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Abstract: The central parts of the Sredna Gora Zone in Bulgaria have experienced a complex Alpine tectonic evolution. 
The main tectonic and thermal events since the end of the Triassic are the Late Jurassic–Early Cretaceous (Early Alpine) 
and Late Cretaceous–Paleogene (Late Alpine) compression separated by Late Cretaceous volcanic-arc magmatism and 
intra/back-arc extension and basin formation. During most of the Cenozoic, the area was mainly under post-orogenic 
extension. Here, we present the first apatite and zircon fission-track results and new muscovite and biotite 40Ar/39Ar  
analysis on upper Carboniferous–Permian granitoids together with Upper Cretaceous volcanic and subvolcanic rocks and 
Upper Maastrichtian–Danian conglomerates from the Panagyurishte basin, which allowed us to reveal the Alpine thermal 
and tectonic evolution of the central parts of the Sredna Gora Zone. Our new results disclosed the existence of several  
thermal and cooling episodes related to different tectonic and magmatic events in the studied area. The 40Ar/39Ar dating 
of samples from the metamorphic basement constrain the thermal peak of an Early Alpine thermal event at about  
140–138 Ma at temperatures between ~ 300 and 400 °C. Through the apatite FT dating and thermal modelling, the time 
of a Late Alpine (post-Danian) event was constrained at 65–55 Ma, during which the tectonically buried sediments of  
the Panagyurishte basin reached temperatures of <120 °C. The post-early Eocene cooling and exhumation of the central 
parts of the Sredna Gora Zone metamorphic basement was related to post-orogenic extension and denudation which took 
place probably in two stages during the middle Eocene to Oligocene.

Keywords: Bulgaria, central parts of the Sredna Gora Zone, LA–ICP–MS fission-track dating, 40Ar/39Ar multiple sin-
gle-grain fusion dating, thermal evolution.

Introduction

The Sredna Gora Zone in Bulgaria, confined between the 
Balkan fold-thrust belt to the north and the Rhodope metamor-
phic complex to the south, is a part of the Balkan orogenic 
system (Fig. 1, Ivanov 1983, 2017). The latter was formed 
during two major compressional phases of the Alpine (post-
Triassic) orogeny named in the Bulgarian literature as Early 
Alpine (Late Jurassic–Early Cretaceous) and Late Alpine 
(Late Cretaceous–Paleogene), respectively (e.g. Ivanov 2017). 
During Alpine time the Sredna Gora Zone was a part of  
the hinterland of the Balkan fold-thrust belt involved in north-
vergent thrusting (e.g. Bončev 1940; Vangelov et al. 2013; 
Burchfiel & Nakov 2015). The compressional phases were 
separated by a Late Cretaceous extensional event, during 
which a magmatic arc and an intra-arc/back-arc basin system 
formed, part of the large peri-Tethyan magmatic belt (e.g. 
Aiello et al. 1977; Boccaletti et al. 1978; von Quadt et al. 
2005; Gallhofer et al. 2015).

Logically the evolution of the magmatic arc, related to  
the formation of important copper and polymetallic ore depo
sits, attracted much more attention of the scientists than the 
rest of the geological history of the Sredna Gora Zone (e.g. 
Strashimirov et al. 2002; von Quadt et al. 2005; Kamenov et 
al. 2007; Gallhofer et al. 2015). The structural studies dedi-
cated to the Early Alpine tectonics of the central parts of the 
Sredna Gora Zone are limited, probably due to scarce lower 
Mesozoic cover preserved in the zone (Zagorchev et al. 2009; 
Lazarova et al. 2015; Ivanov 2017). Additionally, it is chal-
lenging to recognize the structures related to this phase in  
the basement rocks and distinguish them from those formed 
during its pre-Permian evolution due to the fact that they  
all represent low-grade discrete shear zones. On the other 
hand, more attention was devoted to the Early Alpine struc-
tures along the contact between the Sredna Gora Zone and  
the Balkan fold-thrust belt (e.g. Gerdjikov & Georgiev 2005, 
2006; Gerdjikov et al. 2007). Several tectonic studies are dedi
cated to the Late Alpine phase, which was relatively better 
recorded in the partly preserved Upper Cretaceous sediments 
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of the intra-arc/back-arc basins (Bončev 1970; Karagjuleva  
et al. 1972; 1974; Gerdjikov et al. 2019, 2020; Kounov & 
Gerdjikov 2020). Nevertheless, even this part of the evolution 
of the area is poorly constrained as geo- and thermochrono
logical studies are scarce (Handler et al. 2004).

Several stages of compression, extension and strike-slip 
tectonics have affected the Sredna Gora Zone during the 
Cenozoic (e.g. Burchfiel et al. 2008). Recently, together  
with the large number of tectonic studies, several thermo-
chronological studies, concerning the evolution of the 
neighbouring Rhodope and Balkan fold-thrust belt, were 
presented (Kounov et al. 2015, 2018, 2020; Stübner et al. 
2016; Gunnell et al. 2017). However, the Sredna Gora Zone 
remained outside the scope of this type of investigation.  
The only studies related to the Cenozoic extension of the  
central parts of the Sredna Gora Zone are those on the evolu-
tion of the Thrace basin, although most of them are dedicated 
to its south-eastern part, far from our study area (Fig. 1, 
Cavazza et al. 2013; Caracciolo et al. 2015; Popov et al.  
2015). Several studies discussed the Cenozoic evolution of  
the Maritsa strike-slip shear zone to the south of the study area 
(Gerdjikov & Georgiev 2006; Naydenov et al. 2013; Gerdjikov 
et al. 2015), but they are related mostly to the deformation 
along this shear zone rather than to the tectonic evolution of 
the Sredna Gora Zone.

In order to unravel the thermal and tectonic evolution of  
the central parts of the Sredna Gora Zone during Alpine time, 
we performed low-temperature thermochronological analysis, 
including 40Ar/39Ar dating combined with apatite and zircon 
fission-track analysis. The LA–ICP–MS fission-track analyses 
were carried out in the newly established Low-Temperature 
Thermochronology Laboratory in Bulgaria, whereas the bio-
tite and muscovite multiple single-grain fusion 40Ar/39Ar 
dating was performed at the Vrije Universiteit of Amsterdam. 
Our target region was the central part of the Sredna Gora Zone, 
where the Upper Cretaceous sediments of the Panagyurishte 
basin crop out together with their Variscan crystalline base-
ment (Fig. 2). The obtained results represent the first quantita-
tive estimates of the time and amount of the tectonic burial 
during the Late Cretaceous–Paleocene event as well as the 
time and rate of exhumation during the following Eocene–
Oligocene extension in the area.

Geological setting

Variscan basement

The Variscan metamorphic basement of the central parts of 
the Sredna Gora Zone consists of high-grade metamorphic 
rocks dominated by micaceous paragneiss, hornblende–biotite 
gneiss, amphibolite and ultramafic bodies, affected by migma-
tization (Katskov & Iliev 1993; Zagorchev 2008). The proto-
liths of the orthogneiss are of Ediacaran–late Cambrian age 
(Peytcheva & von Quadt 2004; Carrigan et al. 2006; Antonov 
et al. 2010; Lazarova et al. 2015). The metamorphic evolution 

of the crystalline basement includes an Early Devonian eclo
gite facies metamorphic event followed shortly by an early 
amphibolite facies re-equilibration (398 ± 5.2 Ma, Gaggero  
et al. 2009) and Early Carboniferous HT metamorphism 
(336.5 ± 5.4 Ma, Carrigan et al. 2006). An intense greenschist 
to lower amphibolite facies regional-scale retrogression and 
contemporaneous emplacement of pegmatitic dykes was dated 
at 333.9 ± 0.2 Ma (Gerdjikov et al. 2010). The retrograde 
metamorphism was followed by a post-metamorphic cooling 
between 317 and 305 Ma (Velichkova et al. 2004). 

