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Abstract 

ABSTRACT 

This project was initiated with the aim of determining the origin and evolution of the Belo 

Brdo Pb-Zn (Ag) carbonate-replacement and vein-type deposit in the Kopaonik metallogenic 

district of Serbia and Kosovo and to test its potential genetic association to nearby porphyry Cu-Au 

and skarn deposits. Hydrothermal-replacement, stockwork, skam and vein-type base metal deposits 

in the region are related to a Tertiary (65.5 to 1.8 Ma) volcano-magmatic complex that intruded a 

tectonic nappe pile that includes a Triassic (251 to 199.6 Ma) Metamorphic Complex, a Jurassic 

(199.6 to 145.5 Ma) Ophiolite Unit and an Upper Cretaceous (99.6 to 65.5 Ma) Flysch Unit. 

Petrographic and geochemical investigations of the Tertiary igneous rocks confirm a calc-alkaline 

chemistry for regionally distributed andesitic-dacitic and quartz-latite rocks. These volcanic rocks 

show a clear subduction-related character. 
The Pb-Zn (Ag) mineralisation at Belo Brdo evolved as a result of several successive stages of 

mineralisation including: (1) pre-ore stage, including early hydrothermal alteration and 

listwanisation followed by the deposition of Ni-Co-As sulphides; (2) main-ore stage, represented 

by massive sulphides including sphalerite, galena, pyrite, arsenopyrite, chalcopyrite, Ag- 

tetrahedrite-tennantite, bournonite; and (3) post-ore stage represented by quartz, carbonates ±pyrite. 

A combination of fluid inclusion microthermometry, sphalerite and arsenopyrite 

geothermometry, and oxygen-isotope geothermometry suggests that the hydrothermal 

mineralisation at Belo Brdo was deposited from epithermal- to moderately high temperature (160- 

350°C), low salinity (6.5 eq. wt. % NaCl) fluids. Calculated S'80 (6.5 to 10 %o) and SD (- 38 to - 
62 96o) values of water in equilibrium with sericite, tourmaline and quartz of the pre-ore stage are 

consistent with the ore fluids being derived from a magmatic source. Additionally, calculated 

oxygen isotopic composition of the main-ore stage fluid also shows magmatic signatures (5.9 to 

7.796o). However, the water from fluid inclusions hosted by quartz from the late- ore stage breccia 

exhibits lower SD (-93 to -96%o) and 8'80 (4.8 to 2.3 %o) values, indicating an involvement of a 

more dilute, low-temperature meteoric hydrothermal fluids. Meteoric water played an increasing 

role toward the later stages of ore deposit evolution. The 834S values of the sulphides at Belo Brdo 

are homogeneous (average 4.4%o) and similar to those from nearby Cu-Au porphyry and skarn 

deposits in the study area, indicating a common source of sulphur for all deposits. 

The hydrothermal deposits in the study area show homogeneous lead isotopic compositions 

(206Pb/204Pb= 18.68 to 18.76,207'/204Pb= 15.67 to 15.68, and 208Pb/204Pb = 38.87 to 38.91), similar 

to those of local calc-alkaline volcanic rocks (206Pb/204Pb = 18.76-18.82,207Pb/204Pb 15.66-15.68 

and 208Pb/204Pb 38.87-38.97) indicating a genetic link between mineralisation and magmatism. 

The data suggests that the Belo Brdo and the nearby Pb-Zn deposits are not Mississippi Valley 

type, but similar to a high temperature carbonate-replacement massive sulphide deposits associated 

with calc-alkaline magmatism in a supra-subduction zone setting. 
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1. Introduction 

CHAPTER 1: 
INTRODUCTION AND BACKGROUND 

1.1 Introduction 

The magmatic-hydrothermal class of ore deposits encompass a wide variety of economically 
important deposits types, namely the porphyry Cu (±Au)-Mo deposits, epithermal precious-metal, 
intrusion-related gold, greisen-related Sn-W, polymetallic skarn and pegmatite-related deposits 

(Robb, 2005; Pirajno, 2009). Major geological processes responsible for the formation of these 
deposits include the generation of hydrous silicate magmas, the exsolution of aqueous fluids from 

magmas as they cool and crystallise, vapour-brine immiscibility, fluid-mineral interactions and the 

precipitation of ore minerals (e. g., Burnham and Ohmoto, 1980; Whitney and Naldrett, 1989; 

Hedenquist and Lowenstern, 1994; Burnham, 1997; Audetat et al., 1998). 

Porphyry Cu (±Au)-Mo systems are the main source of Cu and Mo and a significant source of 

Au, Ag, Sri, W, Pb and Zn (Cox, 1986; Guilbert and Parks, 1986; Kesler, 1994). They are generally 

characterised by distinct hydrothermal alteration and sulphide mineralisation halos that are 

concentrically zoned around porphyritic intrusions emplaced at a shallow crustal level (< 5 km) 

(e. g., Sillitoe 1973; 2000). The mineralisation typically occurs in dense, multidirectional veinlets 
(stockworks) and sporadic disseminations (Lowell and Guilbert, 1970; Sillitoe, 1973; Titley and 

Beane, 1981; Titley, 1982). Porphyry deposits are formed in association with the emplacement and 

crystallisation of intermediate to felsic granitic intrusions derived from hydrous, mainly magnetite- 

series (oxidised), magmas generated at convergent plate margin settings (Mitchell and Garson, 

1972; Sillitoe, 1972,1987,1991; Ishihara, 1981; Corbett and Leach, 1998). These intrusives may, 

according to Burnham (1967; 1979; 1997), reach water saturation due to decompression during 

upward emplacement ("first boiling") resulting in the exsolution of the ore-bearing aqueous fluid 

and subsequent fracturing of the carapace and surrounding rocks. Such fractured country rocks 

provide good ground preparation for the circulation of ore-bearing fluids which interact with the 

wall-rocks resulting in hydrothermal alteration and mineral precipitation. The porphyry intrusions 

act as the source for volatiles and metals as well as the heat responsible for the development of 
large, circulating cells of magmatic-meteoric hydrothermal fluids (for example, Burnham, 1979; 

Sillitoe and Hedenquist, 2003). The porphyry ore fluids are initially dominated by hot (400-700°) 

magmatic, hypersaline brines, which usually coexist with a low density vapour. (for example, 
Heinrich, 2005). The aqueous fluids (100-400°C) of low salinity and meteoric origin are common 
in the later stage of deposits evolution and play an important role by cooling and diluting the 

magmatic fluid (Bodnar, 1995). If the exsolved magmatic fluids interact with surrounding 

calcareous sediments, polymetallic skarn deposits may form, which in turn give way to carbonate- 

replacement Pb-Zn-Ag (*Au) type of mineralisation (Sillitoe, 1989; 2010). The fluids may extend 

some distance from the source intrusion into the shallow environment where base-metal veins and 
1 



1. Introduction 

epithermal Au-Ag (± Cu) deposits may form. The epithermal Au-Ag (± Cu) deposits, including 

high-sulphidation (HS), low-sulphidation (LS) and intermediate-sulphidation (IS) types, terms 

introduced by Hedenquist (1987) and Hedenquist et al., (2000), are often regarded as end-members 

in a continuum of hydrothermal-magmatic processes that progressively incorporate more non- 

magmatic waters as the magmatic system wanes, or as one moves away from the igneous centre 

(Sillitoe, 1973,1989; Hedenquist et al., 2000; Einaudi et al., 2003; Sillitoe and Hedenquist, 2003). 

A conceptual model for porphyry -epithermal transition system is presented in Figure 1.1. 

Figure 1.1: Conceptual model for types of mineral deposits in porphyry system (taken from Corbett and 
Leach, 1998). 

Porphyry systems are among the most studied types of deposits within the magmatic- 
hydrothermal class. Since the interest for precious metals increased during recent years, the 

geological studies intensified and concentrated mainly on gold-rich porphyry and epithermal Au- 

Ag deposits (Einaudi et al., 2003; Heinrich, 2005; Camprubi and Albinson, 2006). However, less 

consideration has been given to peripheral base-metal carbonate-replacement and polymetallic vein 

deposits which can form in-between the two end-members of the porphyry system. This transitional 

environment is the focus of this study. 

2 



1. Introduction 

1.2 Aims and objectives of this study 

The Kopaonik metallogenic district in southern Serbia and Kosovo is a region with a proud 

mining history (Ellis 2005). The district is well known for its economically significant deposits of 
lead-zinc, antimony, silver, chromium and nickel, as well as smaller copper, iron and gold 

mineralisation. Deposit types include Stockworks, skarn, carbonate-replacement bodies and veins 
(Jankovic, 1990). Such a variety and diversity of mineral deposits in a geographically restricted 

area is indicative of a suite of ore-forming processes, which, until now, have not been studied in 

detail, particularly in the context of modern ore genetic theories. Pre-1990 knowledge of the 

metallogenic evolution of the region was insufficient to reliably constrain the important processes 

of ore formation (Karamata and Jankovic, 2000). There is little post-1990 western literature that 

deals with the genesis of ore deposits in this region. This is partly because research since then was 

curtailed by the wars that affected the former Yugoslavia. The region is thus ripe for a study that 

embraces modern techniques and concepts. This study was carried out to test the hypothesis that 

the Ph-Zn ±(Ag) deposits of the Kopaonik metallogenic district represent epigenetic peripheral 

mineralised bodies linked to a larger, perhaps porphyry system at depth, with significant input of 

trace elements from related ophiolites. 
The porphyry-type systems, outlined above, are evident elsewhere in the world in subduction 

and supra-subduction environments, such as the Circum-Pacific, the central Asian collages of 

island arcs and the Carpathian arc of Eastern Europe (Sinclair, 2007). However, the model has not 

previously been tested within the Vardar ophiolitic suture zone of the Dinaride-Hellenide belt in 

Serbia and Kosovo and would have important metallogenic implications for the region. Testing of 

the system-scale magmatic-hydrothermal model including the Belo Brdo Pb-Zn (Ag) deposit, the 

Karavansalija Cu-Au skarn and the Rudnitza Cu-Au porphyry mineralisation is the main focus of 

this research. 

The prime aims of this study are to: 

" Determine the nature and origin of the hydrothermal ore-forming environment at the Belo 

Brdo Pb-Zn (Ag) carbonate-replacement and vein-type deposit and to carry out a 

comparable study with other Pb-Zn (±Ag) occurrences in the district; 

" Investigate the role of calc-alkaline magmas, associated ophiolites and sedimentary rocks 

in providing fluids and ore components for the various types of Pb-Zn-Ag-Cu-(Au)-(Sb) 

deposits in the Kopaonik mining district; 

" Develop a genetic model for the evolution of Pb-Zn-Ag deposits within the study area in 

order to refine exploration models for similar deposits including Au occurrences in the 

region; 

" Demonstrate that carbonate-replacement Pb-Zn deposits in the Kopaonik district are not 
Mississippi Valley- type (MVT). 

3 



1. Introduction 

No previous scientific research including mineral chemistry, fluid inclusion, stable and 

radiogenic isotope studies has been carried out in the Belo Brdo ore field. The results of the first- 

hand. robust data. collected bN the author. NN ill enhance our understanding of Ph-in (Ag) deposits 

in the region and contribute to the geologic history of the Vardar Zone magmatism in the 

Dinarides. 

1.3 Geographic setting 

The stud% area (43`14' N. 20` 0'[) is located partlk in southern Serbia. about 280 km south 

from the capital E3elgrade and partly in northern Kosovo (Figure 1.2). the topograph% is 

mountainous m ith altitudes up to about 2.000 m. The average elevation is around 1.200 ni. Two 

major mountain ranges. namely Kopaonik and Rogozna. are situated in the centre of the studs area. 

The main drainage is the 270 km long riser Ibar and its tributary Raska. The Ibar tloN%s from 

Montenegro through Kosovo into the West Morava. Mhich in turn flows into the river Danube in 

Serbia. The, are part of the Black Sea drainage basin. The climate is continental, vti ith hot summers 

and cold and sno\\ý \\ inters and relativ el\ moderate precipitation, occurring mostly in summer. 

l'he access to the stud} area is available b\ the main transport routes through Serbia. Kosovo and 

Macedonia. Also, it has a \ýell-de\eloped rail nemork \%hich connects the area \\ith central Europe 

and the Near Fast. 
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Figure 1.2: Geographic location of the stud\ area. 
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1. Introduction 

International air links are provided from across Europe to Pristina in Kosovo and Nis in 

Southern Serbia. The largest town in the study area is Novi Pazar with a population of 100,000. 

Smaller towns are Raska in Serbia and Leposavic in Kosovo. 

The area was an important mining centre during medieval times with many Saxons operating 
in the area as miners. 

1.4 Methods applied 

The methods employed to reach the objectives of this thesis include (i) field work, (ii) 

petrographic studies (Scanning Electron Microscopy [SEM], Cathodoluminescence [CL], reflected 

and transmitted light microscopy), (iii) fluid inclusion studies (microthermometry), and (iv) 

geochemical studies including whole-rock geochemistry, stable (613C, 5180,6D, S34S) and 

radiogenic (strontium: 87Sr/86Sr; and lead: 207Pb/204Pb, 206Pb/204Pb and 208Pb/204Pb) isotope 

geochemistry and Rare Earth Elements (REE) analyses on carbonate gangue minerals. The 

resultant data will be presented and briefly discussed in the following chapters. These data will then 

be combined to develop a robust metallogenic model for the origin of the carbonate-replacement 

deposits in the Kopaonik Metallogenic district. This model incorporates all aspects of metallogeny 
including regional setting, mineralisation style, nature and origin of the fluids, their metal-, 

sulphur- and carbonate components and implications for further exploration. 

Most data presented in this study concern the Pb-Zn (Ag) Belo Brdo deposit. However, in order 

to establish a sound metallogenetic model for the study area, data from other deposits, such as the 

Cu-Au skarn in Karavansalija, Cu-Au porphyry in Rudnitza and small Pb-Zn vein deposit in 

Karadak near Rudnitza will also be taken into consideration when discussing the general model for 

metallogeny of the Kopaonik district. 
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2. Regional Geological Setting 

CHAPTER 2: 

REGIONAL GEOLOGICAL SETTING 

2.1 Introduction 

The Tethyan orogenic system (or Alpine-Himalayan) (Figure 2.1 A) developed during the Late 

Mesozoic-Tertiary convergence of the Indian, Arabian and African plates and their on-going 

collision with Eurasia (e. g., $engör, 1989). Progressive closure of the Tethys oceanic basins 

occurred through multistage subduction, followed by obduction, accretion, and syn- to post- 

orogenic extension processes along the active margin of southern Eurasia. The Eastern 

Mediterranean realm of the Tethyan orogenic system includes the Alpine-Balkan-Carpathian- 

Dinaride orogenic chain (ABCD province) (Figure 2.1 B). The Kopaonik metallogenic district is 

located within the Vardar ophiolite zone (Figure 2.1 C), which is the easternmost tectonic unit of 

the Dinaride-Hellenide branch of the ABCD province. The Vardar ophiolite zone separates the 

Africa-Arabia plate from the Eurasian plate. Details on the tectonic evolution of the Tethyan 

orogen are beyond the scope of the current study, but there is ample literature on the topic (e. g., 
Smith, 1971,2006; McKenzie, 1972,1978; Dewey, et al., 1973; Dercourt, et al., 1986,1993,2000; 

Dixon and Robertson, 1984; Sengör, 1989; Stampfli and Borel, 2002; Robertson and Mountrakis, 

2006). Whilst the Alps and Carpathians have been extensively studied by generations of Earth 

scientists from all over the world, the Dinaride branch of the ABCD province remained the least 

documented within the region. However, the opening of borders between western and eastern parts 

of Europe played an important role in releasing new information related to the recent geological 

research carried out in the region. 
This chapter introduces the general features of the Dinarides including a summary of the main 

tectono-stratigraphic units. An overview of the geodynamic evolution of the orogen, mainly based 

on recently published literature (Robertson et al., 2009; 2009a; Schmidt et. al., 2008) is presented in 

Section 2.4. A brief review of the Dinaride's major mineral deposits within the region of former 

Yugoslavia is presented in Section 2.5, whilst more details on mineral deposits of the Kopaonik 

metallogenic district is presented in Section 2.6. 

2.2 General features of the Dinarides 

The Dinaride orogenic chain represents the south-western margin of the ABCD province 
(Figure 2.1). Together with the Hellenides, they compose a 2000 km-long NW-SE trending fold 

and thrust orogenic belt of Alpine age, covering parts of Slovenia, Croatia, Bosnia and 
Herzegovina, Serbia, Montenegro, Albania and part of Greece (Figure 2.1). The belt is connected 

with the Southern Alps in the north. To the north-east, the Dinarides have been overprinted by 
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2. Regional Geological Setting 

Figure 2.1: Regional geological setting. A- Tethyan orogenic system; red square is inset showing the ABCD 
province in B; red lines indicate cross section shown in Figure 2.2; C- Dinaride-Hellenide belt (Modified 
after Dimitrijevi6,2001; Karamata, 2006 and Schmid et al., 2008). 

tectonic processes controlling the evolution of the Neogene Pannonian Basin. Towards the east, the 

Dinarides are separated from the Carpathian/Balkanides by the Vardar Ophiolite Zone, which in 

turn is bounded by the European- derived Serbo-Macedonian unit, generally considered to be the 

stable margin of the Eurasian Plate (Dimitrijevid, 2001). The Dinarides are bounded to the west by 
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the undeformed Apulia Zone (Figure 2.1). The Dinaride-Hellenide belt became a part of the Alpine 

orogenic system during the Late Mesozoic and Cenozoic, when the Mediterranean region 

experienced complex subduction events and associated collisions, resulting in mountain building, 

magmatism, foreland and hinterland deformation, sedimentary basin evolution, escape tectonics, 

orogenic collapse, and the opening of small ocean basins (Dilek, 2006). The diachronous collision 

of Adria microplate (McKenzie, 1972) with Europe along its irregular margins created the Alps, 

the Apennines and the Dinaride-Hellenide mountain belt at different times and affected the 

Carpathians in the east, resulting in the formation of the arcuate-shaped orogenic system (Figure 

2.1 B) (Ilic and Neubauer, 2005; Dilek, 2006). 

The Dinaride-Hellenide belt displays a double- vergent structural architecture with east- 

vergent thrust fault systems in the internal zone to the east, and west-vergent thrust faults in its 

external zone to the west (Figure 2.2). The east-directed thrusts are believed to be related to 

ophiolite emplacement in the Late Jurassic-Early Cretaceous (Schmid et al., 2008). The west- 

southwest-directed thrust faults developed as a result of oblique collision between Adria and 

Eurasia, starting around 55 Ma, and subsequently migrating westward into the Peri-Adriatic 

depression (Figure 2.2) (Dilek, 2006). 

Figure 2.2: Simplified tectonic cross section across Dinaride-Hellenide segment of the Alpine orogenic belt 
(Modified after Dilek, 2006; Schmid et al., 2008). 

