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Summary

 The aim of this work on Transylvanian Basin is to bring new data 
and ideas, making a step forward in improving the knowledge of this 
intricate area of Central – Eastern Europe. The work was supported 
with a large database of industrial reflection seismics and exploration 
wells combined with recent scientific literature, data and models. Our 
focus was to improve the overall understanding of the Transylvanian 
Basin architecture, while defining key moments in basin evolution, 
along with a review of possible mechanisms that contributed on 
basin genesis and evolution during Middle-Late Miocene.
 The first chapter presents a regional picture of the whole 
Carpathian hinterland with emphasis on the mechanisms and 
processes that controlled its evolution, while the basin formation 
and its classification are explained by comparing our observations 
and interpretations with appropriate arguments and examples from 
literature.
 The second chapter represents the core of this work. Here is 
addressed the general and detailed Middle-Late Miocene geometry 
of the basin, stratigraphy and deposition settings. A special attention 
is given to basin dominant structures and their kinematics, with a 
particular focus on Middle Badenian salt kinematics. We demonstrate 
that large extensional structures essential to accommodate the 
3.5km basin subsidence are missing, on the contrary compressional 
structures being commonplace, occasionally exaggerated by coeval 
salt diapirism. Also in this chapter, a series of possible mechanisms 
that led to the formation of the basin are reviewed and debated. The 
lack of structural evidences in Transylvanian upper crust allowed 
us to conclude that the basin formation mechanism(s) should reside 
in the lithospheric mantle, most likely representing a deep effect of 
simple shear extension from the neighbouring Pannonian Basin.
 The overall configuration of Transylvanian lithosphere is debated 
in the third chapter of this work by means of numerical modelling 
using real thermal parameters. Our top-down approach takes in 
consideration the surface measured heat flow and geometry of the 
basin, and investigates possible causes of the anomalously low 
thermal regime. The transient effects induced by deposition concur 
up to 20% in depressing the basin temperature, the average corrected 
heat flux rising more than 50mW/m2, close to continental values. 
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The lithospheric steady-state models shows that estimated 7km 
thick ophiolites present in the upper crust have to be richer than 
normal in radiogenic elements in order to match the surface heat 
flux, or their proportion is lower than estimated.  Our lithospheric 
models assume a 100km thick lithosphere necessary to (transfer 
and) produce the actual heat flux, but this thickness is in contrast 
with seismic tomographic models that demonstrate the presence of 
a low velocity anomaly under the basin and a thinner lithosphere of 
~80km. Therefore we consider that any effects of Middle Miocene to 
Pliocene lithosphere thinning are not present yet in the basin’s heat 
flux, the current values being an expression of the Late Cretaceous-
Eocene evolution.
 Chapter 4 addresses as well, by means of 3D numerical modelling 
the coupling between tectonic subsidence and salt migration, derived 
from actual geometry of the basin. The modelling shows that the salt 
migration pattern was complex, in general salt migrating side-ways 
from the centre. On a detail scale the migration was rather complex, 
one area could be affected by successive in and out migration 
given the local interplay between subsidence sediment loading – 
salt accumulation. In addition, the modelling brings new insights 
of Carpathian collision far-field stresses and their effects on basin 
evolution. Up to three important moments of salt re-distribution 
have been identified that correlates with peak moments of Miocene 
deformation of the Carpathians. The subsidence analysis suggests that 
the basin was affected during its evolution by two mechanisms with 
different wavelengths. The short-wavelength mechanism occurred in 
Late Badenian times and was rather local, while the long-wavelength 
one acted at the basin scale from Middle Miocene to Quaternary. 
Apparently, considering the amount of deformation induced, these 
mechanisms associate with Pannonian Basin extension and coeval 
Carpathians subduction during the Miocene times, both of them 
having a consistent influence on the Transylvanian Basin evolution.
 The interpretation and modelling results are integrated in the 
Chapter 5, underlining the most plausible processes that controlled 
the basin formation and evolution during Middle-Late Miocene. A 
short further outlook subchapter suggests towards which direction 
should focus any future research, the deep lithospheric or mantle 
processes deserving at least a detailed investigation.
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Samenvatting

 Het Transsylvanische bekken, gelegen aan de binnenkant 
van de oostelijk gelegen Karpatenboog, vormt de overgang naar 
het westelijk gelegen Pannoonse bekken. Zowel in termen van 
topografie als lithosfeer structuur verschilt het Transsylvanische 
bekken in belangrijke mate van het Pannoonse bekken. Voor een beter 
inzicht in de geodynamica van het Pannoonse/Transsylvanische/
Karpaten systeem is een kwantificering van de processen die 
verantwoordelijk zijn voor de anomale topografie en warmtestroom 
van het Transsylvanische bekken cruciaal. Het doel van deze studie 
van het Transsylvanische bekken is te komen tot nieuwe inzichten in 
de evolutie van de lithosfeer en zijn expressie in de bekkenvorming 
en topografie van dit systeem. Bij deze studie is een synthese 
gemaakt van een grote dataset van industriële reflectieseismiek en 
exploratieboringen geïntegreerd met kwantitatieve modellering van 
tektonische processen. Daarbij ligt de focus op het vergroten van het 
inzicht van de architectuur van het Transsylvanische bekken, het 
definiëren van de belangrijkste momenten in de bekken evolutie, 
in samenhang met de mechanismen die bij hebben gedragen aan de 
bekken vorming en evolutie tijdens het Midden en Laat Mioceen.
 Het eerste hoofdstuk geeft een regionaal beeld van het gehele 
Karpaten systeem met nadruk op de mechanismen en processen 
die de evolutie hiervan hebben bepaald. De bekkenvorming en 
-indeling worden bestudeerd door het vergelijken van observaties 
en interpretaties.
 Het tweede hoofdstuk vormt de kern van dit proefschrift. 
Hierbij wordt ingegaan op de algemene en gedetailleerde Midden 
tot Laat Miocene geometrie van het bekken, de stratigrafie en het 
afzettingsmilieu. Speciale aandacht wordt besteed aan de dominante 
bekkenstructuren en hun kinematica, met een speciale aandacht 
voor de kinematica van het Midden-Badenien zout. Grote extensie 
structuren ontbreken die noodzakelijk zijn om de 3,5 km bekken 
daling te accommoderen. Compressieve structuren, soms beïnvloed 
door gelijktijdig zoutdiapirisme zijn daarentegen gemeengoed. 
Ook wordt in dit hoofdstuk een reeks mechanismen besproken 
die mogelijk hebben geleid tot de vorming van het bekken. Het 
ontbreken van een structurele expressie in de Transsylvanische 
bovenkorst wijst erop dat bekken vormende mechanismes hun 
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oorsprong hebben in de lithosferische mantel, hoogstwaarschijnlijk 
gerelateerd aan een diep effect van simple shear extensie in het 
naburige Pannoonse Bekken.
 De algemene configuratie van de Transsylvanische lithosfeer 
wordt besproken in het derde hoofdstuk van deze studie door 
middel van numerieke modellering met inbegrip van thermische 
parameters. Onze top-down benadering houdt rekening met de aan 
het oppervlak gemeten warmtestroom en de bekkengeometrie, 
en onderzoekt de mogelijke oorzaken van de abnormaal lage 
warmtestroom. De  steady-state lithosfeermodellen tonen aan dat 
de ongeveer 7 km dikke ofiolieten in de bovenkorst rijker dan 
normaal moeten zijn aan radiogene elementen om de oppervlakte 
warmtestroom te verklaren, of dat hun verhouding lager is dan 
geraamd. Deze lithosfeermodellen veronderstellen een 100km 
dikke lithosfeer, noodzakelijk voor (transport en) productie 
van de eigenlijke warmtestroom, maar deze dikte is niet in 
overeenstemming met resultaten van seismische tomografie die 
wijst op de aanwezigheid van een lage snelheidsanomalie onder 
het bekken en een verdunde lithosfeer van ca. 80km. Mogelijk 
zijn de eventuele effecten van de Midden Mioceen tot Pliocene 
lithosfeerverdunning nog niet aanwezig in de warmtestroom van 
het bekken. In dat geval zijn de huidige waarden een uitdrukking 
van de Late Krijt tot Eocene evolutie.
 Hoofdstuk 4 behandelt, ook middels 3D numerieke modellen, 
de koppeling tussen bekken daling en zoutmigratie met als 
uitgangspunt de werkelijke geometrie van het bekken. De modellen 
geven nieuwe inzichten in de far field spanningen, gerelateerd aan 
de botsing van de Karpaten, en hun effecten op de evolutie van 
Transsylvanische bekken. De modellen tonen dat het zout in het 
algemeen zijwaarts migreert vanuit het centrum. Op een kleinere 
schaal is het patroon complexer. Een gebied kan worden beïnvloed 
door achtereenvolgens in-, en uitwaardse migratie, gerelateerd aan 
de plaatselijke wisselwerking tussen dalingen veroorzaakt door het 
bedekkende sedimentpakket en zout accumulatie. Drie belangrijke 
momenten van zoutherverdeling zijn geïdentificeerd, gerelateerd 
aan piekmomenten van Miocene deformatie van de Karpaten. Uit 
de bekken daling analyse blijkt dat de bekken evolutie is beïnvloed 
door twee mechanismen met verschillende golflengtes. Het korte-
golflengte mechanisme was belangrijk in het late Badenian en 
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was voornamelijk lokaal, terwijl het lange-golflengte mechanisme 
opereerde op bekkenschaal van het Midden Mioceen tot het Kwartair. 
Blijkbaar, gezien de mate van deformatie, zijn deze mechanismen 
gerelateerd aan de uitbreiding van het Pannoonse Bekken tijdens 
het Mioceen en de gelijktijdige Karpaten subductie. Beiden hadden 
een significante invloed op de evolutie van het Transsylvanische 
Bekken.
 De interpretatie van de resultaten en modellen, geïntegreerd 
in hoofdstuk 5, vat de processen samen die waarschijnlijk 
verantwoordelijk zijn voor de bekkenvorming en -evolutie tijdens 
het Midden en Late Mioceen. Hierbij wordt kort ingegaan op 
mogelijke richtingen voor toekomstig onderzoek, met name op het 
gebied van diepe lithosferische- en mantel processen.
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Chapter 1 

Introduction
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1.1.
The Carpathian hinterland basins,  
from Transylvanian to Pannonian
 
 The large intra-continental Transylvanian - Pannonian basins 
system evolved during Miocene times in the hinterland of the 
Carpathian orogen, a highly bended mountain chain largely 
exhumed during the roll-back of a slab attached to the cratonic units 
of the East European, Scythian and Moesian foreland platforms 
(Fig. 1-1, e.g., Săndulescu and Visarion, 1988; Visarion et al., 1988, 
Schmid et al., 2008). These basins were interpreted as similar in 
terms of their tectonic, sedimentary and biostratigraphic evolution 
(e.g., Houseman and Gemmer, 2007; Huismans and Bertotti, 2002; 
Royden and Horváth, 1988; Steininger et al., 1988). In contrast, recent 
studies have inferred that these basins have significant variations 
of genetic mechanisms, kinematics and rheological properties (e.g., 
Cloetingh et al., 2005, 2006 and references therein). 
 The Pannonian Basin is an extensional basin that started its 
evolution at ~20Ma, subsequently followed by a peak in tectonic 
activity during a syn-rift phase that started around 14–15Ma. The 
post-rift, thermal subsidence phase started in the Late Miocene 
times and is still continuing (see discussion in Horváth et al., 2006; 
Tari et al., 1999). The Pannonian Basin was subsequently affected 
by a Pliocene–Quaternary contractional event induced by the 
translation and counter-clockwise rotation of the Adriatic indentor. 
This created numerous contractional to transcurrent structures 
widely distributed across the entire basin (Bada et al., 2007; Fodor 
et al., 2005; Horváth, 1995; Horváth and Cloetingh, 1996; Pinter 
et al., 2005). Subsurface studies of the Transylvanian Basin 
have proven that coeval Miocene normal faults have limited 
offsets under a few hundreds of metres, which cannot account 
for the observed 3.5 km subsidence (De Broucker et al., 1998;  
Krézsek et al., 2010). The sedimentary infill took place during 
moments of basin subsidence and was strongly influenced 
by the uplift of the marginal orogens during episodes of  
Carpathian contraction (Mațenco et al., 2010). Furthermore, 
more recent studies infer a different lithospheric structure with 
thicknesses that are rather similar with a normal continental 
lithosphere (Dererova et al., 2006), rather than that of a highly 
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Fig. 1-1 – a) Shaded relief map of Central, Eastern and South-Eastern Europe 

with the location of the Transylvanian Basin in the broader context of highly 

arcuate Alpine orogens. b) Location of the Transylvanian Basin within the Alps-

Carpathians-Dinarides system, with emphasis on the main tectonic units (simplified 

from Mațenco and Radivojević, 2012; Schmid et al., 2008). TB – Transylvanian Basin 

AM - Apuseni Mountains.
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attenuated thickness resulting from stretching or regional 
astenospheric upwelling (Horváth et al., 2006).
 The result of these contrasting studies is that processes 
controlling the formation and evolution of the Transylvanian Basin 
are still a matter of debate. Deriving a clear mechanism is hampered 
by the little availability of depth information the Transylvanian 
Basin resulting in contrasting genetic ideas and evolutionary 
models. The aim of this thesis is to quantify the 3D geometry of 
the basin in order to constrain its genesis. The kinematic evolution 
is modelled in order to accurately constrain the evolution of basin 
subsidence and exhumation with time. Furthermore, we address 
the significant gap in knowledge in understanding the lithospheric 
geometry by the means of thermal steady-state modelling. This 
integrated observation and modelling study benefit from the 
a wealth of previously published information regarding the 
surface and subsurface geology of the basin, kinematic, structural, 
sedimentological and exhumational, along with subsidence and 
thermal studies and models (e.g., Ciulavu et al., 2000; Ciupagea et 
al., 1970; Crânganu and Deming, 1996: De Broucker et al., 1998; de 
Leeuw et al., 2010; 2013; Huismans et al., 1997; Krézsek and Bally, 
2006; Krézsek and Filipescu, 2005; Krézsek et al., 2010; Mațenco et al., 
2010; Merten et al., 2010; Mrazec, 1932; Paucă, 1968; Sanders et al., 
1999; Sanders et al., 2002; Szakács and Krézsek, 2006 and references 
therein). The potential mechanisms driving the evolution of the 
Transylvanian Basin are discussed in the context of their upper 
crustal expression. The combination between the detailed kinematic 
study and the analysis of potential mechanisms enables us to draw 
a number of conclusions about the geodynamic evolution of the 
Carpathian Mountains and the evolutionary relationship between 
the Pannonian and Transylvanian basins.

1.2.
Extensional back-arc or sag basin?

 Extensional or compressional back-arc basins kinematics is 
highly variable in space and in time (Cruciani et al., 2005; Dewey, 
1980; Jarrard, 1986; Molnar and Atwater, 1978; Uyeda and Kanamori, 
1979). Depending on the amount of deformation, back-arc basins are 
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floored by continental and/or oceanic crust, their subsidence being 
controlled by various factors, such as the amount of extension, the 
rapid uplift of the orogenic core, strike-slip motions or the flexural 
subsidence recorded by compressional back-arcs in retro-wedges 
(e.g., Burchfiel and Royden, 1982; Dewey, 1980; Mathisen and 
Vondra, 1983; Royden, 1988a). 
 In this context, continental/interior sag, intra-cratonic sag or 
thermal sag basins are commonly though to represent a particular 
type that does not always show deformation structures, such 
as major fault systems, which can be genetically associated with 
their formation (Einsele, 2000; Middleton, 1989; Ziegler et al., 
2006). This means that these basins experienced a thermal or 
passive subsidence that cannot be explained only by observing the 
deformation recorded in the upper part of the crust. In extensional 
basins, the observation of contrasting post-rift versus syn-rift 
geometries is usually explained by mechanisms such as depth-
dependent stretching models, necking depth, intra-plate stresses, 
lateral transfer of heat, phase or magmatic transformations (see 
Cloetingh and Ziegler, 2007; Cloetingh et al., 2013 and references 
therein), combined or not with simple-shear rifting that creates 
a lateral offset between the syn- and post-rift basin depocentres 
(e.g., Karner et al., 1992; Wernicke, 1985). Such basins in which 
the post-rift basin fill is much larger and in particular thicker than 
the syn-rift in terms of 1D stretching models are often located in 
the hinterland of subduction driven orogens (senso Doglioni et 
al., 1999, 2007; Royden and Burchfiel, 1989), as it is the case of 
the highly arcuate Mediterranean orogens (e.g., the Pannonian 
basin, Horváth et al., 2006) or SE Asia subduction zones (e.g., 
the Malay and Pattani basins, Hutchison and Tan, 2009; Morley 
and Westaway, 2006). These basins are interesting structures 
in terms of studying the additional mechanisms that led to their 
formation. These can be related, for example, to lithospheric 
traction forces driven by plate boundary processes (e.g., Burov, 
2007; Burov and Yamato, 2008; Faccenda et al., 2009), lower crustal 
flow during orogenesis (e.g., McKenzie et al., 2000; Meissner 
and Mooney, 1998) or sub-lithospheric processes such as the 
rapid retreat of subducted slabs (e.g., Schellart, 2008; van Hunen 
and Allen, 2011). 
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 Therefore, the precursor Middle–Late Miocene Transylvanian 
Basin and its present-day expression can be considered as a key 
example of deriving the mechanics of sag subsidence. Given the 
almost negligible ratio between the amount of stretching versus 
the total basin thickness and the ~200km subsidence wavelength, 
the potential mechanism must be deep lithospheric with an almost 
hidden upper crustal expression.

1.3.
Scope and outline of this thesis

 The main aim of this thesis is to derive the internal geometry and 
driving mechanisms that led to the formation of the Transylvanian 
Basin during Middle to Late Miocene times and its subsequent 
exhumation and denudation, which took place in the back-arc of 
the Carpathians during the subduction of a slab attached to stable 
Europe. The thesis addresses several key topics for deriving the 
geometry and formation mechanics: internal architecture and 
kinematics of the basement-sedimentary fill, structural control, 
tectonic and sedimentary factors that constrained deposition and 
present day thermal architecture, all of these being corroborated 
with deeper crustal and lithospheric mechanisms.
 Chapter two describes the Middle - Late Miocene evolution 
Transylvanian Basin, analysing structures developed across the 
basin, particularities of sedimentary deposition and derives the 
influence of Middle Badenian salt migration and diapirism on the 
basin general geometry. The overall structural evolution of the basin 
is considered a key aspect in definition of a genetic mechanism (or 
combination of mechanisms) that led to its formation and evolution.
 Contractional deformation and widespread salt diapirism forms 
the bulk of Miocene deformation observed inside the basin. The 
study shows that no significant normal faults are present inside the 
basin that could have accommodated 3.5km subsidence in terms of 
upper crustal extension. Furthermore, the basin kinematics cannot 
be linked directly with any other mechanical process explaining 
the observed Miocene subsidence. Therefore, several mechanisms 
may explain regional-scale observations and we conclude that the 
Miocene Transylvanian Basin most likely formed in response to 
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an asymmetric simple shear extension assisted by erosion and/or 
lower crustal flow, the larger upper crustal effects being localized in 
the neighbouring Pannonian Basin.
 The genetic deep lithospheric or mantle processes must have 
affected the thermal structure beneath the basin that is in contrast 
with the largely variable but anomalously low surface heat flow 
values. This thermal structure is investigated in Chapter 3 of the 
thesis. 
 The interplay between upper crustal evolution and deep 
lithospheric mechanics is investigated by the means of 2D 
lithospheric-scaled heat flow modelling, simulating the present-
day thermal regime of the basin. The modelling suggests that the 
low values of heat flux are the result of a combination between 
blanketing effect exerted by Middle – Upper Miocene sediments, 
combined with the presence of low-heat producing ophiolites in the 
basement of the basin. At a larger lithospheric scale, the modelling 
infers that the lithosphere mantle has been affected by heating 
during the Miocene evolution of the basin, but in a significantly 
lower degree that the neighbouring Pannonian Basin. These effects 
appear very clear in the SE part of the basin triggered by the recent 
asthenosphere upraise created by the Vrancea slab roll-back.
 The amount of far/near-field deformation induced into the basin 
by the contraction and exhumation recorded in the highly arcuated 
Carpathian Mountains was investigated in Chapter 4 of the thesis. 
This was assessed using regional 3D numerical modelling of tectonic 
subsidence coupled with salt balance and re-distribution. The salt 
proved to be an excellent recorder of peak moments in intra-plate 
stresses, the moments of high-rate salt migration being equivalent 
with periods of Miocene contraction recorded at the exterior of the 
Carpathians. 
 The results of these observational and modelling studies 
are integrated at regional scale in the concluding Chapter 5 that 
discusses the processes and mechanisms controlling the formation 
of the modern Transylvanian basin during Middle to Late Miocene 
times. The study strongly suggests that the formation of the 
Transylvanian Basin should be analyzed not only at local scale, but 
also in the broader Carpatho-Pannonian context. The Pannonian 
Basin extension has affected the entire lithosphere in the Carpathian 
hinterland from the Vienna Basin – Little Hungarian Plain up to 
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the Transylvanian Basin. Miocene contractional deformations in 
the Carpathian arc were found to be very active not only in the 
foreland, but also in the hinterland, being responsible for the entire 
structural architecture of the basin. All this deformation culminated 
during Late Miocene - Pliocene times with the exhumation of 
the basin at present elevation levels, mostly likely due to an 
asthenospheric circuit induced by Vrancea slab that resulted in the 
present day geometry observed by teleseismic tomography and 
mantle attenuation studies.
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Chapter 2‡ 

The kinematic evolution 
and genesis of a back-arc 
continental “sag” basin: 
the Neogene evolution of 
the Transylvanian Basin

‡  This chapter is based on Tiliță, M., Mațenco, L., Dinu, C., Ionescu, L., Cloetingh, S., 

2013. Understanding the kinematic evolution and genesis of a back-arc continental 

“sag” basin: The Neogene evolution of the Transylvanian Basin. Tectonophysics 

602, 237-258.
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2.1.
Introduction

 Formation and evolution of back-arc basins is generally related 
to the interplay between subduction and convergence velocities 
during the formation of an orogenic chain. As a result, back-arc 
kinematics is variable in space and time, ranging from extensional 
to compressional (Cruciani et al., 2005; Dewey, 1980; Jarrard, 1986; 
Molnar and Atwater, 1978; Uyeda and Kanamori, 1979). Depending 
on the amount of deformation, back-arc basins are floored by 
continental and/or oceanic crust. Their subsidence is controlled by 
various factors, such as the rapid uplift of the orogenic core, strike-
slip motions or the flexural subsidence recorded by compressional 
back-arcs in retro-wedges (e.g., Burchfiel and Royden, 1982; Dewey, 
1980; Mathisen and Vondra, 1983; Royden, 1988a). 
 The architecture of sedimentary basins overlying continental 
lithosphere does not always contain deformation structures, such 
as major fault systems, that can be genetically associated with 
their formation. These are commonly known as continental/
interior sag, intra-cratonic sag or thermal sag basins (e.g., Einsele, 
2000; Middleton, 1989; Ziegler et al., 2006). This means that these 
basins experienced a thermal or passive subsidence that cannot 
be explained only by observing the deformation recorded in the 
upper part of the crust. In extensional basins, the observation of 
contrasting post-rift versus syn-rift geometries is usually explained 
by mechanisms such as depth-dependent stretching models, 
necking depth, intra-plate stresses, lateral transfer of heat, phase 
or magmatic transformations (see Cloetingh and Ziegler, 2007 and 
references therein), combined or not with simple-shear rifting that 
creates a lateral offset between the syn- and post-rift basin axes 
(e.g., Karner et al., 1992; Wernicke, 1985). Such basins in which 
the post-rift basin fill is much larger and in particular thicker than 
the syn-rift in terms of 1D stretching models are often located in 
the hinterland of subduction driven orogens (senso Doglioni et 
al., 2007; Doglioni et al., 1999; Royden and Burchfiel, 1989), as it 
is the case of the highly arcuate Mediterranean orogens (e.g., the 
Pannonian basin, Horváth et al., 2006) or SE Asia subduction zones 
(e.g., the Malay and Pattani basins, Hutchison and Tan, 2009; 
Morley and Westaway, 2006). These basins are interesting structures 
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potentially driven by a number of additional mechanisms. These 
can be related, for example, to lithospheric traction forces driven 
by plate boundary processes (e.g., Burov, 2007; Burov and Yamato, 
2008; Faccenda et al., 2009), lower crustal flow during orogenesis 
(e.g., McKenzie et al., 2000; Meissner and Mooney, 1998) or sub-
lithospheric processes such as the rapid retreat of subducted slabs 
(e.g., Schellart, 2008; van Hunen and Allen, 2011).  

Fig. 2-1 Location of Transylvanian Basin within the Alpine- Carpathian-Dinaric 

orogen and the tectonic map of the Romanian Carpathians and Apuseni Mountains 

surrounding the Transylvanian Basin (compiled from Mațenco et al., 2010; Săndulescu, 

1984; Schmid et al., 2008). Note the roughly circular shape of the basin. The rectangle 

represents the extent of Fig. 2-2. EEP – East European Platform, AM – Apuseni 

Mountains, TB – Transylvanian Basin, RH - Rodna Horst, TF - Trotuş Fault, IMF - 

Intramoesian Fault, STF - South Transylvanian Fault, NTF - North Transylvanian 

Fault, MHSZ - Mid Hungarian Shear Zone.
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 An extreme example of such a back-arc is the Middle-Late 
Miocene Transylvanian Basin (Fig. 2-1). The amount of extension 
recorded by normal faults is so negligible when compared with the 
thick basin fill (Krézsek et al., 2010), that the sag-type of subsidence 
could have been driven also by other deep lithospheric mechanisms, 
such as for instance a lithospheric gravitational instability (e.g., 
Lorinczi and Houseman, 2009). Located at the interior of a mountain 
chain formed by the Carpathians and Apuseni Mountains the 
Transylvania Basin together with the larger Pannonian Basin located 
more to the west is commonly thought to be driven by the Miocene 
subduction retreat of a slab attached to the European continent into 
the so-called Carpathians embayment (e.g., Balla, 1987; Horváth et 
al., 2006). This subduction retreat of an external Carpathians slab 
(e.g., Royden, 1988b) is expressed by the sub-vertical high-velocity 
body, presently observed by teleseismic tomography (e.g., Martin 
and Wenzel, 2006) beneath the Vrancea seismogenic zone (Oncescu 
and Bonjer, 1997). 
 The large intra-continental Pannonian-Transylvanian back-
arc system displays significant lateral variations in kinematics, 
rheological properties and associated genetic mechanisms 
(Cloetingh et al., 2005; 2006). Evolutionary models of the Pannonian 
Basin assume the onset of extension at ~20Ma, subsequently 
followed by a peak in tectonic activity along normal faults during 
a syn-rift phase that took place around 14-15Ma. This was followed 
by post-rift, thermal subsidence starting in the Late Miocene times 
(e.g., Horváth et al., 2006; Tari et al., 1999). The Pannonian Basin 
was subsequently affected by a Pliocene – Quaternary contractional 
event that took place due to the translation and counter-clockwise 
rotation of the Adriatic indentor. This created numerous contractional 
to transcurrent structures widely distributed across the entire basin 
(Bada et al., 2007; Fodor et al., 2005; Horváth, 1995; Horváth and 
Cloetingh, 1996; Pinter et al., 2005). Several studies indirectly 
assume the same genesis for the Transylvanian Basin (Fig. 2-1 
and 2-2), given its intermediate position between the Carpathian 
orogen and Pannonian basin (e.g., Houseman and Gemmer, 2007; 
Huismans and Bertotti, 2002). However, subsurface studies of the 
Transylvanian Basin have proven that Miocene normal faults have 
limited offsets in the order of a few hundreds of metres, which 
cannot account for the observed 3.5km subsidence (De Broucker 
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et al., 1998; Krézsek et al., 2010). The deposition of the regressive 
sedimentary fill took place partly coeval with rapid the subsidence 
recorded by the basin and was influenced by the uplift recorded 
at the basin margins during moments of Carpathian contraction 
(Fig. 2-3, Mațenco et al., 2010). Furthermore, existing studies 
infer a contrasting lithospheric structure, influenced or not by the 
asthenospheric thermal anomaly of the Pannonian Basin (Dererova 
et al., 2006; Horváth et al., 2006). Therefore, several mechanical 
models were assumed for Transylvanian Basin, varying from 
extensional back-arc to retro-arc foreland basin (e.g., Huismans and 
Bertotti, 2002; Sanders et al., 1999). 

Fig. 2-2 Simplified geologic map of Transylvanian Basin and adjacent areas (compiled 

from 1:200.000 geological maps published by the Geologic Institute of Romania), 

together with the position of interpreted cross-sections and seismic lines.
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 As a result, the process that controls the formation and evolution 
of the Transylvanian Basin is still a matter of debate, a clear 
mechanism being hampered by insufficient knowledge of the upper 
crustal geometry and kinematics. We address this gap in knowledge 
by interpreting regional seismic transects across the Transylvanian 
Basin that are calibrated by a large number of exploration wells, 
allowing us to provide a better insight of the basin evolution, by 
the means of constraining the deformation that took place during 
Middle-Late Miocene times. Our seismic interpretation was 
correlated with the surface geology from central parts or along the 
basin margins, and with kinematic, structural, sedimentological 
and exhumational studies previously published (e.g., Ciulavu et 
al., 2000; De Broucker et al., 1998; Huismans et al., 1997; Krézsek 
and Bally, 2006; Krézsek and Filipescu, 2005; Krézsek et al., 2010; 
Mațenco et al., 2010). Potential mechanisms driving the evolution of 
the Transylvanian Basin are discussed in the context of their upper 
crustal expression. The combination between the detailed kinematic 
study and the analysis of potential mechanisms enables us to draw 
a number of conclusions about the geodynamic evolution of the 
Carpathian Mountains and the genetically associated Pannonian 
and Transylvania basins. 

