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ABSTRACT 

The Variscan Brnjica granitoids in East Serbia, occurring in the Kucaj Terrane of the Carpatho-
Balkanides, are composed of hornblende – biotite tonalite (TON), biotite granodiorite (GRD), two-
mica granite (TMG) and leucogranite (LG). The rocks analyzed are slightly peraluminous. A pre-
plate collision tectonic environment is supported based on the R1-R2 discrimination diagram. A 
two-step mixing plus fractional crystallization (MFC) process is considered responsible for the evo-
lution of the Brnjica granitoids. In the 1st step, the parental magma (having the composition of the 
more basic TON) is forming the mineral assemblage Pl59.6Bi10.3Hb10.7Mt0.7Tit1.0Qz17.7 by 44% crys-
tallization, and at the same time is mixed (r=0.1) with a magma similar to TMG to give a melt similar 
to the composition of the less evolved GRD. In the 2nd step, 60% crystallization 
(Pl39.0Kf1.0Bi25.0Zr0.6Ap1.8Mt1.4Tit1.0Qz30.3) of the less evolved GRD and a simultaneous mixing with 
the same acid magma (TMG) but with higher r (0.6) is needed for the genesis of GRD group. The 
TON could originate in the crust by melting of amphibolites and basalts under various P-T condi-
tions while the granites could be crustal melts produced by melting of amphibolites, gneisses, 
graywackes and pelites. Pressure of 2.3 to 4.1 kb and temperatures from 626 to 813 oC were calcu-
lated for TON, using hornblende and co-existing hornblende and plagioclase compositions respec-
tively. 

1 INTRODUCTION 

The Variscan granitoids of East Serbia within the Carpathian-Balkan arc (Fig. 1), form a NNW-
SSE elongated zone of about 200 km in length (Fig. 2) that starts from Danube to the north and ex-
tends up to the southern slopes of Mt. Stara Planina, at the Yugoslavian-Bulgarian border. The 
zone comprises eight, relatively large, granitoid plutons (Brnjica, Neresnica, Gornjane, Plavna, 
Ravno Bucje, Suvodol, Radicevo, Janja), and more than ten small intrusive bodies (Fig. 2). A num-
ber of authors assigned the granitoids to the synorogenic sialic magmatism (Petkovic 1960, Pav-
lovic et al. 1963, Deleon et al. 1962, Divljan & Divljan 1967). Although the East Serbia granitoids 
were studied by numerous researchers many features concerning magma origin, age, tectonic set-
ting etc. are still unresolved. The age of the plutonites, according to K-Ar, Rb-Sr and U-Pb radio-
chronological data ranges between 290-310 Ma. 

Geotectonicaly the area belongs to the Composite Terrane of the Carpatho-Balkanides (CBCT), 
comprising five terranes: Vrska Cuka-Miroc (VCMT), Stara Planina-Porec (SPPT), Kucaj (KT), Ho-
molje (HT), and Ranovac-Vlasina-Osogovo (RVOT) (Karamata & Krstic 1996; Fig. 2). Among them 
the VCMT, SPPT and KT terranes are the most important regarding the Variscan granite magma-
tism (Fig. 1 and 2).  

According to existing structural and petrological data it is accepted that the origin and intrusion 
of the Eastern Serbia granitoids and the formation of the East Serbian CBCT were related to the 
closure of oceanic regions (Karamata & Krstic 1996). Reported U/Pb, Rb/Sr and K/Ar ages of gran-
ites in the Carpathian-Balkan arc range from 259 to 342 Ma (Deleon et al. 1962).  
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Regarding the Brnjica granitoids (272-259 Ma – Rb/Sr, Deleon et al. 1962) they intruded mainly 
discordantly the Ripheo-Cambrian metavolcano-sedimentary rocks (Simic 1962). The same author 
distinguished leucocratic granites (the oldest phase), porphyritic granites, often followed by dykes of 
aplitic granites and quartz veins (the second phase) and granodiorites (sensu lato), followed by an 
additional younger dyke phase of fine- to medium-grained granites (the third magmatic phase).  

