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Abstract. The investigated amphibolites from the Slasten lithotectonic unit are found as a strongly elongated body
trending north-south at the eastern slope of the Pirin Mountain, near the village of Ilinden. These rocks are hosted
by biotite and biotite-amphibole gneisses, some partially migmatized and containing thin intercalations of marble.
The mineral composition is amphibole, plagioclase, epidote, quartz, titanite, and calcite. P-T conditions of meta-
morphism are in the range 691-724 °C and 0.74-0.86 GPa. LA-ICP-MS analyses of zircons yield a Middle Triassic

(246.443.2 Ma) age of formation of these amphibolites.
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Introduction

The problems concerning the protolith type, age,
and time of metamorphism of the rocks in the Rho-
dope Massif have been debated for a long time.
Numerous schemes have been proposed for subdi-
viding the metamorphic rocks, as well as for under-
standing the nature and age of their protoliths, and
metamorphic evolution. Historically, the Rhodope
Massif was viewed as a stable crustal block consoli-
dated during the Precambrian time and remained
unchanged until the Paleogene period (Zagorchev,
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2008, and references therein). However, following
the pioneering work of Ivanov (1988), it has been
reinterpreted as a complex assembly of allochtho-
nous terranes with distinct compositions, ages, and
metamorphic histories. This complexity is attrib-
uted to successive Alpine stages of nappe-stacking
and post-collisional extension (Burg et al., 1996;
Ricou et al., 1998, etc.). Based on protolithic age,
different complexes and terranes have been identi-
fied — Pangeon-Pirin complex, Vertiskos/Ograzh-
den/Kimi units, and Rhodope terrane (Jahn-Awe et
al., 2010). Other classifications recognize alloch-

https://bgd.bg/review-bgs


mailto:lu_macheva@dir.bg
https://doi.org/10.52215/rev.bgs.2024.85.2.183

thonous units — Lower, Middle, Upper, and Up-
permost (Janak et al., 2011; Jahn-Awe et al., 2012;
Froitzheim et al., 2014). During geological mapping
at a scale of 1:50,000, the metamorphic rocks in the
Rhodopes were separated into lithotectonic units,
which are grouped into metamorphic terrains (Sa-
rov, 2012).

Geological setting

The investigated amphibolites crop out near the vil-
lage of Ilinden in the Southern Pirin Mountains, and
they belong to the Slashten lithotectonic unit (Sa-
rov et al., 2010). The latter is situated between the
underlying lower metamorphic Mesta unit and the
upper-lying Sarnitsa lithotectonic unit, bounded by
the syn-metamorphic thrusts of the Mesta and Do-
len shear zones, respectively. The rock exposures of
the Slashten lithotectonic unit appear in two distinct
areas. The northern strip runs near the villages of
Satovcha, Pletena, Oreshe, Krushevo, and Dabnitsa.
In contrast, the southern strip is found in the Mesta
River Valley, south of the villages of Koprivlen,
Petrelik, Beslen, Teplen, and Ilinden. At the base
of the unit, bodies of serpentinized ultrabasites and
metagabbros are observed, which are associated
with kyanite- and garnet-bearing two-mica schists.
Moving upward through the geological section, one
can find biotite gneiss schists, marbles, and calc-
schists, as well as migmatized para- and orthog-
neisses that contain bodies of orthoamphibolites
(metagabbros) etc. The amphibolites themselves
form strongly elongated bodies oriented in a north-
south direction in close association with thin mar-
ble layers. Additionally, three lenticular bodies of
eclogite-like rocks are incorporated within the am-
phibolites (Macheva et al., 2021).

Petrology

The amphibolites exhibit strong foliation and are
likely of ortho origin, specifically metagabbros.
Their equilibrium mineral assemblage consists of
green amphibole, plagioclase, epidote, quartz, and
titanite, classifying these rocks as epidote-bearing
amphibolites formed within the stability field of
chlorite. Amphibole is the predominant mineral,
comprising over 60% of the composition. It is ar-
ranged in thin bands from strongly elongated to len-
ticular grains, which emphasize the foliation of the
rocks. The amphibole displays pleochroism in yel-
low-green to green hues and is classified as having a
pargasitic composition according to Locock (2014).
Plagioclase appears as small grains with a granular
texture, forming short lenticular stripes or isolated
grains within the amphibole bands. It is typically
clear, exhibiting rare albite or albite-pericline twin-
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ning. Only occasionally it shows weakly zonation
but only optically. The plagioclase composition is
relatively uniform, with anorthite contents varying
from 18.2% to 23.8%. Epidote is present as idio-
blastic grains in the amphibole bands or as isolated
crystals within the rock matrix. It is colorless and
can display pleochroism with supernormal colors.
The chemical composition classifies the mineral as
epidote-clinozoisite, with X, values ranging from
0.48 to 0.62. Quartz is a rare mineral that forms
isolated, isometric, clear crystals without undulose
extinction. The accessory minerals predominantly
include titanite and zircon.

