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6   |    Regional integration and conclusions 

 

The inferences derived from the low-temperature 

thermochronology study in the Fruška Gora, Bukulja, and Cer 

Mountains and their surrounding orogenic units and basins in 

Serbia, yielded important new constraints for the general evolution 

of the junction area between the Dinarides and the 

Carpatho−Balkanides, situated at the southern margin of the 

Pannonian Basin. The provenance ages that are very close to the 

sedimentation ages or even overlap with them, as well as the 

coherent exhumation ages obtained on different thermochronometers 

are indicators of extremely active tectonic setting. Several major 

tectonic processes, characterized by the phases of very fast 

exhumation, erosion and burial, were dominating the entire area 

from the end of Cretaceous times onwards. The results obtained 

enabled quantitative (i.e. the timing, rates and amounts) 

determinations of vertical movements associated with main 

collisional and back-arc extensional processes acting during the post-

Cretaceous dynamic evolution of the region. In addition, a number of 

new mechanisms driving the collision and the subsequent 

extensional back-arc processes have been proposed. Furthermore, we 

studied and defined new inferences on the age, affinity, and thermal 

histories of major crustal blocks along the NE Dinaridic margin 
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including magmatic intrusions (the Cer and Bukulja plutons), meta-

sedimentary sequences (the Jadar−Kopaonik), the turbiditic flysch 

sequences (the Sava suture), and Neogene syn- and post-kinematic 

deposits associated with the back-arc extension.  

The present-day geometry of the junction area between the 

Dinarides and the Carpatho−Balkanides (Figure 6.1a) is the result of 

a Miocene extensional phase that has created the Pannonian Basin, a 

back-arc basin formed in response to the retreat of a slab situated at 

the exterior of the Carpathians (Horváth et al., 2006). A retro-

deformation of the large-scale extension and opening of the 

Pannonian Basin to the beginning of Miocene (Figure 6.1b; 

Ustaszewski et al., 2008) shows the Sava subduction zone of the 

Dinarides at close distance from the continental units of the 

Carpatho−Balkanides. This reconstructed geometry was the result of 

Cretaceous–Paleogene shortening related to collision between 

Adriatic- (i.e. Dinarides) and European-(i.e. Tisza and Dacia) derived 

units (Schmid et al., 2008), which were both already structured during 

an earlier, Mid-Cretaceous orogeny. Provenance ages in syn-

kinematic turbiditic flysch sediments of the Sava zone obtained in 

this study yield the temporal constraints for the Europe−Adria 

collision, setting the peak tectonic activity to Maastrichtian, at ~70 

Ma, and point to a large scale exhumation of a source area most 

likely dominated by the Upper Cretaceous−Paleogene magmatism 

recorded in the Banatitic‐Srednogorje Zone (Berza et al., 1998). Hence, 

the final phases of collision recorded in the Sava Zone have resulted 

in regional-scale latest Cretaceous−Paleocene shortening in
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the Carpathians and Banatitic magmatism (Săndulescu, 1984; Schmid 

et al., 2008; Merten et al., 2011). All these findings correspond with 

regional interpretations that formation of these large volcano-

plutonic complexes has been associated with a back-arc calk-alkaline 

magmatism driven by the NE dipping subduction of the 

Sava/Vardar ocean beneath the European-derived units (von Quadt et 

al., 2005). Furthermore, they can be correlated with a shift of the main 

locus of the latest Cretaceous−Paleogene exhumation from the Sava 

Zone of collision and its attached Adriatic passive continental margin 

towards the Carpathian units (Merten, 2012). The same latest 

Cretaceous−Paleogene deformation extended also in the external part 

of the Dinaridic orogen, where similar type of Uppermost Cretaceous 

turbiditic facies have been deposited in more external Dinaridic 

units, following the thrusting recorded in and between the External 

and Internal Dinaridic platforms (Schmid et al., 2008). Hence, the 

suture zone between the Dinarides and Carpato−Balkanides cannot 

be spatially differentiated only based on these types of sedimentary 

facies, but on its spatial location at the limit between tectonic units 

with clear paleogeographic affinities. The suture zone between the 

Dinarides and Carpato−Balkanides can be distinguished better only 

in those areas of the NE Dinarides margin where the typical facies of 

the external Adriatic passive continental margin buried during the 

Cretaceous−Eocene contraction have been exhumed by the 

subsequent Miocene extension, and, therefore, a more clear 

separation from the Dacia and/or Tisza typical basement or cover 

facies can be done. 
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Our observations confirm the general position of the Sava 

