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4   |   Miocene extensional exhumation in the 

NE Dinarides in the context of Pannonian 

Basin formation: constraints from low-

temperature thermochronology1 

 

4.1 Introduction 

The formation of the Pannonian Basin of Central Europe is a 

result of extensional collapse of the overthickened Alpine orogenic 

wedge during orogen-parallel extrusion towards a rapidly moving 

boundary offered by the roll-back of the subducting Carpathian slab 

(Horváth et al., 2006). The extensional collapse started at ~20 Ma and 

has generated (half-)grabens filled with Early–Middle Miocene syn-

kinematic sediments, overlain by Upper Miocene post-rift deposits 

locally reaching 6 km in thickness (e.g. Tari et al., 1999; Horváth et al., 

2006). The western part of the Pannonian Basin is rather well 

                                                           

1 This chapter is largely based on the publication: Stojadinovic, U., Matenco, L., 

Andriessen, P.A.M., Toljić, M., Foeken, J.P.T., 2013. The balance between orogenic 

building and subsequent extension during the Tertiary evolution of the NE 

Dinarides: Constraints from low-temperature thermochronology, Global and 

Planetary Change, 103, 19-38. 

 



  Chapter 4 

78 

quantified in terms of kinematics and exhumation of adjacent 

mountain chains, in particular at the transition zone towards the 

Eastern Alps (e.g. Tari et al., 1992; Dunkl et al., 1998; Frisch et al., 2000). 

By comparison, the eastern part of the Pannonian Basin is much less 

known in terms of structural relationships with the exhumation of 

the neighboring Dinarides orogenic chain and their genetic 

association with the roll-back of the Carpathians slab (Balla, 1986; 

Royden, 1988; Horváth et al., 2006). The northern boundary of the 

Dinarides was affected by the Cretaceous–Eocene shortening related 

to collision between Adriatic-(i.e. Dinarides) and European-(i.e. Tisza 

and Dacia) derived units, closing the intervening ocean along what is 

commonly known as the Sava suture zone (Figure 4.1b, Pamić, 2002; 

Schmid et al., 2008). Recent studies have demonstrated that the 

western contact between the Pannonian Basin and the Dinarides, in 

area of Bosnia and Croatia, was subsequently affected by large scale 

Miocene extensional deformations, which took place along 

detachments that reactivated the pre-existing Sava suture zone 

(Ustaszewski et al., 2010). The formation of these detachments has led 

to rapid Early to Middle Miocene exhumation of the Dinarides 

footwall, accompanied by the extensional collapse of the hanging-

wall units during the formation of the Pannonian Basin. Further to 

the E and SE in the area of Serbia, the relationship between the 

exhumation of the NE Dinarides and the formation of the Pannonian 

Basin is not well known. Significant research has recently been 

dedicated to the study of the mechanics and effects of the Adriatic 

indentation and propagation of associated compressional stresses
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into the Pannonian Basin (e.g. Pinter et al., 2005; Jarosinski et al., 2011 

and references therein). Nevertheless, the effects of Pannonian Basin 

inversion in the evolution of the NE Dinarides and the relationships 

with the predating extension in terms of exhumation are still a matter 

of debate (e.g. Marović et al., 2002, 2007a).  

The research of this study aims to constrain the exhumation 

of the NE Dinarides by means of low-temperature 

thermochronology, analyzing three key orogenic areas, i.e. Bukulja, 

Cer, and Fruška Gora Mountains of Serbia (Figure 4.1b). In order to 

derive associated genetic processes, the pathways of exhumations are 

correlated with existing kinematic studies in this sector of the chain, 

which enables the separation of vertical movements related to the 

main moments of orogenic activity, Miocene extensional 

deformations and subsequent Adriatic indentation. 

 

4.2 Geological indications for existence of extensional detachments 

in the NE Dinarides 

All three key areas situated along the NE Dinarides border 

retain similar structural features: a green-schists facies metamorphic 

core, which locally contains paleontological evidences of Mesozoic 

protoliths, is separated by a major shear zone from non-

metamorphosed Triassic–Paleogene rocks (Figure 4.1c). These 

observations suggest the existence of tectonic omissions and 

significant Neogene exhumation during the post-orogenic evolution 

of the Dinarides. 
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The Fruška Gora Mountains meta-sedimentary sequence, 

exposed in its center and south-western part, is comprised of 

greenschist facies metamorphic rocks, with temperature ranges from 

300 to 450 °C. Parts of this metamorphic core contain 

Triassic−Cretaceous protholits, as evidenced from the presence of 

faunal material of corresponding age (Figure 4.2a, Čanović et al., 1979; 

Čičulić-Trifunović and Rakić, 1976; Đurđanović, 1971; Krstić et al., 2005). 

This metamorphosed sequence has the same affinity, in terms of age, 

composition and thickness, as the Triassic–Cretaceous 

metamorphosed sequence that composes the Jadar–Kopaonik 

composite unit (sensu Schmid et al., 2008) observed southwards in the 

Dinarides area of Bukulja, Studenica and Kopaonik tectonic windows 

(Figure 4.1b; Schefer et al., 2010). Recent studies of the Fruška Gora 

metamorphics indicate that these rocks are affected by several 

generations of folding and thrusting, and subsequently overprinted 

by pervasive top-to-E-ENE directed shearing during the extensional 

formation of the Pannonian Basin (Toljić et al., 2013; Figure 4.2b). A 

wide (tens of meters) shear zone observed in the metamorphic core, 

is associated with E–W oriented stretching lineations that are gently 

plunging either W- or E-wards towards the western and eastern 

outcropping margin of the metamorphic core, respectively. In 

outcrops, this stretching affected all previous structures and 

therefore must be younger. Similarly, corresponding folds with sub-

horizontal axial planes affects all older folds. The top-E sense of shear 

is observed by kinematic indicators in outcrops, in particular by a 

widespread S–C fabric (Figure 4.10). The pervasive zone of 
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deformation associated with top-E sense of movement is the one that 

separates the metamorphic core, which includes protoliths of Triassic 

and Cretaceous age, from the neighboring non-metamorphosed 

Mesozoic sequence comprised of sedimentary rocks and 

serpentinized ophiolites (Figure 4.2). Mesozoic sedimentation starts 

with highly deformed Upper Permian–Lower Triassic continental 

clastics, overlain by Middle Triassic shallow water thick-bedded 

limestones and dolomites, and Upper Triassic–Middle Jurassic 

radiolarites. The sedimentary succession continues with Upper 

Jurassic ophiolitic mélange, the overlying stripes of obduced West 

Vardar ophiolites, and Cretaceous−Paleogene clastic to carbonate 

facies (Figure 4.2). Hence, the tectonic omission between non-

metamorphosed sediments and metamorphic rocks with a protolith 

of the same age is associated with the activity of a large-scale shear 

zone responsible for placing in contact rocks that come from different 

crustal levels. 2 
                                                           
Figure 4.2 (following page): a – Geological map of the Fruška Gora mountains, based on the 

Geological Map of Yugoslavia (1:100.000), sheet Novi Sad (Čičulić and Rakić, 1976), modified 

with observations and interpretations presented in study of Toljić et al (2013), with low-t 

thermochronology ages of the analyzed samples. AFT ages are reported as central ages with ± 

