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5   |   Thermo-tectonic evolution of the NE 

Dinarides: inferences from detrital 

thermochronology1  

 

5.1 Introduction 

The SW-facing Dinaridic orogen was essentially structured in 

Cretaceous times, following ~600 km of N-S convergence between 

the Adriatic (i.e. Dinarides) and European (i.e. Carpato−Balkanides) 

derived continental units during the closure of the intervening 

Neotethys/Vardar ocean (Schmid et al., 1996). The collisional contact 

between these units is exposed in the Sava suture zone (Schmid et al., 

2008, Ustaszewski et al., 2009), a narrow tectonic unit located along the 

NE margin of the Dinarides, in the areas of Bukulja, Cer, and Fruška 

Gora Mountains of central and western Serbia (Figure 5.1b). 

Widespread occurrences of Late Cretaceous (Senonian) to Paleogene 

flysch sequences are unconformably covering the Jadar–Kopaonik 

unit of the Dinarides along this margin and mark the suture with the 

Serbo−Macedonian Massif of the Carpato−Balkanides (the external 

and central Vardar sub-zones of Dimitrijević, 2001). The subsequent 

Miocene extension of the Pannonian Basin has reactivated the 
                                                      
1 This chapter was co-authored by: Stojadinovic, U., Matenco, L., Andriessen, 
P.A.M., Toljić, M.  
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inherited collisional contact between European and Adriatic units. 

The pre-existing asymmetry of the former collisional zone favored 

the formation of simple-shear extensional detachments and was 

associated with large-scale extensional exhumation of rocks initially 

belonging to the Jadar–Kopaonik thrust sheet and its overlying 

Cretaceous to Paleogene flysch, previously buried in the subduction 

zone (see chapter 4). The aim of this study is to quantify the timing, 

rates and amounts of vertical motions driven by these major 

collisional and back-arc extensional tectonic processes. Therefore, 

thermal histories of several key Cretaceous–Upper Miocene 

sedimentary sequences in the areas of the Fruška Gora, Cer, and 

Bukulja Mountains of Serbia (Figures 5.1 and 5.2) have been 

investigated applying the multi-dating approach of zircon fission 

track (ZFT), apatite fission track (AFT), and apatite (U-Th)/He (AHe) 

single grain detrital thermochronology. In this manner, the 

thermochronology results presented in the previous extensional 

exhumation study (chapter 4) are complemented with new results 

obtained by detrital thermochronology investigations. These new 

results should refine inferences about extensional exhumation in the 

region and allow for new inferences about its evolution during the 

pre-extensional period. Sediments were selected representing 

deposition formations in zones that presumably underwent 

significant tectonic activity during the phases of Europe–Adria 

shortening and collision and subsequent exhumation during the 

extension of the Pannonian Basin. Special attention was paid to the 

formations with conglomerates and course grained sandstones. The 
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approach chosen and the obtained results enabled a reconstruction of 

thermal histories, (style and type of) exhumation of the potential 

source areas of sediments and more precise determination of 

sediments depositional ages and affiliation. Consequently, important 

inferences about the long-term dynamic evolution of the NE 

Dinarides are derived.2  

 

5.2 Detrital thermochronology and interlinked tectonic and 

sediment-forming processes in the NE Dinarides 

Detrital thermochronology was used to determine the 

evolution of syn-kinematic flysch sediments in the areas of Fruška 

Gora, Cer, and Bukulja Mountains (Figure 5.2). The deposition of 

these Late Cretaceous (Senonian)–Paleogene siliciclastic deposits 

with turbiditic characteristics is associated with the thrusting along 

the NE Dinaridic margin between Jadar–Kopaonik Unit of the 

Dinarides and the Serbo–Macedonian Massif of the 

Carpato−Balkanides (Figure 5.1b). When applying detrital zircon 

fission-track analysis in provenance and exhumation  studies, etching  

 

                                                      
Figure 5.2 (following page): Structural map of the pre-Neogene basement of the 

Pannonian Basin in Serbia and neighboring Hungary and Romania, with pre-

Neogene contacts (colour dashed lines) between tectonic units of the Dinarides and 

Carpato−Balkanides (after Matenco and Radivojević, 2012). Positions of the three study 

areas (framed by the black rectangles) and locations of all samples are also given. 
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of fission tracks is hampered by intergrain variation in radiation 

damage of detrital zircons (Garver et al., 1999). This is because etching 

response of zircon is related to radiation damage in the grain. As a 

result of this aberration short-time etching will reveal tracks in grains 

with high radiation damage (generally older grains), while longer 

etching reveals tracks in grains with low radiation damage (generally 

younger grains). In attempt to overcome this problem, in many 

studies two zircon mounts are prepared from each sample and these 

are etched for different times. In this study one zircon mount was 

prepared per sample and, therefore, choice had to be made whether 

to apply shorter or longer etching times. Since the dated samples 

represent syn-kinematic conglomerates and coarse-grained 

sandstones our assessment was that potential source(s) are expected 

to be more coherent than in fine-grained type of lithologies, where it 

is possible to expect revelation of more potential sources for the 

sediments. 3 

 
                                                      
Figure 5.3 (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 and ZFT ages are reported as central ages with ± 1σ standard error 

in concordant samples, and best-fit peak ages in discordant samples. 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 – NNE–SSW oriented geologic cross-sections over Fruška Gora along 

the direction of contractional shortening (legend and locations are presented in figure 5.4a). 
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Furthermore, we concluded that the younger potential single 

age components within these conglomerates deserve special 

attention. The isolation of the youngest single grain age component 

will allow for determination of the maximum age of sediments 

deposition. In the case of syn-kinematic conglomerates this will, 

furthermore, enable information on timing and rates, perhaps even 

the style, of exhumation processes active in the hinterland, sourcing 

these conglomerates. In addition, thus obtained zircon fission track 

ages coupled with apatite fission track dating and thermal modeling 

of the same samples enable the reconstruction of their complete 

thermal histories from the moment of their deposition onwards. 

The collision that took place between the European- and 

Adriatic-derived units, which overprinted the Jurassic ophiolitic 

systems obducted earlier, has resulted in the large structural 

complexity of the Fruška Gora Mountains (Figure 5.3a). Three 

successive deformation events affected Fruška Gora during the Latest 

Cretaceous–Paleogene period of collision (Figure 5.3b; Toljić et al., 

2013). An initial stage of burial and metamorphism was followed by 

asymmetric shearing due to advancement of distal Adriatic passive 

continental margin in the collision zone. This was followed by wide 

open symmetric deformation that affected the entire studied area of 

Fruška Gora. These contractional episodes were followed by Miocene 

extension that resulted in exhumation of the Fruška Gora 

metamorphic core in the footwall of a large extensional detachment. 