The metamorphic basement of the central parts of the Sredna 
Gora Zone is intruded by several upper Carboniferous–
Permian granitic to granodioritic plutons (Dabovski et al. 
1966; Zagorchev et al. 1973), part of a large batholith (Fig. 2). 
Dabovski et al. (1966) defined three intrusive complexes 
according to their petrographic characteristics and cross-cut-
ting relationships. The first intrusive complex in the study 
area, presented by the Smilovene pluton (304.1 ± 5.5 Ma, 
Carrigan et al. 2005), is dominated by biotite granite to gra
nodiorite with mafic enclaves and small gabbro intrusions. 
The second intrusive complex is represented by biotite and 
two-mica granite and rare granodiorite and plagiogranite of 
the Koprivshtitsa pluton dated at 304.8 ± 0.8 Ma (von Quadt  
et al. 2004) and at 312.0 ± 5.4 Ma (Carrigan et al. 2005).  
The younger (third) complex includes several biotite and two-
mica leucocratic granites presented in the study area by the 
Strelcha (289.5 ± 7.8 Ma, Carrigan et al. 2005) and Karavelovo 
plutons (Fig. 2).

Early Alpine phase

The Early Alpine tectonic event (Late Jurassic–Early Creta
ceous) was related to the closure of a Triassic–Early Cretaceous 
basin (part of the Neo-Tethys ocean, Stampfli & Hochard 
2009) and formation of north-vergent regional thrusts (e.g. 
Vangelov et al. 2013; Burchfiel & Nakov 2015; Ivanov 2017). 
Evidence for this phase in the studied area could be better 
observed in the Triassic to Lower Jurassic sediments overlying 
transgressively the crystalline basement (Katskov & Iliev 
1993; Zagorchev & Budurov 2009; Ivanov 2017). However, 
the structural data related to this tectonic event are limited. 
The Chuminska shear zone, outcropping within the metamor-
phic basement north of Koprivshtitsa, was reported as a Late 
Alpine reverse fault (Dabovski et al. 1966) or a Variscan duc-
tile shear zone (Antonov et al. 2010). Since the shear zone 
postdates the Variscan high-temperature fabric, and due to the 
structural similarities (temperature conditions and kinematics) 
with other Early Alpine shear zones in the Balkan fold-thrust 
belt (e.g. Gerdjikov et al. 2007; Lazarova & Gerdjikov 2008), 
Lazarova et al. (2015) assumed an Early Alpine age for the 
greenschist facies shearing or probable reactivation along this 
zone. Velichkova et al. (2004) interpreted the muscovite and 
biotite 40Ar/39Ar ages between 105 and 99 Ma, obtained from 
the high-grade metamorphic rocks, as a result of low-grade 
metamorphism and ductile deformation related to the same 
Early Alpine tectonic event.
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Fig. 2. Geological map of the studied area with location and FT ages of the analysed samples (modified after Iliev & Kazkov 1990 and Ivanov 
2017). 
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Late Cretaceous magmatic arc

During the Late Cretaceous, the Sredna Gora Zone was part 
of the Apuseni–Banat–Timok–Sredna Gora magmatic and 
metallogenic belt formed along the southern European mar-
gin, above the Neo-Tethys subducting slab (Fig. 1, e.g. Popov 
et al. 2002b; von Quadt et al. 2005; Gallhofer et al. 2015). 
Several arc-related continental basins opened from east to 
west and were filled with thick Cenomanian to Maastrichtian 
volcano-sedimentary sequences, associated with abundant 
magmatism (Fig. 1, Aiello et al. 1977; Boccaletti et al. 1978; 
Nachev & Nachev 2001; Dabovski et al. 2009; Gallhofer et  
al. 2015). The Panagyurishte basin (Bončev 1940), located  
in the central parts of the Sredna Gora Zone (Figs. 1 and 2),  
is characterized by variable and laterally changing litho
logical successions of Turonian–Maastrichtian age (e.g. 
Dimitrova et al. 1984; Vangelov et al. 2019). The contempo
raneous calc-alkaline to high-K calc-alkaline volcanism is 
predominantly of intermediate composition and represented 
mainly by lava and pyroclastic flows as well as emplacement 
of several small shallow intrusive bodies (e.g. Boccaletti et  
al. 1978; Stanisheva-Vassileva 1980; Kamenov et al. 2007; 
Nedialkov et al. 2007; Peytcheva et al. 2009). Numerous, 
predominantly porphyry-Cu and Au deposits are related to this 
magmatic activity (e.g. von Quadt et al. 2005). The timing of 
the magmatism in the area of the Panagyurishte basin was con-
strained between 90 and 86 Ma (von Quadt et al. 2005; 
Peytcheva et al. 2009). The age of the granites of the Elshitsa 
pluton, located in the south-western part of the study area  
(Fig. 2) is 86.61 ± 0.31 Ma (U–Pb zircon dating, Peytcheva  
et al. 2008). The emplacement of the volcanic rocks in the 
Panagyurishte basin area range between 91 and 84 Ma 
(40Ar/39Ar; Rieser et al. 2008). Handler et al. (2004) reported 
amphibole and biotite 40Ar/39Ar ages from volcanic and sub-
volcanic rocks between 85 and 80 Ma, also similar to the cited 
above U–Pb zircon ages of the magmatic rocks in the study 
area.

The post-magmatic stage of the basin evolution is related to 
the deposition of epiclastic sediments (mainly Coniacian) 
followed by the Santonian to Maastrichtian carbonates and 
clastic deposits of the Mirkovo and Chugovitsa Formations, 
respectively (Fig. 2, Moev & Antonov 1978; Dimitrova et al. 
1984; Vangelov et al. 2019). Based on U–Pb zircon and 
40Ar/39Ar data from plutonic and volcanic rocks, coupled with 
the orientation of dyke swarms, Handler et al. (2004) and 
Rieser et al (2008) distinguished two main stages in the Late 
Cretaceous basin and magmatic evolution. The first stage, 
constrained between 93 and 89 Ma, was related to N–S back-
arc extension driven by slab roll-back (e.g. Kamenov et al. 
2007). The second stage, between 86 and 78 Ma, was asso
ciated with N–S compression combined with dextral shearing 
caused by the arrival of a hypothetical microcontinent in  
the trench zone, which induced horizontal contractional forces 
in the upper plate (Handler et al. 2004). 

The Upper Cretaceous section is overlaid, along a parallel 
unconformity, by coarse-grained continental deposits of the 

latest Maastrichtian to early Paleocene (Danian) age based on 
palynological analysis (Zagorchev et al. 2001; Pavlishina 
2002; Boyanov et al. 2003). The sediments consist mainly of 
polymict conglomerates with clasts of Upper Cretaceous vol-
canic, intrusive and sedimentary rocks, as well as Paleozoic 
granitoids and high-grade metamorphic rocks (Zagorchev et 
al. 2001). Sandstones containing abundant coalified plant 
debris (Pavlishina 2002; Boyanov et al. 2003) and coal-bea
ring siltstones are also present (Boyanov et al. 2003).

