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Abstract. The Cenozoic tectonic evolution of the Rhodope Metamorphic Complex represents a series of two exten-
sional events separated by a compressional to transpressional tectonics between 25–16 Ma as suggested by the apatite 
FT dating. Our results support the previous structural and stratigraphic studies and show that the crystalline basement 
was affected by tectonic burial in latest Oligocene to early Miocene time.
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Introduction and geological setting

The Rila-West Rhodopes batholith (RWRB) is exposed 
in the northwestern part of the Rhodope Metamorphic 
Complex (RMC). The granitoids of the batholith are 
emplaced during several magmatic pulses in the Late 
Cretaceous to Paleogene (Kamenov et al., 1999; Pe-
ytcheva et al., 2007, Stavrev et al., 2020). The first 
stage is presented by granodiorites to quartz-diorites 
that compose mostly the northern and central flanks of 
the batholith (the Belmeken body) dated at 71–68 Ma 
(Stavrev et al., 2020 and references therein). The sec-
ond major magmatic pulse comprises biotite-, two-
mica, leucocratic, and aplitic granites (Shpanyovitsa 
and Chavcha bodies, Western Rhodope body, Fig. 1a) 
dated at 40–39 Ma (Peytcheva et al., 2007). To the 
south of Sestrimo village a large volume of these gran-
itoids, together with fragments of their migmatitic host 

rocks, are top-to-the north sheared by the Yadenitsa-
Grashevo shear zone (Naydenov et al., 2008, Fig. 1a).

The Cenozoic evolution of the northwestern parts 
of the Rhodope Mountains includes several tectonic 
episodes. Тhe North Rhodopean Detachment (Nayde-
nov et al., 2008), active during Eocene and early Oli-
gocene, is a brittle-ductile shear zone that separates 
the Chepino tectonic unit from the North Rhodopean 
unit (Gerdjikov et al., 2006). This event is postdated 
by top-to-the-south thrusting of the North Rhodopean 
unit onto the lower Oligocene sedimentary rocks along 
the North Rhodopean Thrust (Ivanov et al., 1989; 
Naydenov et al., 2008) that extends along the northern 
boundary of the RMC. The presence of pre-Oligocene 
basement rocks thrusted onto Oligocene sediments in 
the Circum-Rhodope Belt and the lack of lower Mio-
cene sediments in the southeastern parts of the Balkan 
peninsula are in agreement with a compressional to 
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transpressional event that separated the Eocene–Oli-
gocene from the middle Miocene extensional event 
(Georgiev, 2023 and references therein). Most of the 
structures related to this short-living compression are 
registered in areas neighboring the RMC, and only in 
a very few cases thrust and/or reverse fault duplex-
ing is reported for the Eocene–Oligocene basins in the 
Rhodopes (s.l.). The last extensional event in the study 
area is related to the formation of the Sestrimo normal 
fault in the Miocene–Quaternary (Fig. 1a).

Despite numerous petrological, geochemical, and 
geochronological papers for the RWRB, the existing 
thermochronological data for the granitoids and the 
adjacent area are scarce. First apatite fission-track (FT) 
(between 37.9±1.5 Ma and 34.1±1.3 Ma) and (U-Th)/
He (between 32.2±0.2 and 20.9±1.0 Ma) ages for the 
Belmeken granodiorites are interpreted to reflect an 
Eocene–Miocene “erosion-driven denudation” (Gun-
nell et al., 2017). Recently, Kounov et al. (2023) gave 
evidence for a multistage exhumation of the northwest-
ern Rhodope Metamorphic Complex suggesting that 
the Early Cretaceous (~101  Ma±0.6  Ma) cooling of 
the Variscan high-grade basement to temperatures be-
low 440–400 °C was followed by a rapid Eocene (39–
35 Ma) exhumation along the North Rhodopean Exten-
sional System, part of which is presented by the North 
Rhodopean Detachment. The middle to late Miocene 
exhumation of the northern flanks of the Rila Moun-
tain below 110±10 °C was interpreted to as accommo-
dated by displacements along a system of normal faults, 
bounding the northern slopes of Rila and Rhodopes. 
Gerdjikov et al. (2006) reported an 40Ar/39Ar musco-
vite age of mylonitic granites at 34.8±0.2 Ma, relating 
this cooling event to the North Rhodopean Extensional 
System. Late Oligocene–early Miocene heating event 
(apatite FT and (U-Th)/He data) is interpreted as a re-
sult of top-to-the-south thrusting of the North Rhodo-
pean unit over the metamorphic and granitic basement 
in the northern flank of the Rila Mountain (Danišík et 
al., 2014).