2.2.
Miocene subsidence of an inherited 
orogenic system

 The process driving the Miocene evolution of the Carpathian 
orogen and its back-arc basins is the subduction roll-back of a slab 
derived from the closure of the Alpine Tethys (i.e., the Ceahlău-
Severin and Măgura-Piennides oceanic domains, Schmid et al., 2008). 
This oceanic domain was laterally connected with the cratonic units 
situated in the Carpathians foreland during the Cretaceous – Miocene 
moments of subduction (East European, Scythian and Moesian 
platforms, Fig. 2-1, Săndulescu and Visarion, 1988; Visarion et al., 
1988). At the exterior of the Carpathians, subduction of the Ceahlău-
Severin Ocean took place during Cretaceous times and created 
the thick-skinned nappe stack of the East and South Carpathians 
(e.g., Iancu et al., 2005; Săndulescu, 1988). The subduction process 
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continued during Paleogene?-Miocene times by accommodating 
160-220km of cumulated shortening (e.g., Morley, 1996; Roure et 
al., 1993) and created a wide thin-skinned wedge (Fig. 2-1). This 
wedge was subsequently truncated by higher angle, thick-skinned 
and out-of-sequence thrusts during Quaternary times, the stronger 
coupling between the upper and lower plates creating significant 
crustal thickening (Mațenco et al., 2010). Starting with Oligocene 
times, the Tisza-Dacia block underwent 90° of clockwise rotation 
and translation into the Carpathians embayment, which was a 
large gulf formed by the geometry of the East European, Scythian 
and Moesian platforms (Ustaszewski et al., 2008; Pătrașcu et al., 
1994, van Hinsbergen et al., 2008). The exhumation of the East and 

Fig. 2-3 Simplified tectono-stratigraphic column of the Transylvanian Basin (compiled 

from Ciulavu et al., 2000; Ciupagea et al., 1970; De Broucker et al., 1998; Krézsek and 

Filipescu, 2005). DT - Dej tuff, B/I/TT – Borşa - Apahida, Iclod, Turda tuffs, HT – 

Hădăreni tuff, GT – Ghiriş tuff.
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South Carpathians during continental collision occurred between 
11-9Ma (Merten et al., 2010). This was subsequently followed by 
post-collisional subsidence and the onset of an out-of-sequence 
shortening event during the Quaternary, which led to uplift in the 
SE Carpathians and subsidence in their foreland (Leever et al., 2006; 
Mațenco et al., 2007). 
 The Transylvanian Basin overlies a suture zone inherited from 
the Cretaceous closure of yet another oceanic domain, the East 
Vardar, or Transylvanides, which separated the Tisza and Dacia 
continental units (Fig. 2-1 and 2-4, Csontos and Vörös, 2004; 
Săndulescu and Visarion, 1977; Schmid et al., 2008). To the north, 
east and south (Fig. 2-1), the Dacia unit consists of a thick-skinned 
nappe stack made up by medium to high-grade metamorphic 
Neoproterozoic to Early Paleozoic basement locally overlain by 
Paleozoic successions affected by a low degree of metamorphism 
(Balintoni et al., 2009; Balintoni et al., 2010; Iancu et al., 2005). These 
metamorphic rocks are covered by Upper Carboniferous to Permian 
clastics and Mesozoic sediments, which include Middle – Upper 
Triassic carbonates and Lower Jurassic clastics. These are in turn 
overlain by various types of Middle Jurassic – Lower Cretaceous 
sediments, locally interrupted by unconformities (e.g., Berza et al., 
1983; Iancu et al., 2005; Kräutner and Bindea, 2002). The Tisza block, 
to the west (Fig. 2-1) is a unit that displays mixed European and 
Adriatic (or Mediterranean) affinities. These mixed affinities are 
the result of its drift away from the European continent starting 
with Middle Jurassic times to a position adjacent to Adria and 
its suturing backwards to Europe during Cretaceous moments of 
contraction (e.g., Csontos and Vörös, 2004; Haas and Péró, 2004; 
Schmid et al., 2008; Vörös, 1977). 
 Various high-grade Variscan metamorphic series are overlain 
mainly by continental Permian deposits, a Germanic Triassic cover, 
a Middle Triassic massive carbonate build-up and an Upper Triassic 
Halstatt-type of facies that is exposed in the Apuseni Mountains 
(Fig. 2-1, Bleahu et al., 1981; Haas and Péró, 2004). Ophiolites and 
genetically associates island-arc volcanics were obducted over the 
Dacia Block during Late Jurassic and late Early Cretaceous times, 
the latter event suturing the Tisza and Dacia continental blocks 
(Săndulescu, 1988; Schmid et al., 2008). These rocks are grouped 
under the generic name of East Vardar ophiolites and crop out 
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in the East Carpathians, Apuseni Mountains and central-southern 
Serbia. They are buried by Neogene sediments in the Transylvanian 
Basin and the SE part of the Pannonian Basin (Fig. 2-1, Hoeck 
et al., 2009; Ionescu et al., 2009; Nicolae and Saccani, 2003; 
Robertson et al., 2009; Schmid et al., 2008 and references therein). 
The final emplacements of these rocks during late Early Cretaceous 
times created a thick-skinned nappe stack at the external margin 
of Dacia in the East Carpathians (Fig. 2-4, the Transylvanides 
and Bucovinian nappes of Kräutner and Bindea, 2002; 
Săndulescu, 1988). The suture of Tisza and Dacia block was 
subsequently affected by an intra-Turonian event that created 
a sequence of four nappes presently NW-facing (Mecsek, 
Bihor, Codru and Biharia nappes, Balintoni, 1996; Bleahu et al., 
1981; Haas and Péró, 2004), the last three of them being exposed in 
the Apuseni Mountains (Fig. 2-1). Due to its medium to high grade 
Middle - Late Jurassic and Early Cretaceous metamorphic overprint 
(Dallmeyer et al., 1999) and structural position in the Apuseni 
Mountains, the Biharia nappe has been recently re-assigned to 
the Dacia unit (Fig. 2-4, Schmid et al., 2008). The intra-Turonian 
shortening was partly coeval with Cenomanian-Turonian normal 
faulting recorded by the Transylvania Basin (Krézsek and Bally, 
2006) and was followed by subsidence and/or normal faulting in 
the Apuseni Mountains (the Lower Gosau group of Schuller et al., 
2009).
  This evolution was followed by a Late Cretaceous shortening 
event that created a large number of low offset thrust faults (the 
“Laramian” event, Săndulescu, 1988, Late Campanian-Early 
Maastrichtian). In the Transylvanian Basin, thrusting took place 
along the Puini Fault and along its western margin with the Apuseni 
Mountains (Fig. 2-1 and 2-4, De Broucker et al., 1998; Schmid et al., 
2008). Another contractional event affected the Transylvanian Basin 
in Late Eocene times, reactivating the Puini Fault. These events 
partly exhumed the basin fill, which led to widespread erosion in 
the central and southern parts during Paleogene-Early Miocene 
times (Fig. 2-4, De Broucker et al., 1998; Paraschiv, 1997).
 The continental ALCAPA and Tisza-Dacia blocks were sutured 
together during Oligocene-Early Miocene times (Csontos, 1995). 
This led to thrusting in the Piennides nappes system that is located 
in the northern part of the Transylvanian Basin (Fig. 2-1). As a 
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result, these nappes were emplaced over the Tisza-Dacia block 
(Csontos and Nagymarosy, 1998; Tischler et al., 2007). Thrusting was 
associated with a typical foredeep sedimentation that is observed 
in the northern part of the Transylvanian Basin. The foredeep was 
tilted subsequently by the Miocene subsidence affecting the basin 
centre (Fig. 2-4b, Tischler et al., 2008).

2.2.1.
Middle-Upper Miocene back-arc evolution
 The collision recorded by the Alpine and Dinarides orogens and 
their E-wards prolongation have uplifted the SE European mountain 
chains. This uplift has separated the large Paratethys endemic 
domain from the main Tethyan realm starting with Oligocene times 
(Senes, 1973; Steininger et al., 1988). The subsequent Carpathians 
exhumation has separated the Central Paratethys area of the 
Pannonian and Transylvanian basins starting with Late Miocene 
times, creating an endemic lacustrine domain characterized by a 
separate biostratigraphy (Fig. 2-3, Magyar et al., 1999; Rögl, 1999).
 Continental conditions prevailed in the centre and southern 
parts of the basin during Paleogene - Lower Miocene times. A 
regional marine transgression took place during early Middle 
Miocene times (Early Badenian), which led to the deposition of 
100-200m thick sediments in mixed carbonate-siliciclastic platforms 
near the basin margins and siliciclastic environments in deeper 
areas (e.g., Filipescu and Gîrbacea, 1997). Conglomerates and other 
more proximal facies deposits were deposited at the basin margins. 
This deposition is coeval with the formation of small-offset normal 
faults associated with syn-kinematic sediments of ~100m in 
thickness (Krézsek et al., 2010).  
 In the Transylvanian Basin, Middle-Upper Miocene (Badenian, 
Sarmatian and Pannonian) sediments were deposited as a result 
of rapid subsidence that was interrupted by several moments of 
sea-level variations (Fig. 2-3, Krézsek and Filipescu, 2005). Lower-
Middle Badenian sediments (Fig. 2-3) are dominated by shallow 
water volcano-clastic and evaporitic sequences. Upper Badenian-
Pannonian deposits recorded a gradual deepening, the basin being 
eventually filled and exhumed in Late Pannonian.
 Volcanic eruptions took place during Miocene and Pliocene times 
in the intra-Carpathian areas, being driven by decompressional 
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melting at the base of the Pannonian crust during extension or by 
typical calk-alkaline volcanism in the immediate hinterland of the 
Carpathian chain (Mason et al., 1998; Szabo et al., 1992). The onset 
of explosive volcanism started during Badenian and is recognized 
all over the Carpathian area (Pecskay et al., 1995; Seghedi et al., 
2004). Explosive volcanism led to the deposition of the to 50m thick 
Dej tuff complex (Fig. 2-3, Seghedi and Szakács, 1991), representing 
an excellent correlation marker on the seismic lines. The onset of 
tuff deposition has been recently dated to 14.37-14.38Ma using Ar-
Ar thermochronology (de Leeuw et al., 2012).
 A regional sea-level fall is recorded inside the basin and is 
correlated with the Badenian salinity crisis, another event recognized 
at the entire Carpathians scale (de Leeuw et al., 2010; Peryt, 2006). 
Granular salt fabric was deposited in the central and eastern parts 
of the Transylvanian Basin and suggests either a lagoon (Paucă, 
1968) or more likely a deeper water environment (senso Schmalz, 
1969). Only gypsum was deposited in a sabkha-type environment 
in western areas of the basin (Ghergari et al., 1991).
 Increased basin subsidence occurred during the onset of Late 
Badenian times and is reflected by a transgressive phase followed 
by a high-stand system tract (Krézsek and Filipescu, 2005; Mațenco 
et al., 2010). Depositional environments are mostly deep marine 
(marls and black paper shales) with local shallower water shelf 
and slope sediments that were occasionally deposited above the 
transgressive boundary. The Badenian sedimentation ends with the 
deposition of another volcanoclastic sequence, the Borşa –Apahida - 
Iclod - Turda tuff that is exposed in central-western areas (Fig. 2-3). 
In Sarmatian times (Fig. 2-3), sedimentary environments within the 
basin diversified, changing from starvation to a rapid sedimentary 
influx. Environments evolved from marine to brackish and lacustrine 
environments and were conditioned by many base-level variations 
(Krézsek and Filipescu, 2005). These sediments are made up of 
fine to coarse grained clastics, evaporites and numerous levels of 
volcanoclastic intercalations. At least two transgressive-regressive 
cycles have been observed during the Lower Sarmatian on an 
overall coarse-grained deposition. This has induced local erosion in 
the S and SE marginal parts of the basin. The Sarmatian sedimentary 
environments display slope to deep marine characteristics that are 
composed by submarine fans and more distal pelagic deposition, 
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condensed layers, incised valleys, deltas and fan deltas (Krézsek 
and Filipescu, 2005). The Middle Sarmatian Ghiriş/Hădăreni tuff 
(Fig. 2-3, Mârza and Meszaros, 1991) is a useful marker for seismic 
interpretation and was dated as 12.37-12.38 by the means of Ar-Ar 
thermochronology (de Leeuw et al., 2012).
 At the onset of the Pannonian (11.3Ma; Vasiliev et al., 2010), 
the Central Paratethys changed from a marine to a lacustrine 
environment.  Frequent base-level variations and their associated 
changes in depositional environments created a mix of interbedded 
lacustrine fans, lowstand deltas and sandy delta facies as coarse-
grained sediments accumulated in proximal areas. The distal parts 
mainly received pelagic sediments with frequent influxes on low-
energy turbidites (Krézsek et al., 2010; Sztanó et al., 2005). High-
energy proximal facies dominated the deposition in the east, while 
turbidictic-pelagic facies occur mostly in the centre and westwards. 
At the onset of Pannonian times, a regional transgressive event 
is recorded at the scale of the entire Pannonian – Transylvanian 
basins, the Early Pannonian sediments onlapping over other 
Miocene or directly over older deposits at higher elevations in the 
South Carpathians and Apuseni Mountains (Fig. 2-2, Filipescu and 
Gîrbacea, 1997; Sztanó et al., 2005). Towards the end of Pannonian 
times, the basin was exhumed due to the collision of the Tisza-Dacia 
and ALCAPA blocks with the European craton, the sedimentation 
changing to alluvial-continental (Mațenco et al., 2010). 
 Calk-alkaline volcanic activity related to the Carpathians 
subduction took place between 11-4 Ma and led to the formation 
of a large number of volcanic and/or volcano-clastics edifices. 
At 3.2–0.3Ma, the volcanism become calk-alkaline adakitic 
and alkaline. The latter are associated with dynamic processes 
taking place in the already subducted Vrancea slab (Mason et 
al., 1998; Seghedi et al., 2011). The emplacement of volcanic  
edifices over Miocene sediments near the eastern margin of 
Transylvanian Basin accentuated the migration of the Badenian 
salt due to loading and thermal subsidence (Szakács and  
Krézsek, 2006).
 The Middle to Late Miocene sediments that accumulated in the 
Transylvanian Basin were derived directly from the surrounding 
orogens. Thermochronological studies have demonstrated coeval 
exhumation in the order of 5-6km during Middle - Late Miocene 
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times in the East and South Carpathians (Merten et al., 2010; 
Sanders et al., 2002). By comparison, the Apuseni Mountains did 
not experience any significant exhumation (i.e. below the 1-2km 
resolution of apatite U-Th/He thermochronology) during post-
Paleogene times (Merten et al., 2011).

2.3.
Geometry of the Middle-Upper Miocene 
sediments

In order to derive the overall architecture of Middle-Upper 
Miocene sediments in the Transylvanian Basin, a dense network 
of 2D seismic lines was interpreted using depth information from 
exploration wells. Isochrone maps were constructed and converted 
to depth by using average interval velocities, from 30 time/depth 
charts distributed throughout the basin (De Broucker et al., 1998). 
The results were grouped in depth and isopach contour maps 
for the key horizons in the Middle-Upper Miocene sedimentary 
sequence (Fig. 2-7). The contrasting velocity of salt diapirs usually 
created structural artefacts in two-way-travel time seismic lines 
and, therefore, the regional lines were converted in depth (Fig. 
2-4 and 2-8) to quantitatively interpret the correct deformational 
geometries.
 The presence of the regional Dej tuff horizon in the subsurface of 
the basin creates a low frequency, strong acoustic impedance contrast 
with the neighbouring sediments, being a very good interpretation 
marker, but masking the geometry of the thin, underlying Lower 
Badenian strata. Therefore, the geometrical characterization of 
these strata across the entire basin was not achieved. The present-
day geometry of the Dej tuff horizon is generally isometric, the 
surface dipping and increasing in depth towards the basin centre 
(Fig. 2-5). The Middle Badenian salt overlying the Lower Badenian 
clastics and tuffs has an average thickness of 300m in the basin, 
except in the areas were diapiric structures formed (Fig. 2-7a). 
 The largest of these diapirs is located in the NE part of the 
basin and reaches a thickness of 2.5km along a NNW-SSE oriented 
salt-wall that is accompanied by secondary thrusts with WSW-
ward vergence (Fig. 2-7a and 2-8d). The cumulated offsets of these 
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toe-slope thrusts is likely in the order of 10-15km, which is likely 
accommodated by extension under the volcanics. 
 Note that these thrusts are likely brittle when cross-cutting the 
sedimentary cover, while salt flow probably accommodates their 
offsets at depth. A similar geometry is observed in the central-
northern and western areas of the basin where diapirs, smaller in 

Fig. 2-5 Depth contour map of the Dej tuff horizon (14-37-14.38Ma, intra-Badenian) 

in the Transylvanian Basin, overlaid by post-Dej tuff deformation structures.  

AF – Appulum Fault, AT - Alămor Thrust, OF - Odorhei Fault.
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Fig. 2-6 Depth contour maps of the main stratigraphic horizons in the Transylvanian 

Basin with the location of cross-cutting deformation structures. a) Structural depth 

map of the top of the Salt Formation (intra-Middle Badenian); b) Structural depth 

map of the top of Upper Badenian; c) Structural depth map of the top of Lower 

Sarmatian; d) Structural depth map of the top of the Upper Sarmatian. AF – Appulum 

Fault, RCF - Ruşi-Cenade Fault, AT - Alămor Thrust, OF - Odorhei Fault.
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Fig. 2-7 Isopach maps of the main Middle-Upper Miocene sedimentary series of the 

Transylvanian Basin. a) Vertical thickness map of the Salt Formation. Note the high 

thickness of the salt in the areas where large diapirs are formed, such as in the NE part 

of the basin. b) Vertical thickness map of the Upper Badenian sediments. c) Vertical 

thickness of the Lower Sarmatian sediments. Note that thicknesses greater than 1000m 

may represent gridding artefacts due to vertical strata. d) Vertical thickness map of 

the Upper Sarmatian sediments. Each map has overlaid the structures that affect both 

the base and the top of the sedimentary series (black and blue lines, respectively). AF 

– Appulum Fault, RCF - Ruşi-Cenade Fault, AT - Alămor Thrust, OF - Odorhei Fault.
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size, are systematically grouped along lineaments oriented N-S to 
NNW-SSE (Fig. 2-7a and 2-8).  
 The Upper Badenian sequence (Fig. 2-3) was deposited as a 
basin-wide, lithological coherent sequence. Westward progressive 
onlaps (Fig. 2-8) indicate that the deposition was restricted in the 
eastern areas and gradually transgressed over the remaining part of 
the basin. As a result, the Upper Badenian has a variable thickness, 
ranging from 2.2km in the east to a couple of hundreds of meters in 
the west (Fig. 2-7b).
 The thickness of the Lower Sarmatian strata is generally 
constant across the basin (600-700m, Fig. 2-7c) except near the basin 
margins, where it is gradually reduced (towards ENE - Fig. 2-8a, 
towards WSW - Fig. 2-9b, or towards S – Fig. 2-10c). Locally some 
local erosion occurred, especially near the S and SE margins of the 
basin (Fig. 2-4b). The thickness of the Upper Sarmatian sequence 
(Fig. 2-6c, d and 2-7d) indicates that subsidence continued, its main 
depocenter overlapping the present-day basin centre. The thickness 
of the Upper Sarmatian gradually decreases towards the basin 
margin due to subsequent tilting and erosion (Fig. 2-7d).
 The geometry of Pannonian sediments on the seismic lines is 
rather parallel to sub-parallel, but the outcrop data show that the 
sequence is dominated by small prograding sequences and reflects 
large amounts of post-dating basin exhumation and erosion. 
This highly eroded sequence reaches a maximum thickness of 
900m in the basin centre (Fig. 2-6d). The uppermost Pannonian 
strata are capped by an erosional surface sealed by fluvial gravels, 
the overall progradation process was eventually interrupted 
by generalized tectonic uplift (Krézsek and Filipescu, 2005). This 
surface is still observed in places where the subsequent burial 
beneath the volcanic edifices prevented its subsequent erosion, 
such as in the E and NE parts of the basin (Fig. 2-6d and 2-9d). 
Elsewhere, only distal deposits are still preserved (Fig. 2-8a). 

2.4.
Middle-Late Miocene deformation structures 

 The main Middle – Late Miocene deformation structures that 
affect the basin infill are thrust faults with a cumulated total 
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shortening in the order of 5km, which is rather minor in comparison 
with the 100-200 km basin size. In map view, the arcuate geometry 
of faults and folds is the result of uplift, décollement and salt 
migration towards the circular shaped marginal areas situated to 
the west and south (Fig. 2-7a). In the SE part of the basin, the overall 
N-S to NNW-SSE strike of Miocene faults and folds is overprinted 
by a Pliocene-Quaternary deformation event, the structures being 
NE-SW oriented (Fig. 2-11a). Wide and open folds are present in the 
basin centre (Fig. 2-4 and 2-8). A zone of higher tectonic and/or salt 
deformation is located between the basin centre and its margins.  
Near the margins of the basin, a narrow undeformed area with 
Sarmatian sediments onlapping directly the pre-Middle Miocene 
strata, such as in the SW, W, N or NE (e.g., Figs. 2-4, 2-8, 2-9), 
exception being in the S and SE where the Badenian was preserved 
(e.g., Fig. 2-4a and 2-10a).
 Faults and folds associated with salt migration often transfer 
deformation between them across the strike of structures. This 
means that fault offsets and fold amplitudes decrease rapidly 
along their strike to zero (Fig. 2-6b).  This is a typical pattern for 
deformation associated with salt diapirism that was observed also 
elsewhere (e.g., Scheck et al., 2003). Structures that have recorded a 
larger amount of shortening, such as the Ruşi-Cenade Fault or the 
NE salt-wall (Fig. 2-6b and 2-7a) are apparently more continuous. 
These structures are however made up of a larger number of thrust 
faults and associated folds (Fig. 2-9c, d) that also transfer their 
deformation along strike on short distances.

2.4.1.
Structures cross-cutting the pre-Neogene basement 
and cover
 In the NW part of the basin, N-S oriented normal faults with 
offsets close to seismic resolution (less than 50m) truncate sediments 
as young as the Upper Badenian, the overlying Sarmatian strata 
being largely removed by erosion (Fig. 2-5 and 2-10d). These faults 
are commonly reactivated Late Cretaceous normal faults associated 
with the formation of grabens presently located in the hanging-
wall of the Puini Fault (Fig. 10d). Similar Upper Cretaceous grabens 
were formed in the neighbouring Apuseni Mountains (the Lower 
Gosau Group of Schuller et al., 2009). 
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 In the central part of the basin, a number of small offset normal 
faults follow the trace of the pre-Neogene contact between the 
Transylvanides and the overlying Târnave sub-basin to the west 
and north and the Bucovinian - (Supra)Getic nappes system to the 
east and south (Figs. 2-1, 2-4 and 2-5). These faults have an offset 
smaller than 300m and die out in the salt sequence. These Lower 
Badenian normal faults have also been described elsewhere inside 
the basin (Krézsek et al., 2010) and accommodate a low amount 
of extension. Salt was deposited with higher thicknesses in the 
hanging-wall of these normal faults, the subsequent formation of 
diapiric pillow structures being accommodated by small-offsets 
thrusts in the overlying sequence (Figs. 2-4b and 2-8a, b).
 Among structures that are Late Miocene in age or younger, the 
Appulum thrust fault, located in the WSW part of the basin, has 
the largest offset (Fig. 2-4a and 2-8a), truncating the pre-Neogene 
basement and cover. The up to 1km offset of this NE-SW oriented 
structure (Fig. 2-5) is laterally variable along its strike, shortening 
was transferred NE-wards to a wide-open anticline as the fault 
gradually splays out. Syn-kinematic reflectors demonstrate a 
main Late Sarmatian offset, the fault being also reactivated during 
post-Pannonian times. The fault cross-cuts and/or is overlain by 
shallow salt décollements that formed along the Ruşi-Cenade Fault 
(Figs. 2-4a, 2-5 and 2-6a). Furthermore, The Appulum Fault offsets 
the Alămor Thrust, one other large thrust with NE-vergence (Fig. 
2-9b). The latter truncates sediments as young as the Badenian and 
induced folding of the overlying Miocene sequence, which displays 
syn-kinematic features, such as onlaps and variations in thickness 
(Fig. 2-9b). SSE-wards, an Upper Sarmatian high-angle reverse fault 
with SSW vergence (Fig. 2-5 and 2-10c) is associated with a small 
and elongated diapir, which exaggerated the original 100m offset.
 A larger number of reverse faults with small offsets follow 
the N-S to ENE-WSW curvature of the SE basin margin (Fig. 2-5). 
Among these, the E-ward vergent Odorhei fault has the largest 
offset (Figs. 2-5, 2-6d and 2-10b) and truncated sediments as young 
as the Pannonian. Syn-kinematic reflectors and an unconformity 
observed near the base of the Pannonian (Fig. 2-10b) demonstrate 
that movement on the fault began in latest Sarmatian, coeval with 
a large sedimentological base-level drop (Krézsek and Filipescu, 
2005). Thrusting is associated with salt migration towards the 
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Fig. 2-8 Interpreted seismic lines. a) W-E oriented regional two-way travel time 

seismic line across the southern part of the Transylvanian Basin. Note the onlapping 

patterns of the lower Upper Badenian sediments; b) Cross-section of the seismic line 

depicted in Fig. 8a converted in depth; c) W-E oriented regional two-way travel time 

seismic line across the central-northern part of the Transylvanian Basin. Note the 

large number of salt pillows associated with W-ward vergent reverse faults that are 

replaced eastwards by an exaggerated salt wall along the NE part of the Transylvanian 

Basin. d) Cross-section of the seismic line depicted in Figure 8c. Positions of the cross 

sections is shown in Fig. 2-2. AP – Appulum Fault, RCF – Ruşi-Cenade Fault, STF – 

South Transylvanian Fault.
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Fig. 2-9 Interpreted seismic lines. a) WSW-ENE oriented two-way travel time seismic 

line located in the central-western part of the basin. b) WSW-ENE oriented two-way 

travel time seismic line located on the SSW part of the basin. Note the reactivation of 

an inherited structure during Miocene times. The central structure on the section is 

the late Miocene Ruşi-Cenade Fault (RCF). c) SW-NE oriented two-way travel time 

seismic line located west of Figure 2-9b. One other illustration of the Ruşi-Cenade 

Fault that display a different geometry. d) WSW-ENE oriented two-way travel time 

seismic line crossing the NE salt wall. Locations of the cross sections is shown in Fig. 

2-2. AT - Alămor Thrust.
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Fig. 2-10 Interpreted seismic lines. a) WNW-ESE oriented two-way travel time seismic 

line located on SE corner of the basin. b) WSW-ENE oriented two-way travel time 

seismic line. Note the poly-phase deformation, Late Sarmatian and post-Pannonian. 

c) N-S oriented two-way travel time seismic line located on the southern part of the 

basin. d) WSW-ENE oriented two-way travel time seismic line located in the NW part 

of the basin. Note the array of low offset normal faults of Late Badenian age. Location 

of the cross sections is shown in Fig. 2-2. OF - Odorhei Fault.
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uplifted areas in the NE (Figs. 2-5, 2-6a and 2-7a). SW- and W-ward, 
the fault splays and transfers its offset to a number of smaller 
faults (Fig. 2-5). A few backthrusts with small offsets dying out in 
salt diapirs are associated with the main thrust (Fig. 2-10a). In the 
central-northern part of the basin, NW-SE oriented reverse faults 
with small offsets reactivate earlier intra-Albian or intra-Senonian 
thrusts. Their offsets were absorbed by small salt pillows (Figs. 2-5 
and 2-8c, d). Although one of these faults has a larger offset and re-
activates the Puini Fault (Fig. 2-4b), there is no significant truncation 
of the overlying Middle-Upper Miocene clastic sequence.

2.4.2.
Shallow structures related to salt décollements
 The salt migration created massive salt walls/domes reaching 
the surface, shallow thrust décollements accumulating the salt 
near fault planes, salt pillows associated with open folding in the 
overlying sequence and gravitational collapse structures due to 
lateral salt migration. The first two types of structures are found 
near the basin margins while the latter are common in its centre. 
The growth of the diapirs was associated with the formation of rim 
synclines with onlapping geometries, changes in strata thickness 
and erosion of sediments uplifted by diapiric movements (Fig. 2-8 
and 2-9). 
 In all cases, the salt migrated from the basin centre towards 
its margins, as demonstrated by the asymmetry of diapirs and 
associated structures such as fault propagation folds (Fig. 2-8 and 
2-9). The apparent exception to this rule is a NNW-SSW oriented 
salt wall up to 2.5km in height and 75km long that is parallel with 
the NE and E margins of the Transylvanian Basin (Figs. 2-7a and 
2-8c, d). Seismic lines demonstrate not just one diapir, but a series 
of parallel structures with variable amplitudes controlled by WSW-
ward verging thrusts and local décollements (Fig. 2-9d). In map view, 
the amplitude of salt structures (and therefore the thrusts offset) is 
rapidly changing along strike through splaying, transfer zones or 
step-overs (Fig. 2-7a). North of the main salt wall, the amplitude 
of deformation gradually decreases, thrusting being replaced by 
wide-open folds. Two thrust systems are observed: a western one 
that truncates the Pannonian sediments and is associated with the 
large salt diapir, and an eastern one that is subsequently covered 
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by less deformed Pannonian sediments (Fig. 2-9d). These gradual 
salt movements have led to the formation of local unconformities 
that demonstrate their Late Sarmatian - Pannonian age. The salt 
décollements are coeval with tilting and normal faulting observed 
more E-wards in the neighbouring Late Miocene calk-alkaline 
volcanics. All these observations demonstrate that this particular 
group of structures formed by W-ward directed mass-sliding, which 
was the result of volcanic loading over a ductile (salt) décollement 
(Fig. 2-11d, Szakács and Krézsek, 2006). The ductile behavior of the 
salt was enhanced by the volcanic high-thermal gradient associated 
with the volcanism. In combination with the overall trend of salt 
migration towards the E-ward basin margin, this has led to the 
accumulation of salt in an exaggerated salt-wall feature.
 A ~300km long curved lineament of W- to S-vergent salt 
décollements is associated with small-sized diapirs and follows the 
western and southern margins of the Transylvanian Basin at 10-
30km distance (Fig. 2-6 and 2-8). The Appulum Fault interrupts the 
continuity of these décollements, which splay out in the vicinity of 
the fault. These salt structures are typically made up of 2-6 shallow 
thrust décollements vergent towards the basin margin. The reverse 
offsets associated with the growth of the diapirs reach 1km in 
size (Fig. 2-8 and 2-9c). North of the Appulum Fault, deformation 
changes to mainly asymmetric pop-ups cored by small salt diapirs 
(Fig. 2-9a). The amount of cumulated shortening accommodated by 
these décollements is low, in the order of a couple of kilometers (e.g., 
the SW margin, Fig. 2-9c). Near the northern and eastern lateral 
terminations of this lineament, deformation is transferred to wide-
open folds that gradually die out (Fig. 2-7a). The structural pattern 
is slightly complicated by the offset transfer between individual 
thrust faults and/or folds, individual structures being less than 
10km continous in map view (e.g., Fig. 2-6). An apparent exception 
to this rule is the 90 km long curved trace of the Ruşi-Cenade 
Fault, expressed in outcrops as a fault-propagation fold (Fig. 2-2, 
Ciulavu et al., 2000; Ciupagea et al., 1970). However, seismic lines 
demonstrate the existence of a variable number of shallow WSW- 
to S-ward vergent thrusts décollements that truncates Pannonian 
strata, showing that the surface fault continuity is only apparent 
(Figs. 2-8a and 2-9b, c). 
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 The centre of Transylvanian Basin displays parallel lineaments 
of large open anticlines oriented NNW-SSE, which were created 
by the salt pillows. The wavelength is in the order of 5-20km in 
the south, where the Middle-Upper Miocene strata are thickest 
and the salt thinner (Fig. 2-8c, d). Northwards, diapiric structures 
increase in thickness and are associated with large offset thrust 
décollements with a WSW-ward vergence, whose along-strike extent 
is fairly small (Fig. 2-6 and 2-7). Differences in fault offset correlate 
positively with differences in the thickness of the overlying clastics, 
which demonstrates that the formation of salt pillows post-dates 
the thrusting. The amount of deformation increases near the main 
lineament of décollements that is situated in the west and south. 
A spoon-shaped salt décollement structure with highly curved 
normal faults splaying N-wards is located in the central-western 
part of the basin and overlay an uplifted paleorelief surface (Figs. 
2-6a, b, c and 2-8a, b). This structure formed as a result of local 
salt-migration towards the uplifted northern areas, a pattern that is 
superposed over the first-order trend of salt-migration towards the 
WSW margin of the basin (e.g., Fig. 2-8b).