Early attempts to define a regional structural framework of the Dinarides in former Yugoslavia 

took place during the first half of the 20th century, when the importance of the "Alpine-type" 

overthrusts and nappes were already recognised and applied to the Dinarides, which were 

subdivided into three geotectonic units composed of seven large-scale nappes (Kosmat, 1924; 

Kober, 1924). This early concept of fold-and-thrust belts, comprising external structural units 

overthrusted by internal ones, was accepted by most of the local authors and used as a base for 

further research (Besic, 1954; Petkovic, 1961; Aubouin, 1973; Grubic, 1980; Dimitrijevic 1982, 

1997,2001; Andjelkovic, 1982; Herak, 1986; Pamir et al., 1998; Tari and Pamir, 1998). Many of 

these papers were published in local journals and thus not easily accessible to the international 

geological community. In most of these papers the authors stressed their own geotectonic approach, 
in line with, the then, current understanding and with a major emphasis on terminology, not 
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seriously departing from Kosmat's and Kober's (1924) views. However, a review of ophiolitic 
belts in central and south-western parts of the Balkan Peninsular by Robertson and Karamata 

(1994), as well as papers by Karamata et al. (2000) and Pamic et al. (2002) initiated a new 

approach to the interpretation of the Mesozoic evolution of the region. Those authors recognised 

the presence of two ophiolite belts namely the Dinaride Ophiolite Zone, which extends from 

Croatia through Albania (the Mirdita zone), and into northern Greece, as the Mesohellenic 

ophiolites (e. g. Pindos and Vourinos ophiolites) and the Vardar Ophiolite Zone, which extends 
from Serbia through Thessaloniki in Greece (Axios zone) (Figure 2.1). The two ophiolite zones are 
in tectonic contact with the continental Drina-Ivanjica, Jadar and Pelagonian "blocks" (Karamata et 

al., 2000). Most of the authors view these two ophiolite belts as representing two distinct oceanic 

realms, while the intervening continental blocks were regarded as microcontinents or "terranes" 

that separated them (e. g. Karamata, 2006). There is, however, an ongoing debate on the existence 

of the microcontinents and the number of oceans that existed during the Mesozoic (see Section 

2.4). 

2.3 Overview of the major tectono-stratigraphic units within the Dinarides 

The Dinarides have been divided into a series of northwest-southeast trending tectono- 

stratigraphic zones, as shown in Figures 2.1C and 2.3. From southwest to northeast, the following 

tectono-stratigraphic units can be distinguished: 1- External Dinaride Zone (carbonate platform 

formations), including the Bosnian Flysch Unit, 2- Dinaride Ophiolite Zone (including ophiolites 

associated with related sedimentary formations), 3- Drina-Ivanjica-Jadar Zone (Palaeozoic-Triassic 

nappes) and, 4- Vardar Ophiolite Zone (including Upper Cretaceous-Paleogene flysch, tectonised 

olistostrome melange, metamorphic and granitoid rocks) (Pamir et al., 1998; Karamata and 

Vujnovic, 2000; Hrvatovic and Pamir, 2005; Karamata, 2006) (Figure 2.3). The Dinaride tectono- 

stratigraphic units constitute a stack of thrust sheets with the External Dinaride Zone at the base 

and the Vardar Ophiolite Zone at the top. 

2.3.1 The External Dinaride Zone, or the Adriatic-Dinaridic carbonate platform, represents the 

proximal parts of the Adriatic continental margin. The following allochtonous tectonic units have 

been distinguished from SW to NE: the Adriatic-Dalmatian Zone, the Budva-Cukali Zone, the 

Dalmatian-Herzegovian Zone (or High Karst Unit), the Una-Kuci Zone, the Central Bosnian 

Mountains Unit and the East Bosnian-Durmitor Zone (Hrvatovic and Pamic, 2005). All tectonic 

units were tectonically emplaced during the Alpine deformation, forming a complex fold and thrust 

belt (Figure 2.3). The Adriatic-Dinaridic carbonate platform is made up of Triassic-Cenozoic 

continental sedimentary successions deposited on the Adriatic continental crust basement. The 

successions represent a typical continental margin evolution closed by the sedimentation of the 
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flysch deposits. The basement of the sedimentary succession is composed of Middle Devonian- 

Middle Permian metamorphic rocks, affected by the Variscan deformations. 
The Late Permian to Late Triassic sequence of clastics and platform carbonates and associated 

synsedimentary igneous rocks were deposited during the initial rifting stage of the Alpine cycle 

(Pamir et al., 1998). In some areas the carbonates are interlayered with chert, shale, pyroclastic and 

volcanic rocks, which accumulated in platform depressions (Figure 2.4 A). The deposition of thick 

carbonate platform sequences continued during the Norian (216.5 to 203.6 Ma). The stable 

shallow-marine environments prevailed during the Jurassic-Cretaceous and lasted till the Middle 

Figure 2.3: Outline tectonic map of the Dinarides, showing the tectonic zonation. (Modified after Hrvatovid 
and Pamid, 2005; Karamata, 2006). 

Eocene, temporarily interrupted by several pelagic incursions (Figure 2.4A). The carbonate 

platforms are interspersed by intervening narrow deep-water basins (intra-platform rift basins), 

whose successions generally begin with Triassic deep-water facies and end with Cenozoic flysch 

(Schmid et al. 2008), such as those in the Pindos-Olonos Zone (Greece), Krastatukali Zone 

(Albania) and Budva Zone (Montenegro) (Dimitrijevic, 1997). 

The Bosnian Flysch Unit (Figures. 2.3 and 2.4 B), which was deposited on the slope of the 

Adriatic-Dinaridic carbonate shelf (Pami6 et al. 1998), is characterised by an intensely folded stack 

of Middle Jurassic to Cretaceous mixed carbonate and siliciclastic sediments. Within this unit, 

which is about 3000 m thick, two subunits can be distinguished (Olujic, 1978); 1- "Vranduk 
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Subgroup" is characterised by thick-bedded radiolarian chert, which pass upwards into pelagic 

carbonates, interbedded with sandstone turbidites and shales. 2- The "Ugar Subgroup" is a typical 

carbonate flysch series from the carbonate shelf margin with the youngest exposed succession 

ending with marls and sandstone turbidites of Palaeocene age. 
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23 .2 The Internal Dinaride Zone (Middle Triassic - Late Jurassic oceanic domain) or the 

Dinaride Ophiolite Belt, (e. g. Dimitrijevic, 1982), lies to the northeast of the Adriatic-Dinaridic 

carbonate platform and related units, and is bounded by the Drina-Ivanjica unit to the northeast 

(Figures 2.1; 2.3). 



2. Regional Geological Setting 

This belt, referred to by most authors as the Dinaridic ophiolites (Pamir et al., 2002; Karamata, 

2006), is also known as the Central Dinaridic ophiolite belt (Lugovic et al., 1991) and represents 

the remnants of the former Dinaric (Pamib et al., 2002) or Intradinaric ocean (Dimitrijevic, 2001). 

The Dinaride ophiolite belt consists of two fundamental allochthonous components. The first is a 

melange, traditionally known as the Dinaride olistostrome, and the second is variably 

dismembered, mainly ultramafic bodies, known as the Dinaride ophiolites (Karamata, 2006). The 

melange consists of detached blocks and dismembered thrust sheets of various lithologies and ages 

set in a sheared clastic sedimentary matrix (Figure 2.4C). Radiolarian cherts, indicative of deep- 

water or oceanic conditions, are locally intercalated with basalts, with either primary depositional 

or tectonic contacts, and are also present as individual chert- blocks in the melange. The 

sedimentary blocks occur as olistoliths and dismembered limestone thrust sheets. These commonly 

include Upper Triassic shallow- water limestone and Upper Triassic pelagic limestones (Robertson 

et al., 2009a). Within the Dinaride ophiolite belt mid-ocean ridge- type basalt (MORB) occurs as 

pillow lava, massive lava and lava breccia, mainly as blocks and dismembered thrust sheets 

(Robertson and Karamata, 1994). Ophiolites are mainly peridotites with subordinate basalt-diabase 

and gabbro. Ultramafic units occur at high structural levels of the tectono-stratigraphy, commonly 

tectonically overlying melange. Mantle tectonite ultramafics make up the largest of the ultramafic 
bodies, of which the best studied, is Zlatibor (western Serbia). These ophiolitic bodies are relatively 

thin sheets, 2-3 km thick (Roksandic, 1971). Their basal contacts are tectonic, with a discontinuous 

metamorphic sole in some places. Recent mineral chemistry studies within the Dinaride Ophiolite 

Belt show that the ultramafic bodies fall into two main classes (Bazylev et al., 2003,2006,2009). 

The first is mainly fertile spinel and plagioclase lherzolites interpreted as tectonically emplaced 

(exhumed) sub-continental mantle lithosphere. The second class is composed of depleted spinel 

harzburgite and may also include ultramafic rocks internally ranging from lherzolite to depleted 

harzburgite (Bazylev et al., 2009). This assemblage is attributed to formation in a supra-subduction 

zone-type oceanic setting (Bazylev et al., 2003,2009). The Dinaride ophiolite belt is locally 

covered by transgressive shallow-water limestones and clastic sediments of Late Jurassic-Early 

Cretaceous age (Pogari Series). 

2.3.3 The Pelagonian-Drina-Ivanjica Zone (continental domain) is represented by an Upper 

Triassic to Upper Cretaceous sedimentary succession, unconformably overlying a Paleozoic 

continental crust basement composed of terrigenous sedimentary and mafic volcanic rocks, 

metamorphosed to greenschist facies (Figure 2.4E) (Milovanovic, 1984). This unit was initially 

described as a regional-scale anticlinorium (Ciric and von Gaertner, 1962) and was later 

interpreted as a folded or upthrust window of a regional Adria-Dinaride platform (Golija unit of 
Aubouin et al., 1970; Rampnoux, 1970). More recently, the Drina-Ivanjica unit has been 

interpreted as a microcontinent that rifted from Adria (Dimitrijevic, 1982; Robertson and 

Karamata, 1994; Dimitrijevic, 1997,2001). However, the Drina-Ivanjica unit has also been 
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correlated with Eurasia, since it also shows some facies similarities with the Palaeozoic of Western 

Europe (Pamir et al., 1998; Hrvatovic and Pamir, 2005). Recently, Schmid et al. (2008) infer that 

the Drina-Ivanjica unit is part of Adria, which extends right under the Dinaride ophiolite belt. 

2.3.4 The Vardar zone (Late Triassic-Maastrichtian) (Figures 2.1 and 2.3) is a composite terrane, 

characterised by both oceanic- and continental- derived tectonic units (Figure 2.4D), such as: the 

ophiolite melange; dismembered ophiolitic rocks; Cretaceous-Early Paleogene flysch (Dimitrijevic 

and Dimitrijevic, 1985); Late Paleogene regionally metamorphic sequences originated from 

surrounding Late Cretaceous flysch; syn-kinematic granitoids and post-orogenic volcanics 

(Robertson and Karamata, 1994; Trubelja et al., 1995; Dimitrijevic, 2001). Karamata (1994) 

distinguished two branches of the Vardar Zone namely the Vardar Zone Western Belt, and the 

Eastern Vardar Zone (also known as Main Vardar Zone). The Vardar Zone Western Belt is a large 

region of ophiolites and melange (Karamata et al. 1980) and is largely equivalent to the Sava Zone 

of Pamic et al., (1998; 2002), who interpreted it as the most internal unit of the Dinarides. This belt 

is also referred to as the Inner Dinaridic ophiolite belt (Lugovic et al., 1991), the External Vardar 

Subzone (Dimitrijevic 1997,2001) or simply the Vardar Zone (Pamir et al., 2002). The Vardar 

Zone Western Belt is dominated by depleted mantle rocks (harzburgites) with a suprasubduction 

geochemical signature (i. e. Spray et at. 1984; Lugovic et al. 1991). The East Vardar Zone 

comprises the ophiolites east from Kopaonik in Serbia, the Guevgueli complex in F. Y. R. of 

Macedonia, and the Peonias zone in Greece. Ophiolite rocks found in the Romanian South Apuseni 

Mountains are interpreted as members of this ophiolite zone (Bortolotti et at., 2002). The common 

features of the East Vardar Zone are as follows: the present structural position of these ophiolites is 

characterised by eastward vergence, opposite to other ophiolites of the Balkan Peninsula; they 

consist predominantly of gabbro-diabase assemblages, whereas basaltic pillow lavas and obducted 

peridotite sheets are relatively rare; they are overlain by Tithonian (150.8 to 145.5 Ma) limestones, 

and they are closely associated with intermediate and acid calc-alkaline rocks (Karamata, 2006; 

§arie et al., 2009). 

2.4 Geodynamic evolution of the Dinarides 

The evolution of the Dinaride-Hellenide belt was governed by the interaction of the Afro- 

Arabian plate with the Eurasian plate and intervening continental terranes. Jurassic and Early 

Cretaceous opening of the Central Atlantic initiated convergence and collision between the Adria 

microplate and the intra-Carpathian terranes. This early tectonism represents the onset of orogenic 

activity in the ABCD area. Several contrasting tectonic models have been proposed to reconstruct 

the regional evolution of the Mediterranean region, including the Dinaride-Hellenide belt 

(Robertson and Mountrakis, 2006). The main points of debate have been concentrated around a 

number of issues such as: the nature of the Paleozoic Palaeotethyan ocean ("Palaeotethys") and its 
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relationship to younger Mesozoic Tethyan ("Neo-Tethyan") oceanic basins; the number of oceans 

and micro-continents that existed during the Mesozoic; the number of subduction zones in the area 

of the present Balkan Peninsula; the direction and character of subduction; the direction and 

character of obduction and emplacement of the ophiolites; the nature and paleogeographical 
location of the Drina-Ivanjica zone; and dating and determination of the main regional tectonic 

phases. Some of these points and the summary of the recently proposed geodynamic models 

regarding the evolution of the Dinaride-Hellenide belt are presented below. 

In general, the geodynamic evolution of the Dinarides was controlled by a sequence of 

tectonic processes, including continental rifting, development of passive margins, opening of the 

Neo-Tethyan oceanic basins, subduction processes, emplacement of ophiolites and collision 

(Robertson et al., 2009). 

2.4.1 Triassic rifting and continental break-up 

The earliest Alpine phases of the evolution of the Dinarides commenced with Late Permian- 

Middle Triassic continental rifting related to opening of an early Mesozoic oceanic basin 

(Dimitrijevic and Dimitrijevic, 1973; Dimitrijevic, 1982,2001; Robertson and Karamata, 1994; 

Pamir et al., 1998; Bortolotti et al., 2004). Rifting took place within the Variscan basement of 

Adria and started with deposition of siliciclastic sediments, restricted marine environment 

evaporites, and local organic lagoonal mudstones (Hrvatovic, 2006). The igneous rocks and related 

sedimentary rocks indicate that rifting was followed by Early-Mid Triassic rift-related subsidence, 

accompanied by bimodal magmatism, which ended in the Late Triassic by establishment of the 

Adriatic-Dinaric carbonate platform and its passive margin. The evidence for rifting within the 

Dinarides is preserved within Adria, the Budva zone, the Dinaride carbonate platform and the 

Drina-Ivanjica unit (Hrvatovi6,2006). Within the Budva rift zone, volcanics include basaltic 

pillow lavas, pyroclastic debris and epiclastic sediments (e. g. volcaniclastic sandstones), 
interbedded with deep-water sedimentary rocks of mainly Mid-Triassic age. Rift features are also 

preserved in the Bosnian Flysch Unit and in the Dinaride ophiolite belt. Additional rift-related units 

are preserved within the Dinaride ophiolite belt. These relate to the transition from continental to 

oceanic crust and are equivalent to the continent-ocean transition zone of the modern oceans (e. g. 

central North Atlantic; Red Sea/Gulf of Aden). Such settings include marginal rift fault blocks, 

exhumed continental crust and exhumed mantle lithosphere (Robertson et. al., 2009a). 

Three main alternative models have been proposed for Triassic rifting in the Mediterranean 

region as shown in Figure 2.5. According to $engör (1984), a Late Palaeozoic Palaeotethyan ocean 

(Figure 2.5a) subducted southward beneath the North Gondwana margin during Late Palaeozoic- 

Triassic time, opening several Neo-Tethyan back-arc basins during the Triassic. Karamata (2006) 

supports this model and implies that rifting took place along the northern margin of Adria during 

Late Permian-Middle Triassic, including the Budva zone, eventually opening the Dinaride ocean to 
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the north during Late Triassic-Early Jurassic time. This model is supported by the presence of 

voluminous Triassic calc- alkaline igneous rocks within the Adria, Budva and Dinaride units 
(Knezevic and Cvetkovic, 2000). However, there is little evidence of a subduction-related 

magmatic are along the northern periphery of Adria. 

Figure 2.5: Alternative tectonic models for Triassic rifting in the Northern Balkan Peninsula (taken from 
Robertson et al., 2009a). 

In an alternative model (Figure 2.5b), Palaeotethys subducted northward during the Triassic, 

opening a back-arc basin within the northern continental margin of Eurasia (Stampfli and Borel, 

2002; Garfunkel, 2004). In this interpretation the Dinaride ocean rifted during the Early-Middle 

Triassic within the southern margin of Eurasia to form a back-arc marginal basin. Palaeotethys 

closed regionally by the end of the Triassic, amalgamating Gondwanan and Eurasian continental 

units while the Dinaride ocean continued to widen. In this model however, the Triassic rift-related 
igneous rocks do not show evidence of contemporaneous subduction (Robertson et at., 2009a). 

In a third model (Figure 2.5c), the northern margin of Gondwana experienced pulsed rifting 
that culminated in break-up to create several Neo-Tethyan oceanic basins during Early Mesozoic 

time (Smith et al., 1975; Dercourt et al., 1986,1993,2000; Robertson and Dixon, 1984; Robertson 

et al., 2004). Continental fragments such as Adria, Drina-Ivanjica, Kopaonik and Pelagonia have 

been interpreted by Karamata (2006) as microcontinents or "terranes" rifted from Gondwana. A 

possible cause of rifting was slab-pull related to northward subduction of Palaeotethyan ocean 
beneath Eurasia. The subduction is indicated by evidence from the Pontides of northern Turkey 
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(Robertson, 2006). However, there is so far, little reported evidence of Permo-Triassic northward 

subduction beneath the Eurasian margin in former Yugoslavia, although this may be concealed by 

Cenozoic collision and metamorphism within the Serbo-Macedonian composite unit. 

2 4.2 Ophiolite genesis and emplacement 

The rifting of Adria was followed by oceanic spreading during the Middle/Late Triassic-Early 

Jurassic and the opening of the Neo-Tethyan ocean basins. There are two main models for the 

genesis of ophiolites and their emplacement namely the "multi-ocean" model (Robertson and 
Karamata, 1994; Dimitrijevic, 1997,2001; Karamata, 2006; Dilek et al., 2008) and the "single- 

ocean" model (Bernoulli and Laubscher, 1972; Smith and Spray, 1984; Pamir et al. 2002; Gawlick 

et at., 2008). There is also an on-going debate as to whether (Dimitrijevic and Dimitrijevic, 1973; 

Robertson and Karamata, 1994; Karamata et al., 2000; Karamata, 2006) or not (Pamir et al., 1998; 

2002; Bortolotti et al., 2005) the Mesozoic Tethyan basin enclosed a discrete microcontinent. 
The "single-ocean" model in early interpretations implied an existence of a wide ocean 

opened in the Triassic (Aubouin et al., 1970; Aubouin, 1973) (Figure 2.6A). This single ocean 
basin closed northwards and sutured by Late Jurassic-Early Cretaceous time, creating the melange 

and emplacing ophiolites south-westwards, onto the Adria continental margin. The suture 

experienced post-collisional shortening during Late Cretaceous-Early Cenozoic time. A 

comparable model was adopted by several other authors (e. g. Pamir et al., 1998; Pamir et at., 
2002). Dimitrijevic (2001) proposed an alternative single-ocean model which implies complete 

closure of the ocean during Late Jurassic time followed by re-opening (Figure 2.6B) to create a 

new Cretaceous ocean. A new rifting event in the Drina-Ivanjica zone took place during the Late 

Cretaceous, which led to the opening of the Upper Cretaceous Vardar zone oceanic domain. The 

Upper Cretaceous Vardar ocean domain is interpreted as a back-arc basin, located at the west of the 

present Western Vardar zone, at the contact with the Drina-Ivanjica zone. 