The extensional exhumation has separated metamorphic core from 

the surrounding areas, which was followed by the formation of 
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numerous brittle normal faults (Toljić et al., 2013). At the present day, 

the Fruška Gora Mountains have an overall large-scale open 

antiformal geometry accompanied by S-ward vergent high angle 

reverse faults, which is the effect of the last phase of deformation 

during the Pliocene–Quaternary inversion of the Pannonian Basin. 

Our previous thermochronological exhumation study in the Fruška 

Gora metamorphic basement did not allow for complete 

interpretation of the mountains thermo-tectonic evolution, in 

particular to fully constrain the Miocene extension (see Chapter 4). 

Therefore, we conducted zircon and apatite detrital 

thermochronology investigations of the Miocene stratigraphic 

sequence in this area, including a thermochronological provenance 

analysis. The comparison of the obtained fission track ages allowed 

for identification of the source provenance of these sediments, and 

reconstruction of thermal histories of the source areas. Estimations of 

exhumation rates of the source areas were made based on the 

difference in the time of cooling to the closure temperatures of the 

used thermochronometers. 

The Miocene extension of the Pannonian Basin affected the 

areas of Bukulja and Cer Mountains, and was associated with the 

deposition of syn-kinematic sediments that contain remnants of 

rapidly exhumed magmatic/metamorphic basement (see chapter 4). 

Deposited in small, W-E elongated semi-isolated basins adjacent to 

the exhumed metamorphic core-complexes, these sediments are 

stratigraphically not well dated, mainly due to lack of diagnostic 

fauna (Figure 5.4). Therefore, they are usually described as Early to 
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Middle Miocene since they were generally related to the coeval syn-

rift phase of the Pannonian Basin (Marović et al., 2007c). The coupled 

zircon and apatite detrital thermochronology study has provided 

important constraints on the age of these sediments, in particular for 

the conglomeratic sequences which were deposited in the basins 

adjacent to Bukulja and Cer Mountains. These constraints enabled 

new inferences on the duration of phase of rifting related to their 

deposition.4 

 

 

 

 

                                                      
Figure 5.4 a (following page up):  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. Numbers at the borders of the map are MGI Balkan 6 Cartesian 

coordinates; b (following page down):  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. Numbers at the borders of the map are MGI Balkan 7 

Cartesian coordinates. 
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5.3 Detrital thermochronology of NE Dinarides 

The aim of this research is to reconstruct the dynamic 

evolution of the NE Dinarides, by means of zircon and apatite 

detrital thermochronology study. Single grain dating of the detrital 

sediments yields information on the long-term evolution of orogen. 

Combined zircon and apatite detrital thermochronology dating 

enables determination of sediments’ depositional age, reveals its 

provenance and, potentially, allows for the reconstruction of thermal 

history and exhumation of sediment source areas. All results 

obtained in the present detrital thermochronology study are reported 

in Tables 5.1 and 5.2, and Appendices B2 and B3, while sample 

locations are presented in Figures 5.2, 5.3, 5.4., and Appendices A1, 

A2, and A3. 

5.3.1 Detrital thermochronology of Late Cretaceous−Paleogene syn-

kinematic sediments in the NE Dinarides 

Zircon and apatite fission track measurements were 

performed on 3 flysch-type turbiditic sandstone samples (samples 

B105, Cer6, Fg4; Figures 5.2; 5.3; 5.4). Two out of three zircon samples 

(Cer6 and Fg4) passed the Chi-square (χ2) test and they were 

processed using the TrackKey programme (Dunkl, 2002). Sample 

B105 had P (χ2) value of <5%, which was indicating mixed age 

distributions (Table 5.1). Therefore, decomposition of this sample 

(Figure 5.5c) was conducted using the BinomFit software (Brandon, 

M.T., 2002). From the attained age distributions, single age 

populations are derived by fitting to a set of Gaussian distribution
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functions (Gaussian peak-fitting method, Brandon, 1992). 

Furthermore, the χ2 age method (Brandon, 1992) was applied to 

isolate the youngest of the zircon fission track single grain age 

populations in the given sample. The χ2 age is defined as the pooled 

age of the largest group of young grains that still retains P (χ2) 

greater than 5 percent. P (χ2) is calculated using the TrackKey 

software (Dunkl, 2002). All three apatite turbiditic sandstone samples 

have passed the Chi-square (χ2) test (Table 5.2), and were processed 

using the TrackKey programme (Dunkl, 2002). Horizontal confined 

track measurements, as well as the etch pit diameters (Dpar) 

measurements were performed on the same apatite grain mounts. 

Mean track lengths range between 13.02±1.24 and 14.22±0.76 μm. 

Average Dpar values are between 1.4±0.2 and 1.7±0.2 μm (Table 5.2). 

Time-temperature histories of 3 turbiditic sandstone samples (Figure 

5.5) were modeled using HeFty programme (Ketcham et al., 2003). 

Integrated AFT age data, track length distributions, and etch pit 

diameters (Dpar) were used as input parameters, whereas the 

obtained ZFT ages provided additional constrains for the models. 

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 and apatite partial 

annealing zone (APAZ) to 120–60 °C (Gleadow and Duddy, 1981; 

Laslett et al., 1987). The present-day surface temperature was set to 20 

°C. All three models are mathematically well defined since the 

‘goodness of fit’ (GOF) values between measured and modeled data 

range from 0.86 to 0.97 (Figure 5.5). 
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The sample Fg4 is collected from the coarse-grained 

siliciclastic sandstones that are located in the lower part of the 

Maastrichtian to Paleogene flysch sequence widely exposed in the 

NE part of Fruška Gora (Figures 5.2, 5.3a). The ZFT central age of 

70.8±5.0 Ma with homogeneous single-grain ages distribution, 

signifies cooling of the sample through the partial annealing zone of 

zircon in the latest Cretaceous (Figure 5.5a). Apatite fission track age 

measurements on the same turbiditic sandstones sample yielded 

early Late Miocene AFT central age of 10.9±1.1 Ma (Figure 5.5a). 

Horizontal confined track length measurements give mean track 

length of 13.95±0.86 μm (82 tracks measured), while the average 

value of the Dpar is 1.7±0.2 μm (Table 5.2). High value of the mean 

track lengths and narrow length distributions are indicators of rapid 

cooling of the sample through the partial annealing zone of apatite 

(APAZ). The results of thermal modeling suggest heating above ~120 

°C through Paleogene times, following fast deposition in the Latest 

Cretaceous to early Paleogene as inferred from the ZFT ages. This 

was followed by rapid late Middle−early Late Miocene (between 14 

and 10 Ma) cooling through the partial annealing zone of apatite 

(APAZ, Figure 5.5a). 

