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Abstract: Metasedimentary sequence from the westernmost Sakar Unit (Klokotnitsa Village area), Sakar–Strandja Zone, 
comprises a variety of lithologies with Triassic protolith age. In the study area, the Sakar Unit is affected by low-grade 
metamorphism in the frame of the Maritsa dextral strike-slip shear zone and separates two first-order units of  
the Balkan orogenic system – the Rhodope massif and the Srednogorie Zone. We present the petrography, mineral chemical 
data, and thermodynamic modelling of metasediments for a better understanding of the protoliths origin and metamorphic 
evolution. The mineral assemblages in Triassic metasediments suggest sedimentary protoliths containing quartz, clay, 
and carbonate minerals (sandstones, clays, and limestones). The detrital minerals (quartz, albite, orthoclase and accessory 
phases – zircon, monazite, apatite) reveal potential granite source provenance. The dominance of phengite–chlorite  
association correlates with low temperature and water-saturated conditions. The Perple_X pseudosection, combined with 
modelled mineral assemblages and mineral chemistry isopleths of muscovite and chlorite, correspond to metamorphism 
in the range 275–330 °C and 3–4 kbar. The results correspond with a chlorite geothermometer. The thermodynamic  
modelling corroborates the petrographic observations and proves greenschist metamorphic conditions that affected  
the Triassic sedimentary cover of the westernmost Sakar Unit.
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Introduction

The Sakar–Strandja Zone (SSZ; Dimitrov 1958; Ivanov 2017) 
occupies a large area in southeast Bulgaria and European  
Turkey. The SSZ is accepted as Variscan (Hercynian) orogeny, 
affected by Late Jurassic to Early Cretaceous greenschist– 
amphibolite-facies metamorphism (e.g., Vladinova et al. 2019; 
Bonev et al. 2020), which is a product of Early Alpine/Cimme-
rian orogenesis (e.g., Gerdjikov 2005; Cattò et al. 2017).  
The regional geological setting of the SSZ is controversial.  
It is referred to the East Srednogorie Unit (Dabovski et al. 
2002) or the Srednogorie Zone (Dabovski & Zagorchev 2009;  
Zagorchev 2020), where metamorphites of the SSZ and Cen-
tral and Ihtiman Sredna Gora represent the pre-Cretaceous 
crystalline basement. On the other hand, Schmid et al. (2020) 
consider the SSZ as a lateral equivalent of the Circum-Rhodope 
Belt based on the close kinematics, degree, and age of meta-
morphism. The present study, however, accepts the SSZ as  
an independent tectonic zone (Gerdjikov 2005; Machev et al. 
2015; Bonev et al. 2019), which is part of the inner Balkanides 
(Ivanov 2017). In many places, the SSZ rocks are unconfor-
mably covered by Cretaceous sedimentary and volcanic rocks, 
as well as Eocene–Oligocene sediments of the Thrace Basin 

(Ivanov 2017; Okay et al. 2001). The two units which com-
prise the SSZ, the Sakar and Strandja, differ both in their  
tectonic evolution and metamorphic grade (Ivanov 2017).  
The Triassic age of the Sakar Unit metasediments is determi-
ned by fossils (Chatalov 1990), and previous studies described 
a regional metamorphic gradient with conditions increasing 
from the west to the east, from greenschist to amphibolite 
 facies. The Strandja Unit differs in presence of Jurassic 
metasediments, Alpine allochthonous units, numerous intru-
sive and volcanic Cretaceous rocks, and lower metamorphic 
grade (anchimetamorphism to greenschist facies).

The metasediments in the western parts of the Sakar Unit  
(to the south of the town of Simeonovgrad and in the vicinities 
of the villages of Klokotnitsa and Krepost, Fig.1) were not 
studied in detail by Chatalov (1990), however, their Triassic 
age and similar lithology correlated them to the Sakar Type 
Triassic, which is defined in the eastern Topolovgrad area. 
Boyanov et al. (1992) correlated these western Sakar Unit 
metasediments to the Ustrem and Srem formations in the Topo-
lovgrad area and recently, they were assigned by Zagorchev & 
Budurov (2009) to the Triassic terrigenous-carbonate associa-
tion of the Sakar type. The biostratigraphic data and U–Pb 
detritial zircons ages reveal their similar Early Devonian– 
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Middle Triassic sedimentation time (Chatalov 1990; Vladinova 
et al. 2017, 2018; Filipov et al. 2018). Scarce outcrops and  
a more complex geology in the western Sakar Unit, which has 
numerous folds and faults, prevent the correct interpretation of 
field relations and systematic rock sampling. In the study area, 
the metasediments have a lower thickness, which could reflect 
a different sediment source area and setting of deposition.  
The reason for the regional gradient in the Sakar Unit is dis-
putable. Lower metamorphic grade in this area was deduced 
from field observations and petrography (Kozhoukharov et al. 
1968); however, modern metamorphic studies are lacking. 