Late Alpine phase

The main Late Alpine compressional event in the Sredna 
Gora Zone was related to the closure of the intra-arc/back-arc 
basins at the end of the Maastrichtian and the following until 
middle Eocene tectonics that led to the formation of mostly 
NW–SE trending regional fold and fault structures (Bončev 
1940; Bergerat et al. 2010; Ivanov 2017). The most prominent 
Late Alpine faults related to the evolution of the Panagyurishte 
basin are Panagyurishte, Krasen and Stefanchovo faults  
(Fig. 2). The last one is interpreted as a south-eastern conti
nuation of the Kamenitsa–Rakovitsa fault zone, situated 
north-west of the studied region (Gerdjikov et al. 2019, 2020; 
Kounov & Gerdjikov 2020). These faults were reported as 
thrusts (Karagjuleva et al. 1974; Gerdjikov et al. 2020; Kounov 
& Gerdjikov 2020) or dextral oblique reverse structures 
(Ivanov et al. 2017; Balkanska et al. 2018; Balkanska & 
Georgiev 2020). Along these structures the crystalline base-
ment, together with its Triassic sedimentary cover, was thrust 
over different parts of the Upper Cretaceous–Paleocene 
sediments. Kounov & Gerdjikov (2020) interpreted the Pana
gyurishte and Krasen faults as extensional structures con-
trolling the Paleocene deposition, which later were inverted 
during the subsequent compression. The only age constraints 
of this tectonic event were reported by Handler et al. (2004). 
Some of their 40Ar/39Ar analyses presented low-energy release 
steps at ca. 40–32 Ma which were interpreted as weak thermal 
overprint during the Eocene–early Oligocene related to final 
stages of the crustal shortening in the central parts of the 
Sredna Gora Zone.

Cenozoic extension

The following Cenozoic evolution of the central parts of  
the Sredna Gora Zone is still not well constrained. It is rela
ted to the opening of the Thrace basin since the Bartonian  
time and formation of numerous extensional faults bounding 
several second rank grabens and other structures, filled with 
Bartonian to Quaternary predominantly terrigenous continen-
tal deposits with subordinate marine sediments (Sapoundjieva 
& Dragomanov 1991; Popov et al. 2015).

Fission-track thermal modelling of samples from the crys-
talline basement in the northern part of the Sredna Gora Zone 
at the foot of the Stara Planina Mountains revealed a phase of 
increased cooling and exhumation between ~ 44 and 30 Ma, 
probably related to the syn- to post-orogenic collapse coeval 
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with the earliest stages of the Cenozoic extension in the region 
(Kounov et al. 2018).

Low-temperature thermochronological analysis

Sampling strategy

Nine rock samples were collected for 40Ar/39Ar and apatite 
and zircon fission-track dating along two traverses in the cen-
tral parts of the Sredna Gora Zone. The first traverse transects 
the crystalline basement outcropping along the slope of the 
highest parts of the Sredna Gora Mountains between the town 
of Panagyurishte and Bogdan peak (Koprivshtitsa traverse), 
whereas the second traverse crosses the Panagyurishte basin 
(Panagyurishte traverse, Fig. 2, Tables 1, 2 and Supplementary 
Table S1). 

Five granitic samples from the Koprivshtitsa traverse  
(Fig. 2) were collected at different altitudes (between 565 m 
and 1604 m), along a tectonically uninterrupted segment, in 
order to constrain the cooling history of the Variscan basement 
and estimate its exhumation rate. Sample SG1 (from the 
Karavelovo pluton) represents biotite granite and was taken 
from the highest summit of the Sredna Gora Mountains (peak 
Bogdan, 1604 m). Two-mica granitic samples SG2 and SG3 of 
the Smilovene pluton were collected from 1327 m and 917 m 
altitudes, respectively. The lowermost samples (SG4 and SG9) 
taken at about 500 m altitude, near the border of the Pana
gyurishte basin, belong to the Streltcha muscovite granitic 
pluton. One of the samples (SG9) lacks apatites of sufficient 
quality (which means without fractures and inclusions), hence 
only zircons were further analysed for fission-track dating.

Four samples were collected across the Panagyurishte tra-
verse in order to constrain the thermal and tectonic evolution 
of the inverted basin (Fig. 2). Three of them are from the 
Upper Cretaceous volcanic and subvolcanic rocks, whereas 
one is from the upper Maastrichtian–Danian conglomerates. 
The location of the samples is close to two main fault struc-
tures in the studied region – Krasen and Stefanchovo faults 
(Fig. 2). Sample SG5 was taken from the hanging wall, and 
sample SG6 – from the footwall of the high-angle Krasen 
thrust, whereas samples SG8 and SG7 were taken from the 

hanging- and the footwall of the high-angle Stefanchovo 
thrust, respectively.

Analytical procedures

40Ar/39Ar method

Biotite and muscovite from two samples from the granitic 
basement (SG1 and SG9) and biotite from one sample from 
the Upper Cretaceous volcanic rocks (SG7) were separated for 
40Ar/39Ar multiple single grain fusion dating (Suppl. Table S1). 
All analytical procedures were performed at the Vrije Univer
siteit of Amsterdam. The samples were packed in a 9 mm alu-
minium package and loaded with the in-house Drachenfels 
sanidine standard in 25 mm aluminium cups. Samples and 
standards were irradiated for 18 hours in the OSU TRIGA 
CLICIT position in irradiation batch VU118. After irradiation, 
samples and standards were unpacked and loaded in a 185  
(~3 mm2) holes of a Cu tray. This tray was prebaked for  
24 hours in a vacuum at 250 °C and consecutively placed in 
the sample chamber connected to a Helix MC mass spectro
meter and baked at 120 °C. A 25 W Synrad CO2 laser was used 
for fusing the standards and samples in one step. The released 
gas was purified using the Lauda cooler at 70 °C, a NP10 at 
400 °C, ST172 at 400 °C and Ti sponge at 500 °C. The cleaned 
gas was expanded into a ThermoFisher Helix multi-collector 
mass spectrometer and 40Ar is measured on the H2-Faraday 
cup, 39Ar on the H1-Faraday cup, 38Ar on the AX-CDD, 37Ar 
on the L1-CDD, and 36Ar on the L2-CDD (CDD = compact 
discrete dynode). 

Data reduction was performed off-line using the ArArCalc 
software (Koppers 2002). Ages were calculated relative to 
Drachenfels sanidine of 25.522 ± 0.078 Ma based on Wijbrans 
et al. (1995) and recalibrated relative to Kuiper et al. (2008). 
Decay constants of Min et al. (2000) were used. The atmo-
spheric 40Ar/36Ar ratio of 298.56 ± 0.31 is based on Lee et al. 
(2006). The correction factors for neutron interference reac-
tions are (2.64 ± 0.02)×10−4 for (36Ar/37Ar)Ca, (6.73 ± 0.04)×10−4 
for (39Ar/37Ar)Ca, (1.21 ± 0.003)×10−2 for (38Ar/39Ar)K and (8.6 
± 0.7)×10−4 for (40Ar/39Ar)K. Samples were corrected for gain 
using peak jumping of m/e 44 in dynamic mode on all collec-
tors and gain was calculated relative to AX-CDD. Gain was 

Sample 
number Latitude Longitude Elevation 

(m) Lithology Stratigraphic/ 
Absolute age

No. of 
counted 
grains

Ns ps 
(106cm-2)

238 U 
(ppm)

P(χ2)  
%

T pooled         
± 1 σ (Ma)

T central         
± 1 SE (Ma) 

SG 1 
(Bogdan) 42.6072 24.4615 1604 Bi granite Carboniferous 8 413 10.9 245.3 0.05 82.6 ± 5.1 84.8 ± 5.8

SG 3        
(Ks 17-920) 42.5685 24.3408 917 two-mica 

granite Carboniferous 6 300 10.7 227.2 0.02 87.8 ± 6..3 90.3 ± 7.0

SG 7 
(Stiptsata) 42.4269 24.1944 472 granite 

porphyry Upper Cretaceous 5 273 10.1 227.6 2.09 82.8 ± 6.3 85.1 ± 7.0

SG 9       
(Ks-520) 42.49323 24.28033 521 Mus granite Permian 9 423 11.1 259.3 0.14 80.0 ± 4.8 82.2 ± 5.5