The ZFT central age of the Maastrichtian to Paleocene 

turbiditic sandstones sample Cer6, collected at the eastern flank of 

the Cer Mountains (Figure 5.4a), is 68.2±2.7 Ma that, once again, 

indicates cooling during the latest Cretaceous times (Figure 5.5b). 

Measured apatite fission track central age of 35.6±2.1 Ma of the same 

sample, with a mean track length of 14.22±0.76 μm (50 tracks 
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measured, Table 5.2) indicates, however, its subsequent Late Eocene 

cooling through the partial annealing zone of apatite (Figure 5.5b). 

Thermal modeling of sample Cer6 demonstrates its rapid cooling 

from the upper limit of the zircon partial annealing zone (ZPAZ) of 

about 200 °C to the superficial depositional temperatures which 

occurred in the latest Cretaceous (Maastrichtian) to Paleocene time. 

After heating during Eocene time, the sample has experienced rapid 

Late Eocene cooling through the partial annealing zone of apatite 

(APAZ, Figure 5.5b). This was followed by significantly slower 

cooling below the APAZ during the post-Eocene period (Figure 

5.5b).5 

                                                      
Figure 5.5 (following page): Detrital thermochronology of three turbiditic flysch samples from 

the Fruška Gora (5.5a, sample Fg4), Cer (5.5b, sample Cer6), and Bukulja Mountains (5.5c, 

sample B105). The radial plots on the left that represent ZFT and AFT single grain age 

distributions were obtained using the TrackKey software (Dunkl, 2002). Central ages of the 

samples are indicated by solid black lines, and the youngest age populations for heterogeneous 

samples are indicated by grey shaded areas. Abbreviations: n- number of grains counted; Ages 

are central ages or pooled ages of youngest population; P– probability obtaining Chi-square 

(χ²); D- dispersion in single grain ages. Probability-Density Plots with Best-Fit Peaks for 

heterogeneous samples were obtained using the BinomFit software (Brandon, M.T., 2002). 

Graphs on the right represent results of thermal modeling of AFT data of three flysch samples. 

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 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). 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 B105 belongs to the coarse grained siliciclastics, which 

are located in the basal parts of the Maastrichtian to Paleocene 

turbiditic sequence covering the south-eastern flank of the Bukulja 

Mountains (Figures 5.2, 5.4b). Zircon fission track age measurements 

yielded a ZFT mean age of 89.5±6.6 Ma that failed Chi-square (χ2) 

test, indicating mixed age populations (Table 5.1). Statistical 

decomposition of the sample using BinomFit indicates three best-fit 

peak ages of 200.7 Ma, 107.1 Ma, and 68.4 Ma (Figure 5.5c). The χ2 

age method was implemented to isolate the youngest age population 

within the sample. The pooled zircon fission track age of 68.2±3.7 Ma, 

which roughly corresponds to the youngest best-fit peak age within 

sample, indicates maximum time when the deposition of this sample 

could have occurred (Figure 5.5c). Apatite fission track age 

measurements on the same sample provide Late Eocene AFT central 

age of 37.8±2.3 Ma, which are much younger than the obtained ZFT 

ages. The mean track length has a value of 13.02±1.24 μm (54 track 

measured), while the average Dpar is 1.5±0.2 μm (Table 5.2). The 

positively skewed horizontal confined track length distribution 

(Figure 5.5c) typically occurs in apatite samples which have 

experienced prolonged heating followed by the rapid cooling from 

the upper limit of apatite PAZ (Carter and Gallager, 2004). Pooled 

zircon fission track age of 68.2±3.7 Ma of the youngest age 

population, was used as additional constraint in thermal modeling of 

sample B105, setting the maximum time of its deposition to 

Maastrichtian. The results of modeling allow for the possibility of 

late Eocene cooling event, taking place after progressive heating to 
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the temperatures close to the upper limit of apatite PAZ (~120 °C) 

during the Paleocene−Eocene period (Figure 5.5c). 

5.3.2 Detrital thermochronology of Miocene sediments in the Fruška Gora 

Mountains  

Two out of three samples used in ZFT analyses of Miocene 

sedimentary succession of the Fruška Gora passed the Chi-square 

(χ2) test (samples Fg6 and Fg8, Figure 5.3a, Table 5.1). Sample F118 

taken from the Upper Middle Miocene conglomerates had P (χ2) 

value of <5%, therefore decomposition of this sample was performed 

with the BinomFit software (Figure 5.6c). One out of four apatite 

samples from the Fruška Gora Miocene sequence passed the Chi-

square (χ2) test (sample Fg6, 5.3a, Table 5.2), while the remaining 

three samples had to be decomposed using the BinomFit software 

(Figure 5.6). In the cases when apatite detrital samples were exposing 

homogeneous distribution of single grain ages and there was no 

evidence of significant post-depositional thermal overprint since the 

obtained ages were older than the stratigraphic ages of the samples, 

the measured horizontal confined tracks were considered (Table 5.2). 

Interpreted as provenance-related tracks, the attempt was made to 

relate them to thermal histories of their specific source areas.  

The sample Fg6 is taken from the upper Lower Miocene 

(Ottnangian−Karpatian) basal conglomerates and breccias of the 

course-grained sandstones deposited along the NW flank of the 

Fruška Gora (Figure 5.3a; Figure 5.8a). ZFT age measurements on the 

sample yielded a central age of 24.1±1.7 Ma, indicating a 
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homogeneous age distribution (Figure 5.6a). Furthermore, AFT age 

measurements in the sample Fg6 provided a central age of 22.1±1.4 

Ma, once again indicating a homogeneous distribution of the single 

grain ages (Figure 5.6a). AFT kinetic parameters measurements 

yielded mean value of the confined track lengths of 14.11±0.74 μm 

with the average value of the Dpar of 1.4±0.2 μm (Table 5.2). Reported 

AHe single grain ages of 19.4±1.9 Ma and 18.4±1.8 Ma obtained in 

this sample reflect the cooling at the superficial crustal levels and 

they roughly correspond to the age of sediments deposition (Figure 

5.3a). Zircon fission track age of ~24 Ma and apatite fission track age 

of ~22 Ma that both pass the Chi-square test, and the two AHe ages 

of about 19-18 Ma are indicating the age pattern typical for a fast 

cooling event. The stratigraphic age of the sediment and the AHe 

cooling ages are practically the same, meaning that deposition of the 

eroded rocks of the source happened almost simultaneous, strongly 

indicating the interlinked processes between source and sink. This is 

indicating a restricted period in time when exhumation of the source 

area and deposition in the basin took place. Cooling rates in the 

source area can be calculated using the concept of closure 

temperature in a case of fast cooling through the partial annealing 

zones of ZFT and AFT and the partial retention zone of AHe. 