Some authors connected the post-Triassic metamorphic event 
with the intrusion of Sakar and Aleksandrovo granites 
(Kozhoukharov et al. 1968; Ivanov 2017); however, their 
 Car bo niferous–Permian (330–300 Ma) age was recently 
proven by U–Pb zircon geochronology (Machev et al. 2015; 
Peytcheva et al. 2016; Bonev et al. 2019; Pristavova et al. 
2019). The presence of younger Permian–Triassic granitoids 
provo ked the division of two magmatic events: (1) Late 
Carboni ferous (312–295 Ma) and (2) Permian–Triassic (275–
230 Ma) related to the fragment separation of the southern 
Laurusia edge (Sałacińska et al. 2021). In contrast, Bonev et 
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Fig. 1. Simplified geological map of the westernmost Triassic metasedimentary rocks in the Sakar Unit, Sakar–Strandja Zone, compiled 
according to Boyanov et al. (1989, 1990, 1991) with a table of sample lithology and GPS coordinates. The location of the investigated area 
(Sakar Unit) in SE Bulgaria is shown in the box area. 
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al. (2021) interpreted it as continuous Paleotethys subduction, 
which produced a Per mian magmatic arc with subsequent 
 formation of the Permian–Triassic arc basin. This scenario is 
supported by the presence of the Permian–Triassic metasedi-
mentary sequence deposited in the formed arc basin (Aysal et 
al. 2018). The extensive Carboniferous–Permian plutonism is 
a pre requisite for the emergence of high-grade metamorphism 
(Vladinova & Georgieva 2020; Sałacińska et al. 2022). It is 
obvious that the western outcrops are more intensively affected 
by deformation in the frame of the large tectonic dislocation in 
the area – the Maritza shear zone (Kozhoukharov et al. 1968). 
This poses the question: is the lower-grade metamorphism 
observed in the metasediments imposed on higher-grade 
 mineral associations? 

In this study, we provide more information on the petro-
graphy and mineral chemistry of metasediments and apply  
an up-to-date approach in order to characterize the metamor-
phic conditions using Perple_X modelling and geothermo-
meters based on the chemical composition of metamorphic 
minerals. Giving quantitative parameters of metamorphism in 
the area will help for a better understanding of the evolution of 
the SSZ, and thus will be useful for further tectono-metamor-
phic scenarios.

Materials and methods

We studied the petrography, mineral chemistry, and bulk 
rock composition of six samples of metasediments from the 
western Sakar Unit (outcrops of Triassic sediments to the west 
of Sakar granite). The sample location and GPS coordinates 
are shown in Figure 1. Carbonate rocks (calcite, dolomite- and 
impure marbles) alternate with less common silicate–carbo-
nate schists (muscovite–calcite and quartz–muscovite schists). 
The carbonate–silicate schists (Fig. 2a) are composed of mus-
covite and calcite layers and alternate with fine-grained and 
cataclased phyllites (Fig. 2b). The alternation between carbo-
nate–silicate schists and impure marble marks the appearance 
of massive marble layers (Fig. 2c). The silicate rocks are 
 sampled in single outcrops with unclear relations to the sur-
roun ding rocks (Fig. 2d). They are composed mainly of 
 phyllo silicates and quartz bands that trace the foliation.

The chemical mineral analysis was carried out with a JEOL 
Superprobe-733 electron microprobe at the Geological Insti-
tute, the Bulgarian Academy of Sciences (Sofia, Bulgaria), 
SEM Jeol JSM-259 6610 LV at the University of Belgrade 
(Serbia), and FEI 200 SEM with EDAX-EDS detector at the 
University of Cagliari (Italy). The P–T pseudo-sections were 

Fig. 2. Field photographs of the metasedimentary succession: a — Alternation of carbonate-silicate rocks and phyllites (TV-24); b — Cataclased 
phyllites with numerous of folds (TV-24); c — Alternation between carbonate–silicate (TV-34) and carbonate rocks; d — Single outcrops of 
silicate rocks (TV-30). 
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calculated for the carbonate–silicate sample (TV-24), using 
the bulk rock composition determined by wet chemical ana-
lysis and carbonate analysis at the Chemical laboratory at  
the University of Sofia.