suture zone when compared with previous interpretations (Schmid et 

al., 2008). However, shortening and contraction in the distal Adriatic 

margin at the contact with the Sava Zone continued much longer 

during Paleogene times than previously assumed, at least by 

exhumation at the resolution of apatite fission-track 

thermochronometers. The novel observations demonstrate that the 

Late Cretaceous−Paleocene thrusting continued during Eocene times, 

when the Dinaric tectonic phase affected significantly the entire 

Dinarides, including the Internal Dinaridic units and their contact 

with the overlying European-derived units. Furthermore, the newly 

obtained U-Pb zircon ages indicate that the emplacement of the Cer 

Mts pluton, situated along the northern margin of the Dinarides, 

occurred at the Eocene−Oligocene transition (~32 Ma, Matenco et al., 

2014). It is very likely that the Cer Mts pluton is genetically related to 

widespread late Paleogene granitoid bodies such as Motajica, 

Kopaonik, and Surdulica (Schefer et al., 2011, Ustaszewski et al., 2010) 

that form NW–SE striking linear zone, which can be followed along 

the internal Dinarides (Sava-Vardar Belt of Pamić 2002; Kovacs et al. 

2007). Further to the SE this same belt crosses the Sava suture zone 

and strikes into the Dacia Mega-Unit of the Carpatho−Balkanides 

(Schefer et al., 2011).  Since all of these I-type plutons were emplaced 

in the late Paleogene, post-dating the main Maastrichtian phase of 

collision, we speculatively interpret them as being associated with 

the late stage of Eocene phase of compression in the Dinarides. In 

addition, emplacement of Eocene latites and trachy-andesites in the 
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Fruška Gora can also be related to the Dinaric tectonic phase. Since 

the collisional processes between the Dinarides and 

Carpato−Balkanides have reached their peak in the uppermost 

Cretaceous−Paleocene times (starting at ~70 Ma), the Eocene (~40 

Ma) contractional episodes and exhumation pulses of the Dinarides 

are interpreted to denote the onset of enhanced coupling between the 

two continental units in and near the former subduction zone. Hence, 

we interpreted them to be marking the onset of enhanced coupling 

between Adria and Africa related to the northward push of Africa 

during collision with Europe (Ustaszewski et al., 2008). Hence, this 

coupling is likely the result of the continuing convergence between 

Adria/Africa and Europe that was accommodated by the Alpine 

Tethys subduction zone located more N-wards at the exterior of the 

Alps and their prolongation in the Carpathians. In addition, in the 

transition area between the South Carpathians and the Dinarides 

high amounts of middle Eocene–Oligocene exhumation are 

suggested for the Danubian window unit (Merten, 2012). 

Furthermore, the Eocene doming of the Bihor autochthon and 

subsequent folding of the Codru nappes in the Apuseni Mountains 

are interpreted as being related to the coeval compressional 

deformation episodes and exhumation in the Sava zone of the 

Dinarides (Merten et al., 2011). The suggested mechanism, which 

would allow the coeval intra-plate Eocene compressional 

deformations within sutured Adriatic and European plates, is the 

collisional coupling (i.e. far-field transmission of compressional 

orogenic stresses; Ziegler et al., 1995). Such a mechanism would 
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require strong rheological characteristics of the lithosphere situated 

between the zones of contraction and the area where the deformation 

is recorded (Ziegler et al., 2002). Even though the thermal structure of 

the lithosphere situated at the transition between the Dinarides and 

the Carpatho−Balkanides was strongly influenced by the Miocene 

extension of the Pannonian Basin (Lenkey et al., 2002), restoration to 

the beginning of Miocene shows major tectonic units of the Dinarides 

and Carpatho−Balkanides in immediate contact (Figure 6.1b; 

Ustaszewski et al., 2008). 

The zircon fission track thermochronology record in the 

Fruška Gora Mountains has proven that the subsequent extension in 

the SE part of the Pannonian Basin was ongoing already at the 

Oligocene−Miocene transition at ~24 Ma, earlier than at ~20 Ma that 

was the general interpreted extensional onset age. The extension was 

associated with the formation of a series of parallel N-S oriented 

simple-shear extensional detachments, which reactivated the 

inherited Cretaceous–Eocene collisional contact between European 

and Adriatic units along the entire NE Dinarides margin. These 

detachments should be prolonged northwards into the Great 

Hungarian Plain part of the Pannonian basin beneath the postdating 

Upper Miocene - Quaternary cover. This hypothesis is compatible 

with the observation that buried syn-rift geometries in the Great 

Hungarian Plain indicate normal faults that have too low angle to 

reflect symmetrical grabens formation and therefore must be 

detachments accompanying simple-shear extension (Tari et al., 1999). 

This is also compatible with the observation of widespread regional 
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unconformities (such as the one near the Middle/Upper Miocene 

boundary, e.g. Horvath, 1995) that must reflect other processes than 

simple symmetrical rifting, such as large scale isostatic rebounds 

accompanying the evolution of core-complexes. Similar to the 

transition between the extensional exhumation in the footwall of 

major detachments at the contact with Eastern Alps and the coeval 

subsidence of the Little Hungarian Plain (e.g., Tari et al., 1996), our 

study demonstrates that the subsidence of the Great Hungarian Plain 

is associated with major exhumation along detachments in NE 

Dinarides. 