The third single-oceanic model (Figure 2.6C) favours an intra-oceanic subduction process, 

which was initiated during the Mid-Jurassic (Stampfli et al., 1998). The melange of the Dinaride 

Ophiolite Belt and the Vardar Zone Western Belt were all created within a single subduction zone. 
New oceanic crust formed within an intra-oceanic marginal basin in a back-arc environment. The 

trench then collided with the Adria- Dinaride passive margin and the Dinaride and Vardar 

ophiolites were thrust south-westward over the Drina-Ivanjica, Kopaonik and Jadar unit, 
interpreted here as parts of the Adria passive continental margin. Oceanic lithosphere of the Main 

Vardar ocean subducted north-eastward causing Late Cretaceous- Palaeogene arc magmatism. 
The "multi-ocean" model assumes the existence of more than one oceanic basin, separated 

by one, or several, microcontinents (Dimitrijevic and Dimitrijevic, 1973; Robertson and Karamata, 

1994; Karamata, 2006). Robertson and Karamata (1994) interpret the Drina-Ivanjica unit as a 

microcontinent within the Jurassic Tethyan ocean, which they compared with the Korabi zone of 
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Albania and the Pelagonian zone of Greece. The multiple ocean models are favoured by many 

authors for Greece and Albania (e. g. Robertson et al., 1991; 1996; Smith, 1993; Dilek et al., 2005; 

2008; Smith, 2006). Three main alternative models have been postulated as shown in Figure 2.7. 

Figure 2.6: Alternative tectonic models for ophiolite genesis and emplacement that involve the opening and 
closure of a single Mesozoic oceanic basin (taken from Robertson et al., 2009a). 

Figure 2.7: Alternative tectonic models for ophiolite genesis and emplacement that involve the opening and 
closure of a several Mesozoic oceanic basins separated by microcontinents (taken from Robertson et at., 
2009a). 

The multi-oceans with a Cretaceous marginal basin model (Figure 2.7A) is supported by 

Pamio et at., (2002) and assumes that the Drina-Ivanjica microcontinent rifted from Adria. 
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According to this model, a wide Dinaridic Tethyan basin, characterised by mid-ocean ridge oceanic 
lithosphere (Pamir et al., 2000; Bortolotti et al., 2004; Saccani et al., 2004) existed between the two 

continents. Subduction (Figure 2.7 A) started in the Late Jurassic as indicated by ophiolite 

emplacement accompanied by the generation of an "amphibolite facies metamorphic sole" 

composed of amphibolites. During emplacement, rocks of the oceanic crust were dismembered and 

ophiolite fragments included in olistostrome melange. Late Jurassic subduction initiated gradual 

closure of the Dinaridic domain of Tethys and the initiation of a magmatic arc characterised by 

granite plutonism and basalt-rhyolite volcanism. This magmatic are later split to form a Cretaceous 

back-arc basin within the Sava-Vardar zone. This back-arc basin probably formed the westernmost 

part of the huge north Tethyan subduction zone stretching eastwards to Greece, Turkey, Iran and 
Afghanistan (Pamir et al., 1998; Pamir, 2002). In a later interpretation, Pamir (2002) suggested 

that the Dinaride ocean closed by the Early Cretaceous, but re-opened above a subduction zone 

located within the Budva zone, during which time Upper Cretaceous ophiolites formed. Closure of 

the back-arc was accompanied by calc- alkaline arc magmatism. 

Tectonic movements, which took place by the end of the Late Eocene and Early Oligocene, 

mark the closure of the Dinaridic Tethys. This phase was characterised by: 1) tectonisation of the 

Dinaride Ophiolite melange, generation of the Vardar Zone ophiolite melange and emplacement of 

a second ophiolite on top of the Dinaride zone ophiolites, obducted during the first Late Jurassic 

obduction, 2) medium-grade metamorphism of Late Cretaceous-Early Paleogene flysch sequences 

with emplacement of accompanying igneous rocks, and 3) synkinematic calc-alkaline granitoid 

plutonism. This final Eocene-aged orogenic phase marks the completion of the Dinaride structural 
framework. 

The Multi-ocean terrane model (Figures. 2.7B and 2.8) was proposed by Karamata et al., 
(2000a; 2003) and Karamata (2006). In this model the Vardar ocean evolved from a pre-existing 

Main Vardar ocean, which was considered to be an equivalent to Palaeotethys and was subducted 
beneath the Eurasian continent. A Palaeotethyan Vardar ocean also subducted southward, initiating 

opening of a Triassic marginal basin along the northern margin of Adria. Drina-Ivanjica and 
Kopaonik microcontinents rifted from the Adria during Middle and Late Triassic initiating an 

opening of the Dinaride ocean. This ocean subducted north-eastwards beneath the Drina-Ivanjica 

microcontinent in the beginning of the Late Triassic, resulting in formation of the Dinaride 

melange and south-westward emplacement of the Dinaride ophiolites. The Dinaride ocean was 
finally closed by Middle-Late Jurassic time. The western branch of the Vardar ocean (the Vardar 

Zone Western Belt) opened in the Late Triassic. After the closure of the Main Vardar ocean during 

Middle-Late Jurassic, the Vardar Zone Western Belt remained as a wide ocean between Adria and 
Eurasia until the Maastrichtian. North-eastward subduction during the Cretaceous triggered 
formation of the supra-subduction zone oceanic crust (Kozara ophiolite) and initiated Upper 

Cretaceous-Palaeogene arc volcanism along the southern margin of Eurasia. 
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In the third alternative multi-ocean model (Figure 2.7C), which was proposed by Robertson 

and Karamata (1994), the Jurassic Dinaride ophiolites formed by supra-subduction spreading above 

a south-west dipping intra-oceanic subduction zone. The Drina-Ivanjica unit drifted away from 

Adria, opening the Dinaride ocean basin during Late Triassic-Early Jurassic, which, during the late 

Early to Mid-Jurassic, subducted to the southwest. The subduction events were associated with 

accretion and melange development, as well as with obduction of the Jurassic oceanic crust. The 

obducted hot oceanic crust metamorphosed the underlying continental margin of the Adria plate, 

developing the metamorphic soles. The subduction trench collided with the intra-oceanic Drina- 

Ivanjica microcontinent and the Dinaride ophiolites and sub-continental mantle bodies were thrust 

north-eastwards onto the Drina-Ivanjica microcontinent. In this interpretation, the ophiolites and 

melanges of the Vardar Zone Western Belt are a continuation of the Dinaride Ophiolite Belt (e. g. 

ultramafic rocks of the southern Kozara Mountains). 

Figure 2.8: Tectonic sketch map 
and location of terranes in the 
former Yugoslavia (after 
Karamata, 2000). SMTC- 
Serbomacedonian Composite 
Terrane; VZWB - Western belt 
of Vardar Zone; MVZ - Main 
Vardar zone; KB - Kopaonik 
block/ridge; JBT - Jadar Block 
Terrane; DIT - Drina-Ivanjica 
Terrane; DOBT - Dinaride 
Ophiolite Belt Terrane; EBDT - 
East Bosnian-Durmitor Terrane; 
CBMT - Central Bosnia 
Mountains Block/Terrane. 

In their recent analysis of the Alpine-Carpathian-Dinaridic system, based on a newly compiled 

tectonic map that includes the entire system, Schmid et al. (2008) proposed a new interpretation 

which strongly deviates from the view expressed by practically all previous authors who regarded 

the Drina-Ivanjica Unit as a continental terrane that was originally located between two separate 

oceanic basins (e. g., Dimitrijevic and Dimitrijevic 1973; Robertson and Karamata 1994; 

Dimitrijevic 2001; Karamata 2006) or who postulated that this terrane was derived by out-of- 
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sequence thrusting from the European margin (Pamic et al., 1998; Hrvatovic and Pamic 2005). 

Schmid et al. (2008) support the `single ocean' model and consider the two belts of ophiolites 
(Dinaride and Vardar Zone Western belt) as relics of the same, formerly coherent ophiolitic sheet 

that was obducted onto the Adriatic passive margin in the Late Jurassic and was disrupted by 

Cretaceous to Tertiary thrusting. Thrusting has exposed units derived from the Adriatic margin 
below the ophiolitic units, in the form of windows, which were interpreted as Drina-Ivanjica, Jadar 

and Kopaonik microcontinents by earlier authors. According to Schmid et al. (2008), the narrow 

belt of the East Vardar Zone represents a different geotectonic entity from that of the Dinaride and 

West Vardar ophiolites located farther west. Schmid et al. (2008) suggest that the East Vardar 

Zone represents a part of the Carpatho-Balkan Orogen and is structurally separated from the 

Western Vardar Ophiolitic Unit by the Sava Zone. Therefore, the collective term "Vardar Zone" 

should not be used any longer. 

In summary, insufficient data exist at present to confirm one specific model. Hence the 

geodynamic setting of the Vardar ophiolites is still a matter of debate, owing to a lack of reliable 

data on their geochemical affinity. 

Convergence between Adria and Eurasia led to a mature continental collision stage during 

Late Cretaceous - Early Paleogene. During the Tertiary the whole area of the Balkan Peninsula has 

been affected by extensional tectonics and regional uplift, associated with related extrusive and 

intrusive magmatic activity (Dilek, 2006). In the Vardar Zone, continental collision was also 

accompanied by emplacement of calc-alkaline granitoids, mainly of Late Eocene - Early Oligocene 

age (e. g., Pamid and Balen, 2001). The neotectonic activity during the Quaternary affected the area 

of the Dinarides and the Vardar zone due to continuous underplating of the Adria plate beneath the 

Dinarides, which is also still active. This deformation phase formed the NE-SW, NW-SE and 

NNW-SSE striking faults. 

2.5 Major mineral deposits in the Dinaride belt 
2.5.1 Introduction 

The metallogenic evolution of the Dinarides is largely influenced by geotectonic processes 

operating during the evolution of the Tethyan orogenic belt. The Tethyan orogenic system, which 

occupies an area of more than 5 million km2, is of similar size to, and broadly coeval with, the 

Cordilleran orogenic belt of the Americas (Porter, 1998). Tethyan metallogeny is characterised by a 

spectrum of metal deposits associated with major calc-alkaline magmatism, as well as extensional 

and metamorphic stages during the evolution of the orogen (Dixon and Pereira, 1974; Jankovic, 

1977; Porter, 1998; Lescuyer, et al., 2003; Canby, 2007; Lips, 2007). The Western Mediterranean 

branch or the Alpine-Balkan-Carpathian-Dinaride (ABCD) belt is one of Europe's major 

metallogenic provinces. Broadly, three spatially and temporally distinct tectonic and metallogenic 
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zones can be distinguished within the region. They are associated with Late Cretaceous to Neogene 

magmatism (Figure 2.9), namely: 

1) The Eastern Zone, which comprises Late Cretaceous, subduction-related calc-alkaline 
intrusive and volcanic rocks, also known as the Banat-Timok-Srednoegorie or "Banatitic" 

metallogenic belt, extends from Romania through Serbia into Bulgaria. This zone hosts significant 

economically world-class Cu-Au deposits, such as the Moldova Noua Cu porphyry in Romania, 

Majdenpek, Veliki Krivelj Cu-Au and Bor Cu-Au porphyry (± epithermal) in Serbia, and the 

Elatsite, Medet and Assarel Cu porphyry and Chelopech Au epithermal deposits in Bulgaria 

(Jankovic, 1997; Heinrich and Neubauer, 2002). 

Figure 2.9: Simplified tectonic map displaying the distribution of major tectonic units and ore deposits in the 
Alpine-Balkan- Carpathian-Dinaride (ABCD) region (Modified after Forward, 2008). 

2) The Western Zone, which is characterised by Eocene-Oligocene and Oligocene-Miocene 

calc-alkaline activity within the Serbo-Macedonian-Rhodopian region and ophiolite belts. It hosts 

several significant epi- to mesothermal Pb-Zn (Ag, Au) vein and carbonate- replacement deposits 

in Serbia, Macedonia, Bulgaria and Greece. The Buchim (Macedonia) and Skouries (Greece) 

porphyry Au-Cu deposits belong to this metallogenic region. Calc-alkaline activity here is mainly 

related to post-subduction and continent-continent collision (e. g. Harkovska et al. 1998). 

3) The Northern zone comprises Neogene/Quaternary subduction- related, calc-alkaline to 

alkaline volcanic chain of the Carpathians. It is one of Europe's major metallogenic provinces, 

which hosts some important epithermal gold- polymetallic ore deposits such as the Rosia Montana 

epithermal gold and Rosia Poieni Cu-Au porphyry in Romania. 
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Unfortunately, a comprehensive review of mineral deposits and their geotectonic setting 

within the ABCD province is beyond the scope of this study. Most recent information about the 

tectonic setting of the mineral deposits within this province can be found in the following 

publications: Blundell et al. (2002; 2005), Heinrich and Neubauer (2002), Eliopoulos et al. (2003), 

Von Quadt, et al. (2004; 2005; 2007), Jelenkovic et al. (2008). 

Z. S. 2 Mineral deposits within the Dinarides 

The Dinaride belt is characterised by a diversity of mineral deposits, which can be divided, 

according to their tectonic setting, into four major groups as follows (Jankovic, 1990; 1997; 

Karamata and Jankovic, 2000; Palinkas et at., 2008): 

1) Late Permian-Triassic intracontinental rifting. Thermal doming and Pangea break up 

induced intensive, deep hydrothermal circulation cells. Engagement of brine-derived, heated fluids 

and leaching of iron from the thick shale sedimentary sequences led to the formation of epigenetic, 

metasomatic siderite deposits. These demarcate the opening of the Tethys from Eastern, Central 

and NW Bosnia (Ljubija), in Central Croatia (Trgovska and Petrova Gora Mts. ) (Figure 2.10), 

Rude-Samobor and may be traced to Hungary (Rudabanya), and as siderite and magnesite deposits 

in Slovakia (Gemerides) and Eastern Alps (Erzberg), (Palinkag, 2000). They are located within the 

Internal Dinarides. 
The Ljubija Fe carbonate-sulphide-barite ore field is located at the margin of the Mesozoic 

carbonate platform, within Palaeozoic rocks of the Sana-Una River terrain. Mineralisation is hosted 

by Middle Carboniferous sediments, represented by clastic (subgreywackes, greywackes, 

sandstones and shales) and carbonate blocks contained within a shale sequence (Protic, 2003). Fe 

carbonates occur as stratabound siderite and ankerite replacement in limestones and as siderite- 

sulphide veins within shales (Strmib et al., 2003). Barite veins with fluorite occur within upper 

parts of the ore deposit (Palinka§, 1988; Borojevic- ýos"taric, 2004; Strmic-Palinka§, 2004). 

Middle/Late Triassic advanced rifting phase, prior to the opening of the Tethys ocean, is the 

time of formation of extensive Fe-Mn sedimentary exhalative (SEDEX) deposits within the Internal 

Dinaride region. The biggest are the hematite-siderite deposits of Vares and Veovada, 6evljanovici 

(Mn), situated in Central Bosnia, and Buzim (Mn) in NW Bosnia. At Idrija (Slovenia) (Figure 

2.10), and Dra2evi6i (Central Bosnia) epigenetic-syngenetic Hg-deposits are also a product of 

Triassic rifting. Idrija is a typical Hg-SEDEX deposit with a well-developed feeder zone that bears 

large reserves of epigenetic mineralisation within Carboniferous, Permian and Lower Triassic 

strata. Acid, explosive, submarine volcanism produced the Kuroko type Pb-Zn deposit ýuplja 

Stijena in the Internal Dinarides of NW Montenegro (Jankovic, 1990). Deep seated, low 

temperature, connate brines within the carbonate platform, driven by pressure of the overlying 

sediment burden, and expelled into favourable sites, precipitated carbonate-hosted Pb-Zn 

mineralisation. Good examples are at Olovo (Central Bosnia), St. Jacob (Central Croatia), 
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equivalents of Mezica, Bleiberg, Reibl and other carbonate hosted Pb-Zn deposits within the 

Southern and Northern Calcareous Alps. 

2) Jurassic intraoceanic rifting - ophiolite complex. Deposits related to Jurassic ocean 

formation and formation of ophiolites are scarce in the Dinarides. In the ophiolite zone low-quality 

podiform chromite deposits are present in lherzolites associated with pyroxenites (Dubostica ore 

deposit, Central Bosnia). In contrast, chromite deposits are widespread in the Vardar Zone where 

they are related to harzburgite-dunite ophiolites (Jankovic, 1990). 

Figure 2.10: Major mineral deposits in the former Yugoslavia (Modified after Jankovid, 
1990; Hrvatovie and Pamid, 2005; Karamata, 2006; Palinka§ et a)., 2008). 
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3) Subduction-related setting. Cretaceous-Paleogene subduction related magmatism in the 

NW Dinarides, characterised by remnants of magmatic arc formation (basalts, rhyolites and 

minor granite bodies) is devoid of mineralisation. However, subduction-related mineral deposits 

are well known in the Carpatho-Balkan metallogenic province which hosts major porphyry copper 
deposits, lesser skarn deposits (iron, locally Pb-Zn), massive Cu sulphide (e. g. Bor) accompanied 
locally by replacement type Pb-Zn, epithermal gold deposits, associated with calc-alkaline igneous 

complexes of the Early Tertiary-Late Cretaceous, and Neogene gold/silver and base metals 
deposits. These types of deposits have not yet been discovered in the Central Dinaride belt. 

4) Tertiary, post-subduction plutonism. Intrusion of igneous bodies (granodiorites, 

monzogranites, tonalites) and migmatization formed beryl-containing pegmatite-aplites and W-Mo- 

Sn-sulphide pneumatolitic greisen in N Bosnia and W Serbia. The post-collisional continent- 

continent setting includes numerous Pb-Zn, Sb, As, Au-Cu deposits located within the Vardar 

Zone. These deposits are believed to be associated with volcano-plutonic complexes of calc- 

alkaline affinity (Jankovic, 1990). The Oligocene-Neogene volcanism is the major source of 

hydrothermal lead and zinc (±Sb, or ± Ag, or ±Au) deposits in the Vardar Zone. The Pb-Zn 

deposits extend from Kosovo (TrepCa, Crnac, Belo Brdo and Kopori6) through western Serbia 

(Kizevak, Sastavci, Rudnik and Veliki Majdan), to easternmost Bosnia (Srebrenica) (Figure 2.10). 

Pb-Zn mineralisation in this study is related to this mineralisation epoch. 

The Oligocene-Miocene Serbo-Macedonian-Rhodope magmatic and metallogenic zone of 
Serbia, Macedonia, Bulgaria and Greece includes numerous volcanic-hosted (Lece) and vein-type 

(Kratovo) Pb-Zn deposits (Figure 2.10), skarn-type polymetallic deposits (Toranitza, Sasa, and 

Golema Reka), porphyry Cu-Au-Mo (Budim and Skouries) mineralisation and epithermal Au 

deposits (Jankovic, 1997; Neubauer et al., 2003). Some of these deposits will be investigated 

during the course of this study. 