Petrography

The metasediments in the studied area show a wide range in 
composition from carbonate (calcite and dolomite marbles) to 
carbonate–silicate rocks (muscovite–calcite schists and impure 
marbles) and siliciclastic metasediments (quartz–muscovite, 
quartz–muscovite–chlorite schists, etc.), according to the clas-
sification of Rosen et al. (2007).

Siliciclastic metasediments (TV-13a, TV-30) are less com-
mon in the area. The pronounced foliation in these rocks is 
defined by phyllosilicates (muscovite, ± chlorite) (Fig. 3a–c), 
while the deformation in quartz-dominated bands and lenses is 
obliterated by static recrystallization. Rounded to subangular 
plagioclase porphyroclasts show partially recrystallized and 
resorbed rims (Fig. 3a). Along with the porphyroclasts, calcite, 
hematite, and barite were deposited during weathering and 
sedimentation in an oxidizing environment while later, recrys-
tallization at a higher temperature healed the fractures. Frag-
ments, as well as rounded to euhedral grains of detrital 
accessory minerals (rutile, zircon, titanite, monazite, apatite) 
are unevenly distributed in the samples and often clustered 
together (Fig. 3b, c). Numerous small opaque minerals in the 
matrix define the foliation in mica-rich samples, while only 
magnetite forms large, euhedral syn- to post-kinematic crys-
tals. Non-stoichiometric Al2O3–SiO2–H2O kaolinite like alu-
mosilicate fills the space among muscovite flakes in sample 
TV-13a, which appears to be of relict origin rather than a pro-
duct of post-metamorphic weathering.

The carbonate–silicate rock (containing between 5 % and 
50 % carbonate minerals, according to Rosen et al. 2007) is 
composed mainly of phyllosilicate minerals, which were 
 recognized as phyllite in the field (Fig. 2a, b; TV-24). Along 
with muscovite and chlorite, quartz, calcite and albite are pre-
sent in the fine-grained matrix. Calcite, chlorite, and musco-
vite also form larger syn-kinematic grains (Fig. 3d). Accessory 
phases are allanite, apatite, pyrite and chalcopyrite, but ilme-
nite is the most abundant and forms anhedral to enlongated 
subhedrаl grains that envelope and replace single rutile grains. 
The sample shows a prominent crenulation cleavage (Fig. 3d) 
with oblique or sub-horizontal S1 foliation, which is defined by 
matrix minerals and superposed sub-vertical S2 foliation by 
fine-grained phyllosilicates and rare ilmenite, thereby reflec-
ting the complex deformation history of the area.

Impure marbles (containing between 50 % and 95 % car-
bonate minerals, Rosen et al. 2007) are composed of elongate 
to isometric calcite grains with varying size (TV-18, TV-19, 
TV-34). In some samples, the main silicate mineral is quartz, 
while in others, muscovite-chlorite bands are abundant and 
define the rock foliation along with calcite. In samples with 
stronger foliation, the silicate bands are finer grained in 

comparison to coarser carbonate lenses. Subangular quartz 
and plagioclase are recrystallized and form triple junctions. 
Magmatic twining in plagioclases is almost completely obli-
terated. Along with matrix calcite, larger subhedral calcite 
porphyroclasts with rims and cracks, which are enveloped and 
filled with iron oxides, are present (Fig. 3е). Similar calcite 
grains were described by Chatalov (1990) as crinoid bioclast, 
and these single crystals are more resistant to diagenesis and 
metamorphism, but change their composition and exsolve Fe 
as well. The sub-rhombohedral forms can be inherited also 
from dolomite crystals, which during metamorphic dedolomi-
tization processes, exsolve Fe. Similar calcite examples can  
be found in the research by Vandeginste & John (2012) and 
Makhloufi & Samankassou (2019). Dolomite is present only 
in sample TV-34, where it is the main carbonate mineral, and 
K-feldspar porphyroclasts (Fig. 3f) dominate over plagioclase. 
In the foliated matrix, dolomite forms elongated grains and 
associates with feldspars and quartz, while larger, dusty sub-
hedral dolomite grains form carbonate lenses (Fig. 3f).

