
INTRODUCTION

The Dinaric-Hellenic Belt is a collisional belt derived
from the Mesozoic to Tertiary convergence between the
Eurasia and Adria plates. After closure of the oceanic
basin(s) located between these two plates, the Dinaric-Hel-
lenic Belt originated by collision between the pair of conti-
nental margins (Adria and Eurasia), followed by a long lived
post-collisional stage. This stage has been characterized since
Late Cretaceous by westward migration of the compression
front across the Adria Plate associated with extension in the
internal domains of the belt. As in other Alpine collisional
belts, extensional tectonics was accompanied by widespread
magmatism, whose characteristics provide valuable insights
for reconstructing the post-collisional stages of the Dinaric-
Hellenic Belt. For instance, the ages of the different magmat-
ic bodies, their geochemical affinity and the assessment of a
chronological trend across the belt are very important for ge-
odynamic reconstructions. Despite the importance of this
magmatism, its characteristics have not been yet deeply in-
vestigated and a complete dataset is still lacking.

In this paper, a complete study of the Kopaonik intrusive
complex, one of the main intrusive bodies of the Dinaric-
Hellenic Belt (Vardar Zone, Serbia) is presented. This study
has been performed through the integrated approach of field
and laboratory analyses that allowed drawing a complete
picture of this intrusive complex in the context of the Dinar-
ic-Hellenic Belt.

THE TECTONIC FRAMEWORK 
OF THE DINARIC-HELLENIC BELT

The Dinaric-Hellenic Belt (Fig. 1) is an orogenic chain of
Alpine age about 2000 km long, derived from the Mesozoic

to Neogene convergence between the Adria and Eurasia
Plates. In the classical reconstructions, the evolution of this
belt includes a rifting stage developed during Early Triassic
along the northern margin of Gondwanaland (e.g., Dimitri-
jević, 2001; Pamić et al., 2002; Bortolotti et al., 2005;
Robertson et al., 2009). The rifting process, characterized by
thick sedimentation of syn-rift deposits and alkaline mag-
matism, evolved into oceanic spreading during the Middle
to Late Triassic (e.g., Bortolotti et al., 2007; 2008). The fol-
lowing spreading and drifting phases resulted in the devel-
opment of a wide basin characterized by mid-ocean ridge
(MOR) oceanic lithosphere (Pamić et al., 2002; Bortolotti et
al., 2004; 2005; Saccani et al., 2004). This oceanic basin,
with (Karamata et al., 2000; Dimitrijević, 2001; Karamata,
2006; Robertson et al., 2009) or without (Pamić et al., 1998;
Pamić et al., 2002; Bortolotti et al., 2005) a microcontinent
within it, was located between the Adria and Eurasia conti-
nental margins. Convergence began during Early Jurassic,
with the development of an intraoceanic subduction fol-
lowed by formation of new oceanic lithosphere in the relat-
ed supra-subduction basin (e.g., Saccani et al., 2008a and
2008b). As a consequence of convergence, the obduction
took place, resulting in the emplacement of oceanic lithos-
phere slices onto the continental margin of the Adria Plate
during the Middle to Late Jurassic (Çollaku et al., 1992;
Robertson and Karamata, 1994; Dimitrijević, 1997; Pamić et
al., 2002; Bortolotti et al., 2004; 2005; Dilek et al., 2005;
Gaggero et al., 2009). The continuous convergence between
Adria and Eurasia led subsequently to continental collision,
which age is still matter of debate. Some authors (e.g.,
Robertson and Karamata, 1994; Bortolotti et al., 2005) have
proposed a Late Jurassic - Early Cretaceous age, whereas
others (e.g., Pamić et al., 2002; Schmid et al., 2008) sug-
gested that continental collision occurred during Late Creta-
ceous - Early Paleogene. After continental collision and up
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ABSTRACT

In the Vardar Zone of the Dinaric-Hellenic Belt, several intrusive magmatic bodies with an age spanning from Early Cretaceous to Miocene occur. One of
the main bodies is represented by the Kopaonik Intrusive Complex that crops out in Southern Serbia in an area of about 90 km2. This paper deals with the geo-
logical and geochemical features of the Kopaonik Intrusive Complex, in order to provide useful constraints for its interpretation in the frame of the post-colli-
sional magmatic activity that characterized the more internal zone of the Dinaric-Hellenic Belt.

The Kopaonik intrusive complex is characterized by a dome-like structure consisting of three concentric magmatic facies, including lithotypes ranging
from qtz-diorites to granodiorites and qtz-monzonites, with a gradual and continuing transition between them. The collected data indicate that the Kopaonik
granitoids are I-type, with high-K calc-alkaline affinity. The origin of the intrusive complex is partially obliterated by shallow interaction between the qtz-
dioritic rocks and carbonate host rocks, affecting Ca-Sr contents and 87Sr/86Sr ratios. Nevertheless, the collected geological, petrographical and petrochemical
data suggest a strong genetic relationship of the three facies. A minimum emplacement age of 31.5±0.3 Ma (Early Oligocene) is provided by Rb-Sr whole-
rock biotite age.