2.6 Brief review of mineral deposits in the Vardar zone and the Kopaonik district 

Numerous economically significant deposits of lead-zinc, antimony, bismuth and 

molybdenum, as well as smaller copper, iron, tin, tungsten and gold deposits are distributed within 

the NNW-SSE trending Vardar tectonic zone (Jankovic, 1990; Jankovic et al., 2003). 

Lead and zinc mineral deposits of Serbia and Kosovo (Figure 2.11) are concentrated within 

several larger metallogenic districts namely Kopaonik, Golija, ýumadija and Srebrenica, with 
Kopaonik being the most significant. These deposits are believed to be related to Tertiary calc- 

alkaline magmatic complexes that intruded not only pre-Tertiary rocks of the Vardar Zone, but also 

those of the Serbo-Macedonian zone (Neubauer et al., 2003). Silver also represents a characteristic 

commodity of the Vardar Zone. In the Kopaonik region silver production is assessed at more than 

4,500 t (Monthel et al., 2002), most of which comes from the TrepCa mine. Copper, although 

occurring extensively in the Vardar Zone does not form economically significant concentrations 
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(Jankovic, 1990). However, within individual deposits it reaches economically significant levels 

such as 0.7% Cu at the Suvo Rudiste deposits. According to Jankovic, et al. (2003) the origin of the 

copper might be traced to ultramafic rocks, from where it was mobilized by hydrothermal 

solutions. They observe that all deposits where increased copper concentrations occur in the Vardar 

zone are located close to serpentinised peridotites (Rudnik, Kremici, Bueim porphyry). 

Little is known about the geochemistry of gold and its association with mineralisation in the 

Vardar Zone and Kopaonik mineral belt, as no exploration or research has been carried out 

(Jankovic et al., 2003). Gold is known only locally from exploration for other deposits. According 

to present knowledge, the deposits within the Kopaonik district are poor in gold (Jankovic et al., 

2003). However, a recently compiled simplified mineral deposit database of Serbia (Monthel et al., 

2002) reported that most of the Pb-Zn deposits of the Kopaonik district contain gold (Figure 2.12), 

but data are sparse. Between 1950 and 1985, TrepCa produced 8.7 t of gold, or an average of 250 

kg per year. The main deposits reputed to be gold bearing are Belo Brdo, Novo Brdo and Ajvalija 

(Monthel et al., 2002). 

Figure 2.11: Important Pb-Zn deposits in Serbia and Kosovo (taken from Monthel et al., 2002). 
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The Kopaonik metallogenic district (Figure 2.13), hosts several skarn, hydrothermal 

replacement and vein type Pb-Zn (Ag) deposits (Jankovic, 1995). The hydrothermal replacement 

lead-zinc deposits are mainly irregular, but compact, bodies hosted in limestone and siliceous rocks 

that range from several thousand to several million tons of ore. It is one of the largest Pb-Zn ore 

districts of Europe, with a metal tonnage produced of nearly 3 Mt lead and 2 Mt zinc. The Trepca 

deposit, which is a skarn and hydrothermal replacement type deposit, has to date been the largest 

individual source of lead-zinc ore in Serbia. 

The structure of the Kopaonik metallogenic district is dominated by NNW-SSE trending 

structures (Figures 2.13 and 2.14). Many of the Vardar structures may be reactivated Variscan 

structures marginal to the Serbo-Macedonian Massif. This tectonic zone, within which the Balkan 

Figure 2.12: Important Au deposits in Serbia (taken from Monthel et al., 2002). 
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Figure 2.13: Simplified geological map showing more important mineral deposits within 
the Kopaonik metallogenic belt (Modified after Dimitrijevid, 1997; 2001; Karamata, 1995; 
Sudar and Kovacs, 2006). 

Pb-Zn-Ag deposits are located (Jankovic, 1990), is marked by lineaments and fracture zones 

striking NW-SE. It can be followed approximately 700 km along a strike from Bosnia, through 

Kosovo and Macedonia into Greece and varies in width from 40 to 60 kilometres. 

In the southern part of the Kopaonik metallogenic belt, also known as the Trep6a Mineral Belt, 

three regional zones of mineralisation that extend over 80 km in northern Kosovo can be 

recognised (Figure 2.14): 

" Zone I- includes Artana (Novo Brdo) - Batllave. Zone I follows the boundary between the 

Kosovo sector of the Serbo-Macedonian Massif, which is marked here by extensive 

Neogene calc-alkaline volcanics and intrusives, with the Vardar Zone. 

" Zone II - extends from the Hajvalija- Kishnica district in the south to Belo Brdo in the 

north, and includes the Trep a (Stari Trg) mine and numerous other occurrences. Zone II 
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follows the major fault that marks the eastern margin of the Miocene Pristina basin, and its 

extension to the NNW and the intrusive and volcanic complexes in northern Kosovo. 

" Zone III - includes the Crnac mine, and extends along a number of lead-zinc occurrences 

on the western border of the Vardar Zone, where it is in contact with the Dinaride Drina- 

Ivanjica structural block. 

Figure 2.14: The southern Kopaonik metallogenic belt ("Treprra Mineral Belt") consisting of three regional 
NNW-SSE trending mineralising zones (Modified after UNMIK, 2005). 

2.6.1 History of mining in the Kopaonik district 

The silver-bearing lead and zinc resources of the Kopaonik metallogenic district have been 

known from ancient times, judging by numerous medieval workings, old dug pits, mining 

equipment and tools found in the area. Despite such a long history of mining activity, it is only 

since 1930 that modern mining was established at Trepca by the British company Seltrust. Since 

then, Trep6a experienced a period of massive growth through the 60's and 70's, employing 20,000 

people in nine operating mines. This was followed by an almost catastrophic decline in the 80s and 

90s. Today, approximately 2,000 workers are employed as the modernisation of the core mining 

facilities is completed and production is gradually increasing. Whilst the 80's and 90's were 

characterised, at least partly, by a lack of exploration, the known deposits are not exhausted. 

Mineable reserves and measured resources at the five key mines totalled 7.068 million tonnes at 

5.46% lead, 5.64% zinc and 116 g/tonne silver. An exploration programme is currently being 
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initiated by UNMIK in terms of underground definition drilling, as well as regional exploration to 

define new deposits around Trepca. Recent geological work strongly indicates the likelihood of 

additional ore reserves within the TrepCa Mineral Belt, as the mineralisation is structurally and/or 
fault controlled (UNMIK, 2005). Consequently, the Trepca mineral belt holds a high potential, not 

only for lead, zinc and silver but also for copper and gold. This will be investigated during the 

course of this study. 

On a wider scale, no modem aerial or ground geophysical exploration has been undertaken 

anywhere in the Trepda Belt. In addition, no modem geochemical research has been carried out 

thus far in the area. 

Z62 Belo Brdo mine: exploration and mining history 

The Belo Brdo Mine works an underground lead, zinc and silver deposit located in northern 

Kosovo. The mine was explored by Trepca Mines Ltd in 1927 and high-grade Pb-Zn-ore was 

exploited on five levels until 1941. During this period, a total of 183,000 t of ore was produced. By 

1990 a main shaft, drifts and production stopes had been established with 13 levels, from the lowest 

haulage level elevation at 1000 in to the highest at 1425 m above sea level. 

From 1972 to 1984 the average production rate approached 100,000 tonnes/year. The highest 

yearly production was in 1977 when more than 110,000 tonnes were mined. Average mill feed 

grades for this period were: Pb 4.2% and Zn 3.3%. From 1985-1990, Belo Brdo declined in ore 

production from approximately 90,000 to 60,000 tonnes per year. The break up of Yugoslavia 

around 1991 caused a sudden production fall to less than 10,000 tonnes per annum in 1994. A 

slight increase occurred after this with around 30,000 tonnes annually being mined in 1995/6 but 

falling again to less than 20,000 tonnes up to closure in 1998. The grade of ore during this time 

also dropped to an average of Pb 4.0% and Zn 3.5%. The mine was reopened in 2003. Its main 

access level is an adit some 3 km long from the Kosovo side of the mountain into the ore-zone. A 

shaft accesses the six mining levels, 50 m vertically apart. Access to the hoist is along an adit from 

Serbia. Mining is carried out by underhand cut-and-fill methods with open pit quarried aggregate 
from the Serbian side being used as fill material. 

Three main ore bodies namely GI, GII and GIII are of a hydrothermal carbonate-hosted type, 

with an elongated columnar form that plunges at 25-40° (Miletic and Mladenovic, 1995). 

Additional hydrothermal vein deposits are located within overlying andesite volcanics. The vein 

extends approximately 400 m along strike, and over 250 m in depth (Figure 2.15). 

The mine currently exploits the GII hydrothermal replacement body and the GIU12 vein-type 

mineralisation. Larger zones are mined by underhand cut-and-fill and the vein is mined by 

overhand cut-and-fill method. Backfill, sourced from a quarry in Serbia, is emplaced 

pneumatically. 
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Over the past 2 years, previous Yugoslav estimates and all available mine and geological data have 

been extensively revised. Original data conformed to the reserve standards common within former 

Eastern bloc countries. More recent calculations allow Western standards and currently stand at 1.4 

Mt at 5.99% Pb, 5.26% Zn and 86 g/t Ag. 

Figure 2.15: 3D oblique view of the Belo Brdo ore bodies (UNMIK, 2005). 
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CHAPTER 3: 

LOCAL GEOLOGY, PETROGRAPHYAND GEOCHEMISTRY OF 
IGNEOUS ROCKS IN THE KOPAONIK AREA 

3.1 Introduction 

In this chapter the local geology of the Kopaonik area, including its structural and stratigraphic 

characteristics, is outlined. The petrologic characteristics of the principal lithologies in the study 

area are described and the mineral chemical data from primary and secondary mineral phases of the 

host rocks presented. In addition, major and trace element whole-rock geochemical data for the 

igneous rocks are discussed. These results can be combined to constrain the geotectonic 

environment of the parent magma. 

Current knowledge of Serbian geology is mainly based on 1: 100 000 scale geological maps 

published by the Geological Survey of Yugoslavia between 1970 and 1973. The geological 

relationships between the main lithological units described in this chapter draw on the following 

sources: the 1: 100 000 scale geological map of Novi Pazar (Urosevic et al., 1973); the overviews 

published by Dimitrijevic (1997) and the Symposium Committee (1995); and the primary 

observations made during fieldwork. Petrographic descriptions, mineral chemistry and geochemical 

interpretation are based on the results of primary investigations carried out in this study. 

3.2 Sampling and Methods 

The Kopaonik district contains a wide range of rock types of variable composition. A total of 

81 rock samples were collected during fieldwork carried out in September 2006, May 2007 and 

August 2008. They were prepared as thin sections, polished thin sections, polished blocks and 

doubly polished wafers at Kingston University. A list of samples and their localities are provided in 

Appendix 1, which is saved on a CD-ROM enclosed at the back of this report. For the purpose of 

petrographic analysis, a group of representative rock samples were taken randomly from different 

lithological units outcropping in the Kopaonik area, including the Belo Brdo and Raska 

(Karavansalija) ore fields. Additionally, several groups of representative host rock lithologies were 

collected from the Belo Brdo Pb-Zn (Ag) underground mine and drill cores of the Karavansalija 

Cu-Au skarn and the Rudnitza Cu-Au porphyry exploration prospects. A total of 45 polished thin 

sections were studied using Optical Transmitted Light Microscope and Cathodoluminescence (CL) 

with the aim of (i) characterising the petrology of the host rocks in the study area, (ii) better 

understanding of the textures of the mineral phases and (iii) defining the secondary alteration 

mineralogy. Modal proportions of individual mineral phases were visually estimated and wherever 

possible, identification of preserved primary minerals was determined by means of their optical 
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properties. Representative key samples and those with more complex textures were further 

analysed using the SEM with an electron microprobe facility at Kingston University to characterise 

mineral chemistry and microtextures. The polished, carbon-coated samples were examined by 

Zeiss EVO50 Scanning Electron Microscope (SEM) fitted with both energy dispersive X-ray 

(EDX, Oxford Instruments INCA ENERGY 450) and wavelength dispersive (WDS, Oxford 

Instruments INCA WAVE 500) detection systems. Natural mineral standards were used for 

calibration and the following operating conditions were applied: accelerating voltage 20 kV, 

working distance 8.5mm, beam current 1.5 nA detector process time 4. The information about 
instrumentation and the mineral chemistry data are presented in Appendix 2. 

As the study area is located in the centre of a major mineralised district, most of the collected 
samples show various degrees of hydrothermal alteration; hence it was difficult to collect suitable 
fresh host rocks for geochemical investigations. A total of 22 least altered volcanic rocks were 

geochemically analysed for major, trace, and rare earth elements using Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS) and Inductively Coupled Plasma Atomic Emission Spectroscopy 

(ICP-AES) techniques. The whole-rock geochemical data as well as the procedures for the 

preparation of the samples are presented in Appendix 3. All Appendices are provided on a CD- 

ROM enclosed at the back of the report. 

3.3 Geological and structural setting 

The NNW-SSE trending Kopaonik unit ("Kopaonik block and ridge" unit of Karamata, 1995, 

2006) is characterised by both, oceanic and continental rocks. Along its eastern margin, an east 

dipping Cretaceous/Paleogene suture zone (southern prolongation of the "Sava Zone"), as defined 

by Schmid et al. (2008), separates the Dinarides in the west from the Carpatho-Balkan orogen that 

consists of the Serbomacedonian "Massif' tectonically overlain by the Eastern Vardar Ophiolitic 

Unit (Figure 3.1). The latter unit is covered by Lower Cretaceous unmetamorphic flysch 

("Paraflysch", of Dimitrijevic and Dimitrijevic, 1987; Dimitrijevic, 1997). Along the western 

margin, the present-day tectonic contact with the Drina-Ivanjica unit is steeply dipping with a 

dextral strike-slip component (Gerzina and Csontos, 2003). This contact marks the ophiolitic 
"Zvornik suture" (Dimitrijevic, 1997) that separates the continental Drina-Ivanjica and Jadar- 

Kopaonik "block terranes" (Karamata, 2006). According to Schmid et al. (2008), the Drina- 

Ivanjica and the Jadar-Kopaonik units represent thrust sheets derived from the most distal Adriatic 

passive margin, now exposed as windows, and the Zvornik "suture" simply represents the north- 

western continuation of the long belt of Late Cretaceous ("Senonian") flysch, which marks the 

tectonic boundary between the Drina-Ivanjica and Jadar-Kopaonik thrust sheets (Fig. 3.1). Besides 

the Kopaonik window, a smaller Paleozoic-Mesozoic complex, referred to as the Studenica slice 

(Dimitrijevic, 1997), crops out in the region (Figure 3.2). The Kopaonik-Studenica Metamorphic 
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Figure 3.1: Regional tectonic map of the Alps, Carpathians, and Dinarides (modified after Schefer et al., 
2010; Schmid et al., 2008). 

Series are overlain by a Mid- to Late Jurassic ophiolitic melange that lies beneath the obducted 

Western Vardar Ophiolitic Unit. These three units are unconformably overlain by Late Cretaceous 

("Senonian") flysch that contains large olistoliths, including ophiolitic blocks and reworked 

metamorphic rocks (Schmid et al., 2008). Tertiary geodynamics of the region is dominated by 

collision/post-collision tectonics that followed the final closure of the Tethyan domain. Subduction 

of part of the Tethyan Vardar Ocean occurred during the Late Mesozoic to Early Palaeogene, 

followed by Eocene collision and Oligocene to Pliocene post-collisional collapse of the Dinarides 

(Karamata and Krstic, 1996; Karamata et al., 1999). Grubib et al. (1995) and Schmid et at. (2008), 

suggest that the Kopaonik window represents a late stage antiformal structure (Figure 3.3) that 

folded the previously obducted Western Vardar Ophiolitic Unit, which is preserved on both sides 

of this structure (see also Sudar and Kovacs, 2006). On the eastern flank of this antiform, which 

was intruded by an Oligocene granodiorite, Senonian flysch rests unconformably on either the 

Western Vardar ophiolites or the underlying Triassic continental units of the Kopaonik window. 
The Senonian flysch is over-thrust by the Eastern Vardar Ophiolitic Unit that was earlier obducted 

onto the Serbo-Macedonian Massif. This east-dipping thrust fault is regarded by Schmid et at. 

(2008) as a first order tectonic contact that marks the suture between the Dinarides in a lower-plate 

position and the Carpatho-Balkan orogen in an upper-plate position. Towards the hanging-wall this 

Senonian flysch contains olistoliths, as well as abundant detrital material that was eroded from the 
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overriding Eastern Vardar Ophiolitic Unit, thus dating the closure of this flysch basin as Late 

Senonian (89 to 70.6 Ma) (Schmid et al., 2008). 

Figure 3.2: Simplified regional geological map of the Kopaonik district (Modified after Dimitrijevid, 1997; 
Karamata, 1995; Schmid et. at, 2008). 

Figure 3.3: Schematic tectonic cross-section of the Vardar Zone in the northern area of the Kopaonik Mt. 
(modified after Sudar and Kovacs, 2006). 1- Oligocene granodiorites; 2- ultramafic rocks; 3- Upper 
Cretaceous deposits of the Kopaonik Block; 4- Cretaceous paraflysch/flysch: a- Lower Cretaceous 
paraflysch of the Eastern Kopaonik; b- Upper Cretaceous flysch of the Eastern Kopaonik; 5- Ophiolitic 
melange of the Vardar Zone Western Belt; 6- Ophiolitic melange of the Eastern Kopaonik, slightly 
metamorphosed; 7- Triassic and Paleozoic metamorphic rocks; 8- deposits of the Drina-Ivanjica Terrane 
(DIE); 9- metamorphic rocks of the Serbo- Macedonian Composite Terrane (SMCT). 
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3.4 Main lithological units 

The study area is characterised by various lithostratigraphical units that range in age from 

Triassic to Recent (Dimitrijevic, 1997). The tectonic nappe pile includes, from bottom to top: 

aTriassic metamorphic complex; a Jurassic-Cretaceous Ophiolite melange Unit; a Jurassic 

Ophiolite Unit; and an Upper Cretaceous Flysch Unit (Figs. 3.3 and 3.4). 

Figure 3.4: A) Geological map of the Kopaonik district (modified after Urosevih, 1970); B) Cross section of 
the Belo Brdo ore field (note: horizontal scale exaggerated; the cross section based on 1: 25 000 geological 
map). 
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During the Early Oligocene, the tectonic stack was intruded by the I-type Kopaonik intrusive 

complex (Dimitrijevic, 2001; Zelic et al., 2010a). Very few data on the continental units of the 

Kopaonik area are available (Schefer et al., 2010a; Zelic, et al., 2010), whilst the oceanic units of 

the Dinarides in general have attracted more interest since the beginning of the 21s` Century. 

Several papers presenting new data and interpretations of the ophiolites and related units of the 

Balkan Peninsula, with particular emphasis on former Yugoslavia, have been published in a special 
issue of LITHOS (Robertson et al., 2009), following an international field workshop: "Mesozoic 

Ophiolite Belts of the Northern Part of the Balkan Peninsula, Serbia and Montenegro - Bosnia and 
Herzegovina" held out in 2006. Despite the recent increased interest in the geology of Serbia and 

Kosovo, the Kopaonik area still remains underexplored. 