In this paper new mineralogical, petrological and geochemical data are presented and an at-
tempt is made to investigate the origin and evolution of the Brnjica Granitoids (BG), located in the 
Danube Gorges (Fig. 2), by using major and trace element numerical modelling. 

 

2 GEOLOGY AND TECTONIC SETTING 

The Brnjica granitoids occur in the KT (Krstic & Karamata 1992, Fig. 2), the oldest rocks of 
which are the Proterozoic Osanica metamorphic rocks, followed by the late Proterozoic to early 
Cambrian “Green Complex” (Fig. 3). During the Variscan magmatism the Brnjica pluton intruded the 
above formations, as a late- to post-kinematic intrusion, causing a medium grade thermal meta-
morphism (Karamata & Krstic 1996, Vaskovic & Matovic 1997 and references therein). 

The KT is characterized by a complex geological evolution. Its western and eastern boundary is 
an Alpine eastward thrust. It is composed of the Proterozoic Osanica medium- to high-grade meta-
morphics, and Late-Proterozoic to Early-Cambrian low-grade metamorphic rocks. From the Upper 
Ordovician to the Lower Carboniferous, on the crystalline basement, fossiliferous terrigenous sedi-

 
 

 
Figure 1.  Terranes of East Serbia (after 
Karamata & Krstic 1996). See explanation in 
text. 

Figure 2. Distribution of Variscan Granitoids in East Serbia. 
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ments of the Caledonian-Variscan cycle were deposited in different environments (shallow-marine 
and deep sea). Small gabbro, diabase and plagiogranite bodies intruded these sediments. They are 
assumed as intrusions into fracture zones at the margins of an ocean region. The marine regime 
lasted until the end of the Visean stage, and then, after docking of the KT to the SPPT, the Variscan 
plutonism took place – the time when the Brnjica granitoids intruded the basement rocks. The Post-
Variscan sequences comprise terrigenous sediments of Carboniferous and Permian age. Marine 
ingression at the beginning of the Lower Triassic initiated the Mesozoic Alpine sedimentary cycle. In 
some depressions and rifting zones along the reactivated terrane boundaries, flysh was deposited, 
and in the Upper Cretaceous, volcanic and volcano-sedimentary deposits were formed. 

 

 

Figure 3. Simplified geological map of 
the Brnjica granitoids and surrounding 
area. 1. Gneiss and mica schist 
(Lower to Middle Proterozoic); 1a. 
Quartzite 2. Gneiss-granite; 3. Amphi-
bolite (Upper Proterozoic); 4. Green-
schist; 5. Tonalite and Granodiorite; 6. 
Biotite Granodiorite and Granite; 6a. 
Aplite; 7. Two-mica granite; 8. Contact 
metamorphosed mica schist and 
gneiss; 9. Leucogranite, aplite, pegma-
tite; 10. Limestone; 11. Marly lime-
stone, dolomite and marl; 12. Marly 
limestone, marl; 13. Conglomerate, 
sandstone, sometimes glauconitic and 
claystone; 14. Conglomerate, sand-
stone and sandy claystone, marl 
(Neogen-Miocen); 15. Thrust;  - Lo-
cation of samples analyzed in this 
study. 
 

3 PETROGRAPHY 

The Brnjica granitoid pluton has an exposed area of ca. 27 km2 intruding Proterozoic medium- 
to high-grade gneisses (subordinate mica schist and amphibolite) and Ripheo-Cambrian meta-
volcano-sedimentary series (Fig. 3) with a variety of green rocks (Kalenic et al. 1980). It comprises 
(±hornblende)-biotite tonalite (TON), (±muscovite)-biotite granodiorite (GRD), two-mica granite 
(TMG), and leucogranite (LG) (Fig. 4).  