1σ standard error. AHe ages are reported as single grain ages. Coordinates are in kilometers, 

system of projection MGI Balkan zone 7. Abbreviations: SD – Srem Dislocation, VF – Vrdnik 

Fault, FGD – Fruška Gora Detachment. Legend: 1 – Quaternary; 2 – Pliocene; 3 – Upper 

Miocene; 4 – Middle Miocene; 5 – Lower Miocene; 6 – Eocene–Oligocene latites; 7 - Eocene–

Oligocene trachy-andesites; 8 – Uppermost Cretaceous–Paleogene “Sava flysch”; 9 – Upper 

Cretaceous–Paleogene; 10 – Serpentinites; 11 – Ophiolitic melange; 12 – Diabase; 13 - Peridotite; 

14 – Middle Triassic; 15 – Lower Triassic; 16 – Marbles; 17 – Sericite schists; b – WSW–ENE 

oriented geologic cross-section across the Fruška Gora along the direction of transport during 

extensional exhumation (legend and locations are presented in figure 4.2a). 
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These are direct indications for the activity of a large-scale 

extensional detachment separating the metamorphic core from 

surrounding sediments and ophiolites (Figure 4.2). Significant 

number of brittle normal faults, with two main contrasting 

orientations, affect Miocene or older sediments and basement (Figure 

4.2). The largest structure among the ones with N–S to NNW–SSE 

strike is a normal fault dipping E-wards that is located in the vicinity 

of the Vrdnik locality (Figure 4.2). This structure is associated with 

the formation of a local Early Miocene basin in its hanging-wall, with 

sedimentation showing a typical syn-kinematic character recorded 

by fining-upward of sediments from a basal rapid transgression 

surface overlain by conglomerates. The most frequent Miocene 

normal faults are the E–W striking ones. Among them, the largest 

offset (tens of meters) is recorded on the flanks of Fruška Gora (such 

as the Vrdnik Fault, Figure 4.2), dipping away from the mountain by 

forming a horst-type structure in its center. 3This type of faults is also 

distributed elsewhere with offsets in the order of meters. The syn-

kinematic sediments characterized by basal conglomerates that were 

deposited in the hanging-wall of the large offset E-W striking normal 
                                                           
Figure 4.3 (following page): a – Geological Map of the Cer Mountains based on the Basic 

Geological Map of Yugoslavia (1:100.000) sheets Zvornik (Mojsilović et al., 1975) and Vladimirci 

(Filipović et al., 1971) with newly obtained low-t thermochronology ages of the analyzed 

samples. AFT and ZFT ages are reported as central ages with ± 1σ standard error. AHe ages are 

reported as single grain ages. Numbers at the borders of the map are MGI Balkan 6 Cartesian 

coordinates; b – WNW–ESE oriented geologic cross-section across the Cer Mts along the 

direction of transport during extensional exhumation (legend and locations are presented in 

figure 4.3a). 
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faults are Middle–Upper Miocene in age and, therefore, younger 

than the N–S oriented ones. The existence of apparently contrasting 

directions of extension is related to significant rotations that affected 

the area of Fruška Gora from Eocene time onwards (Lesić et al., 2007). 

Along its eastern and northern flanks and in the area between 

the main intrusion and the Stražanica granodiorite (GDS), the Cer 

Mts composite pluton is surrounded by the rocks metamorphosed in 

greenschists facies conditions (Figure 4.3a). Mainly represented by 

sericitic schists with quartzitic and carbonatic (marbles) 

intercalations, these metasediments contain the shear-sense 

indicators (Figure 4.10) that consistently show a top-to-the-E 

direction of shearing. Along the eastern flank of the mountains these 

greenschist facies metamorphics are in contact with turbidites and 

other clastics that show strong similarities with the 

Cretaceous−Paleogene sediments deposited over the Adriatic margin 

during the final closure of the Neotethys Ocean (i.e. the Uppermost 

Cretaceous flysch found in the Sava suture zone).4 Therefore, these

                                                           
Figure 4.4 (following page): a – Geological Map of the Bukulja Mountains, based on the Basic 

Geological Map of Yugoslavia (1:100.000) sheets Obrenovac (Filipović et al., 1979), Smederevo 

(Pavlović et al., 1979), Gornji Milanovac (Filipović et al., 1976) and Kragujevac (Brković et al., 1979) 

with newly obtained low-t thermochronology ages of the analyzed samples. AFT and ZFT ages 

are reported as central ages with ± 1σ standard error in concordant samples, and best-fit peak 

ages in discordant samples. AHe ages are reported as single grain ages. Numbers at the borders 

of the map are MGI Balkan 7 Cartesian coordinates. b – WNW–ESE oriented geologic cross-

section across the Bukulja Mts along the direction of transport during extensional exhumation 

(legend and locations are presented in figure 4.4a). 
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sediments should be considered as the non-metamorphosed protolith 

of the adjacent greenschists metamorphosed rocks, being separated 

by a large scale shear zone with pervasive mylonitisation that is 

truncated by the late stage Lešnica fault (Figure 4.3b). This situation 

in which a shear zone puts non-metamorphosed sediments in contact 

with metamorphosed sediments that have a protolith of the same age 

is a typical tectonic omission, usually indicative of large scale 

extensional detachments (e.g., Lister and Davies, 1989). 

The meta-sedimentary sequence along the eastern flank of the 

Bukulja Mountains is composed of various types of metamorphic 

rocks diagnostic for a metamorphosed Triassic–Middle Jurassic 

ophiolitic mélange (i.e., a metamorphosed diabase-chert formation of 

Dimitrijević, 1997). These rocks are unconformably overlain by fine-

grained calcareous-sericitic schists with the protoliths interpreted to 

be the Uppermost Cretaceous–Paleogene sediments of the Sava zone 

(Figure 4.4a, Marović et al., 2007b, 2007c; Schefer et al., 2010). The 

calcareous-sericitic schists have been affected by a pervasive 

ultramylonitic foliation and stretching lineation, with kinematic 

shears-sense indicators showing a top-to-the-E direction of tectonic 

transport (Figure 4.10). The metamorphic rocks along the eastern 

flank of the Bukulja Mountains are found in tectonic contact with 

their non-metamorphosed counterparts that belong to the Cretaceous 

sedimentary cover of the Serbo−Macedonian Massif. This structural 

juxtaposition between metamorphosed and non-metamorphosed 

rocks of the same age is inferred to be an the effect of exhumation 

below ~350–300 °C, along a major detachment reactivating the earlier  
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Sava subduction plane (Figure 4.4b; Matenco et al., 2014), similarly to 

what has been demonstrated in northern Bosnia and adjacent Croatia 

(Ustaszewski et al., 2010). 

 

4.3 Low-temperature thermochronology of NE Dinarides 

The exhumation history of the NE Dinarides has been 

investigated by means of a low-temperature thermochronological 

study, which included coupled zircon fission-track (ZFT), apatite 

fission-track (AFT) and apatite U–Th/He dating (AHe), targeting 

exhumation below ~250 °C. Multiple approaches allow for the 

construction of detailed pathways of cooling of rocks in the upper 

level of the crust, and determination of timing of vertical movements 

associated with the processes acting during the evolution of this 

segment of the Dinarides. Multiple samples were collected in the 

intrusive and metamorphosed rocks of the Cer, Bukulja, and Fruška 

Gora Mountains located in the footwall of major detachments. This 

strategy allows for the study of the major exhumation associated 

with unroofing of these footwalls and, by superposition, earlier or 

subsequent overprinting tectonic events. 