Applying an effective closure temperature for zircon fission track of 

~250 °C and an effective closure temperature of ~70 °C for apatite (U-

Th)/He a cooling rate of the source rock of between 40 to 30 °C/Ma 

during the period of 24 to 19 Ma ago is calculated.  
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Sample F117 represents Upper Lower Miocene sandstones 

collected at the NW flank of the Fruška Gora (Figure 5.3a). Detrital 

fission track analysis provided an AFT mean age of 51.6±2.8 Ma and 

the χ2 probability value indicative for mixed age distribution (Table 

5.2). Statistical decomposition of age distributions indicates two best-

fit peak ages of 23.9 Ma and 66.4 Ma (Figure 5.6d). The younger peak 

age of ~24 Ma is somewhat older than the Lower Miocene 

stratigraphic age of these sediments and almost identical with the 

AFT central age of the stratigraphic deeper basal conglomerate of 

Fg6, which could indicate a common source (Figure 5.8a). The older 

age component of ~66 Ma shows an influx of material of a different 

source rock that exhumed in Maastrichtian times and it may be a 

reworked sediment source. 

Sample F118 was collected in the Upper Middle Miocene 

clastic conglomerates in the central part of the northern flank of 

Fruška Gora (Figures 5.3a, 5.8a). ZFT age measurements provided a 

mean age of 36.5±5.6, which did not pass the χ2 test. BinomFit 

software was used in attempt to statistically decompose the age 

distributions in the given sample. Decomposition revealed two best-

fit peak ZFT ages of 11.9 Ma and 64 Ma (Figure 5.6c). Apatite fission-

track mean age of this sample is 36.1±4.2 Ma and the failed χ2 test 

indicates, once again, mixed age populations. Statistical 

decomposition indicates two best-fit peak AFT ages of 13.4 Ma and 

62.4 Ma (Figure 5.6c). Decomposition of the total age populations 

shows a surprising result for sample F118, with both ZFT age and 

AFT age components have almost identical ages for older and 
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younger populations (Tables 5.1, 5.2). This can indicate existence of 

two different sources, both representing very fast cooling rocks. 

Hence, they most probably represent sources of volcanic rocks and or 

igneous intrusives, which have experienced phases of fast cooling 

from the depths with prevailing temperatures of above 250 °C. The 

older age component of ~63 Ma may represent a reworked volcanic 

source, whereas the younger age component of ~12 Ma may 

represent fast exhumation of nearby rocks. 

During statistical decomposition of AFT age distributions 

within the Upper Middle Miocene sandstone sample F120 three best 

fit peak ages were revealed (Figure 5.6e). The two older age 

populations cluster at 61.3 Ma and 37.4 Ma, whereas the youngest 

population clusters at 15.4 Ma (Table 5.2). An interesting comparison 

can be made with the older AFT and ZFT age components of about 

66-61 Ma, found in samples F117, F118, and F120 (Figure 5.8a). These 

could suggest influx of material from the same source area that 

originally experienced a phase of fast cooling, and was subsequently 

actively eroded for several millions of years during Lower to Middle 

Miocene times. 

ZFT central age of the Pannonian volcaniclastic sample Fg8 

taken along the northern margin of the mountains is 8.4±0.5 and it 

indicates homogeneous distribution of single grain ages (Figures 

5.3a, 5.6b). The presence of young volcaniclastic material in 

sediments of Pannonian age in the vicinity of Fruška Gora is 
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associated with the coeval volcanism that was affecting the intra-

Carpathian region (Pécskay et al., 2006; Seghedi et al., 2011). 

5.3.3 Detrital thermochronology of Miocene sediments in the Bukulja and 

Cer Mountains 

Zircon fission track measurements were conducted on 4 

conglomerate samples, collected in the Miocene basins adjacent to 

Cer and Bukulja Mountains (Figures 5.2, 5.4). Three out of four 

samples passed the Chi-square (χ2) test, indicating homogeneous age 

distributions (samples C114, B103, B104; Figure 5.7, Table 5.1). 

Sample B101 did not pass the Chi-square (χ2) test at 5% and was 

processed with the BinomFit software (Figure 5.7a). In addition, the 

χ2 age method was used for estimating the pooled age of the 

youngest fraction of ZFT grain ages in sample B101. Furthermore, 

apatite fission track measurements were conducted on 2 

conglomerate samples, B101 and B103 (Table 5.2). While sample B103 

contains a homogeneous distribution of AFT single grain ages, 

sample B101 had to be decomposed using the BinomFit software 

(Figure 5.7a). 

In sample B101 taken from basal conglomerates and breccias 

of the Aranđelovac Basin (Figures 5.4b, 5.8b) both ZFT and AFT 

analyses do not pass the Chi-square (χ2) test. The sample yielded 

mean ZFT age of 22.7±2.6 Ma but it did not pass the χ2 probability 

test, which was indicating that it contains mixed age populations 

(Figure 5.7a). The χ2 age method was used to isolate the youngest 

fraction in zircon fission track single grain age population and,
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hence, determine the maximum age of deposition for this sample. 

The pooled age of the youngest zircons fraction of 18.0±1.3 Ma 

indicates maximum time when the deposition of this sample could 

have occurred (Figure 5.7a). Statistical decomposition of age 

distributions in sample B101 using BinomFit program yielded two 

best-fit ZFT peak ages of 18 Ma and 48.1 Ma (Figure 5.7a, Table 5.1). 

Furthermore, statistical decomposition of apatite fission track age 

distributions in the same sample B101 yielded two best-fit AFT peak 

ages of 16.2 Ma and 33.6 Ma (Figure 5.7a, Table 5.2). The young age 

components of 18 to 16 Ma for zircon and apatite, respectively, are 

very similar. Therefore, they are associated with an influx of eroded 

material of a source that was rapidly exhuming at that time. The 

older age components, which reveal ZFT peak age of 48 Ma and AFT 

peak age of 33 Ma, are associated with other potential source(s) that 

were exhumed earlier, in Paleogene times.  

The conglomerate sample from Aranđelovac Basin B103 

(Figures 5.4b, 5.8b) passes the Chi-square test for apatite and zircon 

fission track analyses. Measured ZFT central age of 16.5±0.9 Ma in 

sample B103 is related to a homogeneous age distribution, and it 

defines maximum age of deposition for these Miocene conglomerates 

(5.7b). AFT central age of the same sample is 15.3±1.3 Ma (Figure 

5.7b). Measured mean track length (MTL) value is 14.14±1.13 μm, 

while the average Dpar has the value of 1.3±0.2 μm (Table 5.2). Zircon 

and apatite fission track ages that are very similar within errors, 

coupled with high values of measured MTL (although with only 25  
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confined tracks counted, Table 5.2) are all indicators of very fast 

cooling in the source area.  

