in the case of many thrusted structures, such as Tîndală, Tomis and Lebăda-

Heraclea (Figures 2.3 - 2.7), where the total thickness of Oligocene sediments 

locally reaches 3-4 km. This area with exaggerated Oligocene subsidence spatially 

corresponds with what was previously defined as the Histria Depression (Dinu et 

al., 2005). Elsewhere, reduced amounts of Oligocene subsidence spatially 

correspond with the zones of low offsets along Late Eocene-Middle Miocene 

thrusts (e.g., Figure 2.5). In other words, a direct spatial relationship is observed 

between the amount of thrusting and the amount of syn- to post-kinematic 

subsidence. 
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In terms of unconformities, the early-Middle Eocene shallow-water 

limestones are covered by Upper Eocene deeper water siliciclastic-carbonatic 

sediments (Figure 2.2). In between, a sub-aerial unconformity is observed by deep 

erosion, tilting and truncation of reflectors on all seismic lines as the result of 

thrusting onset during Late Eocene times. A large part of the stratigraphic section 

has been removed, the Upper Eocene covering locally directly Lower Cretaceous 

sediments (such as in Tomis and Lebăda, Figure 2.3 and 2.6). Another angular and 

erosional unconformity is observed between Eocene and Oligocene sediments, 

locally the erosion removing the entire Upper Cretaceous-Eocene succession 

(Figure 2.7). This unconformity is well visible below the thick Oligocene – Lower 

Miocene sediments of the Histria Depression (Figures 2.3 and 2.4), enhanced on 

the flanks and on the anticlines culminations, which demonstrates its tectonic 

origin. One other marked unconformity is visible at the top of the Oligocene – 

Lower Miocene sequence; overlain by the condensed and aggradational Middle 

Miocene deposits (Figure 2.4). Biostratigraphic information derived from the 

interpretation of wells cores demonstrate that the condensed sequence deposition 

started already during the Early Miocene, this stratigraphic interval being generally 

below the resolution of seismic lines and was largely removed by erosion (Figure 

2.2, Dinu et al., 2002). Seismic interpretation suggests that this unconformity was 

the result of continued contraction-derived uplift superposed on a background of 

low sediment supply (Figure 2.5). 

 

2.3.3. Middle Miocene - Quaternary patterns 

In the Western Black Sea, the Middle Miocene – Quaternary sediments 

were deposited in a passive continental margin domain (Figures 2.3-2.7). A number 

of erosional features separating progradational geometries demonstrate the 

frequent sub-aerial exposures of shelf and continental slope areas that created 

Figure 2.6 – (previous page) Regional NE-SW oriented seismic line and its 

interpretation calibrated by wells, crossing the deformed structures of the 

Moesian Platform, North Dobrogea and Scythian Platform on the Black Sea 

offshore of Romania (vertical scale in two-way-travel time, location in Figure 2.8). 

Note the relationship between Cretaceous-Tertiary tectonic events, Cretaceous 

normal faults near Tîndală and north of Tomis structure are inverted/truncated by 

Paleogene-Miocene thrusts, which are ultimately truncated by Late Miocene 

normal faults. These structures are associated with syn-kinematic deposition, in 

particular well visible near the Paleogene – Miocene thrusts. Note also the large 

thickness of the uppermost Miocene - Pliocene deposits, where often channel 

and/or progradation structures can be interpreted. 
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deep incisions and removed large parts of the older stratigraphic sequence (e.g., 

Figure 2.6). Three major unconformities (or sequence boundaries) separate four 

sequences, i.e. Middle Miocene, Upper Meotian – Lower Pontian, Middle Pontian – 

Lower Dacian and Upper Dacian – Quaternary (Figures 2.2, 2.3 and 2.6), the 

associated system-tracts being distinguished on the basis of clinoforms distribution. 

Wells (like Midia, Figure 2.3 or Tîndală, Figure 2.7) demonstrate that the main part 

of the third sequence (up to 3 km thick, Figures 2.3 and 2.6) was deposited in a 

narrow time interval (Middle Pontian – Lower Dacian, ~1Ma, see Figure 2.2). This is 

in contrast with the couple of hundreds of meters deposited during the pre-dating 

~9Ma Middle Miocene first sequence and the <1 km thick sediments deposited 

during the post-dating ~4.5Ma Upper Dacian – Quaternary fourth sequence. This 

geometry is interpreted to be the result of sea-level variations and their 

relationship with a basin situated between the Black Sea and the Carpatho-

Balkanic source area, i.e. the Dacian Basin (Figure 2.1, Munteanu et al., 2012). As 

long as an accommodation space for sediments was available in the Dacian Basin, 

it functioned as a trap for the sedimentary flux generated by the source area. 

When the Dacian Basin was completely filled during the large scale Messinian 

Salinity Crisis (MSC) sea-level drop, which took place in the Eastern Paratethys 

during the equivalent intra-Pontian times, large amounts of sediments were 

discharged into the Black Sea with typical progradational geometries (Figure 2.6). 

During periods of low-stands, the deep shelf incision observed along large canyons 

is associated with the formation of a thick succession of mass-transport and 

turbiditic deposits (senso Posamentier and Walker, 2006) recorded along a number 

of deep-sea fans in front of modern rivers, like the Danube or Dnieper (Popescu et 

al., 2001). 

In more detail, a larger amount of second-order sedimentological features 

are visible in seismic lines such as numerous erosional surfaces, channels, 

gravitational landslides and higher order sequence boundaries (Figures 2.3 – 2.5 

and 2.6). The gravitational landslides are visible by décollement zones and chaotic 

facies (L, Figure 2.3) and are interpreted as slope instabilities due to sub-aerial 

exposure of shelf and continental slope areas during the MSC event. Movement 

along décollement zones created tilted reflector geometries covered by 

progradational ones during the subsequent high-stands. A small number of normal 

faults, of apparent tectonic origin, truncate the earlier thrust system, are 

associated with syn-kinematic sedimentation and are sealed by the intra-Pontian 

unconformity (Figure 2.6). The uppermost unconformity shows spectacular 

erosional features along shelf canyons feeding a low-stand deep-sea fan-type of 



Kinematics of the back-arc inversion of the Western Black Sea Basin                       33 

 

 

  

Figure 2.7 - NE-SW oriented seismic line crossing the Peceneaga-Camena Fault zone, 

which separates the Moesian Platform from the North Dobrogea Orogen on the 

Black Sea offshore of Romania (vertical scale in two-way-travel time, location in 

Figure 2.8). An older Cretaceous high-angle fault is truncated by a Late Oligocene 

thrust, which is associated with a syn-kinematic organization of the reflectors. Note 

the wedge-type deposition of Cretaceous sediments in the Corbu Depression, which 

were subsequently folded. 

 

sedimentation, which were filled during the subsequent transgressive event 

(Figure 2.6). A careful analysis of the biostratigraphic information in the available 

offshore wells demonstrates that the unconformity marks another slightly younger 

sea-level drop event of intra-Dacian in age (Munteanu et al., 2012). 

 

2.3.4. The thermal structure of the Western Black Sea Basin 

The thermal structure of the Western Black Sea Basin reflects its Mesozoic-

Cenozoic multi-phase tectonic evolution. The Black Sea is surrounded by units that 

were consolidated during the Late Proterozoic – Paleozoic deformations that took 

place at the SE margin of the East-European craton (e.g., Saintot et al., 2006b; 

Stephenson et al., 2006; Yegorova et al 2010a). These units are distributed around 

the basin, their inherited thermal structure being influenced by subsequent 
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moments of deformation, which include the Cretaceous-Eocene rifting resulting in 

a typical transition to thinned continental to oceanic crust in the basin centre. The 

Early Cretaceous opening of the western back-arc basin probably reactivated the 

former Paleotethys suture zone, an ocean that closed in Late Jurassic times and 

whose remnants are presently observed along the basin margins in North 

Dobrogea, Crimean, Pontides and possibly also in the Strandja-Sakaria system of 

western Turkey – SE Bulgaria (e.g., Murgoci, 1915; Seghedi, 2001; Okay et al., 2001 

and references therein). During and following the Cretaceous – Eocene opening, 

the lithospheric structure of the basin margins has been significantly influenced by 

other tectonic events. The Late Cretaceous opening of the Srednogorie back-arc 

system and the Oligocene – Quaternary formation of the large extensional grabens 

in the Southern Balkans Grabens system have affected the thermal structure of the 

Balkans and their neighbouring transition to the Rhodope and Serbo-Macedonian 

system (e.g. Georgiev et al., 2001; Burchfiel et al., 2000; 2008). 

The present-day distribution of the heat-flow in the Western Black Sea is 

roughly concentric, passing from 60 mW/m
2
 along the basin margins to 20mW/m

2
 

in the basin centre. The latter value is influenced by the blanketing effect of the 

thick sedimentary sequence deposited in the basin centre. By correcting this effect 

rather uniform values of 50-60mW/m
2
 all across the basin and its margins are 

calculated (Kutas et al, 1998; Starostenko et al., 2004). These values suggest that 

successive thermo-tectonic events affecting the entire Western Black Sea and its 

margins have created a rather uniform thermal structure at lithospheric scale 

inside the basin. One exception is the northern part of the Mid Black Sea High and 

Crimea, where more than 70mW/m
2
 heat flow values are observed (Kutas et al, 

1998). Interestingly, this anomaly is spatially juxtaposed over the Odessa-West 

Crimean fault system, which suggest a direct connection with its activity starting in 

Late Eocene times that affected the thermal distribution at lithospheric scale (see 

also Kutas et al., 2004). The overall uniform thermal structure in the basin 

contrasts with the Central Pontides, where heat-flow values decrease to 30-40 

mW/m
2
. This suggests a cold lithospheric domain located at the limit with the 

Western Black Sea Basin (Yegorova et al., 2010b). In mechanical terms, these 

overall observations suggest a cold (i.e. rheologically strong) lithosphere in the 

Central Pontides when compared with the relatively warmer (i.e. rheologically 

weaker) lithosphere inside the basin. 
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Figure 2.8 – Structural map of the Black Sea shelf segment offshore Romania based 

on the interpretation of regional seismic lines (location in Figure 2.1). Black lines are 

the locations of Figures 2.3-2.7, grey line is part of transect in Figure 2.9. Note that 

the figure is based the interpretation of a much larger number of seismic lines than 

the ones illustrated in this study. Therefore, fault patterns are well controlled at 

regional scale. The lateral prolongation more to the offshore is qualitative, as depth 

information is scarce. 

 

2.4. Inversion of the Western Black Sea back-arc basin 

A number of studies describe Late Eocene – Middle Miocene inversional 

structures that have been observed in various other locations along the Western 

Black Sea margin (Doglioni et al., 1996; Moroşanu, 2002; Stovba et al., 2009). 

However, the Romanian sector has not been so far integrated in a well-defined 

framework of thrusting geometries and, therefore, a correlation of basin inversion 

between the Pontides-Balkanides and the northern Odessa Shelf is required in 

order to understand the system kinematics. 



Kinematics of the back-arc inversion of the Western Black Sea Basin                       36 

 

 

2.4.1. Timing of inversion 

The studied Romanian offshore demonstrates a gradual onset of thrusting 

during the Late Eocene - Middle Miocene, deformation migrating in time 

northwards in what appears to be a foreland-propagating sequence in respect to 

the Pontides. Along this first order pattern, some individual thrusts were locally 

activated out-of sequence, like the Tîndală High (Figures 2.6 and 2.9). 

The positive inversion started during Late Eocene times, the associated 

thrusts displaying reduced offsets, as observed by the syn-kinematic geometries in 

the area of Delfin and Midia highs (e.g., Figure 2.6). This was coeval with the main 

inversion episode of northward thrusting recorded in the Balkanides and their 

offshore prolongation. Further southward, this deformation was coeval with the 

thrusting recorded in the frontal part of the Istanbul Zone, offshore Turkey (Figures 

2.1 and 2.9, Finetti et al., 1988; Doglioni et al., 1996; Georgiev et al., 2001). More 

to the southern onshore, the Istanbul Zone and Sakarya Zone display the large 

scale contractional deformation associated with the closure of the Izmir-Ankara 

Suture (Figure 2.10a, Yilmaz et al., 1997; Görür and Tüysüz, 2001). The bulk of the 

deformation here is considered Late Eocene, although post-tectonic covers lack in 

many locations and a later post-Eocene shortening-related uplift cannot be 

excluded (Figure 2.10a, Sunal and Tüysüz, 2002). 

The main bulk of deformation took place in the studied area during 

Oligocene – Early Miocene times when uplifted areas formed in or near the Histria 

Depression (Figure 2.9). No significant coeval contractional deformation is 

recorded in the onshore part of the Balkanides, as demonstrated by the 

widespread observation of a post-tectonic cover (Ivanov, 1988), while their 

offshore prolongation display tilted Oligocene geometries, suggesting limited 

offsets (Figure 2.9, Doglioni et al., 1996). Northwards, the Oligocene – Middle 

Miocene times correspond with an early onset of thrusting on the Odessa Shelf 

(Khriachtchevskaia et al., 2010), where similar structural geometries (high angle 

reverse faults) are observed as in the northern part of the studied area (Figure 2.9). 

The post- Middle Miocene contractional deformation is fairly reduced and 

recorded only on the Odessa Shelf, at the northernmost extremity of the Western 

Black Sea (north of the section in Figure 2.9). Wide open anticlines or smaller-scale 

folds formed along the same type of high-angle reverse faults with reduced offsets 

activated earlier during the Oligocene – Early Miocene (Afanasenkov et al., 2007; 

Khriachtchevskaia et al., 2010). 
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By comparison, significant Late Miocene – Pliocene deformation takes 

place at the southern border of the Black Sea, particularly well-studied in the 

Central Pontides where coeval shortening created the overall uplift of the 

Northern Anatolia Plateau to the present 1.4km average elevations (Yildirim et al., 

2011). These observations suggest that the reduced Late Miocene-Pliocene 

shortening recorded in the Black Sea is the result of strain partitioning at its 

southern border. Here, the large-offset strike-slip movements recorded along the 

North Anatolian Fault (Figure 2.1) are combined with an out-of-sequence 

reactivation of the Eocene Pontides N-ward thrusting (Finetti et al., 1998, Yildirim 

et al., 2011). 

The overall northward migration of thrusting along the Western Black Sea 

shelf is reflected also by the formation of associated foredeeps (Figure 2.9). While 

the bulk of foredeep-wedge geometries in the frontal part of the Pontides, the 

Balkanides (Kamchya Foredeep) and southern Romanian offshore (Delfin area) is 

Late Eocene in age, these types of geometries migrate in age to Oligocene – Lower 

Miocene in the area of the Histria Depression and furthermore to Middle Miocene 

in front of the small thrusts observed northwards (Figure 2.9). 

 

2.4.2. Lateral variation in shortening along the Western Black Sea 

The thrusts observed in the studied area are trending WNW-wards 

towards the onshore. However, the Late Eocene – Middle Miocene thrusting 

cannot be correlated with similar structures potentially located onshore. The only 

exceptions to this rule are the Peceneaga-Camena and Sfântu Gheorghe faults 

(Figures 2.5 and 2.7), and a couple of reverse faults with minor offsets described in 

South Dobrogea (Hippolyte, 2002; Dinu et al., 2005). On the overall, the total 

amount of shortening recorded onshore is in the order of 1-2 km. This is in 

Figure 2.9 – (previous page) Regional transect over the western part of the Black 

Sea starting from the Istanbul Zone (offshore western Turkey) to the Scythian 

Platform (Odessa Shelf, Ukraine), crossing the Strandja, the Balkanide, the 

Moesian Platform and the Nord Dobrogea Orogen (compiled after Finetti et al., 

1988; Doglioni et al., 1996; Georgiev et al., 2001; Afanasenkov et al., 2007 and 

the results of the present study). Note the crooked-line geometry of this transect 

crossing twice the same thrusted system of the Balkanides/Pontides. In order to 

visualize the same vergence of the thrusted Pontides system, the cross-section in 

the southern part is mirrored (dotted line). Note the concentration of thrust faults 

in zones with thinned continental crust (Moho depts after Garkalenko, 1970; Grad 

and Tiira, 2009) and high Tertiary thicknesses. Both panels display the same 

section, the upper one has no vertical exaggeration, the lower one has 10X 

vertical exaggeration. For location see Figure 2.1. 
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contrast with the restoration of thrust offsets and associated folds (Figure 2.9) 

observed of the Tîndală-Midia, Tomis-Lotus and Lebăda-Heraclea highs, which 

indicate 3-4 km individual shortening values and cumulate a total amount of 15 km 

(central zone in Figure 2.11). The gradual reduction of shortening towards the 

onshore is observed by gradually reduced offsets along the same thrusts in the 

areas of Sinoe - Portiţa highs and Corbu Depression (Figures 2.7 and 2.8), 

cumulating a total shortening in the order of 6 km (western zone in Figure 2.11). 

Therefore, the shortening gradually dies out towards the WNW-ward located 

onshore and decreases also ESE-ward. The latter is demonstrated by individual 

structures in the areas of Albatros and WSW prolongation of Delfin Graben (Figure 

2.8) that have 400 m-2 km individual shortening, cumulating a total in the order of 

4 km (eastern zone in Figure 2.11). 

These variations in the amount of total shortening values recorded along 

the strike of the thrust system observed on the Romanian offshore and onshore 

can be correlated with similar, but opposite variations in the amounts of 

shortening calculated along the Balkanides-Western Pontides margin (Figure 2.11). 

The Balkanides offset is decreasing gradually from a shortening value of ~30 km in 

the area of the East Balkan unit to ~20 km in their coastal area and ~5-17 km in the 

offshore transition zone towards the Pontides (Figure 2.11). The vergence of the 

major structure accommodating the contraction observed between the Pontides 

and the Western Black Sea is not yet fully constrained by the association of large 

number of thrust faults with both N-ward and S-ward vergences. However, the 

total shortening observed increases in this sector to more than 25 km (Figure 2.11), 

no matter which interpretation is chosen (Figure 2.9). The northern extremity of 

the Black Sea records a total shortening of up to 3 km on the Odessa Shelf, 

gradually decreasing WNW-wards (Figure 2.11). This simple estimation of 

deformation amounts across the Western Black Sea and its immediate onshore 

demonstrate that the total shortening recorded is roughly constant along the 

strike of the thrust system in the order of ~30 km, lateral variation in thrusting 

being accommodated across the strike between the Romanian offshore-onshore 

and the Balkanides-Pontides system. 

Further to the east, the N-ward vergent thrusts observed on the Odessa 

Shelf are separated from the S-vergent Crimean-Caucasus Orogen by the Odessa-

West Crimean fault system. The general characteristic of this system is the one of a 

wide transpressional area made up by small offset, high-angle reverse faults, along 

which occurred the dextral offset of the Odessa Shelf units relatively to the Crimea 

– East Black Sea Basin area. The Odessa-West Crimean fault system limit a horse-
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tail splay, which is located in the continuation of the western margin of the Mid- 

Black Sea High (Figure 2.1, Tugolesov et al., 1985; Finetti et al., 1988; Okay et al., 

1994). East of the West Crimean Fault, the Crimean – Great Caucasus system 

(Figure 2.10b and 2.10c) is part of the large scale S-ward thrusting observed at the 

northern margin of the Eastern Black Sea, with total shortening values in the order 

of 30 km during the Late Eocene-Pliocene (e.g., Shillington et al., 2008; Nikishin et 

al., 2010 and references therein). This shows a contrasting change in thrusting 

geometries between the Western and Eastern Black Sea domains: an N-ward 

vergent system with an indenter located S-wards (Pontides-Balkanides) is replaced 

eastwards by an S-ward vergent system with an indenter located N-wards (Crimea-

Greater Caucasus). 

 

Figure 2.10 – a) Regional section connecting the structures offshore Romania 

displayed in Figure 2.8 with the onshore kinematics of the Pontides (slightly 

modified from Yilmaz et al., 1997); b) Regional cross section over the Greater 

Caucasus and the NE part of the Eastern Black Sea (redrawn from Nikishin et al., 

2010); c) Interpreted seismic line converted in depth showing the thrusting of 

Crimea over the Eastern Black Sea Basin (simplified from Finetti et al., 1988). This 

structure was confirmed by similar, modern seismic interpretations offshore Crimea 

(Afanasenkov et al., 2007; Stovba et al., 2009). 
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2.4.3. Shortening and syn- to post-kinematic sedimentation along the Romanian 

offshore 

The Late Eocene – Middle Miocene kinematics of shortening is directly 

controlled by the pre-existence of Cretaceous grabens along the strike of the 

Romanian offshore. The concentration of extensional structures north of the 

Pontide-Balkanides indenter localized the thrusting in areas where the shortening 

direction was perpendicular to the strike of pre-existing grabens. The normal faults 

dipping southwards were inverted and the ones dipping northwards were 

truncated (Figure 2.11a). In this respect, pre-existing grabens are weakness zones 

favouring localization of thrusting. In places where the direction of grabens was 

highly oblique to the direction of shortening, zero to minor inversion is recorded. 

For instance the large NE-SW oriented normal fault with offset in the order of 2 km 

observed offshore Varna (Figures 2.1 and 2.9) indicates little to no inversion (Tari 

et al., 2009). 

Along the Romanian offshore, deformation truncated and uplifted in the 

hanging-wall of thrusts the southern margins of all major Cretaceous grabens 

(Delfin, Midia-Tîndală, Tomis-Lotus, Luceafărul, Lebăda, Figure 2.11a). The uplift 

led to the partial to total exhumation and erosion that removed large portions of 

the syn-extensional basin fill. Thrusting was largely accompanied by subsidence, 

shortening structures being covered by Oligocene - Middle Miocene syn- to post-

kinematic sediments, particularly thick in the northern areas of the Histria 

Depression (e.g., Figure 2.3). The subsidence decreases WNW-wards to the 

onshore together with the above discussed decrease in thrusting offsets (Figure 

2.11b). These sediments overlie both the footwall and the hanging-wall of thrusts, 

the thrust-sheet top basins displaying an overall synclinal geometry (Figure 2.11a), 

Figure 2.11 – (previous page) a) Sketch of the kinematics of the Late Eocene – 

Middle Miocene inversion of the Black Sea. The western and eastern basins are 

decoupled in terms of deformation by the Odessa – West Crimean Fault system. 