SG 6          
(S 17-26) 42.445 24.2758 556 conglomerates Upper Maastrichtian–  

Danian 9 373 8.7 125 0 128.9 ± 8.6 132.9 ± 9.7

Ns – number of spontaneous tracks counted; ps – spontaneous track density; 238 U – pooled mean concentration of Uranium-238, The uncertainty of 238U was estimated 
at 10 % based on repeated measurements of NIST 610 and NIST 612 standards (Hasebe et al. 2004); P(χ2) – the chi-square probability for pooled age;  
T pooled and T central – pooled mean age and central age, respectively

Table 1: Zircon fission-track data.

http://geologicacarpathica.com/data/files/supplements/GC-73-1-Balkanska_Table_S1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-1-Balkanska_Table_S1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-1-Balkanska_Table_S1.xlsx
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measured before and after the tray was measured. Gain correc-
tion factors and their standard errors are 0.96664 ± 0.00014  
for H2-Far, 0.99550 ± 0.00014 for H1-Far, 1.00570 ± 0.00006 
for L1-CDD, and 0.98580 ± 0.00014 for L2-CDD. Errors are 
quoted at the 2σ level and include all analytical errors. All 
relevant analytical data for age calculations are given in  
Suppl. Table S1.

The bulk values of closure temperatures (Tc) of analysed 
mineral phases, estimated using experimentally derived diffu-
sion parameters, are at ca. 405 °C for muscovite (at 5 kbar, 
Harrison et al. 2009), and ca. 310 °C for biotite (Harrison et al. 
1985) at moderate cooling rates (ca. 10 °CMa−1).

Fission-track method

The samples were processed and analysed in the newly 
established Low-Temperature Thermochronology Laboratory 
in Bulgaria, situated in Sofia University and the Geological 
Institute, Bulgarian Academy of Sciences. At least 100 apatite 
and zircon grains (where present) were separated by standard 
mineral separation procedures. The apatite grains were moun
ted in epoxy resin and the zircons in PFA (tetrafluoroethylene) 
Teflon sheets. After mounting, the mounts were proceeded to 
pre-grinding, grinding and polishing. The apatites were etched 
in 5.5 M HNO3 for 20 s at temperature of 21 °C. The zircon 
mounts were etched in an eutectic mixture of KOH : NaOH in 
Teflon cups in an oven at temperature of 230 °C for 14–24 
hours in two or more steps. The counting and measurements of 
spontaneous tracks was carried out at Sofia University under  
a Leica DM 2500 POL optical microscope using ×100 dry 
objective with a total magnification of ×1000. Five measure-
ments of the diameters of etch pits parallel to the crystallo-
graphic c-axis (Dpar) were made on each counted or measured 
grain as a proxy for compositional influence on annealing (e.g. 
Carlson et al. 1999). For calculation of 238U concentration, 
LA–ICP–MS technique was used. Fission-track ages and 
errors were calculated by the equation of Hasebe et al. (2004). 
Zeta calibration approach (Hasebe et al. 2013) was applied 
based on Fish Canyon Tuff apatite and zircon standards 
(Gleadow et al. 2015) and Nisatai Dacite zircon used as a stan-
dard by Tagami et al. (1995). The detailed analytical techni
ques and procedures are described in Balkanska et al. (2021). 
Summary of apatite and zircon fission-track data for the used 
age standards obtained by using absolute calibration (Hasebe 
et al. 2004) is given in the Appendix.

The temperature range within which partial track annealing 
(i.e. partial resetting) occurs is known as the partial annealing 
zone (PAZ). The effective closure of the system lies within this 
PAZ and depends on the overall cooling rate and kinetic pro
perties of the host mineral. The specific PAZ for apatite lies 
between 60 and 120 °C (Green & Duddy 1989; Corrigan 1993), 
with a mean effective closure temperature of 110 ± 10 °C 
(Gleadow & Duddy 1981).

The knowledge of zircon annealing is less advanced and  
a wide-range of temperature intervals has been published for 
the partial annealing zone of zircon. Yamada et al. (1995) Sa
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suggested temperature limits of ~ 390–170 °C, whereas 
Tagami and Dumitru (1996) and Tagami et al. (1998) sug-
gested temperature limits of ~ 310–230 °C. In his overview  
on the zircon fission-track method, Tagami (2005) reported 
temperature ranges for the closure temperature between 
~ 300–200 °C and Yamada et al. (2007) ~ 350–260 °C respec-
tively. Accordingly, we use a value of ~ 300 °C for the mean 
effective closure temperature and 250–350 °C temperature 
interval for the PAZ.

40Ar / 39Ar data

The results from 40Ar/39Ar single-grain fusion analyses are 
presented in Suppl. Table S1 and Fig. 3. For every sample 
totally 12 mica grains were analysed. In sample SG7 ages 
range from 93.6 to 87.2 Ma. Most of the grains in this sample 
have low K/Ca ratios (<1), suggesting very strong alteration of 
the measured biotite minerals. Two grains have biotite K/Ca 
ratios of ~ 9.8 and 6.4 and yield ages at 88.17 ± 0.35 Ma and 
88.33 ± 0.18 Ma, respectively. The total fusion experiment of 
this sample (Fig. 3a) produces a weighted mean age, calcu-
lated from the 7 youngest grains, of 88.0 ± 0.30 Ma (MSWD 
6.29, inverse isochron age 87.22 ± 1.26) with an initial 
40Ar/36Ar estimate of 315.38 ± 26.43.

The analysed grains from sample SG1 yield ages between 
139.6 and 120.6 Ma (Suppl. Table S1). The total fusion experi
ment on biotite from this sample (Fig. 3c) produces a weighted 
mean age of 130.90 ± 3.96 Ma (MSWD 1092.40, inverse 
isochron age 145.77 ± 10.06) with an initial 40Ar/36Ar estimate 
of 189.28 ± 122.48.

The ages of the muscovite grains in sample SG9 range from 
279.6 to 137.6 Ma (Suppl. Table S1). The total fusion experi-
ment of grains from this sample (Fig. 3b) produces a weighted 
mean age of 225.76 ± 29.69 Ma (MSWD 67578.40, inverse 
isochron age 54.26 ± 27.68) with an initial 40Ar/36Ar estimate 
of 8268.75 ± 7325.65.

Zircon fission-track data

The results of the zircon fission-track analyses are presented 
in Table 1. The quality of most of the zircon grains was insuf-
ficient for track counting due to zonation of track densities, 
abundance of inclusions and/or high density of tracks. Con
sequently, FT zircon ages were obtained for only five samples, 
using between 5 and 9 grains. 

The obtained zircon FT ages of four of the samples range 
between 90.3 ± 7.0 and 82.2 ± 5.5 Ma (Fig. 2, Table 1). These 
samples did not pass the Chi-square (χ2) test and considering 
the low number of grains, the obtained data are regarded only 
as an approximation of the true zircon FT ages and therefore 
will be used further in the discussion with caution.

The sample from the upper Maastrichtian–Danian conglo
merates (SG6) also did not pass the Chi-square (χ2) test, pro
bably due to multiple detrital grain populations. Three groups 
of single grain ages were distinguished in the population of 
nine analysed grains from this sample (Fig. 4). One grain 

yields FT age of 342 ± 58.1 Ma (Fig. 4), four yield ages 
between 148.3 ± 24.7 Ma and 129.4 ± 23.1 Ma and the youn
gest four grains yield ages between 91.9 ± 25.4 Ma and 
80.2 ± 12.3 Ma. 