The Pannonian extension has led to the development of 

interlinked exhumation-erosion-deposition system, which was active 

during the entire late Early to early Late Miocene extensional period. 

Rocks belonging to the Jadar–Kopaonik thrust sheet and the 

overlying Uppermost Cretaceous flysch, previously buried to 

intermediate crustal depths, were rapidly exhumed as the Fruška 

Gora, Cer, and Bukulja Mountains core-complexes, eroded, 

transported, and deposited in sediments of the adjacent Miocene 

basins. The average exhumation in the NE Dinarides throughout the 

entire late Early–early Late Miocene extensional period was 

exceeding the rate of 0.5 km/Ma. The exhumation process was also 

associated with decompressional melting and emplacement of the 

Bukulja and Cer Mountains S-type plutons and other genetically 

related granitoid bodies. The given average amounts and rates of 

exhumation are highly dependent on estimated values of 

(paleo)geothermal gradients, therefore they should also be 
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considered as estimates. More reliable approaches for determining 

rates and amounts of exhumation should include modeling of the 

effects of variations on geothermal gradient both with time and 

depths. 

The Late Oligocene–Early Miocene extension of the 

Pannonian Basin was contemporaneous with significant rotations 

that affected the area of Fruška Gora Mountains (Lesić et al., 2007; 

Toljić et al., 2013). These rotations are caused by the rapid E-ward 

drift and rotations of Tisza–Dacia and other upper Carpathians units 

driven by the rapid roll-back of a slab attached to the stable 

European continent at the exterior of the Carpathians (Figure 6.2; 

Royden, 1988; Matenco et al., 2010). The arcuate orogenic shape of the 

East and South Carpathians was acquired during translations and 90° 

Paleogene–Miocene rotations (in respect to the stable European 

framework) around the Moesian indenter (e.g., Csontos, 1995; 

Ratschbacher et al., 1993). These rotations are recorded in the Tisza–

Dacia unit as far west as the Apuseni Mountains (Patrascu et al., 1990, 

1994). In contrast, Adria has recorded 20° counter-clockwise rotations 

since 35 Ma, generally driven by the northward push of Africa 

during collision with Europe (Ustaszewski et al., 2008; Handy et al., 

2010; Márton et al., 2010). These observations suggest that 

Tisza−Dacia areas situated in between the Dinarides and the Apuseni 

Mountains should have accommodated these substantial differences 

in opposite sense rotations. These data imply that Fruška Gora 

underwent the Carpathians/Apuseni Mountains kinematics during 

the Late Oligocene–Miocene Pannonian extension (Toljić et al., 2013). 
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Furthermore, the major change in strike of the Sava suture zone from 

E-W to N-S that is taking place east of the Fruška Gora is also related 

to the Miocene clockwise rotation of the Apuseni Mountains and 

South Carpathians in respect to the Dinarides (Matenco and 

Radivojević, 2012). Nevertheless, in the areas S and SE of Fruška Gora 

the extensional exhumation and the top-E extension detected by the 

present study along the NE Dinarides margin faces, across the 

Carpathians, the Moesian platform. In the absence of relevant 

Miocene shortening either in intervening Carpathians units or at 

their contact with the Moesian platform (Răbăgia and Matenco, 1999; 

Fügenschuh and Schmid, 2005; Tărăpoancă et al., 2007), extension along 

the Morava corridor cannot be related to the roll-back of the 

Carpathians slab. In other words, there is no E-ward movement of 

the intervening Carpathians units in this particular sector of the 

chain to accommodate the coeval extension. However, timing and 

rates of extensional exhumation during the main syn-rift phase of the 

Great Hungarian Plain part of the Pannonian basin in the Fruška 

Gora are coherent with the ones recorded in the Cer and Bukulja 

Mountains. This is compatible with the possibility of a Miocene 

extension driven by the roll-back of a Dinaridic slab, whose present-

day continental remnants are observed by teleseismic tomography in 

the frontal parts of the Dinaridic orogen at large distances from the 

genetically related Sava/Neotethys suture zone (Figure 6.2; Bennett et 

al., 2008, see also Matenco and Radivojevic, 2012). Such a hypothesis 

would infer that the extensional collapse affected a much larger area, 

which is compatible with the observation of other
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Miocene extensional detachments in the central part of the Dinarides 

(such as the Studenica or Kopaonik exhumation, Schefer, 2010). This 

extension would add up to the one driven by the Carpathians slab in 

an overlapping area comprising the internal Dinarides and adjacent 

Pannonian Basin, where the large scale rotations were recorded 

(Toljić et al., 2013). However, such a hypothesis requires more 

genetic-driven observations on the fate of a Dinaridic slab and its 

associated magmatic, kinematic and exhumational processes 

observed in the overlying orogen.  
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