This system accommodates a change in the vergence of the thrust system, which 

is N-directed in the Western Black Sea and S-directed in the Eastern Black Sea. The 

vergence of the thrust system accommodating the shortening recorded between 

the Pontides and the Western Black Sea is taken from Robinson and Kerusov 

(1997). The black thick continuous lines are estimated values for the amount of 

shortening (compiled after Finetti et al., 1988; Robinson et al., 1996; Okay and 

Sahinturk, 1997; Sinclair et al., 1997; Yilmaz et al., 1997; Georgiev et al., 2001; 

Menlikli et al., 2009; Khriachtchevskaia et al., 2010; Nikishin et al., 2010 and 

results of this study). OF - Odessa Fault, WCF - West Crimean Fault. b) Kinematic 

sketch illustrating the mechanism of inversion. Note the presence of graben – 

horst geometries, subsequently inverted by a thrust system overlain by syn-to 

post-kinematic deposits. The erosion of uplifted anticline culminations is not 

illustrated. 
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which is common also for the foredeeps of the Balkanides and the Pontides (Figure 

2.9). This geometry is in apparent contradiction with the theoretical wedge-shape 

models of foreland sedimentation (e.g., Beaumont, 1981). However, this type of 

syn- to post-tectonic sedimentation covering the frontal part of thrust belts is 

rather common in Mediterranean-type of orogens (such as in the Apennines or the 

Carpathians), usually controlled by deep-scale processes or transmission of far-

field-stresses localizing enhanced subsidence (e.g., Bertotti et al., 2006; Leever et 

al., 2006; Picotti and Pazzaglia, 2008). In the Black Sea, the concentration of 

subsidence in areas previously affected by enhanced stretching suggests a causal 

relationship. It is likely that areas affected by extension have reset the thermo-

tectonic age of the underlying lithosphere, its local weakening leading to crustal 

scale lithospheric folding (senso Cloetingh et al., 1999) at the same time with on-

going thrusting. Folding can be a result of far-field transmission of stresses from 

the Pontides and Balkanides indentation, similar to what has been proposed for 

the neighbouring Carpathian Mountains (e.g., Matenco et al., 2007). 

The Late Eocene – Middle Miocene inversion of the Black Sea Basin from 

two opposite sides, Crimeea-Caucasus and the Balkanides and Pontides has 

created overlapping patterns of flexural subsidence in the centre of the Black Sea. 

This subsidence was spatially juxtaposed over the areas of maximum Cretaceous – 

Eocene stretching recorded by the Black Sea that created an additional component 

of thermal sag subsidence. Furthermore, the same area has been affected by 

increased sedimentation during Pliocene – Quaternary times. Whether or not this 

was a direct effect of an increase tectonic subsidence (Nikishin et al., 2003), or just 

a passive effect due to the coeval massive influx of sediments from a Carpathians 

source area, is still a matter of debate. The absence of numerical modelling 

integrating all of above discussed parameters, renders our discussion speculative. 

 

2.5. Conclusions 

The data presented in this study demonstrate that the structural highs 

observed by exploration studies offshore Romania form a coherent thick-skinned 

thrust system with N-ward vergence. Syn-kinematic patterns demonstrate that 

previously observed “depressions” (e.g., Histria) with unclear genesis cannot be 

related to processes such as extensional-related thermal subsidence as previously 

inferred (e.g., Dinu et al., 2005). These areas are foreland and thrust-sheet top 

basins buried by the subsidence taking place coeval with thrusting. Thrusting is 

focused in and inverts an existing geometry made up by successive grabens that 
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are inherited from the Cretaceous extensional evolution. This extension started 

during Barremian and accelerated during Aptian-Albian times, as demonstrated by 

the presence of Barremian syn-kinematic sedimentation, in agreement with 

previous observations made elsewhere in the West Black Sea (e.g., Okay et al., 

1994; Robinson et al., 1996, Robinson and Kerusov, 1997; Spadini et al., 1997; 

Hippolyte et al., 2010). The extension continued throughout the remaining 

Cretaceous times with fairly similar effects in terms of structural WNW-ESE 

oriented trends. One particular feature is the Peceneaga-Camena Fault which 

functioned as a transcurrent system accommodating differential amounts of 

stretching and creating rapidly uplifting of basement blocks at restraining strike-

slip bends. 

This study demonstrates that the shortening starting with the Late Eocene 

affected all areas of the Western Black Sea, deformation being coherently 

correlated across its western margin. The geometry of thrusts (Figure 2.9) and the 

decreasing offsets northwards demonstrate that the cause of this generalized 

inversion is linked with transmission of stresses during what is known as the final 

part of the Cretaceous – Eocene collision recorded in the Pontide-Balkanide system, 

related to the N-ward subduction and closure of the Tethys ocean (e.g., Şengör, 

1987). Syn-tectonic sedimentation in the Western Black Sea Basin demonstrates 

that this process was continuous in the back-arc and took place through the onset 

of gradual shortening migrating northwards. Although the total amount of 

shortening is roughly constant in an E-W direction, thrusts have a highly variable 

offset along their strike, deformation amounts being transferred between 

individual structures located at distance across the strike of the system (Figure 

2.11). The geometry of the N-ward vergent thrust system of the Western Black Sea 

is incompatible with the S-ward vergent thrusting driven by the Crimean-Caucasus 

system of the Eastern Black Sea. Therefore, the Odessa-West Crimea fault system 

must have accommodated substantial amounts of dextral deformation, variable 

along their strike (maximum near the margins and minimum in the centre of the 

basin, Figure 2.11b). 

The continuation of shortening pointed out in our study, show that the 

process of Tethyan collision did not stop during Eocene times as previously 

suggested, but continued in the back-arc much later until Middle Miocene times. 

Whether or not this on-going thrusting can be connected in all areas of the 

Western Black Sea with deeper-seated, lower crustal thrust faults (Figure 2.9) is a 

matter of further research. However, this is interesting in the light of the Upper 

Miocene - Pliocene exhumation of Pontides correlated with current models of 
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Anatolian Plateau uplift. The most likely explanation of this uplift is a concentration 

of on-going shortening by strain partitioning between an out-of-sequence 

thrusting reactivation of Eocene thrusting and strike-slip deformation taking place 

along the North Anatolian Fault system (e.g., Yildirim et al, 2011). 

The Black Sea example demonstrates the mechanism of transition from an 

extensional back-arc basin to a contractional one during the evolution of the 

Tethyan subduction and collision. Such back-arc transitions can be furthermore 

correlated with changing back-arc stress regimes during the oceanic subduction 

observed elsewhere, such as the variability along the Andean subduction zone 

caused by fine variation in subduction parameters (e.g., Sobolev et al., 2007; 

Gerbault et al., 2009). In the case of the Black Sea, while the extension was 

probably associated with processes such as slab retreat, the inversion was possibly 

associated with the onset of buoyant accumulation of lower plate crustal material 

at the subduction zone during collision. The amount of back-arc deformation 

recorded by the later was rather reduced, with a significant exhumation of various 

crustal blocks due to involvement of thick-skinned structures. 
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CHAPTER 3 

1
Effects of large sea-level variations in connected basins: the 

Dacian - Black Sea system of the Eastern Paratethys 

 

Abstract: 

Sea-level changes provide an important control on the interplay between 

accommodation space and sediment supply, in particular for shallow-water basins 

where the available space is limited. Sediment exchange between connected 

basins separated by a subaqueous sill (bathymetric threshold) is still not well 

understood. When sea-level falls below the bathymetric level of this separating sill, 

the shallow-water basin evolution is controlled by its erosion and rapid fill. Once 

this marginal basin is filled, the sedimentary depocenter shifts to the open marine 

basin (outward shift). With new accommodation space created during the 

subsequent sea-level rise, sediment depocenter shifts backwards to the marginal 

basin (inward shift). This new conceptual model is tested here in the context of 

Late Miocene to Quaternary evolution of the open connection between Dacian 

and Black Sea basins. By the means of seismic sequence stratigraphic analysis of 

the Miocene-Pliocene evolution of this Eastern Paratethys domain, this case study 

demonstrates these shifts in sedimentary depocenter between basins. An outward 

shift occurs with a delay that corresponds to the time required to fill the remaining 

accommodation space in the Dacian Basin below the sill that separates it from the 

Black Sea. This study provides novel insight on the amplitude and sedimentary 

geometry of the Messinian Salinity Crisis (MSC) event in the Black Sea. A large (1.3 

- 1.7km) sea-level drop is demonstrated by quantifying coeval sedimentation 

patterns that change to mass-flows and turbiditic deposits in the deep-sea part of 

this main sink. The post-MSC sediment routing continued into the present-day 

pattern of Black Sea rivers discharge. 

 

 

                                                           
1
 This chapter is based on Munteanu, I., Matenco, L., Dinu, C., Cloetingh, S., 2012. 

Quantifying the effects of large sea-level variations in connected basins: the Dacian - Black 

Sea system. Basin Research, in press. 
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3.1. Introduction 

Sequence stratigraphic concepts are used for the study of marine and 

continental sedimentation in various tectonic settings at normal amplitudes of 

eustatic sea-level variations or tectonic-driven base-level changes (e.g., Catuneanu 

et al., 2009; Martins-Neto & Catuneanu, 2010). However, the application of these 

concepts to restricted basins and associated parameters that control sediment 

exchange between connected basins are less studied (e.g., Ilgar & Nemec, 2005; 

Csato et al., 2007). In these situations, globally driven sea-level variations are 

absent and the main feature which controls the architecture of the basin fill is the 

interplay between available accommodation space and sediment supply (Galloway, 

1989; Schlager, 1993), leading to allogenic or autogenic architectural response that 

reflect the behaviour of these external drivers (Muto et al, 2007).When the main 

sedimentary sink is separated from the source area by a shallow marginal basin, 

the latter acts as a trap for sediments on their route to the main depositional 

domain. If these two basins are separated by an elevated barrier (e.g. Garcia-

Castellanos et al., 2003), the trapping effect is largely enhanced and the main basin 

(or main sink) is sediment starved until the marginal basin is filled (Leever et al., 

2010a). At this point in time, the marginal basin becomes exposed to erosion or 

accumulates continental sediments, and the marine depocenter shifts to the main 

basin. This depocenter shift takes place faster if the accommodation space is 

reduced by a sea-level drop. A subsequent sea-level rise will create new 

accommodation space in the marginal basin driving the main marine depocenter 

to shift back towards the source area during the associated transgression. To 

observe such a migration of depocenters between basins separated by a barrier, 

the difference in absolute altitude of the sea-level in the two basins must be 

significant, in any case much higher than the altitude of the sill (Garcia-Castellanos, 

2006). With large magnitude of sea-level fall shelf exposure and incision of 

continental slope will generate large volumes of sediments that are transported to 

deep-sea environments through slope failure and mass-transport processes (Zaitlin 

et al., 1994; Posamentier & Walker, 2006). 

These concepts are tested here by study of sediment fluxes between the 

Carpathian-Balkan source area, the Dacian marginal basin and the Black Sea main 

sink during Late Miocene to Quaternary (Figure 3.1a). The sea-level drop that 

affected both basins during the Messinian Salinity Crisis (MSC, e.g., Krijgsman et al., 

1999) is debated in terms of amplitude, timing and geometrical effects in this large  
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Figure 3.1 –a) The extent of Paratethys basins during the Lower Pontian high-stand 

and subsequent Middle Pontian (MSC) low-stand system tract (simplified after 

Popov et al., 2006). Absolute ages of these endemic Paratethys stages are displayed 

in Figure 3.2 and 3.3. b) Simplified tectonic map of the Western Black Sea and 

surrounding areas. Red lines are locations of seismic sections in Figures 3.4-3.7. 

Present day active faults are marked with brown color. Wells used for calibration 

are marked by blue dots. AZ – Azov Sea, CS – Caspian Sea, D – Danube Delta, DC – 

Dacian Basin, EBS – East Black Sea, FB- Focşani Basin, HD – Histria Depression, KD – 

Kamkya Depression, MED – Mediterranean Sea, ND – Noth Dobrogea Orogen, PA – 

Pannonian Basin, WBS – West Black Sea. BF – Bistriţa Fault, IMF – Intra-Moesian 

Fault, NAF – North Anatolian Fault, OF – Odessa Fault, PCF – Peceneaga Camena 

Fault, SGF – Sfântul Gheorge Fault, STF – Sulina Tarhankut Fault, WCF – West 

Crimea Fault. Pathways: B – Bosphorus Strait, IG – Iron Gates, SG – Scythian 

Gateway. Bg – Bulgaria, Gr – Greece, Mo – Moldova, Ro – Romania, Tk – Turkey, Uk 

– Ukraina. 
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Eastern Paratethys endemic domain (e.g., Hsu & Giovanoli, 1979; Krijgsman et al., 

2010). Large-scale erosional features were observed along the Western Black Sea 

shelf (Gillet et al., 2007), combined with significant changes in paleobathymetry 

that suggest a large (>1km) sea-level drop. The presence of mass-transport 

complexes on the deep-water floor of the Black Sea (Wong et al., 1994) provides 

the opportunity to study sediment exchange between connected sedimentary 

basins during a large sea-level fall. The interpretation of seismic reflection data 

calibrated by deep-wells in the Black Sea and Dacian basins allows a sequence 

stratigraphic interpretation of these connected basins and facilitates the study of 

its long-term dynamic effects. 

 

3.2. Formation and Miocene-Pliocene evolution of the Dacian – Black Sea system 

The Paratethys was a large endemic seaway that extended from the 

foreland of the Alps to the Aral Sea. Paratethys separated from the Tethys at the 

end of Oligocene times due to active uplift of SE European the Alpine chains (Seneş, 

1973; Rögl, 1999). The Middle-Late Miocene uplift of the Carpathians induced a 

further fragmentation of Paratethys into a Central (roughly the Pannonian Basin) 

and Eastern (Black Sea, Azov Sea and Caspian Sea) basin, characterised by endemic 

evolution and, therefore, distinct biostratigraphy (e.g., Steininger et al., 1988; Rögl, 

1996). 

The Black Sea part of the Eastern Paratethys had semi-permanent 

connections with its epicontinental appendixes, such as the Dacian Basin or the 

Caucasus-Caspian area (e.g. Popov et al., 2006). Among these connections, the 

exchange of waters between the Black Sea main sink and the marginal Dacian 

Basin took place through a shallow-water corridor herein named the Scythian 

Gateway, which was active during Late Miocene – Pliocene time (Figure 3.1). This 

corridor was located north of Nord Dobrogea Orogen and extended, during 

Miocene time, as far east as the present day southern part of the Bug River (Figure 

3.1a, Zosimovich et al., 1975; Matoshko et al., 2009). During Upper Miocene – 

Pliocene times, the corridor rapidly reduced its width by a gradual regressive fill to 

an area located immediately north of the Danube Delta (Figure 3.1a, Popov et al., 

2006; Matoshko et al., 2009 and references therein). Following a carbonatic-clastic 

shallow marine deposition during the Sarmatian, uppermost Miocene - Pliocene 

sediments (Figure 3.2) in the corridor record an overall transition from near-shore 

marine to fluvio-deltaic deposition during transgressive and high-stand intervals 
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(Gozhik et al., 2006; Matoshko et al., 2009). This sedimentation was interrupted by 

two erosional periods during the (Lower?) - Middle Pontian and lower Upper 

Dacian, which were associated with the formation of clays through weathering and 

palaeosols (Figure 3.3, Saulea et al., 1969; Matoshko et al., 2009). The overall 

Middle Miocene – Pliocene sedimentation (up to 150 m thick) was restricted to the 

area presently occupied by the Scythian Gateway, with marine deposition limited 

to depths below 200m, as inferred by sedimentological studies (Matoshko et al., 

2009). 

 

 

Figure 3.2 – Detailed crhro-stratigraphic chart for the Middle Miocene-Pliocene 

section of the Black Sea shelf, offshore Romania. The Miocene-Pliocene 

biostratigraphic ages are a combination between the endemic Central and Eastern 

Paratethys stages used by the local petroleum exploration (see Rögl, 1996 for 

further biostratigraphic correlations). The absolute ages and corelation between 

Paratethys and international scales are according with Laurens et al. (2004), 

Vasiliev et al. (2005); Vasiliev et al. (2011). The system tracts and seismic 

geometries are the result of this study.  
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The mountainous source area for sediments shed into the Dacian Basin – 

Western Black Sea was primarily the Carpathian-Balkan orogenic system (Figures 

3.1 and 3.3). The uplift and/or exhumation of this source area began starting with 

Late Eocene, when external Balkanides formed as a thick-skinned nappe system, 

thrusted northwards over the Moesian platform (Figure 3.1, Ivanov, 1988; Ricou et 

al., 1998). The neighbouring Carpathian orogen recorded significant uplift (~4-6km) 

towards the end of the Middle Miocene (~11-9Ma) due to continental collision 

with European units situated in their foreland (Sanders et al., 1999; Matenco et al., 

2010; Merten et al., 2010). At this time the Carpathian-Balkan orogen formed a 

highly curved mountain chain, retaining at its interior the shallow-water Dacian 

Basin (Figure 3.1, see also Jipa & Olariu, 2009), which unconformably covers the 

external deformed area of South-East and South Carpathians (Figure 3.1). This 

post-tectonic cover was subsequently deformed and eroded along the western 

flank of the Focşani sub-basin (i.e. the northernmost part of the Dacian Basin), due 

to renewed contraction that took place during the Quaternary (Figure 3.3a, 

Matenco et al., 2007). The Dacian Basin recorded a stage of Pliocene regressive 

basin fill during this overall tectonic evolution, which ultimately exposed it to 

continental sedimentation (Jipa & Olariu, 2009). 

The Black Sea opened due to back-arc rifting that took place in response to 

a northward subduction beneath the Pontides arc during Cretaceous-Palaeogene 

times, probably initiated along an inherited Late Jurassic Paleotethys sutures 

(Finetti et al., 1988; Nikishin et al., 2003, Yegorova et al. 2010a). Initial Early 

Cretaceous rifting in the western basin was followed by renewed Eocene extension 

on the scale of the entire Black Sea (e.g., Görür, 1988; Meredith & Egan, 2002). 

Basin inversion began during the late Middle Eocene, generally interpreted as far-

field stress transmission from the collision between the Pontides and Taurides 

continental units, during final closure of the Neotethys Ocean (Sinclair et al., 1997; 

Yilmaz et al., 1997; Stephenson et al., 2004; Dinu et al., 2005; Stovba et al., 2009; 

Nikishin et al., 2010). Although the overall Miocene-Quaternary sedimentation was 

reduced in the entire Western Black Sea Basin, higher rates of subsidence have 

been inferred for uppermost Miocene-Quaternary times (Figure 3.3a, Cloetingh et 

al., 2003; Nikishin et al., 2003, Ţambrea, 2007). 

The 1.2km sea-level fall that took place during the Messinian Salinity Crisis 

led to disconnection of the Mediterranean basin from the Atlantic Ocean (MSC, 

5.96-5.33Ma, Clauzon et al., 1996; Krijgsman et al., 1999). This event triggered 

shelf exposure and erosion, slope failure, massive slumps and deposition of deep- 
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Figure 3.4 – Seismic interpretation illustrating the geometry of Upper Miocene - 

Pliocene sediments in the western part of the Dacian Basin (modified from Leever et 

al., 2010). The un-interpreted version of the seismic line is available in Leever et al. 

(2010b). Note system tracts formed during the fill of the Dacian Basin. The base 

MSC sequence boundary at the limit between HST1 and LST2 is followed by low-

stand progradations and a ravinement surface, which formed due to subaerial 

exposure and subsequent transgression. This is followed by Upper Pontian – 

lowermost Dacian transgressive and high-stand system tract stages of regressive 

basin fill. For location see Figure 3.1b. 

sea fans, preceding sedimentation of thick evaporitic deposits (e.g., Gorini et al., 

2005; Lofi et al., 2005). The MSC ended by re-flooding of the Mediterranean basin 

with Atlantic waters at the beginning of the Pliocene (Zanclean flooding, e.g., 

Garcia-Castellanos et al., 2009). The MSC event is also recorded in various 

Paratethys basins (Clauzon et al., 2005; Krijgsman et al., 2010), with various effects 

on sediment distribution and debated amplitudes of sea-level drop. A low 

amplitude sea-level fall has been inferred in the Pannonian Basin (Csato et al., 

2007; Magyar & Sztanó, 2008), and was correlated across the Carpathian chain to a 

coeval sea-level fall in the Dacian Basin. In the latter, the formation of a clear 

Middle Pontian unconformity was associated with an up to 200m sea-level fall 

(Leever et al., 2010b) that was coeval with the Mediterranean MSC event (Vasiliev 

et al., 2005; Stoica et al., 2007). Furthermore, a contemporaneous sea-level fall of 

debated amplitude (100-2300m) in the Black Sea, led to large-scale shelf erosion 

and significant progradation during the subsequent high-stand (Hsu & Giovanoli, 

1979; Gillet et al., 2007). Rapid sea-level changes have also been interpreted 

during the Late Pliocene-Quaternary endemic evolution of the Black Sea (Winguth 

et al., 2000; Aksu et al., 2002; Hiscott et al., 2007; Lericolais et al., 2010), when sea-
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level fall enhanced the transport of large volumes of sediments towards the deep-

sea part of the basin. During Quaternary periods of low-stand system tract 

deposition, a thick succession of mass-transport and turbiditic sediments 

composed of stacked deep-sea fans was deposited in the front of modern rivers 

discharging in the Black Sea, such as Danube, Dniester or Sakarya rivers (Figure 

3.1a, Popescu et al., 2001; Algan et al., 2002; Lericolais et al., 2009). The present-

day position of these rivers discharge in the NW part of the Black Sea Basin 

(Danube, Prut, Dnieper, Dniester) is interpreted to be a Quaternary feature, or 

locally as young as the Holocene (e.g., Popescu et al., 2001; Panin, 2003; Giosan et 

al., 2006). A more detailed geometry of the paleo-drainage network during the 

Late Miocene – Pliocene is unknown, but the large scale deltaic sedimentation 

recorded in the Dacian Basin during the Pliocene suggests that the main fluvial 

discharge (Jipa & Olariu, 2009) had not reached this western segment of the Black 

Sea Basin at this time. 

 

3.3. Miocene-Quaternary sedimentation patterns across the Western Black Sea 

margin 

Seismic sequence stratigraphy studies applied to shelf, deep-water slope 

and deep basin-floor deposits have demonstrated that relative sea-level change 

plays an important role during the deposition of mass-transport complexes and 

turbidites, controlling their internal geometries and distribution along a specific 

sedimentological environment (e.g., Vail et al., 1977; van Wagoner et al., 1990; 

Posamentier, 2003; Posamentier & Walker, 2006, Johannessen & Steel, 2005). 

According to these studies, a typical deep-water depositional sequence consists of 

basal debris-flow deposits (mass-transport complexes), overlain and offset basin-

wards by sand-rich frontal splay deposits (lobes), composing submarine fans, 

created by slope instability and sediment discharge associated with flood-

generated hyperpycnal turbidite flows (Petter & Steel, 2006), formed during 

falling- to early low-stand system tract stages of sea-level variations. This 

succession is overlain by channel-levee deposits and a late low-stand system tract 

prograding wedge of muddier deposits formed during sea-level rise, indicating that 

the depocenter back-stepped onto the shelf. Subsequent debris-flow deposits can 

occur on the deep-water slope as a result of slope steepening and material re-

organisation during the onset of the transgressive system tract. Late transgressive 

and high-stand system tracts are recorded in the deep-sea part of the basin by a 

distal condensed section. 
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Figure 3.5 – Interpreted seismic line illustrating the detailed internal geometry of 

sequences observed on the western shelf of Black Sea. For location see Figure 3.1b, 

for legend see Figure 3.4. 

 

These principles have direct application to the Upper Tertiary seismic 

geometries observed along the Western Black Sea shelf. Four main depositional 

units or sequences can be interpreted on seismic lines, separated by 

unconformities or their correlative conformities in the deep-water part of the 

system (Figures 3.4-3.7). The reduced thickness and condensed nature of SQ1 and 

the high amount of deformation of SQ2 do not allow a complete lateral correlation 
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of reflectors. Therefore, only SQ3 and SQ4 are described in sequence stratigraphic 

terms. 

