
Eur. J. Mineral.
2007, 19, 513–532
Published online August 2007  

The Miocene granitoid rocks of Mt. Bukulja (central Serbia): evidence for
pannonian extension-related granitoid magmatism in the northern
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Abstract: The study presents evidence about the origin and evolution of the Miocene (20–17 Ma) granitoid pluton of Mt. Bukulja,
situated within the southern Pannonian/northern Dinarides region (central Serbia, south-central Europe). The pluton is composed
of slightly peraluminous two-mica granite (TMG), metaluminous hornblende-biotite and biotite-bearing (H-BG) granite and rare
aplite granite. A lamprophyre dyke (BLD) similar in composition and age to other Serbian primitive minettes has been found in the
vicinity of Mt. Bukulja. The available and newly determined radiometric age suggests that the TMG was emplaced around 20 Ma
whereas the age of the H-BG is inadequately constrained. TMG and H-BG show similar petrographic characteristics but evidence
of open system magma processes is found only in the H-BG. In comparison to the H-BG, the TMGs are less enriched in most
trace elements, including REE, and have a more fractionated REE-pattern and stronger negative Eu-anomaly. The TMGs display
a wider range of initial Sr-Nd isotope ratios (87Sr/86Sr20 Ma = 0.70652–0.71368 and 143Nd/144Nd20 Ma = 0.51223–0.51283) than
the H-BG (87Sr/86Sr20 Ma = 0.70768–0.70781 and 143Nd/144Nd20 Ma = 0.51242–0.51256). Geochemical modeling suggests that the
H-BG could have derived from a BLD-like melt by mixing plus fractionation processes assuming a batch of TMG-like magma
as the acid end-member. On the other hand, the geochemical variability of the TMG is reproduced by an AFC model with an
assimilation/fractionation ratio (r) of 0.5 and with high amount of crustal component (∼20–50 %) starting from the least evolved
TMG rocks. In the modeling, the average composition of the least evolved TMG samples was used to represent the parental magma
composition whereas the composition of adjacent metamorphic rocks was adopted as possible contaminant. The composition of
the least evolved TMG implies that the TMG parental magma likely originated by melting of a mafic lithology such as earlier
basalts underplating in the lower crust. The high proportions of crustal assimilation along with other geochemical and geological
evidence suggest that the Mt. Bukulja TMG originated within the same geotectonic setting as acid volcanics of the north Pannonian
Basin. The results of this study support the hypothesis that the Mt. Bukulja pluton is related to tectonomagmatic events controlled
by the early extensional phases in the opening of the Pannonian basin.

Key-words: granite, peraluminous, assimilation, crust, Balkan Peninsula, igneous petrology, geochemistry.

Introduction

Granite petrogenesis has been demonstrated to be an im-
portant tool not only to understand crust evolution but also
to constrain geodynamic conditions and/or specific tec-
tonic changes in the existence of an orogen (e.g. Rottura
et al., 1997; Pe-Piper, 2000; Schofield & D’Lemos, 2000;
Perugini et al., 2004; Christofides et al., 2007).

In the Pannonian – Carpathian – Dinaride area two se-
ries of granitoids crop out: i) Late Oligocene granitoids
in the Dinarides, which are generally considered as the
southern continuation of the Periadriatic calc-alkaline mag-
matism (von Blanckenburg & Davies, 1995; Pamić, 1993;
Pamić & Balen, 2001), and ii) Miocene granitoids which
are supposed to be related to the early extensional phases
in the Pannonian-Carpathian basin (Karamata et al., 1990;
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Fig. 1. Geological sketch of the Mt. Bukulja pluton (B) and a sim-
plified geological sketch map of the Pannonian-Carpathian-Dinaride
area (A). The position of the Mt. Bukulja granitoid is squared; the lo-
cations of other granitoids situated along the Southern margin of the
Pannonian Basin (1 – Mt. Cer, 2 – Mt. Motajica, 3 – Mt. Prosara and
4 – Mt. Pohorje) as well as the position of Early/Middle Miocene
acid rocks of the northern Pannonian Basin (5) are also shown.
TMG, two mica granite; H-BG, hornblende-biotite- and biotite-
bearing granites. Hornblende-biotite granite is found only in a drill-
core (BK128).

Cvetković et al., 2004a). The two suites differ mainly for:
i) their position in respect to the Pannonian Basin, the lat-
ter being very close to the southern margin of the basin;
ii) having mostly metaluminous and peraluminous char-
acter, respectively; and iii) displaying Pb/Zn ± Ag ± Sb
and U-Nb-Ta-Sn metallogenetic features, respectively (e.g.
Karamata et al., 1990; Erić, 1999).

The Miocene suite consists of Mt. Bukulja and Mt. Cer
plutons in Serbia (locality 1 in Fig. 1A), few granitoid bod-
ies situated further north (localities 2, 3 in Fig. 1A), and Mt.
Pohorje granite in Slovenia (locality 4 in Fig. 1A). All these
plutons are similar on the basis of geochemical character-
istics and Miocene age (Knežević et al., 1989; Karamata
et al., 1990; Trajanova et al., 2005).

In this study we present and discuss new geochemical
data on Mt. Bukulja granitoid rocks, including whole-rock

REE and Sr-Nd isotope analyses. In addition, we present
new K/Ar ages and discuss all the available age data tak-
ing into account the major tectonomagmatic events in the
Pannonian Basin. Geochemical and age data aim to deci-
pher genesis and evolution of the Mt. Bukulja granitoids,
and to discuss their geodynamic setting with respect to the
Pannonian Basin extension.

Geology and petrography of the Mt. Bukulja
pluton

The Mt. Bukulja pluton crops out about 60 km south of
Belgrade and covers an area of about 40 km2 (Fig. 1B).
It is an E-W trending granitic body which is inten-
sively ruptured by predominantly ESE-WNW oriented
fractures. In the west, the pluton intrudes low-grade De-
vonian/Carboniferous schists of the Jadar Block terrane
(Karamata et al., 1994), whereas in the east it intrudes
a Cretaceous sedimentary series, producing a 3 km wide
contact metamorphic zone composed of skarns and gar-
netites. Taking into account that the Cretaceous sediments
underwent no previous regional metamorphism, it can be
suggested that the Bukulja pluton intruded very shallow
crustal levels (< 5 km). The southern part of the granitic
mass is covered by Neogene sediments, which accumu-
lated within a tectonic depression and consist of interlay-
ered sandstones, clays, and coarse-grained clastites con-
taining granitic and metamorphic blocks.

The bulk of the granitoid mass is represented by a
medium-grained to slightly porphyritic two-mica granite
that locally grades to microgranite facies. Biotite granites
are subordinate and generally occur as isolated outcrops,
without observable relations with the two-mica granite.
Only very rarely, the biotite granites appear as patches of
various dimensions (from several decimeters to several tens
of meters) within the rocks, showing relatively sharp con-
tacts with the host rocks. The above mentioned granite fa-
cies are frequently cut by pegmatitic and aplitic veins, the
latter showing transitions to aplitic granites. In addition, a
hornblende-bearing granite sample was recovered from a
drill-core (Fig. 1B).

Near the western margin of the Mt. Bukulja granite body
a lamprophyric dyke was found (hereafter BLD, Bukulja
Lamprophyric Dyke). It is a porphyritic melanocratic rock
composed of altered phlogopite and sericitized plagioclase
in a groundmass of serpentine minerals and calcite. Al-
though the rock exhibits altered mineralogy, it shows a
similar K/Ar age (26 Ma on phlogopite; Cvetković et al.,
2004b), as well as similar geochemical characteristics to
other primitive minettes found in the region (Prelević et al.,
2005).