TON builds the main mass of the pluton (Fig. 3). At a few places, close to the contact zone with 
schists, on the east side and within the roof zone, inhomogeneities resembling mingling and mixing 
of tonalitic and granitic, mostly leucocratic, material were observed. Furthermore, in this area a lot 
of contact metamorphosed xenoliths of basement rocks and rare dark grey igneous enclaves of 
granodiorite and diorite to quartz diorite composition were also noted. Locally, gradual transitions 
from tonalite to granodiorite or granite with coarse megacrysts of K-feldspar (1-2.5 cm long) exist. 
The cryptic transition to granodiorite composition was also petrographically noted. The main to-
nalitic mass is crosscut by younger dykes of two-mica granites of 10 to 500 m thick (Fig. 3) or thin 
pegmatite and aplite dykes (10 cm to 1 m thick). Typical mineralogy is, plagioclase, quartz, K-
feldspar, biotite, hornblende and apatite, zircon, xenotime and monazite as accessories. Sericite 
and chlorite are also present, in small quantity, as secondary minerals. 

GRD occupies an area of about 1 km2 in the northwestern part of the main mass (Fig. 3). In 
places, transitions to granite are found. It is composed of coarse-grained rocks with large, mostly 
euhedral K-feldspar megacrysts, plagioclase and quartz. Biotite is the only ferromagnesian mineral. 
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Late and/or subsolidus muscovite is also present in small quantities although some grains have fea-
tures of primary muscovite. Accessory is apatite, zircon, monazite and magnetite. 

TMG occurs in the form of dykes of 10 to 500 m thick, intruding the TON and GRD (Fig. 3). 
Generally, TMG is represented by medium- to coarse-grained rocks. TMG rocks are also found in 
the area close to the eastern contact zone of the mass with the crystalline schist (Fig. 3). At a few 
places, mixing of leucogranitic and tonalitic material was observed. Typical mineralogy is K-
feldspar, plagioclase, quartz, biotite and muscovite with small amounts of accessory apatite, zircon 
and monazite and secondary sericite and chlorite. 

LG appears as thin elongated bodies at the 
eastern margin of the pluton, intruding concordantly 
gneisses (Fig. 3). The rocks are composed of K-
feldspar, plagioclase, quartz and muscovite. Apa-
tite, zircon, monazite, magmatic epidote, allanite, ti-
tanite and opaques, mostly magnetite, occur as ac-
cessories. 

4 MINERALOGY 

Amphibole (1.5 – 5.6 vol. %) occurs as sub-
hedral to euhedral crystals up to 0.5-1.25 mm long. 
Microprobe analyses show that amphiboles from 
the marginal part of the main pluton mass are mag-
nesio-hornblende. Weak zoning within individual 
grains is reflected by enrichment of Ti in the core 
and fluctuation of Si and AlIV between core and rim, 

marked by decrease of Al and increase of Si in the middle or vice versa. Based on Schmidt’s (1992) 
Al-in-hornblende geobarometer and Holland & Blundy’s (1994) geothermometer, pressure of 2.3 to 
4.1 kb and temperatures up to 813 oC were calculated for the TON.  

Biotite (6.5-15.5 vol.%) occurs interstitially to feldspar and quartz usually making fine- to me-
dium-grained oval or elongated segregations up to 1 cm across, sometimes associated with few 
grains of amphibole. Apatite, zircon, opaques (mostly magnetite), and idiomorphic crystals of ti-
tanite appear as inclusions in biotite. Individual flakes are up to 0.5-3 mm long. In the TON, devel-
oped in the roof zone and close to the contact zone, biotite is the main ferromagnesian phase as 
well as in GRD and TMG. In porphyritic amphibole-bearing TON it occurs as fine-grained late-stage 
groundmass mineral up to 0.25 mm, usually forming elongated, occasionally foliated segregations, 
and as phenocrysts up to 1.5 mm long. Biotite from TMG (2-8 vol.%) is dark yellow to reddish 
brown, euhedral to subhedral up to 0.1-0.6 mm or 1- 2 mm long. The analyzed biotites classify as 
Fe-biotites. XMg ranges from 0.41 to 0.50. On the discrimination diagrams after Abdel-Rahmann 
(1994) plot in the calc-alkaline field (Fig. 5). 