2.5.
Interpreting the Miocene basin geometry and 
its kinematics

 The main observation derived from the evaluation the basin 
geometry is the lack of extensional structures with offsets large 
enough to explain the Middle–Late Miocene subsidence. The second 
main observation is that the Transylvanian Basin is characterized 
by two first-order processes, the rapid Middle-Late Miocene 
subsidence and its subsequent exhumation towards the end of 
Miocene times, and the basement tilting near the basin margins. 
Two types of second-order deformation features were also observed 
in the basin, either faulting which affects the pre-Miocene basement 
or shallow décollements linked with salt kinematics.
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2.5.1.
Internal deformation affecting the Transylvanian 
Basin 
 Near the basin margins, outcrop observation has identified 
Badenian outcrop-scale normal faults with low-offsets and N-S 
orientation (Huismans et al., 1997) that are correlated with the NNW-
SSE oriented normal faults with small offsets depicted by this study 
(Fig. 2-5 and 2-10d). Late Miocene deformation is characterized by 
NE-SW oriented thrusts that truncate the pre-Miocene basement 
near the SE and W basin margins (e.g., Fig. 2-10a). Both fault systems 
indicate limited reactivations that took place after the Pannonian. 
The Appulum Fault gradually loses its offset towards the NE into 
the basin, while in the SE it is correlated with a Late Miocene NE-
ward thrust that truncates the South Carpathians (Oczlon and 
Onescu, 2005). Apart from these structures, the Transylvanian 
Basin recorded only minor faulting truncating its pre-salt units. 
These are frequently associated with small-scale reactivation of 
inherited Cretaceous faults (e.g., Fig. 2-9). Some of these structures 
were also active during Late Miocene times; the offset of the faults 
below the salt was transferred to folding above the diapirs (Fig. 2-8 
and 2-9b). The post-Pannonian WNW-ESE oriented shortening led 
to formation of high-angle reverse faults, as observed near the SW 
basin margin (Fig. 2-10a, b).

2.5.2.
Late Miocene and subsequent basement tilting 
created by neighbouring orogens
 The climax of the collision between the Carpathians and the 
stable European Plaftorm occurred in Late Miocene times (Mațenco 
et al., 2010; Săndulescu, 1988) and led to the WSW-ENE oriented 
compression that was observed in the external Carpathians nappes 
(Mațenco and Bertotti, 2000) and in the Transylvanian Basin (Ciulavu 
et al., 2000; Huismans et al., 1997). As a result, the orogen situated at 
the NE margin of the Transylvanian Basin was uplifted 5-6km and 
its pre-Neogene basement tilted (Fig. 2-11). Sequence stratigraphic 
analysis of Late Miocene sediments near the East Carpathians 
revealed several pulses of tectonic uplift, the most important pulses 
occurred in the Late Sarmatian and Late Pannonian (Mațenco et al., 
2010). Thermochronology studies along the northern margin of the 
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basin (Gröger et al., 2008) indicate up to 5km of uplift around 11Ma, 
associated with sinistral transpressive movements along the Rodna 
horst (Fig. 2-1). The amount of uplift rapidly decreases to less than 
2.5km westwards, where the Middle to Late Miocene subsidence 
within the Transylvanian Basin led to basement tilting.
 Late Sarmatian and post-Pannonian thrusting events 
observed in the SE part of the Transylvanian Basin are compatible 
with kinematics of the SE Carpathians (Fig. 2-11e). Combined 
thermochronology and kinematic studies of the SE Carpathians 
have demonstrated several contractional pulses with peaks during 
Late Miocene (~11-9Ma) and Quaternary times (Merten et al., 2010).  
Post-Pannonian ESE-ward thrusting and basement tilting in the 
SE part of the Transylvanian Basin is thus inferred to be related to 
the uplift of the SE Carpathians, which was also coeval with the 
folding of the Focsani basin (Fig. 2-1, Leever et al., 2006). In the SE 
Carpathians and their Transylvanian hinterland, these Quaternary 
deformation and vertical-movement patterns appear to be restricted 
to a corridor situated between the Trotus and Intramoesian Faults 
and their WNW-ward prolongation (Fig. 2-1, Mațenco et al., 2007).
 The pinch-out patterns of Upper Badenian and Lower Sarmatian 
sediments towards the South Carpathians demonstrate that no 
large-scale uplift event took place in this segment of the orogen 
in the vicinity of the Transylvanian Basin during Middle Miocene 
times. Only limited deformation is recorded during late Pannonian 
times (Fig. 2-9b), reactivating some inherited Cretaceous-Paleogene 
thrusts. The eroded and uplifted position of hanging-walls is an 
effect of reverse faulting and has facilitated the agglomeration of 
salt in diapirs and the formation of large salt décollements along 
the Ruşi-Cenade fault system. Faults below the salt transfer their 
offsets to wide-open folds above the diapirs (Fig. 2-11c).
 The part of the basin margin that was adjacent to the Apuseni 
Mountains did not record any significant exhumation (Merten et al., 
2011). The migration of salt from the centre towards the basin margins 
facilitated the formation of a large number of shallow décollements 
in this area (Fig. 2-11a). These décollements truncate the overlying 
Miocene sequence near the limit of the earlier salt depositional area 
(Fig. 2-11b). The main age of salt migration is Late Sarmatian-Early 
Pannonian, as documented by the unconformable Late Pannonian 
deposition over the strata deformed during salt migration (Fig. 2-4a). 
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2.5.3.
Salt kinematics
The internal deformation of the Middle-Upper Miocene sediments 
of the Transylvanian Basin is mainly driven by salt migration. The 
middle Badenian salt has formed a fairly large number of diapiric 
structures since Late Badenian times. Two main salt lineaments 
occur in the Transylvanian Basin, one along the eastern basin 
margin and in the central part of the western basin margin (Fig. 7a, 
see also Ciupagea et al., 1970; Mrazec, 1932).
 The age of salt migration is marked by unconformities over 
the diapirs and syn-kinematic (i.e., syn-salt movement) onlaps in 
adjacent rim synclines. These features demonstrate continuous 

Fig. 2-11 Overview of the Middle-Late Miocene deformation mechanisms that acted 

in the Transylvanian Basin. a) Middle-Late Miocene depth structures superposed 

over the geological map together with the “bow and arrow” transport direction 

rule (Dahlstrom, 1969; Elliot, 1976). b) Simple sketch representing the evolution of 

structures near western basin margin. c) Simple sketch representing evolution of 

structures near SW basin margin. d) Simple sketch of structures located in the NE 

part of the basin. e) Simple sketch of structures located in the SE part of the basin.
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salt migration since the Late Badenian, with two peak moments 
during late Sarmatian and late Pannonian times (Fig. 2-8 and 
2-9), coeval with the main phases of shortening recorded by the 
Carpathians. After basin exhumation at the end of the Miocene, the 
salt continued to migrate, as demonstrated by truncation of Upper 
Pannonian strata along thrust décollements and by the uplifted 
position of Upper Pliocene-Quaternary fluviatile terraces on top of 
salt diapirs. These post-Miocene salt movements are in the order of 
tens of meters in size (Ciupagea et al., 1970), in comparison with 
Miocene diapiric uplifts reaching kilometers (Fig. 2-9d). 
 In contrast with the proposed mechanism of west-ward 
translation of the post-salt overburden over the salt detachment that 
accompanied the volcanic sag loading near the East Carpathians 
margin (Krézsek and Bally, 2006), the geometry and age of syn-
kinematic deposition accompanying salt migration depicted by our 
study demonstrates that salt escaped the thick clastic load near the 
basin centre and moved towards its margins. These patterns infer 
that the main driving mechanism driving salt migration is the one 
of differential loading (Jackson and Talbot, 1986). This mechanism 
created a circular pattern of salt deformation due to the geometry 
of the basin (Fig. 2-11a). A second-order feature is superimposed on 
this overall pattern: salt diapirs are aligned on NNW-SSE oriented 
structural lineaments (Fig. 2-11a), which are made up of folds 
and shallow décollements (Ciupagea et al., 1970; Mrazec, 1932; 
Popescu-Voitesti, 1924). This orientation coincides with the strike 
of the East-European indenter entering the collision zone during 
Late Miocene times, which was associated with WSW-ENE oriented 
compression that was recorded both in Transylvanian Basin and in 
the external Carpathians at the time of salt migration. Furthermore, 
our study is in agreement with the concept of salt migration due to 
volcanic loading (Szakács and Krézsek, 2006), but this mechanism 
appears to be restricted to the area situated ENE of the NE-wards 
located salt wall (Fig. 2-11d). The size of this salt wall was amplified 
because it accommodated both the salt that escaped from the basin 
margin towards the centre due to volcanic loading, and the salt that 
migrated from the basin centre outwards in response to the clastic 
overburden. This is demonstrated by the syn-kinematic patterns 
observed on both flanks of the salt-wall (Fig. 2-8d). Its NNW-SSE 
general orientation is a spatial juxtaposition in strike between the 
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orientation of the compressional structures and the orientation of 
the volcanoes (Fig. 2-11a) that are genetically related due to the 
activity of the WSW-ward dipping Miocene subduction zone. 
 Numerical and analogue studies have suggested that buoyancy 
alone cannot efficiently drive salt diapirism through a brittle 
overburden, the regional tectonics expressed as lateral forces are 
necessary to activate salt diapirism (e.g., Vendeville and Jackson, 
1992). In more details, induced thrusting and thickening of the 
overburden inhibit massive diapirism and favour confinement to 
small salt plugs (Daudré and Cloetingh, 1994), such as the ones 
widely observed in the Transylvanian Basin. Both the pattern and 
timing of salt diapirism thus argue for a direct genetic link between 
the shortening and the salt mechanics (Fig. 2-11). The distribution 
of salt diapirs is the result of a combined effect between an overall 
Miocene isotropic migration towards the basin margins and a Late 
Miocene anisotropy imposed by the far-field stresses related to the 
collision in the Carpathians.
 One other local effect can be observed in places where reverse 
faults truncate the pre-Neogene basement, such as in the SE part 
of the basin or along the Applum Fault. In these places the salt 
migration re-oriented by following the uplift of the hanging-wall 
(Figs. 2-7a, b and 2-11a).

2.6. 
Shallow-crustal and lithospheric constraints 
on basin formation

 In this section we aim to identify the mechanisms for the Middle 
Miocene subsidence of the Transylvanian Basin and its subsequent 
Late Miocene exhumation. Our study demonstrates that the Neogene 
evolution of the Transylvanian Basin is characterized by an overall 
subsidence starting with Middle Miocene at around 15Ma that was 
interrupted by exhumation and subsequent erosion at ~9Ma.
 There are only a small number of Middle Miocene normal faults 
in the basin and these generally have small offsets (30-200m). The 
amount of mechanical stretching these faults have accommodated 
is insufficient to explain the up to 3.5 km of Middle Miocene 
subsidence. This conclusion is in agreement with similar observation 
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derived from seismic studies (e.g., Krézsek et al., 2010) and contrasts 
with previous inferences derived from numerical modelling (e.g., 
Huismans and Bertotti, 2002). In this respect, the mechanism driving 
the subsidence of the Pannonian and Transylvanian Basins might 
be the same, but its upper crustal expression must be significantly 
different in the two basins. 
 The thrusting observed near the margin with the East 
Carpathians is not deeply rooted below the orogen, but it is just 
the expression of shallow salt décollements driven by volcanic 
loading (Fig. 2-9d). Therefore, this feature cannot justify defining 
the Transylvania Basin as a retro-arc foreland basin driven by back-
wards thrusting in an orogenic retro-wedge, as previously inferred 
(Sanders et al., 1999).
 A migration of Miocene depocenters southwards along the strike 
of the Carpathian orogen has been postulated both in the foreland 
(Meulenkamp et al., 1996) and in the Transylvanian hinterland 
(Sperner et al., 2004), to explain the gradual detachment (senso von 
Blanckenburg and Davies, 1995; Wortel and Spakman, 1992) of a 
subducted slab to its present day position in the Vrancea region 
(Wortel and Spakman, 2000). Such a mechanism conflicts with 
quantitative studies that demonstrate that the external East and SE 
Carpathians foredeep recorded simultaneously large subsidence 
during Late Miocene times (Bertotti et al., 2003; Mațenco et al., 
2003). An along-strike migration of depocentres in Transylvanian 
Basin started from the postulation that the Early Miocene 
sedimentation located northwards is a result of Carpathians slab-
detachment migrating southwards in the present-day basin centre. 
This postulation is at odds with quantitative studies demonstrating 
that the Early Miocene depocentre evolved as the foredeep of the 
thrusting recorded between the ALCAPA and Tisza-Dacia units 
(Tischler et al., 2008). The postulation is also in contrast with our 
results, which demonstrate that the Middle Miocene depocentre 
was located near the East Carpathians (Fig. 2-7b), the subsequent 
sedimentation was symmetric and was gradually transgressing 
westwards, perpendicular to the strike of the East Carpathians 
during Late Miocene times (Fig. 2-7c, d). 
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2.6.1.
Regional lithospheric constraints
 The subsidence wavelength is in the order of 300km, which 
suggests a deep-seated mechanism located somewhere at depth near 
the limit between lithosphere and asthenosphere (e.g., Cloetingh 
et al., 1999). The overall geometry is of a wide-open syncline, 
the amplitude of this upper crustal fold-like structure increasing 
gradually with time (Fig. 2-6). This points towards a larger area 
to be considered when discussing the potential mechanism driving 
the Transylvanian subsidence, most likely at the scale of the entire 
Pannonian-Carpathians system (Fig. 2-12a). 
 The mechanical rifting phase of the Pannonian basin created 
simple-shear extension near the transition with the Eastern Alps 
that led to the formation of core-complexes and associated hanging-
wall asymmetric basins in the western part of the Pannonian Basin 
(Tari et al., 1992; Tari, 1996). 
 Eastwards, the larger Great Hungarian Plain is described as 
recording syn-rift sedimentation mainly in Badenian- (Lower) 
Sarmatian, followed by an unusually large phase of thermal 
subsidence from the Pannonian to Quaternary (Fodor et al., 1999; 
Horváth, 1993). The Great Hungarian Plain experienced a large 
amount of stretching (Lenkey, 1999), along low-angle listric faults 
connected with a major shear zone at depth, which is suggested 
to prolong eastwards beneath the Apuseni Mountains (Tari et al., 
1999). The main phase of stretching was subsequently followed by 
a thermal phase, when high lithospheric thinning was recorded 
beneath the Pannonian basin (Horváth et al., 2006; Tari et al.,  
1999). The extensional asymmetry and the thermal phase are 
expressed in the Great Hungarian Plain by thin 20-11.5Ma syn-rift 
deposits, when compared with the much thicker post-rift sediments 
(post-11.5Ma, Tari et al., 1999). Recent studies demonstrate that 
some of the main depocentres in the Great Hungarian Plain 
(e.g., Mako Trough) do not contain Middle Miocene sediments 
(Magyar et al., 2006), inferring that the main extensional  
deformation in this area took place during Pannonian times. 
This is a critical observation, because it demonstrates that 
what was believed to be only a thermal phase was in fact  
associated with significant extensional deformation. This  
migration in time and space of gradually abandoned extensional 
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Fig. 2-12 Crustal and lithospheric mechanisms that may have influenced the Miocene 

evolution of the Transylvanian Basin. a) Simplified cross-section depicting the 

geometry of the regional lithospheric structure along a NW-ESE oriented transect 

crossing the Vienna and Pannonian basins, the Apuseni Mountains, the Transylvanian 

Basin and East Carpathians. Note the positive velocity anomaly located beneath the 

Transylvanian Basin; b) Simple-shear extensional model proposed for the evolution 

of the internal Carpathians areas. In a first phase, the stretching of the Pannonian 

crust was coeval and connected with the shearing of the lithospheric mantle beneath 

the Transylvanian Basin. The result in Transylvanian basin is uplift followed by 

subsidence. To obtain larger amounts of subsidence as in figure, the mechanism has 
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detachments has been recently confirmed in the area connecting  
the Carpathians with Dinarides in the SE part of the Pannonian 
Basin (Mațenco and Radivojević, 2012; Stojadinović et al., 2012; 
Toljić et al., 2012).
 The Apuseni Mountains separates the extensional Pannonian 
Basin from the passive subsiding Transylvanian Basin. The 
mountains did not experience any significant tectonic exhumation 
during Miocene times (Merten et al., 2011). 
 The high-velocity mantle anomaly depicted beneath the SE 
Carpathians by teleseismic mantle tomography is associated 
with a low velocity anomaly beneath the Transylvanian Basin 
that has received much less attention in geodynamic studies 
(Fig. 2-12a). This anomaly has been explained as the 
asthenospheric upwelling part of a circuit generated by the 
sinking of the Vrancea slab (Ismail-Zadeh et al., 2012; Seghedi 
et al., 2011). It can equally be explained by a number of other  
mechanisms, such as gravitational instability (Lorinczi and 
Houseman, 2009) or Miocene mantle lithospheric stretching. 

to be accompanied by erosion during uplift and/or another mechanism of removing 

crustal removing material, such as lower crustal flow. In a second phase, a large 

scale asthenospheric upraise took place beneath the Pannonian basin, which was 

associated with the deposition of thick post-rift sediments in the Pannonian Basin; 

Note that the normal faults depicted in the Pannonian basin must be low-angle 

detachments migrating in space and time eastwards that are accompanied by their 

and footwall uplift. The suggested high-angle dip in the sketch is only apparent due 

to vertical exaggeration; c) Lower crustal flow model for the internal Carpathians 

area. Note that the direction of flow occur towards the Pannonian Basin, in order to 

compensate the mass deficit caused by thinning of the upper crust; d) Roll-back of 

down-going plate and its effects on asthenospheric convection. Note the migration of 

the asthenospheric convection eastwards together with the slab retreat; e) Conceptual 

model for a compressional back-arc basin. Note the slab angle and the upper plate 

velocity (VUP); f) Flexural down-warping of Transylvanian Basin due to slab pull and 

upper plate elastic behaviour; g) Mantle plumes migration as a result of changing 

slab geometry. Plume migration started from the Pannonian Basin, passing through 

Transylvanian and finally arrived beneath the Brasov Basin.  VB – Vienna Basin, LHP 

– Little Hungarian Plain, TDR – Trans Danubian Range, MHZ – Mid Hungarian Zone, 

GHP – Great Hungarian Plain, PM – Perşani Mountains, BB – Braşov Basin.
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The low-velocity anomaly beneath the Transylvanian Basin is 
in agreement with a thin lithosphere models (Horváth et al., 2006), 
but the relative stability of the Apuseni Mountains during the 
entire Miocene evolution implies that their lithosphere still has 
a normal configuration (Dererova et al., 2006). 

2.6.2.
Asymmetric simple-shear extension and lower crustal 
flow
 Simple-shear extension has been widely used to explain the 
spatial differentiation between upper crustal mechanical stretching 
and the subsidence derived from the subsequent lithospheric thermal 
relaxation (e.g., Wernicke, 1985). The major extensional shear zone 
defined by Tari et al. (1999) in the eastern part of the Pannonian Basin 
(Fig. 2-12b) may extend eastwards below the Transylvanian Basin 
at depth. This may have led to thinning of the mantle lithosphere 
underneath the basin, leading to uplift followed subsequently by 
thermal or passive subsidence. The latter would explain the type 
of subsidence with no genetically associated normal faults and 
the lithospheric-scale wavelength, but not the former. The passive 
subsidence is compatible with observations in the Pannonian basin, 
where the initial Early – Middle Miocene mechanical phase of 
extension was characterized by a major lithospheric asymmetry, 
the formation of thin syn-rift deposits, followed by a widespread 
unconformity at the end of Sarmatian times (Horváth, 1995). The 
mechanical asymmetry of the simple shear system would in this 
case be responsible for the post-dating Middle-Late Miocene 
thermal subsidence observed in the Transylvanian Basin. This 
process was followed by stretching and a phase of asthenospheric 
uprise that took place in the Pannonian Basin during Late Miocene 
times. However, the overall simple-shear mechanism cannot 
explain alone the formation of the Transylvanian Basin because 
the subsequent thermal subsidence would be equal with the uplift 
created by the mantle lithosphere stretching and therefore less 
than observed. Higher net subsidence can be obtained by eroding 
the uplifting crustal area during the initial stretching, which is 
compatible with the large-scale unconformity observed beneath the 
Miocene sediments of the Transylvania basin. Alternatively, other 
mechanisms can assist to obtain larger amounts of net subsidence. 
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 The present-day crustal structure of the Apuseni Mountains 
and Transylvanian Basin does not in any way reflect the Cretaceous 
collision and mountain building processes. The Moho is fairly flat 
and is located at depths of 35-37km, slightly decreasing to 33km 
in the SE (Hauser et al., 2007; Rădulescu, 1988). The lower crust 
is strongly layered with horizontal to sub-horizontal reflectors 
(e.g., Fillerup et al., 2010; Răileanu et al., 1994). These features, 
i.e. the decay of crustal root of a mountain range, flat Moho and 
strong layering of lower crust, are usually prime indicators for 
lower crustal flow (Bird, 1991; Clark and Royden, 2000; Gratton, 
1989). This mechanism has been inferred to act independently or to 
facilitate large amounts of simple-shear extension (Wernicke, 1990), 
such as the case of the Pannonian Basin. In such a mechanism, the 
Miocene Transylvanian subsidence can be obtained by a rapid decay 
of a >45km thick Cretaceous mountain root, occurring through a 
lower crust channel flow (Kusznir and Matthews, 1988) to support 
the crustal thinning of the Pannonian basin (Fig. 2-12c), under the 
control of lateral pressure gradients (Hopper and Buck, 1996). The 
time span required for such a process to complete is in the order 
of 100Ma (Gratton, 1989). This implies that the lower crustal flow 
had already started during Cretaceous collision of Tisza and Dacia 
cratons. The Miocene low-angle detachments accommodating 
the exhumation of core-complexes, presently buried beneath the 
sediments of the Great Hungarian Plain or located at the margins 
with the neighbouring orogens (e.g., Dunkl et al., 1998; Ustaszewski 
et al., 2010) could have sustained the lower crustal influx during 
Miocene times (see also Horváth et al., 2006). 
 Hence, neither simple shear nor lower crustal flow mechanisms 
can explain alone the Late Miocene lithospheric attenuation 
presently observed in the centre of the Pannonian basin. Therefore, 
these mechanisms still require a subsequent thermal rifting phase 
that affected the lithosphere of the Pannonian Basin (Fig. 2-12a).

2.6.3.
Back-arc mechanisms related with the subduction at 
the exterior of the Carpathians
 The Miocene roll-back of a slab connected with the Carpathian 
embayment could have induced a convective flow in the 
asthenospheric wedge overlying the subducted slab. Such convective 
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flows associated with the roll-back dynamics of Mediterranean 
slabs are though to be responsible for significant near-surface 
vertical movements (e.g., Faccenna and Becker, 2010). This type 
of flow generally creates a structural high in the upper plate (Fig. 
2-12d) that collapses at 100-150km from the active subduction zone 
due to shear traction at the base of lithosphere (Taylor and Karner, 
1983; Funiciello et al., 2003). The asthenospheric circuit inferred 
for the present-day situation is a feature apparently inherited from 
the Miocene evolution of the Carpathians subduction zone (Ismail-
Zadeh et al., 2008). A convective circuit potentially caused an 
initial domal uplift in the upper plate followed by thermal 
cooling with negligible extension (Houseman and England, 1986). 
This mechanism would imply an onset of the slab roll-back 
at ~20Ma, which was followed by a migration in time of the 
associated convective circuit, from the Great Hungarian Plain to 
the present-day position in the SE Carpathians. An initial period 
of updoming in Transylvania would in this case be followed by 
thermal subsidence and migration of the uplift-subsidence couple 
towards the SE Carpathians. The onset of major subsidence is, 
however, Middle Miocene in both Pannonian and Transylvanian 
Basins (i.e. coeval) and only migrated from Transylvania 
towards the SE Carpathians (Fig. 2-12d). The convective circuit 
associated with the slab roll-back would moreover have had 
to pass beneath the Apuseni Mountains during migration, but 
studies indicate that this mountain range did not record any 
significant tectonics or exhumation hinting to a passing convective 
circuit. This argues against migration of a convective circuit as 
the cause of the Middle Miocene subsidence observed in the 
Transylvanian Basin. Their stability and the coeval subsidence 
of the Pannonian and Transylvanian basins is also in contrast 
with another category of models, which assumed a migration of a 
lower lithospheric gravitational instability (i.e. viscous migration 
of the lower part of lithosphere, sensu Houseman and Molnar, 
1997) from the Pannonian basin towards the SE Carpathians 
(Houseman and Gemmer (2007). Such a migration should have 
caused significant and diachronous movements across the 
Pannonian Basin, Apuseni Mountains and Transylvania Basin 
(Lorinczi and Houseman, 2009). 
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 The formation of modern compressional back-arc basins, 
such as those in the northern part of the Andes or in central Chile 
and Peru, needs compliance of several subduction parameters. 
Important among these are slab geometry, contact between the 
plates, convergence rate and upper plate absolute motions, while 
the influence of age of the slab is still debated. Moreover, recent 
numerical models of subduction take in account the contact 
configuration between the two plates (De Franco et al., 2008; 
Cruciani et al., 2005; Heuret and Lallemand, 2005; Uyeda and 
Kanamori, 1979). In these cases, the genesis of the associated 
sedimentary basins generally requires slab dips less than 30o 
and a fast upper plate motion (~5cm/yr) towards a rolling-back 
(or a partly anchored) slab of minimum age of 55Ma (Fig. 2-12e). 
These conditions are far from the scenario studied here, where the 
slab’s position has rapidly changed to sub-vertical in ~20 My, the 
average upper plate motion is in the order of 1.6cm/yr and the age 
of the slab is constrained by the opening and subsequent closure 
of the Ceahlău-Severin unit (Late Jurassic – Late Cretaceous, ~125-
65Ma). 
 Experimental viscoelastic numerical and analogue models of 
subduction mechanics (Bott, 1990; Cloetingh et al., 2004; Sokoutis 
et al., 2005) infer the formation of a flexural down-warp into the 
overriding plate, when the subduction zone is characterized by 
high friction (i.e., low angle slab) during a slab pull scenario. The 
formation of a 4km deep crustal down-warp, similar in size with 
the Transylvanian Basin, requires a 50-100MPa vertical load applied 
on an elastic plate with a lithosphere effective elastic thickness (Te) 
of 10±5km (Stern et al., 1992). The vertical load can alternatively be 
achieved by a high friction subduction zone (shear stresses within 
100-200MPa), where slab pull counts for at least 50% of the load 
(Bott, 1990). The subduction zone locking in the early stages has 
been inferred for the SE Carpathians (Cloetingh et al., 2004), the 
mechanics of collision and the rheology of the overriding plate in 
this case allowed the formation of a flexural down-warp sufficiently 
large to explain the subsidence observed in the Transylvanian Basin 
(Fig. 2-12f). However, the rapid subsidence of the basin between 15-
9Ma should have been accompanied by coeval passive upwarping 
in the neighbouring SE Carpathians. Such an upwarp is observed, 
but its age is not coeval, but Pliocene-Quaternary.
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2.6.4.
Mantle plumes and lithospheric buckling
 The lithospheric and crustal configuration beneath the 
Pannonian Basin can be interpreted as the result of an upwelling 
mantle plume (Burov and Cloetingh, 2009). Such a mantle plume 
could have also existed beneath the Transylvanian Basin during 
Miocene times, eventually leading to thermal subsidence. The 
present-day asthenospheric upwelling beneath the SE Carpathians 
suggests that such a phenomenon should be linked with the roll-
back of a slab whose remains are presently observed in the Vrancea 
seismogenic zone. The wavelength of such a feature (<500km), the 
amount of induced positive topography (~500m) and the rapid 
decay of a Cretaceous orogenic root are in favour for such a plume. 
The plume should in this case have initiated uplift in a broad area 
starting at ~10-9.5Ma, which is compatible with the uplift observed 
in Transylvania and the onset of alkaline volcanism elsewhere in the 
Pannonian basin (Fig. 2-12g). Numerical modelling results suggest 
that mantle plumes create vertical movements that do not exceed 
1.5-2km (average around 1km), when the continental lithosphere is 
homogenous. In the case of a heterogeneous lithosphere structure, 
such as a craton embedded in young lithosphere, amplitudes might 
locally reach up to 3-4km (Burov and Cloetingh, 2009; Burov and 
Cloetingh, 2010; Cloetingh and Burov, 2011). These larger values 
would correspond to the amount of subsidence observed in the 
Transylvanian Basin. Except for the few upper kilometres that 
comprise obducted Jurassic ophiolites, the inferred lithospheric 
structure of the Transylvanian Basin is homogenous and mainly 
consit of Dacia-type of metamorphics (Fig. 2-4). One other argument 
that works against the hypothesis of a deep mantle plume is the 
fact that the 660 km deep discontinuity below the entire Pannonian-
Transylvanian region is covered by a high-velocity anomaly, 
interpreted to be derived from the subduction of neighbouring 
oceanic domains that were dipping towards the Pannonian Basin 
(Wortel and Spakman, 2000, Ustaszewski et al., 2008). This includes 
the W-wards retreating slab(s) driving the E-ward motion of the 
ALCAPA and Tisza-Dacia block during Miocene times. This high-
velocity zone does not appear to be affected by any other low 
velocity anomaly that should be the effect of a deep mantle plume 
(van Hinsbergen, personal communication).
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 Evolutionary models for the Carpathians generally assume that 
the Miocene shortening recorded at the exterior of the orogen is 
coeval with the extension observed in the Pannonian Basin (e.g., 
Horváth et al., 2006 and references therein). One could assume that 
the observed Miocene subsidence in the Transylvanian Basin is a 
result of the Miocene shortening and that the transition towards the 
Pannonian extension takes place more westwards, such as in the 
western part of the Apuseni Mountains. The observed wavelength 
would correspond to lithospheric-scale buckling with a thermo-
mechanical age between 170-200Ma (Cloetingh et al., 1999). This is 
in agreement with the Jurassic age of the ophiolites underlying the 
basin (Ionescu et al., 2009; Săndulescu and Visarion, 1977), but the 
amounts of uplift and subsidence predicted by such a mechanisms 
are nevertheless well below the observed 3.5km of subsidence 
recorded by the Transylvania Basin. 