The amphibolites contain SiO, within a nar-
row range of 47.4% to 51.7%, but they differ in
their K,O + Na,O content. Samples collected near
the “eclogite-like” bodies (Group I) are enriched,
showing K,O + Na,O values between 4.23% and
4.31%. In contrast, rocks located farther from these
bodies (Group II) exhibit K,O + Na,O values rang-
ing from 1.73% to 1.75%. Despite this variation,
Group II can be classified as normal basalts, while
Group I is categorized as subalkaline basalts. There
are also significant differences in the distribution of
rare earth elements (REE) between the two groups.
Group I amphibolites are relatively enriched in light
rare earth elements (LREE) and exhibit weak nega-
tive europium (Eu) anomalies. A characteristic fea-
ture of these samples is the enrichment of Yb, which
is evident as a positive peak on the spider diagram.

In contrast, Group II amphibolites displays a
lower REE content and shows a plateau-like dis-
tribution of REE without a negative Eu anomaly.
Despite these differences, both groups of amphi-
bolites are similar to those from the eastern part of
the Slasten unit (Machev, unpublished data). The
distribution of most chemical elements on the spi-
der diagram closely resembles that of the lower
crust. Based on the initial *’Sr/**Sr (0.706596) and
13Nd/'**Nd (0.512454) ratios, we can infer that the
protolith of the amphibolites likely originated from
the lower crust.

The P-T conditions of metamorphism of the
rocks from the southern part of the Slasten unit ob-
tained by Cherneva et al. (2011) are in the range of
691-724 °C and 0.74-0.86 GPa. We use the Amp-
PI (Blundy, Holland, 1990) and Ti in Amp (Yue et
al., 2021) thermometers to estimate the tempera-
ture of metamorphism. The obtained data are in the
range of 708—716 °C after the first thermometer and
some lower (577-624 °C) after the second. The first
data are in good agreement with those obtained by
Cherneva et al. (2011) and we assume that these
temperatures are close to the thermal peak of meta-
morphism. The lower values obtained using the Ti
in Amp thermometer are due to the buffering of
Ti content in amphibole by the presence of an ad-



ditional Ti-phase (titanite in studied amphibolites)
(Bartoli et al., 2024).

U-Pb zircon dating

The morphology of separated zircon crystals from
amphibolites typically varies from long- to short
prismatic forms, exhibiting different degrees of
roundness of the apices. Generally, the length
of the grains varies from 80 to 300 um, having
an aspect ratio from 1:1 to 3:1. Crystals are usu-
ally transparent, pale yellow to colorless in appear-
ance. The pyramidal faces are well-developed and
may be partially rounded, although in some cases,
they are entirely absent, giving the grains an iso-
metric shape. The internal structure of the crystals
revealed by Cathodoluminescence (CL) images,
is complicated. Most crystals display black inner
parts along with well-defined magmatic oscillatory
and/or sector zoning in the outer regions. In some
grains, the primary magmatic structure is almost
completely obscured. Migmatization has altered the
initial magmatic characteristics of the zircon grains,
leading to the resorption of prismatic and pyramidal
facets as well as the blurring of oscillatory zoning.
Some grains exhibit clear signs of melting, which
causes bending of the growth zones or varying de-
grees of erasure of the oscillatory zoning. Highly

luminescent thin rims are often observed, but they
are too thin to provide reliable dating. Addition-
ally, new generation of clear, homogeneous unzo-
ned prismatic crystals have been identified. Zircon
grains are dated at the Institute of Precambrian Ge-
ology and Geochronology of the Russian Academy
of Sciences in St. Petersburg using the in situ U-Pb
LA-ICP-MS method. Fifty-six spot analyses were
performed on 42 grains with well-preserved oscil-
latory zoning. Of these, 38 analyses produced con-
cordant or nearly concordant ages of 246.4+3.2 Ma,
which we interpret as the intrusion age of the amphi-
bolite protoliths. Additionally, five analyses of ho-
mogeneous zircons yielded an age of 150155 Ma,
which we attribute to the high grade metamorphism
of amphibolites, responsible for the obliteration of
the oscillatory zoning of zircons from amphibolites
and for the partial dissolution of these zircon grains.