Apatite (U–Th)/He (AHe) ages for 11 single grain samples 

were obtained at the VU University Amsterdam (Table 4.1, Appendix 

B1). Between 2 and 3 aliquots of inclusion-free single crystals were 

handpicked under ~100× magnification. To minimize grain size 

variation effects, crystals of a similar radius were selected for each 

aliquot. Selected crystals were photographed and dimensions were 
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measured in order to apply α-ejection correction (Farley, 2002). 

Helium concentrations were determined on the HELIOS noble gas 

line at the VU University Amsterdam. Single crystal aliquots for 

three out of the eleven samples were heated using an external 

furnace, following procedures described in Foeken (2004). Following a 

major technical upgrade of the HELIOS system, the remaining eight 

samples were heated using a 1064 nmNd:YAG laser. System 

background blanks were regularly monitored (2 times per day on 

average). 22 of 27 analyses required low blank correction of <10%, 

and 5 analyses acceptable, between 10 and 25% (Appendix B1). 

Samples have been heated twice to ensure complete He extraction 

and were within allowable system background levels.5 Uranium and 

Thorium quantities were measured on a ThermoFischer X-series 2 

ICP-MS. All 27 analyses required low U blank corrections of <10%,
                                                           
Table 4.1 (following page up): Apatite (U-Th)/He (AHe) Data. Bold numbers represent 

corrected final AHe single grain ages obtained in this study. *Ft is fraction of alphas retained 

(Farley, 2002), “corrected ages” are corrected for this effect. Table 4.2 (following page middle): 

Apatite Fission Track (AFT) Data. Bold numbers represent central ages with 1σ standard error. 

Abbreviations: No. grains − number of dated apatite crystals; P (χ²) – probability obtaining Chi-

square (χ²) for n degrees of freedom (n is number of crystals); Disp. – dispersion in single grain 

ages; MTL – c-axis projected mean track length with standard deviation (SDl) in track length 

distribution; Nl – number of measured confined tracks; Dpar – average etch pit diameter with its 

standard deviation. Table 4.3 (following page down): Zircon Fission Track (ZFT) Data. Bold 

numbers represent central ages with 1σ standard error in concordant ZFT samples, and best-fit 

peak ages in discordant ZFT samples. Concordant samples are distinguished by having only 

one reported age. Abbreviations: No. grains − number of dated zircon crystals; P (χ²) – 

probability obtaining Chi-square (χ²) for n degrees of freedom (n is number of crystals); Disp. – 

dispersion in single grain ages; Pop. – age populations calculated using BINOMFIT; Ab.(%) – 

abundance of the age component in the total single grain age distribution of a sample. 
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and 26 out of 27 Th analyses acceptable blank corrections of <15%. 

For one analysis (Appendix B1— sample Fg2 p1) Th-quantity was 

below detection limits of the mass spectrometer and it has not been 

included in the further interpretations. Single grain age errors are 

propagated from analytical uncertainties on U, Th and He 

determinations, blank corrections, and grain size variations. The data 

of all Apatite (U–Th)/He measurements are reported in Table 4.1 and 

Appendix B1 and sample locations are presented in Figures 4.2, 4.3, 

4.4, and Appendices A1, A2, and A3. 

Fission track ages of 7 apatite and 9 zircon samples were 

measured at VU University Amsterdam. Obtained data were 

processed using the TRACKKEY programme (Dunkl, 2002). All seven 

samples used for apatite fission track analyses passed the Chi-square 

(χ2) test (Table 4.2, Appendix B2). Eight out of nine samples used in 

ZFT analyses passed the Chi-square (χ2) test. Sample Buk7 had P(χ2) 

value of <5%, which was indicating mixed age distributions (Table 

4.3, Appendix B3). Horizontal confined track measurements were 

performed on separate apatite mounts, because apatite age mounts 

provided low spontaneous fission track densities (Table 4.2, 

Appendix B2). Fission track etch pit diameters (Dpar) were also 

measured on apatite track length mounts in order to estimate 

compositional influence on fission track annealing (Carlson et al., 

1999). The data of all fission track analyses are reported in Tables 4.2 

and 4.3 and Appendices B2 and B3, and sample locations are 

presented in Figures 4.2, 4.3, 4.4, and Appendices A1, A2, and A3. 
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Time-temperature histories of 7 rock samples (Cer1 and Cer4 

from the Cer Mts intrusions, Cer5 from Cer Mts metamorphics, Buk1 

and Buk4 from the Bukulja Mts intrusion, Fg3 from the Fruška Gora 

metamorphic basement and Fg5 from the Fruška Gora Triassic 

conglomerates; Figure 4.7) were modeled using HeFty programme 

(Ketcham et al., 2003). AFT age data, track length distributions, and 

etch pit diameters (Dpar) were used as input parameters. Mean track 

lengths range between 13.10±1.15 and 15.33±0.86 μm (Table 4.2). 

Average Dpar values are between 1.2±0.1 and 1.4±0.1 μm (Table 4.2). 

The modeled t-T paths for five samples from Cer and Bukulja Mts are 

extended into the zircon partial annealing zone (Brandon et al., 1998), 

whereas AHe single grain ages provided additional model constrains 

(Figure 4.7). Geological evidence such as time of the deposition of 

sediments and temperature ranges of greenschist metamorphic phase 

provided additional constraints in modeling of Fruška Gora samples 

Fg3 and Fg5 (Figure 4.7). Zircon closure temperature was constrained 

to 250±50 °C and zircon partial annealing zone (ZPAZ) to 300–200 °C 

(Tagami, 2005). Apatite closure temperature was constrained to 

110±10 °C, while partial annealing zone for apatite (APAZ) lies 

between 120 °C and 60 °C (Gleadow and Duddy, 1981; Laslett et al., 

1987). For the AHe system, values of a closure temperature of ~75 °C 

and helium partial retention zone (HePRZ) from 85 °C to 40 °C were 

proposed (Wolf et al., 1998). The present-day surface temperature was 

set to 20 °C. Annealing features of fission tracks in apatite (Carlson et 

al., 1999) allowed generation of time–temperature paths using the 

inverse Monte Carlo algorithm (Ketcham, 2005). The annealing model 
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of Ketcham et al., (1999, 2007) enabled correction for c-axis projection 

and Cf irradiation. The results of modeling were statistically 

evaluated by ‘goodness of fit’ (GOF) between measured and modeled 

data. The models are mathematically well defined since the GOF 

values are always between 0.85 and 0.99 (Figure 4.7).  

Analyzing the NE Dinarides evolution by low-temperature 

thermochronology has demonstrated much younger exhumation 

values than expected using the classical tectonic scenarios involving 

the closure of the Vardar or Sava suture zones during Cretaceous–

Eocene times (e.g. Dimitrijević, 2001). In these scenarios it was 

assumed the extension of the Pannonian Basin resulted only in 

subsidence and coeval deposition of up to 3–4 km of Miocene 

sediments. The majority of the obtained ages cluster in Miocene 

times, showing local variations in timing and rates of estimated 

cooling. 