2.7.
Conclusions 

 Up to 3.5km of sediments were deposited in the roughly circular 
Transylvanian Basin within 9Ma during Miocene times. Pulses of 
subsidence during the Middle-Late Miocene were followed by 
shortening and the basin was completely exhumed at ~9Ma as a 
result of the Carpathian uplift. 
 The evolution of the Transylvanian Basin is driven by deep 
lithospheric processes, which do not have a direct mechanical 
expression in the upper part of the crust. The few Middle Miocene 
extensional structures observed in the basin have a negligible 
crustal effect and are, therefore, unable to explain the amount of 
measured subsidence. The main part of the deformation is related to 
the Late Miocene contraction event and formed either as small-scale 
thrust faults truncating the pre-Miocene basement and cover, or as 
shallow salt décollements. Furthermore, the SE corner of the basin 
recorded thrusting associated with the post-collisional Quaternary 
contraction that affected the SE Carpathians. These thrust faults 
are not large enough to explain the amounts of basin subsidence 
observed. Formation of salt diapirs had an important, but rather 
local influence on the basin architecture and sedimentation. The 
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middle Badenian salt acted as décollement layer for thrust faults or 
created deposition space in peripheral sinks. Salt migration started 
at the end of the Badenian and is still active. It accelerated during 
Late Miocene times due to compressional forces transmitted by 
the Carpathian collision. This confirms the hypothesis of stress-
controlled salt diapirism (e.g., Ștefănescu et al., 2000).
 We demonstrate that the structural evolution of the Transylvanian 
Basin during Middle-Late Miocene is rather straightforward, 
but does not provide direct kinematic constraints on the deep 
lithospheric mechanism required to form the basin. Therefore, 
what is the mechanism driving the thermal or passive subsidence? 
We have analysed a large variety of potential genetic mechanisms 
and compared their upper crustal expression. This analysis 
suggests that lithospheric mantle thinning due to an asymmetric 
simple-shear extension assisted by erosion and/or lower crustal 
flow, asthenospheric corner flow and upper plate down-warping 
due to locking of the subduction zone have upper crustal effects 
compatible to the ones observed in the Transylvanian Basin and 
the larger intra-Carpathians realm. Among these, asymmetric 
simple-shear extension assisted by erosion and/or lower crustal 
flow is a possible combined mechanism that has the right timing, 
amplitudes and kinematics to explain the available observations. 
In order to fulfil all boundary conditions, the mechanism should 
have been followed by a second Late Miocene phase of extensional 
deformation and associated asthenospheric uplift that was restricted 
to the Pannonian Basin. Interestingly, our study of the Pannonian - 
Apuseni – Transylvanian system suggests that formation of basins 
can be driven by mechanisms acting across separating mountain 
chains. Therefore studying basins in isolation cannot always 
provide sufficient insight in the mechanisms behind their genesis. 
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3.1.
Introduction

 The thermal structure of sedimentary basins and their evolution 
in time reflects the coupling between shallow crustal tectonics 
and deep lithosphere/asthenosphere processes. One important 
parameter is the surface thermal footprint. This is commonly 
characterized by the surface heat flow that is the sum of the 
amount of heat generated in the upper crust and transferred from 
the upper mantle. Changes in this heat flux are driven by a large 
number of parameters, such as changes in crustal thickness, crustal 
heat production, deposition and/or erosion of sediments, climate 
variation, topography and variation of mantle heat flux (e.g., 
Blackwell et al., 1980, Cermák, 1971, Hutchison, 1985, McKenzie, 
1978, McKenzie et al., 2005, Powell et al., 1988). These parameters 
change the thermal structure of sedimentary basins in terms 
of “cold” or “hot”, the reference being represented by average 
global values (continental crust around 65mW/m2, oceanic crust 
around 100mW/m2, e.g., Pollack et al., 1993, Stein, 1995, Turcotte 
and Schubert, 2002). When studying the thermal structure, the 
coupling between shallow tectonics and deep mantle processes can 
be investigated once all other parameters are understood. This is 
in particular relevant for sedimentary basins that do not contain 
upper crustal deformation structures, such as major fault systems 
that are genetically associated with their formation, commonly 
known as continental/interior sag, intra-cratonic sag or thermal 
sag basins (e.g., Middleton, 1989; Ziegler et al., 2006). In such 
basins, understanding deep mantle processes associated with basin 
formation can be facilitated by the means of thermal modeling, in 
particular when the geometry of sediments and the inherited crustal 
composition is known.
 One common characteristic of Mediterranean orogens is the 
rapid evolution of extensional back-arc basins that formed at the 
interior of highly bended mountain chains in response to the roll-
back of the genetic associated subduction zones (e.g., Faccenna et 
al., 2004; Jolivet and Faccenna, 2000). These continental or oceanic 
back-arc basins are dominated by major upper crustal extension, 
commonly associated with the rapid onset of a highly elevated 
thermal regime, as commonly observed in the Alboran Domain, 
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Tyrrhenian Basin, Pannonian Basin or Aegean Sea (e.g., Jolivet and 
Brun, 2010; Horváth et al., 2006; Panza et al., 2007; Pepe et al., 2004; 
Vissers, 2012). When studying the thermal regime, one particularly 
contrasting area is the Transylvanian Basin, which was formed 
during the Middle-Late Miocene times in the direct hinterland of 
the Romanian Carpathians (Fig. 3-1, e.g., Krézsek and Bally, 2006; 
Tiliță et al., 2013). The Transylvanian Basin is in strong contrast in 
terms of tectonic evolution and thermal structure with the main 
extensional back-arc basin of the intra-Carpathian area, i.e. the 
Pannonian Basin, which displays the typical characteristics of the 

Fig. 3-1 Location of the Transylvanian Basin within the Alps-Carpathians-Dinarides 

system (simplified from Mațenco and Radivojević, 2012; Schmid et al., 2008). 

b) Simplified geological map of Transylvanian Basin and surrounding orogens 

(modified after geological maps published by Institutul Geologic al Romaniei, scale 

1:200.000) with the location of regional cross sections displayed in Fig. 3-2 (A, B), Fig. 

3-4 (E) and cross-sections used for the 2D thermal finite element modelling Figs. 3-6, 

3-7, 3-8 (A, C, D), as well as Fig. 3-9 (F). TB – Transylvanian Basin, PB – Pannonian 

Basin, AM – Apuseni Mountains.
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Mediterranean back-arcs. The Pannonian Basin is associated with 
large-scale extension accommodated along detachments exhuming 
the lower crust that migrate in space and time across the basin 
(e.g., Mațenco and Radivojević, 2012; Tari et al., 1999). It is also the 
hottest basin in continental Europe, underlined by highly thinned 
continental crust, the heat flux values reaching locally 120mW/m2 
(e.g., Dövényi and Horváth, 1988; Lenkey et al., 2002). 
 Traditionally, the genesis of the Transylvanian Basin has been 
linked with the extensional back-arc evolution of the Pannonian 
Basin (e.g., Horváth, 1993; Huismans and Bertotti, 2002; Royden et 
al., 1982; Royden, 1988; Sclater et al., 1980). 
However, recent studies have demonstrated that the extension in 
the Transylvanian Basin is minor (Krézsek et al., 2010; Tiliță et al., 
2013), while the thermal structure is rather contrasting: a cold basin 
with average heat flow values of 45mW/m2, which increase up to 
110mW/m2 only locally in the areas of the volcanic edifices created 
by the Neogene magmatism (Fig. 3-1, e.g., Demetrescu et al., 2001; 
Lenkey et al., 2002; Veliciu and Visarion, 1984). Outside the basin, 
the Carpathian orogen and its foreland has heat flow values in the 
order of 50-70mW/m2, excepting several zones with higher values, 
such as northern margin of Focsani depression (e.g., Demetrescu 
et al., 2005; Lenkey 1999), while the external Moesian and East 
European platforms are characterized by low heat flow values of 
40-50mW/m2 (e.g., Andreescu et al., 1989).
 Existing studies of the thermal structure in the Transylvanian 
Basin explain the low surface heat flux as being the result of Middle-
Upper Miocene rapid sedimentation and a strong depletion in heat 
producing elements (HPEs) or a small mantle heat influx (e.g., 
Andreescu et al., 2002; Crânganu and Deming, 1996; Demetrescu 
et al., 2001). The latter is in contrast with deep mantle geophysical 
and volcanological studies that infer an uplifted position of the 
asthenosphere beneath the basin (e.g., Ismail-Zadeh et al., 2012; 
Russo and Mocanu, 2009; Seghedi et al., 2011). Such contrasting 
inferences and the uniqueness of the Transylvanian Basin in the 
framework of the Mediterranean extensional back-arc systems are 
intriguing.
 This study investigates the thermal state of the Transylvanian 
lithosphere and its coupling with lithospheric-scale mechanics and 
basin formation by modelling the steady state temperature structure 
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along 2D lithospheric-scaled sections. Our study takes the advent of 
recently improved high-resolution geometry of the Middle-Upper 
Miocene strata in the basin (Tiliță et al., 2013), determination of heat 
production of relevant rocks from the basin, and recent advances 
in understanding the lithosphere-astenosphere interaction in the 
hinterland of the Carpathians chain (e.g. Ismail-Zadeh et al., 2012). 

3.2.
The evolution of the Carpathian hinterland

 The Miocene evolution of the Carpathians was driven by the 
subduction roll-back of a slab situated at the exterior of the orogenic 
chain that resulted from the closure of an oceanic embayment 
and its passive continental margin kinematically associated with 
the opening and evolution of the Alpine Tethys (e.g., Balla, 1986; 
Royden, 1988; Schmid et al., 2008). This slab was laterally attached 
to the cratonic units of the Carpathians foreland - East European, 
Scythian and Moesian platforms, during Cretaceous to Miocene 
episodes of subduction and continental collision (Fig. 3-1, Mațenco 
et al., 2010; Săndulescu, 1984). The roll-back was linked with the 
initiation of large scale back-arc extension in the Pannonian Basin, 
kinematically connected with the extrusion of the Eastern Alps and 
translations accompanied with opposite sense rotations of the two 
main intra-Carpathians tectonic units, i.e. ALCAPA and Tisza – Dacia 
(Fig. 3-1, Csontos, 1995; Horváth et al., 2006; Ratschbacher et al., 
1991; Schmid et al., 2013). Extension was initiated in the Pannonian 
Basin at around 20Ma or possibly earlier during the Oligocene – 
Earliest Miocene and was accompanied by an overall migration 
of deformation in time and space across the basin throughout the 
remainder of Miocene times (Fodor et al., 1999; Horváth et al., 2006; 
Mațenco and Radivojević, 2012; Toljić et al., 2013).
 In this general framework, the Miocene evolution of the 
Transylvanian Basin, situated between the active subduction 
processes at the exterior of the Carpathians chain and the back-arc 
extension of the Pannonian Basin (Fig. 3-1), is superposed over an 
older Triassic – Eocene orogenic system.
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3.2.1.
The pre- Middle Miocene orogenic evolution of the 
Transylvanian Basin and its neighbouring areas
 In the area of the East and South Carpathians, Apuseni 
Mountains and Transylvanian Basin, orogenic processes were 
initially derived from the Triassic – Jurassic opening of one other 
oceanic embayment, i.e. the Neotethys, and its subsequent closure 
by subduction and continental collision (e.g., Csontos and Vörös, 
2004; Săndulescu, 1988; Schmid et al., 2008). Its northern European 
continental margin was affected by subsequent Jurassic rifting that 
was likely linked with the opening of the Alpine Tethys, which 
separated the Tisza block starting with Middle Jurassic times, 
coeval or shortly followed afterwards by the separation of the 
Dacia continental unit (e.g., Haas and Péró, 2004; Săndulescu, 1988; 
Schmid et al, 2008). 
 Subduction processes in the Neotethys Ocean ultimately lead 
to the Late Jurassic – Early Cretaceous emplacement by obduction 
and/or thrusting of large sheets of supra-subduction ophiolites 
over the metamorphic basement and Permian – Jurassic cover of 
the Dacia unit (Figs. 3-1 – 3-3). The obduction remnants are largely 
observed in the southern Apuseni Mountains, the basement of 
the Transylvanian Basin and as klippen overlying the basement 
and earlier sedimentary cover of the East Carpathians (Fig. 3-1, 
Hoeck et al., 2009; Ionescu et al., 2009; Schmid et al., 2008 and 
references therein). The latter phase of deformation was coeval 
with the creation of a thick-skinned nappe stack in the underlying 
continental Dacia unit (i.e. the Bucovinian and Getic nappes of 
the East and South Carpathians, Fig. 3-2) and by the initiation of 
subduction at the exterior of the East and South Carpathians (Iancu 
et al., 2005; Kräutner and Bindea, 2002; Săndulescu, 1988). The 
ophiolitic-bearing units outcropping in the Apuseni Mountains and 
intercepted in boreholes over the Transylvanian Basin contain also 
Upper Jurassic island-arc, calc-alkaline volcanics and granitoidic 
intrusions (Fig. 3-3, e.g., Bortolotti et al., 2002; 2004; Ionescu et 
al., 2009; Pană et al., 2002; Saccani et al., 2001), stratigraphically 
sealed by Kimmeridgian-Neocomian thick shallow marine and 
platform carbonates, and Lower Cretaceous marine clastics 
(e.g., Bleahu et al., 1981; Ciupagea et al., 1970; Săsăran, 2005).  
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 This tectonic event was subsequently followed by Late 
Cretaceous extension creating basins with limited development in 
the Apuseni Mountains and larger offset normal faults buried at 
depth beneath the subsequent sedimentation of the Transylvanian 
Basin (e.g., the Târnave basin, Fig. 3-2, Krézsek and Bally, 2006; 
Schuller, 2004). The extension was interrupted by an intra-Turonian 
moment of large scale (back-)thrusting of the Dacia over Tisza 
units that created a thick-skinned nappe stack in the latter. This 
Tisza nappe stack is exposed in the Apuseni Mountains and mostly 
buried at depth in the Pannonian Basin (Fig. 3-2, Balintoni, 1996; 
Bleahu et al., 1981; Haas and Péró, 2004). The already sutured Tisza-
Dacia block was subsequently affected by thrusting during latest 
Cretaceous and Eocene times that created in the Transylvanian 
Basin low-offset thrusting cross-cutting the basement and locally 
inverting the late Cretaceous extensional basins (e.g., the Târnave 
sub-basin, Fig. 3-2, see also Krézsek and Bally, 2006). This thrusting 
ultimately exhumed the Apuseni Mountains creating their dome-
like structure (Merten et al., 2011) and emplaced the Ceahlău-
Severin nappe creating the oceanic suture observed at the exterior 
of the East and South Carpathians (e.g., Săndulescu, 1988). The 
Upper Cretaceous sediments contain clastics, rudist limestones, 
shales and deeper marine turbidites (Fig. 3-3, e.g., Ciupagea et al., 
1970; Krézsek and Bally, 2006). Lowermost Eocene deposits have 
a transgressive continental character in the Transylvanian Basin, 
being followed by lagoon, saline and carbonate deposits covered 
by shallow marine and continental sandstones, shelf carbonates 
or deep marine marls (Fig. 3-3). These sediments are organized 
in several cycles, interpreted as an effect of successive periods of 
thrusting (e.g., Popescu, 1984, Proust and Hosu, 1996). During 
Oligocene clastic sedimentation continued, with marls, bituminous 
shales, sandstones and conglomerates (Fig. 3-3). 
 At the end of Paleogene times, large parts of the basin were 
already exhumed, a significant amount of erosion being recorded 
until the onset of the subsequent Middle Miocene deposition (e.g., 
De Broucker et al., 1998; Paraschiv, 1997). The northern parts of the 
Transylvanian Basin recorded important subsidence during the 
latest Oligocene – Early Miocene times. These sediments are is in 
fact a foredeep wedge that was tilted by the subsequent Miocene 
differential subsidence (Fig. 3-2a).  This foredeep formed in 
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Fig. 3-3 Simplified 

stratigraphic column of 

the Transylvanian Basin 

(compiled from Ciupagea 

et al., 1970; De Broucker 

et al., 1998; Krézsek and 

Bally, 2006; Tiliță et al., 

2013). a) salt, b) clays, c) 

marls, d) sandstones or 

sands, e) conglomerates, f) 

dolomites, g) limestones, 

h) tuff, i) K-Pg (Banatitic) 

magmatics, j) ophiolites, 

k) metamorphics. *) Dej 

Tuff age after de Leeuw et 

al., 2013.
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response to the coeval thrusting of the ALCAPA block, an Adriatic 
derived unit, by N-ward shortening and E-ward lateral escape into 
the basement of the Pannonian basin (Fig. 3-1), over the Tisza-Dacia 
unit (Csontos and Nagymarosy, 1998; Schmid et al., 2008; Tischler 
et al., 2008). The foredeep is composed by a transition from shallow 
water clastics to deeper water turbidites and pelagic sedimentation 
(Fig. 3-3). 

3.2.2.
Middle–Upper Miocene subsidence and subsequent 
exhumation of the Transylvanian Basin
 Shortening continued at the exterior of the East and South 
Carpathians during Oligocene – Miocene times, resulting in the 
formation of a wide thin-skinned thrust wedge, its exhumation 
culminating during the final 12-8Ma moments of continental 
collision (e.g., Mațenco et al., 2010; Merten et al., 2010). Partly 
coeval with the extension of the Pannonain Basin, the onset of 
subsidence in the Transylvanian Basin is recorded starting with 
the Middle Miocene times (Badenian, Fig. 3-3) and is associated 
locally with minor normal faulting with offsets reaching a couple of 
hundreds metres (Krézsek et al., 2010). Following the initial onset of 
a marine transgression, gradual deepening during Early Badenian 
times (Filipescu and Girbacea, 1997) and the regional deposition 
of the rhyolitic Dej Tuff Complex (~14.4Ma, de Leeuw et al., 2013, 
Seghedi and Szakács, 1991), a regional eustatic sea-level drop led 
to the deposition in average of 200-300 m thick salt and other 
evaporites (Fig. 3-3, e.g., de Leeuw et al., 2010; Tiliță et al., 2015). 
The subsidence continued with the deposition of up to 3.5km of 
Upper Badenian – Pannonian sediments, mostly fan-delta clastics 
organized in cycles driven by local tectonic or regional eustatic 
events (Fig. 3-3, Krézsek and Filipescu, 2005; Krézsek et al., 2010).
 The final moments of Carpathians collision exhumed the basin 
towards the end of Miocene times, which recorded only continental 
deposition (e.g., Mațenco et al., 2010). This shortening is also 
illustrated in the basin by a reduced number of thrusts and folds with 
low offset truncating the pre-Miocene basement (e.g., the Appulum 
Fault -AF, Fig. 3-2, see also Tiliță et al., 2013). Starting with the end 
of Middle Miocene times, salt diapirism took place in the basin, 
normally recognized by low-amplitude pillow structures and folds 
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in the overlying sedimentary sequence (Fig. 3-2). Large amounts 
of volcanic material was emplaced over the eastern margin of the 
Transylvanian Basin starting with the late Miocene and continuing 
until early Pliocene times, locally exaggerating the underlying 
salt-diapirs (Seghedi et al., 2011; Szakács and Krézsek, 2006). The 
late Miocene shortening was followed by renewed moments of 
Quaternary out-of-sequence thrusting and large scale exhumation 
restricted to the SE Carpathians that was genetically associated 
with subsidence in their foreland. This is generally interpreted as 
the result of a combined effect between on-going convergence and 
down-welling of the seismogenic active Vrancea slab, imaged by 
teleseismic mantle tomography (Ismail-Zadeh et al., 2012; Martin et 
al., 2006; Mațenco et al., 2007; Merten et al., 2010).

3.2.3. 
Crustal, lithospheric and thermal structure in the 
large scale context
 The crustal structure of the Transylvanian Basin has been 
explored by a large number of studies focused in particular on 
the Vrancea seismogenic zone of the SE Carpathians, including 
a recent combination of high-resolution methodologies, such as 
refraction and reflection seismics, and potential field geophysics 
(e.g., Bocin et al., 2013; Fillerup et al., 2010; Hauser et al., 2001; 
Hauser et al., 2007; Rădulescu et al., 1976; Rădulescu, 1988). These 
studies have demonstrated that the crust is 40-45km thick beneath 
the Vrancea seismogenic zone and decreases beneath the basin, 
where it maintains around 35-37km with a horizontal layering 
structure in the lower crust. The upper crustal composition and its 
expression in the magnetic and Bouguer gravity anomaly (Fig. 3-2) 
indicate a high compositional heterogeneity. The large magnetic 
anomaly corresponds to the thick ophiolites buried beneath the 
Târnave sub-basin, while Bouguer anomaly pinpoints two areas of 
thick sedimentary stacks older than Middle-Upper Miocene, areas 
which forms Târnave and Puini sub-basins filled with Cretaceous 
sediments (see also Beșuțiu et al., 2005 and references therein).
 The separation between upper and lower crust is less 
understood, but seismic refraction along a NW-SE oriented profile 
suggest a rather constant upper crustal thickness in the order of 
15km partly in agreement with previous studies (Hauser et al., 2007; 
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Rădulescu, 1988). The lithospheric thickness of the Transylvanian 
Basin is highly variable between various studies and investigation 
methods. Studies based on surface heat flow, seismology and 
magnetotellurics indicate thicknesses within 60-80km (Fig. 3-4, 
e.g., Demetrescu and Veliciu, 1991; Horváth, 1993; Horváth et al., 
2006; Stănică et al., 1986; 1999; Tari et al., 1999). Such interpretations 
show that the lithosphere is equally thinned beneath the Pannonian 
and Transylvanian Basin and, therefore, imply a common genetic 
mechanics. Alternatively, lithospheric modelling combining surface 
heat flow, geoid, gravity, and topography data infer much thicker 
lithosphere to values of around 100km (Fig. 3-4, Dererova et al., 
2006). Both studies indicate significant thickening beneath the East 
and SE Carpathians, and a gradual decrease towards the 60-80km 
average lithospheric thickness of the Pannonian Basin. Teleseismic 
tomography, mantle attenuation, SKS and modeling studies 
suggest that the asthenospheric mantle flow is upwelling beneath 
the Transylvanian Basin, part of a larger circuit that includes the 
downwelling of the slab associated with the Vrancea seismicity/
slab and high-velocity P-waves tomography (Fig. 3-4, e.g., Koulakov 
et al., 2010; Martin et al., 2006; Popa et al., 2005; Russo et al., 2005; 
Russo and Mocanu, 2009). Such an upwelling is also expressed by 
recent volcanism (Seghedi et al., 2011). 

Fig. 3-4 Simplified regional cross-section showing the geometry of the intra-

Carpathian lithospheric structure along a NW–ESE oriented transect crossing 

the Vienna and Pannonian basins, the Apuseni Mountains, the Transylvanian 

Basin and East Carpathians (from Tiliță et al., 2013). LHP — Little Hungarian Plain, 

TDR — Trans Danubian Range, MHZ — Mid Hungarian Zone, GHP — Great 

Hungarian Plain.
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3.3.
Geothermal modelling

 The thermal state of the lithosphere is driven by tectonic events, 
mantle dynamics and near-surface processes. The peculiarity of 
the heat flux in the Transylvanian Basin is the extreme low value 
of 30mW/m2 in the middle of the basin (Fig. 3-5). Earlier thermal 
models of the Transylvanian Basin have inferred that the thermal 
imprint of Cretaceous tectonic events has largely decayed. The 
present-day near surface thermal field is influenced largely by 
the paleoclimatic surface temperature changes and the Neogene 
sedimentation and erosion, while the role of topography and 
groundwater circulation can be ruled out (Andreescu et al., 2002; 
Demetrescu et al., 2001; Șerban et al., 2001a). If the transient 
thermal effects of these processes are taken into account, the heat 
flux increases, but it still remains below the mean continental value. 
Based on 2D temperature modeling Demetrescu et al. (2001) and 
Andreescu et al. (2002) explained the low heat flux by depletion 
in crustal heat production rate in the centre of the basin due to 
ophiolitic complexes obducted on the upper crust in this area.
 Our modeling assumed a first step of correcting the surface heat 
flux for transient thermal effects of paleoclimate and sedimentation-
erosion. This was performed by 1D modeling and was followed by 
a 2D steady state modeling along three sections. The location of the 
cross sections was choosen in such way to avoid the localised high 
anomalies overlapping the volcanic centers in the SE part of the 
basin, considered a recent effect of the asthenospheric upwelling 
in the hinterland of Vrancea slab (Izmail-Zadeh et al., 2012). The 
heat flow data, which are the control parameter of the modeling, are 
taken from Demetrescu et al., (1991, 2001), Hurtig et al., (1991), Times 
New Roman erban et al., (2001a, b) and the International Heat Flow 
Commission (IHFC - Global Heat Flow Data Base section, http://
www.geophysik.rwth-aachen.de/IHFC/). The compilation of all 
these data has resulted in the heat flux map of the Transylvanian 
Basin and neighboring areas (Fig. 3-5a). The heat flux is well 
determined in the centre of the basin, but is less constrained along 
its the flanks. The exception is the eastern side of the basin, where 
the high values are the result of the late Miocene-Pliocene volcanic 
activity. In all other basin margin areas the heat flux was derived 
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by interpolating data located outside the basin. Similarly to earlier 
studies (Andreescu et al., 2002; Demetrescu et al., 2001; Times New 
Roman erban et al., 2001a) we assume that peripheral areas of the 
basin located outside the volcanic arc are characterized by heat flow 
with average values for the continental crust of 60mW/m2.

3.3.1.
Transient thermal modelling
 Long-term variations in surface temperatures could 
significantly affect the temperature gradient down to 2km leading 
to underestimation of the heat flux (e.g., Jaupart and Marechal, 
2011; van Wees et al., 2009). Weichselian ice age (10000 yrs ago) 
was the last ice age that affected the surface temperature in the 
Transylvanian Basin, its climatic effects being assessed in detail by 
Șerban et al., (2001a) and Demetrescu et al. (2001). The latter also 
gives the formula for the depth dependent paleoclimate correction 
of heat flux in the Transylvanian Basin. We are using their corrected 
heat flux values for those wells where they have carried out the 
correction. In other wells we applied their formula for those data 
where the reference depth of the heat flux was given (Demetrescu 
et al., 1991; Hurtig et al., 1991; Global Heat Flow Data Base). 
 In general, it resulted in 10mW/m2 increase of heat flux in the 
centre of the basin (Fig. 3-5b). Other shallow processes in the 
Transylvanian Basin influencing the shallow temperature structure 
are the Neogene sedimentation and the Pliocene to present erosion. 
Sedimentation decreases the temperature and heat-flux, while 
erosion has an opposite effect. The evolution of temperature in the 
lithosphere due to sedimentation and erosion was calculated by 
solving the one-dimensional heat diffusion equation:

(1), 

where T means the temperature, t and z denote the time and depth, 
respectively, and the material parameters: c, ρ, k and A are the 
specific heat, density, thermal conductivity and volumetric heat 
production rate, respectively. In Equation (1) the material properties 
vary with depth due to compaction of sediments and change in rock 
type (Table 1 and 2). 
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 The solution was obtained by using a finite difference method in 
a Lagrangian reference frame, where the nodes follow the material 
through the numerical grid (Lucazeau and Le Douaran, 1985). New 
nodes were added or removed at the top of the lithospheric column, 
for sedimentation or respectively, erosion. The equation was solved 
using fully implicit method (Press et al., 2007). The assumed 
boundary conditions of the model were constant temperatures of 
10°C and 1300°C at the surface and at the base of the lithosphere.
 A correction factor (R) for sedimentation-erosion of the heat 
flux was determined by first calculating a steady state heat flux Q0, 
followed by simulating the sedimentation-erosion history and by 
determining the altered heat flux Qm. R is the ratio of the altered 
and steady state heat flows (R=Qm/Q0). Finally, the heat flow 
corrected for both the sedimentation-erosion and the paleoclimate 
was obtained by dividing the paleoclimate corrected heat flow by R. 
This procedure was applied at every 500m along the cross-sections, 
where the paleoclimate corrected heat flow was determined from 
the corrected heat flow map. Additionally, corrections for the wells 
located along the sections were also performed in order to compare 

Fig. 3-5 - a) Regional heat flow (uncorrected) map of Transylvanian Basin and 

surroundings, derived from borehole data published by Hurtig et al. (1991), 

Demetrescu et al. (2001), Demetrescu and Andreescu (1994) and references therein. 

b) Regional heat flow map of the Transylvanian Basin and surrounding mountain 

chains corrected for paleoclimatic changes with borehole data published by Hurtig et 

al. (1991), Demetrescu et al. (2001), Demetrescu and Andreescu (1994) and references 

therein. For further details see the text.
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the well data with the interpolated data derived by the heat flow 
maps.
 The angle of the basement tilting observed between the centre 
and the flanks of the basin varies between 3% and 5%. Therefore, 
the 1D approximation results in less than 5% error in the corrected 
heat flow. 