The Mt. Bukulja rocks are classified in terms of the
Q’-ANOR diagram of Streckeisen & Le Maitre (1979)
(Fig. 2A), and on the basis of modal composition in Ta-
ble 1. The rocks containing muscovite are named two-
mica granite (hereafter TMG), whereas the muscovite-free
samples are named biotite granite and hornblende-biotite
granite. Owing to the common geochemical and pet-
rographical features (see below) hornblende-biotite- and



The Miocene granitoid rocks of Mt. Bukulja 515

SiO2

A
SI

Metaluminous

Slightly peraluminous

Strongly peraluminous

2 3a
3b

4

7*

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90 100
ANOR

Q'

0.6

0.7

0.8

0.9

1

1.1

1.2

60 65 70 75

H-BG
TMG

A

B

2 Alkali feldspar granite
3a
3b
4 Granodiorite
7* Quartz syenite

Granite

AG

Fig. 2. A: Representative rock compositions of the Bukulja pluton
plotted in Q’ANOR classification diagram. B: SiO2 wt.% vs. Alu-
mina Saturation Index (ASI = molecular Al/(Ca+K+Na) plot.

biotite-bearing granites will be hereafter considered as a
single suite (hereafter H-BG). Finally, two fine-grained
samples plotting within the granite and alkaline granite
fields are classified as aplite granite (AG). TMG and AG
samples are slightly peraluminous, whereas H-BG rocks
are metaluminous but plot close to the ASI [molecular
Al2O3/(CaO+K2O+Na2O)] = 1 border line (Fig. 2B).

The TMG is a massive rock showing a medium-grained
hypidiomorphic granular texture. In the central and south-
ern parts of the pluton gradual transitions to more coarse-
grained and porphyritic varieties with large K-feldspar
crystals have been observed. These rocks are generally
composed of quartz (∼32 vol.%), K-feldspar (∼34 vol.%),
plagioclase (∼25 vol.%), biotite (∼5 vol.%), and muscovite
(∼3 vol.%) as main constituents, and apatite, zircon and
opaques as accessories (total amount ∼1 vol.%; Table 1).
Quartz is anhedral and undulose, sometimes forming cata-
clastic vein-like aggregates. K-feldspar is microclinic and
commonly encloses euhedral to anhedral plagioclase crys-
tals. Muscovite occurs as large flakes and lath-shaped crys-
tals, isolated or in clusters. Sometimes, they are inter-
grown with biotite. Few muscovites displaying subsolidus
overgrowths are considered secondary in origin. H-BG are
mainly hypidiomorphic medium-grained rocks consisting
of quartz (∼31 vol.%), K-feldspar (∼30 vol.%), plagioclase
(∼29 vol.%), biotite (∼8 vol.%), and amphibole (∼3 vol.%),
along with allanite, titanite, apatite, zircon and opaques
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Fig. 3. Chemical compositions for biotite of the Mt. Bukulja gran-
itoid rocks. (A) Enlarged portion of the quadrilateral classification
diagram for biotites (Deer et al., 1992); see inset for zoomed region.
Al/(Al+Si) and Fe/(Fe+Mg) are on cation basis. (B) TiO2 vs. Al2O3

(wt.%) diagram. Symbols as in Fig. 2.

as accessory minerals (total amount ∼1 vol.%; Table 1).
The AG are fine- to medium-grained rocks composed of
quartz, K-feldspar, plagioclase, muscovite, and rare garnet
and tourmaline.

Selected chemical microprobe analyses of feldspar, bi-
otite, muscovite, amphibole, and garnet are presented in
Table 2. K-feldspar exhibits a uniform composition in the
TMG and H-BG groups with Or85-Ab15 and Or95-Ab5,
respectively. Plagioclase in the TMG is normally zoned
and ranges in composition between An11 and An35, and
it does not show any evidence of crystallization under
disequilibrium conditions. The H-BG rocks contain pla-
gioclase with An17 to An34. Although a majority of an-
alyzed plagioclase grains shows a normal core-rim zon-
ing, sieved textures and oscillatory variations of plagio-
clase composition interrupted by resorption zones have
also been detected indicating crystallization under disequi-
librium conditions. Most muscovites are characterized by
relatively high TiO2 contents, ranging 0.7–0.4 wt.%, and
Mg/(Mg+Fe) (∼0.5), favoring a primary origin (e.g. Miller
et al., 1981; Christofides et al., 2007). The composition
of biotites plot in the field of biotites as defined by Deer
et al. (1992) (Fig. 3A), whereas biotites from TMG display
higher Al2O3 and lower TiO2 than those occurring in H-BG
(Fig. 3B) as expected for such evolved rock compositions.
Hornblende from a single H-BG sample (BK128) shows a
magnesio-hornblende composition according to the classi-
fication of Leake et al. (1997), and is relatively poor in alu-
mina and titanium (Table 2). Garnet with spessartine and
almandine contents around 52 and 45 mol.% is restricted
to the AG group. Their cores display slightly higher MnO
and lower FeO contents than their rims.

Age

Eight new K/Ar age determinations on different mineral
separates from granitoids of Mt. Bukulja are given in
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Table 1. Modal compositions (Vol.%) of Bukulja granitoid rocks.

Sample Rock type* Q K-F Pl Myr Mu Bt Hbl Ap Zir Aln Tit SM
BK128 H-BG 26.59 20.66 41.99 1.28 – 6.5 2.17 0.06 0.05 0.16 0.36 0.18
BK126 H-BG 29.82 30.44 30.75 0.71 – 7.95 – 0.04 0.02 0.03 0.16 0.08
BK121 H-BG 31.44 30.14 25.81 2.96 – 9.28 – 0.06 0.03 – 0.18 0.10
BK127 H-BG 32.29 28.63 30.14 0.62 – 7.04 – 0.03 0.03 – – 0.14
BK114 TMG 29.52 20.71 22.29 1.25 0.85 24.62 – 0.43 0.03 – – 0.18
BK118 TMG 32.81 26.65 30.25 2.06 1.24 6.75 – 0.05 0.04 – – 0.15
BK109 TMG 37.42 19.18 28.75 1.77 5.25 7.39 – 0.06 0.02 – – 0.16
BK125 TMG 34.48 24.82 28.35 2.17 2.43 7.53 – 0.06 0.04 – – 0.12
BK111 TMG 31.48 24.63 32.24 2.81 2.16 6.50 – 0.04 0.01 – – 0.13
BK107 TMG 36.44 25.31 26.84 1.02 2.80 7.45 – 0.02 0.03 – – 0.09
BK123 TMG 32.90 26.14 31.66 1.55 1.42 5.93 – 0.11 0.04 – 0.12 0.13
BK124 TMG 32.13 27.42 30.49 1.03 2.96 5.64 – 0.05 0.03 – 0.08 0.17
BK117 TMG 28.34 28.16 32.86 2.3 3.86 4.31 – 0.02 0.03 – – 0.12
BK106 TMG 33.23 26.83 27.05 0.47 5.37 6.78 – 0.04 0.02 – – 0.21
BK101 TMG 33.41 26.44 30.04 1.02 1.86 6.97 – 0.05 0.04 – – 0.17
BK102 TMG 29.69 32.28 26.56 1.75 5.65 3.98 – 0.02 0.01 – – 0.06
BK122 TMG 33.16 25.18 31.98 1.82 1.51 6.12 – 0.05 0.02 – 0.10 0.06
BK112 TMG 31.22 25.81 31.86 1.85 4.92 4.21 – 0.04 0.02 – – 0.07
BK115 TMG 33.28 25.73 31.55 2.53 2.25 4.56 – 0.02 0.01 – – 0.07
BK119 TMG 30.18 28.65 28.62 2.48 6.22 3.67 – 0.06 0.02 – – 0.10
BK116 TMG 32.85 28.75 27.23 1.12 5.38 4.37 – 0.04 0.04 – – 0.22
BK104 TMG 33.62 27.53 27.12 1.81 3.95 5.83 – 0.04 0.03 – – 0.07
BK103 TMG 31.52 28.68 26.73 2.88 4.69 5.35 – 0.06 0.01 – – 0.08
BK105 TMG 32.08 26.60 27.96 1.83 4.92 6.45 – 0.03 0.05 – – 0.08
BK110 TMG 35.21 23.80 25.80 1.52 4.33 9.10 – 0.04 0.02 – – 0.18