4.3.1 Cooling ages in the Fruška Gora Mountains 

In order to constrain the late-stage cooling of the Fruška Gora 

greenschist facies metamorphic core low-t thermochronology 

analyses were conducted on samples Fg3 and Fg2. The sericite schists 

sample Fg3 yielded an AFT central age of 14.8±2.1 Ma, and mean 

track length of 14.60±0.65 μm (Figure 4.2a, Table 4.2). High mean 

track length value and unimodal distribution of the confined track 

lengths are indicative for the rapid cooling. Thermal modeling 

suggests rapid cooling, passing through the partial annealing zone of 

apatite during Middle Miocene time (Figure 4.7f). A similar Middle



Miocene extensional exhumation in the NE Dinarides in the context 
of Pannonian Basin formation 

 
95 

 

    



  Chapter 4 

96 

Miocene age was obtained in the same metamorphic 

basement for AHe single grain age (Fg2, 16.3±1.6 Ma, Figure 4.2a, 

Table 4.1), suggesting that the Middle Miocene cooling of the Fruška 

Gora basement also passed the lower temperatures of the AHe 

system. Unfortunately, the number and quality of zircon grains 

derived from the rocks in the Fruška Gora metamorphic basement 

was insufficient and did not allow for ZFT dating, therefore, the 

upper thermal limit of this cooling is not constrained.  

The sample Fg5 taken from highly deformed Lower Triassic 

continental conglomerates along the southern flank of Fruška Gora 

yielded Eocene cooling age, much younger than the age of its 

deposition (AFT central age of 38.3±3.6 Ma and mean track length of 

13.10±1.15; Figure 4.2a, Table 4.2). In combination with positively 

skewed track length distribution (Figure 4.5) this age suggests that 

the conglomerates were exposed to elevated temperatures through 

burial, which was followed by Eocene cooling from ~120 °C and 

subsequent exhumation to the subsurface conditions. Thermal 

modeling of sample Fg5 allow for the possibility of Middle to Late 

Eocene cooling (between ~45 Ma and 30 Ma) through the APAZ, 

following rocks burial and long resistance at the temperatures close 

to the upper limit of APAZ (Figure 4.7g). 

The sample Fg6 is collected from upper Lower Miocene 

(Ottnangian−Karpatian) coarse clastic deposits at the NW flank of the 

Fruška Gora. Two out of three reported AHe single grain ages of 

19.4±1.9 Ma and 18.4±1.8 Ma obtained in this sample are practically 
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overlapping within their errors and they roughly correspond to the 

age of sediments deposition (Figure 4.2a, Table 4.1). The two ages are 

interpreted as provenance ages, indicating potential exhumation of 

the source region during Early Miocene times. The third AHe single 

grain age that is significantly younger (10.8±1.0 Ma) is interpreted to 

be an artefact deriving from higher uranium content (Appendix B1) 

most probably due to the presence of inclusions, and it is not 

included in further interpretations. 

The sample Fg7 is taken from an Eocene trachyandesite 

located in the NE part of the Fruška Gora. The K-Ar dating of this 

volcanic formation yielded ages ranging from 36.1±1.5 Ma to 31.8±1.2 

Ma (Knežević et al., 1991). On regional scale, these volcanics are coeval 

and can be correlated with the Late Eocene−Oligocene intermediary 

to acid volcanism observed in the western part of Pannonian Basin 

and northern Dinarides (Cvetković et al., 2000; Pamić and Balen, 2001). 

ZFT central age of 35.0±2.3 Ma that corresponds very well with the 

previously obtained ages of its formation is reflecting the conductive 

cooling following the formation of this volcanic occurrence (Figure 

4.2a, Table 4.3). Two out of three AHe single grain ages measured 

(15.4±1.5 Ma and 14.1±1.4 Ma; Figure 4.2a, Table 4.1) show good ages 

clustering, suggesting Middle Miocene cooling. The two AHe ages 

may be response to the changes in superficial crustal levels during 

the Middle Miocene and they are concurrent with the 

thermochronology ages obtain in the Fruška Gora metamorphic 

basement. The third AHe single grain age that is significantly 

younger (5.4±0.5 Ma, Table 4.1) is interpreted to be an artefact of 
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analytical uncertainties in He measurements (very high value of 4He 

blank-sample ratio, Appendix B1), and as such it was dismissed from 

further interpretations.  

4.3.2 Cooling ages in the Cer Mountains 

The cooling history of the main body of quartz–monzodiorite 

(QMZD) was investigated in two rock samples, Cer3 and Cer4 

(Figure 4.3a). In these samples, 5 out of 6 AHe single grain ages 

cluster in Middle Miocene times (13.7±1.3 Ma to 12.1±1.3 Ma, Table 

4.1). One AHe single grain age in Cer3 sample is significantly older 

(18.6±1.8 Ma), interpreted to be an artefact due to relatively higher 

He content (Appendix B1). Fission tracks have yielded an age of 

16.3±0.5 Ma for Cer3 and 15.1±0.5 Ma for Cer4 in the case of ZFT, and 

12.5±1.1 Ma for Cer4 in the case of AFT, with high values of mean 

track length of 15.33±0.86 μm (Figures 4.5 and 4.6, Tables 4.2 and 4.3).  

The AFT age can be correlated with the singular AFT sample 

previously published in the two-mica granite of the Cer Mountains 

that yielded an age of 13.7±1.4 Ma (Ustaszewski et al., 2010). These 

combined ZFT/AFT/AHe data demonstrate well clustered and rapid 

cooling from ~250 °C to ~60 °C during Middle Miocene times of the 

main QMZD magmatic body. Thermal modeling of sample Cer4 

confirms this phase of rapid cooling between 16 Ma and 13 Ma, that 

was followed by significantly slower cooling during Late Miocene–

Quaternary times (Figure 4.7b). 
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The cooling history of the Stražanica granodiorite (GDS) was 

investigated in one sample, Cer1 (Figure 4.3a). In this sample the two 

AHe single grain ages measured are well clustered in Middle 

Miocene times (13.2±1.3 Ma and 13.5±1.3 Ma, Table 4.1). Fission 

tracks have yielded an age of 14.8±0.5 Ma in the case of ZFT and 

12.9±1.3 Ma in the case of AFT, with mean track length of 15.12±0.78 

μm (Figures 4.5 and 4.6, Tables 4.2 and 4.3). Thermal modeling of this 

sample confirms this phase of extreme rapid cooling from ~250 °C to 

~60 °C during Middle Miocene times (Figure 4.7a). The cooling 

histories of the QMZD and GDS magmatic areas, with 

thermochronology ages that overlap within their errors, are 

strikingly similar.6 

The cooling history of the rocks metamorphosed to greenschist facies, 

and subsequently affected by contact metamorphism that are located 

on the eastern flank of the Cer Mountains was investigated in one
                                                           
Figure 4.7 (following page): Thermal modeling of AFT data of two samples from the Cer granodiorite 

and quartz-monzondiorite intrusions (4.7a, and 4.7b); one sample from metamorphic basement of the 