3.4.1 Triassic Kopaonik Metamorphic Complex 

The oldest rocks outcropping in the study area belong to the "Kopaonik Metamorphic 

Complex", which stratigraphically rests on the Paleozoic schists (Schmid et al., 2008). Early 

studies dealt principally with rock description and petrography and resulted in the recognition 

of several "series" known under different names, such as: the "Suvo Rudiste Formation" (Wilson, 

1933) or "Central Kopaonik Series" (Urosevic et al., 1970,1973) in the north; the "Metamorphic 

TrepLa Series" or "Stan Trg Series" (Brammall, 1930) in the south; the "Rogozna and Golija" 

(Urosevic, 1970; 1973) and "Studenica"(Simic, 1956) in the west, the "Footwall Series" at Belo 

Brdo mine (Kandis, 1987). More recent studies aimed at interpreting the geotectonic environment 

include the works of Grubic (1995) and Grubic et al. (1995) who considered these series as the 

equivalents of the Alpine "schistes lustres" formed in deep-water environment. On the contrary, 

Karamata et al. (2000) consider these series as deposits of the continental slope at the margin of the 

Vardar Ocean. 

The Kopaonik Metamorphic Complex, previously considered as Paleozoic is, according to 

MiciE et al. (1972) and Sudar (1986), of Middle and Late Triassic age. The recognised conodont 

fauna from meta-limestones (Sudar, 1986) more precisely confirmed Carnian (228-216.5 Ma) and 
Norian (216.5-203.6 Ma) ages. The metamorphic sequence has a maximum thickness of - 400 m 

and is composed of sericite-chlorite, chlorite-epidote-actinolite schists; metasandstones; 

greenschist-facies metabasalts; and thin-bedded crystalline limestones (Figure 3.5). The Triassic 

metasediments are present in almost all the underground Pb-Zn mines within the Kopaonik 

metallogenic district (Belo Brdo, Stari Trg, Ajvalija - Ki§nica, Novo Brdo, Radanj, Suvo Rudi9te 

and Rogozna). The lower part of the stratigraphic column is represented by sericite-chlorite schists 

and chlorite-epidote-actinolite schists, which are overlain by the organic-rich limestones (Figure 

3.5) of Middle Triassic age (Robertson et al., 2009a). The upper part of the column is characterised 
by the Upper Triassic metasedimentary and metabasic rocks, which are folded together with the 

metasediments into a 200 m thick succession (Zelic et al., 2005; 2010). Although the relationships 
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bemeen the metahasic rocks and the metasedimentarv rocks are still unclear, this succession has 

been interpreted as a single rifting-related Triassic volcano-sedimentary formation by Dimitrijevic 

(2001). 

The interpretation is based on the recognition of the same deformation and metamorphic 

features in both metabasic and metasedimentary rocks. According to recent studies carried out bv 

/elic et al., (2005). these rocks shovv a complex deformation history that includes two phases 

developed under upper greenschist- upper amphibolite P-T conditions followed by subsequent two 

phases characterised b\ ver -Io\\ grade metamorphism. The geochemical affinity of the igneous 

protoliths indicates that basaltic magmas were generated at continental arc settings (Zelic, et al., 

2005). At the contact with the Oligocene granodiorite. the metabasic rocks of the Kopaonik 

Metamorphic Complex are metamorphosed to hornfels and the limestones to spectacular skarns and 

marble,, (l=kure ,. S). 

Metasedimentar rocks consist of grey, thin bedded cr stallive limestones. metapelites and 

meta-sandstones (Figure 3.5). The meta-carhonates are composed cif alternating 30- 18() cm thick. 

Hhite to grey, fine-grained marble layers and 10-140 cm thick. %Nhite to '%elloN%ish meta-dolostone 

lavers. Fine-grained impure marbles ýN ith minor quartz are also present (Figure 3.6). 
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Figure 3.5: Field occurrence of the Triassic metamorphic rocks. A) Very dark, almost black, thin to medium- 
bedded limestones with sporadic bedding-parallel calcite veins: B) Folding developed in interbedded 
metapelites and dark grey chert% meta-linmestones: C) light- to medium ý, re\ thin bedded crystalline 
limestones v%ith interlaýers of creanmý-ýellov% pelitic-psammitic rocks: D) Formation of Iron skarns and 
marbles at the contact of Oligocene granodiorite and Upper Triassic limestones. 
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Figure 3.6: Photomicrograph (A) and BSE image (B) of the Upper Triassic meta-limestones. A) Meta- 
limestones %%ith well developed foliation and parallel meta-arenite lamination (sample Z-3); B) Silicified 
fine-grained meta-limestones from Belo Brdo mine (sample Zap-1). (scale - 100 microns). 

The Triassic meta-limestones represent one of the host rocks to the Pb-Zn mineralisation in the 

Belo Brdo deposit. Triassic lithologies are overlain by the Jurassic Ophiolite melange on both 

Flanks of the Kopaonik unit. 

3.4.2 Jurassic-Cretaceous Ophiolite 
. 
'4e/ange Unit 

Ophiolitc melanges, often referred in the literature as the "diabase-chert formation", occur 

throughout the %%cstern Vardar Ophiolite Belt. In the Kopaonik area, the Ophiolite Melange Unit 

consists of large olistoliths including Triassic limestones, `greenschists and metabasalts as well as 

sedimentary rocks represented bv sandstones, mudstones, breccia and conglomerates (Figure 3.7). 
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Figure 3.7 1 field occurrence of ophiolite me lance: : 1) An ulistostromc containing i block of 
interbedded mudstones and sandstones in sharp contact with metre-thick beds of green and red cherts, B) a 
block of breccia containing fragments of carbonates, chert and basalts. 

Chert is sporadic through the formation. This unit also contains dismembered ophiolitic rocks such 

as basalts, gabbros, radiolarites and ultramaue rocks (Dimitrije% is and Dirnitrijevic, 1973; 

Dimitrije% ic, l99i- Karamata and Krstic, 1996. Zelic et al.. 2()10). The ophiolitic nmclange 

commonlx has a quartz- and mica-rich shal,, ntatrix. Palsnomorphs from the shah matrix and 
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radiolarians from siliceous clasts have yielded Late Triassic, Jurassic and Early Cretaceous ages 
(Vishnevskaya et al., 2006). 

3.4.3 Jurassic Ophiolite Unit 

The Kopaonik district contains a wide variety of dismembered ophiolitic rocks such as 

serpentinised ultrabasic rocks, known as the Ibar Massif, gabbros and basalts. Peridotites within the 

main mapped area of the Kopaonik district are characterised by depleted harzburgites and are 
interpreted as being of supra-subduction zone type based on their mineral chemistry (Bazylev et al., 

2009). Most of the ultramafic rocks in the study area have experienced severe serpentinisation. The 

serpentinite in the vicinity of Belo Brdo is strongly brecciated and tectonised. The relationship 

between the serpentinites and the younger melange unit is of tectonic origin with the ultramafic 

bodies thrust onto an ophiolite olistostrome melange (Dimitrijevic, M. 1995). The contact between 

dismembered gabbros and melange is also sharp, probably due to the sliding of gabbro blocks into 

the olistostrome. Basalts are developed as pillow lavas with small pillows up to 0.5 m in size. The 

obduction of ophiolites was followed by the metamorphism of underlying olistostrome melange 

under amphibolite facies due to still hot ultramafic body emplacement. 
The age of the ophiolitic ultramafic and mafic rocks within the Western Vardar Ophiolitic Unit 

is Middle to early Late Jurassic (163-148 Ma), based on radiometric age determinations (Spray et 

al., 1984; Bazylev et al., 2006). 

In Belo Brdo deposit, serpentinites are hydrothermally altered to listwanites and represent an 
important host rock to the "GII" carbonate-replacement ore body (see Chapter 4). 

3.4.3.1 Petrography of the peridotites 

Petrographic observations of several peridotite samples identified harzburgite as the main rock 

type (Figure 3.8). Generally, all samples display similar textures and mineral assemblages 

containing olivine (70-90%), orthopyroxene (10-30%), Cr-spinel (up to 2%) and in one sample 

clinopyroxene (up to 5%). According to the classification of Streckeisen (1973) of plutonic 

ultramafic rocks, most samples from our study classify as harzburgites and one as clinopyroxene- 

bearing harzburgite. 

All the samples show various degrees of serpentinisation ranging from partial, in which 50% 

of primary minerals have been replaced by serpentine minerals (Figure 3.8A and B) to severe, in 

which hardly any primary minerals are preserved (Figure 3.8C- F). In the case of severe 

serpentinisation, the primary phases were reconstructed by means of identifying the following 

microtextures: mesh-textured serpentine (Figure 3.8A and C-F), pseudomorphing primary olivine; 
bastite pseudomorphs of primary orthopyroxene (Figure 3.8B); tremolite-actinolite clusters, 

replacing primary clinopyroxene (Figure 3.8E); and magnetite developed at the rims of primary 
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6 
Figtri 3. K_ ý'llýýluII11ýIýi_I. 111ý1> of "f)ý. IIIý,, J i`, I ill LI ) _1U)LII1/L'd II. iIt and plaIII-poial[sed 

Ii_ht (F), hum inu main mineral piu'c' and tr\tures of har, hur`, ites. A) Mesh texture of serpentine %%ith relict 
olivine crystals (sample P4): 13) Kinked orthopýroxene porphýroclast pseudomorphed by bastite (sample 
1000 I ): C) Mesh texture of serpentine completer replacing olivine (sample SRI'- I): 1)) Hotn-glass texture 
(sample P-4): F) Iremolite-actinolite replacement of clinopýroxene in olisinc matrix (sample 1000 I): F) 
Ilollý -leafcr}stal of , pine) associated s ith anhedral to interstitial orthopýroxcne cr stals in serpentinised 
olivine matrix (sample SRP- I) 

Cr-spinels (Fissure 3.81-'). I 'lie microtcxture. Ot. serpentinised harzhurgite are represented mainly b\ 

pseudomorphic mesh and hourglass textures. Midst the coarse-grained textured rocks (Nicolas and 
Poirier, 1976: Mercier. 1985) can contain orthopýroxene porph\roclasts that exceed I cm in size. 
Orthop roxene cr stals are also found recr stallised in polygonal grains (< 0.5 mm). The\ are 

commonl\ altered to bastite (Figure 3.813) and locall\ to tremolite-actinulite. In these rocks, spine) 
is generall\ reddish-hro n and forms hull)-leaf cr\stals. hose rims grade to magnetite. Some Cr- 

spine) grains exhibit a zonation in \0ich euhedral Cr-spine) core is rimmed b\ territchromite, 
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which in turn is rimmed by magnetite. Cr-spinel is rarely associated with the orthopyroxene and 
forms isolated crystals within the olivine matrix (Figure 3.8F). 

3.4.3.2 Mineral chemistry of the peridotites 

Mineral chemistry studies were conducted on four peridotite samples. The compositions of 

primary olivine, pyroxenes, as well as spinels and amphiboles are listed in Table 3.1 in Appendix 2. 

Primary olivine compositions were obtained from only two samples, in which the degree of 

serpentinisation was less than that of the rest of the samples. The abundant serpentine mesh 

textures suggest that olivine was the dominant primary igneous phase in all the thin sections 

(Figure 3.8). Their compositions are quite uniform and forsterite content ranges from F089.5 to 

Fogo. 4, except for one crystal which shows Fo93.4 (Figure 3.9A). Variation in Fo within a single 

sample is typically less than ±0.5%. Olivine has rather uniform Mg# (Mg x 100/[Mg + Fe 2+ j M01%) 

of 89.5-90.3. and one value of 94 which relates to the highest Fo content. Their NiO contents are 

up to 0.57 wt% (Figure 3.9A). 

The orthopyroxene (enstatite) compositions (En89) were obtained from only one fresh sample 

(Figure 3.9B) representing clinopyroxene-bearing harzburgite. They are characterised by high Mg# 

values (92 to 93) and relatively low CaO content (<0.81 wt%). The A1203 contents are rather low 

and range from 2.7-4.6 wt. %. 

The clinopyroxene (diopside) (Figure 3.9B) compositions were determined from the same 

sample as orthopyroxenes and they are characterised by low Na20 (< I wt %) and Ti02 (<0.46 

wt. % ) as well as low Cr203 contents. Their Mg# values are between 92 and 96. 

Cr-Spine! is present in all the samples and is characterised by variable compositions (Figure 

3.9C). Cr# of spinels (Cr xI00/[Cr + Al] mol%) are high in weakly mineralised host serpentinites, 

where spinels are commonly transferred to magnetite. Non-mineralised serpentinites have Cr# 

ranging from 47 to 80, averaging at 60. The Mg# spans a wide compositional range. The Fe-rich 

spinels in mineralised samples have low Mg# (<20), whilst non-mineralised samples are 

characterised by more Mg-rich spinels, having Mg# of 55-78. Compared with the spinel cores, the 

spinel rims were enriched in Fe but were deficient in At, Mg and Cr. Concentrations of Ti02 do not 

exceed lwt%. A1203 contents of all analysed Cr-spinels are low and do not exceed 17%. Magmatic 

amphiboles have not been observed in analysed harzburgites. Amphiboles have been determined 

from one sample from Belo Brdo mine where they replace clinopyroxene. They are calcic (Leake 

et at., 1997), with compositions corresponding to tremolite (Figure 3.9C). 
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Figure 3.9: Mineral chemistry of olisine. pyro\ene. spinel and amphibole in harzburgites. A) Chemical 

anale sis of forsterite in oliv ine (n 11): B) Chemical composition of pyroxenes (n 14). red=orthopvroxene, 
blue clinopyroxene: C) Variation diagram Mpg= (Mg (Mo - Fe) - Cr# (Cr/(Cr + Al) of Cr-spinels (n 26): 
(D) Chemistr. ofamphiboles (n- 12: classification after Leake et al., 1997). 

3.4.4 1 peer Cretaceous F41-sch Unit 

I he l pper Cretaceous sedimentary cover is post-tectonic and post-metamorphic NO h respect to 

the late Jurassic to earliest Cretaceous obduction of the Western Vardar Ophiolitic Unit and to 

Early to neid-Cretaceous deformations. Above a major unconformity. Cenomanian to Maastrichtian 

sediments commence \\ith shallo%\ \\ater clastic rocks. including conglomerates and rudist 

limestones, N%hich grade up\%ard into mark limestones and a thick pile of sandstone turbidites 

("Kosovska Mitro%ica Fl-sch''; Dimitrijeý is and Dimitrijevic, 1987) (Figure 3.10). 

These series unconformahlv cover. from v%est to east. Paleozoic to Mesozoic strata of the 

Drina-I. an. jica thrust sheet. ultramaue rocks and nmelange of the Western Vardar Ophiolitic Unit. as 

%%ell as the Triassic hopaonik Metamorphic Complex. 

Mass I%e reef Iimestones occur in the N icinit% of the Belo Brdo nine and on Vojetin I Iilt. where 

theN are transgre»i\c over Triassic metamorphic rocks. Brecciated at the base, the limestones 

grade up\%ard into \%hite limestones and. Iocall\, marbles. The tössil content indicated a Senunian 

age for all Cretaceous sedimentary rocks (Kandis. I 987). The clastic rocks consist of conglcmmerates 

and conglomerate breccia at the base of the I. 'pper Cretaceous. 

42 



3. Local Geology and Geoehe mi. stri 

tý 

I 

Je' 
\c4 

4.4611ý 

_. 
<Eý6.. 'ýl iý1SY ^_ ++- i /ýlý'. "d= Yý: STS71'ý'F_ý " D. 'ý _' : +-.. S. c_ 

__N 

Figure 3.10: lie LI occurrence ul the t_ peer Cretaeeou,, I-Iv seh Unit show iJno interbedded 
purple-gre\ limestones, marls limestones and marls. 

The lithological column shoN% the Upper Cretaceous sediments to have maximum thickness of 

350 m. The Upper Cretaceous in the Kopaonik district is clearly stratigraphically and lithologically 

defined. The Upper Cretaceous age (Hippurites felixi, Ctozolites profundes und of cli. scoiclens, 

Pucingiruorhiýn i. Rhº"nc/ionellu diformi. c and Alectrvonis cmguletu) in the basal part is related to 

the Coniacian (89.3-85.8 Ma). The Senonian arge is confirmed by rudistic fauna of the hippurites 

species (Hi/ýhurirr. c-Orhiýrnla-ýruhrcý. ciensis, Kosailnesis, giga nteus, oppeli. sulcutus etc. ) in reef 

I imestones of central Kopaonik. In the higher levels. the Senonian age is substantiated bý numerous 

Glohotruncuitu species (Sttuarti. Arcu, Fornicutu, ('outusu) in marly limestones. and in flvsch 

sediments bý Lu/)purenli forms (Lu/yurenti, Ttr"icurinala. Stu(n"ti, 
. -freu etc. ) (Sladic-Trifunovic. 

1995). 

3.4.5 Tertiurl" Igneous Rocks 

Tertian igneous acti\ ity in Europe is recognised in a continuous belt that extends from the 

eastern Alps in the north of the studs area. extending across the southern Pannonian Basin 

(Slovenia and Croatia) and the Dinarides (Serbia. Macedonia) into the Rhodope-Thrace region 

(Bulgaria and Greece) to the south of the Kopaonik district ( Parnic et at.. 1995: 2002a. 

Christolides et al.. 1998: 2001.1larkovska et at.. 1998: Marchev et at.. 1998: Yilmaz and Potat 

1998. Jo%ano%is et al.. 2001. Prelevic et al.. 2001. C%etko%ic. 2002. Cvetkovic et al.. 2004.2007). 

I his igneous belt comprises Eocene to Oligocene granitoid bodies. Oligocene to Miocene 

shoshonites. high-K calc-alkaline volcanic rocks and ultrapotassic rocks (lamproites and Icucitites) 

(I larangi et al.. 2006 and therein). \\ ithin the Kopaonik district. '\hich tiorms an integral part of this 

I ertiarý bell, igneous activ its produced vuluminuus volcanic and plutonic rocks (Figure 3.11). 
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Earlier in\estigations of Tertiary igneous rocks in this area dealt mainly with petrography 

(I)imitrije% is and Dragic, 1957. Stefanov is and Pa \ lov ic. 1960. Micic, 1980) and age 

determination of the Kopaonik granodiorite (Karamata et al., 1992). Very little geochemical \\ork 

has been carried out until noN\ (Zelic. et al.. 2010). 

At least three phases of,. olcano-intrusive activ itv have been recognized by Micic (1980). The 

first two phases are volcanic in character. "hilst the youngest. third phase is represented b) 

granodioritic plutonism. 

The first volcanic phase is characterised by andesites and occasional occurrence of dacites. 

