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Abstract. New findings of monzogabbro and gabbro-monzodiorite dykes aged 62 Ma reveal the existence of magma-
tism in the gap between termination of the Late Cretaceous subduction-related and start of the early–middle Eocene 
post-collisional magmatic stages in the Rhodope Massif. Their geochemical compositions strongly resemble adakitic 
signature as well as hornblende and epidote geobarometers predicted lower crustal conditions (20–30 km depth) of 
crystallization. Detailed studies on U-Pb geochronology of zircon populations and Sr-Nd-Hf isotopic compositions 
point to significant assimilation of the local basement and mixing of mantle-crust sources in the regime of a thickened 
crust.
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Introduction
The closure of Vardar Ocean and collision between 
Eurasian continental margin and Pelagonian micro-
continent brought about the Late Cretaceous sub-
ductional magmatism to stall followed by the early 
to middle Eocene post-collisional magmatism in 
the Rhodope Massif. Compressional regime during 
Late Cretaceous–early Eocene resulted in crustal 
thickening beneath the Rhodopes and a magmatic 
gap between 67–56 Ma. The post-collisional adakit-
ic magmatism (56–40 Ma) related to thickened crust 
is predominantly of a felsic composition with little 
exceptions of intermediate rocks on Greek territory 
(Marchev et al., 2013). This study reports on the 
evidence of mafic adakite-like magmatism in the 
NW Rhodope area that preceded the first adakitic 
manifestations with ~6 Ma.

Geological background
The Rhodope Massif is an eastwest oriented am-
phibolite-facies and higher grade metamorphic 
complex, formed as a result of an Early Alpine sub-
duction- and collision-related south-vergent nappe 
stacking followed by Late Alpine post-collisional 
extension (e.g., Burg, 2012). Over the Alpine evolu-
tion of Eurasia, the Rhodope Massif was a site of ex-
tensive magmatic activity and is overlapped by sev-
eral vast magmatic belts. The products of the Late 
Cretaceous magmatic belt (Marchev et al., 2013) 
show wide variety of compositions, but predomi-
nantly felsic delivering crystallization ages between 
85–67 Ma (von Quadt, Peytcheva, 2005; Marchev 
et al., 2006; Kamenov et al., 2007; Marchev, Filip-
ov, 2012). The early–middle Eocene igneous rocks 
(56–40 Ma) from the Rhodopes are part of a vast 
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magmatic belt of evolved adakitic rocks spreading as 
far as North Anatolia (Marchev et al., 2013). Based 
on Sr-Nd isotopic studies, Marchev et al. (2013) 
concluded that thickening of the local crust beneath 
Rhodopes must have occurred synchronously with 
the Late Cretaceous magmatism (~85–67 Ma) be-
fore the start of the adakitic magmatism at ~56 Ma. 
As a source of early–middle Eocene adakites was 
ascribed subduction-enriched mantle. Its melting 
was promoted by the heat derived from upwelling 
asthenospheric melts which resulted from litho
spheric delamination or deep slab break-off. Late 
Eocene–early Oligocene (35–26 Ma) extensionally 
triggered magmatism is related to the Macedonian-
Rhodope-North Aegean magmatic belt (Harkovska 
et al., 1989), associated with a highly evolved upper 
crustal magmatism.

Materials and methods
The focus of this study are mafic dykes that out-
crop in the area between Varvara village and the 
town of Velingrad and were sampled at two loca-
tions (N 42°06'35.1" E 24°06'31.2"; N 42°06'32.1" 
E 24°06'24.2"). Dykes intrude migmatized gneisses 
of the Chepinska Unit and are characterized by vari-
able thickness of 15 cm up to 1 m (Fig. 1A).

Whole-rock samples and minerals from the 
dykes were analyzed for chemical composition as 
well as U-Pb zircon dating on one sample was per-
formed at the Geological Institute – BAS on New 
Wave UP193FX excimer laser coupled to ELAN 
DRC-e quadrupole ICP-MS. Measurements on both 
whole-rock samples were carried out for Sr-Nd iso-
topic composition at ETH Zurich using a Thermo 
Scientific Triton TIMS and Nu Instruments Nu 
Plasma II MC-ICP-MS. 176Hf/177Hf isotopic com-
position of zircon populations was determined 
on GEOLAS Ar-F excimer laser coupled to Nu 
Plasma II MC-ICP-MS at ETH Zurich. Chemical 
compositions of amphibole, allanite and epidote 
and cathode luminescence (CL) of zircons were 
obtained at Belgrade University using JEOL JSM-
6610 LV SEM-EDS.

Results and discussion
The mafic dykes are hypocrystalline rocks of mon-
zogabbro and gabbro-monzodiorite composition 
(SiO2 = 49–56.8 wt %), that are composed of am-
phibole, biotite and plagioclase phenocrysts set 
in groundmass of amphibole and plagioclase mi-
crophenocrysts (Fig. 1B). Accessories are apatite, 
zircon, allanite and epidote. Normalized patterns 
of incompatible trace element in the monzogabbro 
and gabbro-monzodiorite demonstrate subduction-
like signature with enrichment in lithophiles (Ba, 

Th, Pb) and light relative to middle and heavy rare 
earths as well as depletion in highfield-strength el-
ements (Nb, Ta, Ti, Zr, Hf). Very distinctive fea-
ture of both lithologies is the elevated abundance 
of Sr  =  1512–1563  ppm and La  =  144–147  ppm 
(Sr/Y = 74–76; La/Yb = 72–74) and relatively high 
concentration of Y = 20–21 ppm in terms of adakit-
ic compositions.