Cer Mts (4.7c); two samples from the Bukulja granite (4.7d and 4.7e); one sample from metamorphic 

basement of the Fruška Gora Mts (4.7f); and one sample from Fruška Gora Triassic continental 

conglomerates (4.7g). Modeling was performed using HeFty program (Ketcham et al., 2003). AFT age 

data, track length distributions, and etch pit diameters (Dpar) were used as input parameters. ZFT 

central ages, AHe single grain ages, and geological constrains were used to construct additional user-

defined time-temperature boxes. The modeled t-T paths are extended into the zircon partial annealing 

zone (ZPAZ, solid black lines) between 300-200 °C (Brandon et al., 1998; Tagami, 2005). Partial 

annealing zone for apatite (APAZ) between 120-60 °C was confined by the solid dark grey lines 

(Laslett et al., 1987). Helium partial retention zone (HePRZ from 85 °C to 40 °C was confined by the 

solid light grey lines (Wolf, 1998). The inverse Monte Carlo algorithm with annealing model of 

Ketcham et al., (1999, 2009) was used for generating the time-temperature paths. The grey envelopes 

represent ‘acceptable’, and the dark ones ‘good’ fits between modeled and measured data. 
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sample (Cer5, Figure 4.3a). In this sample the two AHe single grain 

ages measured are somewhat dispersed in late Middle–Late Miocene 

times (11.4±1.5 Ma and 8.0±0.9 Ma, Table 4.1). Fission tracks have 

yielded an age of 16.1±0.6 Ma in the case of ZFT and 14.4±1.4 Ma in 

the case of AFT, with mean track length of 14.31±0.86 μm (Figures 4.5 

and 4.6, Tables 4.2 and 4.3). Thermal modeling suggests that the 

cooling history from ~250 °C to the temperatures of AHe system took 

slightly longer than that of the neighboring magmatic bodies, but still 

focused in the same Middle–(early) Late Miocene time interval 

(Figure 4.7c). Therefore, the Cer intrusion and its surrounding 

metamorphics experienced common low-temperature thermal 

histories. 

4.3.3 Cooling ages in the Bukulja Mountains 

The cooling history of the Bukulja intrusion was investigated 

in two samples, one located in the core of the two-mica granitic body 

(Buk1) and another one located at its eastern margin (Buk4, Figure 

4.4a). In the case of the first sample Buk1, two out of three AHe single 

grain ages cluster in late Middle–Late Miocene times (11.3±1.2 Ma 

and 9.1±0.9 Ma, Table 4.1). The third significantly older single grain 

age (23.2±2.2 Ma) is interpreted to be an artefact of extremely high 

He content, most probably due to the presence of inclusions 

(Appendix B1). Fission tracks have yielded an age of 12.1±0.4 Ma in 

the case of ZFT, and 11.2±0.8 Ma in the case of AFT (Figures 4.5 and 

4.6, Tables 4.2 and 4.3). Value of the mean track length is 14.16±0.85 

μm and the tracks show a narrow length distribution, typical of the 
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rapid cooling. These combined ZFT/AFT/AHe data demonstrate 

well clustered and very rapid cooling from ~250 °C to ~60 °C during 

late Middle–Late Miocene times of the main magmatic body (Figure 

4.7d). In the case of the Buk4 sample situated at the eastern margin of 

the pluton, single grain AHe ages are well clustered in the late 

Middle Miocene times (11.9±1.4 Ma and 10.2±1.0 Ma, Table 4.1), 

while fission tracks have yielded an age of 19.6±0.7 Ma in the case of 

ZFT (Figure 4.6, Table 4.3) and 13.4±1.3 Ma in the case of AFT with 

mean track length of 14.17±0.68 μm (Figure 4.5, Table 4.2). Time–

temperature modeling of these thermochronology ages suggests a 

two steps cooling history. The ZFT age is close to the emplacement 

age of the pluton (U–Pb zircon ages of 22.8–22.9 Ma; Matenco et al., 

2014) therefore, a stage of magmatic-related fast cooling is suggested 

to have taken place during Early–early Middle Miocene times, 

followed by a stage of very fast cooling during late Middle Miocene 

times (around 14–11 Ma). The two stages are separated by a time 

period of ~3–4 Ma during which cooling rates were significantly 

lower (Figure 4.7e). The magmatic cooling is supported by the 

relative shallow depth of emplacement of the Bukulja pluton that 

created an up to 3 km wide zone of contact metamorphism (Cvetković 

et al., 2007). 

The cooling history of the Bukulja metamorphic unit located 

on the eastern side of the magmatic body (the Bukulja–Venčac 

crystalline of Marović et al., 2007c; or the Birač formation of Trivić et 

al., 2010) was investigated using two samples (Buk7 and Buk8, Figure 

4.4a). Sample Buk7 is located in the calcareous schists (deep water 
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Upper Triassic) on the northern slope of the Bukulja Mts. The two 

AHe single grain ages measured are very dispersed (57.5±7.1 Ma and 

11.6±1.4 Ma, Table 4.1). The older age is interpreted to be an artefact 

due to relatively higher He content (Appendix B1). Statistical 

separation conducted using the TRACKKEY programme (Dunkl, 

2002) indicates two homogeneous fission track age populations of 

64.3±4.7 Ma and 13.3±1.1 Ma in the case of ZFT (Figure 4.6, Table 4.3). 

Fission track age discordance in reset sample Buk7 could be caused 

by differential resetting of zircon grains with different annealing 

properties due to variable radiation damage. Although 

heterogeneous annealing is expected for reset sandstones given that 

the dated grains are derived from a variety of sources (Brandon et al., 

1998), this effect has also been recorded even in some plutonic rocks 

that contained grains with variable chemistry (O'Sullivan and Parrish, 

1995). Due to different chemical properties the grains belonging to 

the younger group of grains could be reset at lower relative 

temperatures than the grains of the older group. The older age of ~64 

Ma would indicate Maastrichtian to Paleocene cooling through the 

zircon PAZ (between 300 and 200 °C), following a phase of deep 

burial (above 300 °C), while the younger 13.3±1.1 Ma age population, 

interestingly, coincides with rapid Miocene uplift and is compatible 

with other measured ZFT ages. However, thermochronology ages 

obtained in this sample are best to be ignored as stand-alone ages. 

Further interpretations are possible only by correlation with other 

measured samples. Sample Buk8 is located in the large scale shear 

zone characterized by the ultramylonitic sericitic schists with 
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quartzitic–ophiolitic lenses, which is the metamorphosed and 

sheared equivalent of the Uppermost Cretaceous−Paleogene flysch 

deposits. In this sample the two AHe single grain ages measured are 

well clustered in Middle Miocene times (11.8±1.1 Ma and 12.6±1.2 

Ma, Figure 4.4a, Table 4.1). Fission tracks have yielded a ZFT age of 

11.1±0.9 Ma (Figure 4.6, Table 4.3) demonstrating a phase of extreme 

rapid cooling from ~250 °C to ~60 °C during late Middle Miocene 

times. 