ZFT sample B104 represents Miocene conglomerates collected 

from the Belanovica Basin, which is located in the southern 

prolongation of the Bukulja Mountains (Figure 5.4b). The obtained 

ZFT central age of this sample has the value of 14.8±0.8 Ma (Figure 

5.7c, Table 5.1).  

C114 represents Miocene conglomerates sample of the Jadar 

Basin, located south of the Cer Mountains (Figure 5.4a, 5.8c). Detrital 

zircon analysis yielded a ZFT central age of 16.2±0.8 Ma revealing a 

homogeneous age distribution, since it passed the χ2 probability test 

(Figure 5.7d, Table 5.1). The ZFT age obtained on conglomerates from 

the Jadar Basin is well within range of ages obtained on 

conglomerate samples from Belanovica and Aranđelovac basins, thus 

indicating rapid cooling of their potential sources during the same 

Early to Middle Miocene time period.  

 

5.4 Cretaceous–Eocene thermal histories of syn-kinematic 

sediments deposited in the Sava Zone 

The zircon and apatite detrital thermochronology study 

demonstrates a complex Late Cretaceous to Neogene thermal 

evolution of segments of the Sava Zone comprised of Cretaceous–

Paleogene syn-kinematic sediments. This evolution is characterized 

by phases of fast exhumation, transport and deposition, followed by 



Thermo-tectonic evolution of the NE Dinarides 

151 

deep burial of the sediments and their subsequent cooling and 

exposure to the surface.  

The ZFT central age of 70.8±5.0 Ma, obtained in sandstones 

sample Fg4 from the basal parts of the Fruška Gora turbiditic 

sequence is older, but very close to its Upper Maastrichtian 

maximum depositional age (Figure 5.3a). The obtained ZFT age 

represents provenance age that infers rapid exhumation of the source 

area (Figure 5.5a), transport and deposition into the flysch sediments 

in the NE part of Fruška Gora. The sediments were furthermore 

rapidly buried during Paleogene times (Figure 5.3a), in agreement 

with local evidence of Paleogene microfauna in the upper parts of 

this turbiditic sequence (e.g., De Capoa et al., 2002). Similarly, in the 

Cer Mountains, the ZFT central age of sample Cer6 68.2±2.7 Ma 

suggests rapid cooling and exhumation in the source area (Figure 

5.5b), followed by transport and deposition in the turbiditic 

sedimentation that started in Uppermost Cretaceous times in the 

Sava Zone. ZFT measurements on the Bukulja Mountains turbiditic 

conglomerate sample B105 yielded three single grain age populations 

of 200.7 Ma, 107.1 Ma, and 68.4 Ma (Figures 5.4b; 5.5c, Table 5.1). 

Presence of the two older populations indicates existence of potential 

sources that were cooled in Early Jurassic and late Early Cretaceous. 

Jurassic to late Early Cretaceous tectonic regime in the distal parts of 

the Adria margin was dominated by compressional deformations 

(Tomljenović et al., 2008). This early tectonic phase may be associated 

with source areas that were cooled and eroded during these periods, 

which could lead to the deposition of sediments with coeval cooling 
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signals over the Dinarides margin. For example, late Early 

Cretaceous cooling ages have been reported from the low-grade 

metamorphic rocks of the Drina−Ivanjica Unit (Milovanović, 1984). 

Furthermore, ZFT age clusters correlative with the ones in the sample 

B105 have been found within the same Uppermost Cretaceous syn-

kinematic sediments of the Sava Zone in the Medvenica Mountains 

of the north-western Dinarides, where the equivalent of the Jadar-

Kopaonik unit underwent a similar late Early Cretaceous phase of 

thermal overprint (Lužar-Oberiter et al., 2012 and references therein). 

Therefore, these ages are suggesting that the units of the innermost 

Dinarides have been affected by a Mid-Cretaceous age orogeny. 

Interestingly, Jurassic to late Early Cretaceous K-Ar cooling ages, as 

well as Late Cretaceous–Paleogene ZFT and Eocene AFT ages, have 

been reported in basement rocks of the Northern Pelagonian unit of 

Greece, that is in a similar structural position with the equivalent 

sediments of the Sava Zone (Most et al., 2011; Kilias et al., 2010). 

Continental units of the Serbo−Macedonian Massif, which was 

structured in pre-Turonian times (Schefer, 2010), may represent one 

other potential alternative source of these sediments. For example, 

107 Ma age population found in Bukulja turbiditic conglomerates 

may be correlated with the Austrian Mid-Cretaceous deformation 

that thrusted the Supragetic/Serbo-Macedonian over the Getic Unit 

(Iancu et al., 2005). Cretaceous K-Ar cooling ages on muscovite and K-

feldspar were obtained in the northernmost exposed parts of Serbo-

Macedonian Massif metamorphic series in central Serbia (Balogh et al., 

1994). Nevertheless, the youngest and dominant age population 
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within this sample is the one of ~68 Ma (Figure 5.5c, Table 5.1). It 

indicates that the deposition of these sediments must have occurred 

during the end of Cretaceous or more likely during early Paleogene 

times, which is in agreement with similar observations in the studied 

area of Bukulja Mountains that these Uppermost Cretaceous 

turbidites contain microfauna of Paleogene age (Marović et al., 2007b, 

c).  

All three Late Cretaceous–Paleogene turbiditic samples 

deposited in the contractional flysch trough located along the NE 

Dinaridic margin in the thrusting contact between the 

Jadar−Kopaonik nappe and the overlying European-derived units 

(Fg4, Cer6, B105; Figures 5.1 and 5.2) contain coherent populations of 

Maastrichtian (at ~70 Ma) ZFT provenance ages (Table 5.1), which 

indicate rapid cooling and fast exhumation of potential source(s). 

Maastrichtian ZFT age populations are comprised of grains with 

euhedral morphologies, indicating a potential magmatic source(s). 

The obtained pattern of zircon fission track cooling ages within this 

sedimentary sequence indicates fast exhumation related most likely 

to a tectonically induced event, which is associated with the above 

mentioned thrusting of the Serbo-Macedonian Massif of the Carpato-

Balkanides over the Sava Zone and the Jadar-Kopaonik Unit of the 

Dinarides that took place during Latest Cretaceous–Paleocene times. 