Our data on the age of amphibolite protoliths
from the Slasten unit contradict earlier studies re-
garding the protolithic age of orthoamphibolites
in the eastern part of the same unit. Previous re-
ports indicated ages of 158.1+3.0 Ma (Marinova,
Stankova, 2012) and 160+1 Ma (Froitzheim et al.,
2014). However, our findings align with those of
Liati (2005), which documented a protolithic age
of 245.6+3.9 Ma for amphibolitized eclogite from
the Mesta-Sideronero unit. Furthermore, the age of
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Fig. 1. Zircon U-Pb Concordia diagram showing LA-ICP-MS age of amphibolites from Slasten Unit
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metamorphism, ranging from 150 to 155 Ma, cor-
relates well with our previous Late Jurassic U-Pb
titanite data (Macheva et al., 2021) on eclogite-like
rocks (160£19 Ma) found as lens-like bodies within
the studied amphibolites.

Conclusions

The concordant age of 246.4+3.2 Ma, which we
interpret as the intrusion age of the protoliths, indi-
cates that magmatic activity in the area of the Slas-
ten unit was continuous and occurred over sev-
eral stages. Different parts of the unit have likely
experienced distinct magmatic histories. Triassic
magmatism, which is rift-related, is widespread in
the neighboring Serbo-Macedonian massif as well
as in northern Greece (Liati, 2005). New data will
improve our understanding of the pre- and syn-
metamorphic evolution of this section of the Rho-
dope massif.

Acknowledgments: The investigations were sup-
ported by the bilateral project Bulgaria-Russia —
KP-06-Russia-32 (Bulgarian part) and 20-55-18017
(Russian part).

References

Bartoli, O., B. Carvalho, F. Farina. 2024. Effectiveness of Ti-in-
amphibole thermometry and performance of different ther-
mometers across lower continental crust up to UHT meta-
morphism. — Contrib. Mineral. Petrol., 179, 65; https://doi.
org/10.1007/s00410-024-02149-6.

Burg, J.-P., L.-E. Ricou, Z. Ivanov, I. Godfriaux, D. Dimov,
L. Klain. 1996. Syn-metamorphic nappe complex in the
Rhodope Massif: Structure and kinematics — Terra Nova,
8, 6-15; https://doi:10.1111/j.1365-3121.1996.tb00720.x.

Blundy, J. D., T. J. B. Holland. 1990. Calcic amphibole equi-
libria and a new amphibole-plagioclase geothermometer.
— Contrib. Mineral. Petrol., 104, 208-224; https://doi.
org/10.1007/BF00306444.

Cherneva, Z., V. Boyanova, 1. Peytcheva, K. Naydenov, E.
Stefanova. 2011. P-T conditions and time of migmatiza-
tion in the south-western part of the Rhodope metamor-
phic terrain (Slashten unit). — In: Proceedings of the Na-
tional Conference “Geosciences 2011 ", Sofia, Bul. Geol.
Soc., 47-48.

Froitzheim, N., S. Jahn-Awe, D. Frei, A. N. Wainwright, R.
Maas, N. Georgiev, T. J. Nagel, J. Pleuger. 2014. Age and
composition of meta-ophiolite from the Rhodope Middle
Allochthon (Satovcha, Bulgaria): A test for the maximum-
allochthony hypothesis of the Hellenides. — Tectonics, 32,
1477-1500; https://doi:10.1002/2014TC003526.

186

Ivanov, 1. 1988. Apercu général sur 1’évolution géologique et
structurale du massif des Rhodope dans le cadre de Balka-
nides. — Bull. Soc. Geol. France, 8, 4, 2, 227-240.

Janak, M., N. Froitzheim, N. Georgiev, T. J. Nagel, S. Sarov.
2011. P-T evolution of kyanite eclogite from the Pirin
Mountains (SW Bulgaria): implications for the Rhodope
UHP Metamorphic Complex. — J. Metam. Geol., 29, 317—
332; https://doi:10.1111/j.1525-1314.2010.00920.x.

Jahn-Awe, S., N. Froitzheim, T. J. Nagel, D. Frei, N. Georgiev,
J. Pleuger. 2010. Structural and geochronological evidence
for Paleogene thrusting in the western Rhodopes, SW Bul-
garia: Elements for a new tectonic model of the Rhodope
Metamorphic Province. — Tectonics, 29, TC3008; https://
doi:10.1029/2009TC002558, 2010.