The first sequence is a thin (<300m) condensed section of Lower to lower 

Upper Miocene in age (SQ1, Figures 3.3b and 3.4-3.6), although only Badenian and 

Sarmatian deposits have been dated in wells drilled over the shelf area (Dinu et al, 

2005). The bounding unconformities have an erosional character on the shelf and 

continental slope (Figure 3.5) and are basin-ward replaced by a correlative 

conformity (Figure 3.6). A transgressive-regressive pattern is straightforwardly 

interpreted on the shelf area (Figure 3.5). A major increase in thickness is recorded 

starting with the second sequence (SQ2), of uppermost Miocene age (SQ2, Figures 

3.3a and 3.5, see also Georgescu, 2003). 

The most striking feature of the entire Western Black Sea depositional 

geometry is the large-scale unconformity (SB3) that separates SQ2 and SQ3, 

recognised all the way until the deep part of the basin (Figures 3.3b and 3.6). 

Truncation of reflectors beneath this unconformity is a strong indicator of 

erosional removal of large parts of SQ2 deposits, dated by the absence of Middle 

Pontian fauna as far offshore as the Cobălcescu well (km 113 in Figure 3.3, 

Georgescu, 2003). This unconformity has been laterally correlated in the deep-sea 

part of the Black Sea by the means of seismic interpretation calibrated by wells 

expanding from the Romanian shelf area (roughly km 40-60 in Figure 3.3) to Deep 

Sea Drilling Project wells 380 and 381 of Leg 42B, in the Turkish offshore region 

(Gillet et al., 2007; Figure 3.1b). In these wells, the unconformity records the 

transition from a latest Miocene shallow-water depositional environment with 

occasional sub-aerial exposure characterized by meteoric diagenesis in alternation 

with evaporites to an earliest Pliocene deep-water environment (Ross, 1978; 

Schrader, 1978; Hsu & Giovanolli, 1979; Stoffers & Muller, 1979). This correlation 

confirms the sub-aerial erosion in the deep-sea part of the Turkish offshore that 

was coeval with the formation of SB3 sequence boundary. A similar depositional 

environment and the lack of significant post-Miocene vertical movements in deep-

water areas support the conclusion of a similar sub-aerial erosional mechanism for 

the investigated Romanian offshore transect. However, beyond the lateral 

correlation with the documented sub-aerial exposure (i.e., east of km 60), a 

submarine origin for the erosion recorded at SB3 sequence boundary cannot be 

completely excluded for the studied transect (Figure 3.3). Such a submarine 

character becomes clear only in the deepest part of the basin, where the 

unconformity is overlain by mass-transport complexes (senso Posamentier &  
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Figure 3.6 – Interpreted seismic section showing the detailed geometry of the 

Middle Pontian unconformity and erosion/collapse (landslides) observed along the 

external shelf and the continental slope of Black Sea. For location see Figure 3.1b, 

for legend see Figure 3.4. 

 

Walker, 2006), formed during a rapid sea-level drop (Figure 3.3, between km 175-

220, SQ3-a in Figure 3.7). 
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The present-day vertical difference between highest and lowest points 

affected by the sub-aerial erosion along the studied transect is approximately 2km, 

when the lowest point considered is the elevation of mass-transport complexes, or, 

alternatively, around 1.6km, when the lowest position considered is the 

documented sub-aerial erosion (vertical difference along the unconformity 

between positions of points A and B or C, respectively, Figure 3.3). This degree of 

sea-level fall exposed the entire Black Sea margin, and can be documented from 

the shelf to the deep-sea part of the basin. Interestingly, the unconformity seals a 

large number of faults that truncate the SQ2 sequence, rotating its pre-kinematic 

high-amplitude continuous reflectors and display chaotic syn-kinematic deposition 

in the fault hanging-walls (Figures 3.3b and 3.6). Some of these faults have younger 

offsets, truncating the overlying Pliocene-Quaternary sequence (Figure 3.6). 

Faulting seems to be of tectonic extensional nature, truncating underlying 

sediments and basement. Hence, a significant number of normal faults transfer 

their offsets to thrust displacements along shallow décollements in the deep-sea 

part of the basin (Figure 3.3b). This demonstrates a genetic relationship between 

the large shelf exposure and the faulting, shallow décollements being formed by 

large-scale slope failure (landslides) similar with gravitational processes observed 

elsewhere in modern deltaic areas (i.e. toe-slope décollements, Higgins et al., 2007; 

Jermannaud et al., 2010). The slope fails due to change in the natural stability 

angle through sub-aerial exposure (Frey-Martinez et al., 2006), which is facilitated 

by the presence at depth of poorly consolidated decollement horizons. Over-

pressured, non-consolidated Oligocene Maikop shales commonly serve as such 

decollement horizons in the Western Black Sea (e.g., Bega & Ionescu, 2009). 

Mass-transport complexes deposited above the SQ3 sequence boundary 

are overlain by high amplitude parallel reflectors with a diagnostic geometry of 

frontal turbiditic splays (SQ3-b in Figure 3.7). These facial units characterize an 

early low-stand system tract associated with the formation of the large-scale SB3 

unconformity. The initiation of the subsequent sea-level rise during the late low-

stand system tract is recorded by typical geometries of a channel-levee system 

(SQ3-c in Figure 3.7). This is overlain by a high-amplitude reflector that marks the 

condensed section of the transgressive and high-stand system-tracts, their 

thicknesses being beyond seismic resolution in the deep-sea part of the basin. 

Near the shelf-break, the prograding sequence of late low-stand system tract and 

overlying bottom sets of the transgressive system tract are covered by the thick 

prograding sequence of the high-stand system tract (Figure 3.5). The maximum 

flooding surface is recognized by the transition between transgressive and 
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regressive patterns (MFS, Figure 3.5). The thick succession of shelf to slope 

clinoforms observed along the continental margin over a distance of more than 50 

km represents the subsequent high-stand system tract. This massive progradation 

is strikingly similar with same type of features recorded during the Early Pliocene 

re-flooding, which postdate the high amplitude MSC sea-level drop and desiccation 

of the Mediterranean Sea (e.g., Gorini et al., 2005). These are generally interpreted 

as high-stand Gilbert-type of deltas, situated in front of an active fluvial system 

(Clauzon et al., 1987). The shelf and shelf-break geometry gradual changed 

because of progradation of fluvio-deltaic deposits in a basin-ward direction (Figure 

3.3b), a feature commonly observed in front of modern river deltas (e.g. Olariu & 

Steel, 2009). 

A regional unconformity formed at the top of SQ3 sequence due to a 

Pliocene sea-level drop (intra- Lower Dacian, Figures 3.3b and 3.5). Channels and 

small canyons deeply incise into previously deposited high-stand prograding 

sediments along the entire shelf (Figure 3.5, see also Gillet, 2004). This 

unconformity marks the lower limit of Pliocene-Quaternary deposits, which are 

genetically grouped into sequence SQ4. Only a transgressive stage is observed by 

the geometry of reflectors in seismic lines along the shelfal part of the studied 

transect. These deposits were progressively overlain by prograding high-stand 

deltaic sediments (Figures 3.3b and 3.5). Sequences formed during sea-level 

changes of higher order cyclicity are interpreted from the SQ4 deposits in the deep 

sea-part of the basin. In this part of transect, the seismic resolution is higher due to 

thicker deposition. A succession of five higher order sequences is interpreted from 

alternating mass-transport complexes, channel fills, frontal splays, slope channels 

and channel-levee deposits (Figure 3.7). (Re) activation of normal faults was 

associated with syn-kinematic wedges deposited during low-stand system tracts. 

Therefore, slope failure was yet again likely to have been associated with subaerial 

exposure of the shelf area (Figures 3.3b and 3.6). 

These sequences are dated at the level of biostratigraphic sub-stages by 

the means of deep wells drilled in the Romanian part of Western Black Sea shelf 

(Ţambrea et al., 2002, Georgescu, 2003 and references therein). Wells located in a 

distal self position (i.e., Cobălcescu and Ovidiu, Figures 3.1b and 3.3b) provide 

direct extension of seismic sequences in the deep-sea part of the basin. The 

biostratigraphic dating indicates that SQ1 is Lower Miocene – Lower Meotian, SQ2 

is Middle Meotian - Lower Pontian, SQ3 is Middle Pontian – lowermost Dacian, and 
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Figure 3.7 – Seismic interpretation illustrating the detailed geometry of Middle 

Pontian – Quaternary deep-water deposits observed offshore Western Black Sea. 

The interpretation follows sequence stratigraphic principles of Posamentier & 

Walker (2006). P2- Middle Pontian, P3-Upper Pontian, Dc – Q – Dacian – Quatenary. 

Note that condensed high-stand system tract stages (such as the Upper Pontian - P3) 

are below the resolution of seismic lines in the deep-sea part of basin. 
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SQ4 is Dacian – Quaternary (see Figures 3.2 and 3.3b for absolute ages of 

Paratethys biostratigraphic stages). This biostratigraphic dating documents that 

the large magnitude of sea-level fall recorded by the SB2 sequence boundary is 

Middle Pontian in age and that erosional unconformity at the top of SQ3 sequence 

is intra – Lower Dacian in age. Note the potential confusion between a 

biostratigraphic stage and a denomination of the basin, which bear the same name, 

i.e. Dacian. 

 

3.4. Dynamics of sedimentation between the Dacian Basin and the Black Sea 

during the Messinian Salinity Crisis 

Sediment transfer from the Carpathian-Balkan source area to the main 

Black Sea sink through the Dacian Basin was likely hampered by the existence of a 

shallow marine barrier. Such a barrier was located north of the presently exposed 

basement of North Dobrogea, overlying the pre-Miocene units of the Scythian 

platform (Figures 3.1, 3.3a and 3.8). This Scythian gateway corridor was 

particularly restrictive in terms of spatial extension and shallow bathymetries 

through the Upper Miocene (Saulea et al., 1969; Popov et al., 2006). 

The described configuration ensured that the Dacian Basin remained a trap 

for sedimentary influx as long as local accommodation space was available, which 

is demonstrated for the Dacian Basin by the significantly higher rates of deposition 

throughout the Miocene-Pliocene times, when compared to the Black Sea. In 

contrast the later records starvation and deposition of a condensed section during 

most of the Miocene period (Figure 3.3a). However, one notable exception to this 

starvation rule is the significantly higher rates of deposition in the Black Sea 

relative to the Dacian Basin during Pontian (Figures 3.3a and 3.4-3.7). This 

exception demonstrates the existence of the sedimentary shifts (outwards and 

inwards) between the two basins during Pontian that were coeval with the MSC 

sea-level drop. 

Recent seismic interpretations calibrated by wells (Leever et al., 2010b) 

have demonstrated that the high sediments flux into the Dacian Basin have 

created a major regressive phase of basin fill, characterised by massive prograding 

deltaic sediments (Figure 3.4). This general pattern is interrupted by two periods of 

sea-level drop (intra-Meotian and Middle Pontian) that separated three sequences. 

The later MSC sea-level drop created a widespread unconformity across basin 
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margins and a ravinement surface in its centre (Figure 3.4). A subsequent rapid 

transgression and regression (i.e. TST and HST, Figure 3.4) took place during the 

Upper Pontian-lowermost Dacian (see Leever et al., 2010b for further details). The 

Dacian Basin was completely filled by large prograding deltaic deposits, too 

shallow to be imaged by seismic lines, but well depicted in outcrop studies (Figure 

3.4, see also Jipa & Olariu, 2009). This evolution is documented in all proximal 

parts of the Dacian Basin, close to the Carpathian source area. The exception is the 

Focşani part of the basin (Figure 3.3a), where no sea-level variations are recorded 

by seismic lines during Late Miocene-Pliocene (Leever et al., 2006), reflecting a 

subsequent Quaternary exhumation and erosion of the external Carpathian flank. 

This erosion largely removed the proximal facies that normally record base level 

variations (Abbreu & Haddad, 1998). 

The combined sedimentary geometries of the Dacian and the Black Sea 

basins demonstrate that sedimentation during the large Middle Pontian sea-level 

fall (MSC event) was recorded differently in the two basins, due to the existence of 

a barrier along the Scythian gateway (Figure 3.8). Once sea-level reached the 

height of the formerly submerged barrier, the Dacian Basin functioned as a 

suspended lake, whose water-level was strictly controlled by the erosion of the 

barrier (Garcia-Castellanos, 2006). Sedimentation continued in the Dacian Basin 

until the basin was completely filled, but at higher rates due to sub-aerial exposure 

to erosion of marginal areas. At the same time, the water level continued to fall 

due to barrier erosion, at much lower rates than in the Black Sea. The result is a 

longer stage of forced regression and a shorter time span recorded by the 

sequence boundary unconformity (Figures 3.4 and 3.8). Coeval massive erosion 

took place in the Black Sea due to the gradual exposure of shelf area during the 

early low-stand period. This gradual exposure triggered instability and failure of 

the outer shelf and slope, generating gravitational gliding and mass-transport of 

sediments towards the deep-sea part of the basin (Figures 3.7 and 3.8). The on-

going sea-level fall led to complete exposure and sub-aerial erosion of the shelf 

area, which became the source of massive sedimentation, carried by turbiditic 

currents on the basin floor in frontal splays (Figures 3.7 and 3.8). The onset of sea-

level rise during deposition of late low-stand system tract and subsequent 

transgression led to the deposition of leveed channel, low-stand deltas and 

condensed sections observed in the deep part of the basin. The shelf was rapidly 

flooded at the onset of the transgression (Figure 3.8). Ultimately the water-level 

raised above the eroded level of the barrier, with the depocenter of sedimentation 

shifted inward towards the Dacian Basin, that recorded a short stage of 
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transgressive and high-stand system tracts deposition (Figures 3.4 and 3.8). As the 

remaining accommodation space in the Dacian Basin was rapidly filled, massive 

sedimentation sourced from the Carpathian-Balkan orogen was again shifted 

outward into the Black Sea. This sudden increase in sedimentation rate outpaced 

the rate of increase in accommodation space by sea-level rise, resulting in 

progradational parasequence sets and an early instalment of thick high-stand 

deposition, marked by prograding geometries (Figures 3.5 and 3.8). 

The reduced thickness of transgressive and high-stand system tract 

deposits in the Dacian Basin is the combined effect of reduced accommodation 

space and short time duration. The onset of yet another sea-level drop is recorded 

in both basins, during Lower Dacian, with the Black Sea recording widespread 

erosion restricted to shelf areas (Figure 3.5). This suggests that the sea-level drop 

must be in the order of a couple of tens to hundreds of metres, much smaller 

when compared with the previous Middle Pontian MSC event. The subsequent 

sea-level rise is recorded both in the Dacian and the Black Sea Basin by widespread 

progradational patterns. 

These clear shifts in sedimentation recorded during Pontian times are 

apparently not unique in the history of connected Dacian-Black Sea basins. The 

first significant Miocene influx into the Black Sea in front of the Scythian gateway is 

recorded by thicker deposits of the SQ2 Middle Meotian - Lower Pontian sequence 

(Figures 3.3b and 3.6). This is possibly coeval with the first intra-Meotian sea-level 

drop recorded in the Dacian Basin and may infer an earlier moment of sedimentary 

shift between the two basins. Alternatively, this early shift in sedimentation could 

be coeval with the Lower Pontian invasion of marine water into these two basins 

from the Mediterranean domain (Krijgsman et al., 2010), providing a higher 

sedimentary influx into the Black Sea. Consequently, correlating the highly 

deformed SQ2 sequence is rather difficult, preventing a more diagnostic sequence 

stratigraphic interpretation. 

Sea-level variations of significant amplitude have important flexural 

isostatic effects in restricted basins (Govers et al., 2009). The application of this 

observation to the Middle Pontian Black Sea sea-level drop during the Messinian 

Salinity Crisis suggested that significant rebound took place during the low-stand 

times that reach up to 200m along the NW basin margins, while the centre of the 

basin was uplifted with up to 800m (Bartol and Govers, 2009). This rebound 

geometry has been hidden and modified by the subsequent sea-level rise and 

Pliocene – Quaternary sediment loading. 
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3.5. Conclusions 

Sequence stratigraphic interpretations in connected basins, such as this 

study of Eastern Paratethys, demonstrates that basin evolution and sedimentary 

flux may be significantly influenced by base-level variations, which impose radical 

changes in available accommodation space. The existence of a shallow trapping 

basin in the sediments transport route, towards the main sink, can causes 

significant sediments redistribution and contrasting depositional geometries that 

can impact the sequence stratigraphy interpretation. 

When a large (>1km) sea-level drop is recorded in a system of connected 

basins, the presence of a barrier ensures that the absolute value of this sea-level 

drop is recorded differently in the marginal basin when compared with the main 

basin. Once the water-level reaches the barrier, its erosion controls the 

continuation of the sea-level fall in the marginal trapping basin, which ultimately 

evolves into a suspended lake. While sedimentation continues in the trapping 

basin as a forced regression until it is completely filled, the main sediment sink 

records shelf collapse and massive erosion that is associated with deposition of 

mass-transport and turbiditic complexes in the deep-sea part of the basin. Both 

basins record significant erosion of their marginal parts, while sedimentation takes 

place in their centres. Hence, this erosion is observed at different absolute 

elevations (Figure 3.6). The sea-level drop recorded in the Dacian Basin was in the 

Figure 3.8 – (previous page) a) Cartoon illustrating the genetic mechanism controlling 

depositional events during large sea-level falls (such as the MSC event in the Dacian-

Black Sea basins system). Note that the inferred proximal sequences in the Dacian Basin 

are preserved only in its western parts. The Dacian Basin provides a trap for sediments 

as long as accommodation space exists. When this basin is filled, sediments bypass into 

the Black Sea, where the sedimentation rate increases. The mass-transport complexes 

are formed in early stages of low-stand system tract, due to large scale landslide and 

continental slope collapse during subaerial exposure. b) Restoration of the extent of the 

MSC unconformity during Middle Pontian times. A – the point which marks the proximal 

extension of SQ2 high-stand system tract beneath the MSC unconformity; B- the point 

which marks the most distal position with documented subaerial erosion; C – the point 

which marks the most distal extension of the observed unconformity (see Figure 3.3b). 

The position of points has been restored using a simple isostatic backstripping 

technique (Angevine et al., 1990) by decompacting all Tertiary sediments and removing 

the Late Pontian – Quaternary load. The calculated sea-level drop during Middle 

Pontian is roughly 1700m when subaerial erosion is calculated to mass-transport 

complexes or 1300m when this is calculated to the most distal point with documented 

subaerial erosion. This is a minimum value since a higher extension of the SQ2 high-

stand system tract on shelf could have been removed by subsequent erosion. 
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order of 200m (Leever et al., 2010b), which must represent the sum of the initial 

paleobathymetry at the barrier and its subsequent erosion. Based on the inferred 

amount of erosion along the western shelf and slope of the Black Sea, restored to 

the Middle Pontian stage, the sea-level fall recorded by the main sink must have 

been in the order of 1300m to 1700m. This first documentation of erosional 

patterns and absolute geometries during the MSC event in the Black Sea is in 

general agreement with previous observations from deep-sea drilling sites (Hsu & 

Giovanoli, 1979) and seismic interpretations restricted to the Black Sea shelf (Gillet 

et al., 2007; Tari et al., 2009). However, these large values are in contrast with 

previously sea-level fall estimates of 100-200m in the Black Sea (Krijgsman et al., 

2010). This controversy is only apparent, as these latter measurements were 

performed in marginal basins (Dacian and peri-Caucasian), that recorded a limited 

sea-level fall due to their restriction, by occasional barriers, from the large sea-

level drop of the main sink. Understanding that sea-level can be recorded 

differently by marginal basins is highly relevant for other Paratethys areas, such as 

the Pannonian or Caspian basins, for which similarly contrasting magnitudes of 

sea-level change have been inferred for this period (Zubakov, 2001; Csato et al., 

2007). The analysis of seismic sections along the Black Sea offshore demonstrates 

that the MSC/SB3 erosional unconformity is a widespread feature. This is 

particularly well documented in the Romanian offshore, where the formation of an 

angular unconformity was developed by massive slope failure with its localisation 

favoured by the rapid sedimentation associated with the outward shift of 

sedimentation. Elsewhere in the Black Sea, the SB3 is a commonly a disconformity, 

recognized by (bio-)facies changes in wells and/or seismic interpretations, or 

subsequent exposure due to tectonics (e.g., Hsu & Giovanoli, 1979; Tari et al., 

2009). 

An interesting outcome of our seismic sequence stratigraphic analysis is 

the observation that mass-and turbiditic-type of transport, presently active in front 

of rivers discharging into the Black Sea (e.g., Lericolais et al., 2009 and references 

therein) is an inherited effect of the Messinian Salinity Crisis. Previously 

interpreted (Upper) Quaternary ages of these high-frequency sea-level variations 

(e.g., Popescu et al., 2001) are at odds with the rather straightforward correlation 

from existing industrial boreholes that demonstrate a Pliocene-Quaternary age for 

the entire mass-and turbiditic-type of sedimentation. Our study further confirms 

that these deep-sea deposits were more sensitive to higher-order sea-level 

variations than contemporaneous shelf sequences thus capturing higher resolution 

changes on seismic data (e.g., Winguth et al., 2000). 
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Our Dacian-Black Sea study demonstrates that in the case of large sea-

level drops an outward sedimentation shift will occur from the trapping basin to 

the main sink. For a sea-level drop of 1.3-1.7km and a barrier height of ~200m, the 

sedimentation shift will occur after ~0.2Ma, which is the time span between the 

Middle and Upper Pontian (e.g. Stoica et al., 2007). Obviously, this is also 

dependent on the available accommodation space in the trapping basin and other 

parameters such as the lithospheric strength or the balance between precipitation 

and evaporation (Leever et al., 2010a). An inward sedimentary shift will occur 

almost instantaneously, when the water-level surpasses the barrier and 

accommodation space is again created in the trapping basin. 

The inference of a delay time between the unconformity recorded in the 

trapping basin and the main sink was inferred by numerical modelling, which 

suggests that a delay time of ~0.2Ma would have existed in the Dacian - Black Sea 

system during the time-span of the Messinian Salinity Crisis when the height of the 

separating Scythian Gateway is in the order of 125m (Bartol et al., 2012). The same 

study has confirmed that the patterns observed into the Black Sea can be 

accommodated only with a large (i.e. more than 1km) sea-level drop, while 

climatic changes appear to play a restricted role in controlling the delay time. 

Hence, the climate appears to play a significant role controlling sea-level variations 

in the Paratethys domain, in particular by a change towards more humid 

conditions near the Miocene – Pliocene boundary, although its influence is not yet 

fully understood (see discussion in Krijgsman et al., 2010). This is in agreement 

with the numerical modelling studies of oceanic paleo-circulation applied to the 

earlier Miocene disconnection of the Mediterranean – Paratethys from the Indian 

Ocean (Karami et al., 2011). These studies have inferred that the disconnection 

reversed the overturning circulation in the Paratethys and Mediterranean Sea an 

increased the sensitivity of these basins to changes in climate, the Paratethys 

domain becoming colder. These climatic changes are significantly enhanced by the 

presence of shelves area. 