Apatite fission-track data

The results of the apatite fission-track analysis are presented 
in Table 2. For each sample between 15 and 29 single apatite 
grains were used for the age calculation. The reported con-
fined mean track lengths represent un-projected onto c-axis 
values. The samples from the Koprivshtitsa traverse yield apa-
tite FT ages between 41.6 ± 2.6 Ma (SG1, the topographically 
highest sample) and 39.4 ± 3.1 Ma (SG4, the topographically 
lowest sample). In all four apatite samples horizontal confined 
tracks and corresponding C-axis angles were measured. For 
each sample between 28 and 113 track lengths were measured 
(Table 2). The confined mean track lengths are between 12.82 
and 14.04 µm with standard deviation between 1.38 and  
2.12 µm. The Dpar values vary from 1.28 µm to 1.46 µm (with 
standard deviation of approx. 0.50 µm). The single grain  
age distributions are shown on Fig. 5. All four samples pass 
the Chi-square (χ2) test (Table 2). The age-altitude diagram  
of the samples from the Koprivshtitsa traverse based on the 
obtained results is given on Fig. 6. 

The Upper Cretaceous volcanic and plutonic rocks from  
the Panagyurishte traverse yield apatite FT ages between 
84.6 ± 10.5 Ma and 70.3 ± 7.5 Ma. The upper Maastrichtian–
Danian sediments from the Panagyurishte basin yield apatite 
FT age of 67.0 ± 4.1 Ma. All four samples pass the Chi-square 
(χ2) test (Table 2). The confined mean track lengths of the sam-
ples from Panagyurishte traverse are between 13.74 µm and 
14.65 µm with standard deviation between 0.84 and 1.44 µm. 
The Dpar values vary from 1.88 µm to 2.69 µm (with standard 
deviation of approx. 0.70 µm). The single grain age distribu-
tions of the samples from this traverse are shown on Fig. 5.

Fission-track thermal history modelling

Our first intention was to use one single modelling software 
for all analysed samples in order to avoid any possible doubts 
for potential bias of the results due to the differences in the 
inverse modelling algorithms (HeFTy and QTQt, see the dis-
cussion in Vermeesch & Tian 2014). However, the modelling 
of the samples with both HeFTy (Ketcham 2005) and QTQt 
(Gallagher 2012) softwares gave several differences in their 
statistical probability and geological credibility results. It is 
important to remember here that the best thermal history 
obtained during the modelling process is not necessarily the 
only possible. Other thermal histories may match the observed 
data and it is therefore imperative to consider as many geolo
gical constraints as possible to determine the most likely path. 
Therefore, we finally chose the thermal models that match 
better the observed data and correspond to a greater extent to 
the already known constraints in the geological evolution of 
the studied area.

http://geologicacarpathica.com/data/files/supplements/GC-73-1-Balkanska_Table_S1.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-73-1-Balkanska_Table_S1.xlsx
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Koprivshtitsa traverse

Thermal history modelling for the Koprivshtitsa traverse 
was performed using a Bayesian multi-sample vertical profile 
inversion approach of the QTQt software (Gallagher 2012). 
This method allowed us to analyse the four Carboniferous 
granitic samples simultaneously and produce a time-tempera-
ture model of the whole traverse. We adopted the multi-com-
positional fission-track annealing model of Ketcham et al. 
(2007) and used the Dpar kinetic parameter as a proxy for the 
chemical composition of the apatites (Carlson et al. 1999). 
Input parameters also included apatite fission-track single 
grain ages and measured individual C-axis projected track 
lengths. Time-temperature constraint boxes for two time inter-
vals were assigned in the model. The first one between 100 
and 90 Ma at 220 ± 80 °C corresponds to the period of Late 

Cretaceous magmatism in the area, while the other one 
between 60 and 20 Ma at 100±60 °C reflects the expected 
period of post orogenic exhumation related to regional exten-
sion. The expected thermal history model (weighted mean 
model) shows a period of relatively fast cooling between 45 
and 39 Ma (Fig. 7a), whereas the maximum likelihood thermal 
history model (best fitting model) predicts a rapid cooling epi-
sode at 44.5–42.2 Ma followed by moderate cooling between 
33.5 and 27.5 Ma (Fig. 7c). These two cooling events are 
separated by a period of relative quiescence during which  
the samples remain at temperatures between 60 and 50 °C. 
Summaries of the observed and predicted values of apatite 
fission-track parameters of the single samples for the two 
models are given on Fig. 7b and 7d.

Panagyurishte traverse

For modelling of the samples from the Panagyurishte tra
verse we used HeFTy software (Ketcham 2005), which was 
more effective in assessing the thermal history of the single 
samples. Input parameters include apatite FT ages, track-
length distributions and Dpar values. To define the Cenozoic 
thermal history of each sample, we used the “best-fit path” 
(black lines on Fig. 8), which corresponds to the statistically 
best fit between measured and modelled data. As time–tem
perature constraints (t–T) for samples SG5, SG7 and SG8  
(the volcanic and subvolcanic rocks in the Panagyurishte 
basin) we chose three boxes (Fig. 8). The two smaller boxes 
correspond to the emplacement age of these igneous rocks (in 
the interval 90–80 Ma) and the expected time at which they 
were exposed on the surface (90–65 Ma). The third large t–T 
box was chosen in order to give the model more freedom to 
search for possible solutions from the end of the Cretaceous to 
recent times.

Although we have obtained a relatively small number of 
confined horizontal track lengths from the volcanic and 

Fig. 3. 40Ar/39Ar total fusion ages for samples SG7 (a), SG9 (b) and 
SG1 (c). Weighted mean ages are reported with 2 σ errors. Data out-
side the enclosed area in (a) are not included in the weighted mean 
age. 

Fig. 4. Distribution of the zircon fission track single grain ages of 
sample SG6. 
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Fig. 5. Radial plots presenting the dis-
tribution of the apatite fission track 
single grain ages for all samples using 
RadialPlotter (Vermeesch 2018). 
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subvolcanic rocks, the thermal modelling of these samples 
revealed a thermal evolution that is supported by the other 
thermochronological data and the geological evidence dis-
cussed in the next section. They are also similar to the results 
of the sedimentary sample (SG6) from which the maximum 
number of track lengths were obtained on this traverse (N = 49, 
Fig. 8). Although there is no general agreement on the mini-
mum number of confined horizontal track lengths necessary to 
obtain geologically meaningful and statistically robust model-
ling, some previous studies show that even 40 track lengths 
can be considered sufficient for reconstruction of the thermal 
evolution of a sample with relatively complex thermal history 
(e.g. Rahn & Seward 2000).

The thermal models of the volcanic and subvolcanic sam-
ples SG5 and SG7 are similar (Fig. 8). They reveal very rapid 

Fig. 7. Thermal history models of the samples from the Koprivshtitsa traverse using QTQt software (Gallagher 2012): a — expected thermal 
model; b — summary of observed and predicted values of AFT parameters of the single samples in the expected thermal model; c — maximum 
likelihood thermal model; d — summary of observed and predicted values of AFT parameters of the single samples in the maximum likelihood 
model. The given constraints in the thermal models are drawn as black dotted line boxes. Obs. AFT Age = observed apatite fission-track age; 
Pred. AFT Age = predicted apatite fission-track age; Sample Pred. AFT Age = 95 % credible range of predictions of AFT ages; Obs. 
MTL = observed mean track lengths; Pred. MTL = predicted mean track lengths; Sample Pred. MTL = 95 % credible range of predictions of 
mean track lengths; Obs. Dpar = observed values of Dpar; Pred. Dpar = predicted values of Dpar; Sample Pred. Dpar = 95 % credible range of 
predictions of Dpar. 

Fig. 6. Age-altitude diagram of the apatite FT ages (with 1σ errors) of 
the samples from the Koprivshtitsa traverse.