Since rare Maastrichtian to Paleogene thermochronology ages have 

been reported only elsewhere, in the central Dinarides (Mikes et al., 

2008), the most likely source area for these sediments if the rapidly 

thrusting hanging-wall of the Serbo−Macedonian Massif part of the 
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Dacia unit. Intrusive Uppermost Cretaceous “Banatitic” magmatic 

bodies and calc-alkaline volcanics are widely observed extending 

from Romania across the Serbian part of the Carpato−Balkanides. 

They have been emplaced between 93 Ma to 66 Ma (Berza et al., 1998; 

Neubauer, 2002, and references therein), which is well within range of 

provenance ages obtained in our detrital thermochronology study. 

Furthermore, recent thermal modeling of thermochronology data 

from the Apuseni Mountains confirms Paleogene exhumation pulses 

and rapid cooling of the Banatites at ~50 °C/Ma between 75-65 Ma 

(Merten, 2012). Retro deformation of oroclinal bending in the South 

Carpathian−Balkan mountains system (Figure 5.9) shows exposures 

of Late Cretaceous magmatites and volcano-detrital deposits 

(“Banatites”) in immediate vicinity with units whose remnants 

represent the syn-kinematic sediments of the Sava Zone. Therefore, 

the “Banatites” represent one likely source for the coeval detrital 

zircon ages of our study.6 

 

 

                                                      
Figure 5.9 (following page): Retro deformation of oroclinal bending in the South 

Carpathian−Balkan mountains system (simplified from Fügenschuh and Schmid, 

2005). The white arrows indicate the orientations of Late Cretaceous thrusting. 

Exposures of Late Cretaceous magmatites and volcano-detrital deposits (“banatites”) 

are also shown. a – Present-day situation. b – Situation at the end of Late Cretaceous 

thrusting that originally was top-ENE (top-SSE in present-day coordinates). 
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Furthermore, apatite fission track analysis of samples Cer6 

and B105 yielded much younger AFT ages when compared to the 

ZFT ages of the same samples, with homogeneous single grain age 

populations that were indicating thermal overprint in these 

sediments subsequent to their deposition. Thermal modeling of the 

turbitic flysch samples from the Cer and Bukulja Mountains suggests 

a Middle to Late Eocene cooling event between ~45 Ma and 35 Ma, 

following Paleogene heating due to deep burial of these sediments 

(Figure 5.5b, c). Rocks that are separated by Miocene detachments 

and are located in their footwall and hanging-wall units in the Cer 

and Bukulja Mountains have experienced contrasting thermal 

histories. The samples analyzed in the footwall units indicate tectonic 

and exhumation ages related exclusively to their Miocene extensional 

exhumation (see chapter 4, Appendices A2 and A3). In the hanging-

wall, detrital thermochronology of the turbiditic flysch samples 

indicates that the two cooling events at ~70 Ma and ~40 Ma precede 

the Miocene exhumation and syn-kinematic sedimentation in the 

adjacent basins (Figure 5.10). Post-dating the Upper Cretaceous–early 

Paleogene event, the Middle to Late Eocene cooling and exhumation 

ages are interpreted as a result of one other tectonic event. These ages 

are coeval with the Middle−Late Eocene phase of shortening that is 

widely observed in the External Dinarides, extending as far west as 

the Southern Alps (i.e. the Dinaric phase, Channell and Doglioni, 1994; 

Schmid et al., 2008). Our thermochronological ages infer that the 

Dinaric phase affected also the Internal Dinaridic contact between the 

Jadar−Kopaonik and European- derived units. This novel
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observation can be correlated with the ages of metamorphism 

recorded in other Internal Dinaridic units. South of our studied area, 

in the Studenica window of Central Serbia (Figure 5.1b) 40Ar-39Ar 

isotopic analyses of hornblende from an amphibolite demonstrates a 

phase of Eocene metamorphism (~45–35 Ma) in amphibolite facies, 

overprinting an earlier (110–85 Ma) greenschists facies 

metamorphism (Schefer, 2010). West of our studied area, Late Eocene 

fission track cooling ages were obtained in the Kozara Mountains of 

northern Bosnia, interpreted to be a result of hanging-wall erosion 

during the thrust propagation into the external Dinarides since 

around 40 Ma (Figure 5.1b; Ustaszewski et al., 2010). According to 

these studies, the late Eocene contractional cooling reflects nappe-

stacking caused by out-of-sequence thrusting in Internal Dinaridic 

units. These combined observations demonstrate that the Late 

Cretaceous−Paleocene thrusting continued during Eocene times, 

when the Dinaric tectonic phase affected significantly the Internal 

Dinarides, including the contact with the overlying European-

derived units.  

 

5.5 Miocene thermo-tectonic evolution of the Fruška Gora 

Mountains 

Detrital thermochronology of the Miocene sediments in the 

Fruška Gora (Figure 5.3a) coupled with the kinematic data 

demonstrates that the mountains have experienced an extensional 

exhumation in two stages of evolution. The older, Paleogene age 
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populations found in the Miocene sediments along the northern 

flank of the Fruška Gora Mountains (samples F117, F118, F120; 

Figure 5.3a) indicate presence of the sources that were rapidly 

exhumed in the pre-extensional period. These ages can be very well 

correlated with the previously described uppermost 

Cretaceous−Paleogene ZFT provenance ages found in the turbiditic 

flysch sequence of the NE part of Fruška Gora (sample Fg4; Figure 

5.3a). They are associated with the collisional processes that were 

affecting the entire Dinarides−Carpathians junction area during the 

late Cretaceous−Paleogene period (Figure 5.11a; Toljić et al., 2013). 

Coherent Early Miocene ZFT, AFT and AHe ages of the 

conglomerate sample Fg6 representing thermochronometers with 

different closure temperatures (~250 °C to ~70 °C), a high value for 

the MTL measured in apatite grains and a narrow length distribution 

(Table 5.2), and rounded zircon grain morphologies, all demonstrate 

a rapid tectonic event in a source area situated in the proximity of 

these conglomerates. This source area is the rapidly exhuming 

metamorphic core during the Lower Miocene extensional event in 

the footwall of Fruška Gora detachment (Figures 5.3a, 5.6a). With the 

calculated rates of cooling of between 40 to 30 °C/Ma and the 

average geothermal gradient of 40 °C/km that would average at best 

the high geothermal heatflow and its evolution in the studied part of 

the Pannonian basin (Lenkey et al., 2002; Horvath et al., 2006), the 

estimated amount of exhumation of the Fruška Gora metamorphic 

core for the Early Miocene period is between 4 and 6 km (Figure 

5.11c). These ages of the sample Fg6 can be correlated with the AFT 
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age cluster of ~24 Ma in the nearby lower Miocene sandstones 