Similarly with the Dacian Basin and the Black Sea, different magnitudes of 

MSC sea-level drops were recorded in various parts of the Mediterranean Basin, in 

both marginal restricted areas and in the deep-water basin (e.g., Clauzon et al., 

1996; Gorini et al., 2005; Bache et al., 2009). Sedimentary geometries of the 

Western Mediterranean and the Western Black Sea basins are strikingly similar in 

terms of unconformities and clinoforms distribution during Late Miocene – Early 

Pliocene (Berné & Gorini, 2005; Gorini et al., 2005; Lofi et al., 2005). The 
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demonstration by this study that the Black Sea recorded a sea-level fall similar in 

magnitude to that inferred for the Mediterranean domain during the MSC requires 

a critical re-evaluation of the genesis of this major event. Because these basins 

were largely disconnected during the MSC, except the transient “Lago Mare” facies 

of brackish fauna invasion into the Mediterranean (e.g., Hilgen et al., 2007 and 

references therein), the sea-level drop in the Black Sea could not have been 

significantly influenced by the most commonly interpreted Mediterranean cause, 

the closure and opening of the Gibraltar gateway. It is more likely that a combined 

climatic and tectonic effect is at the origin of this rather regional event (e.g., Meijer 

& Krijgsman, 2005). 
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CHAPTER 4  

1
Transfer of deformation in back-arc basins with a laterally 

variable rheology: constraints from analogue modelling of the 

Balkanides - Western Black Sea inversion 

 

Abstract 

The balance between extension and contraction in back-arc basins is very 

sensitive to a number of parameters related to on-going subduction and collision 

processes. This leads to complex back-arc geometries, where a lateral transition 

between crustal blocks with contrasting rheologies is often recorded. One good 

example is the back-arc region of the Balkanides-Pontides orogens, where lateral 

variations in rheologies are observed between the Balkanides-Moesian block and 

the Pontides - Western Black Sea Basin. The latter opened during Cretaceous – 

Eocene times, and has been largely inverted together with the former starting 

during late Middle Eocene times. The inversion generated contrasting geometries 

along the orogenic strike, with a narrow zone of high deformation in the 

Balkanides – Moesia region, wide areas of thrusting with low offsets in the 

Pontides – Western Black Sea Basin and a transitional zone characterized by highly 

curved geometries. Inversion tectonics processes are investigated here by the 

means of crustal-scale analogue modelling that tested the role of inherited crustal 

geometries during subsequent inversion. The results demonstrate that the pre-

inversion extensional geometry has a strong control in localizing compressional 

deformation in various types of back-arc blocks. The transmission of deformation 

at large distance in a stretched back-arc is primary controlled by the distance of 

inherited, weak, grabens from the advancing indenter and is favoured by the 

existence of non-stretched, strong, crustal blocks, located at the opposite side of 

the model. The modelling results suggest that contrasting geometries of inversion 

structures observed in the Balkanides-Pontides domain are the result of pre-

existing crustal stretching geometries of various blocks inherited from the 

Cretaceous- Eocene extension. The stretched and weak back-arc basins can 

                                                            
1
 This chapter is based on Munteanu, I., Willingshofer, E., Sokoutis, D., Matenco, L., Dinu, 

C., Cloetingh, S., 2012. Transfer of deformation in back-arc basins with a laterally variable 

rheology: constraints from analogue modelling of the Balkanides - Western Black Sea 

inversion. Global and Planetary Change, submitted. 
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effectively transfer contraction deformation at large distances, explaining 

structures derived by observational studies. The collisional deformation recorded 

in the Pontides was transmitted at large distances that are in the range of the 

contraction structures observed in the centre and northern part of the Western 

Black Sea. In the light of analogue modelling results we argue that the Western 

Black Sea was a rheologically weaker domain when compared with the adjacent 

western onshore at the beginning of the inversion, in contrast with the with 

previous results derived from numerical modelling studies, that argued for a strong 

Western Black Sea domain at the beginning of inversion. 

 

4.1. Introduction 

Transmission of contractional deformation at far distances from plate 

boundaries into orogenic forelands and hinterlands has been the object of a 

number of studies based on geophysical and geological observations (e.g. Ziegler 

et al., 1998; Ziegler et al., 2002; Roure, 2008) as well as analogue modelling (e.g. 

Smit et al., 2003; Del Ventisette et al., 2006; Willingshofer and Sokoutis, 2009; 

Dombrádi et al., 2010; Luth et al., 2010). These studies have demonstrated the 

effectiveness of strain transfer to large distances from the active deformation area, 

as a function of the (inherited) crustal or lithospheric rheology. Analogue and 

numerical modelling studies investigating the inversion of extensional basins, such 

as back-arc basins (e.g. Nalpas et al., 1995; Brun and Nalpas, 1996; Dubois et al., 

2002; Panien et al., 2005; Buiter et al., 2009) have tested the influence of graben 

geometries, the obliquity of inversion when compared to the strike of normal 

faults, the brittle-ductile coupling and the balance between the amounts of 

deformation during inversion following extension of the crust and lithosphere. 

These studies have demonstrated the significance of inherited normal fault 

geometries and stretching parameters in controlling the amplitude and localization 

of deformation in close proximity or at far distances from the moving indenter. The 

balance between extension and contraction in back arc-basins is very sensitive to a 

large number of parameters related to the on-going subduction and collision 

processes (Uyeda and Kanamori, 1979; Dewey, 1981; Doglioni et al., 2007 and 

references therein). This leads to complex back-arc geometries, where a lateral 

transitions between crustal blocks with contrasting rheologies is often recorded 

locally (Dvorkin et al., 1993; Huismans et al., 2001). Inverting such mechanically 

different blocks can lead to significant variation of thrust geometries along the 

strike of the orogen. The inherited weakness of extensional back-arc basins at  
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Figure 4.1 – a) Topographic map of Central and Eastern Europe with the location of 

the studied area; b) tectonic map of the Western Black Sea Basin and adjacent 

areas (compiled from Finetti et al., 1988; Doglioni et al., 1996; Robinson and 

Kerusov, 1997; Mikhailov et al., 1999; Dinu et al., 2005; Okay et al., 2006; Saintot et 

al., 2006a; Afanasenkov et al., 2007; Nikhishin et al., 2010). The red lines represents 

the location of the two regional transects in Figure 4.2. Note the swinging like 

geometry of the Balkanides-Pontides orogens. Bg – Bulgaria, Gr- Greece, Mo – 

Moldova, Tk – Turkey, Uk – Ukraine. BF – Bistriţa Fault, NAF – North Anatolian Fault, 

IMF – Intra-Moesian Fault, OF – Odessa Fault, PCF – Peceneaga Camena Fault, TF – 

Trotuş Fault, SGF – Sulina Tarhankut Fault, STF – Sfântul Gheorghe Fault, WCF – 

West Crimean Fault, WBS – West Black Sea Basin, ND – North Dobrogea Orogen. 
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short times after extension may focus deformation at the transition between 

mechanically strong and weaker crust/lithosphere (e.g. Jarosinski et al., 2011) that 

is often in close proximity to the indenter. Hence, thermal anomalies associated 

with extension, which weaken the lower crust and forms layers that, potentially, 

would transmit deformation at large distances by reducing the brittle/ductile 

coupling (Smit et al., 2003). 

An area that shows crustal domains with distinct lateral strength variations 

is the Pontides - Western Black Sea Basin and the westerly adjacent Balkanides-

Moesian onshore, situated in the back-arc of the northward subduction of the 

Neotethys beneath the Rhodope-Pontides volcanic arc (e.g. Letouzey et al., 1977; 

Zonenshain and Le Pichon, 1986; Okay et al., 1994). The Cretaceous- Eocene basin 

opening and enlargement of the Western Black Sea (Görür, 1988; Okay et al., 1994; 

Dinu et al., 2005) was subsequently followed by a compressional episode starting 

during the late Middle Eocene, which inverted large areas of Pontides and Western 

Black Sea Basin. The inversion has created, on its western onshore margin, the 

Balkanides nappe stack by duplicating large areas of the Rhodope-Moesian 

hinterland (Finetti et al., 1988; Ivanov, 1988; Yilmaz et al., 1997; Georgiev et al., 

2001; Stuart et al., 2011). Recent correlations of the inversional structures infer a 

constant amount of shortening along the strike of the Pontides-Rhodopes back-arc 

system, accommodated by a concentration of deformation in the Balkanides sector 

that is replaced lateraly in the Pontides - Black Sea by a wide zone of deformation 

recognized as far north as the Odessa Shelf (Munteanu et al., 2011). In between 

these two areas, a transitional zone concentrates deformation along a swing in the 

thrust system that connects the Balkanides with the Pontides (Figure 4.1, Doglioni 

et al., 1996; Bergerat et al., 2010; Stuart et al., 2011). The mechanism controlling 

the transmission of deformation into the two rheologically and kinematically 

different areas and the role of inherited crustal structures over the localization of 

strain is not known. 

In this study the mechanics of back-arc basin inversion over a laterally 

variable crustal rheology is investigated by means of analogue modelling with the 

main variables being the role of the inherited geometries during subsequent 

inversion. 

The models are applied to the late Middle Eocene-Pliocene inversion of 

the Western Black Sea, with special regards to the role of lateral variation in crustal 

strength in strain localization. Hence the interplay between the degree of vertical 
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coupling and lateral differences in crustal strength is the primary focus of this 

study. 

 

4.2. Constraints from the evolution of the Balkanides-Pontides-Western Black 

Sea system  

The Black Sea Basin is traditionally divided in a western and eastern sub-

basin floored by thinned transitional or oceanic crust, and is separated by the 

uplifted Andrusov – Archangelsky Ridge or Mid Black Sea High continental block 

(Figure 4.1, e.g. Starostenko et al., 2004; Edwards et al., 2009; Yegorova et al., 

2010). The sub-basins opening took place in two main successive phases. A first 

Early Cretaceous (Barremian-Albian) extensional episode opened the western sub-

basin (Görür, 1988; Robinson et al., 1995; Nikishin et al., 2003; Tambrea, 2007) in 

the back-arc region of the N-ward subduction of the Neotethys, behind the 

Serbomacedonian – Rhodope – Pontide arc (Letouzey et al., 1977; Sengör and 

Yilmaz, 1981; Okay et al., 1994; Robinson et al., 1996; Yilmaz et al., 1997). 

Reconstruction of extensional geometries indicates small offset normal faults 

organized in asymmetric half-grabens in the central and northern part of the 

Western Black Sea (Dinu et al., 2005; Khriachtchevskaia et al., 2010) and symmetric 

grabens in its southern part (Banks and Robinson, 1997; Yilmaz et al., 1997; 

Georgiev et al., 2001). The overal orientation of these grabens is E-W, with local 

changes to NW-SE, like offshore Romania (Tambrea et al., 2002; Nikishin et al., 

2003).  

Renewed extension took place during latest Cretaceous - Paleogene times, 

with the opening of the Eastern Black Sea Basin, due to the rotation of the Shatsky 

Ridge away from the Mid Black Sea High, and enlargement of the already opened 

domain of the Western Black Sea Basin (Figure 4.1, Okay et al., 1994; Spadini et al., 

1996; Banks and Robinson, 1997). The Late Cretaceous - Eocene extension is 

widely observed, in particular near the southern margin of the system (i.e. 

Balkanides - Western Pontides). Here, large E-W oriented grabens were filled with 

more than 3km syn-kinematic volcano-clastic sediments (Görür, 1997; Tüysüz, 

1999; Georgiev et al., 2001; Sunal and Tuysuz, 2002; Bergerat et al., 2010). In the 

north, the Late Cretaceous- Paleogene stretching has reduced effects, the Early 

Cretaceous rift stage being followed by an overall passive margin evolution of this 

Western Black Sea area, and by a tectonically quiescent period along the 

neighbouring Moesian onshore margin (Dinu et al., 2002; Tambrea et al., 2002; 
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Khriachtchevskaia et al., 2010). In the transitional area (i.e. offshore Romania and 

Bulgaria), Eocene stretching resulted in normal faults with offsets in order of tens 

to hundreds of meters (Tugolesov et al., 1985; Robinson et al., 1996; Dinu et al., 

2005; Tambrea, 2007; Tari et al., 2009). 

Basin inversion started shortly after extension during late Middle Eocene 

and is generally interpreted as far-field transmission of compressional stresses 

during the final closure and collision of the Neotethys (Finetti et al., 1988; Yilmaz et 

al., 1997; Stephenson et al., 2004; Munteanu et al., 2011). The continental collision 

between the Sakaria and Istanbul blocks induced large scaled basin inversion, 

which was recorded in their entire hinterland (Okay et al., 1994), including the 

backward thrusting of Balkanides-Pontides orogens onto the former back-arc 

domain. The shortening was gradually propagated northwards affecting the entire 

Western Black Sea during Oligocene-Miocene times, with coeval positive inversion 

being described offshore Romania and Odessa Shelf (Tugolesov et al., 1985; 

Morosanu, 2002; Dinu et al., 2005; Khriachtchevskaia et al., 2010; Munteanu et al., 

2011). The continuation of the inversion during Pliocene has been recorded only 

on the Odessa Shelf (Khriachtchevskaia et al., 2009). Hence the late Middle 

Eocene-Pliocene inversion structures form a coherent thick-skinned thrust system 

that can be connected across the entire Western Black Sea shelf (Figure 4.2), with 

associated foreland- and thrust sheet top basins, like the Kamchya and Histria 

depressions, which have been filled with kilometres thick syn-tectonic Eocene and 

Oligocene sediments, respectively (Figure 4.2, Dachev et al., 1988; Doglioni et al., 

1996; Harbury and Cohen, 1997; Munteanu et al., 2011; Stuart et al., 2011). 

 

4.2.1. Along strike variations in the inversion kinematics  

The sequence of deformation observed along the Balkanides - Pontides - 

Western Black Sea system points out that the age of the shortening is late Middle 

Eocene to Late Eocene in the southern Pontides-Balkanides transect, decreasing 

gradually in age northwards through the Bulgarian and Romanian offshore to Late 

Miocene – Pliocene in the Odessa Shelf (Figure 4.1, Munteanu et al., 2011). 

Interestingly, the amount of shortening varies along strike of the system. Along a 

N-S transect in the western onshore area, the cumulated shortening of the 

Srednogorie, East Balkan and Central Balkan units, is in the order of ~30km, with 

the additional minor offset structures observed as far north as the Peceneaga - 

Camena and Sfântul Gheorghe faults that reach offsets in the order of 1-2km  
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(Figure 4.2a, Georgiev et al., 2001; Hippolyte, 2002; Bergerat et al., 2010; Stuart et 

al., 2011). 

Along an N-S transect crossing the centre of the Pontides – Western Black 

Sea Basin, the inversion cumulates the internal contraction in the Pontides and 

their thrusting over the Western Black Sea with the contractional structures 

recorded in the central and northern part of the Western Black Sea Basin. 

Although the vergence of the major structure accommodating the contraction 

observed between the Pontides and the Western Black Sea is not yet fully 

constrained as both N- and S- vergent structures are observed (e.g., Finetti et al., 

1988; Okay and Sahinturk, 1997; Yilmaz et al., 1997; Sunal and Tuysuz, 2002), the 

calculated minimum shortening is similar with the onshore section, ~30 km (Figure 

4.2b, Munteanu et al., 2011). The up to ~16km shortening recorded in the central 

and northern parts of the Western Black Sea, is much larger compared with its 

onshore equivalent, and was strongly controlled by the pre-existence of 

Cretaceous - Eocene grabens. The concentration of extensional structures north of 

the Pontides - Balkanides indenter localized the thrusting in areas where the 

shortening direction was perpendicular to the strike of pre-existing grabens. In this 

respect, pre-existing grabens appear to be weakness zones favouring localization 

of thrusting (Munteanu et al., 2011). The area between the two transects 

represents the transfer zone where the central and northern offshore thrusting 

decrease westwards, while the thrusts of the Balkanides swing and connects to the 

Pontides. This transfer zone is characterized by higher angle oblique thrusting with 

reduced offsets (Figure 4.3, see also Doglioni et al., 1996; Stuart et al., 2011). The 

total shortening along the two transects is comparable and is in the order of 30km, 

leading to the conclusion that the overall amount of contraction was rather 

constant along the orogenic strike. However, shortening was distributed 

differently due to the pre-existence of the Cretaceous-Eocene grabens in the 

Western Black Sea (Munteanu et al., 2011). 

Figure 4.2 – (previous page) Regional geological transects: a) onshore section - the 

northern part of Transmed VII profile (redrawn after Papanikolaou et al, 2004) b) 

offshore section - over the Western Black Sea shelf (modified after Munteanu et al., 

2011). Both sections start from the Balkanides and end in the southern part of 

Scythian Platform. Note the presence of a thick sequence of Cretaceous-Pliocene 

sediments into the Black Sea Basin when compared with the continental section. In 

the onshore area, sediments of this age were deposited mainly in the Balkanides and 

the North Dobrogea Orogen. A direct relationship exists between localization of 

Cretaceous deposits (in extensional grabens) and localization of late Middle Eocene-

Pliocene inversion. 
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Figure 4.3 – Sketch of the kinematics of the Western Black Sea Basin during late 

Middle Eocene-Miocene inversion (after Munteanu et al., 2011). The black thick 

continuous lines are estimated values for the minimum amount of shortening. OF- 

Odessa Fault, WCF- West Crimean Fault, EBS- East Black Sea, WBS – West Black Sea. 

 

4.3. Analogue modelling  

The conditions for the effective transmission of strain into the Balkanides – 

Pontides - Western Black Sea back-arc system (Figure 4.1) have been tested by 

means of scaled analogue/physical modelling. In particular we evaluate the role of 

the inherited geometries and extensional weaknesses zones on localization of 

compressional deformation. 

These types of models can provide valuable insights in natural systems 

(Huber, 1937; Ramberg, 1961; Ramberg, 1981). 
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4.3.1. Modelling setup 

A series of brittle-ductile crustal scaled analogue experiments has been 

performed in the ISES Tectonic Lab using a two layer (brittle, ductile) rheological 

set-up (Figure 4.4). 

 

4.3.1.1. Geometry and Materials 

The high or low strength crustal areas have been simulated by using dry 

feldspar sand (brittle layer) and a silicone putty polymer (ductile layer) at the base 

of the model, which is overlain by the above-described brittle layer (Figure 4.4). 

The sieved feldspar sand has a grain size of 150-300 μm, a density of 1300 kg/m
3
, 

cohesion of 15 Pa and an internal friction angle of 30
o
, simulating a system with an 

average upper crustal density of 2650 kg/m
3
, cohesion of 6 x 10

7
 Pa and angle of 

internal friction of 30-32
o
. The effective viscosity of the PDMS used in modelling 

was 3x 10
4
 Pas, simulating a natural scenario where the viscosity is of 10

22
 Pa. 

The modelled length scale was chosen in such a way that 1 cm in model 

represents 10 km in nature (1:100.000, see also Brun and Nalpas, 1996; Michon 

and Sokoutis, 2005; Smit et al., 2003). This scaling has resulted in a model of 40x60 

cm (L/W) in size that corresponds with the 400 x 600 km required to cover the area 

of Balkanides, Pontides, Western Black Sea and Moesia (compare Figures 4.1 and 

4.4). 

 

4.3.1.2. Rheological boundary conditions 

Thermo-mechanical modelling of the Black Sea evolution has inferred that 

the post-rift compressional stresses are of key importance for the long-wavelength 

Late Neogene differential motions (Spadini et al., 1996; Cloetingh et al., 2003). 

Modelling studies adopting a late Early Cretaceous opening of the Western Black 

Sea Basin followed by a Late Neogene inversion postulate a stronger lithosphere in 

the basin at the time of inversion, when compared with the non-stretched onshore 

equivalents (Cloetingh et al., 2003). However, more recent seismic interpretation 

and geological studies have demonstrated that the termination of rifting is Early 

Eocene in age and the onset of inversion took place during late Middle Eocene 

times. Given these time brackets, i.e. the much shorter time span between rifting 
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and inversion (less than 10Ma), the total integrated strength in the centre of the 

basin is significantly lower than its margins (Spadini et al., 1996). 

Therefore, the primary assumption tested by our modelling is the one that 

the western Black Sea is rheologically weaker when compared with the adjacent 

Moesian/Balkanides margin, an assumption that opposes the above mentioned 

published studies. This assumption is in agreement with the generally observed 

correlation between a weaker rheology in the extensional grabens and focusing of 

shortening (see Cloetingh and Burov, 1996; Burov and Cloetingh, 1997; Ter Voorde 

et al., 1998). Note that a weaker western Black Sea Basin is also potentially in 

contradiction with lithospheric-scale strength estimates derived from rheology 

profiles (e.g., Tesauro et al., 2008 and reference therein; Tesauro et al., 2009) or 

effective elastic thickness estimates (e.g., Perez-Gussinye and Watts, 2005) that 

suggest higher values in the centre of the Black Sea when compared with its 

margins. This contradiction is only apparent, as these models are estimates at 

lithospheric scale and do not consider the role of lower crustal weak zones for the 

transfer of deformation. 

The initial rheological assumption and the observed lateral variations in 

crustal thickness have been simulated with a thick and strong crust in the area of 

the Balkanides and the Moesian Platform and a thinner and rheologically weak 

crust in the area of the Pontides – Western Black Sea, the crustal thickness 

distribution being derived from geophysical or modelling studies (e.g., Tesauro et 

al., 2008; Grad and Tiira, 2009 and references therein). 

 

4.3.1.3. Modelling strategy  

The modelling strategy and the potential variability of the studied natural 

scenario impose an approach where a number of parameters are successively 

tested. The modelling starts with a reference scenario in which the crustal 

structure is constant across the strike of the model in the two strong and weak 

domains (Type 1, Figure 4.4). Two crustal thicknesses have been tested in this 

reference model, 3 cm for Type 1a models that gives a brittle/ductile ratio (B/D) of 

2, and 2 cm for Type 1b models (Figure 4.4) that gives a brittle/ductile ratio of 1 or 

3 (Figure 4.4). These thicknesses correspond with average crustal thicknesses of 30 

and 20km, respectively, in nature. This variable thickness is derived from numerical 

models (Spadini et al., 1997; Cloetingh et al., 2003) as the one at the onset of 
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inversion in late Middle Eocene times. Different brittle/ductile ratios were used to 

evaluate their role in strain transfer over large distances. All the models have been 

confined laterally to the E, W and N; while in the S a moving wall simulates the 

Pontides-Balkanides indenter (Figure 4.4). All other parameters tested by our 

modelling involve the distribution of the crustal weak layer in the western Black 

Sea, a parameter that is less constrained by previous numerical modelling studies. 

This variability results from variations in crustal strength and architecture due to 

inherited extensional structures like those observed along the northern Black Sea 

margin or the presence of the interior grabens (Figure 4.4). In Type 2 models, the 

silicone layer was replaced at 22 cm across the strike with sand, to simulate the 

presence of thicker and stronger crust along the Odessa Shelf and northern Black 

Sea margin (Figures 4.1, 4.2 and 4.4). Models type 3 to 6 have implemented thicker 

layers of PDMS in one or 2 zones with different geometries (Figure 4.4), which 

simulate the presence of the inherited extensional grabens. 

 

4.3.2. Model deformation  

In all of the experiments, a wall slocated at the southern part of the model 

simulated the advancing indenter (i.e. the Pontides-Balkanides system in Figure 

4.4). In model types 1, 2 and 3a the wall was pushed northwards, while in model 

types 3b, 4, 5 and 6 a plastic sheet below the model was pulled against the fix wall 

(Figure 4.4). In both cases (push or pull) the moving rate was kept constant since 

there is no information about variations in shortening rates of the Balkanides-

Pontides orogens. 