The Kopaonik intrusives belong to a continuous Late Paleogene-Middle Miocene magmatic belt developed throughout the Balkan Peninsula from the
Eastern Alps to Northwestern Turkey, and linked with subduction of the NeoTethys oceanic plate under the Eurasia. In this framework, the source of the
Kopaonik magmatic rocks can be identified in a mantle wedge strongly modified by subduction-induced metasomatism.



to Neogene time, continuous convergence, still active today,
affected the continental margin of the Adria Plate, that was
progressively deformed in westward-verging, thick-thinned
thrust sheets. This geodynamic evolution produced the pre-
sent-day structural pattern of the Dinaric-Hellenic Belt, rep-
resented by an assemblage of northwest-southeast to north-
south trending Zones, corresponding to the modern concept
of tectonic units (see discussion in Bortolotti et al., 2004).
Each Zone thus consists of an assemblage of variably de-
formed and metamorphosed tectonic units of oceanic and/or
continental origin. Along a northern transect of the Dinaric-
Hellenic Belt, running from Serbia to Bosnia and Croatia,
four main zones can be identified. They are, from west to
east: 1- The Deformed Adria Zone, 2- the External ophiolite
Belt, 3- the Drina-Ivanjica Zone and the 4 - Vardar Zone.
They are bounded to the west by the undeformed Adria
Zone, today located in the Adriatic Sea, and to the east by
the Serbo-Macedonian-Rhodope Massif, generally regarded
as part of the stable Eurasia Plate margin (Fig. 1). In this
frame the Vardar Zone is regarded as a suture zone devel-
oped after collision between the Eurasia and Adria Plates
compressive deformation identified in the Adria Plate (Kil-
ias et al., 1999; Zelić et al., 2010). This extensional tectonics
was characterized by high-angle normal faulting parallel to
the trend of the compressional structures, and produced in-
tramontane basins filled by continental deposits. In addition,
extension was associated to widespread and long-lived mag-
matism, occurring throughout the Vardar Zone from South-
ern Greece to Northern Serbia (Cvetković et al., 2007b). 

OVERVIEW OF SYN- AND POST-COLLISIONIAL
MAGMATISM IN THE DINARIC-HELLENIC BELT

As previously described, the collisional and post-colli-
sional stages are associated to extensional tectonics and a
widespread magmatism, both located in the internal zones of
the Dinaric-Hellenic Belt. The oldest collision-related mag-
matism is represented by the emplacement of Late Jurassic
calk-alkaline granitoids in the Vardar Zone at the junction
with the Serbo-Macedonian Massif. According to Šarić et al.
(2009), the granitoids of the southern Vardar Zone can be in-
terpreted as formed by magmatic underplating of mantle-de-
rived magmas in the lower continental crust during the over-
thickening of the crust connected with collision. In the
Northern Vardar Zone, the granitoids show heterogeneous
features, for example the ones with low-Sr content are com-
parable to those from the southern areas, whereas the high-
Sr ones probably formed during obduction of the ophiolites
by melting of the underlying sedimentary rocks (Šarić et al.,
2009). In Tertiary time, the Vardar Zone was characterized
by the emplacement of I-type granitoids ranging in age from
Early Eocene to Late Oligocene. The granitoids have been
divided by Pamić and Balen (2001) in Eocene syn- and
Oligocene post-collisional types, showing different features.
The Eocene granitoids, which are mainly represented by
transitional S/I-types, occur in the Prosara and Motajica
Mts. In the first area (Pamić and Lanphere, 1991) they con-
sist of alkali-feldspar granites, alkali-feldspar syenites with
rare diorite, whereas in the Motajica Mt. granodiorites,
monzogranites and subordinate quartz-diorites and monzo-
diorites are found. The S/I-type granitoids range in age from
48.7 to 55 Ma, by Rb-Sr isochron age. By contrast the
Oligocene granitoids, that are found in the Boranja, Cer,
Bukulja and Kopaonik Mts., are mainly of I-type (Pamić

and Balen, 2001 and quoted references). These rocks span
in age from 33.7 to 29.6 Ma by K-Ar datings, and range
from leucogranites, tonalites and granodiorites to quartz-
diorites and quartz-monzonites. Younger granitoids, ranging
in age from 24 to 17 Ma (K/Ar date), have been found in the
Goljia and Željin Mts. where granodiorites, quartz-mon-
zonites, monzogranites, quartz-diorites and tonalites crop
out. Like the Oligocene ones, also the Miocene granitoids
are regarded by Pamić and Balen (2001) as post-collisional
magmatic bodies. Thus, a continuous magmatic intrusive
activity ranging in age from Late Jurassic to Miocene is tes-
tified by the rocks found along the Vardar Zone. 

Also volcanic and subvolcanic rocks are widespread in
the same time span. Andesites interlayered in the sedimenta-
ry deposits of Turonian and Senonian age have been de-
scribed by Djordjević (2005) in the Vardar Zone of eastern
Serbia. In addition, basanites, whose ages range from 40 to
60 Ma, have been reported by Cvetković et al. (2007b)
along the eastern margin of the Serbo-Macedonian Massif.
The basanitic rocks, regarded as emplaced at the beginning
of the post-collision collapse of the Dinaric Belt, are inter-
preted as originated by partial melting of a supra-subduction
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Fig. 1 - Tectonic sketch-map of the Dinaric-Hellenic Belt. Legend and ab-
breviations: 1- Apulian and Pre-Apulian Units; 2- Ionian Units; 3- South
Adriatic Units: Kruja, Gavrovo and Tripolitsa; 4- Budva, Krasta-Cukali
(K-C) and Pindos Units; 5- Dalmatian-Herzegovian (DHZ) Units; 6- Sara-
jevo-Sigmoid (SS) Unit; 7- East Bosnian-Durmitor Unit; 8- Dinaric Ophio-
lite Belt (DOB); 9- Drina-Ivanjica and Pelagonian Units (DIE); 10- Vardar
Units (VZ); 11- Lavrion Blueschist Unit; 12- Serbian-Macedonian Massif;
13- Pannonian Basin; 14- Bradanic trough. Ophiolites: a- Ibar; b- Troglav;
c- Maljen; d- Zvornik; e- Krivaja-Konjuh; f- Bistrica; g- Zlatibor; h- Pin-
dos; i- Mirdita; j- Chalkidiki; k- Goles. The location of Fig. 3 (study area)
is indicated.