*H-BG, Hornblende-biotite- and biotite-bearing granite; TMG, Two mica granite. Abbreviations: Aln – Allanite, Ap – Apatite, Bt – Biotite,
Hbl – Hornblende, K-F – K-feldspar, Mu – Muscovite, Myr – Myrmekite, Pl – Plagioclase, Tit – Titanite, Q – Quartz, Zir – Zircon. SM –
Secondary minerals: Chlorite, Sericite, Epidote. Samples are ordered by increasing silica contents.
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Table 3. New and old K/Ar and Rb/Sr radiometric ages
are summarized and shown as a chart in Fig. 4 along with

time distribution of major Oligocene and Miocene tectonic
events in the Pannonian Basin and Dinarides.

New K/Ar ages for the TMG (18.8–17.4 Ma) are well
within the range of the earlier age determinations on Mt.
Bukulja rocks, except for a feldspar separate, which gave
an age of 14.8 Ma. Most age determinations, whatever the
method, fall in an age range between 20 Ma and 16 Ma,
including those obtained on two samples from the contact
aureole. Muscovite fractions from an aplitic granite sample
gave an age of 15.9 Ma, corresponding to the lower end
of the range for the TMG. A previous K/Ar age on biotite
from a biotite-bearing sample reveals an age of 19.8 Ma
(Deleon, 1969), similar to the TMG ages (within the error
limits), whereas our new biotite age on a similar sample
gave an older age (28.6 Ma) well outside the age field of
the TMG.

In summary, the range between 20 Ma and 17 Ma can
be regarded as the emplacement age of the TMG and thus
the intrusion age of the bulk granitoid body of Mt. Bukulja.
The age of the H-BG group remains poorly constrained be-
cause the earlier and new data gave conflicting results.

Geochemistry

Major and trace elements data including REE concentra-
tions of 33 granitoid samples, three BLD rocks, and three
samples from the metamorphic basement are given in Ta-
bles 4 and 5, whereas Sr-Nd isotope analyses are presented



The Miocene granitoid rocks of Mt. Bukulja 517
Ta

bl
e

2.
R

ep
re

se
nt

at
iv

e
m

ic
ro

pr
ob

e
an

al
ys

es
of

m
in

er
al

s
pr

es
en

ti
n

M
t.

B
uk

ul
ja

gr
an

it
oi

ds
.

K
-f

el
ds

pa
r

P
la

gi
oc

la
se

R
oc

k
ty

pe
*

H
-G

B
T

M
G

A
G

H
-G

B
T

M
G

A
G

S
am

pl
e

B
K

12
8

B
K

12
6

B
K

11
4

B
K

10
1

B
K

10
3

B
K

10
5

B
K

10
9

B
K

11
3

B
K

12
8

B
K

12
6

B
K

11
4

B
K

10
1

B
K

10
3

B
K

10
5

B
K

10
7

B
K

11
3

co
re

ri
m

co
re

co
re

co
re

co
re

ri
m

co
re

co
re

ri
m

ri
m

co
re

ri
m

co
re

co
re

co
re

S
iO

2
65

.2
7

65
.2

9
65

.1
4

66
.1

7
66

.3
4

65
.9

7
66

.3
5

65
.0

5
58

.9
4

61
.0

8
61

.7
3

61
.7

4
62

.5
9

63
.5

4
61

.5
9

66
.0

0
A

l 2
O

3
18

.9
2

19
.0

6
19

.1
3

18
.5

4
18

.5
18

.3
9

18
.4

1
19

.1
9

26
.3

3
24

.5
2

23
.4

4
23

.7
9

23
.1

3
22

.7
3

24
.1

9
20

.6
8

C
aO

-
0.

07
-

-
0.

06
0.

12
-

-
7.

39
5.

27
4.

57
5.

30
4.

45
4.

23
5.

13
0.

91
N

a 2
O

0.
7

1.
77

1.
12

1.
34

1.
44

1.
13

2.
06

1.
23

7.
83

9.
36

9.
91

8.
71

9.
32

9.
78

9.
37

12
.0

7
K

2
O

15
.1

13
.7

1
14

.2
9

14
.2

9
13

.8
14

.2
13

.3
5

14
.4

7
-

0.
33

0.
22

0.
24

0.
12

0.
04

0.
21

0.
13

su
m

99
.9

9
99

.8
3

99
.6

8
10

0.
34

10
0.

08
99

.6
9

10
0.

17
99

.9
4

10
0.

49
10

0.
56

99
.8

7
99

.7
8

99
.6

1
10

0.
32

10
0.

49
99

.7
9

A
b

6.
58

16
.4

0
10

.6
4

12
.4

7
13

.6
9

10
.7

9
19

.0
0

11
.4

4
65

.7
2

74
.9

4
78

.7
7

73
.8

3
78

.6
0

80
.5

3
75

.9
1

95
.3

5
A

n
-

-
-

-
-

-
-

-
34

.2
8

23
.3

2
20

.0
7

24
.8

3
20

.7
4

19
.2

5
22

.9
7

3.
97

O
r

93
.4

2
83

.6
0

89
.3

6
87

.5
3

86
.3

1
89

.2
1

81
.0

0
88

.5
6

-
1.

74
1.

15
1.

34
0.

67
0.

22
1.

12
0.

68

B
io

ti
te

M
us

co
vi

te
A

m
ph

ib
ol

e
G

ar
ne

t
R

oc
k

ty
pe

*
H

-G
B

T
M

G
T

M
G

A
G

H
-B

G
A

G
S

am
pl

e
B

K
12

8
B

K
12

6
B

K
11

4
B

K
10

1
B

K
10

3
B

K
10

5
B

K
10

7
B

K
11

2
B

K
11

4
B

K
10

1
B

K
10

3
B

K
11

3
B

K
12

8
B

K
12

8
B

K
11

3
B

K
11

3
co

re
ri

m
co

re
co

re
co

re
ri

m
ri

m
ri

m
co

re
co

re
ri

m
co

re
co

re
ri

m
co

re
ri

m
S

iO
2

37
.2

5
36

.4
3

36
.0

5
36

.8
36

.9
4

36
.2

7
35

.5
37

.2
8

45
.4

7
46

.7
1

47
.0

4
45

.9
3

49
.4

8
50

.4
4

35
.0

2
35

.6
6

T
iO

2
3.

75
3.

16
3.

18
2.

74
2.

91
2.

64
2.

83
2.

84
1.

03
1.

37
1.

02
-

0.
42

0.
20

-
-

A
l 2

O
3

14
.9

8
16

.6
19

.0
2

18
.4

1
19

.2
1

20
19

.2
2

19
.0

6
35

.2
6

33
.8

3
33

.8
35

.6
9

4.
75

3.
41

20
.2

8
20

.3
2

F
eO

23
.0

9
21

.6
5

20
.8

4
20

.1
6

20
.9

8
23

.1
9

23
.7

6
20

.9
3

1.
53

1.
56

1.
94

2.
21

19
.9

2
19

.3
2

24
.8

0
26

.9
3

M
nO

0.
73

0.
73

-
0.

42
0.