4.3.4 Specific cooling histories of Cer and Bukulja intrusions 

Previous magmatic studies focused on Cer and Bukulja 

intrusions have used the K–Ar methodology to date the age of 

emplacement of these plutons. The results indicate a wide time 

interval of Miocene ages (Knežević et al., 1997; Cvetković et al., 2007; 

Koroneos et al., 2011). Following the closure temperature concept of 

Dodson (1973), these K–Ar ages along with the thermochronology 

ages obtained in the present study are interpreted as the cooling 

ages, while the U-Pb dating on zircon provides the ages of 

emplacement. 

In the Cer Mountains (Knežević et al., 1997; Koroneos et al., 

2011), the QMZD body has yielded K–Ar hornblende (closure 

temperatures around 550–500 °C) ages of 21.11±1.55 Ma; K–Ar biotite 

ages (350–300 °C) of 17.22±0.66 Ma; K–Ar K-feldspar ages (300–200 

°C) of 16.48±0.62 Ma. The GDS body has yielded K–Ar biotite ages 

(350–300 °C) of 17.22±0.66 Ma. K–Ar ages of muscovite, biotite and 

feldspar, obtained in Cer two-mica granite (TMG) all cluster at ~16 
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Ma. All these K–Ar Early–Middle Miocene ages are younger than the 

Oligocene U–Pb zircon ages (closure temperatures around 850 °C) 

obtained in the QMZD and GDS bodies clustering at ~32 Ma 

(Matenco et al., 2014). However, all the K–Ar ages are in the range of 

16–14 Ma ZFT ages obtained by this study. These observations 

demonstrate a two-step cooling history of the Cer I-type pluton 

(Figure 4.8). While the main QMZD and GDS magmatic mass was 

emplaced during Oligocene times, the pluton was subsequently 

affected by another phase of enhanced cooling starting at high 

temperatures during Early–Middle Miocene times. This is in 

agreement with the modeled time–temperature histories of Cer 

magmatic samples that demonstrate continued rapid Middle–Late 

Miocene cooling of the pluton (Figure 4.7a, b). In terms of Miocene 

cooling rates, the Cer pluton cooled between 21 Ma and 17 Ma at 

rates of ~50 °C/Ma, followed by accelerated rates of ~70 °C/Ma, 

between 16 Ma and 13 Ma (Figure 4.8). The two phases (i.e., 

Oligocene and Miocene) are separated by a time-lag of around 10 

Ma, demonstrating that the QMZD/GDS K–Ar ages are not 

formation ages, but are an effect of the subsequent Miocene 

exhumation depicted by our low-temperature thermochronology 

dating. Hence, in the absence of TMG U–Pb ages, it is possible that 

this third magmatic body has been emplaced later, during Miocene 

times. This is suggested by the larger contact metamorphic zone 

surrounding the western region where the main TMG mass was 

intruded (Koroneos et al., 2011), and by the fact that TMG cuts the 

earlier QMZD. 
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In the Bukulja Mountains TMG (Cvetković et al., 2007), K–Ar 

muscovite ages (450–350 °C) and biotite ages (350–300 °C) indicate 

19–17.5 Ma ages, while K–Ar feldspar ages (300–200 °C) indicate a 

19–15 Ma interval. When combined with the U–Pb zircon ages 

(around 850 °C) of 23 Ma (Matenco et al., 2014), this demonstrates a 

phase of rapid cooling at high temperatures during Early Miocene 

times followed by rapid Middle Miocene cooling demonstrated by 

our low-temperature thermochronology study (Figure 4.7c, d; 

Figure4.8). Although there is a 3–4 Ma time-lag between the two 

phases, the cooling history of the Bukulja pluton should be regarded 

as rather continuous, with average rates of cooling of ~50 °C/Ma, 

throughout Miocene times following its magmatic emplacement. 

 

 4.4 The exhumation history in studied areas of the NE Dinaridic 

margin 

Classical studies of the NE Dinaridic margin assume that 

following the Cretaceous–Eocene period of orogenic build-up, the 

extension of the Pannonian Basin resulted only in subsidence and 

coeval deposition of up to 3–4 km of Miocene sediments. The low-

temperature thermochronological ages measured in the present 

study range from late Early to early Late Miocene, showing a main 

cluster around 16–14 Ma. This age cluster is coeval with the main 

syn-rift phase of extension in the Pannonian Basin (Horváth, 1995). 

Cooling of the rocks took place at high rates (40–80 °C/Ma) and is 

recorded in a large variety of lithological units, including (syn-) 
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kinematic plutons. This strongly indicates a tectonic driven 

exhumation process. All these observations demonstrate for the first 

time that the Miocene extension was associated with large-scale 

exhumation along the NE Dinaridic margin. A very good correlation 

between thermochronology ages related to exhumation of pre-

Miocene basement units and extensional deformation patterns 

suggest that exhumation was, potentially, associated with a series of 

extensional detachments that accommodated opening of this part of 

the Pannonian Basin. 

4.4.1 The exhumation history of the Cer Mountains 

The most plausible is the cooling path of the Cer Mountains. 

The main intrusive mass situated in the core of the mountain was 

emplaced in the Oligocene at around 32 Ma, however its cooling 

pathway records a subsequent late-stage rapid acceleration during 

Miocene times after a time gap of ~10 Ma. The latter event cannot 

reflect the magmatic cooling of the main mass of the pluton and is 

interpreted as tectonic exhumation. In the core of the mountain, the 

measured samples taken from the pluton and the singular processed 

sample from the metamorphics that is in direct contact with the 

pluton show ZFT ages range from 17 to 14 Ma, AFT ages from 14 to 

12 Ma and AHe ages range from 14 to 8 Ma. The overlapping age 

ranges yielded by low-temperature thermochronometers with 

different closure temperatures coupled with high values of mean 

track length of ~15 μm demonstrate that rocks of this complex 

exhumed together in Miocene times. 
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Strong contrast observed between the rapidly exhumed 

metamorphic core and the Cretaceous to Paleogene turbidites along 

the eastern margin of the Cer Mountains, suggests that in the area 

between them a major tectonic structure must be interpreted (Figure 

4.3). This is compatible with the widespread mylonitic foliation and 

stretching lineation observed in the Cer metamorphics that record 

the activity of a major shear zone, in this case an extensional 

detachment dipping E-wards. This detachment can be correlated in 

the southern part of the Cer Mountains with the large offset Lešnica 

normal fault that recorded the last phase of brittle normal faulting 

during the late stage exhumation of the Cer Mountains. The 

detachment or its late stage normal faulting expression can be 

mapped along the northern flank of the mountains at the contact 

between Cer metamorphics and the non-metamorphosed 

Permo−Triassic sediments outcropping in small valleys from beneath 

the Miocene–Pliocene cover (Figure 4.3). In the western part of 

mountains, there is a striking metamorphic contrast between the 

greenschists facies Cer metamorphics locally overprinted by a 

thermal metamorphosed contact in the vicinity of the pluton and the 

very low metamorphic degree of Jadar Paleozoic sediments. The 

latter can be correlated with the non-metamorphosed Triassic–

Paleogene cover that outcrops immediately west of the Drina river in 

neighboring Bosnia (Figure 4.3). The existence of this major structure 

is furthermore supported by the hanging-wall deposition of thick 

Middle Miocene sediments that are coeval with the exhumation of 

the footwall. Once the footwall exhumation has ceased, the late-stage 
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extensional subsidence has resulted in partial covering of the 

detachment around the extensional core with Upper Miocene–

Quaternary sediments overlying its flanks (Figure 4.3). This situation, 

characterized by a strong structural, depositional and metamorphic 

degree contrast, suggests that the area which underwent significant 

Miocene exhumation has the geometry of a dome centered in the Cer 

pluton and its flanking higher degree metamorphics that were 

affected pervasively by mylonitisation. This turtle-back extensional 

geometry (Figure 4.9a) is a typical one for isostatically exhumed 

detachments that have undergone significant asymmetric crustal 

stretching (Lister and Davies, 1989). Such an Oligocene pluton, located 

in the core of a turtle-back geometry core-complex of Miocene age, is 

very similar to the geometry defined southwards in Central Serbia in 

the area of Kopaonik–Studenica (Figure 4.1b, Schefer, 2010). This 

geometry is moreover found often in core complexes associated with 

back-arc extension such as the Cyclades or Rhodopes in the Aegean 

(e.g. Andriessen et al., 1979; Lister, 1984; Brun and Sokoutis, 2010). 