During the late Middle Eocene – Pliocene time span of the inversion a 

minimum of ~30km of shortening accumulated (Figure 4.3, Munteanu et al., 2011; 

Stuart et al., 2011), the average 1.5 km/Ma was simulated with 2.5 cm/h 

compression rate. The latter corresponds to a strength ratio of the same order of 

magnitude in nature and in models (see Brun and Nalpas, 1996; Smit et al., 2003; 

Michon and Sokoutis, 2005; Willingshofer and Sokoutis, 2009; Sokoutis and 

Willingshofer, 2011 for a detailed description of calculation methodology). The 

total shortening applied to the models was between 4 and 6 cm, equivalent with 

40-60 km in nature. This value is higher than the above mentioned 30km. However, 

this calculation does not take into account the lower crustal thickening, or 

shortening that was accommodated in the continental collision zone. 
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Figure 4.4 – Block diagrams illustrating the 6 types of models deployed in this study. 

The black arrow indicates the pulling or pushing method of deforming the model.  
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4.3.3. Models limitation and simplification 

The high complexity of the natural example, locally with limited 

information on rheology, geometry and composition of the crust, cannot be 

accounted for in the analogue modelling. Hence we focused on the first-order 

response of the model crust to a set of geometric, mechanic and kinematic 

boundary conditions, which we regard as critical for the transmission of strain in 

the study area. One major simplification inherent for almost all analogue models is 

the homogenous rheology of materials, although it is well known that the rheology 

of rocks is temperature dependent and therefore varies with depth (Ranalli, 1995; 

Ranalli, 1997). However, results of numerous crustal analogue models (Nalpas and 

Brun, 1993; Nalpas et al., 1995; Brun and Nalpas, 1996; Smit et al., 2003; Michon 

and Sokoutis, 2005) have demonstrated that this type of simplification does not 

alter the first order features when compared with the natural examples. In the 

absence of an asthenospheric layer ductile thickening during deformation is 

dominantly accommodated by upward movement (i.e. not isostatically 

compensated). This forces the system to localize the strain in symmetric fore-

thrusts and back-thrusts geometries that is in particular valid near the moving wall 

that simulates the indenter. Therefore, models are designed to test in particular 

the amount and place where the deformation is concentrated. One other 

simplification is the sharp boundary between the domains whereas in nature it is 

more likely to be gradual. 

The absence of erosion and sedimentation processes, which can partially 

control the evolution of the thrust system and strain localization, is one other 

limitation (Pinto et al., 2010; Smit et al., 2010). 

 

4.4. Modelling results 

The comparative description of modelling results was obtained by 

adopting a reference frame in which the orientation of the models corresponds 

with the actual geographical orientation of the Balkanides –Moesia – Western 

Black Sea system (i.e. top of models is north, compare Figures 4.1 and 4.4). 

In general, two domains are distinguished: the fully brittle domain (BD, i.e. 

the Balkanides - Moesia part of the model) and the brittle-ductile domain (BDD, i.e. 

the Pontides – Western Black Sea part of the model). The separation between BD 

and BDD impose a clear differentiation of geometries and structures, the overall 
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shortening being accommodated by means of a transfer zone between the two 

domains. Exception to this rule is the model with two weak zones, where a pop-up 

structure is continuous in both domains in the centre of the deformed model 

(Figure 4.5f). In all models a component of homogenous thickening of the ductile 

layer was observed. However, this thickening is less than 5% and has no significant 

influence on modelling results. 

 

4.4.1. BD versus BDD deformation patterns  

In most of the models, at the end of shortening, the deformation in the BD 

region is accommodated by three fore-thrusts, with the first one located at 4.5-5 

cm from the indenter and the other two at ~1 cm distance in between (Figure 4.5). 

Deformation was always restricted to an area at 7-8 cm from the indenter. Local 

changes in the strike of faults are observed at the lateral termination of the area, 

particularly well-developed near the connection with the BDD area (Figure 4.5). 

Near the western end of the model, horizontal splaying is observed locally in some 

models (Figures 4.5c, d) without being able to connect this effect to a specific 

parameter or artefacts induced by model boundaries (Figure 4.5). The cross-

sections always display a sequence of stacked thrusts, which is defined by steep 

back-thrusts (facing the indenter) and a series of 3-4 fore-thrusts with dip angles of 

approximately 30 degrees (Figure 4.5). 

On the overall, deformation in the BDD domain was accommodated by a 

larger number of faults distributed over a larger area, when compared with the BD 

deformation area (Figure 4.5). These faults are generally grouped in three major 

structures (Figure 4.5). The lateral influence of the BD results in a large transition 

area that affects part of the BDD (see next section). This influence increases for 

structures situated at larger distances from the advancing wall (Figure 4.5). 

The BDD structure situated near the indenter (α in Figure 4.5) is similar in all 

models, and consists of 2-3 E-W oriented fore-thrusts (Figure 4.5). These thrusts 

show changes in strike near the lateral BDD terminations or in their central part, 

where differences in the position of thrusts are accommodated by local swinging 

(Figures 4.5a, b, d). In models with a wedge-shaped weak zone, differences in 

horizontal offsets observed between the eastern and western side of the BDD are 

compensated by horizontal splaying of the leading thrust (Figure 4.5e). The cross-

sections suggest differences between models with different brittle-ductile 



Transfer of deformation in back-arc basins with laterally variable rheology            86 

 

thickness ratios (B/D, types 1, 2 and 3-6, Figures 4.5a, b and 4.4c-f, respectively). In 

models with a low B/D ratio, a large south-vergent overturned fold accommodates 

the thickening of the silicone layer close to the moving wall, accompanied by low-

offset, high-angle back-thrusts (Figures 4.5a, b). In models with a high B/D ratio, 

deformation is accommodated by a stack of fore-thrusts accompanied by low-

offset back-thrusts (Figures 4.5c, d). Low-offset normal faults are locally observed 

on antiformal culminations, formed due to its hinge-collapse (Figures 4.5e, f). 

The intermediate structure of the BDD (β in Figure 4.5) is that of a pop-up, 

which can be symmetric (type 3-5, Figures 4.5c, d, e) or asymmetric (type 1, 2 and 

6, Figures 4.5a, b, f). Therefore, the pop-up (a)symmetry appears to be controlled 

by the decrease in B/D ratio. In models with equal silicone thickness (type 1) and 

strong N-ward located indenter (type 2), a change in polarity from back-thrust 

(east) to fore-thrust (west) leading to an asymmetric pop-up is observed in cross-

sections, corresponding to a N-ward advancement of the eastern half of the 

structure (Figures 4.5a, b). In models with one weak zone (type 3 in Figure 4.4), 

which is orthogonal to the shortening direction, the intermediate (β) structure is 

observed only in the western part of the BDD (Figure 4.5c), formed during latest 

stage of model deformation (Figure 4.5c). 

The BDD structure located at the far end of the deformation (γ in Figure 

4.5) is a pop-up in all models. Exception is the model with two weak zones (Type 6, 

Figure 4.5f), where only a fore-thrust is observed. The pop-up has a symmetrical or 

asymmetrical shape, and the back-thrust segment generally accommodates more 

shortening. In the models with one weak zone (Figure 4.5c-f), the strike of this 

structure is controlled by the orientation of the weak zones. 

 

4.4.2. The geometry of the transition zone and sequence of deformation 

The overall differences in friction recorded between the moving lower part 

of the model and the underlying stationary base are different in the two domains, 

i.e. high in BD and low in BDD. This has an important control on the geometry of 

the transition zone that is reflected in different types of connecting patterns in 

map view between the two domains. The BDD structures, situated near the 

indenter (α) and in intermediate position (β), are connected by oblique thrust 

faults with the BD structures (Figure 4.5). The connection is generally made up by 

NW-SE oriented higher angle thrusts for the BDD structure situated near the  
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Figure 4.5 – a-f) Left panel: Top view pictures at the end of deformation illustrating 

the map-view geometries of the representative Type 1 to 6 models. All the pictures 

are north aligned. The red dashed lines represent the location of cross-sections, 

while the black dashed lines denote the initial boundary between BD and BDD; 

Right panel: interpreted model cross-sections through the BD and BDD domains: α – 

the BDD structure situated near the indenter, β – the intermediate BDD structure, γ 

- the BDD structure located at the far end of the deformation. 
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Figure 4.5 – continued.  

 

moving wall and by NE-SW to ENE-WSW oriented thrusts for the BDD intermediate 

structure (Figure 4.5), resulting in an swing-like geometry of the thrust system.  
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The BDD structure located at the far end of the deformed area (γ) does not 

have a direct BD prolongation. Instead, a sinistral strike-slip fault in models with 

one oblique and wedge-shaped weak zone (Figures 4.5d, e), or a transpressional 

ridge in models with one parallel weak zone (Figure 4.5c) are observed in the 

transitional area. Interestingly, the model with two weak zones does not appear to 

have any obvious transfer zones in the BDD intermediate (β) and in the one 

located at the far end of the deformation (γ), the deformation being either 

continuous or dying out laterally (Figure 4.5f). 

Two different types of deformation sequences are observed for the 

models without or with weak zones (Figure 4.4). In the first type of models, the 

deformation develops in a forward propagation sequence in both BD and BDD; the 

first thrusts offset being observed at the same time after 8-10% of shortening. The 

second and third structure located more towards the foreland appear first in the 

BD, after 30-32% and 58% of shortening, respectively and later in BDD, after 35-36% 

and 75-78 % of shortening. For models with weak zones, the deformation 

sequence is different in BD when compared with BDD. The BD shows the same 

forward propagation sequence, with the first structure after 15% shortening, 

second after 37% shortening and third after 55-60% of shortening. In the BDD the 

deformation oscillates: the first structure which appears is the one situated near 

the moving wall at 15% of shortening, followed the one located at the far end of 

the deformation after 45% shortening, subsequently followed by the intermediate 

BDD structure, after 70% of shortening. 

 

4.4.3. Parameters controlling the far-field transmission of deformation  

Our modelling results indicate that BD deformation is concentrated near 

the moving wall, except the model with two weak zones, where a limited amount 

of far-field shortening is conditioned by the distribution of the BDD weak zones. In 

the BDD domain, the same type of deformation is recorded in all models by the 

structure situated near the indenter (α). The BDD intermediate (β) and the one 

located at the far end (γ) of the deformation structures are considered far-field 

transmission of strain. The effectiveness of this far-field strain transmission is 

herewith evaluated by quantifying the ratio between the accumulated amount of 

shortening recorded by these two structures and the total amount of shortening, 

expressed in percentage of shortening (RFF, Figure 4.6). The most effective model 
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Figure 4.6 – Graph illustrating the effectiveness of this far-field strain transmission, 

by different types of model, by quantifying the ratio between the accumulated 

amount of shortening recorded by these two structures and the total amount of 

shortening, expressed in percentage of shortening (RFF).  

 

type in transmitting deformation are the models with a strong indenter at the far 

end of the model (Figure 4.5b) with a RFF average larger than 52%, which is 20% 

higher than any other model type (Figure 4.6). On the contrary, the less effective 

model type are the models with one parallel weak zone and the one with a wedge-

shaped weak zone located at larger distances from the moving wall (Figures 4.4 

and 4.5c). In these cases, RFF values between 13-22% are observed, no matter of 

B/D ratio (Figure 4.6). In all these models, the concentration of deformation in the 

BDD intermediate structure reduces the overall amount of far-field transmitted 

shortening (Figure 4.5c). The others models display intermediate RFF values 

between 27% for models with an oblique weak zone, 33% for the second type of 

wedge-shaped weak zone models (i.e. located closer to the moving wall) and RFF 

values between 28% to 36% in models without weak zones (Figures 4.4, 4.5a,d,e, 

and 4.6). 
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Variations in the amount of shortening across individual BDD structures 

are observed in all models. The transfer of shortening between individual 

structures takes place in different ways in models with or without weak zones. In 

models without weak zones (Figures 4.5a, b) the eastward decrease in shortening 

in the BDD structure situated near the moving wall is coeval with the increase in 

shortening observed along the BDD intermediate structure (β) in the same 

direction, with the BDD structure located at the far end of the deformation (γ) 

recording constant shortening across its strike. The models with one parallel weak 

zone indicate an eastward decrease in shortening along the BDD structure located 

at the far end of the deformation (γ), while the models with one oblique and 

wedge-shaped weak zone record an opposite, westwards decrease of the 

shortening recorded along the same structure. The difference in offset is 

transferred to the BDD intermediate structure (β). The models with two weak 

zones show a decrease in shortening in both lateral directions, from a maximum 

located in the centre of the BDD, similar to the observed pattern for the inversion 

structures offshore Romania (Figure 4.3). 

The far-field transmission of deformation is primarily controlled by the 

pre-existence of a strong indenter located at the far end of the deformation, by the 

distance between the weak zones and the moving wall, and by the brittle/ductile 

(B/D) ratio. The weak zone thickness does not play an important role in the far-

field transmission of strain, the differences between models varying this 

parameter being in the order of 5%, thicker weak zones concentrating more 

deformation. The B/D, ratio is the main parameter controlling the transfer of 

deformation in models without weak zones, increasing with 8% from B/D=1 to 

B/D=2. In all other models, increasing the B/D ratio would result in a less than 4% 

increase in the far-field transmission of shortening (Figure 4.6). 

 

4.5. Application of the modelling results to the inversion of the Balkanides – 

Pontides - Western Black Sea – Moesia system 

The modelling results provide valuable insight concerning the kinematics 

and geometry of the thrust system formed in the back-arc of the Pontides-

Balkanides collision zone. The predicted geometries in map view show striking 

resemblance to the map geometry of the natural prototype (compare Figures 4.1 

and 4.5). The comparison and discussion will focus on the favourable conditions 

leading to the transfer of strain over large distances. 
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4.5.1. The BD area of Balkanides – Moesia and northwards 

The major BD deformation is restricted to the proximity of the indenter, 

where three napes are stacked, similar with the stacking of the Balkanides units 

(Srednogorie, East Balkans and Central Balkan, Figure 4.1) that took place during 

late Middle Eocene times (e.g., Ivanov, 1988; Sinclair et al., 1997). The close 

spacing between the thrust sheets in cross-sectional view resembles the 

Balkanides geometry as derived from seismic interpretations (Figures 4.2a and 4.5). 

The sequence of thrusting propagation was forward and the belt is dominantly 

north vergent (Figure 4.5). The modelling results suggest that some reduced BD 

far-field shortening can be transmitted, conditioned by the pre-existence of more 

than one BDD weakness zone (Figure 4.5f, left side). These weakness zones are the 

equivalent to multiple graben systems stemming from the Cretaceous – Eocene 

Black Sea extension (see also Dinu et al., 2005; Tari et al., 2009; Munteanu et al., 

2011). The reduced amount of BD far-field shortening is in agreement with the up 

to 1-2km of offsets recorded along the Sfântul Gheorghe and Peceneaga-Camena 

faults, north of the Balkanides domain (Figures 4.1 – 4.3). Their location, at farther 

distances than predicted by the modelling (compare Figures 4.1 and 4.5f) is 

possibly related to the fact that these faults are major inherited weak zones 

separating crustal domains with a complex and poly-phase deformation history 

during Mesozoic – Cenozoic times (e.g., Seghedi, 2001; Hippolyte, 2002). These 

types of weak zones and a number of local features observed in the Balkanides, 

not linked with the inversion of the system, were not incorporated in our 

modelling. Furthermore, the models do not include the crustal strength variations 

and associated fault geometries derived from the Late Cretaceous back-arc 

volcanism and extension to transtension in the Srednogorie system and parts of 

the Eastern Balkans units (Zimmerman et al., 2008; Bergerat et al., 2010). Their 

effects, however, are regarded as minor when compared to the large scale opening 

of the Black Sea Basin. The large scale contraction, which led to the formation of 

inversion structures in the Balkanides, was gradually post-dated by extensional 

deformation observed during the Late Oligocene – Early Miocene, Late Miocene 

and Pliocene – Quaternary. The extension process is still active today along the 

northern part of what is defined as the South Balkans extensional system 

(Boccaletti et al., 1974; Burchfiel et al., 2000; Tzankov et al., 2000; Bonev and 

Beccaletto, 2007; Georgiev et al., 2007; Burchfiel et al., 2008) and is generally 

related to the Eocene-Quaternary roll-back of the Aegean slab at the exterior of 

the Hellenides – Taurides system (e.g., Burchfiel et al., 2008 and references 

therein). 
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Figure 4.7 – Comparison between map views features a) modelling results and b) 

natural scenario illustrating the Late Eocene- Pliocene inversion structures in the 

Western Black Sea and adjacent areas. Note the similar geometrical features 

between the natural scenario and best fit model. The dark grey triangle shape area 

represents the location of wedge shaped week zone at the beginning of 

deformation (a) and its inferred location in Western Black Sea. The light grey area 

delimitates the reologicaly strong regions assumed in the natural scenario. BD – 

Brittle Domain, Brittle-Ductile Domain. EC - East Carpathians, ND – North Dobrogea 

Orogen, OF – Odessa Fault, WBS – West Black Sea Basin.  
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4.5.2. The BDD area of the Pontides - Western Black Sea and northwards 

The models are successful in transmitting shortening at large distances 

within the BDD domain, suggesting that deformation in the Pontides can lead to 

activation of structures at far distance in the Black Sea, provided that a weak lower 

crust underlies the Black Sea Basin. The modelling also demonstrates that the 

presence of a strong indenter at the farther, northwards BDD end would increase 

the overall RFF with up to 20% (Figure 4.6). Interestingly, this suggests that the 

presence of the strong Scythian - East-European block observed along the northern 

onshore and Odessa Shelf offshore margin has increased the shortening recorded 

along the inversion structures observed along the Bulgarian and Romanian 

offshore (Figure 4.3). The least successful transmissions of deformation occurred in 

the models that are characterized by weak zones located at far distances from the 

moving indenter, i.e. the RFF values are much lower than the ones observed in the 

Black Sea (Figures 4.5c and 4.6). The low RFF value of the two weak zone system 

infers that the multiple extensional grabens situated in close proximity along the 

Romanian and Bulgarian offshore define one weak zone in mechanical terms 

(Figures 4.5f and 4.6). 

Out of sequence thrusting and coeval activity of different thrusts in the 

BDD occurred in all the models, without a clear observed rule. In all of the models 

the structure close to the indenter has an almost continuous development through 

the model duration, with the main activity during early stages of model 

deformation. The amount of shortening that accumulated in that region was 

reduced but constant after the initiation of intermediate structure (Figure 4.5). 

This observation is consistent with the field observation in the Western Pontides, 

where reduced amounts of Miocene-Pliocene deformations are recorded after the 

main Late Eocene deformation stage. 

In terms of map view geometries, the modelling is partly successful in 

predicting the three main groups of shortening structures observed in the Pontides 

- Black Sea: the BDD structure situated near the moving wall can be interpreted as 

the internal shortening of the Pontides and its thrusting over the Western Black 

Sea. The BDD intermediate structure and the one located at the far end of the 

deformed area are the combined thrust systems observed along the Bulgarian-

Romanian (i.e., Delfin, Midia-Tîndală-Luceafărul-Tomis-Lotus, Lebăda-Heraclea) 

and southern Odessa Shelf (e.g., Munteanu et al., 2011 for a detailed geometry). 

Hence a clear differentiation of these latter structures in two domains as 

suggested by the modelling is rather difficult. The observed fault patterns in the 
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Black Sea are best predicted by models that are characterised by wedge-shape 

geometries of the weak zone, in close proximity to the moving indenter (Figures 

4.4 and 4.5e). This model fits both the map-view geometry and the lateral 

variations of the thrust offsets observed in the Black Sea, decreasing westwards 

from a maximum offset in a central area (Figures 4.3 and 4.7). This implies that the 

amount of stretching of the grabens located in the central – southern part of the 

Western Black Sea is higher and/or the geometry of the extension outside the 

seismic observation range (i.e. in the deep sea part of the Black Sea) is highly 

oblique. A gradual increase in the amount of extension in an offshore direction is a 

plausible observation that would fit any transition between a passive continental 

margin and a deep-water domain. In map-view, the model with a uniform BDD 

crust does not transmit deformation at sufficient distance in the foreland to fit the 

observed geometries (compare Figures 4.1 and 4.5a). Therefore, the modelling 

results predict that the Black Sea crust must have had inherited crustal weak zones 

at the beginning of inversion. 

Along an N-S transect across the Pontides and Western Black Sea 

deformation is older in the south and younger in the north correlating well with 

the initiation of deformation in our models along the BD and BDD structure 

situated near the moving wall. However, an overall gradual decrease in age 

northwards would require either an uniform BDD crust with a strong indenter at 

the N-ward end of the model or two weak zones focusing deformation (Figures 

4.5a, b and f). Among these, the second is the one that fits best the observations, 

suggesting that the Scythian - East-European block along the northern onshore or 

Odessa Shelf offshore margin has an important effect in establishing north-ward 

migration of deformation. Hence, in more details the age of the structures 

observed along the Bulgarian and Romanian offshore areas is laterally variable 

along their strike with large error bars due to the widespread presence of 

unconformities (Țambrea et al., 2002; Dinu et al., 2005; Stuart et al., 2011). These 

uncertainties still permit to establish a sequence of deformation, characterized by 

oscillations between the BDD intermediate structure and the one located at the far 

end. The curved thrust geometries were previously obtained in analogues models 

by implementing local weakness zones in rheologically strong crustal layers (e.g., 

Scheurs et al., 2002; Vidal-Royo et al., 2011). These studies predict that the thrust 

sheets become wider and lower above crustal weak layers, a fact that creates a 

lateral ramp at the transition zone with the rheologically strong domain. This 

lateral ramp creates swinging geometries in map view of frontal thrusts during 

deformation. 
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Our tested natural scenario has a larger variability. The map-scale 

geometry of the Pontides – Balkanides is one of two E-W striking orogens, which 

are connected by a NNW-SSE striking segment (Figure 4.1). This is associated with 

a decrease in offsets from 30km to about 5-6km and further to more than 15-25km 

respectively. The later gradually increased eastwards (Figure 4.3, see also 

Munteanu et al., 2011 for details). The origin of this curvature was interpreted 

either as an inherited feature from the Cretaceous opening of the Black Sea (the 

Western Black Sea transform fault of Okay et al., 1994; Banks and Robinson, 1997; 

Stephenson and Schellart, 2010), or as an effect of the eastward decrease in 

shortening recorded in the offshore region of the Balkanides (Stuart et al., 2011). 

Our modelling indicates that this structure is a natural effect of the difference in 

strength between the BD and BDD domain during inversion and forms at their 

transition zone. However, this does not exclude juxtaposition over a structure 

inherited from the times of Western Black Sea opening. All models show that the 

swing forms due to the difference between closely spaced staking in the BD and 

widely spaced stacking in the BDD. The best geometry of the observed swing is 

reproduced by models that have one weak zone (Figures 4.5c, d, e). The models 

without a weak zone (Figures 4.4 and 4.5a) predict that the BDD intermediate 

structure and the one located at the far end of deformation connect with the BD 

thrusting. This geometry is not observed because the Balkanides do not connect 

directly with the inverted structures located in the centre of the Black Sea. The 

model that deploys two weak zones shows that the BDD intermediate structure 

extents into the BD area. This is not directly observed in the Black Sea as the offset 

of the central inverted structure is essentially reduced to zero at the transition 

with the onshore Moesian platform. 