3.3.2. 
Sedimentation and erosion history
 The sedimentation history is well constrained in the 
Transylvanian Basin due to seismic interpretation correlated with 
a large number of exploration wells. In the transient thermal 
modelling we took into account only the Neogene sedimentation 
because former studies demonstrated that Paleogene and Cretaceous 
phases does not affect the present-day heat flow (Andreescu et al., 
2002; Demetrescu et al., 2001). Following existing models of basin 
evolution, we assumed that the deposition started during the Lower 
Miocene in the north and continued in the entire basin during the 
Middle - Late Miocene. The basin margins were affected by limited 
erosion during short-lived moments of tectonic induced uplift in 
the neighboring Carpathians, followed by the exhumation of the 
entire basin at the end of Miocene times (Fig. 3-3, Krézsek et al., 
2010; Mațenco et al., 2010). The amount of erosion was estimated 
to 4-7km by previous thermochronological studies in the center of 
the mountain chains surrounding the basin (e.g., Gröger et al., 2008; 
Kounov and Schmid, 2012; Merten et al., 2010; Mațenco et al., 2010; 
Sanders et al., 1999; Schuller, 2004;). Previous correlations of the 
amount of erosion derived by thermochronology in the mountain 
chains surrounding the basin with the ones by sequence stratigraphy 
in the basin have inferred a linear decrease to cumulated amount of 
around ~1km near the basin margins and around 300m in the centre 
of the basin (Mațenco et al., 2010).  The exception is the northern 
side of the basin, where the similar amounts of 5-7 km exhumation 
in the Rodna and Preluca Mountains (Gröger et al., 2008) took 
place at shorter distances from the basin, resulting in higher ~2km 
amounts of erosion of the basin margin. In agreement with previous 
studies, the erosion in the model took place during late Miocene – 
Quaternary times.
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Table 1 Thermal parameters of the sediments (after Andreescu et al., 2002, Dövényi 

and Horváth, 1988) used in modelling the thermal effects of sedimentation.

Table 2 Thermal conductivity (k) and heat production (A) used in 2D modelling 

for the main upper crustal rock types, as well as for the sub-crustal section. Further 

descriptions and references in text.

c (J/kg/K) r (kg/m3) k (W/m/K) Φ0 (%) L (km) A (mW/m3)

sand 800 2650 4.5 60 2.8 0.2

clay 850 2600 2.8 70 2 1

water 4186 1000 0.6

W-E section  
(South –Figure 
6c)

M-U 
Miocene

Bn2-salt pre-Miocene J3-
carbonates

J-ophiolites Metamorphics

Thermal 
conductivity k 
(W/m/C)

1.5 1.5 2 3 3 3

Heat production 
A (μW/m3)

0.5 0 0.5 0.4 m1 – 1
m2 – 0.15
m3 –1.5

2

W-E section
(North – Figure 
7c)

M-U 
Miocene

Bn2-salt pre-Miocene J3-
carbonates

J-ophiolites Metamorphics

Thermal 
conductivity 
k (W/m/C)

1.5 m1 – 1.5
m2 – 1.5
m3 – 6

m1 – 2
m2 – 3
m3 – 3

3 3 3

Heat production 
A (μW/m3)

0.5 0 0.5 0.4 1 2

N-S section
(Figure 8c)

M-U 
Miocene

Bn2-salt pre-Miocene J3-
carbonates

J-ophiolites Metamorphics

Thermal 
conductivity 
k (W/m/C)

m1 – 1
m2 – 2
m3 – 1

1.5 2 3 3 3

Heat production 
A (μW/m3)

0.5 0 0.5 0.4 m1 – 1
m2 – 1
m3 – 0

2

All sections Upper 
Crust

Lower 
Crust

Mantle

Thermal 
conductivity 
k (W/m/C)

3.1 3.1 4

Heat production 
A (μW/m3)

2 0.2 0
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3.3.3.
Steady state thermal modelling
 Following the near surface transient processes correction, the 
next step of our thermal modelling is to include the structure and 
evolution at crustal and lithospheric scale. There are two potential 
pathways in such type of thermal modelling, either to include well-
known lithospheric kinematics and/or dynamics, or to assume 
steady state conditions. In the latter case, inferences for the large-
scale lithospheric evolution can be obtained by analysing the steady 
state conditions. Because the state and geometry of the lithosphere 
beneath the Transylvanian Basin is debated as a function of various 
scenarios of tectonic evolution in the upper mantle driving the 
formation of the Neogene basin (see discussion in Tiliță et al., 2013), 
we have chosen the steady state thermal modelling.
 The temperature distribution in the lithosphere and the surface 
heat flow were modelled along the geological cross-sections by 
solving the 2D heat conduction equation at steady state:

 (2).

 The geometry of the model consists of three main layers: upper 
crust, lower crust and upper mantle. While the lower crust and the 
mantle were chosen of similar compositions across the sections, 
the upper crustal structure and composition corresponded to 
the geometry imaged by seismic lines correlated with wells and 
crustal scale geophysics. In agreement with existing deep seismic 
reflection and refraction studies (Fillerup et al., 2010; Hauser 
et al., 2007), the upper crust was modelled as 15km thick 
underlain by 21km thick lower crust. The final model assumed a 
uniform lithospheric thickness beneath the centre of the basin of 
100km (Dererova et al., 2006). The alternative thickness of 80km 
beneath the basin (Horváth et al., 2006) was discarded during 
modelling because it would have resulted in a much higher 
heat flow. For example, similar conditions in the North East German 
Basin show a relatively high steady state heat flow of 77mW/m2 

that is attributed to the attenuated lithosphere with thickness 
of 75km (Norden et al., 2008). Reducing such a high heat-flow 
to the values observed in the Transylvania basin in the case of  
80km thick lithosphere would require unreasonable material 
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parameters and too high thickness of the ophiolitic sequence in the 
basement of the basin.
 Equation (2) was solved by a finite difference method that 
used the successive over-relaxation algorithm (SOR) (Press at al., 
2007). The finite difference grid had equal 500m horizontal spacing 
and vertically varying spacing of 100m, 300m and 1000m in the 
upper crust, lower crust and mantle, respectively. The boundary 
conditions were no horizontal heat flow at the lateral boundaries 
and prescribed temperature of 10oC at the surface (e.g., Șerban et 
al., 2001b) and 1300oC at the bottom of the lithosphere (e.g., Turcotte 
and Schubert, 2002). 
 The modelled heat flow was compared to the corrected heat 
flow. We varied thermal conductivities and heat production rates of 
upper crustal rocks in the modelled 2D cross-sections until a best-fit 
curve was obtained between calculated and measured heat flow. 
 
3.3.4.
Material properties
 The values of most of the thermal parameters were taken from 
former studies analysing the thermal structure and evolution of 
the Transylvanian Basin (Andreescu et al., 2002, Demetrescu et al., 
2001). The exception is the heat production rates of a few critical 
rocks present in the subsurface of the Transylvanian Basin, which 
were determined in our study by laboratory measurements of 
radioactive elements concentrations in rock samples (Table 3).
 In the transient model (Equation 1) the thermal properties of 
sediments varied with depth due to decrease of porosity:

 (3),

 (4),

 (5),
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       (6),

where ϕ  is the porosity, L is the characteristic depth of the porosity 
decrease, index w refers to water and i refers to the type of sediment, 
in our case clay or sand, index p refers to the rock matrix and index 
0 means surface value. 
 The Miocene in the Transylvanian Basin is composed largely 
of siliciclastic sediments as clays, claystones, marly clays, sands, 
sandstones and conglomerates organized in parasequences, 
transgressive-regressive cycles and system tracts. Our model 
considers only the fine and coarse fractions as clay and sand, 
respectively, their proportion being derived from existing 
sedimentological studies (Krézsek and Filipescu, 2005; Krézsek 
et al., 2010). These were assumed to be constant throughout the 
basin for the same time interval: Lower Miocene 75% clay and 25% 
sand, Badenian 90% clay and 10% sand, Sarmatian 70% clay and 
30% sand, Pannonian 70% clay and 30% sand. The average thermal 
conductivity of the mixed sediments was calculated as the weighted 
harmonic mean of the conductivities of clay and sand obtained from 
Equation (4), where the weights are the proportions. Other thermal 
parameters of mixed sediments were derived as weighted averages 
of the parameters calculated in Equations (3) and (5). The salt was 
not taken into account in the transient model and was replaced by 
Badenian sediments because at the time of deposition the salt was 
only 200-300m thick (Krézsek and Bally, 2006; Tiliță et al., 2015). 
Such a low thickness does not influence significantly the transient 
heat flow in the conditions of the Transylvanian Basin (Andreescu et 
al., 2002). The properties of clays and sand (Table 1) were derived in 
previous studies (Andreescu et al., 2002). We have chosen to replace 
their thermal conductivity of pure clay because such values would 
result in conductivities below 1W/m/K. The replacing value was the 
one determined for genetically related clays of the Pannonian Basin 
(Dövényi and Horváth, 1988), that yields much reasonable thermal 
conductivity values of around 1.5W/m/K. This is in agreement with 
other values used for thermal modelling in the Transylvanian Basin 
(e.g., Demetrescu et al., 2001).
 In the transient model, the upper crust beneath the interpreted 
cross-sections was chosen to be composed of metamorphic rocks, 
in agreement with the deep structure of the Biharia and Bucovinian 
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Table 3 Measured heat production (A) from rocks belonging to units that constitute 

the  basement  of  the  Transylvanian  Basin.  Location  of  the  sampling  points  is 

represented in Fig. 3-1. B(Oph) – basalt (ophiolite); M – metamorphics; A – andesite; 

Pz  –  Palaeozoic;  LC  –  Lower  Carboniferous;  D/LC  –  Devonian  –  Lower 

Carboniferous..

Station Location Latitude Longitude Rock Th 
(ppm)

U 
(ppm)

K  
(%)

rho  
(g/cm3)

A  
(mW/m3)

HT304 Batuta1 46.054500 22.048944 B(Oph) 0.64 0.23 0.11 3.3 0.1389531
HT305 Batuta2 46.054500 22.048944 B(Oph) 0.37 0.13 0.2 3.3 0.0951555
HT306 Julita 46.027972 22.121889 B(Oph) 0.65 0.2 0.04 3.3 0.122298
HT307 Varadia 46.003417 22.177917 B(Oph) 1.29 0.42 0.03 3.3 0.2442528
HT308 Toc 45.998083 22.171556 B(Oph) 0.37 0.64 0.17 3.3 0.2517438
HT309 Iltea 46.019167 22.409500 B(Oph) 0.43 0.3 0.1 3.3 0.1420254
HT310 Zam 46.013778 22.437417 B(Oph) 1.06 0.23 0.5 3.3 0.2194797
HT286 Meses W 47.176194 23.112389 Pz-M 20.77 2.62 3.81 2.9 2.6512496
HT312 Vetel 1 45.881028 22.771889 LC-M 12.75 3.06 1.78 2.9 1.9711474
HT313 Vetel 2 45.881417 22.770778 LC-M 17.21 4.5 6.59 2.9 3.1876104
HT314 Vetel 3 45.880611 22.760167 LC-M 8.08 1.89 2.04 2.9 1.3281623
HT315 Hunedoara S1 45.715389 22.885722 LC-M 11.96 2.82 3.38 2.9 2.0087082
HT316 Hunedoara S2 45.713833 22.860528 LC-M 21.76 4.26 1.66 2.9 2.9588178
HT317 Govajdia 45.724111 22.849417 D/LC-M 15.63 3.47 3.65 2.9 2.4878375
HT249 Rastolita 47.006611 25.035056 A 7.21 2.23 1.54 2.7 1.2164823
HT250 Ilisoara quarry 47.010333 25.132833 A 5.29 1.53 1.21 2.7 0.8728479
HT253 Mestera 46.967917 25.196611 A 6.43 2.06 1.39 2.7 1.1047428
HT254 La Cariera 47.050417 25.347806 A 4.39 1.1 1.54 2.7 0.7314138
HT263 Harghita peak 46.453000 25.582028 A 6.65 1.31 1.19 2.7 0.9084717
HT264 Harghita road 46.452528 25.566667 A 9.71 2.04 1.7 2.7 1.355616
HT266 Csikókert 

quarry
46.363333 25.695306 A 7.33 1.52 1.29 2.7 1.018845

HT269 Madaras 
quarry

46.504056 25.650056 A 8.58 1.68 1.5 2.7 1.1661732

HT270 Sancraieni 46.300611 25.790361 A 13.57 1.7 2.07 2.7 1.5700824

B(Oph) average 0.173415471
M average 2.370504743
A average 1.1049639
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tectonic units that underlie the thrusted ophiolites. The geometry 
and composition of the lower crust and upper mantle is the same in 
the transient model as the one used in the steady state model.
 In the steady state model (Equation 2) the values of themal 
conductivity and heat-production for the Middle Miocene sediments 
were chosen as averages across the basin (Table 2). The large amount 
of clay favors a low thermal conductivity value of 1.5W/m/K. 
The low heat production rates are a response to the high porosity. 
Differently from the transient model, the salt was accounted in the 
steady state model, because of the large distorting effect of the thermal 
field given by its high conductivity (6W/m/K) in places with thick 
diapirs, such as the large dome along the NE flank of the basin. The 
pre-Middle Miocene sediments (i.e. Triassic – Lower Miocene) were 
approximated as a single siliciclastic unit, except the places where 
thick Upper Jurassic, Lower Cretaceous and Eocene carbonates are 
interpreted. The basement was modelled as a metamorphic sequence 
overlain by variable thickness ophiolites. Previous models (Mațenco 
et al., 2010; Schmid et al., 2008) have assumed a distribution of 
obducted ophiolites based on structural observation at their upper 
stratigraphic boundaries, but their thicknesses are largely guessed. 
We have preferred to assume in our initial structural model that 
the ophiolites have a larger thickness that spans until the base of 
the seismic investigation zone and we tested this assumption by 
modelling. The part of the upper crustal section beneath this seismic 
investigation zone (i.e. until 15km) was assumed to contain only 
metamorphic rocks. The lower crust and lithospheric mantle was 
modelled as of mafic composition, i.e. depleted in heat production 
elements and with high thermal conductivities that range from 2.5 to 
4.2W/m/K (e.g., Jaupart and Marechal, 2011; Beardsmore and Cull, 
2001 and references therein). 
 Because the Jurassic ophiolites, island-arc volcanics, Neogene 
volcanics and metamorphic rocks is the main lithology in large parts 
of the investigated cross-sections, their heat production rate 
significantly influences the surface heat flow. In order to enhance the 
reliability of our model we collected samples from these rocks, and 
we measured the main heat producing radioactive element 
concentrations of U, Th and K by laboratory analysis and we 
calculated their heat production rate. We have analysed andesitic 
samples from the Neogene volcanics edifice, sample of basalts from 
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the laterally equivalent ophiolitic sequence of the southern Apuseni 
Mountains and samples of (low-degree) metamorphic sequences of 
the Getic/Supragetic nappes of the South Carpathians (Table 3). 
Although not analysed directly, the heat-production rate of the 
island-arc volcanics mixed in the ophiolitic sequence was 
approximated as the one of the Neogene volcanics. The U, Th and K 
concentrations of the samples were determined by gamma-ray 
spectrometry using shielded Canberra HPGe detector. We measured 
the concentrations of intermediate isotopes in the decay series rather 
than the parent U, Th and K. The activity concentrations were 
converted to elemental concentrations with the aid of the International 
Atomic Energy Agency (IAEA) standards with known concentrations. 
The heat production rate was calculated by Rybach’s (1988) formula:

 (7),

where A is the heat production rate in μW/m3, Cu and CTh are the 
concentrations of U and Th in ppm and CK is the concentration of 
K in %.
 The location of the samples, the types of rocks, the U, Th and K 
concentrations and the heat production rates are shown in Table 3. The 
number and distribution of samples is generally insufficient to derive 
statistical reliable distributions, in particular for the large variability 
of the metamorphic rocks in the Bucovinian/Getic/Biharia basement, 
but these are comparable with measurements for similar rocks 
elsewhere and, therefore, can be considered as most likely estimates 
for our modelling.  For instance, the concentrations occurring in 
the basalts are in accordance of the U, Th and K concentrations in 
ophiolites from Troodos, Cyprus (Tzortzis and Tsertos, 2005) and 
ophiolitic (meta-)basalts from the Alps and Appenines (Chiozzi et al., 
2002; Pasquale et al., 2001). Not surprisingly, the average U, Th and K 
concentrations in the Neogene andesites of the Transylvanian Basin 
are the same within the error margin with the ones of the Pannonian 
Basin (Lenkey and Surányi, 2008). We obtained 2μW/m3 for the 
heat production rate of metamorphic rocks, which is well within the 
range (1-4.6μW/m3) used for upper crustal rocks in lithospheric scale 
geothermal models (Kukkonen and Joeleht, 1996, Förster and Förster, 
2000, Lewis et al., 2003).
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3.4.
Modelling results

 The result of the thermal modelling provides new insights on 
the thermal state of the crust and lithosphere in the Transylvanian 
Basin and shows in particular that the overall cold state of the basin 
is in fact the result of a combination between blanketing effects 
of sediments, the relative absence of HPEs in large parts of the 
basement and the relative reduced importance of salt distribution 
into the overall thermal regime of the basin.
 
3.4.1.
The transient effects in the surface heat flow
 The results indicate that the corrected heat flow is generally 
higher with values between 1-15mW/m2 and has much more reliable 
distribution in the basin. The higher differences are observed in 
the centre of the basin where sediments are thickest, while the 
differences decrease towards the basin margins proportional with 
the decrease in thickness (Figs. 3-6a, 3-7a and 3-8a). Similar with 
previous published data (Demetrescu et al., 2001), the uncorrected 
heat flow shows in map view a minimum in the order of ~30mW/
m2 generally located in the areas where Middle-Upper Miocene 
are thickest in the southern part of the basin (Fig. 6a). Towards the 
basin margins, this uncorrected heat flow increases to values in the 
order of 50-60mW/m2. The places where the ophiolites are in an 
uplifted position in the basin correlate to a local decrease in heat 
flow values (Fig. 3-6a and 3-8a). These values also increase where 
the ophiolites are locally replaced by felsic intrusions, volcanism or 
pinch out beneath their Upper Jurassic – Lower Cretaceous cover. 
 In more details, we note that there is a larger scatter between the 
heat maps and profiles, and the uncorrected and corrected heat flow 
values determined in the wells located along the sections, but the map 
and profiles are always in the error range (Figs. 3-5a, b, 3-6a, 3-7a and 
3-8a). Besides increasing the heat flow, the correction also smoothens 
its spatial distribution in profiles (Figs. 3-6a, 3-7a and 3-8a). This 
is only partly a correction result: it comes also from improving the 
profiles accuracy by eliminating the wells measurements with missing 
reference depth. It is likely that such values have induced significant 
errors in the uncorrected version of the map and profiles. 
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 Modelling the transient effects inferred that paleoclimatic 
changes and sedimentation/erosion processes have a significant 
effect in the present day distribution of heat flow (Figs. 3-5, 3-6a, 3-7a 
and 3-8a). The paleoclimatic correction accounts to an increase in the 

Fig. 3-6 Results of the 1D and 2D thermal modelling along a WSW-ENE oriented 

regional cross-section over the southern part of the Transylvanian Basin. Location 

in Fig. 3-1. a) Results of the 1D transient thermal modelling: uncorrected heat flow, 

correction for paleoclimate and additional correction for sedimentation/erosion. The 

uncorrected and paleoclimate corrected heat flow curves are taken from the heat 

flow maps presented in Fig. 3-5. Heat flow in wells located near the cross-section 

is also shown together with wells corrections. The corrections on the well data are 

also made. The error bar on the well data is ±15%; b) Modelled heat flow curves and 

the sedimentation/erosion corrected heat flow along the section. 3 model results are 

superposed in the figure testing different scenarios of the ophiolites heat production; 

c) Geological cross-section along the selected transect (compiled from Krézsek and 

Bally, 2006; Mațenco et al., 2010; Tiliță et al., 2013).
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heat flow with values between 1 and 13mW/m2, with a maximum in 
the southern part of the basin (Fig. 3-8a) and averages of 5-6mW/m2. 
The corrected heat flow map indicates heat flow minimum values 
in the central southern basin depocenter in the order of 40mW/m2 

Fig. 3-7 Results of the 1D and 2D thermal modelling along a WSW-ENE oriented 

regional cross-section over the northern part of the Transylvanian Basin. Location 

in Fig. 3-1. a) Results of the 1D transient thermal modelling: uncorrected heat flow, 

correction for paleoclimate and additional correction for sedimentation/erosion. The 

uncorrected and paleoclimate corrected heat flow curves are taken from the heat 

flow maps presented in Fig. 3-5. Heat flow in wells located near the cross-section 

is also shown together with wells corrections. The corrections on the well data are 

also made. The error bar on the well data is ±15%; b) Modelled heat flow curves and 

the sedimentation/erosion corrected heat flow along the section. 3 model results are 

superposed in the figure testing different values of thermal conductivity for the pre-

Miocene sedimentary and salt; c) Geological cross-section along the selected transect 

(compiled from Krézsek and Bally, 2006; Mațenco et al., 2010; Tiliță et al., 2013).
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(Fig. 3-5b). The zone of low heat-flow is oriented NNW-SSE, 
following the overall structural trend of the basin. Outside this area, 
a local increase in heat flow to values above 60mW/m2 is observed 
in the central eastern part of the basin, while further eastwards, the 

Fig. 3-8 Results of the 1D and 2D thermal modelling along a NNW-SSE oriented  

egional cross-section over the Transylvanian Basin. Location in Fig. 3-1. a) Results of 

the 1D transient thermal modelling: uncorrected heat flow, correction for paleoclimate 

and additional correction for sedimentation/erosion. The uncorrected and 

paleoclimate corrected heat flow curves are taken from the heat flow maps presented 

in Fig. 3-5. Heat flow in wells located near the cross-section is also shown together 

with wells corrections.. The error bar on the well data is ±15%; b) Modelled heat flow 

curves and the sedimentation/erosion corrected heat flow along the section. 4 model 

results are superposed in the figure together with best-fit scenario (see Tables 2 and 

4 for details); c) Geological cross-section along the selected transect (compiled from 

Krézsek and Bally, 2006; Mațenco et al., 2010; Tiliță et al., 2013).
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values decrease to the normal ~50mW/m2 values of this structural 
flank. Two maximum heat flow values are observed locally in 
the SE part of the Neogene volcanic chain, overlapping Neogene 
volcanic structures with an age of 3-5Ma. There is no obvious heat 
flow increase in relationship with older Miocene volcanic structures 
located more NW-wards, but input data in this area is scarce  
(Fig. 3-5b). The heat flux minimum located in the central-southern 
part of the basin (Fig. 3-5b) overlaps with the area of highest 
sedimentary thickness overlying the metamorphic and ophiolitic 
basement of the basin (>8km). This is also the area with the highest 
thickness of Middle-Upper Miocene sediments (>3.5km). The 
paleoclimatic correction suggests 60-70mW/m2 and even higher 
heat flux values in the northern part over the basement margins 
(Fig. 3-8a), but these values decrease when applying the subsequent 
correction for erosion.
 The correction for sedimentation increases the heat flow with 
additional values between 1-10mW/m2 (Figs. 3-6a, 3-7a and 3-8a). 
Obviously dependent on sediment thickness, higher correction 
values are obtained in the centre of the basin where sediments are 
thickest, while these values decrease gradually towards the basin 
margins (Figs. 3-6a, 3-7a and 3-8a). 
 The correction for erosion along the basin margins exposing pre-
Neogene cover and metamorphic/magmatic basement decreases 
the heat flux by up to 10mW/m2 (e.g., northern part of Fig. 3-8a). 
On the overall, both corrections increased the heat flow minimum 
in the central-southern part of the basin to 45mW/m2 (Fig. 3-8a), 
while along the maximum erosion areas, such as in the north, the 
heat flow reaches 55mW/m2 (Fig. 3-6a). 
 These corrections have a higher reliability inside the basin, 
where numerous thermal measurements are available and decrease 
towards or outside the basin margins, where such measurements 
are scarce. Both values are below the average of continental crust 
in Europe (e.g., Cloetingh et al., 2010), but not significantly lower. 
For instance, similar heat flow values characterize the East- 
European craton at the exterior of the East Carpathians (Demetrescu 
et al., 2001). 
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3.4.2.
2D steady-state modelling of the surface heat flow
 The 2D steady-state model was applied for 3 sections in the 
Transylvanian Basin that were chosen to reflect contrasting styles 
of deformation and stratigraphic composition of pre-Miocene 
sediments and ophiolitic composition in the basement, while 
Middle-Upper Miocene sediments have similar geometries, but 
highly variable thicknesses. All tested models show good fit with 
the corrected heat-flow curves. 
 The WSW-ENE oriented profile in the southern part of the 
Transylvanian Basin (Fig. 3-6c) contains the thickest accumulation 
of Middle – Upper Miocene sediments, thick Jurassic – Cretaceous 
sediments in the Târnave sub-basin and ophiolites distributed over 
the entire central and western part of the basin. Farther westwards, 
these ophiolites are laterally continuous over a late Cretaceous – 
Eocene thrust fault system with the ones largely exposed in the 
Southern Apuseni Mountains (see also Fig. 3-2b). Eastwards, the 
ophiolites are separated from the metamorphic Bucovinian unit and 
its Mesozoic cover by the large offset Late Cretaceous Târnave Fault 
(TF), which was subsequently inverted during latest Cretaceous 
times (Fig. 3-6c). The model tested in particular the influence of the 
ophiolitic basement in the heat flow. Three ophiolitic heat production 
values were tested, i.e. 0.15, 1 and 1.5μW/m3 (Fig. 3-6b). The best-
fit curve was obtained with the latter value, which is one order of 
magnitude higher than the measured heat production value. The 
measured heat production value in the western part of the section 
yields modelled heat flow values that are different to the corrected 
ones with up to 10mW/m2. This implies that either there are much 
less ophiolites present in the section, or these ophiolites are not of 
normal MORB type but contaminated with large amount of felsic 
material, i.e. with heat producing elements. The latter hypothesis 
is in agreement with the observation that these mafic rocks are 
not MORB, but oceanic island arc volcanics mixed with significant 
amounts of felsic intrusions (Ionescu et al., 2009). This composition 
was tested by modelling mixed heat production values between a 
basaltic composition and the felsic one of the island arc intrusions, 
assumed in our models to be similar to the one of the Neogene 
andesitic volcanics.  This mixed composition (Table 4) resulted in a 
reasonable good fit, with slightly lower modelled heat flow values 
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than the corrected ones. The hypothesis that large parts of the 
basement west of the Târnave fault is metamorphic is not supported 
by the observed heat flow value that increase with 10mW/m2 
across this fault, the values observed westwards being lower when 
compared with any other metamorphic basement observed west of 
the ophiolites (such as for instance the Biharia basement, Fig. 3-7b, 
c). But the combination between the two possibilities is more likely: 
There is probably slightly more metamorphic basement beneath 
the ophiolites, as these are thrusted over the Dacia (Bucovinian 
or Getic) continental basement. This would increase the heat flow 
values to the observed ones in the modelled profiles (Fig. 3-6b).
 The WSW-ENE oriented profile situated in the northern part of 
the Transylvanian Basin (Fig. 3-7c) contains the late Cretaceous – 
Eocene thrusting of the metamorphic Biharia unit and its Mesozoic 
– Paleocene cover over the ophiolites and their Late Jurassic – 
Cretaceous cover (i.e. the Puini thrust -PF), which are restricted to 
a narrower area in the centre of the basin. The latter are thrusted 
during late Jurassic – Early Cretaceous times over the metamorphic 
Dacia (i.e. Bucovinian) unit and its Mesozoic cover. Smaller offset 
deformation is also observed locally in the profile, such as the late 
Cretaceous normal faulting in the hanging-wall of the Puini thrust 
and latest Cretaceous thrusting in the Bucovinian basement. In this 
profile, large-scale salt-diapirism is observed locally exaggerated 
in the eastern part of the profile, where the thickness of the salt 
domes reaches 3km. Salt diapirs with reduced thicknesses are also 
observed in the western part of the section (Fig. 3-7c). Therefore, 
in this profile the model tested in particular the influence of the 
salt diapirism and the influence of the thermal conductivity of 
pre-Miocene sediments. Two values were chosen for the thermal 
conductivity of the pre-Miocene sediments 2 and 3W/m/K, while 
the third model tested the influence of salt by applying a realistic 
salt thermal conductivity of 6W/m/K. The results show that 
changing of the thermal conductivity of pre – Miocene sediments 
do not have significant influence in the modelled heat flow. The 
model also shows that when a large salt thermal conductivity value 
is used, the heat-flow values increase with 10-12mW/m2 (Figs. 3-3 
– 3-7b, c) above the 3 km thick salt domes. A similar effect, but with 
smaller amplitudes in the order of 5-7mW/m2 is also observed near 
the western border of the basin across the smaller salt diapirs. The 
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latter are thinner than the E-ward salt dome but significantly thicker 
than basin average. Elsewhere in the basin where the salt has much 
lower thickness, the salt does not create any significant effect in the 
modelled heat flow. 
 The NNW-SSE oriented profile traversing along strike the 
entire Transylvanian Basin (Fig. 3-8c) displays a more complex 
structural style. Given the almost along strike orientation, the 
northern metamorphic basement of the Dacia unit is thrusted over 
the ophiolites and their Upper Jurassic – Lower Cretaceous cover 
along a number of faults genetically related to the Puini thrust 
and is covered by the foredeep of this large thrust. Southwards, 
the ophiolites are separated from the Dacia metamorphic basement 
by the South Transylvanian Fault (STF) delimiting S-ward the 
Târnave sub-basin, a late Cretaceous transtensional fault inverted 
by transpression during latest Cretaceous times. Between the 
Târnave and Puini sub-basins, the ophiolitic basement is uplifted 
by latest Cretaceous – Eocene deformations, locally reactivated 
during Miocene times. In this profile, the model tested in particular 
the thermal blanketing effect of the Middle – Upper Miocene 
sediments and the heat production of the ophiolites (Fig. 3-8b). The 
models demonstrate a significant blanketing effect: at low thermal 
conductivity significantly lower values of heat flow are observed 
in the area of thick Miocene sediments. The modeled heat flow is 
also higher where the high conductivity basement (ophiolites and 

Table 4 Thermal conductivity (k) and heat production (A) parameters used to achieve 

a best-fit heat flow curve along the N- S cross-section (Fig. 3-9c). Further descriptions 

and references in text.