In the studied metasediments, we observed relatively simple 
mineralogy, but high variation in mineral modal composition. 
All samples have well-developed pervasive foliation defined 
mainly by phylosilicates with intensive recovery of calcite, 
quartz, and plagioclase. Detrital accessory minerals are  
more abundant in the siliciclastic and carbonate–silicate 
 samples, while only some opaque minerals form during meta-
morphism.

Mineral chemistry

The structural formulae of muscovite were calculated on the 
basis of 11 oxygen atoms (Table 1). Dioctahedral mica have 
multiple compositional substitutions and show significant 
hete rogeneity in diagenetic to very low metamorphic condi-
tions, especially for the illitic component (Abad et al. 2006). 
In the studied samples, the illitic substitution is insignificant 
(Fig. 4a); however, the phengite content varies among samples 
(3.19–3.46 Si apfu). Phengitic substitution reflects a positive 
correlation between Fe+Mg and Si (with highest values for 
muscovites from siliciclastic sample TV-13a) and negative 
correlations between Al and Fe+Mg or Al and Si (Fig. 4b).  
The aluminum content in muscovite is controlled not only by 
phengitic substitution, but also by rock composition. The car-
bonate–silicate sample (TV-24) with abundant chlorite and 
muscovite shows the highest Altot content as well. For each 
sample, the heterogeneity in muscovite composition is negli-
gible, reflecting the achieved equilibrium at low-grade meta-
morphic conditions. Chlorites were analysed in 3 samples 
(TV-18, TV-24 and TV-30) and structural formulae were cal-
culated on the basis of 14 oxygen atoms (Table 2). Chlorites 
from impure marble (TV-18) and carbonate-bearing phyllite 
(TV-24), however, do not meet the constraints of Vidal et al. 
(2001) and have K + Na + Ca > 0.05 apfu, thus indicating possi-
ble interlayering with other sheet silicates, which is a common 
feature in fine-grained low-metamorphic rocks. According to 



357Devoted to the 22nd Congress of the Carpathian–Balkan Geological Association (CBGA 2022)

GEOLOGICA CARPATHICA, 2022, 73, 4, 353–363

Fig. 3. Photomicrographs of the studied samples: a — Plagioclase clast with calcite, hematite, and barite inclusions in quartz–muscovite  
schist (BSE image, TV-13a); b — Subhedral zircon grain in muscovite matrix of quartz-muscovite schist (BSE and CPL images, TV-13a);  
c — Subhedral to rounded rutile grains in the muscovite–chlorite matrix of muscovite–chlorite schist (BSE image, TV-30); d — Syn-kinematic 
chlorite flake in a fine-grained muscovite–chlorite–calcite matrix of phyllite (PPL, TV-24); e — Calcite porphyroblasts enveloped in Fe oxides 
in the muscovite matrix of muscovite–calcite schist (BSE image, TV-19); f — Rounded K-feldspar clast in the muscovite band in muscovite–
dolomite schist (CPL, TV-34). Mineral abbreviations: Pl – plagioclase, Qtz – quartz, Ms – muscovite, Cc – calcite, Hem – hematite, Zrn – zir-
con, Ilm – ilmentine, Dol – dolomite, Kfs – K-feldspar, Opq – opaque mineral.
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the Si–R2+ diagram of Jiang et al. (1994), the possible conta-
mination is from illite, kaolinite, or muscovite, and this con-
tamination affects the Al content used in thermometry.  
For chlorites from these two samples, the other constraint, 
(AlVI–AlIV)/2 = 6 – octahedral cation sum is not fulfilled. 
Except for contamination, this discrepancy could be explained 
by the presence of Fe3+ and not by pure di-trioctahedral substi-
tution. XFe (Fetot/Fetot+Mg) is in the range of 0.24 to 0.54, with 
lowest values in impure marble (TV-18). Despite the variation 
in composition and XFe, all analyzed chlorites fall in the ripi-
dolite field according to the Hey (1954) classification diagram 
(Fig. 4c). In the triangle (Al + □) − Mg − Fe diagram of Zane & 
Weiss (1998), the studied chlorites plot in the field of Type I 
Mg–Fe trioctahedral chlorites. With lower XFe (0.24–0.25, 
sample TV-18), chlorites from impure marble plot in the field 
of Mg-chlorites, while the other analyses plot close to the bor-
der of Mg- to Fe-chlorites. The Si content (< 3 apfu) is lower 
than what was observed in low-temperature diagenetic sys-
tems, and together with Fe, Mg and high AlIV (> 1.25 apfu),  
indicates greenschist facies metamorphism (Fig. 4d). Despite 
the different structural position, in the fine-grained matrix or 
larger syn-kinematic flakes (e.g., sample TV-24), the chlorite 
composition is rather uniform for each sample. Plagioclase is 
the most common feldspar in the studied samples (TV-13a  
and TV-24), while K-feldspar dominates only in sample 
TV-34. Structural formulae were calculated on the basis of  
8 oxygen atoms and are listed in Table 3. In all four samples 
analyzed, the plagioclase is albite (An0–2), regardless of the size 