T hei occupy the Io%cer level of the volcano-intrusive complex. The volcanics of this phase occur 

mainly as la%a tlo%%s and thick volcaniclastic deposits. %%hilst dykes are rare (Figure 3.11). Thick 

floes often consist of massive interiors \ýith columnar jointing. Andesites varx from a dark grey 

colour to medium grey and grcv-green colour. "hilst dacites appear light to medium gray on fresh 

surfaces (Figure 3.12). The magmatic rocks of the Kopaonik district are deeply eroded, so their true 

extent and thickness is difficult to reconstruct. Thus far, the maximum thickness of the rocks 

belonging to the first volcanic phase has been reported to he up to 300 in (Urosevic et al., 1973). 
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Figure 3.11: Field occurrences of the first phase , olcanics. A) panoramic view looking SW to the Belo Brdo 
mine: BI Columnar jointed andesitic lavas. C) stratified andesitic lavas: D) andesitic pyroclastic deposits. 
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Figure z. 12: 1 i.: :;... A .: i.: k ). field occurrence (B) and drill core close-up (D) of the rocks from 
the first wicanie pha, c.: A) I inc grained- almost aphanitic andesite: B) In situ dacitic dyke with centimetre- 
sized feldspars - xenocrýsts. C) Plagioclase- and hornblende-ph>ric trachytic-textured andesite; D) Dacite 
porphyry. 

The second Volcanic phase. Mhich makes up the upper part of the volcanic complex, is 

dominated by latites and quartz latites and most of the mineralisation in the study area is related to 

the rocks of this %olcanic phase. It includes large bodies of lava and volcaniclastic deposits along 

the Ibar Valley, on Rogozna Mountain (Kara, ansalija area) and around Trepca to the south east 

(Figure 3.13). The quartz latites also occur as steepl}-deepin`g dykes discordant to stratigraphv 
(Figure 3.13A) and commonly intrude fault zones (Figure 3.13B). Within the Karavansalija 

prospect, ENE-WSW-' trending latite and quartz latite dyke swarms occur perpendicularly to the 

regional :`W structural fabric of the Western Vardar Ophiolite Zone. The samples from drill 

cores are medium grained plagioclase- hornblende-phyric rocks, light grey to medium grey in 

colour and lack trachvtic textures found in lavas (Figure 3.13D and E). They can be best described 

as latite and quartz latite porph\ries. 
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3. ä Petrography of the Tertiary Igneous Rocks 

3.5. / The_/irst voh-attic phase 

Petrographic observations of the rocks of the first volcanic phase identified the folloNý ing rock 

tvpes: amphibole-. amphibole-biotite-, amphibole-pyroxene andesites and amphibole-biofite 

dacites. Andecite. c (Figures. 3.14A-F and 3.15A-D) are holocrNstall me and display porphýritic 

textures, Hhich range from moderately porphýritic (15-20% phenocrysts) (Figure 3.14A) to 

phenocnst-rich (30-40% phenocr sts) (Figure 3.1413). The phenocrysts consist of plagioclase, 

amphibole, biofite and rare clinopvroxene. Fine- to medium-coarse grained euhedral plagioclase 

(0.05-2 innm) is the most abundant phenocrRst phase in all samples (40-50 % modal abundance) and 

occurs as both senate textured (Figure 3.148) to more e%enly sized phenoeryst populations (Figure 

3.15 C). Additionall.. plagioclase phenocrnsts exhibit concentric oscillators zoning (Figures. 3.14C 

and [)) and se\eral disequilibrium textures including sice textured bands (Figure3.141 ), resorption 

(Figure 3. I4F) and corroded cores (Figures. 3.14B. G and 11) that are partiall- replaced b- clay 
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Figure 3.13: Field occurrences (A-C) and drill core close-ups (1) and l) ol'the rocks of the second volcanic 
phase. A) Quartz latite d-ke and pyrite stockNkork. B) quartz latite dykes intruding serpentinites: C) q-latite 
dike Karavansalija K8: D) Close-up of a drill core (sample KU27) showing coarse-grained plagioclase and 
hornblende- phwic latite porph\rn: E) Coarse- grained phenocryst-rich quartz latite porph)r) (sample 
Kt'17). 
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figure 3.14: Photomicrograph, of andc, ite, taken under crossed polarised transmitted light (A-C and E): 

plane polarised transmitted light (F-H) and BSF image shoýNinýý normal and diseyuilibrium textures of 

andesites. A) Moderately rich porphyritic andesite shoý\ing sieve textured core plagioclase phenocryst with 
unaltered rim (sample E3F3, ). 13) Amphibole-biotite andesite sho'ýtiing typical phenocryst-rich porphyritic 
texture: note some plagioclase phenocrssts are corroded (sample BB2): C) Phenocryst-rich andesite with 
complex oscillatory zoned plagioclase (sample 13133-1): note boxy-cellular and corroded plagioclase 
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(continued from previous page) phenocrv sts: D) Oscillatory zoned plagioclase (sample BB2): E) Sieve 
textured plagioclase in a microcry stalline groundmass (sample BB2): F) Resorbed phenocrysts of plagioclase 
(sample T3): G) Sieve-textured and corroded phenocryst of plagioclase in altered amphibole-biotite andesite 
(sample 1235 1): H) Clinopyroxene- bearing andesite consisting of two populations of plagioclase, one with 
sieved cores and the other fairl fresh (sample BB2). 

minerals. llornblende and plagioclase phenocr)sts often cluster in aggregates forming 

glomeroporph\ ritic textures (Figure 3.15A. B). Medium- grained rounded aniv gdales filled by 

secondar minerals (quartz or calcite) are present in small modal proportions. The microcrystalline 

groundmass consists mainly of plagioclase. sporadic anhedral alkali feldspar. rare augite and iron- 

titanium oxides. Plagioclase occurs as groundmass microlites or laths, which sometimes exhibit 
flo%%-aligned (trach%tic) textures. The accessor\ minerals are apatite, zircon. and Ti-magnetite. 

Figure 3.15: I'hotoniicrouraphs of andesitcý to and l; ) and dacites (C and D) showing glomeroporphyritic 
and poikilitic (I)) textures taken under crossed polarised transmitted light. A) Brown hornblende 

slomerocr is showing dehydration reaction rims (Fe-Ti oxide) (sample 13B2): B) Large -lomeroporphvritic 
cluster of plagioclase crystals %%ithin the tine grained groundmass (sample T3): C) Biotite-dacite with 
glomeroporph)ritic texture (sample Kop-I): D) Porph,, ritic amphibole-biotite dacites in fine-grained 
groundmass: note poikilitic texture of plagioclase (sample K('45). 

Ducite. s are hob en stalline N% ith glameroporphv ritic and porphý ritic textures (Figure 3.15C 

and [)). The phenocnsts are composed of plagioclase, hornblende, biotite and quartz. Midst 

accessory minerals include apatite. Fe-Ti oxide and zircon. The plagioclase phenocrnsts are 

t\ pically zoned and sho%% euhedral to subhedral shapes (up tu 1 cm in diameter), sometimes 

poikilitic (Figure 3. I51)). 11icrocr\stalline to cnptocnstall ine "roundmass is composed of 

plagioclase. sonic alkali feldspar, rare clinopýroxene. quartz. opaque minerals and apatite. 
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3.5.2 The second volcanic phase 

Latites and quartz latites (Figure 3.16) are the predominant rock types of this volcanic phase. 
They are generally coarser grained relative to the rocks of the first volcanic phase. They may 

contain plagioclase and alkali feldspar megacrysts of up to three centimetres in diameter. 

Lautes are porphyritic (Figure 3.16A), rarely trachytic (Figure 3.16B) with hypocrystalline 

groundmass. They are composed of phenocrysts of medium- to coarse- grained euhedral 

plagioclase, amphibole, biotite, rare clinopyroxene and alkali feldspar, set in a groundmass of 

subhedral alkali feldspar, quartz, biotite, clinopyroxene and amphibole. Accessory minerals include 

apatite, zircon, sphene and opaque minerals. 

Quartz latites (Figure 3.16C-F) are represented by biotite and biotite-amphibole varieties. 
They are characterised by holo- to hypocrystalline, rarely glassy groundmass and porphyritic 

(Figure 3.16C and D) to trachytic textures (Figure 3.16E and F). The phenocrysts are made up of 

plagioclase, sanidine and quartz with variable proportions of amphibole, biotite and clinopyroxene. 

Plagioclase is the main phenocryst in most samples and occurs as euhedral to subhedral grains, 

often zoned and as rare glomerocrysts. In some instances plagioclase appears as xenocrysts, 
indicating disequilibrium with the host rock (Figure 3.17A). Sanidine occurs as coarse euhedral 

elongate grains with simple Carlsbad twinning (Figure 3.16E and F). Quartz phenocrysts are 

sparsely scattered through the rock. Some are euhedral to subhedral in form, but most have suffered 

severe magmatic resorption (Figure 3.17B). In contrast with the rocks of the first volcanic phase, 

phenocrysts of hornblende are generally euhedral and do not exhibit the dehydration reaction rim 

textures found in andesitic lavas of the first volcanic phase. In some samples hornblende occurs as 

megacrysts enclosing numerous plagioclase crystals (Figure 3.17C). The groundmass is composed 

of microlites of plagioclase, alkali feldspar, quartz, opaque minerals, apatite and amphibole. 

Accessory minerals are represented by apatite, often characterised by oscillatory zoning (Figure 

3.17D), zircon and opaque minerals. 
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Figure 3.16: Photomicrographs (A: C-F) taken under crossed polarised transmitted light and CL image (B) 
shove ing volcanic textures of the rocks of the second volcanic phase. A) Moderately rich porphyritic latite 
with Iomerocry sts of plagioclase (sample KU I A): B) Amphibole-latite showing trachytic texture defined by 
amphibole laths (black) in the tine-grained groundmass composed of alkali feldspar (bright blue) and quartz 
(dark blue): green crystals are plagioclase glomerocrvsts and yellow-red is carbonate alteration (sample 
1235): C) Moderately rich porphyritic quartz latite with resorbed quartz phenocryst (sample KU 18): D) 
Phenocryst-rich amphibole-biotite quartz latite \kith oscillatory zoned plagioclase showing some degree of 
alteration and A ith an embayed quartz crystal (sample KU26). F) Seriate. trachvtoid- textured (defined by 
alkali feldspar and plagioclase phenocrysts) amphibole-biotite quartz latite showing tabular flow-aligned 
sanidine megacr sts (sample KG I ): F) Sanidine-phyric quartz labte composed mainly of alkali feldspar with 
only minor mafic minerals (sample CVrh). Scale Imm except in B- 400µm. 
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ý,. ,ý 

Figure 3.17: BSI. Image to and I)i and photomicrographs (B and C) taken under crossed polarised 
transmitted light showing disequilibrium (A. B and D) and poikilitic textures of quartz latites. A) Xenocrvst 
of plagioclase (sample KL 18). B) Emba%ed quartz crystals (sample KU32). C) Large hornblende phenocrvst 
enclosing and partiall enclosing crystals of plagioclase in poikilitic texture (sample KG! ): D) Complex 
zoning, of apatite (sample CVrh). 

3.5.3 The Kopaonik intrusive 

he Kopaonik intrusiNe displaNs a zonal distribution of granitoid varieties that shops gradual 

transitions hemeen each other (CvetkoN is et at.. 2002). The southern part is represented by 

porphN ritic granodiorite to quartzmonzonite characterised bN the presence of cin-sized K- feldspars. 

ToNNards the north, the intrusive rocks are more equigranular in texture and granodioritic to 

quart/dioritic in composition. In general. these oranitoids are composed of quartz. plagioclase 

(An:::; ). K- feldspar (Or biotite. and magnesiohornhlende. N ith titanite, epidote, allanite. 

apatite. zircon. and magnetite as accessory minerals. The Kopaonik rocks have silica contents 

ranging from 57 to 67 %%1% SiO2. They are medium-K calc-alkaline, metaluminous (A120; -[KO+ 

Na20]\I). I-type granitoid rocks. vvith LILT-: - and I. REF enriched trace element patterns. Because 

of slightly elevated K, O concentrations (> 2.5-3 ývt%), the Kopaonik quartzmonzonites occurring 

in the south exhibit a high-K calc-alkaline character and are richer in incompatible elements 

compared to the Kopaonik granodiorites (Schefer et al.. 2010). 

According to Schefer et al. (2010). V-Pb (ID-'TIMS) dating on single zircons from the 

Kopaonik igneous rocks repealed an Oligocene (31.77-30.70 Ma) age group. It consists of I-type 
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granitoids with positive Hf values of the zircons, indicating a moderate crustal influence in their 

origin, and it is proposed that this group formed via partial melting of mantle-derived lower crustal 

protoliths (Schefer et al., 2010). 

3.6 Mineral chemistry of the main phenocryst phases from the Tertiary igneous rocks 

The compositions of the main phenocryst phases have been obtained from representative 

samples of rocks of the first and second volcanic phase and are described here in more detail. 

Although most of the samples display weak to moderate propylitic alteration, great care has been 

taken in making sure that unaltered phenocryst phases (plagioclase, hornblende and pyroxene) 

analysed by SEM are considered in the final interpretation. The chemical analyses of plagioclase, 

atomic formulas calculated on the basis of 8 oxygens and An-Ab-Or content are given in Table 3.2 

(the first volcanic phase) and Table 3 (the second volcanic phase) in Appendix 2. 

3.6.1 Feldspars 

The feldspars are ubiquitous in the volcanic rocks of the study area. The Ab-Or-An 

classification diagrams (Figure 3.18) show the range of feldspar compositions of the analysed 

samples. Plagioclase is the main phenocryst phase in most of the analysed rocks (Figure 3.18A and 

B) and the predominant constituent of the groundmass. Alkali feldspar (sanidine) 

is the predominant phenocryst phase in quartz latite trachytic-textured lavas (Figure 3.18B), and a 

common groundmass constituent in latites, whilst its presence is less common in groundmass of 

andesites and dacites (Fig 3.18A). It can also occur as a product of reaction rims around xenocrysts 

in quartz latite lavas (Figs. 3.17A). There is a compositional continuity of plagioclase phenocrysts 

from andesites (labradorite to andesine) to dacites (andesine) and quartz latites (andesine- 

oligoclase). In andesites, the anorthite content of plagioclase phenocrysts shows a range from An42 

to An65 and in dacites from An31 to An45. The plagioclase phenocrysts in the rocks of the second 

volcanic phase have anorthite compositions that range between An23 and An46. In most of the 

lithologies plagioclase crystals are zoned showing normal zoning, but in some andesite lavas they 

show reversed and oscillatory pattern with An540 cores and An60.7 rims (Figure 3.18A, samples 

BB2 and T3). In reversed zoning, the observed maximum compositional range from core to rim is 

14.4 mole % An. Plagioclase microlites are generally more sodic (An 18-43, rarely up to An53). The 

K-feldspar with the lowest K20 content (Or55.68) appears sporadically in the groundmass of the 

rocks belonging to the first volcanic phase (Figure 3.18A), whereas the phenocrysts and microlites 

of sanidine are widespread in the rocks of the second volcanic phase. Alkali feldspars also occur 

around plagioclase xenocrysts in the rocks of second volcanic phase and are usually more potassic 

(Or>60). 
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Figure 3.18: Feldspar compositions of volcanic rocks plotted in the conventional Ab-An-Or classification 
schreie. A) First volcanic phase; B) Second volcanic phase. Abbreviations: Ab. Albite: An. Anorthite: Or. 
Orthoclase. N is number of analyses. Solid circles - phenocryst cores; open circles phenocryst rims; solid 
squares groundmass phases. Some phenocrysts are altered and replaced by albite (samples 08 32-1 and 
KG8). 
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3. Local Geology and Geochemistry 

3.6.2.4rnphiholes 

Most amphibole phenocrvsts in andesites are anhedral crystals which always show reaction 

rims. partially to completely oxidised forming "opacite" pseudomorphs caused by replacing of 

amphiboles with Fe-Ti oxides. The phenocrysts are pleochroic fron dark green or green-broNn to 

light brown. The amphiboles of the second volcanic phase are mainly euhedral and show no 

reaction rims. 

Following the classification of Leake et al. (1997) amphiboles vary from pargasite in 

andesites. to ferro-pargasite and edenite in dacites (Table 3.2. Appendix 2). The rocks of the second 

volcanic phase are characterised b\ maonesio-hornblende and magnesio-hastingsites to ferro- 

hornblende and ferro-pargasite. depending on Na and K contents (Figure 3.19) (Table 3. Appendix 

2). Actinolitic hornblendes are present in hvdrothennally altered quartz latite lavas. 

3.6.3 Pyroxenes 

Clinopýroxene phenocrvsts. relatively minor in volume have been observed in samples in 

%0hich amphiboles are pseudomorphed by opacite. Their compositions were obtained from only 

three samples and are illustrated in Figure 3.20. The clinopyroxenes in andesites and dacites are 
diopside (Wo ,; ) and diopsidic augite (VV'o 41-40- 
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Figure 3.19: Chemical composition of amphiboles. classified according to the 
IMA nomenclature (Leake et al.. 1997); Structural formula calculated using 
PROE3F-AMPH software (Tindle and Webb. 1994). Red First volcanic phase. 
Blue Second volcanic phase: different shapes represent different sample numbers. 
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Figure 3.20: Composition of clinopvroxenes (after Morimoto et al., 1988). 
Red squares First volcanic phase: Blue squares= Second volcanic phase. 

3.7 Hu drothermal alteration 

Most of the samples shoNN N arv ing degrees of hydrothermal alteration with a secondary 

mineralogy consistent with props litic (epidote+calcite+chlorite). phyllic (quartz+sericite+ pyrite) 

and argillic (quartz-clay) alteration assemblages. The rocks of the second volcanic phase 

additionally carry abundant pyrite as disseminations and fracture fillings. Many samples are 

partially masked by a retrograde , \eathering assemblage of goethite, kaolin and pyrolusite. 

Ferromagnesian minerals are most affected and the, have been variably altered to chlorite, calcite. 

epidote and magnetite. Feldspars have been partially altered to sericite and calcite. The most 

intense hydrothermal alteration occurs immediately adjacent to the mineralised ore bodies and will 

be discussed in more detail in the following Chapter (see Section 4.4). 

3.8 Geochemical investigation of the Tertiary igneous rocks 

l'he overall aim of the geochemical study is to characterise the Belo Brdo and Karavansalija 

Tertiary volcanic rocks. v hich has not been done previously, and to test if the volcanic rocks are of 

intermediate calc-alkaline character, commonly associated with porphyry-type Cu-Au deposits in 

supra-subduction environment. The , Nhole-rock geochemical data of twenty two samples and 

summary of analytical techniques are presented in Appendix 3. Software GCDkit (Vojtech, et al., 

2006) as used for plotting of multi-element variation and tectono-magmatic discrimination 

diagrams. All of the samples xNere anal, sed for major, trace and RI: F, contents. Major and trace 

element compositions vere determined using ICP-AF. S at Kingston University. Major elements 

have been normalised to 100% anhydrous compositions. NNhile Fe2O; and FeO contents have been 

reported as total Fe (Fei) to alloý% for direct comparison between the samples, regardless of 

oxidation and hydration processes. The samples xNere analysed for REE using the Natural 

Environment Research Council 's (NERC) ICP-MS facility at Kingston University. Precision and 

accuracy for each analytical run \ýere checked by comparing results of a suite of international 

USGS standards of known composition, analysed at the start. during and end of each analytical run. 

The analyses arc considered accurate vv ithin limits of 2-5% for major elements, 10-15% or better 
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for trace elements and 1-5% for REEs. More details on precision and accuracy are given in 

Appendix 3 of this report. 

3.8.1 Major and compatible trace elements 

The summary of major element compositions is presented in Table 3.1 below and the full data 

results are presented in Appendix 3. Most of the analysed samples show some secondary alteration. 
Of these samples, six from Belo Brdo mine show a higher degree of alteration comparing to the rest 

of the analysed samples. Hence they have been separately grouped as the altered first volcanic 

phase in order to be treated with caution and to avoid their misinterpretation. The secondary 

mineral phases of altered samples have been determined entirely by optical mineralogy, since it is 

not possible to estimate the degree of alteration using the ICP techniques. All the analysed samples 

of the study area show a restricted compositional range (Table 3.1). 