4.4.2 The exhumation history of the Bukulja Mountains 

The tectonic evolution of the Bukulja Mountains slightly 

differs from that interpreted in the Cer Mountains. The main 

intrusive body situated in the core of the mountains was emplaced in 

Early Miocene times at around 23 Ma, and its cooling pathway is 

rather continuous with the subsequent Miocene low-temperature 

cooling ages and thermal modeling (Figure 4.7d, e). Hence, similar 

low-temperature thermochronology ages are recorded in the 
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eastward places situated at large distances in metamorphosed 

sequences not affected by the pluton thermal overprint (such as the 

upper Cretaceous turbidites (Buk8, Figure 4.4a)). This demonstrates 

that emplacement and cooling of the pluton took place during 

tectonic exhumation. In the core of the mountains, higher 

temperature ZFT ages range from 19 to 12 Ma, the AFT ages range 

from 13 to 11 Ma, while AHe low-temperature exhumation ages 

range from 12 to 9 Ma.  

Similar to the Cer Mountains, metamorphic contrast is also 

recorded in the Bukulja Mountains along its northern, eastern and 

southern flanks (Figure 4.4a). In the core of the mountains, the degree 

of metamorphism generally decreases rapidly along the eastern and 

western flanks, in agreement with the observed short-range thermal 

overprint by contact metamorphism (Cvetković et al., 2007). In the 

easternmost Venčac corner, however, a contrast exists within a short 

distance between the greenschists facies metamorphosed 

Cretaceous−Paleogene sediments, with Miocene exhumation ages, 

and its surrounding Serbo−Macedonian margin obducted by Eastern 

Vardar ophiolites and unconformably overlain by carbonatic–clastic 

sediments of the Sava zone. Particularly striking is the contrast 

between metamorphosed and non-metamorphosed Uppermost 

Cretaceous−Paleogene flysch, which suggests the localization of a 

major tectonic structure in the area between them (Figure 4.4a). This 

is in agreement with the observation of a major shear zone situated in 

between these units, defined as the extensional Bukulja detachment 

dipping E-wards. This shear zone is well visible by a widespread
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pervasive mylonitic foliation associated with sub-grain rotation, re-

crystallization and stretching lineations. Similar to the Cer 

Mountains, the pluton and its flanking metamorphic rocks are 

separated on the northern, eastern and southern side by the ductile 

detachment or by brittle normal faults that formed during the late 

stage of extensional exhumation (Figure 4.4a). The existence of this 

major structure is furthermore supported by the hanging-wall 

deposition of a few hundreds of meters thick Lower–Middle Miocene 

sediments that are coeval with the exhumation of the footwall. Once 

the footwall exhumation has ceased, the Middle–Upper Miocene 

sedimentation have trangressivelly covered parts of the footwall, an 

effect of the late stage extensional subsidence (Figure 4.4a). In 

contrast to the Cer Mountains, the western flank of the Bukulja 

Mountains does not show any tectonic omission. This overall 

situation characterized by a strong structural and lithostratigraphical 

contrast along three structural flanks, suggests that the area which 

underwent significant Miocene exhumation has the geometry of a 

half-dome centered in the Bukulja pluton that has an E-ward axial 

plunge (Figure 4.9b). The observed extensional geometry is a typical 

one for exhumed extensional detachments that develop in 

asymmetric crustal stretching (Lister and Davies, 1989). The 

continuous exhumation pathway recorded by the Bukulja pluton and 

the neighboring rocks situated in the footwall of the detachment 

demonstrates that this magmatic body must be defined as syn-

kinematic, associated with decompressional melting during the early 

activity of the detachment. This is compatible with the crustal source 
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and extensional interpretation of this dominantly two-mica granite 

(Cvetković et al., 2007). 

Interestingly, the extensional detachment is located at and has 

the same polarity with the inherited collisional contact between 

Serbo−Macedonian and Jadar–Kopaonik units, deforming the 

Uppermost Cretaceous flysch in the Sava suture zone. This means 

that the extensional detachment reactivated the inherited 

subduction/collision contact between European and Adriatic units. 

This situation is very similar to the same type of polarity change in 

kinematics from subduction to detachment that is recorded in the 

Kozara–Prosara area of Bosnia and Croatia. Here, a similar Miocene 

extensional reactivation of the Late Cretaceous–Paleogene Sava 

collisional suture zone is documented (Ustaszewski et al., 2010). 

4.4.3 The exhumation history of the Fruška Gora Mountains 

The limited number of low-temperature thermochronological 

data and the incomplete series of multiple age pairs for each sample 

do not allow for a final interpretation of the Fruška Gora exhumation 

history. However, the contrast between metamorphosed Triassic 

sediments in the core of the mountains and sediments of the same 

age outcropping on the southern flank (Figure 4.2a) suggests the 

presence of an intermediate structural lineament that justifies this 

tectonic omission taking place along a very short distance and in a 

very short time period. Low-temperature thermochronological ages 

confirm these findings. The AFT age of 14.8 Ma coupled with mean 

track length of 14.60±0.65 μm and single grain AHe age of 16.3 Ma 
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obtained in the metamorphic core contrasts with the AFT age of 38.3 

Ma recorded in the non-metamorphic Triassic (Figure 4.2a). These 

observations suggest that the metamorphic core has recorded fast 

cooling and rapid Miocene exhumation, and its southern flank 

recording only exhumation related to an older tectonic event, 

possibly the final stage of Cretaceous–Paleogene shortening recorded 

between European and Adriatic units. Given the coeval Miocene 

opening of the neighboring Pannonian Basin, the Middle Miocene 

exhumation can be ascribed to the activity of a separating extensional 

detachment, an interpretation that is supported by the pervasive 

mylonitic foliation with top-E sense of shear that is recorded at this 

contact. The Pliocene–Quaternary inversion of the Pannonian Basin, 

a compressional event that has affected Fruška Gora and is observed 

by deformation and tilting of coevally deposited sediments, is not 

recorded by our exhumation data. This is a critical constraint, 

limiting Pliocene–Quaternary exhumation in the overall antiformal 

geometry of the Fruška Gora to amounts of exhumation that were 

below AHe resolution (less than 1–2 km). More continuous series of 

thermochronological measurements would certainly improve and 

refine our interpretation of Fruška Gora exhumation history. 