and structural position (cores and rims of bigger grains with 
clastic origin or smaller grains in the matrix). Plagioclase 
 porphyroclasts in quartz–muscovite schists (TV-13a) show 
partially recrystallized rims and cores that preserve  
a foliation oblique to the rock matrix foliation (Fig. 3a).  
It appears that their composition was originally albitic or had 
been completely reset during weathering, sedimentation, and 
low-grade metamorphism.

K-feldspar (Or94–99) is abundant only in dolomite impure 
marble (sample TV-34), with the highest albite content (Ab5) 
for K-feldspar in the matrix that together with dolomite form 
foliation. 

Thermobarometry

Chlorite is a common mineral in low grade metamorphic 
rocks, and its composition was successfully used to estimate 
the temperature of diagenetic, hydrothermal, and low-tem-
perature metamorphic systems (Bourdelle 2021). In the stu-
died samples, chlorite is a common mineral that defines the 
rocks matrix foliation and shows rather uniform composition. 
We applied the empirical equation of Cathelineau (1988) 
based on the AlIV content only to chlorites from sample  
TV-30, which fulfill the constraints given by Vidal et al.  
(2001) and did not show contamination. Obtained temperatu-
res correspond to greenschist facies in the range 320–330 °С.  
By using the substitution Si–R2+ (R2+ – divalent cations),  

Table 1: Representative muscovite analyses and structural formulae on the basis of 11 oxygen atoms from metasediments of the western Sakar Unit.

TV-13a TV-13a TV-13a TV-18 ⃰ TV-19 TV-19 TV-19 TV-24 TV-24 TV-24 TV-34 TV-34 TV-34
SiO2 48.71 48.55 47.72 50.34 47.55 48.69 47.91 46.71 48.26 48.09 51.10 50.86 50.55 
Al2O3 26.32 25.72 26.81 33.19 28.22 28.04 28.44 31.68 32.14 31.55 25.62 26.48 26.24 
MgO 3.02 3.33 2.99 3.33 2.48 2.72 2.30 1.79 1.36 1.63 4.24 4.34 4.20 
FeO 6.34 6.75 6.12 1.57 4.70 4.44 4.31 2.90 2.30 2.71 0.59 0.78 0.80 
K2O 11.23 11.02 10.54 10.73 10.50 10.74 10.42 8.88 10.41 10.04 10.75 10.98 10.42 
Na2O 0.00 0.00 0.00 0.24 0.52 0.43 0.53 0.39 0.42 0.27 0.00 0.28 0.35 
MnO 0.00 0.00 0.00 0.00 0.06 0.03 0.04 0.00 0.02 0.04 0.13 0.06 0.00 
CaO 0.00 0.00 0.00 0.00 0.19 0.05 0.26 0.10 0.03 0.13 0.09 0.07 0.08 
TiO2 0.65 0.00 0.54 0.59 0.24 0.21 0.69 0.45 0.49 0.32 0.88 0.42 0.98 
Total 96.27 95.37 94.72 99.99 94.46 95.35 94.90 92.90 95.43 94.78 93.40 94.27 93.62 
Si 3.31 3.33 3.28 3.19 3.26 3.30 3.26 3.19 3.22 3.23 3.46 3.42 3.41 
AlIV 0.69 0.67 0.72 0.81 0.74 0.70 0.74 0.82 0.79 0.77 0.55 0.58 0.59 
Sum T 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
AlVI 1.42 1.41 1.46 1.67 1.54 1.54 1.54 1.73 1.74 1.72 1.50 1.52 1.50 
Mg 0.31 0.34 0.31 0.32 0.25 0.28 0.23 0.18 0.14 0.16 0.43 0.44 0.42 
Fe2+ 0.36 0.39 0.35 0.08 0.27 0.25 0.25 0.17 0.13 0.15 0.03 0.04 0.05 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Ti 0.03 0.00 0.03 0.03 0.01 0.01 0.04 0.02 0.03 0.02 0.05 0.02 0.05 
Sum O 2.12 2.14 2.14 2.10 2.08 2.08 2.06 2.10 2.03 2.05 2.01 2.02 2.02 
K 0.97 0.97 0.93 0.87 0.92 0.93 0.91 0.77 0.89 0.86 0.93 0.94 0.90 
Na 0.00 0.00 0.00 0.03 0.07 0.06 0.07 0.05 0.05 0.04 0.00 0.04 0.05 
Ca 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.00 0.01 0.01 0.01 0.01 
Sum A 0.97 0.97 0.93 0.90 1.00 0.99 0.99 0.83 0.94 0.90 0.93 0.98 0.95 
XMg 0.46 0.47 0.47 0.79 0.48 0.52 0.49 0.52 0.51 0.52 0.93 0.91 0.90 
Mg+Fe2+ 0.67 0.73 0.66 0.40 0.52 0.53 0.48 0.35 0.26 0.32 0.46 0.48 0.47 
Al tot 2.11 2.08 2.17 2.48 2.28 2.24 2.28 2.55 2.52 2.49 2.04 2.10 2.09 