N-S section
(Figure 8c)

M-U Miocene Bn2-salt pre-Miocene J3-carbonates J-ophiolites Metamorphics

Thermal conductivity 
k (W/m/C)

1.5 1.5 3 3 3 3

Heat production 
A (μW/m3)

0.5 0 0.5 0.4 1 2

N-S section
(Figure 8c)

Upper
Crust

Lower
Crust

Mantle

Thermal conductivity 
k (W/m/C)

2.9 2.9 3.2

Heat production 
A (μW/m3)

2 0.1 0
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Jurassic carbonates) is in an elevated position. Larger sediment 
conductivities result in smoother and generally a higher heat flow. 
The best fit can be obtained with sediment thermal conductivity of 
1.5W/m/K, which was also applied to the other profiles. The best 
fit confirms sediment parameters applied to the initial modelling 
setup (Table 1), parameters used to average the thermal conductivity 
of sediments across the profiles. Similar to the south Transylvanian 
profile (Fig. 6b), applying the measured heat production rate in 
MORB basalts in the model underestimates the heat flow. A better fit 
was obtained with the higher mixed heat production rate (Table 4, 
Fig. 3-8b) of a depleted oceanic island-arc lithosphere contaminated 
with felsic intrusions (Fig. 3-8b).
 However, none of the modelled curves using the initial input 
parameters were able to fit the observed and corrected heat flow 
values. Therefore, these parameters of the model were changed in 
the limits provided by material properties (see Table 4) in order 
to obtain the best fit of Fig. 3-8b: the mantle thermal conductivity 
was decreased to 3.2W/m/C (a decrease with 0.8W/m/C), the 
lower crust thermal conductivity was decreased to 2.9W/m/C (a 
decrease with 0.2W/m/C), the average Upper Miocene sediments 
thermal conductivity was changed to 1.5W/m/C. The best fit 
obtained for this profile assumed a contaminated oceanic island 
arc heat production of 1μW/m3. The best-fit curve implies that 
the mantle and lower crust underlying the Transylvanian Basin is 
less conductive, transferring a reduced amount of heat from the 
deeper mantle. Similar with the other profiles, the relatively high 
heat production implies that the ophiolites are mixed with in fact 
oceanic island arc volcanics and their thickness is likely lower 
than modelled. In the profile, the areas of the section underlain 
by these ophiolites generally show decreased heat flow values 
(50-60mW/m2) when compared with the adjacent metamorphic 
basement (60-70mW/m2). Along this first order pattern, higher 
heat flow values are observed and modelled over these areas that 
are overlain by thicker Upper Jurassic – Paleogene dominantly 
carbonatic sediments. This is likely the result of more effective heat 
transmission provided by these sediments.
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3.5.
Discussion

 The low values of heat flux in Transylvania Basin can be obtained 
in general a number of factors (e.g., Michaut at al., 2009; Perry et al., 
2006), such as a strong crustal differentiation, unusual thick mantle 
lithosphere or large-scale structural control that creates a tectonic 
mixture of components with high and low heat production values. 
Current geodynamic scenarios do not provide any reason to deplete 
the crustal heat production values or induce crustal differentiation 
of the basement beneath the Transylvanian Basin. The same type 
of crustal basement, either metamorphic or ophiolite is observed 
laterally in areas where the heat flux is much higher (Carpathians, 
Apuseni Mountains, SW part of the Pannonian Basin, see the 
overviews of Mațenco and Radivojević, 2012; Schmid et al., 2008). A 
significant increase in lithospheric thickness is conflicting with the 
thermal structure of the mantle beneath the Transylvanian Basin 
derived from available high-resolution mantle velocity or other 
geophysical studies (e.g., Ismail-Zadeh et al., 2012 and references 
therein). 
 Our thermal modelling results indicate that the low heat flux 
in the Transylvanian Basin is a result of transient effects combined 
with a lateral variation of the heat production controlled by the 
crustal structure, and with a blanketing effect of the thick/rapid 
Miocene deposition. All these effects may explain the low values of 
heat flow in a steady-state scenario. 

3.5.1.
Inferences of the 1D transient and 2D steady state 
modelling
 The corrections for paleoclimate and sedimentation increase 
the observed heat flow by 40-50% in the central area of the basin 
where the thick Middle-Upper Miocene sediments were deposited. 
Outside the localized high values overlying the volcanic centers, 
the corrected heat flow averages 50mW/m2 across the basin (Fig. 
3-6a). Therefore the sedimentation/erosion and paleoclimatic 
corrections explain only partly the general low values of heat 
flow observed. Over the margins of the basins, the two types of 
corrections counteract each other (Figs. 3-6a, 3-7a and 3-8a).
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 The correction magnitude depends on the amounts of post- late 
Miocene erosion, which is well constrained by thermochronology 
to 5-7km in the surrounding mountain chains and regionally 
extrapolated in the basin. In the model we assumed a minimum 
estimate of 300m eroded material in the central area of the basin. In 
a theoretical scenario where the amount of eroded material would 
be higher with few hundreds metres, then the corrected heat flow 
values would be lower, a scenario that would match directly the 
regional pattern of the observed and corrected values. In such a 
scenario, the low heat flow in the basin would be only the result 
of depleted heat production in the upper crust where ophiolites 
and island-arc volcanics were emplaced over the Bucovinian/Getic 
basement, a conclusion derived by previous studies (Andreescu et 
al., 2002; Demetrescu et al., 2001). However, this scenario would not 
require any blanketing effects of sediments.
 The detailed geometry of Miocene sediments, the structural 
control in the upper part of the crust and the heat-production 
measurements are able to refine the role of these ophiolites. The 
observed and corrected heat flow values have roughly the same 
decreasing patterns towards the basins margins above the ophiolitic 
and metamorphic types of basement (Figs. 3-6 and 3-8), and the 
lowest heat flow seems is located in the part of the basin containing 
the thickest Neogene sediments. This is also the part in the basin 
where the ophiolitic sequence is thickest, due to its preservation 
beneath the Late Jurassic – Cretaceous cover of the Târnave 
basin. Furthermore, the thick Upper Jurassic – Lower Cretaceous 
limestones preserved in this basin (Fig. 3-6) have low heat-
production rates, further decreasing the heat flow. This sequence 
has likely lower thicknesses elsewhere, being eroded by exhumation 
during the successive Latest Cretaceous – Eocene shortening 
events (e.g., Krézsek and Bally, 2006). The effects of changing 
laterally the ophiolitic sequence with the metamorphic basement 
are observed in heat flow by local changes across their boundaries, 
while the effects of the Miocene sedimentation are observed in 
the regional pattern of heat flow decrease towards the area where 
these deposits are thickest (Fig. 3-6 and 3-8). Modelling infers that 
the Miocene sedimentation must have decreased the heat flow 
with values of up to 10mW/m2. Such an effective blanketing is in 
agreement with the large thickness of the sediments (<4 km) and 



Heat flow modelling in the Transylvanian Basin 103

the high rate of recent sedimentation (up to 1mm/yr between ~13 
and 9Ma, Tiliță et al., 2013). On the opposite, the Mesozoic-Eocene 
sediments, particularly thick in the centre of the basin (~4km, Fig. 
3-6c), are already in thermal equilibrium, providing an effective 
heat transfer (Fig. 8b). In this more realistic scenario, our modelling 
suggests that erosion was moderate in the centre of the basin, in 
agreement with our initial assumptions. Higher erosion would 
have inverted the effects of sedimentation and raised the heat 
flow. In conclusion, the low heat flow of the Transylvanian Basin 
is basically the result of high thicknesses of low heat production 
rocks in basement and Jurassic – Paleogene cover of the basin, 
and a blanketing effect created by the thick Middle-Late Miocene 
sediments (Fig. 3-8b). 
 Interestingly, the model suggests that the average salt thickness 
in the Transylvanian Basin is too thin to induce significant changes 
in the heat flow distribution at the scale of the entire basin. In the 
NE part of the basin several large, but local positive heat flow 
anomalies overprint the 2.5-3km thick salt dome. When compared 
to other neighbouring salt diapirs with much lower amplitudes, 
this salt dome was overly exaggerated by rapid salt migration 
at high temperatures during the emplacement of the overlying 
volcanic sequences (i.e. volcanic sagging, Szakács and Krézsek, 
2006). A similar increase in heat flux, but with lower amplitudes, is 
also observed in the western part of the modeled section, due to salt 
migration in relationship with a regional shallow salt décollement 
(i.e. the Cenade Fault system) and its intersection with a basement 
involved thrust (i.e. the Appulum Fault, Fig. 3-2 and 3-8c, Ciulavu 
et al., 2000; Tiliță et al., 2013). Elsewhere, the salt does not appear to 
induce any significant effect on the modelled heat flow. 
 
3.5.2.
Large-scale structural control on the heat flow 
distribution in the basin
 We propose that a large component of the heat-flow decrease and 
distribution in the Transylvanian Basin is structurally controlled, an 
inference that is in agreement with previous studies (e.g., Andreescu 
et al., 2002; Demetrescu et al., 2001). Our advent is the availability of 
a higher resolution structural geometry and sediments distribution 
in the upper part of the crust (Figs. 3-7c, 3-8c and 3-9c).
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 The structural interpretation (Fig. 3-6 and 3-8) shows that the 
metamorphic and magmatic basement underlying the Transylvanian 
Basin sediments is highly heterogeneous, the distribution of 
contrasting heat production rocks being structurally controlled. 
This is in agreement with previous tectonic interpretations that 
suggest large-scale ophiolites and island-arc volcanics thrusted 
and/or obducted during Early Cretaceous times over the otherwise 
metamorphic basement of the Transylvanian Basin (Fig. 3-2, 
Mațenco et al., 2010; Ionescu et al., 2009; Săndulescu and Visarion, 
1977; Schmid et al., 2008). However, in all previous interpretations 
the thickness of the ophiolites is rather supposed, than controlled. 
The ophiolites, as well as other basic igneous rocks are depleted in 
radiogenic elements and their heat production is negligible (Table 3, 
see also Cermák and Bodri, 1991). Our cross sections interpret these 
ophiolites until the base of the interpreted seismic lines (Figs. 3-6c, 
3-7c and 3-8c). The 2D thermal models of these cross-sections infer 
that in order to fit the modelled heat flow to the corrected one, a 
rather high value of heat production in the order 1-1.5μW/m3 must 
be assumed (Tables 2 and 4, Fig. 3-6b and 3-8b). As inferred earlier 
by our modelling, such a value is rather improbable for typical 
MORB ophiolites and it must reflect the observed combination with 
Jurassic island-arc volcanics and felsic intrusions.
 One other possibility is that the contribution of the metamorphic 
basement underlying the ophiolites beneath the depth of 
investigation in our sections counterbalances the heat flow deficit 
of the ophiolites (~-10mW/m2) by increased heat production. 
Given its reduced thickness of about 6km, a heat production rate 
of 3.6μW/m3 would be necessary for the compensation. Such heat 
production rate occurs in granitic rocks enriched in radiogenic 
elements (Kukkonen and Joeleht, 1996, Förster and Förster, 2000). 
This would mean that the base of crust in Transylvanian Basin 
beneath the ophiolites and island-arc volcanics is entirely granitic, 
an explanation that is divergent with observations and its tectonic 
evolution. Furthermore, such explanations combining horizontal 
layering of extreme heat production rocks are rather theoretical 
than observed in orogenic areas. 
 Our assumption that the ophiolites in the Transylvanian Basin 
are not (only) typical MORB is indeed in agreement with the 
observations of supra-subduction ophiolites, island-arc volcanics 
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and felsic intrusions both in the Transylvanides nappes of the 
Southern Apuseni Mountains and East Carpathians (Bortolotti et al., 
2002; Hoeck et al., 2009; Ionescu et al., 2009; Nicolae, 1994; Nicolae 
and Saccani, 2003) and in their lateral continuation in the Eastern 
Vardar ophiolites (senso Schmid et al., 2008) of former Yugoslavia 
and Greece (e.g., Robertson et al., 2009). Furthermore, the ophiolites 
of the Apuseni Mountains contain latest Cretaceous – earliest 
Paleogene felsic Banatitic intrusions and volcanism and Neogene 
volcanics, stages of magmatism that were likely in the basement of 
the Transylvanian Basin (e.g., Berza et al., 1998; Krézsek and Bally, 
2006; Seghedi et al., 2007; von Quadt et al., 2005). The large amounts 
of felsic intrusions would certainly increase the heat production of 
the ophiolitic unit, but a large distribution of felsic magmatism is 
not supported by the drilled wells and the interpretation of the 
magnetic anomaly in the Transylvanian Basin (Beșuțiu et al., 2005; 
Ionescu et al. 2009).
 The third possibility is that the thickness of the ophiolitic unit is 
less than the one proposed in our cross sections and is closer to the 
one speculatively inferred by earlier interpretations (Schmid et al., 
2008), i.e. note the different thickness of ophiolites in Fig. 3-2 when 
compared to Fig. 3-6c and 3-8c. This would imply that a higher 
thickness of metamorphic heat production crust is present beneath 
the ophiolites, which would resolve the discrepancy between the 
presence of ophiolites in the basement and the relatively high heat 
flow above them. Such an interpretation allows the occurrence of 
both MORB and supra-subduction ophiolites affected by island-arc 
volcanics and felsic intrusions, the difference being their overall 
thickness. This interpretation would explain well the rather smooth 
pattern of the low value heat flow profile overlying the ophiolitic 
unit.

3.5.3. 
Inferences on the tectonics and evolution of the 
Transylvanian Basin from thermal modelling
 After correcting for the near surface transient thermal 
processes, the heat flow in the Transylvanian Basin becomes in 
the range of 45-55mW/m2. Our modelling suggests that this is a 
normal continental heat flow with a 100km thick lithosphere at 
steady state. We suggest that the lithosphere of the Transylvanian 
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Basin was thermally equilibrated after the Cretaceous - Eocene 
thick-skinned amalgamation of Tisza and Dacia units and the 
subsequent shortening at or near their collisional contact. This 
normal lithospheric configuration is in contrast with thermal 
inferences derived from bottom-up calculations derived from 
seismic tomography (Ismail-Zadeh et al., 2012) that infer ~80km 
thick lithosphere beneath the basin, similar with the previously 
proposed configuration (Horváth, 1993 and Horváth et al., 2006). 
Our modelling shows that such a thin lithosphere in Transylvanian 
Basin cannot be modelled at steady state given existing constrains 
on the input parameters, in all situations the modelled heat-flow 
will be higher than the one observed, similar with existing themal 
modelling of the Pannonian Basin lithosphere (heat flow averaging 
80mW/m2, Lenkey et al., 2002). 
 The two processes influencing the “normal” lithospheric 
configuration in post-Paleogene times are the Middle Miocene 
subsidence coupled with the recent low-velocity anomaly acting in 
post-Miocene times beneath the SE Carpathians (Fig. 3-9), both 
mechanisms implying lithospheric mantle thinning at ~15Ma and 
~7Ma, respectively. The scale law of transmission of thermal 
processes is dependent on the thermal diffusivity:

 (8),

where L is the length, α is the thermal diffusivity and t is time span. 
Given the low average values of thermal diffusivity beneath the 
Transylvania basin and the low areal size of the observed anomaly, 
the thermal effects of these processes do not have yet any relevant 
near-surface expression and are still deep rooted in the lithosphere 
at ~70-80km. Therefore, the near-surface temperature structure and 
the measured heat-flow still reflect the situation after the Cretaceous-
Paleogene shortening and before the Miocene extension.
 The tectonic mechanism driving the regional Middle-Upper 
Miocene subsidence of the Transylvanian Basin must have been 
sub-crustal, because of the lack of significant Miocene structures 
at crustal scale. This mechanism had a thermal imprint that is 
higher when compared with the neighbouring Carpathians, but 
significant lower than the one driving the thermal anomaly of the 
Pannonian Basin. 
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 All recent deep geophysical passive and active studies 
have inferred a low-velocity anomaly localised beneath the SE 
Carpathians, in the immediate hinterland of the Vrancea slab, 
interpreted as the upwelling part of the astenospheric circuit 
driven by the sinking of the slab (Fig. 3-9, Ismail-Zadeh et al., 2012; 
Koulakov et al., 2010; Martin et al., 2006 and references therein). 
This localized upwelling of the asthenosphere is associated with 
the formation of small Pliocene-Quaternary basins in the internal 
part of the SE Carpathians and adjacent Transylvanian Basin and 
with significant amounts of genetically related alkaline magmatism 
(e.g., Seghedi et al., 2011 and references therein).  The large thermal 
anomalies observed locally in the SE part of the Transylvanian 
Basin overlap with these volcanic centres (Fig. 3-5) and are part of 
the same late stage astenospheric upwelling effect. 
 These Miocene to recent processes infer that the lithosphere of 
the Transylvanian Basin was actually much thicker at the end of 
the Cretaceous – Paleogene orogenic shortening and was ultimately 
reduced to the 100km observed beneath the western part of the 
Transylvanian Basin. This is in agreement with the observation 
that the Transylvanian Basin overlies a late Early Cretaceous suture 
zones formed in response to obduction, thrusting and continental 
collision between Tisza and Dacia continental units.

3.6.
Conclusions

 Our analysis of the thermal structure of the sediments and 
their crustal and sub-crustal basement has the critical constrain 
of industrial data and surface observations combined with high 
resolution structural and sedimentological studies (e.g., Krézsek 
and Bally, 2006; Tiliță et al., 2013 and references therein). Our 1D 
transient effects and 2D steady-state modelling have provided 
a number of key inferences for the tectonic evolution and basin 
development. The transient effects account for an up to 20% 
in increasing the measured surface heat-flow to more normal 
continental values, but with still low values when compared with 
elsewhere in the Pannonian Basin and locally in the Carpathians 
system. The modelling suggests that these low values are the result 
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of a combination between blanketing effects provided by the recent 
and rapidly deposited Middle – Upper Miocene sediments and the 
presence of ophiolites, island-arc volcanics and felsic intrusions 
in the basement of the basin. These ophiolites are the remnants 
of the Vardar ocean obducted and/or thrusted over its European 
margin during late Jurassic – Early Cretaceous times. The Middle 
Miocene salt is likely too thin to provide any significant differences 
in the heat flow at the scale of the entire basin, which are otherwise 
important in the case of the few locally exaggerated salt diapirs 
present along its eastern and western margin. The modelled 
heat flow was fit to the corrected surface heat flow by varying 
the thermal conductivity and heat production of rocks. The best 
fit is obtained either assuming that the thick ophiolites have 
normal upper crustal heat production rate, which contradicts the 
measured heat production rates or assuming a reduced thickness 
of ophiolites is only few kilometres. The latter assumption is in 
agreement with the nappe structure of the basement. The thickness 
of the ophiolitic unit is depended on the compositional type and 
the variability of volcanics and intrusions, but cannot be thicker 
that ~7km in the centre of the basin. 
 The exception to the normal steady-state is observed in the SE 
part of our basin and is less constrained in our modelling study, 
since its recent effects are not yet observed in the near-surface 
thermal structure. It is likely that in this region the lithosphere 
has been recently thinned, starting with Pliocene times, by the 
upwelling part of the astenospheric circuit driven by the sinking 
of the Vrancea slab (Fig. 3-9), as demonstrated by geophysical 
studies with multiple methodologies (Ismail-Zadeh et al., 2012 
and references therein). The tectonic mechanism driving the 
regional Middle-Upper Miocene subsidence of the Transylvanian 
Basin must have a thermal imprint significantly lower than 
the one controlling the thermal anomaly of the Pannonian Basin. 
The actual corrected thermal field of the basin correlates with 
a 100km thick lithosphere, therefore it can be assumed that 
debated thinning of the mantle lithosphere during the Miocene 
back-arc extension affected initialy a much thicker lithosphere 
(~120km) derived from the late Cretaceous - Eocene shortening 
events. On the other hand if the Middle-Upper Miocene 
lithosphere thinning occurred from 100km to 80km, the propa-
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gation of its effects are not affecting yet the present upper crustal 
thermal regime. 
 Obviously, some of the latter hypotheses are still speculative 
at this stage of understanding the Pannonian – Carpathians 
lithosphere, but it demonstrates the need of continuing the analysis 
of the thermal structure combined with detailed crustal imagery 
and structural analysis such as the one presented in this study.

Fig. 3-9 Simplified cross-section showing the geometry and thermal structure of the 

lithosphere along a WNW–ESE oriented transect crossing the easternmost part of the 

Pannonian Basin, Apuseni Mountains, Transylvanian Basin and East Carpathians 

(from Mațenco and Andriessen, 2013; Tiliță et al., 2013). Note that the perturbation 

of the isotherms in the upper mantle under Transylvania (isotherm configuration 

modified after Ismail-Zadeh et al., 2012) is a recent effect and is not considered by the 

steady-state modelling. Further description in the text.
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*  This chapter is based on Tiliță, M., Scheck-Wenderoth, M., Mațenco, L., 

Cloetingh, S., 2015. Reconstructing the coupled salt kinematics and subsidence 

evolution: numerical modelling inferences for the Miocene evolution of the 

Transylvanian Basin.

Chapter 4*

Modelling the coupling 
between salt kinematics 
and subsidence evolution: 
inferences for the 
Miocene evolution of the 
Transylvanian Basin
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4.1.
Introduction

 The evolution of sedimentary basins reflects the close relationship 
between deep and near-surface processes, as well as the interaction 
between erosion of the source areas and deposition in the nearby 
sinks (e.g., Cloetingh et al., 2013; Mațenco and Andriessen, 2013). 
One major factor affecting their internal geometry is salt diapirism 
that deforms the overlying depositional sequence and is superposed 
over the first order structures. Understanding the interplay 
between salt kinematics and tectonic subsidence commonly 
requires complex methodologies including observation, modelling 
and rheology studies (e.g., Brun and Fort, 2011; McClay et al., 2004; 
Nagihara et al., 1992; Poliakov et al., 1993; Smit et al., 2008). This 
understanding is of major importance for deriving hydrocarbons 
plays hydrocarbon plays associated with diapiric structures, as well 
as the plays existing below the salt layer or diapirs (e.g., Beglinger 
et al., 2012; Corver et al., 2011).
 Observational studies infer that salt kinematics in basins without 
significant tectonic activity is generally driven by the geometry 
of overlying sediments, original deposition and geothermal 
distribution (e.g., Petersen and Lerche, 1995; Warsitzka et al., 2013). 
Modelling studies indicate that the presence of significant tectonic 
stress is essential for the formation of large and exaggerated 
diapiric structures, which are relevant for understanding regional 
basin evolution (e.g., Daudré and Cloetingh, 1994; Hecht et al., 
2003; Jenyon, 1986, Krézsek et al., 2007). Basins where salt was 
deposited during the early stages of evolution and subsequently 
little deformed facilitate an easier understanding of their kinematics 
and of subsidence - salt migration interplay. This is the case, for 
instance, of the North German basin, North Sea or the western 
Atlantic passive continental margin (e.g., Beglinger et al., 2012; 
Scheck and Bayer, 1999; Thomsen et al., 1991). In basins were active 
deformation is coeval with salt diapirism, as the case of the Makran 
accretionary wedge or the Dead Sea, the rheological coupling at the 
basin or crustal scale influences the salt mechanics (e.g., Graham 
et al., 2012; Smit et al., 2003; 2008). This is in contrast with areas 
where salt kinematics was influenced by significant stresses but 
basin deformation is minor, frequently occurring in the foreland 
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or hinterland of convergent plate margins. The factors influencing 
salt mechanics in these situations are less understood and usually 
inferred as a combination between overburden and far-field 
transmission of stress (McClay et al., 2004; Roure, 2008).
 The Transylvanian Basin is one such salt-bearing basin formed 
in the back-arc of the highly bended Carpathians Mountains during 

Fig. 4-1 – a) Location of the Transylvanian Basin within the Alps-Carpathians-

Dinarides system (simplified from Mațenco and Radivojevic, 2012; Schmid et al., 

2008). b) Simplified geological map of Transylvanian Basin and surrounding orogens 

(modified from Tiliță et al., 2013) with the location of interpreted cross-sections and 

seismic lines. RCF - Ruși – Cenade Fault.
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the Miocene rollback of a slab attached to the European continent 
(Fig. 4-1, e.g., Ciulavu et al., 2000; Ciupagea et al, 1970; Schmid et 
al., 2008). In the present, the basin has a roughly circular geometry 
and is filled with up to 4km Middle - Upper Miocene sediments 
(Fig. 4-1). The basin evolution was controlled by a coupling between 
subsidence in its centre combined with uplift along the South 
and East Carpathian margins driven by Miocene orogenic events 
(Mațenco et al., 2010). Outside a few low-offset Middle Miocene 
normal faults (Krézsek et al., 2010), the overall basin geometry is 
rather simple, gently deepening towards the basin centre, without 
any major fault(s) able to explain the observed subsidence (Fig. 
4-2). Given this geometry, the mechanism driving the subsidence 
and subsequent uplift at the end of Miocene times is still a matter 
of debate (see Tiliță et al., 2013 for a detailed discussion). Deriving 
the mechanisms responsible for Transylvanian Basin formation 
and evolution is hampered by widespread salt diapirism that 
prevents accurate subsidence determinations. Previous 1D or 2D 
subsidence modelling studies underlined a regional pattern in two 
stages, tectonic-like subsidence occurring rapidly during Early 
- early Middle Miocene, followed by reduced late Middle - Late 
Miocene “sag” subsidence (Ciulavu, 1999; Crânganu and Deming, 
1996). However, these studies were inconclusive in deriving the 
basin evolution, in particular due to salt re-distribution during 
the successive phases of subsidence and tectonic uplift affecting 
the basin margins (Mațenco et al., 2010). Therefore, a combined 
subsidence modelling methodology that accounts for 3D salt re-
distribution is required to quantify the subsidence and in particular 
its distribution in the roughly circular geometry of the basin.
 We assess the 3D subsidence evolution and salt re-distribution 
under differential loading in the Transylvanian Basin. Our study 
takes advantage of existing 3D depth geometry derived from the 
depth-converted interpretation of a large number of seismic lines 
and subsequently corrected for stratigraphic volumes (Tiliță et 
al., 2013). A dual backward and forward numerical modelling salt 
re-distribution approach was used, which has been previously 
applied in the study of salt movements elsewhere (Maystrenko et 
al., 2013; Scheck and Bayer, 1999; Scheck et al., 2003). The backward 
modelling approach reconstructs the evolution of salt influenced by 
all factors, including overburden and erosional removal, tectonic 
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vertical movements and intraplate stresses. The forward modelling 
reconstructs the evolution of salt as it would have been driven only 
by the evolution of overburden influenced by tectonic subsidence. 
The differences between the evolutionary stages obtained in the 
two numerical approaches are likely the expression of intraplate 
stresses. These stresses and the associated vertical movements 
induced by the Middle Miocene collision recorded in the East and 
South Carpathians were found to be of particular importance. 
The results provide the means to reconstruct at a better resolution 
the tectonic subsidence and to quantify the role of salt migration 
in the tectonic history of the basin and are influenced by the less 
constrained amounts of erosion post-dating the basin uplift at the 
end of Miocene times.