Muscovite (~ 1-5 vol. % ) occurs as primary idiomorphic or secondary flakes, commonly 0.15 to 
0.6 mm long and rarely up to 1.25 mm, emplaced between feldspar or intergrown with biotite in 
TMG, GDR and LG. Sometimes it forms fine-grained elongated segregations. According to their 
chemical composition some grains are TiO2-rich (1.96–3.27 wt.%). The analysed white micas have 
fengitic composition slightly approaching the muscovite end-member. The fengite component 
ranges from 4 to 18 %. XMg ranges from 0.32 to 0.62. The mean composition of muscovite suggests 
that biotites with high Al content coexist with muscovite close to the ideal composition. 

Quartz (TON and GDR, 21-26 vol. %, LG, 23-29 vol. %) is xenomorphic, commonly weakly de-
formed and undulatory. It mostly occurs as interstitial elongated grains up to 0.1-2 mm long. 

Plagioclase occurs in all rock-types (50-55 vol.% in TON, 25-35 vol.% in GRD, 22-33 vol.% in 
TMG and 15-24 vol.% in LG). It forms euhedral to subhedral prismatic crystals, which sometimes 
enclose tiny flakes of biotite, apatite, zircon and rarely monazite. In GRD and TMG plagioclase is 
often normally zoned with GRD having higher An% differences between rim (19-28 An%) and core 
(24-38 An%) than TMG (rim, 24-30 An %; core, 26-31 An%). TON plagioclases show normal and 
oscillatory zoning either normal (core, 28-32 An%; intermediate, 30-38 An%; rim, 21-35 An%) or re-
verse (core, 30 An %; intermediate, 29 An%; rim, 34 An%). 

 
Figure 4. Classification of the analyzed samples 
of the Brnjica granitoids on the Q-ANOR diagram 
of Streckeisen & Le Maitre (1979). 3 – granite; 4 
– granodiorite; 5a - tonalite. 
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Figure 5. Plot of the biotites from the Brnjica granitoids on the Abdel-Rahman (1994) discrimination diagrams. 

 
K-feldspar is the main constituent in GRD (30-43 vol.%), TMG (35-45 vol.%) and LG (42-56 vol. 

%), while in TON is present in small quantities (1.5 to 5.5 vol.%), although in rocks having only bio-
tite as the ferromagnesian mineral is higher. It is mostly microcline perthite. Large grains enclose 
plagioclase and biotite. Its mean composition ranges from Or95Ab5 in TON to Or91Ab8 in LG. Ba 
content decreases in K-feldspar from TON (0.91-1.78 wt.%) to LG (0.40 wt.%). 

5 GEOCHEMISTRY 

The chemical composition of the analyzed rocks of Brnjica pluton is shown in table 1 while se-
lected major and trace element variation diagrams are depicted in figure 6. SiO2 in TON and GRD 
ranges from 64.2 to 68.2 wt.% and from 68.9 to 72.5 wt.% respectively, in TMG is 73.8 wt.% and in 
LG ranges from 75.7 to 75.9 wt.%. In TON and GRD, TiO2, Al2O3, Fe2O3t, MgO and CaO, decrease 
with differentiation forming well-correlated trends. Alkalies and P2O5 are rather scattered in TON. In 
GRD Na2O decreases and K2O increases. In TMG and LG most of the elements (e.g. TiO2, Fe2O3t, 
MgO, CaO, Na2O) follow the general trend of GRD. In the K2O diagram the TMG sample and one 
LG sample follow the increasing trend of GRD. TMG and LG have low P2O5 contents. All samples 
analyzed are slightly peraluminous (A/CNK=0.99-1.25), which is in contrast to the TON and GRD 
biotite chemistry, straddling the boundary between calc-alkaline and peraluminous fields (Fig. 5).   