* analyses on water-free basis
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the values from the semi-empirical graphical thermometer of 
Bourdelle & Cathelineau (2015) for the same sample are 
lower, in the range 250–275 °С (Fig. 4d). Application of Si in 
the phengite barometer of Massonne & Schreyer (1987) shows 
significant scatter in estimated pressure (3–10 kbar), and most 
of the samples do not meet the requirement for the coexistence 
of phlogopite and K-feldspar.

Thermodynamic modelling

In order to constrain the P–T conditions further, we applied 
thermodynamic modelling using the software package Perple_X 
(Connolly 1990), version 6.8.8. The bulk composition of car-

bonate-bearing phyllite (TV-24) was normalized to 100 % 
after disregarding P2O5 (mostly contained in apatite) and MnO 
in minor content. TiO2 was also excluded from calculation, 
since it is present mainly in accessory phases as rutile and 
ilmenite. It appears that rutile is of detrital origin and is found 
mainly as inclusion in ilmenite; thus, the two minerals are  
far from equilibrium. The compositional space is K2O–Na2O–
CaO–FeO–MgO–Al2O3–SiO2–H2O–CO2 (KNCFMASH–CO2) 
and the calculated composition is given in Figure 5. The P–T 
pseudo-section is for fluid-saturated conditions, and XCO2  
in fluid was set to 0.39, taking the calculated CO2 from car-
bonate analysis (soluble in 5 % HCl) as part of LOI of the  
bulk sample. Total iron was considered ferrous, because  
the main iron-rich mineral chlorite contains minor ferric iron.  

Fig. 4. Classification and composition diagrams of rock-forming minerals: a — Si (apfu) vs K+Na (apfu) diagram with main substitutions in 
white micas according to Abad et al. (2006); b — Negative correlations between Si (apfu) and Al (apfu) in white micas, reflecting the phengitic 
substitution according to Abad et al. (2006); c — Chlorite classification by Hey (1954); d — Semi-empirical graphical thermometer of 
Bourdelle & Cathelineau (2015), R2+ – divalent cations (Fe2+ and Mg2+); R3+ – trivalent cations (Al3+ and Fe3+); □ – vacancies.
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The thermo dynamic database used was the updated hp02ver.
dat, with the activity-composition models for the white mica 
and chlorite of Holland & Powell (1998). Calcite and pla-
gioclase were considered pure phases.

On the phase diagram, the field of the muscovite–parago-
nite–chlorite–albite–calcite–quartz association is closer to the 
mineral composition of the rock (albite–carbonate–chlorite–
muscovite–quartz). This paragenesis is stable over the range 
of 250 to 450 °C, as well as in the lower pressure part of the 
diagram (3.5 to 5 kbar). According to the calculations, chlorite 
in this association contains XMg from 0.5 to 0.505, which  
corresponds to that in the analyzed chlorite. Isopleths of  
the Si concentration in muscovite predicted by the model 
(3.04–3.15 apfu) are much lower than the ones observed in  
the sample (3.20–3.25 apfu). This discrepancy between the 
calculated and observed muscovite composition could be 
explained by the presence of paragonite in the fluid-sutured 
model that expands its stability field over that of albite (in the 
studied phyllite sample, we found only muscovite as having  
a low paragonite content, <6 mol %). Since the Si content in 
muscovite increases with pressure, we shall accept the upper 
limit of the stability field of muscovite–paragonite–chlorite–
albite–calcite–quartz for estimating pressure. Chlorite XMg 
isopleths and chlorite thermometers constrain the temperature 
to 300–350 °C. The equilibrium mineral compositions cal-
culated for water-saturated conditions are consistent with  

the natural compositions and define greenschist facies condi-
tions at 300 °C and 3 kbar to 350 °C and 4 kbar.