4.2.
Mesozoic to Cenozoic evolution of the 
Transylvanian Basin and neighbouring areas

 The Miocene evolution of the SE segment of the Carpathian 
Orogen and its hinterland basins (Fig. 4-1) was driven by the 
subduction roll-back of a slab most likely derived from the Ceahlău-
Severin Ocean, which is generally interpreted as a branch of the 
Alpine Tethys (e.g., Schmid et al., 2008). This slab was laterally 
attached to the cratonic units of the East European, Scythian 
and Moesian foreland during Cretaceous to Miocene episodes 
of subduction and collision (Merten et al., 2010; Săndulescu and 
Visarion, 1988; Visarion et al., 1988).
 Further to the west, the Miocene sediments of the Transylvanian 
Basin (Fig. 4-1b) overlie older units that were deformed during 
the closure of another oceanic embayment, the East Vardar or 
Transylvanides Ocean. In the study area this embayment was 
located between the Tisza and Dacia continental units (Csontos and 
Vörös, 2004; Săndulescu and Visarion, 1977; Schmid et al., 2008). 
The Dacia unit consists of a thick-skinned nappe stack emplaced in 
Cretaceous times during the closure of the Ceahlău-Severin Ocean 
(e.g., Iancu et al., 2005; Săndulescu, 1988). In the East and South 
Carpathians, this unit exposes Neoproterozoic to Early Paleozoic 
medium to high-grade metamorphics locally overlain by Paleozoic 
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Fig. 4-3 Interpreted seismic lines illustrating the kinematics of salt in the Transylvanian 

Basin. Note that the resolution of seismic lines prevents the interpretation and 

correlation of stratigraphic sequences with reduced thicknesses, such as the Lower 

Badenian or locally Oligocene. Ec - Eocene; Bd - Burdigalian; Σ - Middle Badenian 

salt; Bn3 - Upper Badenian; Sm1 - Lower Sarmatian (i.e. Lower Volhinian); Sm2 - 

Upper Sarmatian (i.e. Upper Volhinian - Bessarabian); Pn - Pannonian. Location of 

seismic lines is displayed in Fig. 4-1. a) Interpreted seismic line crossing the large-

scale salt diapir located in the NE part of the basin, in the vicinity of the overlying 

volcanic sequence; b) Interpreted seismic line in the SW part of the basin crossing the 

Ruși-Cenade fault system. Note the coupled thrust-salt décollements that transfer 

rapidly offsets along their strike; c) Interpreted seismic line in the northern part of the 

basin where the apparently less deformed salt layer overlies the tilted Lower Miocene 

foredeep wedge of the Piennides; d) Interpreted seismic line in the central - western 

part of the basin, where apparently symmetric salt pillows are in fact associated with 

thrust offsets that demonstrate top-W direction of transport.
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successions affected by a lower degree of metamorphism (Balintoni 
et al., 2009; Balintoni et al., 2010; Iancu et al., 2005) and an Upper 
Carboniferous – Lower Cretaceous sedimentary cover (e.g., Berza et 
al., 1983; Iancu et al., 2005; Kräutner and Bindea, 2002). Westwards, 
the Tisza block drifted away from European units during Middle 
Jurassic times to a paleogeographic position of Adriatic affinity 
and was sutured back to Europe during Late Jurassic - late Early 
Cretaceous moments of convergence (e.g., Csontos and Vörös, 2004; 
Haas and Péró, 2004; Kounov and Schmid, 2013; Schmid et al., 2008; 
Vörös, 1977). This shortening was associated with the emplacement 
in a higher structural position over Dacia of a large sheet of Jurassic 
ophiolites, island-arc volcanics and their sedimentary cover. These 
rocks are widely observed in the southern Apuseni Mountains, the 
basement of the Transylvanian Basin and as klippen overlying the 
Dacia nappes of the East Carpathians (Fig. 4-1 and 4-2, Hoeck et 
al., 2009; Ionescu et al., 2009; Nicolae and Saccani, 2003; Robertson 
et al., 2009; Săndulescu and Visarion, 1977; Schmid et al., 2008 and 
references therein). The shortening continued during Turonian times 
at the western margin of Dacia and formed at present the NW-facing 
nappe stack of the northern Apuseni Mountains (e.g., Balintoni, 
1996; Haas and Péró, 2004; Kounov and Schmid, 2013). This was 
partly coeval or followed by large-scale Late Cretaceous extension 
observed in the Transylvanian Basin (Fig. 4-2b, e.g., Krézsek and 
Bally, 2006). The dome-shaped geometry of the Apuseni Mountains 
and numerous thrusts observed in the Transylvanian Basin were 
formed during the latest Cretaceous - Paleocene and Late Eocene - 
Oligocene phases of compressional deformation (e.g., De Broucker 
et al., 1998; Merten et al., 2011; Schmid et al., 2008), post-dated by 
Paleogene - Early Miocene significant exhumation and widespread 
erosion in most areas of the basin (e.g., Paraschiv, 1997; Tiliță et 
al., 2013). The Oligocene - Early Miocene thrusting of the ALCAPA 
over Tisza-Dacia continental units resulted in the formation of a 
coeval foredeep in the northern part of the Transylvanian Basin, 
which was tilted by the subsequent Miocene vertical movements 
(northern parts of Figs. 4-2a and 4-3c, Csontos and Nagymarosy, 
1998; Tischler et al., 2007; 2008).
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4.2.1.
The Miocene to Quaternary evolution of the 
Transylvanian Basin
 A large gulf of oceanic to thinned continental crust existed at 
around 20Ma in the European domain and in the foreland of the 
Carpathians subduction zone (the Carpathians embayment, e.g., 
Ustaszewski et al., 2008). Its subsequent subduction and collision 

Fig. 4-4 Simplified tectono-litho-stratigraphic column of the Transylvanian Basin 

(compiled from Ciulavu et al., 2000; Ciupagea et al., 1970; De Broucker et al., 1998; 

Krézsek and Filipescu, 2005). The right part of the column is the an interpreted shale 

volume (Vshale) curve and porosity curve for a representative well located in the 

centre of the basin, which drilled the entire Middle-Upper Miocene sequence. Note 

that the vertical scale of the two columns is different, i.e. stratigraphic thickness 

versus well measured depth. *) after Seghedi and Szakács, (1991). **) after de Leeuw 

et al. (2013). DT - Dej tuff, B/I/TT – Borşa - Apahida, Iclod, Turda tuffs, HT – Hădăreni 

tuff, GT – Ghiriş tuff.
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resulted in the 160-200km of shortening recorded by the thin-
skinned nappes of the East Carpathians (e.g., Morley, 1996; Roure 
et al., 1993) and genetically related transcurrent to contractional 
deformation observed the South Carpathians and their foreland 
(Krézsek et al., 2013; Răbăgia et al., 2011). This was followed during 
the Pliocene-Quaternary by out-of-sequence thrusting related to 
the late evolution of the presently observed Vrancea slab in the 
SE Carpathians corner (Cloetingh et al., 2005; Leever et al., 2006; 
Mațenco et al., 2007; van der Hoeven et al., 2005). This Miocene - 
Quaternary shortening has resulted in a number of Middle Miocene 
uplift events affecting the East and South Carpathian margins of 
the Transylvanian Basin that cumulatively reach 5-6km (Mațenco 
et al., 2010; Merten et al., 2010). In the back-arc domain, the slab 
rollback is responsible for the Miocene extensional opening of 
the Pannonian Basin (e.g., Horváth et al., 2006). This extension 
decreases eastwards and has negligible effect in the eastern part of 
the Apuseni Mountains and Transylvanian Basin (e.g., Krézsek et 
al., 2010; Tiliță et al., 2013). The subduction and genetically related 
extensional back-arc evolution also caused the widespread Miocene 
- Quaternary volcanism of the intra-Carpathian area (Mason et al., 
1998; Pecskay et al., 1995; Seghedi et al., 2004; Szabo et al., 1992), 
large volumes of volcanics and volcanoclastics being emplaced in 
particular along the eastern margin of the Transylvanian Basin (Fig. 
4-1). The overall uplift of the SE European mountain chains separated 
the large Paratethys endemic domain from the main Tethyan realm 
starting with the Oligocene period (Senes, 1973; Steininger et al., 
1988). Coevally, the Carpathian exhumation separated the Central 
Paratethys area of the Pannonian and Transylvanian basins starting 
with Late Miocene times, creating an endemic domain characterized 
by a separate biostratigraphy (Fig. 4-4, Magyar et al., 1999; Rögl, 
1999). 
 In the Transylvanian Basin, a regional marine transgression took 
place during early Middle Miocene times (Early Badenian), which led 
to the deposition of 100-200m thick sediments in mixed carbonate-
siliciclastic platforms near the basin margins and siliciclastic 
environments in deeper areas (e.g., Filipescu and Gîrbacea, 1997). 
These deposits are likely the result of syn-kinematic sedimentation 
associated with small-offset normal faults (Krézsek et al., 2010). The 
onset of regional volcanism led to the deposition of the ~ 50m thick 
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Dej Tuff complex (Fig. 4-4, 14.37 - 14.38Ma, de Leeuw et al., 2013; 
Seghedi and Szakács, 1991). The Badenian salinity crisis recorded 
at the scale of the entire Carpathians was probably associated with 
a regional sea-level fall (de Leeuw et al., 2010; Peryt, 2006) and 
resulted in widespread salt deposition in the central and eastern 
parts of the Transylvanian Basin in either a lagoonal (Paucă, 1968) 
or more likely a deeper water environment (Krézsek and Bally, 
2006). Westwards in the basin, gypsum was deposited in a sabkha-
type environment (Ghergari et al., 1991).
 The large scale Miocene subsidence is recorded in the 
Transylvanian Basin starting with Late Badenian times and is 
reflected by a transgressive phase followed by a high-stand 
system tract (Krézsek and Filipescu, 2005; Mațenco et al., 2010). 
Depositional environments were mostly deep marine (marls and 
black shales), with local shallow water shelf and slope sediments 
that were occasionally deposited above the transgressive boundary. 
The final Badenian sedimentation is marked by a volcanoclastic 
sequence, the Borşa - Apahida - Iclod - Turda tuffs that are 
exposed in central-western areas (Fig. 4-4). During Sarmatian 
times, sedimentary environments shifted from marine to brackish 
and lacustrine, the sediment supply varying from starvation to 
well fed, being influenced by a significant number of relative sea-
level variations (Krézsek and Filipescu, 2005). These sediments 
are made up of fine to coarse-grained clastics, evaporites and 
numerous levels of interbedded volcanoclastics. Lower Sarmatian 
sediments were deposited during a period of low-stand that created 
coarse-grained deposition. This has induced local erosion in the S 
and SE marginal parts of the basin. The Sarmatian sedimentary 
environments display slope to deep marine characteristics that are 
composed of submarine fans and more distal pelagic deposition, 
condensed layers, incised valleys, deltas and fan deltas (Krézsek 
and Filipescu, 2005). In the Middle Sarmatian, the Ghiriş/Hădăreni 
tuff (Fig. 4-4, Mârza and Meszaros, 1991) is a useful marker for 
seismic interpretation and was dated as 12.37-12.38 (de Leeuw et 
al., 2013). A regional transgressive event is recorded during at the 
beginning of Pannonian times (Filipescu and Gîrbacea, 1997; Sztanó 
et al., 2005), possibly in response to the endemic closure of the 
Central Paratethys (ter Borgh et al., 2013). The Transylvanian Basin 
gradually became a lacustrine environment, where frequent base-
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level variations created a mix of environments with interbedded 
lacustrine fans, low-stand deltas and sandy deltas as coarse-
grained sediments accumulated in proximal areas. The distal parts 
received mainly pelagic sediments with frequent influxes of low-
energy turbidites (Krézsek et al., 2010; Sztanó et al., 2005). High-
energy proximal facies dominated the deposition in the east, while 
turbidictic-pelagic facies occur mostly in the centre and westwards. 
The basin was uplifted close to present day elevations of 250-600m 
towards the end of the Pannonian, the erosion resulting in the 
deposition of continental alluvial and locally reduced lacustrine 
sediments (Matenco et al., 2010). The thick sediment loading 
coupled with nearby orogenic uplift, deposition of large volumes 
of overlying volcanics and intraplate compression presumably 
triggered widespread salt diapirism in the Transylvanian Basin 
(Krézsek and Bally, 2006; Szakács and Krézsek, 2006; Tiliță et al., 
2013). However, much less is known on the kinematic evolution 
of this diapirism, or on a quantitative assessment of its driving 
mechanisms.

4.2.2.
Salt kinematics in the Transylvanian Basin
 The geometry of the salt structures in the Transylvanian Basin 
has been described with various degrees of details by a large 
number of studies (e.g., Krézsek and Bally, 2006; Mrazec, 1932; 
Tiliță et al., 2013 and references therein). For the purpose of this 
study we will describe only the main features relevant for the 
numerical modelling of salt re-distribution. The main characteristic 
of deformation observed in the Transylvanian Basin is the large 
number of widely distributed salt structures (Fig. 4-2 and 4-3). 
Two main salt lineaments are observed, one along the eastern basin 
margin and one in the central-western part of the basin (Figs. 4-1 and 
4-5). The salt migration created salt domes that locally are very close 
or reached the surface, salt pillows associated with open folding 
in the overlying sequence, décollement related thrusts in the salt 
and gravitational collapse structures due to lateral salt migration 
(Fig. 4-1 and 4-3, see also Tiliță et al., 2013). The migration of salt 
was associated with the formation of rim synclines with onlapping 
geometries, changes in strata thickness and erosion of sediments 
uplifted by diapiric movements (Fig. 4-3). These syn-kinematic 
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sediments suggest a continuous salt migration since the Late 
Badenian, with two peak phases during Late Sarmatian and Late 
Pannonian times (Figs. 4-3a, b and d). After basin exhumation at the 
end of the Miocene, the salt continued to migrate, as demonstrated 
by truncation of Upper Pannonian strata (Fig. 4-3a). 
 In more details, the centre of the basin displays symmetrical 
diapiric structures organized in low-amplitude pillows, the salt 
thicknesses being in the order of tens to hundreds of metres (Fig. 
4-2). Near the NE border of the basin a massive, up to 2.5km 
thick salt dome is observed tilting the overlying sediments, partly 
piercing them and locally reaching the surface (Fig. 4-1b and 
4-3a). The internal geometry of the uplifted area and its flanking 
sediments suggests that salt has migrated from two directions into 
the diapir (Fig. 4-3a). The movement from the NE margin into the 
diapir is demonstrated by syn-kinematic deposition and numerous 
shallow décollement related thrusts with WSW-ward vergence that 
often transfer offset along their strike. This geometry and timing of 
deformation is in agreement with the idea that the volcanic sequence 
had been emplaced over the entire sedimentary sequence at the end 
of Miocene times (Fig. 4-1b). This emplacement induced sagging, 
the W-wards movement of the salt away from the volcanic loading 
being facilitated by the genetically associated high geothermal 
gradient (Szakács and Krézsek, 2006). Along the western flank of 
the diapir, the geometry of syn-kinematic deposition, combined 
with sagging structures such as turtle anticlines, demonstrate an 
opposite ENE-ward sense of movement of the salt into the diapir 
(Fig. 4-3a). Therefore, the geometry of this particularly large 
structure, when compared with others at the scale of the basin, 
suggests at least a two-way migration of salt into the diapir. 
 A number of shallow thrusts associated with salt diapirs grouped 
under the generic name of the Ruși-Cenade Fault are observed near 
the SW margin of the basin (Fig. 4-1b, Ciulavu et al., 2000). This 
zone of deformation is made up by a laterally changing number of 
near surface, W to SSW vergent salt-décollements, which transfer 
their offsets along the strike (Fig. 4-3b). In fact, the strike of this 
fault system follows the curved geometry of the South Carpathians - 
Apuseni Mountains basin border (Fig. 4-1). This geometry combined 
with the observed configuration of the syn-kinematic sediments 
indicates that salt has migrated from the centre of the basin towards 
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its western and southern margin during late Sarmatian - Pannonian 
times (Fig. 4-3b). North of the only significant basin thrust that 
crosscuts the salt layer (the Appulum Fault, Fig. 4-2b), the central-
western margin of the basin is made up by a number of apparently 
symmetrical salt pillow structures (Fig. 4-5e). In detail, these pillows 
are associated with shallow décollements that show a dominant 
W-ward vergence, associated with the same type of second-order 
opposite vergent structures along local pop-ups (Fig. 4-3d). This 
geometry combined with Late Badenian - Pannonian syn-kinematic 
sedimentation suggests a gradual W-wards salt migration at lower 
rates than the ones observed S-wards. 
 The basement of the basin gradually deepens S-wards (Fig. 4-3c), 
as an effect of the subsidence-related tilting of the earlier deposited 
Upper Oligocene - Lower Miocene Piennides foredeep. Small-scale 
pillows and collapse structures associated with Late Badenian - 
Late Sarmatian syn-kinematic sediments suggest reduced N-ward 
salt migration. 
 These characteristics suggest an overall migration of salt, at 
different rates, towards the basin margins during the Late Badenian 
- post-Pannonian times, with the notable exception of the NE 
located salt wall, where a short range opposite migration towards 
the centre of the basin was probably driven by volcanic sagging.

4.3.
Backward and forward subsidence modelling 
of salt kinematics

 Subsidence analysis techniques applied to basins affected by 
significant salt diapirism are commonly performed as 2D restorations 
of depth converted seismic sections (e.g. Rowan, 1993; Rowan and 
Ratliff, 2012; Schäfer et al., 1998; Stewart et al., 1996; Zirngast, 
1996). Such techniques take into account decompaction of unloaded 
sediments, restoration of fault displacements, or isostatic rebound 
(e.g. Buchanan et al., 1996; Schäfer et al., 1998). Other techniques 
combine backstripping with salt restoration assuming different 
rheologies for the salt and its overburden layers (Ismail-Zadeh et 
al., 2001). Movements perpendicular to the plane of cross section 
that cannot be quantified affect significantly 2D restorations of salt 
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movements. Existing 3D restorations of salt movements assume 
a balance between down-building and salt withdrawal, relating 
the thickness of peripheral sinks to the amount of salt withdrawn 
from the corresponding area (Zirngast, 1996). Alternatively, these 
studies assume a balance between the amounts of salt migration 
and sediments deposited when the effects of isostatic loading, 
sedimentary compaction and erosion are removed (Schäfer et al., 
1998; Whitefield et al., 1999; Yin and Groshong, 1999). In our study, 
we apply a more straightforward technique in which the motion of 
salt is restored for each backstripping step (Scheck et al., 2003). This 
method allows redistributing the salt in 3D in response to the actual 
overburden load, while conserving the volume. 

4.3.1.
Modelling principles
 We apply a salt forward and backward subsidence restoration 
technique described in Scheck and Bayer (1999) and Scheck et al. 
(2003). This model assumes that salt behaves as a viscous fluid, 
which is consistent with tectonic and kinematic observations (e.g. 
Davison et al., 1995; Schultz-Ela et al., 1993; Vendeville and Jackson, 
1992), analogue (e.g. Koyi et al., 1993; Nalpas and Brun, 1993; 
Vendeville et al., 1995) and numerical modelling (Podlachikov et 
al., 1993; Poliakov et al., 1993; van Keken et al., 1993). Furthermore, 
the response of the salt to changes in overburden load is considered 
as resulting in a hydrostatic equilibrium between the salt and the 
overburden. This means that the salt top surface deformation is 
changing dependent on the load exerted by the overburden. 
 The assumption of hydrostatic equilibrium in the salt and the 
fluid-like behaviour of the salt are also in agreement with the 
observation that salt provides an efficient rheological decoupling 
layer in the Transylvanian Basin. The structural style in the 
underlying basement is significantly different than in the overlying 
cover. Very few faults crosscut the salt layer, the deformation of 
the Miocene cover being almost entirely restricted to shallow 
décollement and folds rooted in the salt itself (Tiliță et al., 2013). 
 The volume of salt in the subsurface of the basin is considered 
constant with time, as the salt is assumed to be an incompressible 
fluid that was not affected by significant surface erosion or solution 
processes. This is in agreement with observations that salt crops out 
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in the Transylvanian Basin with small areal extent, indicating that 
erosion was minor when compared with the actual bulk volume 
of the salt. The model also assumes that the base of the salt (and 
its “basement”) is the reference surface where the pressure is 
equilibrated. In other words this means that the cumulative loads 
of overburden sediment and the salt are equal at the salt basement 
surface for the same depth.
 The input for the model is the 3D structural and litho-
stratigraphical geometry of the Transylvanian Basin. This geometry 
has been constructed by interpreting of a large number of industrial 
seismic lines calibrated with wells (see Tiliță et al., 2013). The 
structural model resolves the 3D present-day geometry of 5 different 
layers in the salt overburden, including the present-day geometry 
of the Pannonian sequence, the Upper and Lower Sarmatian, the 
Upper Badenian and the Middle Badenian salt layer (Fig. 4-5). The 
geometry of the various layers has been corrected for intersections 
in order to build a spatially consistent 3D structural model with 
a spatial resolution of the composing 2D thickness grids of 2km 
by using the Geological Modelling System (GMS, developed by 
GeoForschungsZentrum Potsdam). The loss of stratigraphy by salt 
piercing through the overburden was estimated by gradually adding 
or subtracting stratigraphy over the pierced area to the level of the 
present day topography. The thicknesses of the stratigraphic layers 
are extrapolated from neighbouring areas that are not affected by 
salt movement in the centre of the diapir or in the peripheral sinks 
(for a similar procedure see also Scheck et al., 2003).
 The model assumes that every layer is characterized by uniform 
lithologies and therefore constant physical properties have been 
assigned to each layer. These include load-porosity-dependent 
densities and associated compaction factors, derived from wireline 
logging data from several wells (Fig. 4-4). In general, the siliciclastic 
sediments of the Transylvanian Basin have average porosities 
ranging from 20-25% near surface to 10-20% at greater depths (Fig. 
4-4). Therefore, the compaction in the basin is significant and has 
been included in the calculations of tectonic subsidence. 
 Detailed geometry of every constitutive layer, along with their 
average lithology enabled the calculation of the 3D sedimentary 
load using a finite element method (Scheck et al. 2003). Based on 
this 3D load distribution a crustal model was calculated assuming 
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Airy isostasy. The isostatic calculation takes into account the 
overall geometry and composition of the pre-Neogene strata and 
the underlying crustal thickness derived from available deep 
geophysical studies (Diehl et al., 2005; Rădulescu, 1988). This initial 

Fig. 4-5 Vertical thickness maps of the stratigraphic horizons in the Transylvanian 

Basin that were used as input for the 3D subsidence and salt re-distribution 

modelling in the 3D crustal model. The original maps published by Tiliță et al. (2013) 

were corrected for intersections in order to build spatially consistent voxels with 

a horizontal resolution of 2km by using the Geological Modelling System (GMS, 

Scheck et al., 2003). In few situations, the various units pinch-out laterally and 

their continuation was interpreted according to their geological meaning (such as 

unconformities, non-deposition or lateral termination of sedimentation). The overall 

effect of these local unconformities in the volume balance of sediments in the basin 

is rather minor. a) Thickness map of the Pannonian strata; b) Thickness map of the 

Upper Sarmatian strata; c) Thickness map of the Lower Sarmatian strata; d) Thickness 

map of the Upper Badenian strata; e) Thickness map of the Middle Badenian salt 

sequence. In order to account for the effects of the Pliocene - Quaternary erosion, the 

3D geometrical model has been truncated to the same horizontal reference level, i.e. 

assuming complete basin fill at the end of Pannonian times.
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model of the present-day structural and density configuration 
provided the starting point for the backstripping and salt restoration 
procedure. Accordingly, a further assumption is that the density 
distribution in the crust is at any given time in isostatic equilibrium 
with a given Moho position (e.g., Maystrenko et al., 2013; Scheck 
and Bayer, 1999; Scheck et al, 2003). 

4.3.2.
Modelling technique
 Two models were constructed and tested. Both techniques 
(backward and forward) handle the sedimentary load including 
compaction/decompaction, salt re-distribution to equilibrate 
overburden and isostatic compensation at each step. The backward 
model reconstructs the subsidence in 3D, obtained by successive 
steps of backstripping by calculating at each step the individual 
salt-redistribution driven by the change in overburden due to 
gradual removal of layers. The calculation continued until the 
base of the salt reached a hydrostatic equilibrium. In other words, 
the salt was allowed to flow to reach this equilibrium. Therefore, 
the redistribution affected the salt and its overlying sedimentary 
layers, whereas the basement below remained unchanged. More 
specifically, at each step the modelling required the removal of 
a cover layer, redistribution of the salt until load above salt is 
equilibrated, decompaction of remaining layers, followed ultimately 
by calculating the isostatic response of the mantle to total reduction 
in crustal load after stripping of the layer and salt redistribution. 
The latter means that the hydrostatically balanced geometry of 
the salt and overburden is in local isostatic compensation with the 
entire model. This procedure of backstripping, salt redistribution 
and isostatic compensation has been applied to five successive 
steps backwards in time from the end of the Pannonian times to 
the end of salt deposition at the end of the Middle Badenian. For 
further details on the backward approach we refer to Scheck et al. 
(2003). 
 The forward modelling starts with a restored initial salt geometry 
in isostatic equilibrium that is successively loaded by the corrected 
thickness of overlying layers in the same 5 successive steps until the 
end of Pannonian times. In more detail, the procedure involved a 
sequence of removal of all layers including the salt, decompaction 
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and isostatic balance of the crustal response to obtain a pre-salt 
paleo-topography. This surface was loaded with the salt layer that 
was re-distributed by the renewed isostatic compensation. This was 
followed by deposition of first overburden layer, redistribution of 
the salt in response to the new load conditions above the salt and 
renewed isostatic compensation. This procedure was repeated for 
the deposition of each successive salt cover layer (see also Ismail-
Zadeh et al., 2004; Maystrenko et al., 2006; van Wees and Beekman, 
2000 for further details).
 What is the difference between the two types of models and 
why do we need them both? The backward modelling reconstructs 
directly the basin evolution by removing the salt redistribution 
and the effects of the overburden. The resulting evolution was 
influenced by all external and internal factors acting in the basin, 
including overburden and erosional removal, tectonic vertical 
movements and intraplate stresses. The forward modelling 
reconstructs a possible basin evolution, as it would have been 
driven only by salt re-distribution beneath the overburden, 
including the tectonic subsidence. The differences between the 
evolutionary stages obtained in the two numerical approaches are 
the expression of intraplate stresses and the misfit generated by the 
(lack of) precision of our assumptions. All other parameters being 
presumably well controlled at the resolution of our model, the 
largest error is driven by erosion estimates. The amount of material 
eroded by the local unconformities observed near the basin margins 
during the moments of Carpathians exhumation is rather negligible 
at the scale of the basin, such as the removal of the Lower Sarmatian 
near the SE margin of the basin (south of km 220 in Fig. 4-2a). More 
significant is the erosion post-dating the basin uplift at the end of 
Miocene time. Our assumption that the sedimentation extended to 
the maximum present-day elevation of the basin of ~600m has a 
larger error bar and is significant in calculations. We note therefore 
that the first stage of the backward modelling procedure and the 
last stage of the forward modelling include both the deposition of 
the Pannonian strata and the subsequent erosion. The possible error 
of our erosional assumption is, therefore, included in the difference 
between the results of the backward and forward modelling.
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4.4.
Subsidence and salt re-distribution modelling 
results

 The analysis of Miocene tectonic subsidence coupled with 
the Middle Miocene salt migration suggests that the evolution of 
salt was more dynamic than just a simple migration towards the 
basin margins. The results of the backward modelling of salt re-
distribution and subsidence show the salt had the highest thickness 
in the centre of the basin and migrated from the centre towards the 
margins of the basin (compare Fig.4- 6d with Figs. 4-6 c, b and a).

4.4.1.
Backward modelling of salt kinematics and tectonic 
subsidence
 The restored geometry of the salt layer at the end of its deposition 
indicate an average depositional thickness in order of 500m, but 
with a variable geometry organized in a central depocentre and a 
local one located in the SE (Fig. 4-6d), where the reconstructed salt 
thickness reached more than 1km.
 At the end of the Badenian times (Fig. 4-6c) the salt in the central 
area had already migrated in two local areas, central-western and 
central-eastern, the latter cumulating by E-ward migration the 
earlier SE-ward located depocentre. The model suggests that an 
increased salt concentration near the NE basin border was already 
present at the end of Badenian times by migration from the basin 
centre, in agreement with inferences from syn-kinematic sediments 
observed along the western flank of the salt wall (Fig. 4-3a).
Elsewhere, a smaller-scale migration of salt towards the basin 
margin is observed N- and S-wards and, surprisingly, from the SE 
margin of the basin towards its centre (Fig. 4-6c). Indeed, the latter 
migration of salt is constrained by the observed presence of syn-
kinematic Upper Badenian sediments, but its direction of migration 
is not obvious in the interpretation of seismic lines (Tiliță et al., 
2013). These patterns are the result of the asymmetric deposition 
of Badenian sediments that are thick in the SE areas and decrease 
towards the basin centre (right part of the cross-section in Fig. 4-2b).
 These migration patterns continued during Early Sarmatian 
times. Towards the end of this period (Fig. 4-6b), the two main areas 
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of maximum thicknesses are still preserved in the centre-east and 
centre-west, although a larger quantity of salt from these domains 
has migrated elsewhere. Near the NE margin of the basin a rather 
continuous layer of salt is observed that gradually started to be 
connected with local accumulations more to the SE. On the western 
part of the basin, small diapirs started to form, their peak moments 
of evolution being deduced also from the syn-kinematic deposition 
observed on their flanks (Fig. 4-3d).
 Late Sarmatian is a period of major re-organization of salt in 
the basin (Fig. 4-6a), its migration creating geometries similar to 
its present-day distribution (Fig. 4-5e). The asymmetric deposition 
of Upper Sarmatian strata induced lateral migration of salt from 
domains affected by the load of these depocentres towards the 
basin margins (Fig. 4-6a). This response of the salt to the larger 
thickness of Upper Sarmatian deposits in the basin centre (Fig. 4-5b) 
caused a significant change of the salt configuration compared to 
the previous Lower Sarmatian salt distribution. The salt thickness 
maximum reconstructed for Late Sarmatian times in the centre of 
the basin is still preserved in a relatively larger area. Near the basin 
margins, the migration of the salt is observed by the initiation of salt 
accumulation in the Ruși - Cenade system. The model also suggests 
that significant amounts of salt had already moved into the large 
salt dome located in the NE (Fig. 4-6a).
 A comparison of the modelled geometry of the salt layer at the 
end of Sarmatian times with its present-day architecture (compare 
Fig. 4-6a with 4-5e) implies that most of the shallow thrust rooted in 
the salt layer post-date the Sarmatian. Although this is not modelled 
in our approach, the amplitude and geometry of diapirs suggest at 
least that most of these faults offsets are Pannonian or younger.
 After the Sarmatian, the deposition of thick Pannonian strata in 
the centre of the basin (Fig. 4-5a) has caused large-scale salt migration 
leading to a decrease of the former maximum accumulation of 
the in the centre of the basin by migration and enhancing the 
diapiric growth towards its margins where the associated shallow 
décollements increased their offsets. The migration should have 
decreased once the basin was exhumed and sediments removed by 
erosion starting with the end of Miocene times.
 The modelled tectonic subsidence suggests significant 
differences across the basin during the Middle-Late Miocene (Fig. 
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4-6e to i). Large amounts of tectonic subsidence took place already 
during the Middle Badenian salt deposition in the central basin 
depocentre, slightly expanding towards the SE (Fig. 4-6i). This 
onset of rapid subsidence already during salt deposition has not 
been detected by previous tectonic reconstructions, but is rather 
logical for the accumulation of more than 1km of salt in the centre 
of the basin (Fig. 4-6d). 
 The model further suggests that significant amounts of tectonic 
subsidence occurred near the East and SE Carpathians margin 
during Late Badenian times (Fig. 4-6h), which is in agreement with 
the asymmetric sedimentation in respect to the present geometry 
of the basin and thick coeval sedimentation in these parts of the 
basin (Fig. 4-5d). Note that at higher resolution the large amounts of 
subsidence inferred in the area of the NE salt wall (Fig. 4-6h) may be 
an artefact of under-estimating the eroded Upper Badenian strata, 
as the subsidence was possibly more distributed in this region. 
 Interestingly, the model predicts large amounts of Late Badenian 
tectonic subsidence in a depocentre located in the western parts 
of the basin, where the coeval sedimentation is rather reduced. 
This is the result of salt migration during Late Badenian times 
in the same area (Fig. 4-6c). In other words, salt may have filled 
by migration the space created by tectonic subsidence, while the 
overall sedimentation was reduced (compare Fig. 4-6h with 4-6c and 
4-5d). In contrast, this migration is also responsible for the reduced 
amounts of tectonic subsidence recorded the central parts of the 
basin. Here, the model suggests that the accommodation space 
for the thick Late Badenian sediments was created by the lateral 
migration of salt outwards, no significant tectonic subsidence being 
required. 
 Compared with earlier recorded rates during Early Sarmatian 
the tectonic subsidence seems to decrease in general. The exceptions 
are located in two areas near the eastern and SE basin margins, 
which still preserve strong subsidence rates (Fig. 4-6g). 
 During the Late Sarmatian, the model indicates on-going 
increased tectonic subsidence in the entire basin, with some peaks 
concentrated mostly near the NE margin of the basin (Fig. 4-6f). 
Hence, resemblances with the salt diapir geometries in the latter 
area and in some of the SW parts of the basin may again be due 
to errors in estimating the eroded Upper Badenian strata, as 
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the subsidence had a possible regional distribution. In contrast 
with the Late Sarmatian, the Pannonian shows reduced tectonic 
subsidence (Fig. 4-6e), the higher values being scattered in small 
patches distributed everywhere in the basin. Though some of 
short-wavelength variations may indicate late salt movements and 
associated mini-basin formation, this distribution rather mimics 
the rough topography of the Transylvanian Basin and is likely 
derived from errors in estimating erosion. An exception is possibly 
provided by the NE margin of the basin, where scattered patches 
of subsidence may isolate a regional pattern of increased tectonic 
subsidence. Therefore, modelling suggests a major change taking 
place in the basin from Sarmatian to Pannonian times, changing 
from enhanced tectonic subsidence to sediments filling a space 
already created in the basin.