mantle during roll-back and/or break-off of a subducting
slab (Cvetković et al., 2007a). In the same geodynamic set-
ting may have formed the Late Eocene to Oligocene
shoshonite and high K calc-alkaline associations, that are
very common as large exposures in the Zletovo-Kratovo,
Lece Radan and Srebenica-Maglaj areas, Northern Serbia.
Volcanic bodies are also recognized underground in the
Pannonian Basin by deep oil-wells. Their ages range from
36 to 25 Ma (K/Ar data, Karamata et al., 1992b; Karamata,
1994; Pamić, 1997; Pamić et al., 2000; Cvetković et al.,

1995). Also Miocene calc-alkaline rocks, including basalts,
andesitic basalts, andesites, dacites and trachyandesites, are
found in northern Serbia. Their ages range from 19.7 to 25.9
Ma (K/Ar data, Pamić, 1997; Cvetković et al., 2000). The
youngest volcanic activity, ranging in age from 16.8 to 8.6
Ma (Middle to Late Miocene), is represented by basalts, an-
desitic basalts, dacites and rhyolites found in Northern Ser-
bia. This magmatism is related to the extensional phases
connected with the Pannonian Basin formation. 

On the whole, the Late Jurassic to Miocene magmatism
of the Vardar Zone resulted from a complex geodynamic
history that spanned the collisional and post-collisional
stages in a supra-subduction zone. The Paleocene to
Miocene post-collisional stage was characterized by exten-
sional tectonics in the supra-subduction lithosphere.

THE KOPAONIK INTRUSIVE COMPLEX

Field evidence

According to Dimitrijević (1997), the Kopaonik Intrusive
Complex occurs in the geological map as a N-S elongated
body with dimensions of about 15 x 6 km. Its outcrop area
covers about 90 km2, with an appendix of 5 km2 located near
Kremići, west of the main body. The intrusive complex can
be described as an elongated dome with onion-like structure
consisting of three concentric magmatic facies, hereafter re-
ferred to as A, B and C (Fig. 3). According to Urošević et al.
(1973a) the transition between these magmatic facies is grad-
ual and continuous, without clear sharp contacts between
them. The core of the Kopaonik Intrusive Complex is repre-
sented by porphyroid qtz-monzonites and minor granodior-
ites (facies C), characterized by coarse-grained texture with
cm-long crystals, up to 3 x 5 cm, of K-feldspar and amphi-
bole. In the map, the orientations of the long axes of these
minerals are roughly distributed in a dome-like shape with a
continuous strike change from a N-S trend in the western and
eastern areas to an E-W trend in the northern and southern
areas. The apparent thickness of facies C is about 3 km, but
its true thickness is very difficult to assess, owing to the
gradual transition with the neighbouring facies B. In turn, fa-
cies B consists of granodiorites and qtz-monzodiorites, medi-
um grained to the north and fine grained to the south. Its ap-
parent thickness ranges from 1 km, in the southern area, to 2-
3 km in the northern one. In turn, facies A consists of fine-
grained qtz-diorites, with a well developed magmatic folia-
tion consisting of well-oriented crystals of plagioclase, K-
feldspar, biotite and amphibole. The foliation shows the
same trend detected in facies C, with a continuous change
from N-S in western and eastern areas to E-W in the northern
and southern areas. The thickness of facies A exceeds 2-3
km. The minor body of Kremići consists of fine-grained qtz-
diorites analogous to those recognized in facies A.

In addition, along the northwestern margin of the
Kopaonik Intrusive Complex, stocks and dykes of rocks
with dioritic and qtz-dioritic composition cutting the gran-
odiorites and qtz-monzodiorites of facies B have been de-
tected (Dimitrijević, 1997). Different types of enclaves with
variable dimensions and shape, from rounded to sub-round-
ed, occur. They are microgranular to porphyritic with abun-
dant amphibole and biotite. The enclaves are roughly paral-
lel to the foliation trend detected in facies C and to the pre-
ferred orientation of phenocrysts in facies A (Cvetković et
al., 2002).
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Fig. 2 - Tectonic sketch of a segment of the Dinaric-Hellenic Belt and sim-
plified map of Tertiary magmatic formations in Serbia (modified after
Dimitrijević, 1997 and Karamata et al., 1992). Legend and abbreviations:
1- South Adriatic zone: Kruja, Gavrovo and Tripolitsa; 2- Budva zone,
Krasta-Cukali (K-C) and Pindos; 3- Dalmatian-Herzegovian (DHZ) zone;
4- Sarajevo-Sigmoid (SS) zone; 5- East Bosnian-Durmitor zone; 6- Dinaric
Ophiolite Belt (DOB); 7- Drina-Ivanjica and Pelagonian zones (DIE); 8-
Vardar zone (VZ); 9- Eurasian Plate Domains; 10- Pannonian basin; 11-
Magmatic intrusions 12- Volcanic rocks. 
Main Tertiary magmatic intrusions in Serbia and theirs age (Ma): a- Cer
intrusion (33-22); b- Boranja intrusion (33.7-29.6); c- Bukulja intrusion
(27); d- Polumir-Čemerno intrusion (19-14); e- Željin intrusion (24-17); f-
Kopaonik intrusion (31.2-31.8); g- Golija intrusion (20-17.5); h- Surdulica
intrusion (32-42), age from Pamić and Balen (2001 and reference therein).
The location of Fig. 3 (study area) is indicated.