Discussion

The metamorphic rocks from the area of the village of 
Klokotnitsa in the western Sakar unit contain sediment proto-
liths of varying composition and fossils of proven Triassic age 
(Čatalov 1961). Although generally similar in lithology and 
post-Triassic age metamorphism, these metasediments differ 
from the Triassic rocks of the eastern Sakar Unit by metamor-
phic grade, and in some aspects, by the provenance of sedi-
ment material. In the eastern Sakar Unit (Topolovgrad town 
area), Tzankova & Pristavova (2007) reported syn-kinematic 
peak metamorphic conditions of amphibolite facies (T = 536 to 
658 °C, P = 3.5 to 8 kbar) for staurolite-garnet schists. A simi-
lar metamorphic grade in the range of 510–635 °C and  
6–8 kbar was obtained for ortho- and para-amphibolites by 
Chavdarova & Machev (2017). The western Sakar Unit meta-
sediments were affected by movements along the Maritza shear 
zone, that caused more complex deformation of the rocks. 
Although the lower metamorphic grade for the western meta-
sediments is known from field studies and petrography 
(Kozhoukharov et al. 1968), we provide the first parameters  
for P–T conditions using a non-conventional approach.  

Table 2: Representative chlorite analyses and structural formulae on the basis of 14 oxygen atoms from metasediments of the western Sakar Unit.

TV-18 ⃰ TV-18 ⃰ TV-18 ⃰ TV-24 TV-24 TV-24 TV-24 TV-30 TV-30 TV-30
SiO2 32.18 31.84 31.95 25.44 25.72 25.12 26.58 25.65 25.04 25.48 
Al2O3 25.99 26.45 26.62 20.75 21.43 21.11 21.67 20.46 19.66 19.87 
MgO 26.51 26.01 25.69 14.04 14.22 13.46 13.94 12.71 12.89 13.20 
FeO 15.09 15.37 15.33 26.70 26.77 26.39 24.90 26.80 24.74 25.13 
MnO 0.00 0.00 0.00 0.13 0.15 0.00 0.00 0.43 0.00 0.00 
CaO 0.23 0.33 0.40 0.00 0.02 0.05 0.02 0.00 0.00 0.00 
Na2O 0.00 0.00 0.00 0.24 0.17 0.19 0.03 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.13 0.23 0.43 0.00 0.00 0.00 
TiO2 0.00 0.00 0.00 0.06 0.26 0.04 0.04 0.00 0.00 0.00 
Total 100.00 100.00 99.99 87.36 88.87 86.59 87.61 86.05 82.33 83.68 
Si 2.77 2.74 2.75 2.71 2.69 2.70 2.79 2.78 2.81 2.81 
AlIV 1.23 1.26 1.25 1.29 1.31 1.30 1.21 1.22 1.19 1.19 
Sum T 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
AlVI 1.41 1.43 1.46 1.32 1.34 1.38 1.47 1.39 1.41 1.40 
Ti 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 
Fe2+ 1.09 1.11 1.10 2.38 2.34 2.37 2.18 2.43 2.32 2.32 
Mn 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.04 0.00 0.00 
Mg 3.40 3.34 3.30 2.23 2.22 2.16 2.18 2.05 2.16 2.17 
Sum O 5.89 5.88 5.86 5.95 5.94 5.91 5.83 5.91 5.89 5.89 
Ca 0.02 0.03 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Na 0.00 0.00 0.00 0.05 0.04 0.04 0.01 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.02 0.03 0.06 0.00 0.00 0.00 
Sum A 0.06 0.03 0.04 0.05 0.06 0.08 0.07 0.00 0.00 0.00 
Fe+Mg 4.37 4.45 4.40 4.62 4.56 4.53 4.36 4.48 4.48 4.49 
XFe 0.25 0.25 0.25 0.52 0.51 0.52 0.50 0.54 0.52 0.52 
Al tot 2.74 2.69 2.70 2.61 2.65 2.68 2.68 2.61 2.60 2.59 