 

4.6. Conclusions  

Crustal-scale analogue modelling infers that localisation of collisional-

derived deformation during inversion of back-arcs is primarily controlled by 

inherited lateral strength variations in the back-arc domain. In this context, weak 

layers in the lower crust are the key for the far-field transmission of strain. 

These findings are in agreement with analogue modelling studies from 

orogenic forelands (Nalpas et al., 1995; Sokoutis et al., 2000; Smit et al., 2003; 

Sokoutis et al., 2007) or numerical modelling in back-arc basins (Jarosinski et al., 

2011). 
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We argue that the Western Black Sea system must have contained a 

rheologically weak lower crustal layer at the time of its inversion, when compared 

with its neighbouring Western Balkans-Moesian margin that should have been fully 

coupled. A weak lithosphere in the basin at the time of inversion is consistent with 

the observation of a much shorter time span between extension and subsequent 

inversion than originally assumed (i.e. Early Eocene to late Middle Eocene versus 

Upper Cretaceous – Pliocene, see also Cloetingh et al., 2003). 

Furthermore, we infer from the analogue modelling that the geometry of 

the weak zone as well as the contrasts in rheology are responsible for the locus 

and orientation of the inversion related structures. In this respect, the presence of 

a strong Scythian - East-European block along the northern onshore and Odessa 

Shelf offshore margin (Figure 4.1) amplifies the far-field transmission of strain and 

explains the observed N-ward migration of deformation during late Middle Eocene 

- Pliocene times across the Western Black Sea margin. The best fit analogue 

modelling scenario that reproduces the observed geometries, amounts of far-field 

transmitted shortening and their lateral variations is the one that assumes one 

wedge-shaped weak lower crustal layer situated in close proximity to the indenter. 

In other words, the modelling predicts that the extensional system that pre-dated 

the inversion was oriented WNW-ESE, i.e. oblique to the present-day structural 

grain (Figure 4.7), and that the normal faults offsets were laterally variable along 

their strike, increasing ESE-wards. This is in agreement with local observations 

derived from seismic interpretations (e.g., Dinu et al., 2005; Munteanu et al., 2011). 

Hence, the initial geometry of the Early Cretaceous rifting and its subsequent Early 

Eocene re-activation is still not well constrained by observations. The gradual N-

ward propagation of subsequent contractional deformation in the fully coupled 

domain and the local out-of-sequence character of wide-spaced thrusts in the 

weak area is in agreement with the observed timing of deformation in the 

Balkanides and Western Black Sea, respectivelly. 

The modelling predicts also that the zone of lateral transfer of deformation 

between the two domains is rooted in the lower crustal weak layer and it gradually 

propagated W-wards by the means of lateral ramps (Figures 4.4 and 4.7). 

Therefore, if one needs to place a boundary between the strong Balkanides-

Moesian and weaker Pontides-West Black Sea domain, it must be located near the 

eastern extend of Balkanides. 

The analogue modelling successfully support the hypothesis derived by 

geological observation, that Balkanides are in the same tectonic unit as the 
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Western Pontides, in respect to the late Middle Eocene-Pliocene collision and 

inversion. The swing observed in map view between the two units is primarily a 

collisional strain partitioning into two domains with contrasting rheologies. These 

modelling results are in contrast with the definition of a Western Black Sea 

transform fault (Okay et al., 1994) accommodating the Early Cretaceous opening of 

the Western Black Sea and the observed map-view offset between Balkanides and 

Pontides. Hence, such a large Early Cretaceous fault has not been yet confirmed by 

direct observations. 

On the overall, our modelling draws attention on one key primary 

observation that is well known, but rather neglected by favouring interpretations 

of strain hardening post-dating deformation: an extensional zone is essentially a 

weak zone. Depending on the time spent after extension, inverting such a weak 

zone can focus deformation transmitted from far distances. 

 



CHAPTER 5 

Modelling contractional polarity changes during inversion of 

pre-existing extensional systems: inferences for the evolution of 

the Black Sea and the convergence between Australia and 

Pacific plates 

 

5.1. Introduction 

The role of inherited extensional patterns in strain localization and 

formation of structural geometries during inversion is widely recognized both in 

natural scenarios and by numerical/analogue modelling (Williams et al., 1989; 

Buchanan and McClay, 1992; Del Ventisette et al., 2006; Marques and Nogueira, 

2008; Buiter et al., 2009; Aanyu and Koehn, 2011). The positive inversion of 

extensional structures has been described by numerous observational studies that 

have demonstrated the complex interplay between the inherited strength 

variations, major shear zones and newly formed structures (e.g., Ziegler et al., 

1998; Ziegler et al., 2002; Roure, 2008). These observational studies inferred that 

the main parameters controlling inversion are related to a wide number of factors, 

among which the most relevant are the angle between the inherited directions of 

extension and later compression, localization of deformation in areas 

characterized by lateral strength contrast or the distance between the source of 

compression and localization of strain in weakness zones (Cloetingh et al., 1995; 

Brun and Nalpas, 1996; Flottmann and James, 1997). 

These observation have been generally confirmed by numerical modelling 

studies (Beekman et al., 1996; Buiter and Pfiffner, 2003; Hansen and Nielsen, 2003; 

Buiter et al., 2009) that have additionally inferred the critical role played by strain 

hardening during thermal relaxation taking place in post-rift times (Cloetingh et al., 

1997; Mike, 1999). The above parameters have been tested and largely confirmed 

by analogue models (McClay, 1989; Buchanan and McClay, 1992; Brun and Nalpas, 

1996; Bonini et al., 2000; Dubois et al., 2002; Panien et al., 2006; Marques and 

Nogueira, 2008; Yagupsky et al., 2008; Willingshofer and Sokoutis, 2009; Aanyu 

and Koehn, 2011) that also suggested that others parameters can play a significant 

role during the compressional inversion of extensional structures. One of these 

parameters is the presence of basement ramps formed during extension, as well as 
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their orientation compared with the direction of shortening, which ultimately 

controls the type of deformation in overlying hanging-wall units (see also, Michon 

and Sokoutis, 2005; Konstantinovskaya et al., 2007; ter Borgh et al., 2011 and 

reference therein). The modality of transferring deformation at large distances, 

from the place where the compressional stress is applied, is controlled by the 

presence of inherited week zones or by the rheological strength contrast observed 

laterally, at crustal or lithospheric scale, between areas separated by normal faults 

during pre-dating extension (Willingshofer and Sokoutis, 2009; Cerca et al., 2010, 

Sokoutis and Willingshofer, 2011). The localisation of contractional deformation 

during inversion is also controlled by pre-existing syn-kinematic sediments that 

were deposited either during pre-dating extension or during the subsequent 

inversion. In this situation, pre-existing thick syn-kinematic sequences inhibit the 

subsequent localisation of contractional deformation in the centre of extensional 

grabens and favour the inversion along their flanks (Pinto et al., 2010; Smit et al., 

2010). The presence of ductile decollements, such as salt layers that are commonly 

deposited during the continental rift-initiation stages, favour the concentration of 

thrusting and far field transmission of deformation (Brun and Nalpas, 1996; Smit et 

al., 2008; Brun and Fort, 2011). In this situation, salt diapirs will furthermore focus 

deformation, when its thickness reaches a critical value (Del Ventisette et al., 2006). 

All these models assume that the compressional stresses are transmitted in one 

direction, with the analogue models assuming either an advancing wall or by 

pulling the model against a fixed wall. These configurations approximate a wide 

variety of natural scenarios. 

 

 

Figure 5.1 – Sketch illustrating the conceptual model for inversion of a graben 

structure from two opposite side indenters. 
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A number of other contractional settings indicate that the mode by which 

the compressional stresses are applied during inversion is different along their 

strike. A contractional polarity change is defined in situations where the 

compressional stress (i.e. the moving of the pushing indenter) direction changes 

laterally along the strike to an opposite one. Such changes in polarity are 

commonly observed in places where the subduction polarity changes, such as in 

Taiwan (Sibuet and Hsu, 2004; Molli and Malavieille, 2011), New Zealand (Reyners 

et al., 2002), New Guinea (Pegler et al., 1995; Tregoning and Gorbatov, 2004) or 

the Alps-Dinarides system (Vignaroli et al., 2008; Luth et al., 2010). In these natural 

scenarios, contraction during subduction and/or collision inverts former passive 

continental margins and their buried continental rifts. In other cases, the 

contractional polarity change is observed in back-arc basins that change the 

direction of deformation as a result of the interplay between the velocity of 

subduction and velocity of converge (senso Royden and Burchfiel, 1989). Inverting 

back-arc basins take place usually during the transition between the rapid roll-back 

of mature slabs subduction and their subsequent collision (e.g., Schellart, 2008). 

Back-arc inversion is not directionally controlled by a major slab asymmetry, such 

as is the case of subduction systems. In the back-arcs, the contraction polarity is 

controlled by pre-existing rheological distribution that can change along the strike 

of the system (e.g., Cloetingh et al., 2003). Such a change can lead to a 

contractional polarity change where the moving indenters act laterally in two 

opposite directions. 

We aim to quantify the geometries and mechanics of strain transfer in 

situations characterized by changes in the polarity of contraction during inversion 

and the role of inherited extensional geometries in the formation of thrust belts 

and inverted back-arc basins. 

 

5.2. Contractional polarity change in natural situations 

Back-arc basins evolution is related to processes active at subduction 

zones, being controlled by the rapid roll-back of a mature slab (Royden and 

Burchfiel, 1989; Schellart, 2008), while the subsequent continental collision (senso 

O'Brien, 2001) and uplift of orogenic cores changes their deformation to 

contraction. The latter results in the onset of contraction in back-arc basins, as 

observed in many natural scenarios, such as the final evolution of the Pannonian 
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Basin (Cooper and Taylor, 1987; Horvath et al., 2006), Black Sea (Finetti et al., 1988) 

or Sundra Shelf-Bali Basin (Letouzey et al., 1990; Hall, 2002). 

Pre-dating extensional geometries and their amplitudes are controlled 

mainly by the subduction process (Uyeda and Kanamori; 1978, Schellart et al., 

2011). By contrast, the subsequent contraction is largely controlled by lateral 

variations in back-arc crustal strengths, most of them inherited from the previous 

extensional regime (Ziegler and Cloetingh, 2004; Buiter et al., 2009; Aanyu and 

Koehn, 2011). These variations create apparently contrasting inversional 

geometries with sharp lateral changes in thrusting direction (i.e. contractional 

polarity change) and amount of reverse offsets. One obvious area where the 

lateral change of thrusting direction was controlled by pre-dating extensional 

geometries during subsequent inversion is the Black Sea Basin (Finetti et al., 1988; 

Nikishin et al., 2003; Munteanu et al., 2011). 

The roll-back associated with the N-ward subduction of Neothetys under 

the Rhopdope-Pontides arc (Adamia et al., 1977; Letouzey et al., 1977; Görür, 1988) 

has opened the Westen Black Sea as a back-arc basin starting with Early 

Cretaceous times (Zonenshain and Le Pichon, 1986; Okay et al., 1994). Although at 

a much reduced pace, the extension continued during latest Cretaceous - Early 

Eocene times by enlarging the western part (Yilmaz et al., 1997; Dinu et al., 2005) 

and opening the eastern part of the Black Sea starting with Paleocene – Middle 

Eocene times (Robinson et al., 1995; Banks, 1997). The extension created thinned 

continental crust and new oceanic crust in the central parts of the two sub-basins 

(Edwards et al., 2009; Yegorova and Gobarenko, 2010). At short time after the 

Middle Eocene extension has ceased, inversion of both sub-basins started during 

late Middle Eocene times as a result of continental collision taking place 

southwards, between Pontides and Taurides continental units and their lateral 

equivalents (Figure 5.2a, Finetti et al., 1988; Okay et al., 1994; Yilmaz et al., 1997). 

In the Western Black Sea, the gradual transmission of contractional deformation 

from the colliding Balkanides-Pontides orogen (Figure 5.2a) resulted in positive 

inversion of former extensional structures and the development of N-vergent 

thick-skinned thrust system that gradually migrated N-wards during late Middle 

Eocene- Pliocene times (Munteanu et al., 2011). In the Eastern Black Sea, the S-

ward thrusting of Crimea and its eastern continuation in the Caucasus area (Pánek 

et al., 2009; Stephenson and Schellart, 2010), resulted in an S-vergent thick-

skinned thrust system (Stephenson et al., 2004; Nikishin et al., 2010). This change 

in polarity across strike of the thrust system is accommodated by a large transfer  
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Figure 5.2 – a ) Tectonic map of the Black Sea and adjacent areas (compiled from, 

Finetti et al., 1988; Doglioni et al., 1996; Okay and Sahinturk, 1997; Mikhailov et al., 

1999; Dinu et al., 2005; Afanasenkov et al., 2007; Nikishin et al., 2010). BF- Bistrița 

Fault, PCF- Peceneaga Camena Fault, IMF- Intra-Moesian Fault, NAF- North 

Anatolian Fault; OF- Odessa Fault, SGF- Sfântul Gheorghe Fault, STF- Sulina-

Tarhankut Fault, TF- Trotuş Fault, WCF- West Crimea Fault, EBSB- Eastern Black Sea 

Basin, WBSB- Western Black Sea Basin, HD – Histria Depression, KD - Kamchya 

Depression, MAH-Mid Azov High, MBSH- Mid Black Sea High, NDO-North Dobrogea 

Orogen, NKD- North. b) Tectonic map of the contact zone between Australian and 

Pacific plates (compilled from, Hamilton, 1979; Jolivet et al., 1989; Pegler et al., 

1995; Hall, 2002). 
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zone across the Mid-Black Sea rise, an NW-SE oriented lineament made up by the 

prolongation of the Odessa-West Crimea Fault system SE-wards (Figure 5.2a). This 

fault system recorded coeval dextral strike-slip movements during late Middle 

Eocene-Pliocene times (Finetti et al., 1988). The total amount of shortening 

recorded across the entire Black Sea domain has indicated similar values in the 

order of ~30 km (see also, Higgins et al., 2007; Munteanu et al., 2011 for further 

details), although the amount of shortening in the Eastern Black Sea is apparently 

less constrained. These observations suggest that the mechanism driving the 

contractional deformation in the entire Black Sea is similar along its strike, but the 

mode of localisation of deformation was different in the two sub-basins. This 

localisation resulted in a contractional polarity change that can be best simulated 

by two indenters moving in opposite directions. 

Contraction polarity changes take place also in frontal subduction zones. 

Such changes in subduction direction are often observed during the convergence 

of Australian and Pacific plates. In particular interesting is the change that takes 

place between Papua New Guinea and New Britain Trench (Figure 5.2b, Jolivet et 

al., 1989; Pegler et al., 1995). Seismic tomography studies (Tregoning and 

Gorbatov, 2004) show the presence of two opposite dipping slabs, inferring that 

active subduction is still taking place at the New Guinea Trench, where the S-ward 

subduction of the Caroline-North Bismarck Plate took place beneath the Australian 

Plate since 9Ma (Figure 5.2b, Hall, 2002). Westwards, the N-ward subduction of 

the Solomon Sea Plate under the South Bismarck Sea unit still takes place beneath 

the New Britain Trench (Figure 5.2b) (Hamilton, 1979). This change in subduction 

polarity is accommodated by a broad transition zone defined in the area of the 

Huon-Finisterre Arc, which was emplaced over the Australian Plate along an N-

dipping collisional zone (i.e., the Ramu Markham Fault – RMF, Figure 5.2b). The S-

ward movement and rotation of Huon-Finisteree block and collision with 

Australian Plate is accommodated by high angle faults that crosscut the Huon 

Peninsula (Pegler et al., 1995). 

These two natural examples illustrate the need to understand the 

transmission of compressional stresses in zones with polarity changes, in particular 

important in the transitional areas that transmit stresses and geometries over 

large transfer zones. These type of changes are optimally modelled by the means 

of crustal scale analogue modelling that is able to study the effects of lateral 

asymmetries during inversion by implementing large scale fault offsets in this 

inherently three-dimensional problem. 
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5.3. Analogue modelling design and strategy 

Given the complexity of 3D geometries involved, modelling the 

transmission of compressional deformation and localization of it into pre-existing 

extensional basins by using one or multiple indenters can be optimally modelled by 

the means of scaled analogue models at crustal scale. Starting from simplified 

scenarios by testing individual parameters, these types of models are, potentially, 

successful in reproducing complex natural scenarios, if the distribution of stresses, 

densities and rheologies are equivalent with those in nature (Huber, 1937; 

Ramberg, 1961; Ramberg, 1981). 

 

5.3.1. Modelling scenarios and deformation 

A series of analogue crustal scale brittle-ductile experiments has been 

performed in the Tectonic Lab at VU University Amsterdam, in order to reproduce 

the rift inversion by two opposite side indenters. The high strength crustal areas 

have been simulated by using feldspar sand. The low strength lower crust has been 

simulated by using viscous silicone putty (PDMS) (Figure 5.3) with variable 

thickness. The sieved feldspar sand used in modelling has a grain size between 

150-300 μm, a density of 1300 kg/m
3
, cohesion of 15 Pa and an internal friction 

angle of 30
o
, simulating an averaged natural system with an average upper crustal 

density of 2650 kg/m
3
, cohesion of 6 x 107 Pa and angle of internal friction of 30-

32
o
. The viscosity of the PDMS used in modelling was 3x 10

4
 Pa, simulating a 

natural scenario where the viscosity is of 10
16

 Pa. 

The model dimensions have been scaled at 1:100.000 (see Brun and 

Nalpas, 1996; Smit et al., 2003; Michon and Sokoutis, 2005), i.e. 1 cm in model 

represents 10 km in nature. This resulted in a model of 40x60 cm (L/W) in size that 

corresponds with a natural scenario area of 400 x 600 km. The analogue model 

assumes a ductile lower crust simulated by 1cm PDMS, simulating 10km natural 

scenario, as derived by the scaled ductile behaviour as a function of strain rate and 

PDMS viscosity (Ramberg, 1981). 20km initial thickness of the brittle crust has 

been simulated by using of 2cm thick feldspar sand. The sand was sieved in layers 

with equal constant thickness and different colours, in order to visualize the 

internal deformation (Figures 5.4 – 5.9). All models have been confined laterally on 

two sides, while the other sides are dependent on model types, confined versus 

extensional pulling or contractional pushing (Figure 5.3). 
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Figure 5.3 – Block diagrams illustrating the 6 types of models deployed in this study. 

The grey arrows indicate the direction of extension and the black arrows the 

subsequent compression. 

 

All models have been deformed in two stages, an initial extensional stage 

being subsequently followed by compressional indentation (Figure 5.3). The 

extension has been simulated by using moving plastic sheets underlying parts of 

the models, which are pulled with a constant velocity of 5cm/hour, in order to 

obtain the strength ratio of the same magnitude in nature and models, inferring a 

strain rate of 7.92 x 10
-17

 s
-1

. The geometry of the transition zone between the 

plastic sheet and the underlying fixed substratum conditions the localization of the 
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extensional deformation, and therefore the place and geometry of the resulting 

grabens (Figure 5.3). Orthogonal extension is simulated by conditioning the 

geometry of the transition zone as parallel with the moving margin of the model. 

Oblique extension is simulated by pre-setting the transition zone geometry at a 

fixed 15° angle. This obliquity is inferred in existing modelling studies as optimal to 

simulate extensional, as opposite to dominant strike-slip deformation (Brun and 

Nalpas, 1996). The extensional deformation has been stopped always after 5cm of 

stretching (12.5% total extension). This amount was calculated in such a way that 

the localization of stretching in the transition zone still maintains a layer of PDMS 

silicone at the base of models after extension. At the end of the extension the 

moving plastic sheets have been fixed to the underlying substratum during the 

subsequent compressional period. Four types of extensional geometries have been 

simulated (Figure 5.3), transversal versus oblique extension and localization of 

stretching in one versus two grabens. 

The presence of syn-kinematic sediments at the end of extensional period 

has been simulated by filling up the resulting grabens with feldspar sand up to the 

level of the simulated non-stretched continental crust. The inversion by 

indentation has been simulated by pushing one or two rigid walls (Figure 5.3). In 

the latter case, the two moving walls are pushing from opposite sides, the location 

were one moving wall ends along strike is the location were the other moving wall 

starts on the other side of the model. The areas undergoing contraction are 

asymmetric; one moving wall is 40 cm in length, while the other one is only 20 cm 

in size. This setup allows testing of both symmetrical geometries in the vicinity of 

the transition zone between the two indenters and asymmetric contractional 

geometries at farther distances. The velocity of pushing walls was in all cases 2.5 

cm/hour, simulating a compressional strain rate of 9.72x10
-6 

s
-1

 in natural scenarios. 

These overall setup geometries allow testing of six types of combined 

extensional and compressional scenarios (Figure 5.3): type 1, orthogonal rifting 

localized in one velocity discontinuity and one contractional indenter; type 2, 

oblique rifting localized in one velocity discontinuity and one contractional 

indenter; type 3, orthogonal rifting localized in one velocity discontinuity and two 

contractional indenters acting on opposite sides; type 4, oblique rifting localized in 

one velocity discontinuity and two contractional indenters acting on opposite sides; 

type 5, orthogonal rifting localized in two velocity discontinuities and two 

contractional indenters acting on opposite sides; type 6, oblique rifting localized in 
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two velocity discontinuities and two contractional indenters acting on opposite 

sides. 

 

5.3.2. Analogue modelling limitations  

In order to understand, through analogue modelling, the first order 

parameters and mechanisms controlling the deformation and evolution of a 

complex natural prototype, locally with limited information on rheology, geometry 

and composition, one has to simplify it to an degree of which can be reproduced in 

the laboratory. These simplifications impose a general limitation in use of analogue 

modelling and the level of details that can be reproduced. Further simplifications 

are required by the modelling approach, in step by step testing of individual 

parameters in order to understand their role. 

One major simplification inherent for almost all analogue models is the 

homogenous rheology of materials, although it is well know that the rheology of 

rocks is temperature dependent and therefore varies with depth (Ranalli, 1995; 

Ranalli, 1997). However, results of numerous crustal analogue models (McClay, 

1989; Buchanan and McClay, 1992; Smit et al., 2003; Michon and Sokoutis, 2005; 

Panien et al., 2006) have demonstrated that this type of simplification do not alter 

the first order features when compared with the natural scenario. One important 

artefact imposed by the modelling setup is the fact that PDMS records ductile 

thickening during deformation that is accommodated by upward movement 

especially near the advancing wall (i.e. not isostatically compensated). One other 

simplification in our models is the absence of erosional processes that control 

partially the evolution of grabens and thrust systems and inherent strain 

localization (Pinto et al., 2010; Smit et al., 2010). 