According to the map distribution of the tree facies, the
qtz-monzonites of facies C lie at the core (lowermost lev-
el) and the qtz-diorite of facies A (uppermost level) is at
the contact with the host rocks (Fig. 3), which belong to
the Kopaonik Metamorphic Complex (Zelić et al., 2010).
This latter consists of a thick meta-carbonate succession
associated to minor meta-pelites and amphibolites. Where-
as the meta-carbonates and meta-pelites are attributed to
the Late Triassic (Sudar, 1986), the age of the amphibo-
lites is still unknown. According to Zelić et al. (2005), the
amphibolites can be regarded as post-Variscan magmatic
rocks, but their geodynamic significance is still matter of
debate. In turn, the Kopaonik metamorphic complex is
topped, from bottom to top, by the Brzece Unit, the Ophio-
lite Unit and the Brus Unit (Marroni et al., 2004; Zelić et
al., 2010). The contact between host rocks and intrusive

body is marked by a thermo-metamorphic aureole
(Urošević et al., 1973a), which is best exposed along the
eastern and southern margin of the Kopaonik Intrusive
Complex. This aureole is represented by scarns and horn-
fels, with a thickness up to 1500 m along the margin of the
intrusion. The skarns are characterized by the occurrence
of andalusite, wollastonite and/or garnet, with the latter
mineral up to 2-3 cm in size. The hornfels, mainly exposed
along the eastern and southern margin of the Kopaonik In-
trusive Complex, are composed by an andesine, diopside,
actinolite and quartz mineral assemblage. It is noteworthy
that no sediments lying unconformably on the intrusive
complex and/or on the host rocks have been identified,
however, in the western area scattered outcrops of dacites
and andesites of probably Miocene age occur at the top of
the Kopaonik Metamorphic Complex.
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Fig. 3 - Simplified geological sketch-map of the Kopaonik area and related cross-section. The locations of the studied samples are also indicated.



Petrography and major-element chemistry

The mineral paragenesis for all three facies of the
Kopaonik Intrusive Complex is plagioclase, quartz, ortho-
clase, amphibole, biotite, plus scarce (≤ 1% by volume)

magnetite and accessory minerals (e.g., zircon, apatite).
However, the mineral proportions are very different in each
facies (Table 1, Fig. 4): in facies A plagioclase is largely the
most abundant phase (55-60% in volume), and amphibole
(≈ 20%) is dominant over biotite (10-17%), quartz (6%) and
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Fig. 4 - Thin section micrographs of selected samples of Kopaonik Intrusives (left side: plane-polarized light; right side: crossed polars. The samples are made
up by the same five main phases (Pl, plagioclase, Qtz, quartz, Or, orthoclase, Hbl, hornblend amphibole and bt, biotite) in different proportions. (a) and (b) KP
56 Qtz-diorite: plagioclase is the dominant phase and an anisotropic texture is evidenced by both plagioclase crystals and femic phases. (c) and (d) KP 53 Qtz-
monzodiorite: here plagioclase, quartz and orthoclase have more similar abundances and the texture is more equigranular and isotropic with respect to KP 56.
(e) and (f) KP 57 Qtz-monzonite: this sample is characterized by big perthitic orthoclase crystals, smaller quartz and plagioclase and quite rare femic minerals,
which are often found in aggregates.



orthoclase (1.5-2.0%). Also in facies B, plagioclase is the
most abundant phase (≈ 45%), followed by quartz (20-22%)
and alkali feldspar (8.5-10%). Femic minerals are made up
by amphibole and biotite. These two minerals have almost

the same modal content (13-14% and 10-13%, respectively),
resulting from bigger and more rare biotite crystals with re-
spect to hornblende. 

Modal abundances and petrographic texture allow facies
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Table 1 - Modal composition, major elements, trace elements and Sr-Nd isotope rations of Kopaonik intrusive rocks.



discrimination: indeed, facies A can be distinguished from
facies B by an evident magmatic foliation resulting in
anisotropic texture, mainly due to the orientation of plagio-
clase crystals, whereas facies B has equigranular isotropic
texture. Lastly, facies C has a porphyritic texture, with very
big and abundant orthoclase crystals (up to 2-3 cm, 38-48%
by volume), subordinate plagioclase (26-33%), quartz (16-
21%), and scarce amounts of amphibole (6-8%) and biotite
(≈ 3%). According to the modal abundances of sialic phas-
es, samples of facies A fall in the Qtz-diorite field of the
Streckeisen double-triangle, the B facies rocks are granodi-
orites, whereas the C facies rocks fall close to the border be-
tween monzogranites and Qtz-monzonites.

In the Q’ vs. ANOR classification diagram (Fig. 5) the
rocks of A, B and C facies fall in the field of diorite, Qtz-
monzodiorite and Qtz-monzonite, respectively. All the ana-
lyzed samples are metaluminous and exhibit a sub-alkaline
character, as shown by the molar Al/(Na+K) ratio vs. ASI
(Alumina Saturation Index, Al/(Ca+Na+K) molar ratio) of
Fig. 6. The calc-alkaline affinity of the Kopaonik Complex
can be stated by the K2O vs. SiO2 diagram (Peccerillo and
Taylor, 1976), where the analyzed samples define a high-K
calc-alkaline association (Fig. 7). It is noteworthy that the
dioritic samples lie on the boundary between the calc-alca-
line and high-K calc-alcaline series, whereas the most
evolved rocks are shifted towards the shoshonitic series field.

In all the Harker diagrams the samples from the three
magmatic facies are distinct and, together with the literature
data (Urošević et al., 1973a; Knežević et al., 1994) they

show a continuous evolution trend ranging from diorite to
granodiorite fields. Most major element oxides vs. SiO2 dia-
grams exhibit roughly linear negative (e.g., TiO2, Al2O3,
Fe2O3T, MgO, MnO, CaO,) or positive (K2O) trends, where-
as Na2O and P2O5 are practically constant (Fig. 7, Table 1).
Such trends reflect the varying proportions between the
mineral phases in the different facies, in agreement with pet-
rographic observations: for example the decrease of MgO
(Fig. 7, inset), Fe2O3*and CaO from facies A to facies C
matches the progressive decrease of modal amphibole, the
Al2O3 variation is correlated to the plagioclase (Fig. 7, in-
set), whereas the increase in K2O associated with almost
constant Na2O is associated with a switch in proportion be-
tween plagioclase and alkali feldspar.