14 BALKANSKA, GEORGIEV, KOUNOV, ANTIĆ, TAGAMI, SUEOKA, WIJBRANS and PEYTCHEVA

GEOLOGICA CARPATHICA, 2022, 73, 1, 3–23

cooling to surface temperatures at ~ 80 Ma after their forma-
tion and a subsequent period of burial and reheating between 
65 and 55 Ma, followed by moderate to rapid cooling prior to 
50 Ma. The model of sample SG5 suggests heating to higher 
temperatures (~ 100–120 °C) than the one of sample SG7  
(~ 60 °C). The model of sample SG8 reveals very rapid cool-
ing to surface temperatures soon after its emplacement. No 
subsequent heating events were suggested by the model.

Three time-temperature constraint boxes were assigned 
during the modelling of sample SG6 (upper Maastrichtian–
Danian conglomerates, Fig. 8). The first small box was set in 
the interval 90–80 Ma, which corresponds to the emplacement 
age of the magmatic and volcanic rocks as well as the zircon 
FT ages obtained from the crystalline basement rocks in the 
area that all served as a source for these deposits. The second 
box was set to surface temperatures (between 0 °C and 30 °C) 
at ~ 70 to 60 Ma which corresponds to the deposition age of 
the sediments. The third large box is the same as the one for 
the other three samples on this traverse. The thermal model of 
this sample reveals heating to ~ 70 °C between 65 and 55 Ma 
followed by moderate cooling to surface temperatures between 
55 and 50 Ma. 

Interpretation and discussion

Early Alpine thermal evolution

The 40Ar/39Ar analysis of the two samples from the granitic 
basement of the central parts of the Sredna Gora Zone show 
large single grain age distribution (Figs. 3 and 9) which makes 
their weighted mean ages highly unreliable. 

The muscovite sample SG9 yielded single grain ages 
between 279.64 and 137.63 Ma (Suppl. Table S1, Fig. 3).  
The weighted mean age of the sample 225.76 ± 29.69 Ma could 
not be related to a certain thermal event in the study area and 
the MSWD value (67578) exceeds the acceptable goodness-
of-fit criteria. Neither the Strelcha pluton in general nor the 
analysed sample show any evidence for ductile deformation or 
recrystallization (Dabovski et al. 1966; Katskov & Iliev 1993) 
and thus, the dated muscovite minerals are considered as 
magmatic. The emplacement age of the Strelcha pluton at 
289.5 ± 7.8 Ma (HR–SIMS U–Th–Pb zircon dating, Carrigan 
et al. 2005) is very close to our maximum age of sample SG9 
(older single grain age of 279.64 ± 0.36 Ma, Suppl. Table S1). 
Therefore, we infer that all grains that yield younger ages than 
the emplacement age of the granite, underwent differing 
amounts of partial argon loss. Since the minimum age is 
137.63 ± 0.38 Ma (Suppl. Table S1), we could suggest that  
the radiogenic argon loss was caused by a thermal event at or 
younger than 137 Ma (Fig. 9).

The other granitic sample (SG1) yield single grain ages 
between 139.57 and 120.64 Ma. The analysed biotite from the 
Carboniferous Karavelovo granite is also defined as magmatic 
since no evidence of metamorphism and deformation could be 
observed in either the granite or the sample. Therefore, we 

consider all the dated biotite grains from this sample as fully 
reset during the thermal event at or before 139.57 ± 0.29 Ma 
(maximum age, Suppl. Table S1), which partially reset the 
muscovite from sample SG9. On the other hand, the relatively 
large age span of the single-grain ages is interpreted as related 
to another thermal event which led to some partial argon loss 
probably at or after 120.64 ± 0.35 Ma (minimum age, Suppl. 
Table S1).

We constrain the peak temperature attained during first ther-
mal event at about 140–138 Ma (Fig. 9) and at temperatures 
between ~ 300 and ~ 400 °C because it obviously fully reset  
the biotite (closure temperature of 310 °C, Harrison et al. 
1985) and partially the muscovite (closure temperature of  
405 °C at 5 kbar, Harrison et al. 2009). It must be noticed that 
the suggested values for closure temperature of these minerals 
correspond to a moderate cooling rate of ca. 10 °CMa−1. In our 
particular case, as we are dealing most probably with long 
lasting thermal events related to relatively lower cooling rates, 
lower closure temperature ranges could be also expected. Wide 
ranges of closure temperature values corresponding to diffe
rent cooling rates were reported for the biotite (~ 200–350 °C) 
and the muscovite (~ 220–400 °C) minerals (e.g. Ehlers et al. 
2005). The fact that their partial retention zones overlap, sug-
gests that it is theoretically possible, at certain temperatures, 
both mineral phases to be partially reset by a thermal event 
younger than 120 Ma (the biotite minimum age of sample 
SG1). However, the overlapping range corresponds mostly to 
closure temperatures of the biotite related to rapid cooling and 
of muscovite to slow cooling processes which makes their 
partial resetting during a single thermal event rather unlikely. 
We have also strong geological evidence for a tectonic and 
thermal event taking place in the study area at the end of the 
Jurassic and the beginning of the Cretaceous (Fig. 10A).

Such a thermal event was most probably related to the Early 
Alpine thrusting in the area (Vangelov et al. 2013; Burchfiel & 
Nakov 2015; Ivanov 2017), during which the basement rocks 
of the studied area were tectonically buried below the thrust at 
the estimated temperatures (Fig. 10A). The hanging wall of 
the thrust was not preserved, being most probably eroded 
since that time. It must be noted that the Early Cretaceous 
compressional tectonic event was not related to a regional 
metamorphism, but rather to a very low- to low-grade meta-
morphic overprint in the basement localized to low-grade 
shear zones (Gerdjikov et al. 2007; Lazarova & Gerdjikov 
2008). Our new combined muscovite and biotite 40Ar/39Ar sin-
gle-grain fusion analyses allowed determination of the age at 
which the rocks of the study area reached peak temperature 
(Fig. 9). The previously reported step-heating muscovite and 
biotite 40Ar/39Ar plateau ages from the Central Sredna Gora 
metamorphic basement, taken only 20 km west from the study 
area, are scattering between 317 and 99 Ma (Velichkova et al. 
2004). We now consider most of them to be mixed ages as they 
do not correspond to any known thermal events in the area or 
in the neighbouring units. 

Further evidence of the Early Alpine Late Jurassic–Early 
Cretaceous tectonic event in the study area is related to the 

http://geologicacarpathica.com/data/files/supplements/GC-73-1-Balkanska_Table_S1.xlsx
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Fig. 8. Thermal modelling results for the samples from the Panagyurishte basin using HeFTy software (Ketcham 2005) with acceptable (green) 
and good (purple) time–temperature pathway envelopes. The black lines represent the best-fit paths. Time–temperature constraints are given 
with blue boxes. MTL = mean track length; GOF = goodness of fit value.
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four detrital grains with ages between 148.3 ± 24.7 Ma and 
129.4 ± 23.1 Ma obtained from the upper Maastrichtian–Danian 
sediments from the Panagyurishte basin (SG6, Fig. 4). These 
ages suggest that the sediments were sourced by basement 
rocks that had experienced this Early Alpine event and whose 
ages reflect cooling related most probably to syn-thrusting 
erosion or eventually post-thrusting tectonic or erosional pro-
cesses. Similar Late Jurassic–Early Cretaceous ages have been 
reported for the syn-metamorphic thrusting in the neighbou
ring Rhodope and Sakar–Strandja zones (Fig. 1, Kirchenbaur 
et al. 2012; Bonev et al. 2020; Szopa et al. 2020).