Amphiboles from gabbro-monzodiorite are re-
ferred to as magnesio-hastingsite (Si = 5.82–5.95; 
Mg/Mg+Fe2+  =  0.83–0.88; VIAl  =  0.17–0.21; 
Fe3+  =  0.53–0.66), enriched in lithophiles as Ba 
and Pb and depleted in other lithophiles like Rb 
and highfield-strenght elements as Th, U, Ta, Zr, 
Hf. In the gabbro-monzodiorite dyke, epidote rims 
(Ps27) were found to envelope allanite cores (Fig. 
1C), that testifies for the epidote’s magmatic origin. 
The rims are considerably depleted in rare earths 
(ΣREE = 309 ppm), but enriched in Sr (3876 ppm) 
and Ba (1237  ppm) compared to allanite cores 
(ΣREE = 60087 ppm; Sr = 578 ppm; Ba = 183 ppm).

Calcic hornblende thermobarometry and hy-
grometry (Ridolfi et al., 2010) delivered the crys-
tallization conditions for the magnesio-hastingsite 
as follows: temperature of 1030–1055° C, pressure 
within 500–600  МРа (19–23 km), water in melt 
content of 4.4–4.9 wt % and oxygen fugacity (log-
fO2) of –9 ÷ –8, that implies oxidizing conditions 
relevant to chemistry of the studied rocks.

The monzogabbro and gabbro-monzodiorite 
are characterized by highly radiogenic 87Sr/86Sri 
(0.7081–0.7082) and none-radiogenic 143Nd/144Ndi 
(εNdi  =  –3.40  ÷  –3.56) compositions, that speaks 
of significant influence from crustal sources. The 
Sr-Nd isotopic compositions of both dykes are very 
similar to the reported values for the Dolno Dry-
anovo, Spanchevo, Dolen and Drangovo adakite-
like granitoids (56–42  Ma) (Marchev et al., 2013 
and references therein).

Zircon populations from the gabbro-monzodi-
orite are studied with 31 analyses. Crystals exhibit 
various morphologies, but mainly prismatic and 
pyramidal shapes and lack an oscillatory zoning in 
the majority of cases (Fig. 1D). Sometimes, struc-
tures of multiple resorption events are observed in 
cathode luminescence images. Zircons belong to 
mostly inherited populations, that comprise more 
than 80% of all grains analyzed, and delivered 
concordant clusters within 466–77 Ma. The most 
prominent of all inherited clusters yielded Con-
cordia age at 85.69±1.3 Ma out of five analyses. 
Three zircon grains belonging to the youngest 
population of autocrysts delivered Concordia age 
at 62.76±0.9  Ma (Fig. 1E), interpreted to reflect 
the crystallization age of the gabbro-monzodior-
ite. Autocrystic populations are characterized by 
εHf(62 Ma) between –4.7 to +0.7 (Fig. 1D), and the 
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Fig. 1. A, field image of monzogabbroic dyke cutting basement rocks; B, photomicrograph of amphibole (Am) phenocrysts in 
groundmass of amphibole and plagioclase microphenocrysts from gabbro-monzodiorite; C, back-scattered electron image of allan-
ite (Aln) core enveloped by epidote (Ep) rim in gabbro-monzodiorite; D, CL image of zircons with absent to poorly visible oscil-
latory zoning. Spots of U-Pb and Hf isotope analyses are shown in red and blue, respectively; E, diagram of 206Pb/238U–207Pb/235U 
Concordia age of the gabbro-monzodiorite.

inherited crystals within –2.1 and +1.1 after age 
correction for 62 Ma. The abundance of inherited 
component reveals substantial country rock as-
similation as well as Hf isotopic compositions of 
the studied populations unambiguously points to 
mixed mantle-crust sources.

Conclusions

The monzogabbro and gabbro-monzodiorite should 
be considered transitional products between the 
Late Cretaceous (85–67 Ma) subduction-related and 
early to middle Eocene (56–40 Ma) post-collisional 
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magmatic manifestations in the Rhodope Massif. 
Very likely, monzogabbro and gabbro-monzodi-
orite dykes represent the initial manifestations of 
the post-collisional adakitic magmatic belt, as their 
chemical compositions have been produced through 
a high-pressure magmatic differentiation. The evi-
dences come from their high concentrations of Sr 
and elevated Sr/Y ratios indicative of lower crust 
differentiation with dominant fractionation of am-
phibole and retainment of plagioclase in the melt 
phase. This is further confirmed by the hornblende 
thermobarometry of gabbro-monzodiorite that de-
livers high-pressure conditions of crystallization 
typical for lower crust depth (>20 km). In addition, 
gabbro-monzodiorite sample hosts epidote corre-
sponding to pistacite content Ps27 in crystallization 
relations to allanite that is characteristic of magmat-
ic epidotes (Tulloch, 1986; Zen, 1988). The entrain-
ment of epidote as an early crystallization phase in 
mafic melts can indicate pressure conditions as high 
as 1 GPa (Schmidt, Poli, 2004). Isotopic composi-
tions of monzogabbro and gabbro-monzodiorite 
dykes have been further modified through assimila-
tion of the local basement.

The findings of early Eocene adakite-like mafic 
magmatism, with а significant influence of crustal 
input evident from isotopic compositions, serve as 
a further proof that crustal thickening in NW Rho-
dopes must have occurred prior to 62 Ma.
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