Compatible elements are generally low (e.g., Ni ≤ 16
ppm, Cr ≤ 40 ppm), even for the diorite samples, pointing to
previous extensive removal of mafic phases. In the Harker
diagrams, compatible elements decrease with increasing sil-
ica content, both linearly (V, Fig. 5, Sc, Co, not shown) or
not (Cr, Ni). On the contrary, incompatible elements in-
crease with increasing SiO2, with the exception of Sr, which
exhibits upward convex trend, as does Eu (not shown). Zr
contents of two samples from Knežević et al. (1994) are
anomalously low, like high contents of Sr and La of another
sample.

In the multi-element pattern for incompatible elements,
the calc-alkaline character of the Kopaonik intrusives is
confirmed by strong enrichments of Rb, Th, U, K and Pb
and negative anomalies of Ta, Nb, P and Ti, with respect to
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Fig. 5 - Q’-F’ vs. ANOR classification diagram for plutonic rocks. Literature data for Kopaonik intrusives: Ur 73A, Uros̆ević et al. (1973a); Ur 73B,
Urošević et al. (1973b); Knežević et al. (1994). Serbian Jurassic granitoids (Serbian J) after Šarić et al. (2009); Bukulja granites after Cvetković et al.
(2007b); Kopaonik volcanic rocks after Uros̆ević et al. (1973a).



the Primitive Mantle (Fig. 8). Notably, the apparent nega-
tive Ba, La and Ce spikes are a mere consequence of strong
alkalis and Th-U-Pb enrichment. Indeed, these latter have
also strong positive anomalies with respect to the Continen-
tal Crust of Taylor and McLennan (1985).

REE patterns show higher fractionation of Light REE
with respect to the Heavy REE, being the quartz monzonitic
rocks the most fractionated ones (e.g., LaN/SmN = 4.3-4.7
and GdN/YbN = 1.9-2.1). The dioritic and qtz-monzodioritic
samples exhibit minor LREE fractionation (with LaN/SmN =
2.8-3.3 and LaN/SmN = 3.3-4.6, respectively) and very low
HREE fractionation (GdN/YbN = 1.5-1.7 for both). Diorites
show small Eu negative anomalies (EuN/Eu* = 0.93-0.95),
while Eu negative anomalies are evident both in qtz-monzo-
diorites (EuN/Eu* = 0.68-0.82) and qtz-monzonites
(EuN/Eu* = 0.74-0.76), indicating that evolution leading to
these two facies probably involved plagioclase removal
(Fig. 9).

Sr-Nd isotopes

The Kopaonik intrusive rocks show different initial Sr
and Nd isotope ratios in the three facies, whereas intra-fa-
cies variations are negligible, probably also because of the

limited available data-set (Table 1). As a whole, the
87Sr/86Sr initial ratio ranges from 0.7064-0.7066 for facies
A and B, whereas is significantly higher for facies C (≈
0.7074). Nd isotope values depict discrete variations, with
143Nd/144Ndi ≈ 0.51260, 0.51254 and 0.51247 for A, B and
C facies, respectively. Sr-Nd isotope ratios of the
Kopaonik intrusive rocks are plotted in Fig. 10, along with
other Oligo-Miocene magmatic rocks cropping out in the
region. The Kopaonik intrusive rocks have Sr-Nd isotope
ratios very similar to those of the high-K calc-alkaline
lavas of Central Serbia, Fruška Gora-Rogozna and South
Pannonia (Cvetković et al., 2004b; Pamić and Balen,
2001); moreover, they overlap the upper left end of the
field depicted by the coeval ultra-K Serbian rocks
(Cvetković et al., 2004b). On the other hand the Bukulja
and the Cer-Boranja intrusive rocks are characterized by
wider variations, which tend toward markedly higher
87Sr/86Sri and lower 143Nd/144Ndi (Cvetković et al., 2007b;
Pamić and Balen, 2001).

Rb-Sr isotopic age

As for many granitoids, Sr isotope heterogeneity preclud-
ed the use of the whole-rock isochron method to obtain a re-
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Fig. 6 - ASI (Alumina Saturation Index, molar Al2O3/(CaO+Na2O+K2O) ratio) vs. Agpaitic index (molar Al2O3/(Na2O+K2O) ratio). Symbols as in Fig. 4.



liable emplacement age for the Kopanik intrusives (see be-
low). A minimum emplacement age is provided by Rb-Sr
whole-rock-biotite age, even if an element of uncertainty in
the Rb-Sr age calculation results from the biotite initial Sr
isotope composition that is assumed to be the same of the
whole rock. However, the age results cannot be severely af-
fected by the uncertainty of the initial Sr isotope composi-
tion determined from other minerals of the same rocks,
since biotite has a high radiogenic 87Sr content. In Table 2
the 87Rb/86Sr and 87Sr/86Sr determined on plagioclase, am-
phibole, biotite and whole rock are reported. The whole
rock-biotite regression line (calculated according to the Iso-