Regarding trace elements, V, Sc, Ga, Zn, Sr and Zr decrease with differentiation in TON and 
GRD, while Cu, Co and Y are scatter. Ba, Rb and Nb are rather scatter in TON while in GRD the 
first two elements increase and Nb decreases. TMG generally follows the GRD trend while LG 
forms crosscutting trends with the latter. 

Based on the R1-R2 diagram of Batchelor & Bowden (1985) most of the Brnjica samples, par-
ticularly the TON and GRD ones, plot in field 2 of pre-plate collision granites (VAG) (Fig. 7). The 
most evolved GRD, the TMG and one LG sample plot in field 6 representing the syn-collision 
anatectic granites. It must be stressed here that the overlap around this field is predictable, since all 
granitoids evolve towards minimum melting compositions. 

6 DISCUSSION 

The Brnjica intrusion is a composite pluton consisting mainly of TON and GRD with subordinate 
TMG and LG. Biotite composition is more or less the same in TON and GRD with slightly decreas-
ing Mg# from the first to the latter. This decrease can be explained as the result of a differentiation 
process in which fractional crystallization is involved. On the other hand oscillatory zoning of plagio-
clase may imply an open system process in which mixing or assimilation is involved. The Harker 
diagrams (Fig. 6) show continuous evolutionary trends from the TON to the GRD having no compo-
sitional gaps. Moreover, there are no sub-parallel or crosscutting trends, and no compositional 
overlaps between these two rock-types. Slight changes of the trends for some oxides and trace 
elements exist at around 68% SiO2. These observations suggest a possible genetic relation be-
tween TON and GRD. The changes of the oxide trends could be simply the result of the crystalliz-
ing solid change although a more complicated process cannot be excluded. Similarly, a change in 
the trend is obvious at around 40 ppm of V (Fig. 8). So, a continuous trend (one step process) can-
not explain the trace element data for TON+GRD evolution. The granites (TMG, LG) follow in gen-
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eral the trend of the GRD but no definite conclusions can be drawn, regarding their genetic relation-
ships with them. The presence of some mixing-mingling phenomena in the field supports the idea of 
an MFC two-step process to explain the TON+GRD evolution. The main idea is that the more basic 
magma of TON is mixed with an acid one and at the same time is differentiated through fractional 
crystallization up to the composition of the less evolved GRD (1st step). After that this evolved 
magma is differentiated by MFC to reach the composition of the more acid GRD samples (2nd 
step). 

The average composition of BRJ208 and BRJ226 has been used as the parental magma com-
position; the composition of BRJ211D has been used as the evolved magma while sample BRJ101 
as the assimilant. It is considered that the composition of the latter approaches a crust-derived 
magma. The relatively high difference in SiO2 between parental and assimilant magma, the pres-
ence of mingling phenomena (the two magmas cannot be mixed), and the absence of high correla-
tion coefficients between the trace elements of TON, require the consideration of a small r-value. 

 
Table 1. Major (wt%) and trace (ppm) element chemical analyses of the Brnjica granitoids 

Sample 
BRJ 
208 

BRJ 
226 

BRJ
228

BRJ 
218 

BRJ 
209 

BRJ 
227 

BRJ
223D

BRJ
223L

BRJ
211D

BRJ
100

BRJ
215

BRJ
211L

BRJ
200

BRJ
212

BRJ 
231 

BRJ 
101 

BRJ 
214L 

BRJ
224

Rock-

type TON GRD TMG LG 

SiO2 64.23 67.19 67.20 67.40 67.42 67.70 68.18 68.21 68.89 69.16 69.98 70.70 71.92 72.32 72.53 73.77 75.72 75.92