 

5.4. Modelling results 

Modelling results demonstrate a clear link between the various setup 

configurations tested and the geometries, timing and interference between the 

types of structures observed. Kinematically, structures interact in all models by 

displaying accommodation structures either across the strike or by laterally 

transferring deformation. 
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5.4.1. Structures formed during initial stretching 

All models tested develop central grabens during extension. The location 

of grabens is always conditioned by the velocity discontinuity at the transition 

between the moving plastic sheet underlying our models and the stationary PDMS 

(Figure 5.3), a large number of normal faults being observed in this narrow area 

(Figures 5.4 – 5.9). This pre-imposed boundary condition is not necessarily an 

artefact, as the plate tectonic engine related to continental rifting is often related 

to sub-crustal mechanics (e.g., mantle plumes or local convection circuits, see for 

instance Burov and Cloetingh, 1997; Burov et al., 2007; Burov and Cloetingh, 2010). 

Normal faults are always grouped in slightly asymmetric grabens that display a 

small number of faults with high offset on the moving side and a large number of 

faults with small offsets on their stationary side, demonstrating the geometrical 

effect of velocity discontinuity over the extensional geometries. Normal faults 

generally dip towards the graben centre, only a few of them accommodate the 

induced subsidence by dipping in the opposite direction.  

In more details, the orthogonal rifting (setup type 1, 3 and 5, Figures 5.3, 

5.4, 5.6 and 5.8) forms parallel faults that sometimes transfer offsets between 

them across their strike. Oblique rifting (setup type 2, 4 and 6, Figures 5.4, 5.5, 5.7 

and 5.9) show en echelon normal fault geometries typical for structures 

accommodating local transtensional stresses that are induced by the pre-imposed 

oblique deformation. In this case, the faults offset is frequently transferred across 

the faults strike, while the overall oblique stretching is additionally accommodated 

by the formation of relay ramps. The large scale extensional structures that form in 

models with one velocity discontinuity (setup type 1-4, Figure 5.4 – 5.7) can be 

generally subdivided in one central graben (extensional type αααα in Figures 5.4 – 5.9) 

with high-offset and numerous normal faults located at the contact between the 

moving and the stationary side, one intermediary offsets graben located on the 

stationary side (extensional type β in Figures 5.4 – 5.9) and one small offset graben 

Figure 5.4 – (previous page) Type 1 models results. Left panel: top view picture at 

the end of a) extensional and b) compressional phase deformation. All the pictures 

are north aligned. Right panel c-f) interpreted model cross-sections after the 

compressional phase. Greek letters represents the extensional type structures 

observed in our models results: α -central graben, with high-offset and numerous 

normal faults located at the contact between the moving and the stationary side, 

β - intermediary offsets graben located on the stationary side, γ - small offset 

graben located on the moving side, δ - smaller graben forms on the stationary 

side at far distances from the area where the extension is focused. Roman 

numbers, I-IV represents the inversional type structures, described in chapter 

5.4.2. The red lines represent the thrust faults related with inversion. 
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located on the moving side (extensional type γ in Figures 5.4 – 5.9). Sometimes, 

but not always, a smaller graben forms on the stationary side at far distances from 

the area where the extension is focused (extensional type δ in Figures 5.4 – 5.9). 

This graben appears always in the last stages of extension and would probably 

develop as a larger and standalone feature at higher amounts of stretching. The 

overall number of normal faults is larger in oblique rifting models, due to the 

appearance of relay ramps. One interesting feature is the high PDMS contrast in 

thickness that forms along the high-offset normal faults observed over the moving 

side of the extensional type α grabens (e.g., Figures 5.6h and 5.7h). This feature 

has proven to be critical for localizing the amounts of subsequent inversional 

deformation described below. 

By moving the walls in opposite direction and therefore dividing the 

amount of stretching in models with two extensional velocity discontinuities, the 

overall geometry of individual grabens is in fact an intermediate stage of models 

that focus deformation in just one such type of discontinuity. These two 

discontinuities models (setup type 5 and 6, Figures 5.8 and 5.9) show two larger 

grabens (an earlier stage of extensional type α and numerous smaller ones 

distributed on a wide zone of extensional deformation. In between the two large 

grabens, an overall horst-like, topographically high area is observed. Similarly with 

models with one discontinuity, the two discontinuity models with oblique rifting 

direction show a larger number of normal faults, often transfer of offsets across 

their strike and the formation of relay ramps as a response to transtensional stress 

fields, when compared with the ones with orthogonal rifting (compare Figures 5.8 

and 5.9). 

 

5.4.2. Main structures formed during subsequent inversion 

In general four types of structures form during inversion. In all models, the 

first type are structures that form near the moving wall in relationship with the 

local shortening recorded along the basal décollement levels (inversional type I in 

Figures 5.4 – 5.9). This is a large antiformal structure associated with fore-thrusts 

and back-thrust. The PDMS accommodates the shortening by concentrating in a 

ductile manner in the core of the antiform, creating the largest vertical offset (or 

positive) structure in all models. 
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Figure 5.5 – Type 2 models results. Left panel: top view picture at the end of a) 

extensional and b) compressional phase of the model. All the pictures are north 

aligned. Right panel c-f) interpreted model cross-sections after the compressional 

phase. See Figure 5.4 for legend. 
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Figure 5.6 – Type 3 models results. Left panel: top view picture at the end of a) 

extensional and b) compressional phase of the model. All the pictures are north 

aligned. Right panel c-h) interpreted model cross-sections after the compressional 

phase. See Figure 5.4 for legend. 
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In all models, the second type of structures is the one that inverts the 

highly stretched structure overlying the velocity discontinuity (extensional type α), 

which displays different degrees of inversion along pre-existing grabens 

(inversional type II in Figures 5.4 -5.9). In general, these structures are 

characterized by one large offset thrusts associated with an asymmetric anticline, 

the asymmetry being controlled by the thrust vergence. The high-offset normal 

faults that formed on the moving side of the extensional type α graben are 

subsequently truncated by the inversion, and passively carried and tilted together 

with the normal faults of the extensional γ graben in the thrust hanging-wall (e.g., 

Figures 5.4c – f, 5.5c). The asymmetric anticline correlates with an asymmetric 

syncline in the footwall, locally overturned or truncated by smaller-offsets reverse 

faults due the large scale drag-folding (Figure 5.6g, h and 5.4e, f, respectively). 

In the models where the inherited graben is locally in a close position to 

the moving wall due to inherited oblique rifting, a third type (inversional type III in 

Figure 5.4 – 5.9) is defined by the interference between inversional types I and II 

that results in a new, combined structure. This structure is made by a stack of 

three low-angle, high-offset fore-thrusts that are associated with high-angle, low-

offset back-thrusts in models with one velocity discontinuity (setup type 2, Figure 

5.5) or by a large anticline associated with two low-offset, fore-thrusts and a 

number of back-thrusts, in models with two velocity discontinuities (setup type 5, 

Figure 5.8 c – f). 

 In models with two moving walls, the structures recorded define a 

transitional area located between the zones recording an opposite directions of 

inversion. In this broad transitional area, the bi-directional shortening creates a 

local area where two directions of major thrusting are recorded associated with 

local transpression (Figures 5.6 – 5.9). In models with two moving walls and one 

velocity discontinuity (setup types 3 and 4, Figures 5.4 – 5.7), a fourth type of 

structures is defined as the one in which the effect of the moving-walls interfere 

during the inversion of one individual extensional graben (inversional type IV). The 

resulting geometry is the effect of two thrusts dipping in opposite directions that 

are combined in an asymmetric structure. The asymmetry is driven by the pre-

existing PDMS contrast in thickness along the inherited high-offset normal faults 

that formed on the moving side of the extensional type α grabens, which 

subsequently localize a higher thrust offset. The overall image is the one of a 

triangular structure where the pre-existing part of the grabens with low-offsets 

and larger amount of normal faults is trapped at depth (e.g., Figures 5.6e, f or  



Modelling contractional polarity changes during inversion                                       115 

 

 

Figure 5.7 - Type 4 models results. Left panel: top view picture at the end of a) 

extensional and b) compressional phase of the model. All the pictures are north 

aligned. Right panel c-h) interpreted model cross-sections after the compressional 

phase. 
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Figure 5.8 – Type 5 models results. Left panel: top view picture at the end of a) 

extensional and b) compressional phase of the model. All the pictures are north 

aligned. Right panel c-h) interpreted model cross-sections after the compressional 

phase. See Figure 5.4 for legend. 
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Figures 5.7f, g). On both sides of the triangular structure, an anticline forms with 

an asymmetric shape driven by thrusts vergence. 

In models with two velocity discontinuities, one other type should be 

recorded, the one in which the inversion of two individual grabens by two moving 

walls should interfere. Such an inversional type V cannot be precisely defined in 

our setup and is only suspected locally in models with oblique velocity 

discontinuities (e.g., Figure 5.9g). Intuitively, this inversional type should be clearly 

recorded at higher amounts of stretching and/or subsequent inversion. The 

incipient stage of such a structure is defined by high-angle reverse faults organized 

in a pop-up structure, suggesting a transpressional origin (Figure 5.9g). 

One should note that the pre-existence of a normal fault zone with one 

direction of dip does not control the subsequent localization of thrusting along the 

same fault plane (i.e. structural inversion is not preferred during tectonic 

inversion). This is probably a model limitation; the weakness of a fault plane being 

not implemented in our setup. 

 

5.4.3. The role of one versus two inherited velocity discontinuities during 

inversion  

The experiments demonstrate that the geometry and timing of thrusting 

are highly dependent on the type of extensional structures and on the mode of 

subsequent inversion. Although the amount of shortening is the same and the 

areas affected by extension are comparable in both one and two velocity 

discontinuity models, the lateral variation in strength across inherited extensional 

faults proved to be a critical parameter controlling the localization of inversion. 

This lateral variation in strength is the result of thicknesses changes of the ductile 

crust created during extension, which controls the amount of subsequent inversion. 

The larger the contrast, the larger the thrusts offset during subsequent inversion. 

This is obvious when comparing the inversion of the low individual stretching, two 

velocities discontinuities models with the high individual stretching, and one 

velocity discontinuity models (compare Figures 5.4 – 5.7 with 5.8 – 5.9). 

In more details, inversional type I structures are larger when shortening in 

not transmitted far into the model, such as is the case of models with two 
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extensional velocities (Figures 5.8 and 5.9). In this case, a higher amount of local 

shortening is accommodated by tighter folding and one additional fore-thrust. In 

type II structures, the higher the degree of stretching concentrated in one graben, 

the higher is the amount of cumulated thrusting recorded subsequently in that 

graben (e.g. compare Figures 5.4 – 5.7 with 5.8 – 5.9). The role of one versus two 

velocity discontinuities in the formation of the combined inversional type III 

structures is a combination of all parameters described above in the build-up of 

inversional types I and II. In more details in the inversional type III structure is 

more symmetric in terms of the folding anticline-syncline couple in the case of two 

velocity discontinuities when compared with the models with one velocity 

discontinuity (Compare Figure 5.5g with 5.9c). 

In models with two moving walls, the geometry of the transitional area is 

controlled by the higher PDMS thickness contrast in the one velocity discontinuity 

model that imposes the formation of the triangular inversional type IV structure 

(Figures 5.6 – 5.7). In this case, the larger the distance from the moving wall, the 

smaller the offset recorded on that side of the type IV structure (e.g. compare 

Figure 5.6e with 5.6g or 5.7f with 5.7g). In map view, the transitional area shows a 

larger number of tear faults in the model with one velocity discontinuity, 

accommodating a higher concentration of deformation (compare Figures 5.6b and 

5.7b with 5.8b and 5.9b). 

 

5.4.4. The role of inherited extensional obliquity during inversion 

Models with inherited orthogonal rifts display in general similar first order 

compressional patterns when compared with oblique rifts (see also Brun and 

Nalpas, 1996). In more details, the obliquity between the direction of extension 

and the direction of compression creates a laterally variable distance between the 

graben and the preferred location of inversion. A laterally decreasing distance 

between inversional types I and II generates ultimately the interference recorded 

in the inversional type III. In models with two velocity discontinuities, the low value 

of the PDMS contrast is not significant enough to trigger a large offset fore-thrust 

during the inversion of the grabens and therefore the type II structure does not 

clearly form and inversional type I is exaggerated. Therefore, the role of obliquity 

in these types of models can be seen only in the variable offset and vergence of 

the small-scale thrusts (compare Figures 5.8 and 5.9). For instance, the influence 

during inversion of obliquity in models with two velocity discontinuities can be 
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Figure 5.9 – Type 6 models results. Left panel: top view picture at the end of a) 

extensional and b) compressional phase of the model. All the pictures are north 

aligned. Right panel c-h) interpreted model cross-sections after the compressional 

phase. See Figure 5.4 for legend. 
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discussed in terms of the appearance of back-thrusts in the formation of type V 

structure (compare Figure 5.8g with Figure 5.7g). However, a clear distinction from 

a possible transpressional (positive flower) structure can be made only in models 

with variable amount of total shortening, not included in our range of tested 

variables. 

When the distance between the pushing-wall and the inherited graben 

increases in the case of oblique models, the shortening recorded by the inversional 

type II structure decreases and is transferred across the strike to a back-thrust 

situated in a more proximal position (Figures 5.7g, h). This correlates with a 

decrease in the amount of far-field transmitted shortening and larger amplitudes 

of the type I structure. 

 

5.4.5. Parameters controlling far-field transmission and localization of 

contractional deformation 

A key objective of the present study is to assess the parameters influencing 

the far-field transmission and localization of deformation in the pre-dating 

extensional basin during the subsequent contractional polarity change. The far-

field strain transmission is herewith evaluated by quantifying the ratio between 

far-field deformation (i.e. cumulated amounts of shortening recorded by 

structures II, IV and V) versus the total amount of shortening applied to the model. 

This is the ratio of far-field transmission (RFF, in percentage of shortening, Figures 

5.4 – 5.10). The most effective model in transmitting deformation at far distances 

is the one with two indenters and one oblique velocity discontinuity (type IV model, 

Figures 5.4 and 5.7), with a maximum RFF value recorded in the transitional area 

between the two indenters (f section in Figure 5.7) of 62% (Figure 5.10). On the 

contrary, the less effective model in transmitting stresses at far distances is the 

one two indenters and two velocity discontinuities (type V and IV, Figures 5.8 and 

5.9), with average RFF values of 12% (Figure 5.10). The latter is ~30% lower than 

any other model type (Figure 5.10). 

Lateral rheological contrasts created by extensional structures in particular 

at large offset normal faults have a critical role in localizing the subsequent 

contractional deformation. Models with one extensional structure flanked by a 

large offset normal fault (type 1-4, Figures 5.4 – 5.7) increase RFF values with more  
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Figure 5.10 – Graph illustrating the effectiveness of this far-field strain transmission, 

by different types of model, by quantifying the ratio between the accumulated 

amount of shortening recorded by these two structures and the total amount of 

shortening, expressed in percentage of shortening (RFF). 

 

than 15% (Figure 5.10), when compared with models with two extensional 

structures. These latter models (type 5 and 6, Figures 5.8 and 5.9) do not create 

lateral rheological contrasts high enough to localize deformation, this being 

concentrated in close proximity of indenters (Figure 5.10). 

Although variations in the amount of far-field transmitted shortening 

across the strike of individual structures has been recorded by all models, high RFF 

variations (>5%) have been recorded in models with oblique velocity 

discontinuity(ies) (Figures 5.3, 5.5, 5.7) and in those with one parallel velocity 

discontinuity with two indenters (Figures 5.3, 5.8, 5.9). Obviously, large amounts of 

far-field transmitted contraction are recorded in transional areas that can locally 

cumulate shortening from both indenters (Figures 5.6 and 5.7). This is because the 

cumulative effect of the two indenters creates locally areas where the total 

shortening (far-field transmitted and near indenters) is larger than the individual 



Modelling contractional polarity changes during inversion                                       122 

 

amounts transmitted by each indenter (i.e. more than the 7cm in our modelled 

case). 

Models with one oblique velocity discontinuity indicate that the distance 

between extensional structures and indenters controls significantly the far-field 

transmission of shortening. Increasing this distance resulted in decreasing RFF 

values with up to 20% (Figure 5.10). 

 

5.5. Application of model results to natural scenarios 

Modelling contractional polarity changes by means of analogue modelling 

provides key inferences for areas characterized by significant variability along the 

strike of inherited extensional systems. The experiments suggest that in such 

systems, inherited extensional grabens localize the deformation transmitted at far 

distances from the stress source. The overall geometry of the thrusting system is 

conditioned by the inherited distribution and internal structure of normal faults 

inside the graben. This observation confirms the observed geometries of studied 

natural examples and helps understanding the formation of what are otherwise 

considered isolated structures. 

In the case of the Black Sea, models with one oblique velocity discontinuity 

and two side indenters have been successful in reproducing the map view 

geometries of the late Middle Eocene – Pliocene thrust system, including its 

observed contractional polarity change (Figures 5.2a and 5.7b). This suggests that 

the late Middle Eocene – Quaternary evolution is strongly influenced by two 

indenters acting from opposite sides in the western and eastern parts of the Black 

Sea. The comparison between the thrusting geometries observed in the Western 

Black Sea and the modelling results suggest that the north-ward transmission of 

compressional stresses from the Pontides – Taurides collision was responsible for 

the formation of the N-vergent system presently observed (see also Munteanu et 

al., 2011). Strain partitioning in the Eastern Black Sea has resulted in an S-vergent 

thrust system that was dominated by the contraction transmitted by the south-

ward advancing Crimean-Caucasus orogen (e.g., Nikishin et al., 2003). At a larger 

scale, the geometry of the Eastern Black Sea is also controlled by the overall 

collision between Europe and Arabia (e.g. Sengor, 1987; Edwards and Grasemann, 

2009), but the key in the entire inversional system is the mode of localization. 
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The contractional polarity change is accommodated in a larger transitional 

zone. Our modelling demonstrates that such a transitional zone develops in all 

situations and is not dependent on the modality of overlap between the two 

indenters. The modelling shows that the transitional structure is limited by strike-

slip faults in the proximity of the indenters (i.e. dextral in our modelling geometry, 

Figure 5.7b). At larger distances, this dextral offset decreases and is partitioned to 

partly oblique contractional structures which truncate and invert the former 

graben structures (Figures 5.7g, f). These modelling inferences strongly suggest 

that the Mid Black Sea High is a complex extensional structure partly inverted by 

oblique contraction. This structure must be laterally continuous with the dextral 

offsets near the indenters such as the Odessa-West Crimean Fault in the north 

(Figure 5.2a, Finetti et al., 1988; Munteanu et al., 2011). In fact, these large dextral 

offsets are just local strain partitioning in a transitional zone created by 

contraction and do not define a regional strike-slip stress field. Therefore, 

previously suggested strike-slip stress regimes in this transitional area, such as the 

ones in Crimea (Saintot and Angelier, 2000) are in fact local effects of a transfer 

zone. The pre-existence of a weak zone along an extensional graben whose strike 

is oblique to one of the contractional structures favours the localisation of 

deformation along the weak intermediate transfer zone (Figure 5.7b). The overall 

modelled geometry in the transitional area suggests the formation of large scale 

triangle zones composed of thrusts that truncate the margins of the pre-existing 

graben (e.g., structure IV, Figure 5.7f). Such a triangle zone is observed in the 

transitional area of the main Crimean thrusting over the Mid Black Sea High (e.g., 

Finetti et al., 1988). The thrusting is convergent from the indenters in this triangle-

like structure. This is compatible with the observation of two distinct structures 

delimiting to the east and west the Mid-Black Sea High, namely Archangelsky in the 

south and west and Andrusov in the North and East, which are separated by an 

extensional area that subsided in between (Figure 5.2a, Rangin et al., 2002). The 

higher amount of shortening recorded near Crimea and the Central Pontides in 

these two structures is a result of the closer proximity to the moving indenters. 

Analogue models suggest that localisation and transmission of 

contractional deformation at large distances is conditioned by larger offsets along 

pre-existing normal faults. This is compatible with observations along the western 

shelf of the Black Sea, where a number of inversional structures were recorded 

inverting pre-existing grabens. In the latter case, the larger the offsets of pre-

exiting normal faults, the larger would be the offsets observed during the 

subsequent thrusting (Munteanu et al., 2011). 
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The Cenozoic oblique subduction and subsequent collision between 

Australia and Pacific plates took place by closing a number of oceanic domains and 

intervening micro-continents (Pigram and Davis, 1987) that were particularly active 

in the New Guinea-Solomon Sea sector (Figure 2b, Hamilton, 1979; Hall, 2002). 

Hence, this rather complex scenario can be simplified for the Pliocene – 

Quaternary evolution in a contraction polarity change that took place between the 

New Britain Trench (Solomon Sea subducted beneath South Bismark Sea) and the 

frontal part of the Australian Plate and its thrusting over the New Guineea 

Trench(Lee and Ruellan, 2006). The lateral transfer between the contractional 

systems inverting a potential pre-existing extension shows sharp lateral changes in 

thrusting directions, with a general N-ward vergence in the New Guinea domain, 

and a general south-ward verge in the New Britain domain (Figure 5.2b). 

Two main kinematic models have been proposed to accommodate the 

observed deformation in the New Guinea domain. The first one assumes that no 

active subduction takes place at the New Guinea Trench and, therefore, the 

convergent deformation is accommodated mostly by thrusting and uplift of the 

Highlands Fold-and-thrust-Belt (Milsom et al., 1992; Hall and Spakman, 2002). The 

second one assumes that active subduction took place at the New Guinea Trench, 

and that the strain was partitioned between the Highlands Fold and Thrust belt 

and active subduction (Hamilton, 1979; Cooper and Taylor, 1987; Abers and 

McCaffrey, 1988; Tregoning and Gorbatov, 2004). E-wards, contractional 

deformation was accommodated by the N-ward subduction of Solomon Plate 

under the South Bismarck Plate (Tregoning and Gorbatov, 2004; Lee and Ruellan, 

2006), resulting in back-arc spreading. The transition zone between these two 

major domains defines the Houn-Finisterre Arc (Figure 5.2b). This arc was 

interpreted either to be a separated arc-terranae which collided with the 

Australian Plate (Pigram and Davies, 1987; Pegler et al., 1995) or as the eastern 

part of the New Britain Arc that collided with the Australian Plate and underwent 

strike-slip deformation and clockwise rotation (Lee and Ruellan, 2006). Inferences 

derived from our analogue models suggest that the latter model of New Britain arc 

collision with the Australian Plate is more appropriate, the Huon-Finisterre Arc 

being part of the New Britain Trench in a similar fashion as the formation of 

structure IV in our models (Figure 5.7). This analogue model suggests the 

possibility that the New Britain block and New Guinea block have inverted the 

same ocean from two different sides as opposite polarity indenters: the N-ward 

advancing New Guinea indenter inverted the southern border of a domain which 

should have inherited an extensional realm due to the lateral changes along the 
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Houn-Finistere block. The southern advancing New Britain indenter inverted the 

eastern extension of this rift system and its prolongation into the Solomon Sea 

oceanic plate. This overall change in contractional polarity is in agreement with 

widely observed teleseismic tomography studies that indicate two opposite 

dipping slabs beneath the described system (e.g. Tregoning and Gorbatov, 2004). 

The high amount of deformation recorded by New Guinea block and the present 

day orientation of Huon-Finisterre Arc should be the result of the oblique 

orientation of the rift system, similar with our model type 5 (Figure 5.8), that is 

characterized by a large distance between the pre-existing rift and New Guinea 

indenter. 