The second thermal event, younger than 120 Ma (Fig. 9) 
that led to the partial argon loss in the biotite sample SG1, 
could be related to the Late Cretaceous (between 90 and  
86 Ma) magmatic activity in the Sredna Gora Zone (Fig. 1). 
The zircon FT age of 84.8 ± 5.8 Ma from this sample (Fig. 2, 
Table 2, SG 1) suggests that the temperature exceeded 300 °C 
during this thermal event. Another possible interpretation of 
the results from sample SG1 is a very slow cooling between 
139 to 120 Ma (Fig. 9) which would keep the system open for 
the partial argon loss for a relatively protracted period. Such 
slow cooling could be related to the erosion of the thrust sheets 
during the ongoing compression which probably continued 
until the Aptian (Ivanov 2017).

Thermal evolution of the Panagyurishte basin and its 
basement

Late Cretaceous

The Late Cretaceous in the studied area was a time for for-
mation of the intra-arc/back-arc Panagyurishte basin accom-
panied by volcanic activity (Fig. 10B, Aiello et al. 1977; von 
Quadt et al. 2005). Our combined zircon and apatite FT ana
lyses together with the 40Ar/39Ar dating are in agreement with 
the previous geochronological data on this magmatic and  
volcanic event in the central parts of the Sredna Gora Zone 
(Handler et al. 2004; Rieser et al. 2008).

The thermal models of the volcanic and 
subvolcanic rocks from the Panagyurishte 
basin (SG5, SG7 and SG8) suggest very rapid 
cooling to surface temperatures between ~ 87 
and 78 Ma that is in concordance with their 
supposed Late Cretaceous formation ages 
(Dimitrova et al. 1984; Popov et al. 2002a; 
von Quadt et al. 2005; Peytcheva et al. 2009). 
Although it must be noticed that this cooling 
is not constrained with the necessary high 
probability by the modelling programme due 
to the posterior reheating and partial resetting 
of the FT data of these samples (see the next 
section), we consider the event well con-
strained by the geological evidence. These 
samples represent volcanic rocks for which 
fast cooling after their emplacement or erup-
tion must be expected (Fig. 10B).

The obtained 40Ar/39Ar weighted mean age of 88.0 ± 0.30 Ma 
from the granite porphyry (sample SG7) is generally in line 
with that reported for the Upper Cretaceous magmatic rocks in 
the study area U–Pb ages between 90 and 86 Ma (Peytcheva et 
al. 2003, 2008; von Quadt et al. 2005), Re/Os ages between 
87.7 ± 0.50 Ma and 86.8 ± 0.50 Ma of hydrothermal molybde-
nite from quartz veins in the Elshitsa shallow intrusive por-
phyritic rocks (Vlaykov Vrah, Zimmerman et al. 2008), as 
well as with other 40Ar/39Ar post-magmatic cooling ages from 
volcanic and plutonic rocks from the Panagyurishte basin 
(between 91 and 84 Ma, Handler et al. 2004; Rieser et al. 
2008). 

However, the 40Ar/39Ar age of 88.0±0.30 Ma is slightly older 
than the U–Pb zircon age of 86.61±0.31 Ma reported for the 
Elshitsa pluton (Peytcheva et al. 2008). The sampled small 
subvolcanic body is spatially and genetically related to this 
pluton and therefore considered as part of its hypabyssal 
facies. One possible reason for this increasing of the 40Ar/39Ar 
age could be the apparent strong replacement of the biotite  
by chlorite, as suggested by the low K/Ca ratios (<1, Suppl. 
Table S1) for most of the analysed grains. The 39ArK recoil 
from the biotite layers, alternating with the chlorite ones in the 
altered mineral, during neutron irradiation could lead to pro-
ducing an older age than the true formation age of the analysed 
sample (Lo et al. 2000). Even if the 39ArK had recoiled from 
layers of K-rich biotite into layers of K-poor chlorite, argon 
will be less well-retained by chlorite layers and thus the 39ArK  
will be released more quickly than 40Ar*, which is located 
mostly within biotite layers (Shi et al. 2020). Finally, this 
process will produce low 40Ar*/39ArK ratios and therefore older 
ages.

The obtained zircon FT age of the sample is 85.1 ± 7.0 Ma. 
Despite the low-number of analysed grains (only 5), this age 
could be tentatively interpreted as related to the cooling of  
the rock after its emplacement.

The zircon fission-track ages between 90.3 ± 7.0 and 
82.2 ± 5.5 Ma of the samples from the Sredna Gora granitic 
basement (SG1, SG3, SG9, Fig. 2, Table 2) indicate that  
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the Paleozoic granites were thermally affected by the Late 
Cretaceous magmatic event at temperatures higher than  
300 °C (Fig. 10B). Hence, these zircon FT results represent 
the cooling ages of the granitic basement after this thermal 

event. This cooling could be a direct consequence of a post-
magmatic relaxation or exhumation along the northern margin 
of the Late Cretaceous Panagyurishte basin during its early 
rifting stage (Fig. 2).
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Paleocene

The thermal models of the Upper Cretaceous volcanic and 
subvolcanic rocks (SG5 and SG7) and upper Maastrichtian–
Danian sediments from the Panagyurishte basin (SG6) reveal 
heating to temperatures within the apatite PAZ (60–120 °C) 
between 65 and 55 Ma. This thermal event is interpreted as  
a direct consequence of tectonic burial, probably related to  
the Late Alpine (post-Danian) compression, which led to  
the closure of the Panagyurishte basin and formation of the 
regional fault structures along which the Paleozoic basement 
and its Mesozoic cover were thrust over the volcano-sedimen-
tary sequences (Karagjuleva et al. 1974; Katskov & Iliev 
1993, Fig. 10C). Not all good paths outlining the purple enve-
lope follow the curve of the “best-fit path” (the black line) and 
some of their trajectories are quite different (Fig. 8). This fact 
shows that most probably this is not the only possible/accep
table solution for the thermal history of the analysed rocks 
from the Panagyurishte basin. However, we consider that the 
obtained “best-fit paths” are the most probable ones not only 
from statistical point of view but also because they are sup-
ported by the geological evidence for the study area and  
the other thermochronology results. The burial of the upper 
Maastrichtian–Danian conglomerates is also supported by  
the fact that the sediments contain abundant coalified plant 
debris (Pavlishina 2002; Boyanov et al. 2003) and coal-bea
ring siltstones (Boyanov et al. 2003), which indicate that they 
have been heated after their deposition. The initiation of the 
Botev Vrah thrust in the Balkan fold-thrust belt also occurred 
during the late Paleocene (Balkanska et al. 2012). 

Our results exclude the possibility that the thermal event 
that affected the Upper Cretaceous–lower Paleocene deposits 
could be related to sedimentary burial. The estimated thick-
ness of the continental upper Maastrichtian–Danian sediments 
ranges from more than 200 m (Katskov & Iliev 1993) to up to 
800 m (Zagorchev et al. 2001; Boyanov et al. 2003) which is 
insufficient for considerable burial to temperatures allowing 
for partial resetting of the apatite ages. Although the volume of 
eroded Paleocene cover could not be estimated, it was pre
viously well established that significant amount of Paleocene 
sediments in Bulgaria have been deposited only further to  
the north-east in the foreland basin of the East Balkan zone 
(Fig. 1, up to 1670 m, Sinnyovski 2004).