Here, we present new thermochronological data 
(apatite FT) that constrain the cooling history and give 
new evidence for a tectonic burial of the northern parts 
of the RWRB. 

Samples and analytical procedures

The study area is located between the village of Ses-
trimo and Belmeken dam, near the northern contact of 
the RWRB with the host metamorphic basement pre-
sented by Chepino tectonic unit (Fig. 1a). We collect-
ed three samples from the RWRB at different altitudes 
in order to constrain the cooling history of the batho-
lith and to estimate its exhumation rate. The upper-
most sample (SG-23-69, N 42.165123, E 23.866431, 
1297 m) represents a slightly foliated medium-grained 
granodiorite (71–68  Ma phase) with gently NW-
dipping foliation. Samples SG-23-71 (N  42.192491, 
E  23.884514, 989  m) and SG-23-72 (N  42.202195, 

E  23.916321, 837  m) are from the mylonitic grani-
toids of the Paleogene magmatic phase. The mylonitic 
foliation dips gently to the NE or SW, the stretching 
lineation plunges to the NNW (or SSE) and a top-to-
the-north sense of shear is well-supported by various 
synkinematic indicators. 

Sample preparation and the apatite FT analyses us-
ing LA-ICP-MS were carried out in the Low-Temper-
ature Thermochronology Laboratory in Sofia Univer-
sity and the Geological Institute, BAS, according to 
the methodology described in Balkanska et al. (2021). 
The counting of spontaneous tracks and measuring 
track lengths were performed under a Zeiss Axioscope 
5/7 KMAT optical microscope using 100 dry objec-
tive with a total magnification of x 1000. The 238U 
content of the studied apatites was measured by LA-
ICP-MS. The ablation pit used was 35 μm in diameter 
with beam repetition rate of 5 to 7 Hz. 238U concentra-
tions were calibrated against NIST 610 (primary) and 
NIST 612 (secondary) standard glasses. The elements 
concentrations were calculated using SILLS data re-
duction software. Zeta calibration approach (Hasebe 
et al., 2013) was applied based on Fish Canyon Tuff 
and Durango apatite standards.

Fission-track dating results

The results of the apatite FT analysis are presented in 
Table 1 and the single grain ages of all samples are 
shown in Fig. 1b. The reported bellow confined mean 
track lengths represent un-projected onto c-axis val-
ues. Sample SG-23-69 yields FT age of 23.2±2.6 Ma 
(23 grains). The mean track length for this sample is 
11.36 µm with а standard deviation of 2.7 µm. Sample 
SG-23-71 yields FT age of 15.7±1.9 Ma (22 grains). 
The mean track length for this sample is 13.72 µm 
with а standard deviation of 1.3 µm. Sample SG-23-
72 yields FT age of 17.5±2 Ma (28 grains). The mean 
track length for this sample is 13.24 µm with a standard 
deviation of 1.5 µm. All samples pass the Chi-square 
(χ2) test (Table 1). We accept the value 110±10 °C for 
the mean effective closure temperature of the apatite 
defined by Gleadow and Duddy (1981) and the partial 
annealing zone (PAZ) between 60 and 120 °C (Green, 
Duddy, 1989). 