TiO2 0.87 0.67 0.62 0.52 0.73 0.58 0.65 0.62 0.45 0.37 0.42 0.44 0.41 0.41 0.26 0.15 0.24 0.08
Al2O3 16.81 15.96 16.00 16.13 16.31 15.62 15.52 16.09 15.02 15.53 15.23 14.83 14.60 14.07 14.67 15.08 13.04 14.31
Fe2O3t 4.61 3.92 3.75 3.94 3.64 4.01 3.71 3.46 3.42 3.06 3.07 3.11 2.63 2.84 2.39 1.10 1.85 0.40

MnO 0.07 0.06 0.06 0.06 0.04 0.07 0.05 0.05 0.06 0.06 0.04 0.05 0.04 0.05 0.04 0.04 0.03 0.04
MgO 2.02 1.96 1.88 1.61 1.74 1.85 1.68 1.61 1.51 0.89 1.39 1.33 0.83 1.11 0.82 0.36 0.74 0.16
CaO 4.35 3.78 4.00 2.90 3.73 2.96 3.75 3.55 3.42 2.90 2.55 2.39 2.57 1.64 1.84 1.43 1.67 0.85

Na2O 3.70 3.92 3.93 3.75 3.84 3.72 3.95 3.49 3.53 4.72 3.70 3.47 3.76 3.24 3.36 3.25 3.26 3.22
K2O 1.89 1.66 1.59 2.35 1.36 2.20 1.64 1.68 2.51 2.47 2.21 2.83 2.06 3.29 3.39 4.05 2.47 4.20
P2O5 0.12 0.13 0.09 0.10 0.12 0.10 0.14 0.11 0.10 0.11 0.07 0.13 0.07 0.07 0.11 0.06 0.07 0.08

LOI 1.01 0.76 0.56 0.88 0.87 1.02 0.77 0.82 0.76 0.73 0.91 0.72 0.75 0.69 0.60 0.71 0.55 0.66
Total 99.68 100.01 99.68 99.64 99.80 99.83 100.04 99.69 99.67 100.00 99.57 100.00 99.64 99.73 100.01 100.00 99.64 99.91
V 52 46 51 42 51 48 46 43 38 26 37 35 22 31 25 13 22 4

Cr 14 17 17 19 11 25 19 14 16 11 9 15 4 17 14 7 11 0
Co 23 22 27 25 31 25 26 30 20 51 25 23 29 31 23 60 21 24
Ni 15 17 16 16 13 20 17 15 13 5 10 13 6 13 8 3 7 1

Cu 15 6 8 6 14 5 16 19 10 2 3 11 3 17 6 41 16 2
Zn 58 51 52 58 47 66 60 51 47 55 43 44 49 40 35 28 28 8
Ga 20 19 18 18 17 20 18 18 18 13 17 17 15 15 16 12 13 12

Rb 91 73 64 97 65 103 69 70 103 84 95 104 84 109 113 141 79 112
Sr 466 386 421 369 474 327 409 409 302 321 310 298 220 260 221 216 260 183
Y 15 22 13 11 7 19 23 21 21 8 13 16 7 13 17 5 11 10

Zr 181 164 175 147 170 149 158 149 141 116 119 141 104 159 114 74 112 30
Nb 11 12 8 9 6 11 9 8 9 8 7 8 8 7 10 7 4 1
Ba 527 450 526 633 436 406 499 626 776 568 619 841 532 966 781 606 835 831

Sc 7 8 6 7 7 8 6 6 6 7 5 2 5 6 3 4 1

Fe2O3t: Total iron as Fe2O3 

 
Since a low r-value is considered, a major element modelling of a simple fractional crystalliza-

tion process can help us to estimate the F-value as well as the proportion of minerals crystallized. 
The chemical compositional variations are used to determine the mineral phases that control 