39
0.

59
-

0.
57

-
0.

04
0.

18
-

0.
80

0.
94

19
.3

3
16

.5
3

M
gO

8.
3

8.
5

7.
61

8.
51

6.
63

4.
74

5.
73

6.
29

0.
92

0.
85

0.
85

-
9.

94
10

.9
0

0.
30

0.
26

C
aO

-
-

-
-

-
-

-
-

-
-

0.
04

-
11

.8
9

12
.3

6
0.

33
0.

43
N

a 2
O

0.
43

0.
41

-
0.

24
0.

14
0.

09
0.

39
-

0.
69

0.
35

0.
43

0.
47

0.
99

0.
77

-
-

K
2
O

8.
87

8.
68

9.
25

8.
99

8.
98

9.
16

9.
17

9.
11

10
.2

2
10

.0
8

10
.0

6
10

.3
9

0.
41

0.
17

-
-

S
um

97
.4

96
.1

6
95

.9
5

96
.2

7
96

.1
8

96
.6

8
96

.6
96

.0
8

95
.1

2
94

.7
9

95
.3

6
94

.6
9

98
.6

0
98

.5
1

10
0.

06
10

0.
13

S
i

5.
65

2
5.

55
5

5.
46

3
5.

54
0

5.
57

2
5.

51
2

5.
42

8
5.

62
9

6.
07

5
6.

24
1

6.
26

1
6.

16
6

7.
34

7
7.

46
7

5.
84

5
5.

91
8

A
lI

V
2.

34
8

2.
44

5
2.

53
7

2.
46

0
2.

42
8

2.
48

8
2.

57
2

2.
37

1
1.

92
5

1.
75

9
1.

73
9

1.
83

4
0.

65
3

0.
53

3
3.

98
9

3.
97

4
A

lV
I

0.
33

0
0.

53
8

0.
86

0
0.

80
6

0.
98

8
1.

09
5

0.
89

2
1.

02
1

3.
62

7
3.

56
8

3.
56

3
3.

81
2

0.
17

9
0.

06
2

-
-

T
i

0.
42

8
0.

36
2

0.
36

2
0.

31
0

0.
33

0
0.

30
2

0.
32

5
0.

32
2

0.
10

3
0.

13
8

0.
10

2
-

0.
04

7
0.

02
2

-
-

F
e3+

-
-

-
-

-
-

-
-

-
-

-
-

0.
23

5
0.

25
2

3.
46

1
3.

73
7

F
e2+

2.
93

0
2.

76
1

2.
64

1
2.

53
8

2.
64

7
2.

94
7

3.
03

8
2.

64
3

0.
17

1
0.

17
4

0.
21

6
0.

24
8

2.
23

9
2.

14
0

-
-

M
n

0.
09

4
0.

09
4

-
0.

05
4

0.
05

0
0.

07
6

-
0.

07
3

-
0.

00
5

0.
02

0
-

0.
10

1
0.

11
8

2.
73

2
2.

32
3

M
g

1.
87

7
1.

93
2

1.
71

9
1.

91
0

1.
49

1
1.

07
4

1.
30

6
1.

41
6

0.
18

3
0.

16
9

0.
16

9
-

2.
20

0
2.

40
6

0.
07

5
0.

06
4

C
a

-
-

-
-

-
-

-
-

-
-

0.
00

6
-

1.
89

2
1.

96
0

0.
05

9
0.

07
6

N
a

0.
12

6
0.

12
1

-
0.

07
0

0.
04

1
0.

02
7

0.
11

6
-

0.
17

9
0.

09
1

0.
11

1
0.

12
2

0.
28

5
0.

22
1

-
-

K
1.

71
7

1.
68

8
1.

78
8

1.
72

7
1.

72
8

1.
77

6
1.

78
9

1.
75

5
1.

74
2

1.
71

8
1.

70
8

1.
77

9
0.

07
8

0.
03

2
-

-
M

g#
0.

38
3

0.
40

4
0.

39
4

0.
42

4
0.

35
6

0.
26

2
0.

30
1

0.
34

3
0.

51
7

0.
48

6
0.

41
7

-
0.

49
6

0.
52

9
-

-

*H
-B

G
,H

or
nb

le
nd

e-
bi

ot
it

e-
an

d
bi

ot
it

e-
be

ar
in

g
gr

an
it

e;
T

M
G

,T
w

o-
m

ic
a

gr
an

it
e;

A
G

,A
pl

it
e

gr
an

it
e.

T
he

w
ho

le
se

to
f

m
ic

ro
pr

ob
e

da
ta

is
av

ai
la

bl
e

up
on

re
qu

es
tt

o
th

e
co

rr
es

po
nd

in
g

au
th

or
.
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Table 3. New K/Ar ages of Mt. Bukulja granitoid rocks.

Dated 40Ar rad 40Ar rad K/Ar
Sample Rock type* K2O%

Fraction (%) (ccSTP/g) (Ma)

2170 TMG biotite 6.85 45.9 4.865 × 10−6 18.2± 0.8
2170/1 TMG muscovite 7.71 52.2 5.649 × 10−6 18.8± 0.8
2170/2 TMG feldspar 3.99 67 2.305 × 10−6 14.8± 0.6
4068 TMG biotite 6.95 55.9 4.744 × 10−6 17.4± 0.7

4068/1 TMG muscovite 5.38 71.6 3.656 × 10−6 17.4± 0.7
4068/2 TMG feldspar 2.63 53.5 1.845 × 10−6 18.9± 0.8
4067 BG biotite 5.91 82.8 6.625 × 10−6 28± 1.1
3938 AG muscovite 7.79 31.2 4.826 × 10−6 15.8± 0.8

*H-BG, Hornblende-biotite- and biotite-bearing granite; TMG, Two mica granite; AG, Aplite granite.

60 65 70 75 60 65 70 75 60 65 70 75

TiO2

MnO

2

4

6

8

Na O2 K O2

Al O2 3 FeOt

P O2 5

MgO CaO

Fig. 5. Selected major elements (wt.%) variation diagrams for Mt. Bukulja granitoid rocks. Symbols as in Fig. 2, and square with ‘×’ is for
sample BK114 considered to have evidence of biotite cumulus.

in Table 6. The Sr and Nd initial isotope ratios were cal-
culated for an age of 20 Ma. The chemical compositions
of three BLD and three samples of adjacent metamor-
phic rocks are given in order to constrain possible man-
tle/derived basic melts and local upper crustal characteris-
tics.

Details upon the analytical methods used in this paper are
given in the Appendix.

Major and trace elements

TMG samples span an overall silica range of 67.5–
72.8 wt.% with one exception (BK114; SiO2 =
64.65 wt.%). This sample contains, however, a very high
amount of modal biotite (∼24 vol.%) with Al2O3 and TiO2
contents similar to biotites from TMG samples (Table 2 and
Fig. 3), and it has anomalous contents of Rb (Table 4). All

these features may have resulted from cumulus of biotite.
H-BG whole-rock samples show slightly lower SiO2 con-
tents, ranging from 62 to 68 wt.%.

The two granitoid groups show negative trends for most
major oxides with increasing silica contents (Fig. 5). Na2O
displays a positive correlation trend in H-BG, and scatter-
ing in TMG, whereas CaO and K2O contents scatter for
both suites. In keeping with major element variations, most
trace element contents decrease with increasing SiO2 wt.%,
with some scattering evident mainly in TMG (Fig. 6). Sr
and Ba have a bell-shaped variation pattern in H-BG and
quite uniform contents in TMG. Rb and Pb have a uniform
pattern for the two groups of rocks. TMG samples show
larger scattering, which is especially evident for Cr, Th,
La and Ce concentrations. On primitive mantle-normalized
trace element diagrams (Fig. 7A and B) all the granitoid
groups show similar variations with negative anomalies at
Ba, Nb, Ta and Ti, as well as with a distinctive positive
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Table 5. Rare earth element and trace element contents for representative Bukulja granitoids, BLD, and MB rocks.