 

5.6. Conclusion 

The role of inherited extensional patterns in strain localization and 

formation of inversion structures was investigated by means of analogue 

modelling. The results demonstrate that the transmission and localization of 

collisional strain from the active subduction area into a previous extensional 

domain is strongly influenced by the inherited geometrical distribution of 

rheological weak versus strong areas, steaming from extensional times. During the 

subsequent compression, these zones can act either as places where deformation 

concentrates or as active indenters that impose different thrusting vergences 

along the strike of the system, although the general direction of shortening is the 

same. High offset normal faults, which impose significant rheological contrasts 

between footwall and hanging-wall blocks, concentrate large amounts of 

contractional deformation that can be transmitted from indenters located at far 

distances. 

The transfer area situated between the areas influenced by the two 

opposite acting indenters displays the largest amounts of transmitted deformation. 

What appear to be major strike-slip zones near the indenters would laterally 

change to thrusting system forming triangle zones at large distances in the basin 

centre. The most effective way to transmit large amounts of deformation at far 

distances is the one in which contraction inverts an oblique extensional system, 

the weakness zones at the margins of this inherited structures will facilitate the 

transmission of thrusting obliquely at large distances. 
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The analogue modelling can be successfully applied to the two natural 

scenarios studied. 

In the case of back-arc system, such as the one of the Black Sea, the lateral 

variations in rheology driven by the inherited extension controls the formation of 

the contractional polarity change and the way the structures transfer deformation 

between the two basins. The modelling support the idea that the Western Black 

Sea is controlled by Pontides indenter creating a N-vergent thrust system, while 

the Eastern Black Sea is controlled by the Crimean-Caucasus indenter creating a S-

vergent thrust system. 

In the case of a frontal subduction system such as the case of the New 

Guineea – New Britain system, the analogue modelling infers the presence of an 

extensional rift zone that must have controlled the post-dating contractional 

polarity change patterns presently observed in particular in the Huon – Finisterre 

Arc. 

These general inferences demonstrate the need to quantitatively 

understand the kinematics and evolution of apparent complex contractional 

systems: modelling can prove that these might be simpler than previously assumed. 

 



CHAPTER 6 

Conclusions 

 

Our study of the Black Sea basin has resulted in the identification of a key 

number of parameters controlling not only the basin itself, but also the 

neighbouring orogenic areas. We successfully demonstrate that this basins-orogen 

system functions well as an integrated one with tectonic and sedimentary 

processes interacting in a wide range of temporal and spatial scales. Therefore, we 

successfully demonstrate that the individual study of basins and orogens is not 

sufficiently enough to derive the controlling mechanical parameters driving not 

only the deformation, but also the associated sedimentation. Therefore, an 

integrated approach is always required in order to understand such a source to 

sink system. 

Among the processes studied in this thesis a number of them have 

significant mechanical inferences not only for the evolution of the Black Sea, but 

also for understanding the formation of roll—back orogens and associated basin 

formation elsewhere. As these processes are fairly common in for instance the 

Mediterranean orogens or SE Asia, deriving their mechanics is essential for the 

understanding of such systems. 

 

6.1. Opening of the Black-Sea back-arc 

The Early Cretaceous roll-back subduction of the Neotethys Ocean beneath 

the Serbo-Macedonian – Rhodope - Pontides continental arc (Figures 2.1) has 

resulted in the onset of the Western Black Sea extension. 

Early Cretaceous (Barremian) rift initiation can be demonstrated based on 

direct or indirect observations on both sides of the former rift zone, presently 

located offshore Romania/the Odessa Shelf and in Western Pontides, respectively. 

Along the northern flank, the localization of these Early Cretaceous extensional 

structures in the prolongation of the Jurassic contractional deformations recorded 

by the North Dobrogea Orogen (Figure 2.1) suggest an inherited rheological 

control over the localization of extension. Intuitively, we infer that normal faulting 

could have been localized at the contact between thickened North Dobrogean 
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Figure 6.1 – Kinematic 

model proposed for the 

gradual opening of the 

Black Sea back-arc basin. 

Following the initial 

Barremian opening, the 

model infers a gradual 

rotation of the eastern 

part associated with the 

coeval opening of the 

Srednogorie and Eastern 

Black Sea sub-basins 

during Late Cretaceous 

times. BK – Balkanides, 

WP – Western Pontides, 

CP – Central Pontides, EP 

– Eastern Pontides, EBS – 

Eastern Black Sea Basin, 

MBSH – Mid Black Sea 

High, WBS – Western 

Black Sea Basin. 
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crust and the neighbouring Moesian and Scythian stable units. The rift was likely E-

W oriented during Barremian times, the direction changing gradually to WNW-ESE 

during Aptian-Albian times. This change was the result of larger amounts of 

extension recorded by faults offsets in the east when compared to the west, which 

was associated with the grabens widening E-wards and an overall clockwise 

rotation (Figure 6.1). This mechanism suggests that the Neotethys subduction 

velocity was variable along strike, increasing E-wards. 

The continuation of this extensional regime during Upper Cretaceous times 

led to the gradual migration of the extension W-wards by coevally opening the 

Srednogorie continental rift basin in the onshore Bulgaria. This was associated with 

large scale volcano (-clastic) emplacement of island-arc type (Georgiev et al., 2002) 

and variable extensional geometry with cumulated faults offsets decreasing in the 

same direction (Figure 6.1). Post- Early Cretaceous thermal sag subsidence resulted 

in an overall transgression recorded over the Odessa Shelf, offshore Romania and 

in the Western Pontides. This Upper Cretaceous – earliest Paleogene gradual 

subsidence was associated with deposition of thick carbonatic deposits.  

During the Late Cretaceous times, the Eastern Black Sea Basin recorded 

the onset of its extensional evolution (Finetti et al., 1988; Nikishin et al., 2003) by 

reduced faults offsets geometries that are probably buried at present in the centre 

of the basin. The continuation of the extension during the Cenomanian – Coniacian 

times created the uplift of the rift shoulders, an event which is recorded by a large 

erosional unconformity that is observed offshore Romania and Turkey. Previous 

interpretations of a Late Cretaceous contractional unconformity are at odds with 

the fact that no contractional structures are observed during this time span. The 

extension was associated with strike-slip deformation observed along the 

Peceneaga-Camena Fault which created ribbon effects of associated transtension 

or transpression at its releasing or restraining bends, respectively. 

The post-dating latest Cretaceous to early Middle Eocene extensional 

evolution has created the oceanic crust that is presently inferred by geophysical 

observations in the centre of the Western Black Sea. The onset of large 

transcurrent faults accommodated the laterally variable extension by transferring 

different geometries and amount of offsets between the various domains (Figure 

6.1). For instance, we infer that the large offset deformation observed on the shelf 

offshore north Bulgaria and south Romania accommodated by transtension the 

transfer of larger-scale extension in the Western Black Sea to the smaller 

extensional offsets observed in the Eastern Balkans. This transtensional 
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deformation did not accommodate the Early Cretaceous moments of extension (i.e. 

the West Black Sea Fault of Okay et al., 1994), but the main moments of 

Paleocene-Eocene enlargement. This interpretation is becoming apparent when 

re-interpreting the original Cretaceous large scale offsets offshore Bulgaria (Tari et 

al., 2009) to be mainly Paleocene-Eocene, based of fault-related syn-kinematic 

sedimentation. This fault prolonges northwards until southernmost offshore 

Romania where a sharp change in thickness of Paleogene sediments is observed 

(Figure 14 in Bega et al., 2010). More to the west in the onshore Bulgaria, the 

transcurrent movements along the Yantra fault (Figure 3 in Bergerat et al., 2010) 

accommodated the transfer of deformation to areas not affected by coeval 

extension westwards. One other candidate for transcurrent deformation is the 

separation between the Western and Central Pontides along a fault that can be 

correlated northwards to the West Crimean Fault, accommodating differential 

extensional deformation between the Western and Eastern Black Sea (Figure 6.1). 

The gradual enlargement of both Western and Eastern Black Sea basins continued 

until at least Middle Eocene times, as demonstrated by the observation of coeval 

large offset normal faults (Robinson et al., 1996; Afanasenkov et al, 2007). The 

emplacement of oceanic crust took place in the Eastern Black Sea probably during 

Paleocene times (Sillinghton et al., 2009). 

 

6.2. Kinematics of Black Sea back-arc basin inversion. 

Starting with the late Middle Eocene, the Black Sea was gradually inverted 

at the same time or post-dating the main collision recorded between the Pontides 

and Taurides, following the subduction of the Neotethys Ocean (Yilmaz et al., 

1997). The gradual transmission of collisional deformation into the formed 

extensional basin was a continuous and gradual process during Eocene - Miocene 

times (Figure 6.2), that continued until recent times in the Eastern Black Sea Basin 

by the thrusting recorded in the Crimean-Caucasus and Eastern Pontides system 

(e.g., Nikishin et al., 2010). A post-Miocene continuation of contractional 

deformation in the Western Black-Sea is locally supported by few structures on the 

Odessa shelf (Stovba et al., 2010). However, a more detailed kinematic analysis is 

hampered by the fact that strata were largely removed by erosion during periods 

of sea-level variations. These were created during the Messinian Salinity Crisis of 

the Eastern Paratethys and post-dating eustatic events. 



Conclusions                                                                                                                         131 

 

 

Figure 6.2 – Cartoon illustrating the transmission of contractional deformation from 

Balkanides-Pontides indenter into the back-arc domain, which displays large lateral 

variations in crustal thickness a) the onshore Balkanides – Moesian Platform with a 

thick and rheologically strong continental crust, which in fact hampers the far-field 

transmission of deformation. This deformation concentrates near the Balkanides 

indenter; b) the offshore Balkanides - Pontides – Western Black Sea system, with a 

stretched, thin and rheologically weak continental crust that accommodates the 

gradual transfer of deformation at far-distances from the indenter into the Black 

Sea back-arc basin. Note the combined effect of the thermal sag and flexural 

subsidence in the central part of the Western Black Sea Basin, which led to the 

subsidence of the entire thrust system. 

 

The cumulated offsets in the studied parts of the Western and Eastern 

Black Sea are in the same order of magnitude of ~30 km, inferring that the 

mechanical process driving deformation was the same collisional deformation 

described above. The along strike change, from an N-vergent thrust system in the 
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west to an S-vergent one in the east, is the result of an inherited extensional back-

arc domain characterized by large lateral variations in crustal strength that 

localized the shortening and imposed the thrust vergent. Most importantly, two 

high strength crustal blocks acted as indenters, the Pontides-Balkanides in the 

west and Crimea-Caucasus in the east. The direction of the overall shortening was 

certainly N-S oriented, the local obliquities recorded by the thrust systems being 

driven by inherited rift geometries. The analogue modelling described in Chapters 

4 and 5 demonstrates that a geometry described by WNW-ESE orientation of the 

inherited rift coupled with the N-S direction of shortening is one that fits best the 

observed Black Sea post- Middle Eocene thrust system. 

The contractional polarity change is accommodated by a large transcurrent 

shear zone with laterally variable offsets and kinematics. In the north, the dextral 

offset along the West Crimean Fault was driven by the S and SE-ward displacement 

of the Crimean-Caucasus indenter, while in the south the dextral offset was driven 

by the N-ward displacement of the Western Pontides – Balkanides. These 

displacements must be in the same order of 30km magnitude as the cumulated 

thrusts offset. It is likely that in these displacement decreases gradually towards 

the centre of the Black Sea. This is in agreement with the observed geometry of 

the Andrusov - Arkangelsky ridge that is a slightly inverted horst structure, 

recording both transpressional and oblique contractional deformation due to its 

position at the transition between the two contractional systems. This is also 

confirmed by analogue modelling, which infers that the transcurrent zone is 

limited by strike-slip faults in the proximity of indenters, while the associated 

offsets decrease in the centre. 

The modelling results also suggest that the contrasting geometries of 

inversional structures observed in the Balkanides-Pontides domain are the result 

of pre-existing crustal stretching geometries of various blocks inherited from the 

Cretaceous- Eocene extension. The stretched and weak Western Black Sea back-

arc basins can effectively transfer contraction deformation at large distances from 

the Pontides indenter that are in the range of the contraction structures observed 

in the centre and northern part of the Western Black Sea (Figure 6.2). A limited 

amount of deformation was transmitted by the thicker and colder Moesian 

Platform with the bulk of deformation concentrated in the narrow zone of high 

deformation of the Balkanides (Figure 6.2). Between these two domains a 

transitional zone formed, which was characterized by highly arcuate geometries 

(see Chapter 4). 
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6.3. Upper Miocene – Quaternary sediment routing from the Carpathian source 

to the Black Sea main sink. 

The architecture of Upper Miocene-Quaternary sediments offshore NW 

Black Sea shelf is a combined tectonic and eustatic effect in the pathway of the 

massive sediment routing from the Carpatho-Balkanic source area. On-going 

tectonic subsidence created the accommodation space in the Dacian Basin, 

sediments being trapped by a submarine barrier in their way to the main Black Sea 

sink. Sea-level rise created accommodation space in the Dacian Basin and was 

driving sediment starvation in the Black Sea. Sea-level fall cancelled 

accommodation space, forcing sediments fluxes from the Carpathian source area 

to be deposited on the Black Sea. Our study suggests that a pre-Quaternary 

outward sediment shift was possible only by a very large sea-level drop during the 

Messinian Salinity Crisis of the Eastern Paratethys that created the differential 

potential energy between basins high enough to deeply erode and cross the 

barrier (Figure 6.3). The large, more than 1.2km sea-level drop took place during 

Middle Pontian and was subsequently followed by a significant number of similar 

events with reduced amplitudes. This short lived massive sedimentary influx 

created a large prograding wedge that increased significantly the load by rapid 

burial over the non-consolidated, over-pressured Oligocene shales. During the sea-

level drop, the shelf exposure decreased the angle of critical wedge tapper and it 

collapsed by large scale (20-30km) toe-slope decollements that used these over-

pressured shales as decollement horizon. This was associated with an isostatic 

rebound due to water unloading that was larger on the shelf than in the 

neighbouring basin (Bartol and Govers, 2009). As a result, the differential uplift 

created the normal faults with small offsets that are restricted to the shelf collapse 

area. It is unlikely that these faults are the result of an extensional tectonic event 

because these features are localized only on the toe-slope decollement areas that 

are restricted to the Romanian offshore. This is a result of the massive 

sedimentation delivered by the Carpathians-Balkans source area across the narrow 

area of the Scythian Gateway. These decollements and associated normal faults 

repeated again during the intra-Dacian sea-level drop, although with lower offsets 

and associated effects when compared with the intra-Pontian event. 

The formation of the Scythian Gateway just north of North Dobrogea 

Orogen was controlled by the combined effect of two contractional deformations. 

The NW-SE to N-S uplifted area situated in front of the East and SE Carpathians is 

their flexural loading forebulge formed during the Miocene collisional deformation  
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Figure 6.3 – Cartoon (not in scale) illustrating the genetic mechanism responsible 

for the formation of normal faults and toe-slope decollements during the large sea-

level that took place in Middle Pontian and Upper Dacian times. Note the 

relationship between the overpressure areas and rapid sedimentation during high-

stands period. 
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Figure 6.4 – Pontian sediments 

pathways from the Carpathian 

source area to the main Black 

Sea sink. Note the significant 

control on sedimentation 

imposed by the Scythian 

Gateway (SG) and the 

hanging-wall uplift of the 

Sulina – Tarhankut Fault (STU), 

which separates to the W and 

N two trapping basin, the 

Dacian Basin and Odessa Shelf 

(OS) basin, respectively. 

 

 

 

 

 

 

 

(Tărăpoancă et al., 2004). The N-S contraction associated with the inversion of the 

Western Black Sea created the reverse offset recorded along the Sulina-Tarhankut 

Fault (Figure 2.1) that uplifted the areas southwards and, therefore, restricted the 

subsequent Late Miocene - Pliocene sediment routing to the Scythian Gateway 

(Figure 6.4). These sediments were re-routed from the Odessa Shelf to the main 

area of the Black Sea Basin, bypassing the submarine segments of the Sulina-

Tarhankut thrust fault (Figure 6.4). 

The overall observations across the Dacian Basin – Black Sea system are 

confirmed by other numerical modelling and observational studies. In particular 

the inference of a delay time between the unconformity recorded in the trapping 

basin and the main sink (Bartol et al., 2012) is important for understanding the fact 

that measured unconformities do not show directly the time-span of sea-level 

drops in marginal basins. The same studies have confirmed that observations can 
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be accommodated only with a large (i.e. more than 1km) sea-level drop in the 

Black Sea during the Mediterranean Salinity Crisis. The influence of climate in the 

onset of the Mediterranean Salinity Crisis and or similar sea-level changes events 

(Krijgsman et al., 2010) can be better understood once one realizes that 

(dis)connection from the global ocean increases the sensitivity of endemic basins 

such as the Paratethys (Karami et al., 2011). 

 

6.4. The balance between inherited extension and subsequent inversion in basin 

evolution: a forward look 

Which factors control the localization of intense deformation at large 

distances from laterally variable plate boundaries within genetically associated 

sedimentary basins? Is it possible that the interference between different 

extensional geometries and variable kinematics of inversion, typical for many 

sedimentary basins around the world, exerts a major influence on the localization 

of deformation? What is the play potential and topographic expression of such 

interferences? These are fundamental questions that were only partly addressed 

in the present study. Hence, the analysis of available results point towards new 

avenue of future investigations. 

The role of inherited extensional patterns in strain localization and 

formation of structural geometries during inversion is widely recognized both in 

natural scenarios and by numerical/analogue modelling. Observational studies 

inferred that the main parameters controlling inversion are variable, but important 

are the angle between the inherited directions of extension and compression; 

localization of deformation in areas characterized by lateral strength contrast or 

the distance between source of compression and localization of strain in weakness 

zones (Cloetingh et al., 1995; Brun and Nalpas, 1996; Flottmann and James, 1997). 

The modality of transferring deformation at large distances, from the place where 

the compressional stress is applied, is controlled by the presence of inherited week 

zones or by the rheological strength contrast observed laterally, at crustal or 

lithospheric scale, between areas separated by normal faults during pre-dating 

extension (Willingshofer and Sokoutis, 2009; Cerca et al., 2010; Sokoutis and 

Willingshofer 2011). All existing models assumed that the compressional stresses 

are transmitted in one direction, with the analogue models assuming either an 

advancing wall or by pulling the model against a fixed wall. These configurations 

can approximate a wide variety of natural scenarios, but not the most critical ones. 
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A number of other contractional settings indicate that the mode on which the 

compressional stresses are applied during inversion is different along their strike. A 

contractional polarity change is defined in situations where the compressional 

stress (i.e. the moving of the pushing indenter) direction changes laterally along 

the strike to an opposite one. Such changes in polarity are commonly observed in 

places where the subduction polarity changes, such as in Taiwan (Sibuet and Hsu, 

2004; Molli and Malavieille, 2011), New Zealand (Reyners et al., 2002), New 

Guinea (Pegler et al., 1995; Tregoning and Gorbatov, 2004) or the Alps-Dinarides 

system and are common in Mediterranean basins (Vignaroli et al., 2008; Luth et al., 

2010). The contractional polarity change is also observed in basins that change the 

direction of deformation as a result of the interplay between the velocity of 

subduction and velocity of converge (senso Royden and Burchfiel, 1989), during 

the transition between the rapid roll-back of mature slabs and their subsequent 

collision (e.g., Schellart, 2008). The contraction polarity is controlled by pre-

existing rheological distribution that can change along the strike of the system (e.g., 

Cloetingh et al., 2003). Such a change can lead to a contractional polarity change 

where the moving indenters act laterally in two opposite directions. 

Our study has demonstrated that the transmission and localization of 

collisional strain from the active subduction area with variable geometries of 

indenters into a previous extensional domain is strongly influenced by the 

inherited geometry and distribution of rheological weak versus strong areas 

(Figure 6.2). The modelling demonstrated that during the subsequent compression, 

these zones can act either as places where deformation concentrates or as active 

indenters that impose different thrusting vergences along the strike of the system, 

although the general direction of shortening is the same. The transfer area 

situated change to thrusting system forming triangle zones at large distances in the 

basin centre. The most efficient way to transmit large amounts of deformation at 

far distances is the one in which contraction inverts an oblique extensional system. 

The zones of weakness at the margins of these inherited structures will facilitate 

the transmission of thrusting obliquely at large distances. The analogue modelling 

was successfully applied to the Black Sea domain, where the lateral variations in 

rheology, driven by the inherited extension, controls the formation of the 

contractional polarity change and the way the structures transfer deformation 

between the two basins. 

The future aim of similar projects should expand the knowledge gained by 

the application to the Black Sea to a more general phenomenological 
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understanding. The quantification of geometries and mechanics of strain transfer 

in situations characterized by changes in the polarity of contraction during 

inversion and the role of inherited extensional geometries is critical for 

understanding the formation of thrust belts and inverted sedimentary basins. 

Understanding the controls of extensional geometries during inversion is a major 

challenge for existing models of sedimentary basins evolution by investigating 

whether laterally variable indenters may control the mode of inversion. Previous 

assumptions that inherited extensional geometries are the main controlling factor 

during subsequent inversion are insufficient to describe a large number of 

observed natural scenarios. Testing the influence of laterally variable contractional 

sources is imposed by the observation of transmission of deformation at large 

distances in the interior of basins and the fact that this transmission is laterally 

variable (e.g., SE Asia, New Guinea, Pannonian Basin). A more balanced approach 

should be pursued by interaction with alternative extensional-compressional 

mechanics, which can provide an alternative explanation for the evolution of the 

many observed scenarios available for instance in the Mediterranean-type of 

basins. This approach can lead to a novel quantification of hydrocarbon plays 

potential and topographic build-up. Tectonic inversion is one of the most common 

mechanisms in generating hydrocarbon traps all over the world. Laterally variable 

plate boundaries transmitting changes in the mode of indentation is the frequent 

case of large accumulations such as the ones in the Arabian Plate or Siberian 

sedimentary basins. Linking individual structures to improved understanding of 

their genetics is novel and may generate a whole new line of research. Inverting 

sedimentary basins in complex and active plate tectonic scenarios creates 

topography that is often associated with natural hazards such as seismicity or land 

instability, as often recorded in for instance the Pannonian Basin or in the 

Apennines back-arc. 

This overall coupled basin-orogens approach connects isolated models of 

tectonic inversion across different types of sedimentary basins. Models of 

evolution during inversion have been applied mainly for the study of individual 

sedimentary basins. Existing expertise in connecting isolated deformation 

demonstrates that along-strike variations (such as the ones quantified in the 

eastern and Western Black Sea basins) are in fact driven by the same mechanism 

affecting multiple areas. All these findings demonstrate the fact that the Danube 

River Basin – Black Sea area represents a unique natural laboratory for studying 

the interplay between lithospheric and surface processes and the source to sink 

relationships. Changes in source areas due to past and active tectonics control the 
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transport and deposition in adjacent sinks. In particular, the last 15 Ma is intriguing 

in Europe because of known global and regional climatic changes and active 

tectonics in the Alpine - Carpathians domain resulting in increased exhumation 

rates in the source realm, rain fall and vegetation changes and increased sediment 

budget. Within this time the more regional event Messinian Salinity Crisis event is 

super-imposed, associated with major changes in the entire Central and Eastern 

Europe that lasted well until recent times. 
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