the two steps. The decrease in Fe2O3t, MgO, MnO (Fig. 6) with differentiation indicates crystalliza-
tion of biotite and/or hornblende, and magnetite, while the decrease in CaO and Al2O3 shows crys-
tallization of plagioclase and/or hornblende. The decrease of TiO2 indicates the involvement of ti-
tanite as well as biotite and/or hornblende. The K2O constant behaviour indicates that the 
involvement of K-feldspars in the evolution of TON was not significant. In the GRD rocks the major 
element variation trends, except alkalies and P2O5, are very similar with those of the TON rocks 
(except the variation degree), and suggest that the fractionating assemblages (except hornblende) 
in the two rock groups are quite similar.  
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1st step: As crystallizing phases for the major element modelling of this step analyses of 
Pl(core), Kf, Bi, Hb(core) and Tit from BRJ-208, and Zr, Ap, Mt from the literature (Deer et al. 1992) 
were used. The model requires 44% (F=0.56) crystallization of the parental magma resulting to a 
mineral assemblage, represented by Pl59.6Bi10.3Hb10.7Mt0.7Tit1.0Qz17.7, to reproduce the major ele-
ment composition of the daughter magma. The sum of the squared differences is quite low 
(∑d2=0.37). 

 

 
The mineral assemblage was used along with distri-

bution coefficients (kd) of trace elements from the litera-
ture to calculate the D (bulk distribution coefficients) of 
the trace elements. After that, using the trace element 
composition of the parental magma (average BRJ208 
and BRJ226), the assimilant (BRJ101) as well as the F 
and D calculated and r=0.1, the trace element composi-
tion of the evolved magma was estimated using the De 
Paolo (1981) equation. The results are plotted as a con-
tinuous line in the trace element vs. V diagrams along 
with the analysed samples (Fig. 8).  

2nd step: Using the trace element composition of the 
resulting magma (similar to BRJ211D) the same proc-
ess (MFC) was considered to reach the composition of 
the more evolved GRD samples, represented by 
BRJ200. A relative high r-value for this step was as-
sumed due to the low difference in silica content of the 

parental and assimilant magma, the absence of mingling phenomena in GRD as well as the pres-

 
Figure 6. Major (wt%) and trace (ppm) element variation diagrams for the Brnjica granitoid rocks. Symbols as in 
figure 4. 

 
Figure. 7. Plot of the Brnjica granitoids on 
the R1-R2 discrimination diagram of 
Batchelor & Bowden (1985). Symbols as in 
figure 4. 
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ence of high correlation coefficients between the trace elements of GRD. In this case the high r-
value makes useless the major element modelling. The D values of the trace elements were calcu-
lated for all the combinations of F (0.7, 0.6, 0.5 and 0.4) and r (0.5, 0.6, 0.7 and 0.8). Sixteen com-
binations were totally used. For each one of these combinations the D value (Dobs), needed to 
reach the concentration of the evolved magma starting from the parental, was calculated. Having 
the D and the kds, the proportion of minerals crystallized can be calculated using a system of linear 
equations. After that, the D value for that assemblage was recalculated (Dcalc). Anyone of these cal-
culations leaves a residue [∑d2=(Dobs-Dcalc)2]. The best of these combinations (sum of the squared 
differences =0.000), describing the trends of all the trace elements used, is the one using F=0.40 
(60% crystallization) and r=0.6, while the mineral assemblage calculated is 
Pl39.0Kf1.0Bi25.0Zr0.6Ap1.8Mt1.4Tit1.0Qz30.3. Then, using the trace element composition of the parental 
magma (similar to BRJ211D), the assimilant (BRJ101) and F, D and r-values calculated from the 
above-mentioned system, the trace element composition of the evolved magma was estimated. 
The results are plotted as a dashed line in the trace element vs. V diagrams (Fig. 8).  