Sample Rock type* La Ce Nd Sm Eu Tb Yb Lu Th U Cs Hf Ta Cr Sc Co
BK128 H-BG 61 104 41 8.2 1.4 0.7 2.2 0.3 32 8.7 9 5.7 1.2 17 6.8 5
BK133 H-BG 40 76 30 6.4 1.4 0.8 2 0.2 22 6.7 10 5.2 1.1 11 5.1 4.1
BK121 H-BG 30 54 21 4.5 0.9 0.5 1.6 0.2 21 11 43 3.7 2.3 18 3.3 3
BK127 H-BG 45 78 28 5.1 1 0.5 0.9 0.1 22 9 23 4.9 1.1 22 3.7 3.6
BK111 TMG 21 36 15 3 0.6 0.3 0.7 0.1 9.5 1.9 7 3.3 0.7 4.9 2.7 2.3
BK107 TMG 34 59 25 4.9 0.7 0.3 0.7 0.1 18 3.5 23 4 1.4 10 1.9 1.6
BK124 TMG 33 61 20 4.4 0.7 0.5 0.8 0.1 19 11 17 3.6 0.9 15 2.3 1.9
BK112 TMG 24 45 15 3.1 0.6 0.3 0.8 0.1 13 3.3 13 3 1.2 13 2.3 1.7
BK115 TMG 21 36 14 3.1 0.5 0.3 0.8 0.1 12 2.6 25 3.2 2.2 15 2.9 2.3
BK119 TMG 17 36 15 3.1 0.6 0.4 0.8 0.1 11 2.9 12 2.6 0.9 14 1.9 1.5
BK116 TMG 33 59 24 4.1 0.5 0.4 0.5 0.1 20 3.4 19 3 1 10 1.4 1.1
BK105 TMG 32 59 26 5.2 0.5 0.4 0.7 0.1 23 7.5 23 3.2 1.5 13 1.4 1.4
BK130 TMG 19 33 16 2.9 0.5 0.4 0.7 0.1 11 2.6 18 2.6 1 4.8 2.1 1.4
AR99/2** BLD 29 60 32 6.5 2 0.7 1.6 0.2 15.9 6.1 10.3 4.5 - - 26 -
AR99/4** BLD 33 69 36 7.5 3.1 0.9 1.7 0.3 18.4 6.4 20.2 5.2 - - 28 -
BK134 MB 24 47 18 4.1 0.9 0.6 2 0.3 7.7 2.3 13 4.6 0.8 39 8.6 7.1
BK136 MB 40 78 32 6.9 1.3 0.9 3.1 0.5 15 3.8 8 5.8 1.2 64 13 7

* H-BG, Hornblende-biotite- and biotite-bearing granite; TMG, Two-mica granite: BLD, Bukulja lamprophyric dyke; MB, Metamorphic
basement.
** Data from Prelević et al. (2005).

spike at Pb. In comparison with the TMG, H-BG sam-
ples show slightly higher overall trace element concentra-
tions characterized by higher ΣREE, slightly lower extent
of REE fractionation, and a slightly lower negative Eu-
anomaly on chondrite-normalized REE diagrams (Fig. 7B).
Overall, Mt. Bukulja granitoid rocks have generally similar
trace element and REE patterns to Early/Middle Miocene
acid volcanics of the northern Pannonian Basin (Fig. 7).

Sr-Nd isotopes

The 143Nd/144Ndi vs. 87Sr/86Sri diagram is presented in
Fig. 8. The isotope ratios from the studied granitoid rocks
form a trend of increasing radiogenic strontium and de-
creasing radiogenic neodymium, and occupy a field be-
tween 0.7065 and 0.7137 for 87Sr/86Sri, and 0.51265 and
0.51230 for 143Nd/144Ndi. A generally similar Sr-Nd iso-
topic pattern is displayed by coeval (20–15 Ma) rhyo-
lite and rhyodacite volcanics from the Pannonian Basin
(Fig. 8, field 1). Furthermore, Sr-Nd isotope ratios of the
Mt. Bukulja granitoids overlap with the field of Tertiary
primitive minettes of Serbia (Fig. 8, field 2). This field ex-
tends further to more primitive isotopic compositions ap-
proaching the field of asthenospheric-derived East Serbian
alkaline basalts (Fig. 8, field 3). The trend of the most
evolved Mt. Bukulja rocks points towards the isotopic com-
position of the samples from the intruded metamorphic
basement (Fig. 8).

Discussion

Products of the Mt. Bukulja plutonism can be divided into
two main magmatic groups, H-BG and TMG, on the ba-
sis of their mineralogical assemblage and ASI: presence

of primary muscovite and ASI higher than 1 in TMG, the
opposite holds for H-BG. The two groups have also dif-
ferent degree of evolution and their relative percentage in
outcrops is about 95 % and 5 %, respectively. The contacts
between the rocks of the two groups are hidden by thick
soil cover, and the available age data are not conclusive re-
garding the sequence of emplacement of TMG and H-BG.

TMG and H-BG groups have many other differences.
TMG biotites show higher Al2O3 values in comparison to
biotites from H-BG rocks (Fig. 3B). Despite the low num-
ber of analysed samples, mainly for the H-BG group, the
Sr and Nd isotopic ratios in the TMG group can be consid-
ered much more variable than in the H-BG one (Table 6).
Petrographic characteristics of H-BG are consistent with
a genesis in which magma interaction processes played a
major role, as indicated by disequilibrium phenomena in
plagioclase (e.g. Hibbard, 1995; Pietranik et al., 2006). By
contrast, evidence of disequilibrium processes in minerals
is lacking in TMG. These rocks, in fact, display neither
macroscopic, such as the presence of microgranular en-
claves (e.g. Didier & Barbarin, 1991; Perugini et al., 2003),
nor microscopic evidence that may indicate magma mixing
processes.

In Fig. 9 the TMG samples show a distinctive positive
correlation between the 87Sr/86Sri values and Rb/Sr ratios
and K2O contents. By contrast, the H-BG rocks exhibit no
correlation between Sr isotope and Rb/Sr ratios as well
as between Sr isotope ratios and K2O contents. The pos-
itive correlation between 87Sr/86Sri and Rb/Sr shown by
the TMG samples cannot be explained by variable abun-
dances of initial 87Rb. The alignment cannot be consid-
ered an isochron because the calculated age (58 ± 18)
has no geochronological significance, and because MSWD
(Mean Square of Weighted Deviations) is greater than 5.5.
Thus, the TMG series has to be regarded as having been
affected by open system processes. In addition, the TMG
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Fig. 6. Selected trace element (ppm) variation diagrams for Mt. Bukulja granitoid rocks. La and Ce determined by XRF analyses. Symbols
as in Fig. 2 and 5.

have a similar range of 87Sr/86Sri as the Tertiary primitive
minettes of Serbia (Prelević et al., 2005), whereas the H-
BG group points to the isotopic composition of the Bukulja
lamprophyric dyke. The same holds for 143Nd/144Nd val-
ues, though with more scattering, implying a possible ge-
netic link between the H-BG and BLD. Above considera-
tions suggest that the TMG and H-BG groups derived from
different processes that will be discussed separately in the
following section.