plot-3 code, Ludwig, 2003) is proportional to an age of
31.4±0.3 Ma (with an initial 87Sr/86Sr of 0.70648 ±
0.00001); using a 4 points regression line (plagioclase,
whole rock, amphibole and biotite) almost the same age
(31.5 ± 0.7 Ma) and the same initial 87Sr/86Sr (0.70646 ±
0.00015) are obtained. These data suggest that the initial Sr
isotopic disequilibrium between the mineral phases signifi-
cantly increases the uncertainty on both the age and the ini-
tial isotope composition, but not the biotite isotopic age. K-
Ar age determinations on five samples from Kopaonik and
surroundings plutons cluster around 30-32 Ma (Karamata et
al., 1992a).
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Fig. 7 - Harker diagrams for selected major and trace elements vs. SiO2 of Kopaonik magmatic rocks. Major elements, wt%; Trace element, ppm. Symbols as
in Fig. 4. Fields in K2O vs. SiO2 diagram after Peccerillo and Taylor, 1976). Inset of MgO vs. SiO2 and Al2O3 vs. SiO2 diagrams are MgO vs. hornblende
(Hbl) and Al2O3 vs. plagioclase (Pl) modal abundances, respectively.



DISCUSSION

Geochemical and isotope data indicate that the Kopaonik
granitoids are I-type, with high-K calc-alkaline affinity and
are genetically and chemically linked to the coeval volcanic
rocks analyzed by Urošević et al. (1973a). The plutonic
complex may be distinguished into three facies, according
to its petrochemical characters. However, the geology (gen-
tle transition among the facies), as well as the petrography
(same paragenesis with shifts among minerals relative abun-
dances) and geochemistry (major and trace element varia-
tions without evident compositional gaps) indicate a strong
genetic relationship between the different facies. Cvetković
et al. (2002) reported the occurrence of enclaves into the
Kopaonik granitoids; these enclaves may have similar com-
positions to the Kopaonik host rocks, or they may be mafic
hbl-bt rich enclaves formed by cumulus processes. Their oc-
currence strengthens the hypothesis of a genetic link among
the three facies.

The most simple relation could be through crystal frac-
tionation in a closed system, as cumulitic enclaves are in-
dicative of crystal fractionation processes. Nevertheless, this
simple model of fractionation in a closed system does not fit
with the observed Sr-Nd isotope ratios. The geochemical-
isotope variations of the studied rocks may thus be attrib-

uted to mixing between a mafic magma and a more evolved
one (plus some extent of fractional crystallization), or to
fractional crystallization combined with assimilation of
crustal material. We modeled (i) mixing between the least
and the most evolved rocks of our dataset and (ii) an AFC
process (Assimilation + Fractional Crystallization, De Paolo,
1981) as possible mechanisms to explain the observed trace
element as well as Sr and Nd isotope variations. The mixing
model was calculated using KP 54 and KP 57 compositions
as end-members. For the AFC models, no data were found
in literature for the chemical composition of the basement
rocks, nor for the depth at which differentiation + assimila-
tion processes may have occurred, thus, we chose as conta-
minants two metamorphic basement rocks of the Bukulja re-
gion (Cvetković et al., 2004b), and variable assimilation to
fractionation ratios. More reliable constraints exist on the
fractionation assemblage, which was taken according to the
modal composition of less evolved samples. In Fig. 11 the
modeled mixing and AFC trajectories are reported for Nd
and Sr isotope ratios vs. selected trace elements:
143Nd/144Ndi was plotted against Nd (an incompatible rare
earth element), Zr (an incompatible high field strength ele-
ment), V (a compatible element) and Sr (a large ion
lithophile element), whereas 87Sr/86Sri was plotted against Sr
and La. It is evident that AFC is a viable mechanism to ex-
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Table 2 - Rb-Sr contents and Sr isotope composition of whole rock and minerals of K1 sample.

Fig. 8 - Incompatible trace ele-
ment patterns for Kopaonik intru-
sive rocks. Element abundances
are relative to Primitive Mantle
(McDonough and Sun, 1995).



plain the whole evolution pattern from dioritic rocks to qtz-
monzonitic ones considering Nd isotopes, as well as the
compatible elements, and the incompatible elements, except
for Sr. This is particularly evident considering the Sr iso-
topes: in fact the dioritic rocks, which are less evolved and
thus should be less contaminated do not have the lowest
87Sr/86Sr initial ratios and the lowest Sr contents. The AFC
process is still a viable mechanism to explain evolution

from quartz monzodiorites to quartz monzonites, but a
dioritic end-member with lower Sr (≈ 400 ppm) and
87Sr/86Sr (≈ 0.7064) would be required to explain the ob-
served variations through a single evolutionary trend (Fig.
11). Also mixing trajectories fit quite well the observed
143Nd/144Nd and trace element variation trends, with B facies
generated by about 30-50% of basic end-member. Again,
the model fails when applied to Sr abundance and Sr isotope
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Fig. 9 - Rare Earth element pat-
terns for Kopaonik intrusive rocks.
Element abundances are relative to
CI chondrites (McDonough and
Sun, 1995).

Fig. 10 - 143Nd/144Nd vs. 87Sr/86Sr
isotope diagram for samples of
Kopaonik intrusive complex and
other Serbian magmatic rocks.
Kopaonik data were corrected for t
= 31.5 Ma, other data were correct-
ed according their emplacement age.
BSE30, Bulk Silicate Earth corrected
for t = 30 Ma. Literature data: South
Pannonian Calc-Alkaline Lavas,
Fruška Gora-Rogozna High-K Calc-
Alkaline lavas and Cer-Boranja
granitoids after Pamić and Balen
(2001); High-K Calc-Alkaline Ser-
bian Oligo-Miocene lavas and Ser-
bian Utra-K lavas from Cvetković et
al. (2004b); Bukulia granites,
Cvetković et al. (2007b). 



compositions, because the A facies diorites, which are the
more primitive magmas of our dataset, having high MgO
contents, high abundances of compatible elements, low
abundances of incompatible elements, high 143Nd/144Nd,
may not represent the Sr- and 87Sr-poor end member. 