 

 
The silica-rich character of the rocks and the absence of genetic relations with rocks having ba-

sic compositions favours, without ruling out an involvement of a mantle–derived magma, an origin 
by crustal melting under various P-T conditions.  Assuming such a process for the production of the 
melts that gave the rocks investigated, experimental compositions from a database formed from the 
literature, were used for comparison. The experimental compositions are the results of melting ex-
periments, which have been carried out on rocks representing the composition of the crust (to-
nalites, gneisses, basalts, andesites, amphibolites, pelites, greywackes) under various P-T condi-
tions, producing melts with variable SiO2 content. Selected experimental melts, having similar 
compositions with the analyzed rocks, plot on the diagram Al2O3-(Na2O+K2O+CaO) – Na2O+K2O – 
CaO+FeO+MgO of figure 9, along with the composition of the TON, TMG and LG. The diagram 
shows that a variety of rocks could give crustal melts, similar to the investigated rocks. In particular, 
rocks of amphibolitic composition melted under pressure of 16 kbar and temperature of 1000 -1030 

 
Figure 8. Trace element vs. V variation diagrams for the Brnjica granitoid rocks. Lines represent calculated con-
centrations of the trace elements in the two step MFC evolution process. Symbols as in figure 4. 
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°C (Rapp et al. 1991), and basaltic composition, melted under pressure of 10-22 kbar and tempera-
ture of 1025-1100 °C (Rapp & Watson 1995) can produce melts with silica content ranging between 
about 61 and 67 wt.%, which are similar to TON or have slightly lower silica content. 

The TMG and LG could be the results of melting of amphibolites (P, 3 kbar; T, 900 °C; Beard & 
Lofgren 1991), gneisses (P, 5-14 kbar; T, 800-1025 °C; Holtz & Johannes 1991; Skjerlie & Johns-
ton 1993; Skjerlie et al. 1993; Beard et al. 1994), graywackes (P, 0.3-5 kbar; T, 840 -1040 °C 
(Patino Douce & Beard 1996; Montel & Vielzeuf 1997), as well as pelites (P, 10 kbar; T, 850-925 
°C; Skjerlie et al. 1993; Pickering & Johnston 1998). 

7 CONCLUSIONS 

The Brnjica intrusion is a composite pluton 
consisting of TON, GRD, TMG and LG. Fe-
biotite is the main ferromagnesian constituent in 
all rock-types except LG. Magnesiohornblende 
is present, in small quantities, only in TON. 
Muscovite is TiO2-richer in GRD and TMG rela-
tive to LG. Plagioclase, often exhibiting normal 
and oscillatory zoning, ranges from An16 to An38 
and K-feldspar (Or95-91) is mostly microcline 
perthite. Minimum crystallization pressure of 2.3 
to 4.1 kb and temperatures from 626 to 813 oC 
were calculated, from co-existing hornblende 
and plagioclase in the TON.  

All major elements, except alkalies, decrease 
with differentiation, defining well-correlated 
trends. The rocks analyzed are slightly peralu-
minous although the biotite chemistry is consis-

tent with a calc-alkaline character. A pre-plate collision tectonic environment is supported based on 
the R1-R2 discrimination diagram. 

A two-step mixing plus fractional crystallization (MFC) process is considered responsible for the 
evolution of the Brnjica granitoids. The MFC process has been modelled by means of major ele-
ments least squares petrographic mixing calculations (1st step only) as well as trace elements (both 
steps). For the 1st step, 44% crystallization of the mineral assemblage 
Pl59.6Bi10.3Hb10.7Mt0.7Tit1.0Qz17.7 from the parental magma (having the composition of the more basic 
TON), mixed with a magma similar to TMG with r=0.1, is needed to reproduce the composition of 
the less evolved GRD. In the 2nd step, 60% crystallization (Pl39.0Kf1.0Bi25.0Zr0.6Ap0.8Mt1.4Tit1.0Qz30.3) 
of the latter and a simultaneous mixing with the same acid magma but with higher r (0.6) is needed 
for the genesis of GRD group. 

The TON could originate in the crust by melting of amphibolites and basalts under various P-T 
conditions while the granites could be crustal melts produced by melting of amphibolites, gneisses, 
graywackes and pelites.   
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