sample F117 (Figure 5.3a). The obtained fission track ages in the 

Lower Miocene conglomerates of ~24 Ma can also be correlated with 

the Rb-Sr radiometric dating of sample made up by carbonate schists 

(Toljić et al., 2013), which are located in the large-scale shear zone at 

the northern edge of the Fruška Gora metamorphic core and contain 

palynomorphs that indicate an Upper Cretaceous–Paleogene 

protolith age (Figure 5.3a). Two sets of foliations affect these rocks, a 

primary set of planes being affected by secondary foliation that 

locally show indications of shearing by an pervasive S–C fabric and 

σ-clasts that indicates top-E sense of shear. The microscopic 

investigations of the carbonate schists revealed an association of 

twinned calcite with secondary quartz and albite, which are 

frequently re-crystallized in smaller grain sizes. The foliation is made 

up predominantly by muscovite with frequent re-crystallization of 

chlorite and sericite, while the shearing planes are occupied by re-

crystallized muscovite, epidote, chlorite or sericite that show clear 

retromorphism. These observations indicate a metamorphic 

association that has been affected by dynamic re-crystallization 

during subsequent shearing and cooling. Two fractions, one low 

Rb/Sr (carbonate) and one high Rb/Sr (albitic) were micro-sampled 

with the Micromill from a thick section that contained small (b100 

μm) albite porphyroblasts surrounded by a fine calcite matrix. They 

yielded a Rb–Sr age of 28.9±1.1 Ma, which is interpreted to represent 

a cooling age, also marking the time of shearing and exhumation of 

the metamorphic core (Toljić et al., 2013). This metamorphic age is 
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suggesting that the extension in the SE part of the Pannonian Basin 

has started during the late Early Oligocene, much earlier than the 

common 20 Ma onset of extension generally assumed for the 

Pannonian Basin.  

Recent paleomagnetic investigations of Fruška Gora have 

observed ~80° clockwise rotations between the Eocene and Middle 

Miocene, being followed by ~40° counter-clockwise rotations since 

the end of Miocene times (Figure 5.11b; Lesić et al., 2007). 

Reconstructing the rotations in Fruška Gora result in a NE–SW 

kinematic direction of extension during the lowermost Miocene. 

Clockwise rotation until the onset of the Middle Miocene means that 

Fruška Gora reoriented its position, so that the same NE-SW 

kinematic direction of extension resulted in the formation of 

symmetrical normal faults with a NW–SE strike (Figure 5.3a; Toljić et 

al., 2013). 

The subsequent rapid Middle Miocene exhumation at around 

14 Ma has been observed by our previous thermochronology study 

of the Fruška Gora metamorphic core (see chapter 4, Appendix A1). 

In addition, the Upper Cretaceous−Paleogene turbidites of the 

Fruška Gora Mountains have experienced, unlike their stratigraphic 

equivalents situated further south, one other, Middle to Late Miocene 

phase of thermal overprint (Figure 5.3a; sample Fg4, AFT central age 

of 10.9±1.1 Ma), which can be very well correlated with the latest 

stages of cooling of the Fruška Gora metamorphic core (Appendix 

A1). In contrast with the Bukulja and Cer Mountains, the Fruška 
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Gora has experienced an extensional exhumation in two stages of 

evolution. In a first early Late Oligocene−Early Miocene stage, the 

rapid exhumation of the metamorphic core took place in the footwall 

of the main detachment. The second stage of Middle−Late Miocene 

extension was characterized by presently E-W oriented normal faults 

dipping away at low angle from the core of the mountains (Matenco 

and Radivojević, 2012; Toljić et al., 2013). Our fission track ages 

demonstrate that this second stage of extension was also associated 

with significant (~2-4 km; Figure 5.11c) exhumation in a footwall of 

these normal faults that comprises the metamorphic core and the 

flanking Upper Cretaceous−Lower Paleogene deposits.7 

 

                                                      
Figure 5.11 (following page): a – Schematic representation of the poly-phase tectonic 

evolution of Fruška Gora (modified from Toljić et al., 2013). The closure of the 

Neotethys ocean during late Jurassic–Creataceous times culminated with the Late 

Cretaceous–Eocene collision. The Late Oligocene–Miocene extension was followed 

by a Pliocene–Quaternary contraction; b – Significant rotations took place in Fruška 

Gora that were coeval with the last two deformation episodes. The Late Oligocene–

Miocene extension took place during 80° clockwise rotation. This created two 

different strikes of extensional structures, which formed in the same NE–SW 

oriented regional kinematic direction. The subsequent 40° Pliocene–Quaternary 

counter-clock wise rotation resulted in the present E–W strike of the mountains and 

re-oriented the inherited extensional structures (from Toljić et al., 2013); c – The 

amounts of exhumation (km) for the Miocene extensional period in the Fruška Gora 

Mountains. The amounts were calculated using low-temperature exhumation ages 

obtained in the present study. Estimated average geothermal gradient for the 

extensional period is 40°C/km. 
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After extension ceased, Fruška Gora rotated ~40° counter-

clockwise and acquired the present E–W oriented strike as an effect 

of Pliocene–Quaternary inversion of the Pannonian Basin (Figure 

5.11b; Toljić et al., 2013). There is no record of significant thermal 

overprint during the Plio−Quarternary inversion of the Pannonian 

Basin, since none of the analyzed Miocene samples yielded a post-

depositional age component. This would leave the exhumation 

related to Pannonian Basin inversion in the area of Fruška Gora 

below the limit of the partial retention zone for the AHe (below ~1-2 

kilometers, Figure 5.11c).  

 

5.6 Syn-rift sedimentation as an effect of exhumation of Bukulja 

and Cer Mountains core complexes 

Zircon and apatite fission track ages of the two Miocene 

conglomerate samples B101 and B103, located in the Aranđelovac 

Basin north of the Bukulja Mountains (Figure 5.4b),  refer to an influx 

of eroded material of a source that was rapidly exhuming at that 

time, which is the adjacent Bukulja Mountains 

magmatic/metamorphic core (Appendix A3, see also chapter 4). The 

younger age components in basal conglomerate sample B101 are 18 

Ma and 16 Ma for zircon and apatite, respectively (Figure 5.8b). 

Rounded morphologies of zircon grains belonging to the above 

mentioned population point to a nearby source, which is the 

metamorphics of Bukulja-Venčac crystalline that were rapidly 

exhumed in the Miocene (Appendix A3, see also chapter 4). The 
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older zircon and apatite age components of ~48 Ma and ~34 Ma, 

respectively, indicate presence of the source(s) in these sediments 

that escaped thermal reset during the subsequent Miocene extension. 