Origin and evolution of H-BG

H-BG rocks exhibit a low variability (2 on the fourth dec-
imal) of initial Sr isotope ratios despite the variable Rb/Sr
and K2O contents. As a first approximation, a closed sys-
tem process can be supposed to explain the geochemical
variability within the H-BG rocks. To test such a hypoth-
esis we utilized the MELTS software (Ghiorso & Sack,
1995; Asimow & Ghiorso, 1998; Smith & Asimow, 2005)

to model a possible crystallization sequence of a lampro-
phyric melt having the BLD composition. The choice of
such parental magma is dictated by the composition of bi-
otites (Fig. 3) and by isotopic composition (Fig. 9). We
started the crystallization using the liquidus temperature
calculated by the software (ca. 1279 ◦C), varying the oxy-
gen fugacities and assuming pressures below 5.0 kbar as
suggested by the presence of olivine as phenocryst phase in
all the primitive minettes of Serbia (Prelević et al., 2005).
The composition of calculated residual liquids after frac-
tional crystallization does not approach compositions of
the H-BG rocks under any condition of oxygen buffer and
pressure below 5.0 kbar. This suggests that the H-BG rocks
could not have derived from a BLD-like magma by a closed
system process.

A hypothesis invoking evolution as an open system is
more plausible because: i) petrographic features suggestive
of magma mixing do exist in the H-BG rocks, and ii) H-BG
rocks have Sr isotopic composition approaching the field of
Serbian primitive minettes; in particular, 87Sr/86Sr values
are almost identical to those of BLD (Fig. 9).
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ian Basin (Harangi et al., 2001; Seghedi et al., 2004); 2. Ter-
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bia (Cvetković et al., 2004b; Prelević et al., 2005); 3. East Serbian
Palaeocene/Eocene mafic alkaline rocks (Cvetković et al., 2004b).
Symbols as in Fig. 2, plus greek cross for Bukulja lamprophyric
dyke, and pentagons for basement rocks (MB) outcropping in the
surrounding of the Bukulja pluton.

Interaction processes can be tested by a Mixing plus
Fractional Crystallization (MFC) model, with an analogous
mathematical formulation as used for the Assimilation

K O2 (wt%)
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3 3.5 4 4.5 5 5.5 6
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Serbian Tertiary basalts
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Mt.Bukulja (BLD)

87 86Sr/ Sri

Fig. 9. Diagrams of covariation between 87Sr/86Sri and Rb/Sr (A)
and K2O wt.% (B). Data for Serbian Tertiary basalts and BLD are
from: Prelević et al. (2005); Cvetković et al. (2004b). Symbols as in
Fig. 2.

plus Fractional Crystallization (AFC) process by De Paolo
(1981). The restricted member of samples from the H-
BG group, due to the small outcropping area, prevents a
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Fig. 10. Diagrams showing results of MFC modeling for H-BG
rocks. Two MFC lines are needed to encompass the variability of
composition of the rocks. Modelled bulk partition coefficients D for
Sr, Rb, and Ba are also given. Cross-parental end-member (Bukulja
lamprophyric dyke composition); solid square-average composition
of TMG samples plotting at the end of the 87Sr/86Sr vs. Rb/Sr trend
defined by the H-BG group in Fig. 9; tick marks are reported at 10%
intervals of crystal fractionation. Other symbols as in Fig. 2. For
further explanations see text.

complete modeling of the genesis and evolution of these
rocks. However, some aspects can be highlighted by test-
ing the hypothesis whether the H-BG rocks may have de-
rived by MFC processes between BLD and TMG. The av-
erage composition of the TMG samples plotting at the end
of the 87Sr/86Sr vs. Rb/Sr trend defined by the H-BG group
in Fig. 9 have been used as acid end-member. In the TMG
group there is no evidence of significant interaction be-
tween mafic and felsic magmas, and the outcropping of
mafic granitoids is very restricted in Mt. Bukulja. It seems
reasonable, hence, to use a limited batch of TMG as acid
end-member in the interaction process with BLD magma.
The results of the modeling are presented in Fig. 10. In
the models shown in Fig. 10A, two evolution lines are cal-
culated by varying the values of r (ratio rate of assimila-
tion over rate of crystallization) and DSr in the De Paolo
(1981) equations until a best fit is achieved encompassing
the observed variability. The best fit between the models
and natural data is achieved for a constant value of r = 0.5,
because with lower r values the required variability of iso-
topic ratios could not be obtained. Accordingly, the two
evolution lines represent the two extremes for a set of mod-
els with intermediate values for DS r . In Fig. 10B and C the
evolution lines for Rb and Ba were calculated by varying
the values of the bulk partition coefficients for the two ele-

ments, and keeping r and DSr values unchanged (Fig. 10A).
It is shown that the MFC modeling could be considered sat-
isfactory for explaining the evolution of the H-BG rocks.
Note that the Nd isotopic systematics does not change the
results, although more scatter is present.

It is noteworthy that the interaction processes had no deep
effects on the bulk of the Mt. Bukulja pluton. The plu-
ton is 95 % composed by two-mica granites which show
no evidence of magma interaction. A possible reason that
magma interaction processes were restricted to relatively
small parts of the pluton can be related to rheological differ-
ences between magmas, i.e. to strong thermal and rheolog-
ical contrasts between the mafic and felsic magmas. These
contrasts are particularly active during the first stages of the
interaction process when the mafic magma is supercooled
in contact with the felsic one and thereby forced to crys-
tallize. If the amount of mafic magma is not high the rheo-
logical behaviour is near solid, and fragmentation and dis-
persion of the mafic magma into the felsic one is very poor
(Sparks & Marshall, 1986; Poli et al., 1996). In such a way,
the evidence of interaction processes remains restricted to
the basic end-member, as in the Mt. Bukulja pluton (e.g.
Christofides et al., 2007).

Origin and evolution of TMG

A pure fractionation or variations in degrees of partial melt-
ing of a common source cannot be responsible for the ob-
served geochemical trends of TMG. This is ruled out be-
cause of variable Sr and Nd isotope ratios, which, in turn,
cannot be explained by variable 87Rb and 147Sm concen-
trations. It is more probable that the compositional patterns
were produced by open system processes like magma inter-
action or crustal contamination. As mentioned above, the
role of magma interaction is disfavored because the TMG
rocks lack field and petrographic evidence of physical in-
teraction of magmas of different compositions. This can be
also inferred from crosscutting trends displayed by H-BG
and TMG samples on some major and trace element vari-
ation diagrams (Fig. 5 and 6). Indeed, magma mixing pro-
cesses have played a role during the Tertiary magmatism
of the Balkan Peninsula (Prelević et al., 2004), but these
processes commonly result in hybrid magmas of metalu-
minous rather than peraluminous compositions as observed
in TMG.

Alternatively, the evolution of TMG rocks involving
crustal contamination processes seems more likely. We
tested whether the observed geochemical variations among
the TMG samples might have resulted from AFC pro-
cesses, by using the approach of De Paolo (1981). The
average composition of the two least evolved TMG sam-
ples (BK111 and BK115) has been taken as the parental
magma composition, while sample BK136 of the meta-
morphic basement has been adopted as a possible contam-
inant. The results of the modeling are presented in Figs. 11
and 12. In the models in Fig. 11, two evolution lines are
calculated by varying the values of r, DSr and DNd in the
De Paolo (1981) equations until a best fit is achieved en-
compassing the observed variability. The best fit between
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Fig. 11. 87Sr/86Sri vs. Sr (ppm) (A) and 143Nd/144Ndi vs. Nd (ppm) (B) showing the two AFC models needed to encompass the variability
of composition of the TMG rocks. Modelled bulk partition coefficients D for Sr and Nd are also given. Solid star – parental end-member
(average composition of most primitive TMG rocks); solid pentagon – acid end-member (BK136 belonging to MB); tick marks are reported
at 10 % intervals of crystal fractionation. Other symbols as in Fig. 2.