All the samples show a narrow range of Si02 contents, from 57 to 63 wt %, which are typical 
for rocks of andesitic compositions. However, there is a difference in silica and alkali content 
between rocks of the first (Belo Brdo ore field) and second (Karavansalija prospect) volcanic 

phase, indicating a bimodal character for the rocks of the Kopaonik district. The rocks of the Belo 

Brdo ore field show lower silica (average 59.9 wt %) and K contents (average 2.2 wt % K20) than 

those of the Karavansalija prospect (average 62.4 wt % Si02 and 4.6 wt % K20 respectively) 
(Table 3.1). All of the rocks are rich in Al203 (> 15wt %) and their Mg number (Mg #= molecular 

Mg/[Mg + FeTI x 100), range from 35 to 56 in each volcanic phase. 

Table 3.1. Summary of major elemental data normalised to 100% anhydrous (wt. %). Full data presented in 
Appendix 3. 

Voic Slats Si02 TiOZ Al=03 FeO, MnO MgO CaO Na2O K20 P=O02 
Be max 62.40 0.85 18.48 7.62 0.16 4.26 8.43 3.94 4 57 0 29 First . . 
56 min 57.36 0.63 16.17 5.38 0.08 1.65 5.48 0.17 1.42 0.15 Volt Mean BB 59.93 0.73 17.65 6.40 0.11 3.33 6.47 2.98 221 0.19 Phase 
STD 1.65 0.09 0.78 0.75 0.02 0.83 1.04 1.19 1.03 0.04 
Ka max 63.48 0.70 19.12 6.30 0.18 3.30 6.26 5.07 5 93 059 Second . 
Ka min 61.45 0.54 15.47 3.49 0.03 0.16 1.94 1.98 41 2 0 17 Volc . . 
Mean Ka 62.41 0.65 16.82 5.07 0.11 2.24 4.74 2.97 4 65 35 0 Phase . . STD 0.91 0.05 1.18 0.90 0.04 1.02 1.33 0.95 1.22 0.13 

Altered Alt max 66.90 0.90 18.45 5.80 0.29 7.73 6.87 3.71 5.03 0.31 
First Alt min 62.58 057 15.79 2.63 0.02 3.27 0.14 0.09 1.34 0.15 
Volc Mean aft 64.72 0.70 17.34 4.61 0.11 4.40 3.46 1.49 2.96 011 

Phase STD 1.80 0.12 1.00 1.24 0.10 1.71 2.21 1.47 1.37 0.05 

TiO2 contents are always <1 wt % with slightly lower values in the rocks of the second 

volcanic phase. Cr and Ni contents gradually decrease from the rocks of the first volcanic phase 
(from 112 ppm Cr and 48 ppm Ni) to the rocks of the second volcanic phase (to 46 ppm Cr and 38 

ppm Ni). Average contents of Co, V and Cu also decrease from rocks of the first volcanic phase 
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(18.3 ppm. 115.3) ppm and 20.1 ppm) towards rocks of the second volcanic phase (10.7 ppm: 84.3 

ppm and 13.4 ppm respecti\ely). 
Classification of the \olcanic rocks has been made on the basis of the total alkali-silica (TAS) 

diagram (Le Bas et al.. 1986. Figure 3.2IA) and also following the criteria of Irvine and Baragar 

(1971: Figure 3.2113). All. except one sample (C-Vrh, showing higher degree of hydrothermal 

alteration) from the study area plot in the field of subalkaline rock type. The two principal volcanic 

compositions are evident from the TAS diagram. They range from andesites and dacites (first 

volcanic phase). to trachvandesites (second volcanic phase) (Figure 3.21A), although the clustering 

of points supports the predominantly andesitic composition. All the compositions plot along a calc- 

alkaline trend on an AFM (A= Na1O + K, O: F= FeO: M= MgO) diagram of Irvine and Baragar 

(1971) (Figure 31.2113). Howwever, one sample exhibits post crystallisation iron enrichment 

attributable to vveathering. vvhich pushes %alues towards the tholeiitic field. 
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Figure 3.21: Rock classification diagrams. A) Total alkalis-silica (TAS) plot (anhydrous basis) of analysed 
rocks. Field boundaries after Le Bas et al. (1986): B) After Irvine and Baraltar. 1971. C) Classification 
diagrams of Winchester & Floyd (1977) based on immobile element ratios. Red squares = First volcanic 
phase. Belo Brdo: Red circles = First volcanic phase. Rudnitza: Red triangles Altered first volcanic phase. 
Blue squares Kara%ansalija. mainl\ second volcanic phase. 
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Considering that most of the samples in this study are altered to various degrees, the use of 

more immobile elements would be more suitable for their classification. On the rock classification 

diagrams of Winchester and Floyd (1977) using less mobile elements (Nb/Y- Log Zr/Ti02; Log 

Zr/Ti02-SiO2, Figure 3.21 C and D respectively), the two principal volcanic compositions (andesite 

and rhyodacite/dacite) are also evident. 

3.8.2 Incompatible trace elements 

Incompatible trace element variations are summarised in primitive mantle normalised multi- 

element diagrams and presented in Figure 3.22. The trace element patterns display generally 

similar features for all lithologies. They are characterised by extreme enrichment of large ion 

lithophile elements (LILE) such as Cs, Rb, Th, U, in the range of 100-800 times primitive mantle 

for most samples. 
The level of enrichment is highest for Cs (>5000 times primitive mantle) and high for Th and 

U, giving rise to troughs in the patterns at Rb and Ba. They also display characteristic Pb peaks 

(Figure 3.22), but show relative depletion in high field strength elements (HFSE) such as Zr, Nb, P 

and Ti yielding prominent negative Nb and Ti anomalies and high LILE/HFSE ratios. Such 

patterns reflect a subduction component in the genesis of calc-alkaline volcanic magmas that are 

the typical products of convergent plate margin tectonic settings (Pearce, 1982; Wilson, 1989; 

Pearce and Parkinson, 1993). The enrichment of LILE in subduction environment occurs as aresult 

of the mobility of those elements in aqueous fluids (Pearce, 1982). During partial melting of the 

mantle the incompatible trace elements are the first to enter the melt, whilst the compatible trace 

elements stay incorporated in mineral residues. Those features are also noted in the multi-elements 

graph of Kopaonik volcanic rocks and show a generally parallel pattern which slopes to the right 

and displays a classic subduction-related signature. In detail, however, two compositional groups 

can be distinguished: (1) the samples containing slightly lower concentrations of incompatible 

elements (except for Cs) come from the Belo Brdo (2) the samples with higher concentrations 

come from the Karavansalija prospect. As the compatible trace elements (Ni, Cr, Co) content 

decreases from the rocks of first to second volcanic phase, the concentrations of Pb, Zn, Rb, Ba and 

Sr significantly increase (Table 3.2). Relative depletion of Sr and Ba in three samples from the 

Belo Brdo mine reflects hydrothermal alteration or plagioclase fractionation (see below). 

Table 3.2. Summary of selected trace element contents (ppm). Full data presented in Appendix 3. 
Volt Scats Cr Ni Co V Cu Pb Zn Rb Ba Sr 

BB max 111.64 47.75 25.99 161.19 45.44 3251 105.92 184.22 750.33 629.05 
First Volt 68 min 92.89 26.96 12.06 9395 9.74 15.12 57.20 42.61 159.50 210.28 

ýsý Mean 98 63.82 39.06 18.54 115.26 2(. 13 20.92 71.83 97.48 416.83 433.20 
Second Ka max 46.25 37.64 28.94 117.66 3662 187.78 705.61 216.73 1836.88 1903.08 

Vok Ka min 2851 29.12 3.80 61.92 L06 2L16 46.27 91.97 541.11 409.45 
Phase Mean Ka 36.85 3300 an 8425 13.41 72.96 184.40 15L13 120800 953.14 

Altered AIlt max 28850 17953 13.62 159.3E 859.91 1783 20 400357 332.65 588.97 35856 J 
First Volt Alt min 40.13 32.72 L49 91.02 2.00 14.68 22.28 43.95 87.18 97.84 

Phase Mean sit 83.12 61.60 8.69 105.28 268.41 387.80 712-91 179.09 325.14 19859 
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Figure 3.22: Multi-element variation diagram for the Kopaonik volcanic rocks normalised to primitive 
mantle values (Sun and McDonough, 1989). Normalisation removes "spiky" nature of trace element pattern 
due to variation in abundances, allowing the direct comparison of different rock suites on a single diagram. 
Negative anomalies for all rocks in Nb and Ti (Ta not plotted) and positive anomaly in Pb, as well as a 
general enrichment in incompatible elements, are characteristic features of arc magmas (Sun and 
McDonough. 1989: Pearce and Peate. 1995). Red squares = First volcanic phase, Belo Brdo: Red circles 
First volcanic phase. Rudnitza: Brown triangles = Altered first volcanic phase. Blue squares = Second 
volcanic phase. Karavansalija. 

3.8.3 Rare earth elements (REE) 

Volcanic rocks from both volcanic phases in the study area have similar chondrite-normalised REE 

convex-up%Nard patterns relative to chondritic values (Figure 3.23). showing enrichment in the light 

rare earth (I. REE) over the heavv rare earth elements (HREE). Most samples are characterised by 

weak to neg. liýgible negative europium anomalies (Eu Fu* = 0.8 to 0.9. Eu/Eu* = Eu N/sqrt 

(Sm)y*(Gd). ] (Taylor and \1cLennan. 1985). One sample of dacite has a lower negative Eu 

anomaly (F. u/Eu* = 0.7) compared to the rest of the samples. Only one sample displays a 

positive Eu anomaly. \\hich could he attributed to h}drothermal alteration and calcite-filled 

fractures. Europium depletion or enrichment is generally attributed to europiums tendency to be 

readilv incorporated into plagioclase. vkhere it substitutes for calcium (CaI*). preferentially over 

other minerals. Rocks that have accumulated plagioclase sho\ý positive anomalies, whilst a removal 

of plagioclase frone the melt by fractional crystallisation or partial melting of a rock containing 

plagioclase displays negati\e Eu anomalies. 
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l'he studied rocks are also characterised by flat HREE patterns (Tb N /YbN =I-1.5). The 

HREE concentrations are in a region of 10 x chondritie, suggesting that garnet, which is stable 

below -- 60 km, is absent from the source (Wilson, 1989). 

In detail, however, as seen with the trace elements, two compositional groups can be 

distinguished: (I) the samples from the Belo Brdo shox% lower total REE content (average FREE = 

111.5) and display lower fractionation from La to Lu (LaN/Ybv 6-12): (2) the rocks of 

Karavansali, ja prospect (the second volcanic phase) exhibit higher total REE content (average 

` REE = 240) and higher light rare earth element enrichment (LaN/YbN = 9-25). 
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Figure 3.23: Chondrite-normalised rare earth element (REE) patterns (normalisation factors from Boynton, 
1984). Normalisation "smooths-out" the odd-even atomic abundance differences between elements. Symbols 
Same as in previous figure. 

3.9 Tectono-magniatic affinities 

The trace element data can be used in "tectonomaomatic discrimination diagranms" to elucidate 

tectonic setting associated m ith particular magma types (Pearce and Cann, 1973. Wood, 1980: 

Pearce 1982. Pearce et al.. 1984). Many of the diagrams use HFSE such as Ti, Zr, Y and Nb which 

are relativelv immobile in aqueous fluids and stable under conditions of hydrothermal, sea-floor 

, ý%cathering and up to medium metamorphic grades (Rollinson. 1993). Two of the most widely used 

plots utilise Rb versus Y+ Nb (Figure 3.24 A) and Nb versus Y (Figure 3.24 B). Because Y 

substitutes mainly for Ca in pyroxene. amphibole and apatite, it is concentrated in mafic cumulates 

and primitive (MORB) basaltic rocks (Wilson. 1989). Niobium behaviour is complex and is only 
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partly controlled by differentiation. whereas Rb is an excellent indicator of differentiation and 

continental crustal components. 
The trace element characteristics of the volcanic rocks in the study area show features of 

magmas erupted in volcanic arc settings. On the discrimination plots, the rocks plot mostly within 

calc-alkaline basalt fields (Figs 3.24 A and B). 
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Figure 3.24: Discrimination diagrams for the volcanic rocks of the Kopaonik district. A) Rb versus Y* Nb. 
B) Nb versus Y. The rocks plot mainly within destructive plate margin tiled with slight tendency towards 

ithin-plate field. Field boundaries after Pearce et al., (1984). Abbreviations: syn-COLG - syn-collisional 
granites: WPG = within plate granites: ORG - ocean- ridge granites: VAG = volcanic arc granites. Symbols 
same as in Figure 3.21. 

Figure 3.25: I I1 3-Th-Ta (A) and Zr] 17-Th-Ta (B) tectonomagmatic discrimination diagrams for the 
volcanic rocks of the Kopaonik district (after Wood. 1980). Abbreviations: N-MORE= Normal - Mid 
Oceanic Ridge Basalts (MORB): 1: -MORB. WPT Enriched - MORB and Tholeiitic Within- Plate Basalts: 
WPA Alkaline Within-Plate Basalts; IAT= Island Arc Tholeiitic Basalts: CAB= Continental Arc Basalts 
(l)estructi,, e plate margin basalts). Symbols same as in Figure 3.2I. 

In terms of the ternary 1If-Th-Ta and 7r-'Ih-Nb plots of Wood( 1980), they plot also within 

the destructi%e plate margin field (Figure 33.25 A and B). Affinities to destructive plate margin 
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volcanics on these discrimination plots are possibly due to the relative low Ti and high Th 

characteristics of the volcanic suite. 

3.10 Interpretation of Petrographic and Geochemical data for the Tertiary volcanic 

rocks 
3.10.1 Petrography 

The most prominent feature of all the studied volcanic rocks is their porphyritic and 

glomeroporphyritic texture with plagioclase being the predominant phenocryst phase. Most of the 

samples exhibit normally zoned plagioclase phenocrysts. However, some andesitic lavas show 

evidence of disequilibrium textures such as: two distinct populations of plagioclase phenocrysts 

(euhedral and resorbed); both, normally and reversely zoned plagioclase phenocrysts in the same 

sample; and sieved-textured plagioclase phenocrysts. Plagioclase sieve texture is described as the 

small, interconnected inclusions of glass or other matrix material giving the crystal a porous 

appearance (Shelley, 1993). Heating above the plagioclase liquidus causes solution of plagioclase 

phenocrysts and a rounding of the crystal shape. Therefore, sieved and dusty plagioclase textures 

are commonly reported in igneous rocks of proposed magma mixing origin (Tsuchiyama, 1985). 

Sieve texture also forms due to decompression when magma rises towards the surface (Nelson and 

Montana, 1992). In the case of rapid adiabatic decompression there should not be any 

compositional change accompanying the corrosion of the crystal. However, if sieved plagioclases 

were formed due to mixing, there should be a compositional change and sieved zones should be 

more calcic than the previous zones (Stimac and Pearce, 1992); or overgrowths succeeding the 

resorption surfaces should be similar in composition to groundmass microliter (Nixon and Pearce, 

1987); or a calcic, sieve-textured core should be followed by a resorption surface associated with a 

sudden change in An content of 10% at least and succeeded by oscillatory to simple zoned layers 

(Stamatelopoulou-Seymour et al., 1990). 

Disequilibrium features in quartz latites are characterised by textures ranging from rounding of 

euhedral crystal corners of plagioclase to deep embayment of quartz and by occurrence of quartz 

and plagioclase xenocrysts. Such disequilibrium textures are common in volcanic rocks, especially 
in orogenic andesites and are usually interpreted as resulting from magma mixing whereby mixing 

with a more mafic or quartz-undersaturated melt decreases the silica content of a felsic melt and/or 

increases the melt temperature, resulting in the resorption of early formed plagioclase and quartz 

(e. g. Dungan and Rhodes, 1978; Sakuyama, 1981; Tsuchiyama, 1985; Kuscu and Floyd, 2001). 

Chang and Meinert (2004) found extensive embayments of quartz phenocrysts in the Empire Mine 

Cu-Zn skarn deposit located in south-central Idaho. Based on detailed geochemical and textural 

analysis, they concluded that the embayments formed due to resorption during the magmatic- 
hydrothermal transition. Deep embayments of quartz phenocrysts and resorption of K-feldspar and 

plagioclase can also occur due to quartz under-saturation in the magma caused by rapid 
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decompression as the magma ascended to a shallow magma reservoir (Nelson and Montana, 1992). 

Thus, shallow crustal processes might have had an important role in the petrogenesis of the studied 

rocks. 
The major ferromagnesian phase in the studied rocks from both volcanic phases is the calcic 

amphibole, whilst biotite represents the second most common mafic mineral. Most primary 

amphiboles are rich in alkali elements (Na +K>0.5), while secondary amphiboles are relatively 
depleted in alkali elements (Na +K<0.5) and belong to groups of actinolite and actinolitic 
hornblende. The andesites are characterised by high-Al amphiboles (A1203 > 12 wt %; pargasites), 

which could have crystallised at high temperature and elevated pressure. Amphibole phenocrysts in 

these rocks exhibit breakdown textures of reaction rims. Formation of this texture has been 

attributed to solid-state hornblende dehydration in response to water loss from the coexisting melt 
during relatively slow or adiabatic magma ascent or introduction and mixing of water-poor melt 

(Rutherford and Hill, 1993; Buckley et al., 2002). Amphiboles of the second volcanic phase are 

more silicic and have much lower Al content (A1203 < 8.5 wt%; mainly edenitic hornblende, Fe- 

and Mg- hornblende) and could have been crystallised at lower temperature and pressure than 

amphiboles of the first volcanic phase. Mineral chemistry data indicate that there is no transition in 

amphibole end-members between the two volcanic phases. The general absence of dehydration 

reaction rims is a characteristic of the rocks of second volcanic phase. This feature suggests that 

emplacement of the hydrous magmas was not associated with sufficient or slow degassing to cause 

dehydration reactions during ascent (Bryan, 2002). 

3.10.2 Geochemistry 

The Kopaonik metallogenic district comprises calc-alkaline volcanic rocks generated through 

two phases of volcanic activity. The first phase is represented mainly by andesitic-dacitic volcanic 

rocks, while the second volcanic phase includes latites and quartz latites. In general, all the rocks 

are characterised by relatively narrow Si02 contents (57-63 wt%), low TiO2 (< I wt %), high A1203 

(>15 wt/o) and low to moderate MgO contents (1.6 - 4.2 wt %). On primitive mantle-normalised 

multi-element diagrams all the rocks display relative enrichment in LILE (Cs, Rb, Ba, K, Sr) and 

Pb and depletion in HFSE (Nb, Ta, Ti, Zr and Hf) (Saunders et al., 1991). Their chondrite- 

normalised REE patterns show enrichment in LREE, flat HREE (La/SmN = 3.2-4.9; Gd/YbN = 1.2- 

3.3; La/YbN = 6.3-23) and the presence of a minor negative Eu anomaly. All these geochemical 

characteristics indicate clear subduction-related magmatic signatures for all volcanic rocks 

(McDonough, 1990; McCulloch and Gamble, 1991; Pearce and Peate, 1995). The differences 

between the rocks of first and second volcanic phase are not significant in terms of most major 

element values, except alkali and Si contents, which are higher in the quartz latite phase. The rocks 

of the second volcanic phase are slightly more potassic with K20 Na2O ratios mostly between 0.5 

and 2, which is consistent with the post-collisional nature of magmatism in the Vardar Zone 
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(CNetkovic et al. 2004). The difference bemeen the rocks of the two phases exists in their trace 

element abundances in that the rocks of the second volcanic phase are more enriched in 

incompatible elements %%ith respect to primitive mantle, than the rocks of the first volcanic phase. 