However, their deposition into the Miocene sediments of the 

Aranđelovac Basin could still be a result of Miocene extension. The 

source of these Eocene fission-track populations may represent parts 

of the hanging-wall units of the Bukulja detachment, which has 

recorded an Eocene cooling event that precedes Miocene extensional 

exhumation (see Appendix A3). According to our interpretation, the 

time of deposition of Miocene conglomerates sample B101 roughly 

corresponds to the younger AFT best-fit peak age of 16.2 Ma (Figure 

5.7a). Even though exhumation of Bukulja Mountains core-complex 

was tectonically induced, a certain time-lag of 2-3 Ma between ZFT 

maximum depositional age of 18.0±1.3 Ma (the effective closure 

temperature of zircon ~250 °C) and the actual surface deposition of 

these syn-tectonic conglomerates has to be present. Following this 

approach, we suggest that the age of deposition of these rather 

poorly dated sediments is in fact uppermost Karpathian near the 

limit with the Badenian, ~16 Ma (Lower/Middle Miocene limit in 

Central Paratethys). This is when the massive deposition of 

widespread conglomerates took place in the SE part of the Pannonian 

basin and Morava corridor (Bučvar coglomerates; Dolić, 1997). 

Another, stratigraphically higher, conglomerate sample from the 

Aranđelovac Basin B103 (Figures 5.4b, 5.8b) yielded ZFT age of 

16.5±0.9 Ma and AFT age of 15.3±1.3 Ma that are practically 

overlapping within their errors and high value of measured MTL in 
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apatites of 14.14±1.13 μm (Table 5.2). These are all indications of very 

fast cooling in the source area. Euhedral morphologies of zircon 

grains showing no evidence of abrasion point to nearby magmatic 

source, i.e. the Bukulja pluton that has undergone rapid Miocene 

tectonic cooling with average rates of 50 °C/Ma (chapter 4, Appendix 

A3). The actual time of deposition of these conglomerates is in the 

Badenian, roughly corresponding to the obtained AFT age of the 

sample. This corresponds with the deposition of coarse sediments 

during lower Badenian times (Dolić, 1997). 

Very similar inferences are derived from Miocene fission 

track ages recorded in detrital zircon samples from the Jadar Basin 

south of the Cer Mountains, and Belanovica Basin that is situated 

south of the Bukulja Mountains (Figures 5.4a, 5.4b). All these ages are 

associated with the same geodynamic process of Pannonian 

extension that has established an active interlinked exhumation-

erosion-deposition system. ZFT age of ~16 Ma of Middle Miocene 

sample C114 indicating a homogeneous distribution of single-grain 

zircon ages, coupled with observations on euhedral grain 

morphologies, allows us to assign the adjacent Cer Mts pluton, which 

has been rapidly tectonically exhumed in the Middle Miocene 

(chapter 4, Appendix A2), as the source for the conglomerates 

deposited in the Jadar Basin (Figure 5.4a). However, it is rather 

difficult to define the actual source rock for the Middle Miocene syn-

tectonic conglomerates of the Belanovica Basin (sample B104, ZFT 

age of 14.8±0.8 Ma, Figure 5.4b). Several calc-alkaline intrusions, 

along with associated volcanics and volcaniclastics, occur in the 
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vicinity of the Belanovica Basin and might provide the required 

source (Filipović et al., 1976). Their formation is also related to the 

extension in the Pannonian Basin during Miocene times (Cvetković et 

al., 2007).  

 

5.7 Conclusions 

The NE Dinarides experienced a complex poly-phase thermo-

tectonic evolution from the end of Cretaceous times onwards. 

Thermochronology of samples located in the syn-kinematic flysch 

units of Fruška Gora, Bukulja and Cer Mountains of the NE 

Dinarides yields the temporal constraints for the Europe−Adria 

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

Ma, but must have been prolonged in Early Paleogene times. The 

zircon fission track provenance ages obtained in all three flysch units 

correlate very well and point to a large scale exhumation of the 

source areas. The sedimentation included a phase of intensive 

deposition of turbiditic sediments with a source area that is most 

likely dominated by the Upper Cretaceous intrusive and extrusive 

magmatism recorded in the Banatitic-Srednogorje Zone (Berza et al., 

1998). The flysch sedimentation continued throughout the Paleogene 

times, with turbiditic formations being deposited over both the 

Adriatic and the European margins (Dimitrijević, 1997; Toljić, 2005). 

The apatite fission track cooling ages of ~40 Ma obtained in 

the present study are suggesting another Late Eocene exhumation 

event, following Paleogene heating that was most likely related to the 
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burial of the Uppermost Cretaceous−Paleogene turbidites during the 

moments of contraction recorded by the Sava suture zone. The 

subsequent Eocene exhumation in the northern internal Dinarides is 

interpreted to be coeval with a propagation of thrusting into the 

external Dinarides (Ustaszewski et al., 2009; 2010). This infers 

repetitive contractional episodes and continuous Paleogene 

exhumation along the entire Dinarides margins until the onset of 

Pannonian extension. Post-Maastrichtian tectonic activity in the 

sediments of the Sava Zone is associated with intensive shortening in 

the flysch basins along the NE Dinarides margin. The flysch deposits 

have been intensively deformed and metamorphosed together with 

the most distal continental units of the Adriatic margin. These 

inferences are in agreement with structural, metamorphic, 

sedimentological, and thermochronological data in other parts of the 

Dinarides, which indicate that the thermal structure of the entire 

Dinaridic orogen has been affected by an Eocene compressional 

tectonic event (i.e. the “Dinaric phase”, Schefer, 2010; Tari, 2002; 

Ustaszewski et al., 2010).  

The subsequent Pannonian Basin extension was associated 

with the formation of simple-shear extensional detachments, which 

reactivated the inherited Cretaceous–Eocene collisional contact 

between European and Adriatic units along the entire NE Dinarides 

margin. This regional-scale geodynamic process has led to the 

development of interlinked exhumation-erosion-deposition system, 

which was active during the entire Early to early Late Miocene 

extensional period. Rocks belonging to the Jadar–Kopaonik thrust 
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sheet and the overlying Uppermost Cretaceous flysch, previously 

buried to intermediate crustal depths, were rapidly exhumed by 

detachments, locally in core-complexes, eroded, transported, and 

deposited in sediments of the adjacent Miocene basins. In agreement 

with recent kinematic and thermochronological studies, detrital 

thermochronology record in the Fruška Gora Mountains has proven 

that the extension in the SE part of the Pannonian Basin was ongoing 

already in the Lowermost Miocene at ~24 Ma, earlier than at ~20 Ma 

that was the general interpreted extensional onset age. 
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