 

4.5 The link between exhumation and processes associated with 

the opening of the Pannonian Basin 

Available regional heat flow data (Adam and Wesztergom, 

2001; Lenkey et al., 2002) suggest that the rather high geothermal 
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gradient near the contact between the Pannonian Basin and NE 

Dinarides is presently in the order of 40±10 °C/km. These values are 

driven by the Miocene crustal and lithospheric stretching of the 

Pannonian Basin and are, although rough, good estimates for the 

extensional period. Combined thermochronological data (Figure 4.8) 

in conjunction with these geothermal gradient values suggest that the 

Miocene exhumation of detachment footwalls is in the order of ~10 

km in the areas of the Bukulja and Cer Mountains. As the geothermal 

gradient could have been higher due to thermal anomalies associated 

with the emplacement of plutons, these values should be regarded as 

maximum exhumation. 

In the case of the Cer Mountains, the Miocene exhumation 

postdates an Oligocene period of magmatic cooling of the QMZD 

and GDS main intrusions. The emplacement of these main intrusions 

took place at pressures of around 3.5–5 kbars (Koroneos et al., 2011) 

that would correspond to an intermediate crustal level, which is 

almost of the same range as the amount of the recorded exhumation. 

This would imply that following its emplacement in Oligocene times, 

the pluton recorded magmatic cooling for some 10 Ma at more or less 

similar intermediate crustal depths. Subsequently, rapid tectonic 

exhumation driven by an extensional detachment took place during 

Middle Miocene times. The onset of extension probably took place 

around 20 Ma, at higher temperatures (and therefore older ages) than 

the ones recorded by our low temperature thermochronology study 

(Figure 4.8). This overall interpretation is in agreement with the 

geochemistry of the main mass of the pluton (the quartz–
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monzodiorite and granodiorite bodies), which does not bear a 

genetic link to the Miocene extension (Koroneos et al., 2011). However, 

the two-mica granite emplacement in the larger western body and 

dykes distributed elsewhere are inferred to be related to the Miocene 

extension. Therefore, the two-mica granite might have a substantially 

different age that would be related to lower crustal decompressional 

melts emplaced over the earlier intruded pluton (Koroneos et al., 

2011). By following low temperature exhumation ages, one can infer 

that the two-mica granite emplacement age should be close to the 

onset of extension, but certainly older than the AFT age of 14±1 Ma 

obtained in these rocks (Ustaszewski et al., 2010). The large scale 

exhumation from intermediate crustal levels was accompanied by the 

formation of a Miocene basin in the hanging-wall of the Cer 

detachment. It is likely that the formation of the Miocene basin 

located between the Dinarides and the Fruška Gora (Figure 4.1b) is 

the result of the extension along the Cer detachment and the 

genetically associated normal faults. Deformation along such normal 

faults delimiting grabens and horst-like structures in the Pannonian 

Basin (Čanović and Kemenci, 1988) is the last brittle stage activity along 

this detachment. 

In the case of the Bukulja Mountains, the pluton formed 

almost entirely by decompressional melting and must be associated 

directly with the Miocene extension. The pressure of emplacement of 

around 5 kbars (Cvetković et al., 2007) suggests decompressional 

melting at the base of the crust followed by emplacement of the 

pluton at intermediate crustal level in the vicinity of the main 
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detachment during extension. The formation of a simple-shear 

extensional detachment was favored by the pre-existing asymmetry 

of the Sava subduction zone, which was re-activated. The large-scale 

extension exhumed rocks belonging to the Jadar–Kopaonik thrust 

sheet and the overlying Uppermost Cretaceous−Paleogene flysch 

that had previously been buried at these intermediate crustal depths 

by the Cretaceous–Eocene subduction and collision. In the immediate 

hanging-wall of the Bukulja detachment (Figure 4.4a), coeval normal 

faulting is commonly observed, but the overall thickness of Miocene 

deposits is reduced to few hundreds of meters. This overall geometry 

suggests that extension was fundamentally asymmetric and/or was 

followed by isostatic rebound, typical for large-offset core complexes 

(Lister and Davies, 1989). The formation of the roughly N–S oriented 

Morava Basin containing Lower to Middle Miocene deposits of up to 

3 km in thickness is observed more eastwards, along the Morava 

River and its tributaries (Figure 4.1b, c). This is where the extension 

was recorded in the hanging-wall of Bukulja detachment, creating an 

extensional basin that continues southwards almost until the border 

with Republic of Macedonia/FYROM. Therefore, the Bukulja 

detachment and/or genetically associated structures should be 

prolonged southwards along the strike of the Dinarides, possibly 

reactivating the Sava suture zone on a regional scale. This suggestion 

is supported by the large-scale extension inferred in the area of the 

Jastrebac Mountains (Marović et al., 2007b), an inselberg of basement 

and partly metamorphosed Uppermost Cretaceous−Paleogene 
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flysch, which is located southwards in the center of the Morava River 

valley (Figure 4.1b).  

The few low-temperature exhumation data available in the 

area of the Fruška Gora suggest that the post-Eocene extensional 

exhumation of their central and south-western parts is in the order of 

2–4 km. However, the tectonic omission recorded between the green-

schists facies metamorphic core containing protoliths of Triassic–

Jurassic in age and the same age non-metamorphosed sediments 

outcropping along its flanks suggests that the Miocene extensional 

exhumation values were much higher, possibly in the order of 6–10 

km, as a rough estimate given the metamorphic facies conditions. 

The exact geometry and kinematics of the normal faults associated 

with extension is difficult to determine by this study due to the 

absence of subsurface data, but a series of major N–S oriented 

depocenters are observed E of the Fruška Gora (e.g. Pigott and 

Radivojević, 2010). 

 

4.6 Conclusions 

The low temperature thermochronological study of three key 

areas located along the NE margin of the Dinarides has 

demonstrated that the formation of the Pannonian Basin in this sector 

of the chain was associated with coeval large-scale exhumation in the 

footwall of large scale detachments during Miocene times. Here, 

intermediate depth crustal rocks have been rapidly exhumed to the 

surface during late Early to early Late Miocene times, in response to 
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asymmetric crustal stretching forming the Pannonian Basin and its 

southern prolongation along the Morava river valley in the hanging-

wall of detachments. The rapid 1-2 km/Ma exhumation has locally 

generated decompressional melts that were emplaced and partly 

mylonitised in the footwall in immediate vicinity of the detachment. 

These structures have also exhumed rocks that were previously 

buried to intermediate crustal depths by the subduction/collision of 

the Sava ocean and its attached Adriatic passive continental margin. 

The studied areas demonstrate the large scale exhumation 

that was coeval with the formation of the Pannonian Basin and the 

associated deposition of Miocene sediments in the hanging-wall of 

genetically related detachments. This observation suggests that the 

Pannonian extension was characterized by a series of parallel 

detachments that are presently exposed in the Dinarides. These 

detachments may be prolonged northwards ultimately 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). 

However, such a hypothesis should be tested by studies analyzing 

the structure of the SE part of the Pannonian Basin, which may 

confirm that the activity of extensional detachments with a top-E 

kinematic direction of extension is the cause of recorded exhumation. 
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