the modeled and natural data is achieved for a constant
value of r = 0.5, because lower r values could not re-
produce the required variability of isotopic ratios. The two
evolution lines bound a set of models with intermediate
values for DSr and DNd. They are labeled M1 and M2 to
denote the models with lower and higher bulk partition
coefficients, respectively. In Fig. 12 M1 and M2 evolu-
tion lines were calculated by varying the values of bulk
partition coefficients for different elements, and keeping r
and DSr constant to the values reported in Fig. 11. The re-
sults show that the AFC modeling could be considered ro-
bust for explaining evolution of the TMG rocks. In order
to better constrain the model, the percentage of minerals
in the fractionating assemblage has been calculated start-
ing from the modeled bulk partition coefficients and us-
ing partition coefficients from the literature (GERM data
set, http://earthref.org/GERM/main.htm; De Albuquerque,
1975, Icenhower & London, 1995, Konings et al., 1988 for
muscovite). A linear programming minimizing the sum of
squares of residuals (SSR; e.g. Wright & Doherty, 1970)
has been used. Calculated fractionating assemblages are
similar for the two models M1 and M2, and are dominated,
in average, by quartz (∼60 %), plagioclase (∼15 %), K-
feldspar (∼7 %) and biotite (∼7 %). Muscovite is not re-
ported as a fractionating mineral because the amount of
such a phase calculated by the least-squares modeling is
very low for both M1 and M2 models. Because available
partition coefficients for muscovite are sparse, this result
could be taken as a first approximation, even if we must
take into account that muscovite can fractionate in viscous
magmas with great difficulty. In addition, the presence of
different amounts of accessory minerals as titanite, apatite
and zircon is necessary for elements such as Nd, La, Zr, and
Y (apatite 1 and 1.5 %, titanite 0.6 and 0, zircon 0.1 and
0.07 for models M1 and M2, respectively). The involve-
ment of such a major and accessory mineral assemblage in
the AFC modeling agrees with the observed petrographic
features of the TMG rocks. A fractionating mineral asso-
ciation containing substantial amounts of feldspars is also

inferred by an increase of negative europium anomaly with
decreasing of Sr concentrations (Tables 4 and 5).

However, for some elements, such as Y, Zr, REE, and Nb
(not shown) data points display some scattering (Fig. 11
and 12), whereas in some cases the AFC model is unable
to fit the sample variability. As stated above, Nb, Y, Zr
and REE are mainly hosted in accessory minerals which
are typically very inhomogeneously distributed in evolved
rocks, such as TMG. Even small variations in absolute
abundances of these minerals can cause a large variability
of concentrations of the above mentioned elements. There-
fore, we suggest that the scattering in the graphs and the
inability of the AFC model to reproduce the variations of
some elements is mainly due to the inhomogeneous distri-
bution of accessory minerals in the TMG samples.

The AG rocks show very evolved character having
SiO2 > 73 % and most major elements < 1 %, a very high
Rb/Sr ratio, and high Nb abundances indicating that they
are the result of extreme degrees of fractionation starting
from TMG magmas (e.g. Poli, 1992).

Quite high ratios of assimilated to crystallized mass (ρ =
20–50 %; Aitcheson & Forrest, 1994) suggest that substan-
tial crustal amounts are required for the evolution of TMG.
This implies that the assimilation probably involved bulk
partial melting of the surrounding rocks. Similar crustal
proportions were suggested by Harangi et al. (2001) for
the petrogenesis of Middle Miocene garnet-bearing acidic
rocks of the northern Pannonian Basin, that have Sr-Nd iso-
topic pattern similar to those of the TMG rocks (Fig. 8).

Taking into account the above presented evolutionary
model we now attempt to address the origin of the least
evolved TMG samples (BK111 and BK115), which were
used as end-members in the AFC model. These sam-
ples could derive either by evolution processes from less
evolved magmas or by crustal anatexis.

TMG primitive magmas could derive by evolution pro-
cesses similar to those leading to the H-BG rocks. This hy-
pothesis seems unlikely because, as discussed above, the
H-BG rocks of the Mt. Bukulja pluton have compositions

http://earthref.org/GERM/main.htm
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Fig. 13. ASI/10–10*CaO–5*K2 O molar (A) and ASI–CaO/K2O–20*(MgO/SiO2) (molar) (B) triangular diagrams displaying the composi-
tion of the most primitive TMG compared with experimental data of melt compositions from different crustal protoliths. Data are as follows
for the various sources: greywackes and pelites (Montel & Vielzeuf, 1997; Patino Douce & Beard, 1996; Gardien et al., 1995; MacRae &
Nesbitt, 1980; Carrington & Watt, 1995; Pickering & Johnston, 1998); gneisses (Patino Douce, 1997; Beard et al., 1994; Gardien et al.,
1995); amphibolites (Beard & Lofgren, 1991; Rushmer, 1991; Johannes & Holtz, 1996; Wolf & Wyllie, 1994); basalts (Rapp, 1995; Rapp
& Watson, 1995). In average, the degree of melting varies from minimum melts to ca. 20 %.

that mainly plot off the evolution line shown by the TMG
samples (Fig. 9). A further hypothesis is that TMG prim-
itive magmas could derive by simple fractional crystal-
lization processes starting from parental magma similar
to BLD, which is the only basic material present in the
area. However, the composition of residual liquids after
fractional crystallization calculated using MELTS software
does not approach the compositions of the TMG rocks un-
der any condition of oxygen buffer and pressures. In addi-
tion, modeling using trace elements shows that the process
would require very high degrees of fractionation, higher
than 80 %, which is consistent with the very low contents
of compatible elements, but inconsistent with the not ex-
tremely depleted nature of the least evolved TMG samples
(e.g. CaO > 3 %).

Fractional Crystallization coupled with crustal assimila-
tion (AFC) processes starting from BLD could account for
the ASI composition of TMG primitive magmas, assuming
a crustal contaminant high in ASI. However modellization
shows that to derive SiO2 contents ∼70 wt.% and very low
compatible elements (Table 4) would require huge propor-
tions of crustal material and this, in turn, would not match
the observed relatively low Sr isotope ratios (∼0.7065 and
∼0.7077). On the other hand TMG primitive magmas can-
not derive by AFC processes starting from H-BG group
rocks because of different evolution lines shown by H-BG
and TMG group (Fig. 9).

Although the above lines of reasoning suffer from dif-
ficulties inherent to the restricted geochemical composi-
tions of so evolved samples, which do not permit the use
of more detailed models, we assume that the composition
of the least evolved TMG samples (BK111 and BK115)
can be regarded as close in composition to primitive melts
derived by crustal melting. To examine such a hypothe-
sis these samples are plotted in the ternary graphs shown
in Fig. 13 along with data of melt compositions obtained
by melting experiments of crustal protoliths. The graph

shows that the composition of the TMG samples over-
laps with those of melts derived from metabasalts and am-
phibolites and departs from those of melts produced by
melting of greywackes and pelites. This implies that rocks
of intermediate-basaltic compositions (amphibolites and
basalts), probably situated in middle-lower crustal levels,
may serve as suitable candidates for a possible source for
the least evolved TMG magma. Two observations corrobo-
rate this hypothesis: i) despite the occurrence of muscovite,
the values of alumina-saturation index for these rocks (ca.
1) are below those of typical peraluminous magmas de-
rived by partial melting of upper crustal sources (Sylvester,
1998), and ii) the relatively low isotopic values indicate
melting of a young crust and this could be suitably rep-
resented by a lower crustal intermediate-basaltic lithology
like basalts and amphibolites, rather than a metasedimen-
tary source. This can indicate that the TMG primary mag-
mas probably originated by melting of previous basaltic
underplatings within the local lower crust. In Fig. 9 stron-
tium isotopic compositions of the least evolved TMG sam-
ples plot close to the lower end of the Sr-isotopic range
for Serbian Tertiary basalts (Cvetković et al., 2004b). The
behavior of the Nd isotopic composition is similar. Accord-
ingly, melting of a basaltic rock similar in composition to
the Serbian Tertiary basalts can produce acid/intermediate
metaluminous to slightly peraluminous melts which would
have a Sr and Nd isotope signature similar to that observed
in the least evolved TMG rocks.