Jahn-Awe, S., J. Pleuger, D. Frei, N. Georgiev, N, Froitzheim,
T. J. Nagel. 2012. Time constraints exhumation of high-
pressure rocks. — Int. J. Earth Sci., 101, 1971-2004; https://
doi:10.1007/s00531-012-0764-5.

Liati, A. 2005. Identification of repeated Alpine (ultra) high-
pressure metamorphic events by U-Pb SHRIMP geochro-
nology and REE geochemistry of zircon: the Rhodope zone
of Northern Greece. — Contrib. Mineral., Petrol., 150, 608—
630; https://doi.org/10.1007/s00410-005-0038-3.

Locock, A. J. 2014. An Excel spreadsheet to classify chemical
analyses of amphiboles following the IMA 2012 recom-
mendations. — Computers & Geosciences, 62, 1-11; http://
dx.doi.org/10.1016/j.cageo.2013.09.011.

Macheva, L., Ph. Machev, R. Vassileva, Y. Plotkina. 2021.
Eclogite-like rocks from Southern Pirin Mountains —
preliminary results about petrology and time of forma-
tion. — Rev. Bulg. Geol. Soc., 81, 3, 61-63; https://doi.
org/10.52215/rev.bgs.2021.82.3.61.

Marinova, A., Stankova, M. 2012. Subduction related mafic
rocks from the Sideronero-Mesta unit, Western Rhodopes
— geochemistry and preliminary isotope data. — In: Pro-
ceedings of the National Conference “Geosciences 2012,
57-58.

Ricou, L.-E., J.-P. Burg, 1. Godfriaux, Z. Ivanov. 1998. Rho-
dope and Vardar: The metamorphic and the olistostromic
paired belts related to the Cretaceous subduction under
Europe. — Geodin. Acta, 11, 285-309; https://doi:10.1016/
S0985-3111(99) 80018-7.

Sarov, S. (Ed.). 2010. Explanatory Note to the Geological Map
of the Republic of Bulgaria. Scale 1:50 000. Map Sheets
K-34-96-B (Hadzhidimovo) and K-34-96-G (Ilinden). So-
fia, Ministry of Environment and Water, Bulgarian Geo-
logical Survey, 56 p.

Sarov. 2012. Lithotectonic subdivision of the metamorhic rocks
in the area of Rila and Rhodope Mountains — results from
geological mapping at scale 1:50 000. — In: Sci. Conf. Geol.
“The school of Prof. Z. Ivanov”, 43-48.

Yue, L., C. Wei; H. Ur. Rehman. 2021. Titanium in calcium
amphibole: behavior and thermometry. — Amer. Mineral.,
106, 2, 180—191; https://doi.org/10.2138/am-2020-7409.

Zagorchev, 1. 2008. Amphibolite facies metamorphic com-
plexes in Bulgaria and Precambrian geodynamics: contro-
versies and “state of the art”. — Geologica Balc., 37, 1-2,
33-46; https://doi.org/10.52321/GeolBalc.37.1-2.33.

The published material was presented at the National Conference
with international participation GEOSCIENCES 2024.


https://doi.org/10.1007/s00410-024-02149-6
https://doi.org/10.1007/s00410-024-02149-6
https://doi:10.1111/ j.1365-3121.1996.tb00720.x
https://doi.org/10.1007/BF00306444
https://doi.org/10.1007/BF00306444
https://doi:10.1002/2014TC003526
https://doi:10.1111/j.1525-1314.2010.00920.x
https://doi:10.1029/2009TC002558, 2010
https://doi:10.1029/2009TC002558, 2010
https://doi:10.1007/s00531-012-0764-5
https://doi:10.1007/s00531-012-0764-5
https://doi.org/10.1007/s00410-005-0038-3
https://www.sciencedirect.com/science/article/pii/S0098300413002513
https://www.sciencedirect.com/science/article/pii/S0098300413002513
https://www.sciencedirect.com/science/article/pii/S0098300413002513
https://www.sciencedirect.com/journal/computers-and-geosciences
http://dx.doi.org/10.1016/j.cageo.2013.09.011
http://dx.doi.org/10.1016/j.cageo.2013.09.011
https://doi.org/10.52215/rev.bgs.2021.82.3.61
https://doi.org/10.52215/rev.bgs.2021.82.3.61
https://doi:10.1016/S0985-3111(99) 80018-7
https://doi:10.1016/S0985-3111(99) 80018-7
https://doi.org/10.2138/am-2020-7409
https://doi.org/10.52321/GeolBalc.37.1-2.33