Thus, the dioritic rocks seem to be over-enriched in Sr,
87Sr, and also CaO with respect to the evolutionary and/or
mixing trends they depict according to their major, compati-

ble and incompatible trace element contents, as well as Nd
isotope ratios. We suggest that the Ca-Sr enrichment is a
secondary feature of the dioritic rocks, acquired by magma-
wallrock reactions during its final emplacement at shallow
crustal level. This hypothesis is in agreement with geologi-
cal evidence, which shows the dioritic facies to be the most
external one of the Kopaonik Intrusive Complex, and the
wallrock of the intrusive body to be made of meta-shales
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Fig. 11 - 143Nd/144Nd vs. V, Sr, Nd, Zr (ppm) and 87Sr/86Sr vs. Sr and La (ppm) plots for Kopaonik intrusive rocks. AFC trajectories (dashed lines) are drawn
starting from sample KP 54, assuming a fractionation assemblage made up from of 40% amphibole, 40% plagioclase, 10% biotite, 7% quartz, 3% magnetite.
Red curve, BK 134 as contaminant and R = 0.5 (R- assimilated mass/fractionated mass ratios). Blue curve, BK 136 as contaminant and R = 0.5. Black curve
BK 136 as contaminant and R = 0.25. Green curves, BK 136 as contaminant, R = 0.3 and r = 0.5, respectively. Green curves start from a hypothetic end mem-
ber with same composition of KP 54, except for Sr = 400 ppm, La = 24 ppm, 87Sr/86Sr = 0.7064. Cross and dots represent 5% fractionation steps. Mixing tra-
jectories (black solid line) drawn assuming KP 54 and KP 56 as end members.



and meta-carbonates. These latter rocks are part of a ther-
mo-metamorphic aureole, characterized by both hornfels
and skarn formation (e.g., Urošević et al., 1973a). Interac-
tion between uprising magma and carbonatic rocks, which
produced the skarn, may be also responsible for the Ca-Sr
enrichment of the dioritic rocks.

In summary, the available data as well as the secondary
Ca-Sr enrichment of the dioritic rocks do not allow to fully
discriminate between AFC or mixing processes. However,
the occurrence of cumulitic enclaves (Cvetković et al.,
2002), and some evident linear correlations between major
elements and modal abundances of mineral phases, such as
MgO-Hbl, Al2O3-Pl (Fig. 7, insets), TiO2-Bt and K2O-Or,
testify for the role played by crystal fractionation processes:
thus, differentiation via AFC from a common magma is our
preferred hypothesis to explain the petrographical, geo-
chemical and isotopic variations in the studied rocks. 

The collected data on the Kopaonik intrusives fall into
the picture of regional Cenozoic magmatism proposed in
some recent reviews (Pamić et al., 2002; Cvetković et al.,
2007b; Kovacs et al., 2007), that suggest a continuous Late
Paleogene-Middle Miocene magmatic belt developed
throughout the Balkan Peninsula from the Eastern Alps to
Northwestern Turkey. This magmatic belt includes plutonic
and volcanic rocks, which vary both in evolutionary degree
and in geochemical affinity, ranging from high-K calc-alka-
line to shoshonitic to ultra-potassic. Anyway, all these prod-
ucts share geochemical and isotope evidence of a similar
mantle source, enriched in LILE with respect to HFSE, in
87Sr/86Sr and depleted in 143Nd/144Nd.

The most abundant and oldest products are high-K calc-
alkaline, whereas the ultra-K products are scarce and gener-
ally younger; interestingly, these latter are not restricted to
the Oligocene-Middle Miocene, but may be also significant-
ly younger, as is the case of the Serbian and Macedonian
latest Miocene to Pleistocene Lamproites (Cvetković et al.,
2004a; Prelević et al., 2005; 2008, Yanev et al., 2008). This
magmatic belt is usually genetically linked to subduction of
the Neotethyan oceanic lithosphere under the Eurasia conti-
nental lithosphere. This eastward subduction started in the
Early Jurassic, as deduced by the Middle Jurassic develop-
ment of a wide supra-subduction oceanic basin and associat-
ed magmatic arc (Bortolotti et al., 2002; Brown and Robert-
son, 2004; Saccani et al., 2008a) and it was probably con-
nected to the inception of subduction of continental lithos-
phere in the latest Jurassic (Bortolotti et al., 2005). Conver-
gence affected also the supra-subduction oceanic basin, re-
sulting in obduction and displacement of a large ophiolitic
nappe onto the Adria continental margin. The obduction
process was followed, probably in Early Cretaceous, by the
collision that produced a wide suture zone where the pile of
deformed oceanic and continental units was intruded by
Late Jurassic calc-alkaline granitoids (Šarić et al., 2009). In
this framework a strong modification of the mantle wedge
by subduction-induced metasomatism was produced by de-
hydratation of the subducted oceanic slab. According to
Cvetković et al. (2004b), this modified wedge, becoming
more and more residual with time, can be regarded as the
source of the magmatism, that, as recognized in the
Kopaonik area, accompanied deformation during the Late
Cretaceous-Eocene collisional and Oligocene-Miocene post-
collisional phases. This interpretation agrees with the
change in geochemical characteristics of the magmatic
rocks during the time observed in the whole Dinaric-Hel-
lenic Belt (Cvetković et al., 2004b and 2007b).