The sample SG8 from a small subvolcanic body related to 
the Elshitsa pluton situated in the hanging-wall of the Stefan
chovo thrust fault yielded an apatite FT age of 84.6 ± 10.5 Ma 
that is quite similar to its supposed emplacement age (U–Pb 
zircon 86.61 ± 0.31 Ma from the granites of the Elshitsa plu
ton, Peytcheva et al. 2008). This age clearly represents 
post-emplacement cooling to temperatures below 60 °C.  
The thermal model excludes subsequent reheating, unlike  
the other samples from the Panagyurishte basin (Fig. 8). This 
could be explained by the fact that being part of the hanging 
wall of the Stefanchovo thrust this sample was not buried 
during the compressional event like the sample SG7 taken 
from the footwall (Fig. 10C). Therefore, the Stefanchovo 

fault, bordering the Panagyurishte basin to the south-west, 
could be considered as one of the main structures controlling 
the closure and the tectonic burial of the basin infill during  
the Late Alpine event. The tectonic burial below the thrust 
sheet probably did not last long and its hanging wall was 
obviously subjected to erosion soon after its emplacement as 
suggested by the thermal models of the rocks from the 
Panagyurishte basin, which have predicted relatively fast 
cooling between 55 and 50 Ma (Fig. 8). Kounov et al. (2018) 
reported a period of accelerated cooling, between ~ 58 and 
~ 48 Ma (late Paleocene–early Eocene) in the Balkan fold-
thrust belt, related to rapid denudation of the basement rocks 
thrust sheets during the compressional tectonics.

Cenozoic evolution of the Sredna Gora Zone basement

In order to constrain the distinct cooling episodes in the cen-
tral parts of the Sredna Gora Zone crystalline basement and 
estimate their exhumation rate we have used three different 
approaches (apatite FT age-altitude plot, QTQt expected ther-
mal history model and QTQt maximum likelihood thermal 
history model) and the results are presented below.

The first one is based on the age-altitude plot of the calcu-
lated apatite FT ages (Fig. 6), which have a slope indicating  
a moderate exhumation rate of 0.46 mm/year between 42 and 
39 Ma. The relationship between fission-track ages and the 
altitude of samples from an elevation profile are commonly 
used to determine the exhumation rate (Fig. 10D, Fitzgerald & 
Malusà 2019 and references therein). The advantage of this 
approach is that it does not require the geothermal gradient to 
be known. However, several assumptions need to be made to 
ensure that the slope represents the realistic exhumation rate. 
It must be assumed that all the samples had the same closure 
temperature and isotherms were horizontal during the exhu-
mation. Additionally, in the case of rapid exhumation which 
leads to high thermal gradient due to the advection of the iso-
therms, the slope of the age-elevation profile will overestimate 
the true exhumation rate (e.g. Fitzgerald & Malusà 2019). 
Taking in account these issues and consequent uncertainties, 
the estimated exhumation rate must be considered only as  
an apparent rate. 

In order to determine better the time and amount of the 
exhumation of the crystalline basement and avoid some of  
the problems listed above, we have applied FT thermal model-
ling using the QTQt software (Gallagher 2012, Fig. 7) to  
the samples from the Koprivshtitsa traverse.

The expected thermal history model, which represents weigh
ted models where the weighting is provided by the posterior 
probability for each model (Gallagher 2012), predicts a period 
of relatively fast cooling between 45 and 39 Ma (Fig. 7a). 
Assuming an average geothermal gradient in orogenic belts of 
30 °C/km used as input in the modelling, an exhumation rate 
of 0.6–0.7 mm/year was obtained for this time period.

On the other hand, the maximum likelihood thermal history 
model, which represents the best data fitting models of all 
samples from the profile, shows a rapid cooling episode at 
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44.5–42.2 Ma and a subsequent moderate cooling between 
33.5 and 27.5 Ma (Fig. 7c). However, the rapid exhumation 
predicted for the first event would induce advection of the iso-
therms leading to an increased geothermal gradient. Therefore, 
the estimated exhumation rates of 1.25 mm/year for a geother-
mal gradient of 30 °C/km (Fig. 7c) could be considered over-
estimated. The second cooling event at temperatures below  
60 °C (i.e. above the PAZ of the apatite) is outside the applica-
bility temperature limit of this method, and is thus considered 
poorly constrained.

The Bayesian approach, adopted by the QTQt software, 
favours the simpler models such as the expected model com-
pared to the maximum likelihood model, which is likely to be 
too complex, resulting in more time-temperature points 
(Gallagher 2012). However, the best way to judge which 
model is better representative of the true thermal evolution is 
to confront their results with the geological evidence of the 
study area. As we have noticed before there is practically no 
information for the evolution of the central parts of the Sredna 
Gora crystalline basement during the Cenozoic. Therefore, we 
have to compare our results to the tectonic episodes reported 
in the neighbouring areas.

An Eocene extensional event, that affected the entire Balkan 
Peninsula (e.g. Burchfiel et al. 2008), was also reported in  
the neighbouring Balkan fold-thrust belt where it started in  
the middle Eocene (~ 44 Ma, Kounov et al. 2018). Early 
Eocene extension is reported as an early stage of the Aegean 
extension in the Kraishte Zone and the Rhodope metamorphic 
complex south of the Sredna Gora Zone (Fig. 1, e.g. Kounov 
et al. 2004; Antić et al. 2016; Kounov et al. 2020). We also 
could not exclude the existence of a second exhumation stage 
during the Oligocene in the studied area as suggested by  
the maximum likelihood thermal history model (Fig. 7c).  
This event could be correlated with the extension in the 
Rhodopes between ~ 37 and ~ 33 Ma, resulting in much faster 
exhumation rates and formation of metamorphic core com-
plexes (Kounov et al. 2015, 2020). 

The cooling and exhumation of the Sredna Gora Zone base-
ment could be related to the period of post-orogenic denu
dation and extension, associated with the formation of the 
Thrace basin to the south-south-east of the study area (Figs. 1, 
2 and 10D). The oldest sediments in the basin are Bartonian 
(Sapoundjieva & Dragomanov 1991) which suggests that the 
regional extension and opening of the basin began at ~ 40 Ma.  

Conclusions

The new apatite and zircon fission track dating combined 
with 40Ar/39Ar analysis revealed the following Alpine 
(post-Triassic) thermal and cooling events related to tectonic 
processes in the central parts of the Sredna Gora Zone in 
Bulgaria:
•	 The thermal peak of the Early Alpine event was constrained 

at about 140–138 Ma at temperatures between ~ 300 and 
400 °C attained probably during active thrusting.

•	 The Late Cretaceous arc-related magmatic and volcanic 
activities in the central parts of the Sredna Gora Zone 
between 90 and 86 Ma induced an elevated thermal gradient 
and reheating at temperatures above 300 °C not only in the 
Panagyurishte basin but also in its neighbouring basement 
rocks.

•	 A middle to late Paleocene thermal event between 65 and  
55 Ma was related to the Late Alpine thrusting and closure 
of the Panagyurishte back-/intra arc basin during which  
the tectonically buried sediments attained temperatures of 
<120 °C. This was followed by rapid to moderate cooling of 
the sedimentary and volcanic successions at 55–50 Ma 
probably during syn-tectonic erosion and denudation of  
the thrust sheets. 

•	 The exhumation of the central parts of the Sredna Gora 
Zone crystalline basement took place during one or two 
stages of post-orogenic middle Eocene to Oligocene exten-
sion most probably related to the opening of the Thrace 
basin. 
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Appendix

Sample Mineral Grains Ns ps (106cm−2) 238 U (ppm) T pooled ± 1 σ 
(Ma) P(χ2) % Reference

Fish Canyon Tuff 1 apatite 17 200 0.2 14.8 30.6 ± 2.8 99.93 Gleadow et al. (2015)

Fish Canyon Tuff 2 apatite 16 231 0.2 15 27.4 ± 2.0 24.85 Gleadow et al. (2016)

Fish Canyon Tuff zircon 19 547 5.8 403.9 26.7 ± 1.3 0 Gleadow et al. (2017)

Nisatai Dacite zircon 21 378 3.3 264.1 23.3 ± 1.3 6.81 Tagami et al. (1995)
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