* analyses on water-free basis
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The observed mineral associations correspond to greenschist 
facies and are in accordance with P–T estimates from chlorite 
thermometer and thermodynamic modelling (T = 275–330 °C 
and P = 3–4 kbar). Clastic metamorphic minerals, which  
record the higher-grade Variscan metamorphism, are lacking. 
Evidence of this older metamorphic event in the area is ambi-
guous due to the retrograde greenschist overprint. Single data 
of metamorphic Carboniferous zircon rims in Neproterozoic 
crust remnants were reported from the western Sakar Unit 
(Vladinova et al. 2017, 2020). Similar records in Early 
Carboniferous to Еarly Permian detrital zircons (Vladinova et 
al. 2018) were not found in the eas tern Sakar Unit. These dif-
ferences from both areas, together with the presence of Triassic 
magmatism (Bonev et al. 2021) in the western part and more 
abundant Cretaceous intrusions in the eastern part (Georgiev 
et al. 2012), emphasize the diffe rent tectonic settings and  
magmatic activity in both areas, which could explain the meta-
morphic gradient in the Sakar Unit. The difference in tectono–
magmatic evolution is supported by geochronological studies 
of detrital zircons in sili ciclastic metasediments as well, which 
suggest a different magmatic provenance source of sediment 
protoliths in both areas: Ordovician to Permian for the western 
Sakar Unit (Vladinova et al. 2017), and Early Carboniferous 
to Еarly Permian rocks for the eastern Sakar Unit (Vladinova 
et al. 2018).  
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Table 3: Representative feldspar analyses and structural formulae on the basis of 8 oxygen atoms from metasediments of the western  
Sakar Unit.
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Fig. 5. Perple_X phase diagram calculated for sample TV-24 in  
the NCKFMASH–CO2 system, water in excess, and XCO2 = 0.39. 
The activity-composition models for the white mica and chlorite  
are of Holland & Powell (1998). Dashed lines are isopleths XMg in 
chlorite and dotted lines of Si [apfu] in muscovite.

TV-13a TV-13a TV-19 TV-19 TV-24 TV-34 TV-34 TV-34 TV-34 TV-34 TV-34
SiO2 66.31 66.23 68.92 69.04 65.06 68.99 64.62 64.71 64.36 64.80 65.31 
TiO2 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.11 0.52 0.19 0.00 
Al2O3 21.39 21.20 19.07 19.06 21.76 19.58 18.38 18.27 18.17 18.53 18.18 
Fe2O3 0.00 0.00 0.19 0.06 0.71 0.00 0.00 0.41 0.00 0.00 0.00 
MnO 0.00 0.00 0.00 0.03 0.00 0.00 0.10 0.01 0.00 0.01 0.17 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 0.10 0.19 0.07 0.08 0.46 0.33 0.16 0.11 0.09 0.12 0.00 
Na2O 12.20 12.38 11.69 11.67 11.83 11.09 0.37 0.68 0.24 0.49 0.07 
K2O 0.00 0.00 0.00 0.00 0.26 0.00 16.25 15.74 16.63 16.11 16.27 
BaO 0.00 0.00 0.00 0.07 0.00 0.00 0.13 0.00 0.00 0.37 0.00 
Total 100.00 100.00 100.02 100.01 100.08 99.99 100.01 100.04 100.01 100.62 100.00 
Si 2.91 2.91 3.01 3.01 2.87 3.00 2.99 2.99 2.98 2.99 3.01 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 
Al 1.11 1.10 0.98 0.98 1.13 1.01 1.00 1.00 0.99 1.01 0.99 
Fe3+ 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 
Sum T 4.02 4.01 4.00 4.00 4.02 4.01 4.00 4.00 4.00 4.00 4.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.01 0.01 0.00 0.00 0.02 0.02 0.01 0.01 0.00 0.01 0.00 
Na 1.04 1.05 0.99 0.99 1.01 0.94 0.03 0.06 0.02 0.04 0.01 
K 0.00 0.00 0.00 0.00 0.02 0.00 0.96 0.93 0.98 0.95 0.96 
Sum A 1.04 1.06 0.99 0.99 1.05 0.95 1.00 0.99 1.01 1.00 0.96 
Ab 1.00 0.99 1.00 1.00 0.96 0.98 0.03 0.06 0.02 0.04 0.01 
An 0.00 0.01 0.00 0.00 0.02 0.02 0.01 0.01 0.00 0.01 0.00 
Or 0.00 0.00 0.00 0.00 0.01 0.00 0.96 0.93 0.97 0.95 0.99 
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