CONCLUSIONS

The intrusive complex cropping out in the Kopaonik area
is characterized by a dome-like structure consisting of three
concentric magmatic facies, with a gradual and continuous
transition between them. The core of the Kopaonik Intrusive
Complex is represented by coarse-grained porphyroid qtz-
monzonites and minor monzogranites (facies C), surrounded
by fine to medium grained granodiorites and qtz-monzodi-
orites (facies B). The external area of the intrusive body
consists of fine-grained qtz-diorites (facies A), characterized
by a well developed magmatic foliation. The boundaries
with the host rocks, represented by the Kopaonik Metamor-
phic Complex, are marked by skarns and hornfels.

The collected data allow a more accurate characterization
of this intrusive complex. First, the geochemical data indi-
cate that Kopaonik granitoids are I-type, with high-K calc-
alkaline affinity. The studied rocks are genetically and
chemically linked to the coeval volcanic rocks that crop out
in the area (Urošević et al., 1973a). A strong genetic rela-
tionship among the three facies is observed and the collect-
ed geological, petrographical and petrochemical data sug-
gest that the different facies of the intrusive complex may be
originated by crystal fractionation processes in a closed sys-
tem. However, the observed Sr-Nd isotope ratios do not fit
with this simple model and a more complex process, as mix-
ing or, more probably, crystal fractionation combined with
assimilation of crustal material, is here proposed, along with
a shallow Ca-Sr enrichment of the external dioritic facies,
probably due to contamination with the carbonate host
rocks. Rb-Sr whole-rock-biotite age provides a minimum
emplacement age of 31.5±0.3 Ma (Early Oligocene). 

Finally, the data presented here allow to put the
Kopaonik Intrusive Complex within the general framework
of the Cenozoic magmatism of the Dinaric-Hellenic region
proposed in the recent literature (e.g., Kovacs et al., 2007).
The available data suggest a continuous Late Paleogene-
Middle Miocene magmatic belt developed throughout the
Balkan Peninsula from the Eastern Alps to Northwestern
Turkey. This magmatic belt includes plutonic and volcanic
rocks, which vary both in evolutionary degree and in geo-
chemical affinity, from high-K calc-alkaline to shoshonitic
to ultra-potassic. The origin of this magmatism is genetical-
ly linked with subduction of the Neotethyan oceanic lithos-
phere under the Eurasia continental lithosphere. In this pic-
ture, the source of the Kopaonik magmatic rocks can be
identified in a mantle wedge strongly modified by subduc-
tion-induced metasomatism. 
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APPENDIX

Analytical methods

Petrographic and whole-rock major elements analyses
were conducted on 12 samples of the Kopaonik Intrusive
Complex. Major elements were determined by x-ray fluores-
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cence on an ARL 9400 XP+ spectrometer; estimated preci-
sion (relative to standard deviation, RSD) is about 1% for
SiO2 and about 2% for the other major elements except for
those with low concentrations (<0.50 wt.%), for which the
absolute standard deviation is about ±0.01%. Loss on igni-
tion (LOI) was determined by gravimetry at 1000 ºC after
preheating at 110 ºC. The concentrations of a set of thirty-
five trace elements were determined by inductively coupled
plasma-mass spectrometry (VG PQII Plus) at the Diparti-
mento di Scienze della Terra, University of Pisa. Analytical
precision, assessed by repeated analysis of the in-house stan-
dard HE-1 (Mt. Etna hawaiite), is between 2 and 5% RSD,
except for Gd, Tm, Be, Sc, Pb (6-8% RSD). Rb, Sr, Zr and Y
were determined via XRF too. Comparing XRF and ICP-MS
data, it is evident that Zr determined via ICP-MS is markedly
lower than the XRF one (about 1/10 ratio), due to the resid-
ual zircon undissolved by normal acid attack performed with
standard ICP-MS analytical procedure. For this reason, Zr
and Hf ICP-MS data will not be considered. Instead, Y XRF
values are undistinguishable from Y ICP-MS values, if we
consider the analytical errors; this means that negligible con-
tents of Y and HREEs were partitioned into zircon, and that
ICP-MS data for these elements can be considered valid.

Sr and Nd isotope compositions were measured with a
Finnigan MAT 262 multi-collector mass spectrometer at the
CNR Istituto di Geoscienze e Georisorse in Pisa. Conven-
tional ion exchange methods were used for Sr and Nd sepa-
rations. Measured 87Sr/86Sr ratios were normalized to
86Sr/88Sr = 0.1194; 143Nd/144Nd ratios were normalized to
146Nd/144Nd = 0.7219. During collection of the isotopic data
for this study, replicate measurements of NIST SRM 987
(SrCO3) and La Jolla standards yielded values of
0.710243±13 (2σ, N = 20) for 87Sr/86Sr and 0.511848±7
(2σ, N = 30) for 143Nd/144Nd. 
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and Pécskay Z., 2004b. Origin and geodynamic significance of
Tertiary postcollisional basaltic magmatism in Serbia (central
Balkan Peninsula). Lithos, 73 (3-4): 161-186, 
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K., 2000. The western belt of the Vardar Zone - the remnant of
a marginal sea. In: S. Karamata and S. Jankovic (Eds.), Geolo-
gy and metallogeny of the Dinarides and the Vardar Zone.
Acad. Sci. Arts Republic Serbia, Collections and Monographs
1, pp.

Karamata S., Stojanov R., Serafimovski T., Boev B. and Aleksan-
drov M., 1992b. Tertiary magmatism of the Vardar Zone of the
Dinarides and Serbo-Macedonian Mass. Geol. Macedon., 6:
127-186.

Kilias A., Falalakis G. and Mountrakis D., 1999. Cretaceous-Ter-
tiary structures and kinematics of the Serbomacedonian meta-

46



morphic rocks and their relation to the exhumation of the Hel-
lenic hinterland (Macedonia, Greece). Interm. J. Earth Sci., 88:
513-531. 
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Milovanović D., Marchig V. and Karamata S., 1995. Petrology of
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