4.4.2.
Forward modelling of salt kinematics and tectonic 
subsidence
 The forward modelling of salt-redistribution and tectonic 
subsidence during the Middle-Late Miocene suggests a similar 
evolution, although the final stage of the model is significantly 
different from the real present-day geometries. The forward model 
starts with the salt layer after its deposition, having the greatest 
thickness in the centre of the basin (Fig. 4-7a). However, no local 
salt depocentre is predicted by the forward modelling in the SE part 
of the basin. Similar to the backward model, the forward modelling 
suggests that salt migrates rapidly during Late Badenian times 
towards one major thickness maximum located in the centre-west 
and another one NE-wards, although at higher rates and with less 
amount of salt remaining in the previous basin centre (Fig. 4-7b). 
A similar pattern of salt geometry is also predicted for the Lower 
Sarmatian, although the migration into local salt structures can 
already be observed (Fig. 4-7c). 
 Starting with the Upper Sarmatian, the forward modelling 
suggests different results when compared with the backward 
modelling and with the present-day geometries (compare Figs. 4-7c 
and d, with Figs. 4-6a, 4-6b and Fig. 4-5e, respectively). Although 
the first order patterns in the organization of diapirs and lateral 
variations in salt thickness are similar, the forward model suggests 
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that salt should have migrated in large quantities W-wards and SW-
wards, whereas only limited NE-ward migration and almost no SE-
ward migration is predicted (Figs. 4-7d, e). In other words, given 
the model assumptions, the prediction is that most of the salt would 
migrate W-, SW and NW-wards, outside of the influence of the thick 
sedimentary overburden observed elsewhere.
 The results of tectonic subsidence during Middle Badenian 
- Early Sarmatian in the forward model are fairly similar with 
the backward one, although at slightly different absolute values. 
The same onset of Middle Badenian tectonic subsidence, with 
maximum values roughly located in the present day basin centre 
is required to accommodate the deposition of salt in the basin 
(Fig. 4-7f). Similarly with the backward scenario, the forward 
model predicts that the main Late Badenian tectonic subsidence 
is focused in particular near the SE basin and NE basin margins, 
but the patterns of subsidence are more regionally distributed (Fig. 
4-7g). In the western part of the basin, the forward model indicates 
unexpected large amounts of Late Badenian tectonic subsidence, 
accommodated by lateral migration of salt, demonstrating that 
this regional pattern observed earlier by the backward modelling 
is real and not an artefact of estimating erosion along the diapiric 
lineament located in this position. During the Early Sarmatian (Fig. 
4-7h) the subsidence maintains the same values across the basin, the 
NE and SE areas showing even higher values. Comparing with the 
backward scenario, the forward model achieves higher values of 
subsidence also in the centre of the basin.
 Similar with the salt re-distribution geometries, the forward 
model predicts a different tectonic subsidence patterns during Late 
Sarmatian - Pannonian times when compared with the backward 
scenario (compare Figs. 4-7i, j with Figs. 4-6f, e, respectively). The 
forward model shows an initial increase of tectonic subsidence 
during Late Sarmatian times, with a depocentre located in the NE 
central part of the basin (Fig. 4-7i), followed by a more uniform 
evolution during Pannonian times (Fig. 4-7j). The latter confirms 
also the amplification of tectonic subsidence near the NE salt 
wall that is strongly overprinted by local diffused patterns in the 
backward scenario (compare Figs. 4-7j with 4-6e). The smoother 
regional tectonic subsidence observed in the forward modelling 
(Figs. 4-7i, j) suggests again that these local patterns, as well as 
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most of the small-scale local features surrounding the diapirs in the 
backward modelling (Figs. 4-6e, f) are in fact artefacts created by 
erosion under-estimates around these structures.

4.5.
Deriving the interplay between salt  
re-distribution and tectonic subsidence

 The interplay between salt re-distribution and tectonic subsidence 
in these modelling approaches has revealed that is possible that in 
certain areas the tectonic subsidence may be cancelled by lateral 
migration of salt into the newly created space. Additionally, the 
lateral migration of salt may create significant accommodation space 
for sediments, even though the tectonic subsidence is non-existent 
or reduced. The latter feature is rather known in salt kinematic 
studies and can be detected usually by peripheral synclines and 
inverted structures, such as turtle-structure anticlines (e.g., Jackson 
et al., 1994). However, these structures become difficult to detect 
when such a migration takes place at regional scale.
 One good approach to understand the coupled salt kinematics 
and subsidence evolution is to combine the modelling results 
with seismo-stratigraphic interpretations (Fig. 4-8). The first order 
pattern of this comparison is that salt obviously migrated ultimately 
into present-day diapirs observed in the seismic interpretation. 
However, the way salt migrated in these diapirs may be observed 
or not by smaller scale details. The models suggest that the salt had 
considerable, up to 1km thickness in the centre of the basin and 
migrated gradually towards its margins (centre of Fig. 4-8c). This 
initially occurred at low rates, which accelerated during Pannonian 
times, salt thickness decreasing to ~100m observed presently 
in the central-southern part of the basin (Fig. 4-8d). This major 
migration pattern is very difficult to detect simply looking at cross-
sections (Fig. 4-8d) or the overburden at the basin scale, even by 
using detailed seismic sequence stratigraphy. However, it can be 
detected within the syn-kinematic deposition in the rim syncline 
neighbouring individual diapiric structures (Fig. 4-8d).
 The modelling suggests that diapirs located at the basin margins 
were growing gradually in thickness close to their present geometry 
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(e.g., Fig 4-8a, b, km 10-20). Moreover, the modelling indicates 
that salt migrated into the large-scale diapir located near the NE 
basin margin from both its flanks (Fig. 4-8a, near km 80). During 
the Late Badenian the sense of migration was from the basin centre 
towards the salt-wall at fairly low rates. This NE-wards migration 
continued during Late Badenian - Sarmatian times, but the reversed 
movement from the NE margin into the salt wall took place during 
the Late Sarmatian - Pannonian with increased rates. The latter 
process is most likely an effect of the earlier described volcanic 
sagging (Szakács and Krézsek, 2006). The timing of this kinematic 
evolution of the salt-wall is observed by the seismo-stratigraphic 
interpretation through syn-kinematic deposition over both diapiric 
flanks, but the direction of migration is not recognizably obvious 
(Fig. 4-8b). 
 The modelling suggests that the thick layer of salt was re-
distributed laterally from the centre of the northern section 
during Late Badenian times (Fig. 4-8a) reaching values similar to 
the ones observed in the same central position southwards (Fig. 
4-8d). However, the salt has subsequently increased in thickness 
in the centre of this northern section and formed the gentle diapirs 
presently observed, locally reaching the original depositional 
thickness (Figs. 4-8a, b). The regional pattern of changes in salt 
thickness is driven by the 3D salt migration, generally from south 
to north, but also laterally. Such patterns are fairly difficult to detect 
in standard 2D seismo-stratigraphic interpretation.
 The central-western part of the southern section (Figs. 4-8c, 
d) is the best illustration of an apparently hidden relationship 
between large-scale salt migration and tectonic subsidence. 
The model suggests that salt was deposited in this region with 
reduced thicknesses of ~100m. A rapid increase to 1km thickness is 
inferred during the Late Badenian that remained roughly constant 
during Early Sarmatian and subsequently gradually decreased to 
thicknesses that were similar to the depositional ones during Late 
Sarmatian - Pannonian times. This increase followed by decrease 
to roughly the same original depositional thicknesses is in fact 
supported by the seismo-stratigraphic interpretation, although 
the modelled magnitudes of salt thickness variations may be 
exaggerated by the assumptions of isostasy and hydrostatic salt 
response to loading. The flanks of the observed diapiric structure 
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(Fig. 4-8d, around km 40) indicate a large number of Upper Badenian 
onlaps and thus syn-kinematic deposition that are in agreement 
with a coeval salt growth, while the overlying Late Sarmatian 
spoon-shaped gravitational collapse structure is in agreement with 
salt migration laterally out of this structure. The salt thickness 
variations are difficult to estimate by the seismo-stratigraphic 
model, but thickness variations (i.e. increase followed by decrease) 
in the order of 500m can be reasonably explained.

Fig. 4-8 Comparison between the modelled evolutions of salt in the basin during 

Middle - Upper Miocene times along two E-W oriented geological transects. Σ - Middle 

Badenian salt; Bn3 - Upper Badenian; Sm1 - Lower Sarmatian (i.e. Lower Volhinian); 

Sm2 - Upper Sarmatian (i.e. Upper Volhinian - Bessarabian); Pn - Pannonian. a) and c) 

predicted salt evolution by the backward model along the transects displayed in Figs. 

4-8b and 4-8d, respectively; b) and d) Depth converted seismic transects crossing the 

basin in its northern and southern parts. Location of transects is displayed in Fig. 4-1. 

For further details on the interpretation see Tiliță et al. (2013).
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4.6.
The link between salt kinematics and 
Carpathians deformation

 Previous studies infer that migration of salt in sedimentary 
basins is sensitive to local or regional deformations, though a 
significant change in the state of the regional intraplate stresses is 
required to trigger large-scale salt diapirism (e.g., Carter et al., 1993; 
Daudré and Cloetingh, 1994; Ismail-Zadeh et al., 2001; Stephenson 
et al., 1992; Jackson and Vendeville, 1994). A significant increase in 
the regional deformation and, therefore, state of stress took place in 
the Transylvanian Basin during the Middle – Late Miocene collision 
of the East and South Carpathians. Although deformation was 
rather continuous, three main collisional events are observed by 
kinematic and exhumation studies (Late Badenian, Late Sarmatian 
and Early Pannonian, Mațenco et al., 2010; Merten et al., 2010). If 
these events have effects on the rate of salt movement, they should 
be visible in the backward modelling (e.g., Jackson and Talbot, 
1986; Waltham, 1997) and in differences between the backward and 
forward modelling of the same stratigraphic stage.

4.6.1.
Rates of salt migration and their temporal evolution
 The migration velocity is assessed using the rate of change of 
salt thickness in time, expressed as a first derivative of a thickness-
time function (dh/dt) extracted as a best-fit spline function of the 
modelled thickness-time values (Fig. 4-9). These thickness values 
were extracted from the backward-modelled salt isopach grids 
(Fig. 4-6a to d). The analysis led to salt velocity curves, which were 
constructed for sites distributed regionally across the basin, with 
focus on the centre (Fig. 9b) and margins of the basin (Fig. 4-9c). The 
two main diapiric structures located in the W-SW décollement zone 
and in the NE salt-wall were analysed separately (Fig. 4-9d)
 The salt migration velocity analysis shows two main evolutionary 
periods, i.e. Late Badenian – earliest Pannonian and the remainder 
of Pannonian times, which are interrupted by short phases (of 0.2-
0.6Ma) of slow salt-migration rates (Fig. 4-9). The first Late Badenian 
– earliest Pannonian period is characterized by relatively quick and 
abrupt velocity changes in the central part of the basin (Fig. 4-9b), 
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when the salt migrated outside this area starting with the Late 
Badenian reaching local peaks during Sarmatian times. The salt 
migrates towards the basin margins with peaks in late Badenian and 
late Sarmatian (Fig. 4-9c and 4-9d), while the salt migration rate for 
Early Sarmatian times displays lower and constant velocities. The 
second Pannonian period is characterized by low velocities of salt 
migration both in the basin centre and along its margins (Fig. 4-9b 
to d). These calculations indicate that the velocity of salt migration 
was particularly high during late Badenian – Early Pannonian 
times, while rather low-velocity salt movements characterized the 
subsequent Pannonian evolution. This is in direct agreement with 
the main phases of Carpathian deformation. This deformation is 
transmitted at large distances in the intra-Carpathian domain, such 

Fig. 4-9 Comparison of salt migration velocity within different areas of the basin. a) 

Sketch of the Transylvanian Basin with positions of outcropping salt areas and wells 

analysed; b-d) plots of the best fit curve of thickness variation through time (thin 

dash black lines) and plot of the rate of thickness variation through time (thick black 

lines). Grey shaded areas represent periods of stagnation during salt migration. h – 

thickness, dh – thickness variation, t – time, dt – time variation.
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as observed during moments of basin inversion. For instance the 
first phase of Pannonian Basin inversion at the end of Sarmatian 
times (Horváth, 1995) can be correlated with almost coeval late 
Sarmatian shortening and exhumation event of the East and South 
Carpathians (Mațenco et al., 2010). Therefore, a direct relationship 
between the velocity of salt migration and the phases of Carpathian 
shortening appears evident. This also means that our analysis 
confirms the concept of a stress-induced creation of large diapiric 
structures.

4.6.2.
Relationship with Carpathian tectonics
 The close relationship between the shortening and uplift of the 
surrounding Carpathians - Apuseni Mountains and the vertical 
movements recorded by the Transylvanian Basin has been inferred 
many times in regional studies (Krézsek and Bally, 2006; Krézsek et 
al., 2010; Merten et al., 2011). However, their effects in terms of salt 
re-distribution remained speculative.
 The salt re-distribution and tectonic subsidence patterns are 
well predicted by forward modelling, but not their amplitudes. 
When compared with the backward scenario, the differences should 
be driven by intraplate stresses and potential errors in estimating 
the post-Pannonian erosion. Interestingly, the forward modelling 
results are significantly different from the backward approach 
starting with the Early Sarmatian times (compare Figs. 4-7h, i and 
j with 4-6g, f and e, respectively). The forward model deviates 
at first by slightly different patterns of coupled salt migration 
and tectonic subsidence in the centre of the basin, followed by a 
different evolution during Late Sarmatian and Pannonian times, 
most of the salt migrating essentially westwards. There is a clear 
agreement between the evolution of these differences and the 
observed tectonic events. While the western Apuseni Mountains 
remained rather stable during Miocene – Quaternary times, the East 
and South Carpathians accumulated 5-6 km of coeval uplift in a 
number of pulses (near the limit between Early and Late Sarmatian 
and between latest Sarmatian and Early Pannonian) that affected 
only the margins of the Transylvanian Basin. The end Pannonian 
event uplifted the entire basin to sub-aerial conditions, probably 
similar to the present day ones.
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 Alternatively, the observed difference between the forward and 
backward model starting with the Early Sarmatian times can also 
be induced by underestimating the erosion in the basin in such a 
way that large stratigraphic sections would have been removed 
in its western part, facilitating a coeval salt migration in this 
area. This is the contrast with what is observed by kinematic and 
thermochronology studies, i.e. the coeval relative stability of the 
Apuseni Mountains in the west and the active uplift of the East, SE 
and South Carpathians.
 This agreement between the observed tectonic events and the 
moments when the forward model deviates from observations 
and the backward scenario indicates that the Carpathian collision 
has started to influence the basin by intraplate stresses starting 
with the Early Sarmatian. Obviously, areas affected by the short 
wavelength orogenic deformation are the ones close to the East and 
SE Carpathians. This is observed in our modelling by the different 
architecture of salt diapirism and tectonic subsidence in the vicinity 
of these mountains (Fig. 4-7g, h). The areas affected by the long-
wavelength uplift that took place at the end of the Pannonian times 
are reflected by different patterns of tectonic subsidence that is 
predicted to have continued at lower rates during Pannonian period 
(Fig. 4-7j).
 At larger geodynamic scale, can the coupled salt re-distribution 
and tectonic subsidence models contribute to an improved 
understanding of the poorly constrained genesis of the Transylvanian 
Basin subsidence? The forward model predicts that in the absence 
of Carpathians-induced intraplate stresses the tectonic subsidence 
of the basin (Fig. 4-7) would have started in Middle Badenian times 
and subsequently continued at high rates throughout Late Badenian 
- Sarmatian times, gradually decreasing during the Pannonian. 
In more detail, the overall large wavelength (~200km) of the 
Middle Badenian subsidence indicates a lower or sub-lithospheric 
mechanism. Interestingly, the late Badenian subsidence is short - 
wavelength and focused in a number of much narrower areas, among 
which the western depocentre near the Apuseni Mountains cannot 
be related to the overall Carpathian deformations in the forward 
model. This novel observation is the first possible demonstration 
of subsidence in the Transylvanian Basin driven by the extension of 
the Pannonian Basin, as speculatively suggested by previous studies 
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(Mațenco and Radivojević, 2012; Tiliță et al., 2013). The area affected 
by tectonic subsidence appears to widen again during Sarmatian 
times, while subsequently focusing and decreasing in the centre 
of the basin during the Pannonian. This evolution is consistent 
with a dual genesis, the focused Late Badenian subsidence being 
overprinted by larger wavelength mechanism acting during the 
entire Miocene evolution.

4.7.
Conclusions

 Our modelling of coupled tectonic subsidence and salt re-
distribution has demonstrated the need of such studies in 
understanding the driving mechanisms in sedimentary basins 
located in the vicinity of convergent margins. Having the advantage 
of an existing and well constrained 3D geometry in the Transylvanian 
Basin derived from the interpretation of a large number of seismic 
lines and subsequently corrected for stratigraphic volumes, the 
modelling provides significant new inferences on the Miocene basin 
evolution and its external forcing factors, such as the intraplate 
stresses created by the collision taking place at the exterior of the 
Carpathians. 
 The modelling shows that migration of salt inside the Transylvanian 
Basin was far more complex than simply unidirectional. Significant 
subsidence should have been present inside the basin already during 
Middle Badenian times to justify the thick salt deposited in its centre. 
The modelling confirms that the salt migrated generally from the 
basin centre towards its margins, with the exception of the NE located 
area, where the opposite took place due to volcanic sagging. What the 
modelling shows for the first time in the Transylvanian Basin is the 
presence of areas with significant subsidence hidden by the inward 
salt migration and areas with apparent large subsidence that are in 
fact the result of outward salt migration. The modelling also suggests 
that the same areas may have been successively affected by in- and 
out- ward salt migration events, an effect of localized subsidence and 
overburden loading. In fact, all these effects are confirmed by more 
detailed observations, but their interpretation without modelling 
would not have been possible.
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 The analysis of salt re-distribution velocities during the 
backward restoration infers that the accelerated moments of salt 
migration took place differently when compared with the forward 
model during the main late Badenian – early Pannonian phases of 
contraction recorded at the exterior of the Carpathians. This is direct 
evidence that salt migration is enhanced by intraplate stresses. Once 
the Carpathian collision had ceased, the velocity of salt migration 
was reduced by at least one order of magnitude.
 The modelling shows for the first time that the subsidence of the 
Transylvanian Basin is the result of two superposed effects, a long-
wavelength mechanism acting at the scale of the entire basin for 
its entire Middle Miocene – Quaternary evolution, and a localized, 
short-wavelength effect that was initiated in Late Badenian times. 
These are likely related to a combination between the effects of the 
Miocene Carpathians rollback, subduction and peak of the Middle 
Miocene extension recorded in the Pannonian Basin.
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Chapter 5  

Concluding remarks 
and further outlook
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5.1.
Introduction

 The aim of this thesis was to quantify the processes that were 
active during the Miocene evolution of the Transylvanian Basin 
and analyse their effects in the overall context of the Pannonian – 
Carpathians kinematics. Given the high structural complexity and 
multiple stages of deep lithospheric mechanics active at various 
times during the evolution of the basin there is obviously not just 
one single magical solution for understanding this rather complex 
area of the Carpathians. We discuss, analyse and ultimately favour 
a mechanism or a combination of mechanisms, derived from our 
observations or existing literature, that explains the various types 
of data and observations not only from the Transylvanian Basin, but 
also from elsewhere in the Carpathian region.

5.2.
Internal architecture of the Transylvanian 
Basin

 Interpreting an extensive database of 2D seismic sections 
and wells allowed the conclusion that the basin lacks extensional 
structures with offsets large enough to explain the Middle–Late 
Miocene subsidence, in agreement with previous observations 
(Krézsek et al., 2010). Therefore, any mechanisms derived from 
typical back-arc evolutionary scenarios can be excluded in this basin 
that can be defined either as continental/interior sag, intra-cratonic 
sag or thermal sag basin (e.g., Middleton, 1989; Ziegler et al., 2006)
 The overall structural style observed in the Middle – Upper 
Miocene sedimentary cover and underlying basement and 
Mesozoic cover shows contraction, most of the structures being 
shallow decollements related thrust faults genetically associated 
with the omnipresent salt layer (Fig. 2-8). Our analysis found that 
the salt kinematics combined with the intra-plate stresses induced 
by the on-going Carpathian collision was one of the main drivers 
of the architecture of the basin. The best example of such shallow 
deformation associated with local salt diapirism is the 90km long 
Ruși–Cenade fault (Figs. 2-1 and 2-9b, c; e.g., Ciulavu et al., 2000; 
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Ciupagea et al., 1970) observed near the W and SW margin of the 
basin. On the overall, deformation decreases from the basin margins 
to its centre, most of fault-bend fold structures being replaced with 
open folds. A large salt wall that borders basin on the E-NE (Fig. 
2-1 and 2-8c) represents an exception from this observation, this 
large structure being controlled by salt migration and diapirism, 
associated with sagging due to supplementary loads provided by 
the adjacent volcanism.
 One key objective of our study was to derive the Miocene 
subsidence evolution of the basin by quantifying the rather 
previous rough understanding of the migration of the salt layer 
(Fig. 4-7). The basin started to subside during middle Badenian 
times, while the analysis suggests that significant subsidence was 
hidden by the inward salt migration and areas with apparent large 
subsidence were in fact the result of outward migration. The 3D 
numerical modelling allowed us to quantify the geometry of the 
salt at the end of its deposition and to confirm earlier observations 
on primary migration pattern (Tiliță et al., 2013): the salt migration 
occurring from the basin centre towards its margins (Fig. 4-5), but 
at local scale salt could flow out and in. Also, this modelling infers 
that moments of Carpathians contraction are contemporary with 
moments of intensive salt flow (Fig. 4-9), the effects of intra-plate 
stresses induced by the former being very clearly suggested from 
the results of forward modelling approach. 

5.3.
The role of the inherited structures

 The complex structure of the Transylvanian Basin basement 
was inferred first by published industrial data such as hydrocarbon 
wells, reflection seismic profiles and potential field methods 
as gravimetry and magnetism (e.g., Tiliță et al., 2013 and 
references therein, Beșuțiu et al., 2005 and references therein). 
For the Miocene evolution important is the late Cretaceous 
to early Paleogene deformation, which shaped the actual 
structure of the basement. The Miocene tectonic events have 
induced little deformation at the basement level, mostly by 
low-amounts of reactivation of inherited structures, which in 
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fact are small offset thrusts that cross cut the base of the salt layer 
(Fig. 5-1). 
 Several early Badenian normal faults with negligible offsets 
were mapped at the contact of the Transylvanides-Dacides and 
in the NW corner of the basin associated with former Upper 
Cretaceous grabens. The largest reactivated structures, which fold 
and truncate the Miocene sequence, are located in the SW corner of 
the basin (Appulum and Alămor thrusts, Fig. 2-5). On the overall, 
inherited structures have a minor role on the overall Miocene basin 
architecture because of a fairly effective rheological decoupling 
provided by the salt layer.

5.4.
Mechanism of basin “opening”

 The observed subsidence wavelength is in the order of 300km, 
which clearly suggests that the mechanism should be located 
somewhere at depth, near the limit between lithosphere and 
asthenosphere (e.g., Cloetingh et al., 1999) and not in the upper 
crust, assumption confirmed by the thickness, rheology and thermal 
structure lithosphere. 
 We have discussed several alternative basin types and their 
associated genetic mechanisms such as: extensional basin generated 
by asymmetrical simple shear of the lithosphere combined with 
viscous flow of the lower crust; compressional back-arc basin 
derived from subduction; upper plate flexural basin derived from 
subduction locking; lithospheric flexure triggered by a mantle 
plume migration.
 The most favourable and functional solution to many questions 
is the asymmetrical simple shear extension (e.g., Wernicke, 
1985). This would develop in Transylvania at deeper lithospheric 
levels, while its upper crustal expression would be present in the 
Pannonian Basin (Fig. 2-12b, e.g., Tari et al., 1999). The effects in 
Transylvanian Basin would be represented by the thinning of 
the mantle lithosphere leading to uplift followed subsequently 
by thermal or passive subsidence. Apparently, a supplementary 
mechanism is still necessary to match the observed subsidence. 
As a whole, the thermal subsidence alone could not provide the 
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amount -3.5km. Again, the solution can be offered by Wernicke 
(1990), he suggesting the migration of the lower crust as additional 
mechanism for explaining large amounts of simple shear extension. 
In fact, this is supported in Transylvania by numerous evidences 
derived from refraction seismic profiling (e.g., Hauser et al., 2007; 
Rădulescu, 1988; Fillerup et al., 2010; Răileanu et al., 1994), which 
in agreement with the conceptual models of Bird (1991), Clark and 
Royden (2000) and Gratton (1989) that indicates viscous flow within 
the lower crust (Fig. 2-12c).

Fig. 5-1 Simplified regional geological map of Transylvanian Basin and surrounding 

orogens (modified after geological maps published by Institutul Geologic al Romaniei, 

scale 1:200000) showing post early Badenian reactivated deformation structures, 

along with disposition of the Transylvanides ophiolites within the actual basement of 

the basin. STF – South Transylvanian Fault, PT – Puini Thrust, AF – Appulum Fault, 

AT - Alămor Thrust, OF - Odorhei Fault.
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 These mechanisms explain successfully the basin subsidence 
and the lack of upper crustal structures, but do not explain the Late 
Miocene basin exhumation. This took place regionally towards the 
end of Miocene times due to compressional stresses transmitted 
by the Carpathian collision. Teleseismic tomography, mantle 
attenuation, SKS and modelling studies describes a low velocity 
anomaly present in the mantle beneath the basin and explained 
as the asthenospheric upwelling part of a circuit generated 
by the sinking of the Vrancea slab (e.g., Ismail-Zadeh et al., 
2012; Koulakov et al., 2010; Martin et al., 2006; Popa et al., 2005; 
Russo et al., 2005; Russo and Mocanu, 2009; Seghedi et al., 2011). 
This anomaly surely requires more detaild observations and 
correlation in terms of its effects induced to the Transylvanian 
lithosphere (Fig 5-2). The most relevant effect of such a 
convection circuit would be an astenospheric upraise create domal 
uplift in the crust that would explain basin exhumation. This 
is very similar with the effects of the earlier proposed 
delamination mechanics (Gîrbacea et al., 1998) although such 
a mechanisms is not necessarily implicit. This Carpathians 
scenario is very similar with other Mediterranean orogens, 
such as the Betics-Rif or Apennines, where the upper custal 
observations and deep lithospheric mechanics are unable to 
completely discriminate between processes such as detachment, 
delamination of viscour lithospheric removal (e.g., Vissers et al., 
2012, Faccenna et al., 2004).

5.5.
Further outlook

 The new ideas of deep mantle driven topography or as 
commonly known, dynamic topography, are presently changing 
the perception and understanding on basins that show little to 
no upper crustal deformation. Apparently negative or positive 
gravity anomalies at lithospheric scale can control the formation 
and exhumation of sedimentary basins without major crustal 
deformation. Several excellent examples of dynamic topography 
are coming from the Australian plate (e.g., Czarnota et al., 2014), 
where “hard-core” cratonic areas such as the Australian North West 
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Fig. 5-2 Simplified cross-section showing the geometry the lithosphere along a 

WNW–ESE oriented transect crossing the eastern part of Pannonian Basin, Apuseni 

Mountains, Transylvanian Basin and East Carpathians (from Mațenco and Andriessen, 

2013; Tiliță et al., 2013). Note the upper mantle low and high velocity anomalies and 

perturbation of the lithosphere base in the under Transylvania and East Carpathians 

(1300oC isotherm configuration modified after Martin et al., 2006; Ismail-Zadeh 

et al., 2012). Note the evolution in terms of vertical movements of the basin and 

neighbouring Apuseni Mountains and East Carpatians, along with mechanisms that 

drived these movements. pre-M – ages before Miocene, M1, M2, M3 – Early Miocene, 

Middle Miocene and Late Miocene, Pl  and Q – Pliocene and Quaternary.
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Shelf recorded 700m subsidence in the past 10Ma, which is well 
beyond what global sea-level change can offer. 
 Therefore, the Transylvanian Basin might represent one of the 
most striking European examples of dynamic topography. The 
3.5km subsidence followed by an exhumation to an average of 
400m topographic elevations is best explained in terms of mantle 
convective circulation. The Miocene to present behaviour of the 
slab in the Carpathian retreating subduction is still largely rather 
inferred than demonstrated, with the notable exception of the 
SE Carpathians, and imply roll-back, slab sub-vertical geometry 
and detachment. This induces dynamic processes taking place in 
the mantle, generating rapidly evolving mantle and lithospheric 
anomalies that would actively change the topography (Fig. 5-3). 
If the negative tomographic anomaly was demonstrated to represent 
an asthenospheric upwelling generated by sinking Vrancea slab 
(Fig. 5-1), the former sink is just implied. In the first chapter 
a wide variety of dynamic topography processes are reviewed, 
but it remains unclear, which process may be responsible for 
the negative instability. 

Fig. 5-3 Simple scketch of dynamic topography mechanism (adapted after Braun, 

2010) showing how flow in the mantle influence the surface topography. The blue 

and red plumes represent positive (cold) and negative (hot) density anomalies in 

the mantle.
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 We have witnessed rapid changes over the recent years in 
the understanding of the Transylvanian Basin. However, much 
more remains to be achieved in order to have a reasonable clear 
insight of the processes and mechanisms that have played in the 
past and have driven the present-day architecture. We demonstrate 
that the key mechanism might reside in the deep lithospheric 
or mantle processes and these deserves a comprehensive future 
examination, at least by the means of numerical modelling, if 
potential field or seismic methods are unable to solve this puzzle.
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