Summary and conclusions

The Miocene pluton of Mt. Bukulja is predominantly
composed of two-mica granite with small amount of
more mafic lithologies. The emplacement of the granitic
magma occurred between 20 Ma and 17 Ma. The avail-
able petrological and geochemical data suggest that the
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most primitive two-mica granite originated by partial melt-
ing of mantle-derived mafic rocks in an intermediate-
lower crust, compositionally similar to the Serbian Ter-
tiary basalts. Such anatectic melts evolved through AFC
processes which have been modeled through trace element
contents and Sr-Nd isotope ratios. The model suggests a
high crustal contribution (20 to 50 %). Owing to the re-
stricted sample collection of the H-BG group only some
hypotheses have been outlined for the origin and evolution
of these rocks. They might have been produced by magma
interaction processes in which the basic end member was
similar in composition to the lamprophyric dyke found near
the Mt. Bukulja pluton, whereas the felsic end-member was
a restricted batch of the TMG magma.

The petrologic characteristics and the geographic posi-
tion of the Mt. Bukulja pluton suggest that it can be geo-
tectonically related to the Pannonian extension, in contrast
to other granitoids of the Dinarides that are predominantly
Oligocene in age and metaluminous in composition. If
granitoid magmatism of Mt. Bukulja originated in response
to the tectonic evolution of the Pannonian Basin, then it
should be a possible counterpart of the 21–16 Ma acid
calc-alkaline volcanism of the northern Pannonian Basin.
This volcanism produced widespread ignimbritic sheets of
rhyolitic composition as well as garnet-bearing rhyodacites
and andesites, presently occurring in north Hungary (Poka
et al., 1998; Harangi, 2001; Harangi et al., 2001). Evidence
suggesting a link between the Mt. Bukulja granite and acid
volcanics in north Hungary are several: (1) TMG and north
Hungary volcanic rocks have the same age which coincides
with the period of counterclockwise rotation of the Alcapa
block (Márton, 1987) and with the initiation of a 200 km
back-arc extension at the southern border of the Central
Western Carpathians (Frisch et al., 2000); (2) the compared
rocks show a very similar Sr-Nd isotope signature and trace
element patterns (Fig. 7 and 8); (3) the crustal component
has been found to play a significant role in the evolution
of both Mt. Bukulja granite and north Hungary volcanics;
(4) the Mt. Bukulja granitoid intrudes Paleozoic rocks of
the Jadar block terrane, whereas the north Hungary vol-
canics overlay metamorphic rocks of the Mt. Bükk unit,
and both units are interpreted as tectonic blocks with the
same pre-Tertiary tectonostratigraphic history (Protić et al.,
2000). Point three is particularly striking because accen-
tuated contribution of crustal sources requires a very high
heat flow which can be related to updoming of hot mantle
material beneath the Pannonian Basin. This is also inferred
from recent heat flow estimates of around 100 mW/m2 and
determinations of lithospheric thickness of around 60 km
(Adam & Wesztergom, 2001).

Therefore, we conclude that the Mt. Bukulja TMG and
Early/Middle Miocene acid volcanic rocks of the northern
part of the Pannonian Basin may have been related to a
common tectonomagmatic phase and most probably they
originated during the initial phase of the Pannonian exten-
sion.
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Appendix – Analytical techniques

Modal analyses were performed using a classical point
counting method, using a Swift-pointcounter making be-
tween 1500 and 2500 points for each thin section.

Mineral analyses were performed by Energy Dispersive
Spectrometry at the University of Thessaloniki (Greece)
using a LINK-EDS microanalyser attached to a Jeol JSM-
840 Scanning Electron Microscope. The operating con-
ditions were: 15 kV accelerating potential, 3 nA beam
current, beam 1 µm2, 80 s counting time. A ZAF-4/FLS
software was used for corrections and natural minerals and
pure metals were used as standards. Standardized quantifi-
cation accuracy is mostly better than ±0.5 %.

Age analyses were performed in the K/Ar Laboratory of
the Institute of Nuclear Research of Hungarian Academy of
Sciences (ATOMKI) (Debrecen, Hungary). Samples were
crushed and then a split of the crushed rocks was se-
lected and pulverized for potassium determination. Ap-
proximately 500 mg of each sample was used for Ar
analyses. The samples were degassed by high-frequency
induction heating, and the conventional getter materials
were used for cleaning Ar. The 38Ar spike was introduced
to the system from a gas pipette before degassing. The
cleaned Ar was directly introduced into the mass spectrom-
eter, operated in the static mode. Recording and evolution
of Ar spectra was controlled by a microcomputer. Approx-
imately 100 mg of the pulverized material was digested
in HF with the addition of some sulphuric and perchlo-
ric acids. The digested samples were dissolved in 100 ml
0.25 mol/1 HCl and diluted fivefold. Na and Li (100 ppm)
were added as buffer and internal standard. K concentra-
tion was measured with a digitalized flame photometer. The
interlaboratory standards HD-B1, GL-O, LP-6 and Asia
1/65 were used for calibration. Details of the instruments,
applied methods and results of calibration have been de-
scribed by Balogh (1985).

Major and trace element analyses were performed on
crushed samples starting from ca. 5 kg of material. Ma-
jor elements (exclusive of FeO, MgO and LOI determined
by wet chemical analyses) were analyzed by X-ray fluores-
cence spectrometry (XRF) with full matrix correction after
Franzini & Leoni (1972); Cr, V, Ni, Co, Ga, Rb, Sr, Y, Zr,
Nb, Ba, La, Ce, Pb, and Th by XRF after Kaye (1965). Pre-
cision is better than 15 % for V, Ni, better than 10 % for Co,
Cr, Y, Zr, Ba, and better than 5 % for all other elements. U,
Sc, Cs, Hf, Ta, Cr, Co and REE have been determined at
the Department of Earth Sciences, University of Western
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Ontario, by instrumental neutron activation analysis after
Gibson & Jagam (1980). Precision is better than 10 % for
most elements, except for Nd and Cs which is about 15 %.
The accuracy has been tested on international standards and
is better than 10 %.

Isotope analyses were performed at the Atlantic Universi-
ties Radiogenic Isotope Facility (Canada) with a Finnigan
MAT 262V TI. Replicate analyses of NBS RSM 987 and
La Jolla standards allowed to estimate an external repro-
ducibility better than 2 × 10−5. Uncertainties in measured
and initial isotopic ratios represent ± 2� run precision and
±2� error propagation, respectively.
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Dimitrijević, M. N., Filipović, I. (1994): Terranes between the
Adriatic and the Carpatho-Balkan arc. Bulletin CVIII de l’Acad.
Serbe des Sciences et des Arts, Classe des Sciences naturelles et
mathematiques, 35, 47-68.

Kaye, M.J. (1965): X-ray fluorescence determinations of sev-
eral trace elements in some standard geochemical samples.
Geochim.Cosmochim. Acta, 29, 139-142.
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(2005): Tertiary Ultarpotassic Volcanism in Serbia: Constraints
on Petrogenesis and Mantle Source Characteristics. J. Petrol.,
46, 1443-1487.

Protić, Lj., Filipović, I., Pelikan, P., Jovanović, D., Kovacs, S.,
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