We performed thermal history modelling on sam-
ple SG-23-72 where more track lengths (19) were 
measured using HeFTy software (Ketcham, 2005). 
Input parameters include apatite FT ages, track-length 
distributions and Dpar values. To define the Cenozoic 
thermal history of the sample, we used the “best-fit 
path” (black line on Fig.  1c), which corresponds to 
the statistically best fit between modelled and meas-
ured data. As time-temperature constraints (t-T) three 
boxes were assigned. The first box corresponds to the 
expected time of Paleogene exhumation (in the inter-
val 40–28 Ma) related to the North Rhodopean Exten-
sional System. The second box was set to the upper 
boundary of the PAZ (60 °C) during late Oligocene–
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Fig. 1. a) Geological map of the studied area (modified after Kounov et al., 2023); b) radial plots presenting the distribution of the 
apatite fission-track single grain ages for the three samples; c) a thermal history model of sample SG-23-72 using HeFTy software 
(Ketcham, 2005) with acceptable (green) and good (purple) time-temperature pathway envelopes. The black line represents the best-
fit path of the sample. Time-temperature constraints are given with blue boxes. MTL: mean track length; GOF: goodness of fit value.

Table 1. Apatite fission-track data

Sample 
number

Counted 
grains Ns ps 

(106cm2)
238 U 

(ppm)
P(χ2) 

%
T central ± 
1 σ (Ma)

No. of 
lengths 

measured

МTL 
(µm)

Std. 
Dev. 
(µm)

Sterr 
(µm)

Dpar 
(µm)

SG-23-69 23 372 0.27 25.3039 12.68 23.2 ± 2.6 12 11.61 2.7 0.8 1.47
SG-23-71 22 189 0.17 23.0212 11.65 15.7 ± 1.9 13 13.72 1.3 0.4 1.42
SG-23-72 28 272 0.15 19.2916 45.58 17.5 ± 2.0 19 13.24 1.5 0.3 1.41

Ns, number of spontaneous tracks counted; ps, spontaneous track density; 238U, pooled mean concentration of Uranium-238; P(χ2), the chi-square prob-
ability for pooled age; MTL, mean track length; Std. Dev., standard deviation; Sterr, strandard error; Dpar, long axis of track etch pit
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early Miocene (between 28 and 15 Ma) corresponding 
to the period of compression (along the North Rhodo-
pean Thrust) in the northern parts of the RMC. The 
third box reflects the expected period of the last exten-
sional event in the region related to the initiation of the 
Miocene–Quaternary normal faults (Fig. 1c).

Discussion and interpretation

The existing structural and geochronological data re-
veals well the two known major extensional events: 
1) the late Eocene–early Oligocene extension accom-
modated in the study area by the North Rhodopean 
Extensional System (Kounov et al., 2023); and 2) the 
mid-Miocene–Quaternary extension. These two sepa-
rate events were for a long time considered as a single 
extensional stage and both referred to as the Aegean 
extension. 

The obtained apatite FT data from the northeast 
RWRB shows that the cooling and final exhumation 
of the crystalline basement near the northern boundary 
of the RMC took place in the Miocene (after 20 Ma). 
The lack of а positive correlation between the age 
and altitude of the samples suggests that the two parts 
of the RWRB (the Late Cretaceous Belmeken type 
granodiorites and the Paleogene mylonitic granitoids) 
have not cooled as one single block and the rate of 
exhumation could not be estimated. The two blocks 
differ in their structural evolution already in the late 
Eocene when the Belmeken body remained below the 
Yadenitsa-Grashevo shear zone (Fig. 1a). The thermal 
model of the lowermost sample gives clear evidence 
for burial and a reheating event within the PAZ that 
reset the fission-track age after being already exhumed 
close to the surface in late Eocene–early Oligocene 
time (Fig. 1c). This reheating, according to the model, 
took place in the time interval between 28 Ma and 16 
Ma after the shearing along the North Rhodopean Ex-
tensional System at ca 34 Ma), which overlaps with 
the hiatus in the stratigraphic record in the Circum-
Rhodope Belt in the period between 21 Ma and 13 Ma 
(Georgiev, 2023) and the thrusting along the North 
Rhodopean Thrust (Ivanov et al., 1989). These data 
correlate well with the thermochronological results re-
ported by Danišík et al. (2014) for the northern parts 
of the Rila Mountain. The following moderate to rapid 
cooling corresponds to the mid Miocene to recent ex-
tension that gave the final reshaping and structure of 
the RMC. 

Our research shows that despite being epidermal 
and short-living, the compressional structures had 
affected also the granitoids of the RWRB. Thus, the 
compressional tectonics in the latest Oligocene–early 
Miocene must be considered as an important episode 
in the final formation of the structure and geometry of 
the RMC.
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