Additionalh. hivariate plots (Figure 3.26A and B) indicate that the rocks first and second volcanic 

phases might not be co-genetic. Ho%%ever. the fractionations of LILE/LREE, LILE/HFSE and 

REL 1IFSE (e. g. La/Nb. l. a'Yb. Zr/Nb) from both groups indicate subduction-related 

metasornatism for (Gill. 1981. Pearce. 1982) and the melt source involved in the genesis of these 

lavas as possibh a subduction- modified mantle. The slightly more potassic and more trace- 

element enriched volcanic rocks of the second volcanic phase. as well as their high Pb contents 

indicate crustal contamination. The Sr/x"Sr and '"Pb/'4Ph radiogenic isotope data provide further 

eN idence for the importance of continental crustal material in the genesis of these magmas (see 

Chapter 8). 

120 
A  

73 
B 

100 Go   

80   S3 
  E 

,ö 
60 ä  

 F. rst voican c F- J0 
40   First volcanic 

phase 20 
MW phase 

20  Second volcartic 1. ý    Second volcanic 

0 
phase Bs 

0 100 200 300 400 DID02, i"l =3,1 433 
i0 

Zr (ppm) Zr (ppm) 

Figure 3.26: Bivariate plots Zr Ns. l. a (A) and Zr vs. Th (B). 

Magmas %%ith subduction-related geochemical signatures are NNell kno"n for their occurrence 

in acti\e subduction zones. \\here the. originate b\ deh\dration of the subducted oceanic slab and 

interaction of these fluids v ith the oN erlving mantle NN edge. Such magmas have trace element and 

isotopic fingerprints that reflect fluid in'soIxement in their genesis. The LILE and LREE are soluble 

in aqueous fluids (I atsumi et al.. 1986) and during these processes they go preferentially into the 

fluid phase. %Ohereas IIFSI's are retained in the stable titanium phases (titanite. rutile) (Saunders et 

al.. 1991 and references therein). Theretüre the I. ILE; are enriched relative to the immobile I IFSE. 

MRI: IE, and IIREL. ((; ill. 1981. Pearce. 1982. Fllam and I1a,, xkes«orth. 1988. Pearce and Peate. 

1995). This is reflected bý negative anomalies in HFSE and the relati\e enrichment of LILIE in 

trace element patterns in primitive mantle-normalized multi-element diagrams. 

In the Vardar /. one of Serbia and Koso\o, the Tertiary as a period of collisional and post- 

collisional magmatism characterised b\ 'oluminous intermediate to acidic magmatism (Preleýic ct 

al.. 2001: 2007: C'%etko\ is et al., 2004: 2004a: 2007: ). The talc-alkaline %oIcanism developed in 

the earls Oligocene. -ell after the end of subduction of' he Vardar Ocean beneath the southern 

European margin at the I. pper Cretaceous/-I ertiar\ boundary (Karamata et at.. 2000) and tolluýy ing 
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the collision, which occurred during the Eocene (Cvetkovic et al., 2004). High-K calc-alkaline to 

shoshonitic and ultrapotassic volcanic rocks and related intrusions were formed. 

Widespread magmatism developed in the other areas of the Alpine-Mediterranean region 

(Wilson and Downes, 1991, Wilson and Bianchini, 1999; Lustrino, 2000; Harangi et al., 2006), 

where the processes of subduction, back-arc extension and lithospheric delamination were 

accompanied by eruption of a wide range of magma types during Tertiary. The dominant magma 

type is calc-alkaline, but in some places, a transition from calc-alkaline to alkaline volcanism is 

observed. This transition is commonly interpreted as a change in the magma source region as a 

result of changing geodynamic conditions from compression to extension (Harangi et al., 2006 and 

references therein). 

3.11 Summary and conclusions 

" The study area is characterised by a tectonic nappe pile, which includes from bottom to 

top: a Triassic metamorphic complex; a Jurassic-Cretaceous Ophiolite melange Unit; a Jurassic 

Ophiolite Unit; and an Upper Cretaceous Flysch Unit. 

" During the Early Oligocene, the tectonic stack was intruded by the I-type Kopaonik 

volcano-intrusive complex. Two phases of volcanic activity have been recognised. The first 

volcanic phase produced rocks of andesitic-dacitic composition. Latites and quartz latites are the 

predominant rock types of the second volcanic phase. 

" Petrographic and geochemical data indicate subduction-related signatures for the magmatic 

rocks. All volcanic rocks are characterised by porphyritic and glomeroporphyritic textures, typical 

of those found in orogenic belts. 

" Some volcanic rocks display disequilibrium textures such as: resorbed plagioclase 

phenocrysts; sieved-textured plagioclase; rounding of euhedral crystal corners of plagioclase; deep 

embayment of quartz; and occurrence of quartz and plagioclase xenocrysts. Such disequilibrium 

textures are common in volcanic rocks, especially in orogenic andesites and are usually interpreted 

as a result of magma mixing. 

" The geochemical data indicate that the volcanic rocks from the first and second volcanic 

phase exhibit typical "subduction-related" composition as reflected by the enrichment of the LILE 

(Cs, Rb, Th, U, K) and Pb over LREE and MREE, and depletion of the HFSE (Zr, Nb, Ti, and P). 

The volcanic rocks classify as subalkaline and exhibit a calc-alkaline to mildly alkaline character. 

" On "tectonomagmatic discrimination diagrams" (Rb vs. Y+ Nb and Nb vs. Y) and the 

ternary Hf-Th-Ta and Zr-Th-Nb diagrams, they all plot in the field of magmas erupted in volcanic 

arc settings. 
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CHAPTER 4: 

MINERALOGY OF THE BELO BRDO DEPOSIT 

4.1 Introduction 

The mineralisation at Belo Brdo mine has not previously been described in any detail in the 

literature, other than a brief report by Radosavljevic (1989). 

In this chapter, a detailed description of the ore petrography and mineralogy of the Belo Brdo 

Pb-Zn (Ag) deposit, including the wall- rock alteration is presented. Particular emphasis is placed 

on the paragenetic sequence of ore deposition as evidenced by mineralogical textures, zonation, 

and crosscutting relationships in the mineralised system. These mineralogical data, together with 

the REE geochemical data of different carbonate generations and sphalerite geothermometry and 

arsenopyrite geothermometry data, provide an insight into the origin and evolution of the Belo 

Brdo mineralisation. Further evidence for the genesis of the mineralising fluids based on fluid 

inclusion and stable isotope data will be presented and discussed in the following chapters. 

4.2 Sampling and Methods 

Samples from Belo Brdo were collected from three levels and two sub-levels, covering 

approximately 235 m of GIl replacement-type ore body up and down dip and along strike. Samples 

were also taken from one level of the GIU12 vein-type ore body. A list of samples with their 

locations and schematic plan showing sampling positions from all mine levels is presented in 

Appendix 1. Additionally, a group of representative mineralised rock samples were taken from 9 

drill- cores from the Karavansalija Cu-Au skarn and Rudnitza Cu-Au porphyry prospects. All 

samples were washed, dried and photographed to ensure capture of hand specimen sized textural 

data. The hand specimens were sorted according to ore structures and textures. A suite of 

representative samples was cut and lapped for a preliminary macro-scale study of ore textures and 

for photographing. 
A total of 49 polished thick sections and 10 polished blocks were examined using optical 

reflective light microscope in order to define ore textures and the paragenetic sequence of ore 

deposition, as well as post-deposition effects, such as recrystallisation and alteration of primary 

mineralogy. Representative samples were further analysed using SEM techniques to characterise 

mineral chemistry and complex textures. Quantitative analysis of sulphides using the WDS was 

carried out on the main ore-stage mineralisation to characterise trace element contents of sphalerite 

and galena from 4 representative samples. WDS analyses of trace elements in sphalerite were used 

to calculate the formation temperatures (geothermometry). Additionally, 14 samples of different 

carbonate generations were analysed for REE contents using ICP-MS techniques to characterise the 
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chemical environment of carbonate deposition. The data are presented in Appendix 3 

4.3. Nature of ore bodies 

Several styles of mineralisation have been recognised at Belo Brdo deposit, namely: 
hydrothermal replacement (GII ore body); vein (GII/12 ore body); and skarn (GI ore body) 

(Kandis, 1987; Miletic and Mladenovic, 1995; Mladenovic, 2005) (Figure 4.1). 

Figure 4.1: Simplified geological map of the underground level 1105 m, Belo Brdo deposit. 1= Quartz- 
latite; 2= Andesite; 3= Reef limestones; 4= Serpentinite; 5= Ore body; 6= Faults. (Modified after Miletic 
and Mladenovic, 1995). 

The skarn mineralisation is reported to be spatially separated from the replacement and vein- 

type mineralisation. It was developed in the Cretaceous carbonates of the GI ore body, which has 

now been completely mined out. It consisted of magnetite, pyrrhotite, galena, sphalerite and 

chalcopyrite (Kandis, 1987; Jankovic, 1990). There are reports of skarn mineralisation of limited 

appearance at level 1000 (Mladenovic, 2005), but access to this level was not possible during this 

study. In this work, therefore, the focus of research is on replacement- and vein- type ore bodies, as 

they are currently the most economic and are being mined at the present day. 
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4.3.1 Hydrothermal replacement mineralisation 

This is the predominant and economically most important style of mineralisation in the Belo 

Brdo deposit. The GII ore body is irregularly shaped and plunges to the SE at 200 - 30°. It occurs, 

at, or close to, the tectonic contacts between the Cretaceous carbonates (rarely Triassic marbles) 

and Tertiary volcanic rocks and/or Jurassic serpentinites (Figure 4.1). The degree of replacement of 

the carbonate rocks varies from local replacement in marginal parts of the ore body, to complete in 

the ore body when only minor relicts of carbonate hosts are preserved (Figure 4.2A and B). The 

limestone is dolomitised and brecciated. A pervasive orange-brown iron-rich hydrothermal 

alteration locally colours the otherwise medium gray dolomitic limestone (Figure 4.2A). Some 

parts of the mineralised ore body are also strongly brecciated. Much of the ore in the breccias 

appears as angular mineralised fragments (Figure 4.2C). Early sulphides and carbonate veins are 

broken, rotated and transported as mineralised clasts that may be cemented by younger sulphides. 

Massive sulphide ore is found in replacement zones of the carbonate host rocks and is dominated 

by pyrite, sphalerite and galena, together with variable amounts of arsenopyrite and chalcopyrite. 

Quartz, dolomites and ankerites are the main hydrothermal gangue minerals. 

A wide variety of ore textures have been recognised in the GII ore body, including: early 

breccia formation (Figure 4.3A), open-space filling of small fractures and vugs (Figure 4.3B), 

typical massive replacement ore (Figure 4.3C-E) and fractured and cataclastic ore (Figure 4.3F). 

Small cavity-fillings are characterised by concentric deposition of sulphides, quartz and carbonates. 

However, these cavities are only up to tens of centimetres in size and confined to the breccias 

(Figure 4.3B). No infilling of karst cavities, typical for Mississippi-type carbonate replacement 

deposits have been observed. A banded style of mineralisation (Figure 4.3D) occurs only 

sporadically, and it does not represent a typical ore texture in the Belo Brdo deposit. It is believed 

that banded style of mineralisation is confined to the Triassic metasedimentary sequence. Although 

massive monomineralic aggregates of sphalerite and galena ore are known and occur as large, 

probably recrystallised ore with the grain size locally increased to the multi-centimetre level, most 

of the ores are predominantly polymineralic granular aggregates (Figure 4.3C-E). The ore bodies 

are associated with zones of intense hydrothermal alteration controlled by syn-tectonic faults 

(Figure 4.4B-D). Such zones are also characterised by minor stockwork and veinlet types of 

mineralisation. These sub-economic styles of mineralisation occur peripheral to the main ore 

bodies. Stockwork structures consisting of quartz-carbonate and quartz-tourmaline veins have been 

recognised at the contact of serpentinites with limestones and/or andesitic volcaniclastic rocks, at 

the margins of GII ore body, whilst small pyrite and galena veinlets cross-cut hydrothermally 

altered andesitic volcaniclastic rocks at level 1235. 
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T'%%o main types of brecciu have been recognised in Belo Brdo namely -pebble type" and 

hvdrothermal fluidised breccia. The late mineral "pebble type"(Figure 4.2C). often found in Cu 

porphyry deposits (Sillitoe, 1985) represents irregular mineralised bodies of up to 2m in size. Thev 

are composed of angular and semi-angular rock fragments, as well as mineralised fragments 

cemented h) later sulphide mineralisation indicating late mineralisation stage. 

Hydrathermal fluidised breccia is of pre-mineralisation age. Polvgenetic breccias filling 

fractures have been obsened on 1055 IeveI (Figure 4.4 E) and 1130 sub-level. The thorough 

mixing, of fragments of ditterent origins cemented h\ h'sdrothcrmal phases indicates transport h) 

fluidisation (McCallum. I985). 
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Figure 3.2: l n&r_ruunJ eyh0, u1'c 01 the (II ure hodv. A) MassiNc sulphides (galena and sphalcrite) 
replacing brecciated limestones: late stage carbonate veins cutting mineralisation: level 1055. B) Massive 
sulphide ore with only relicts of brecciated carbonates and discontinuous veins: level 1105. C) Breccia ore- 
-pebble type" containing angular carbonate rock fragments and mineralised fragments cemented by sulphide 
mineralisation: level 1055. 
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I 

Figure 4.3: Macro-scaic ore tcxturcý, characteristic for the replacement-type ore body. A) Early breccia 
formation %kith rounded clasts of mineralised (listwanite) and non-mineralised fragments of host rocks, 
cemented by hydrothermal-stage ankeritic dolomite, sample 1055/IB: B) Small cavity filling and colloform 
texture consisting mainly of pyrite and galena with minor sphalerite, followed by deposition of post- 
mineralised dolomite: note cross-cutting quartz-carbonate veins, sample 1055141): C) Massive sulphide 
texture of evenly distributed, granular ore comprised of sphalerite (dark grey), galena (medium grey) and 
aggregates of fine-grained pyrite (brass yellow): the grain size of the ore minerals is on the order of 2-5 mm, 
sample 1080 I: 1)) Banded coarse-grained granulated pyrite (brass yellow) and galena (grey) followed by 
quartz and dolomite gangue minerals, the grain size of the ore minerals vary from of 2-3 mm in finer bands, 
to 2 cm in coarser bands, sample 1080 3. E) Coarse- grained massive sphalerite-dominant mineralisation: 
pyrite has been replaced by galena and sphalerite. sample 11054: F) Fractured, cataclastic pyrite- 
arsenopyrite ore cemented by quartz, sample 1055'6. 

4.3.2 Vein-tipe mineralisation 

The GII12 ore hodv (I inure 4.4 A) is hosted b- Tertiary andesitic rocks. It consists of a NE- 

SW trending quartz-carbonate-sulphide sein 1-2 in thick. , \ith a strike length of 400 nm. There is no 

e,, idence thus far to suggest that the \ em ore body crosscuts the G11 ore body at any underground 
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Figure 4.4: 1 nderýground exposure of Nein-type GII I- ore body (A): and structurally controlled (B-I)) and 
brecciated (ill ore body. A) Vein-type ore body hosted by pervasively altered andesites: level 1235: B) 
Stockkork zone comprised of at least three generations of quartz-carbonate veins developed at contact of 
serpentinites and carbonates: thicknesses of veins vary from a nom to 3 cm in size: folded, thinner veinlets 
represent an earlier generation than the thicker, steeper dipping quartz-carbonate veins: note several faults 
post-dating quartz-carbonate sein net ork: level 1055: C) Stockv%ork of quartz-carbonate veins: the thickness 
of veins varies from te\\ mm to 12 cm: the quartz-tourmaline breccia zone developed in the central part of a 
stock«ork: level 1055: D) Listwanite mineralisation (green) associated with a fault zone, which developed at 
the contact of andesitic dyke (right) %0h a bedded sedimentary sequence (far right and top right) and 
serpentinites (left): level 1080: E) Hydrothermal breccia consisting of three types of clasts: elongated 
fragments of silicified grey limestone: sub-rounded clasts of less altered laminar limestones: and yellow- 
brown broken ankeritic veins, cemented by sulphides: the variable orientation of the laminar texture in 
limestone fragments indicate that the fragments have been moved relative to each other: level 1055. 

, or 
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level. Sulphide minerals occur within the quartz-carbonate vein material as fine disseminations and 

blebs. The essential ore mineral assemblage consists of galena, sphalerite and pyrite, accompanied 

by arsenopyrite, minor chalcopyrite, stibnite and barite. The mineralisation exhibits a restricted 

range of open space filling textures including rhythmic banding, crustification and brecciation. 

4.4 Hydrothermal alteration of host rocks 

Several styles of hydrothermal alteration have been recognised in the Belo Brdo deposit 

(Figures 4.5 - 4.9). The Tertiary volcanic rocks in and around Belo Brdo mine have undergone 

widespread propylitic alteration (Figure 4.5A and B) that extends hundreds of metres around the 

mineralised ore bodies. It is characterised by chlorite, epidote, carbonate and magnetite replacing 

ferromagnesian minerals, whilst feldspars have been partially altered to sericite and carbonates. 

Such an alteration type is usually found in the outer zones of copper porphyry and epithermal gold 

deposits (Corbett and Leach, 1998). The preliminary formation temperature of chlorite 

(Cathelineau, 1988) from one propylitised sample was estimated at -260°C. The data is presented 

in Appendix 2. Intermediate argillic alteration (also known in older literature as argillic) of 

volcanic rocks occurs in the marginal parts of the mineralised area. It consists of a clay- sericite- 

carbonate assemblage which replaces plagioclase to various degrees (Figure 4.5C). Mafic minerals 

are replaced by chlorite and clay minerals. 

Before the deposition of the main mineralisation stage at Belo Brdo, the rocks in the deposit 

were subjected to intensive hydrothermal alteration which developed at the contact of the andesitic 

rocks and serpentinites and at the contact of the igneous rocks with carbonates adjacent to the 

mineralised ore bodies. Several styles of intense hydrothermal alteration have been distinguished 

including: sericitisation, quartz-tourmaline alteration and listwanisation. 

4.4.1 Sericilk (phyllic) alteration 

This is the most common form of hydrothermal alteration of the andesitic rocks at Belo 

Brdo deposit. In andesitic wall rocks, sericite replaces the matrix and plagioclase phenocrysts 

(Figure 4.5E). Quartz occurs as a secondary phase in the matrix. Additionally, quartz-tourmaline- 

pyrite veins crosscut the wall-rock (Figure 4.5F). Carbonates completely replace feldspars (Figure 

4.5D). Minor amounts of clay minerals also occur, while pyrite is disseminated throughout the 

sericitised rocks, as well as associated with quartz-tourmaline veins. SEM analyses of tourmalines 

reveal their dravite composition (Appendix 2). Rutile is a minor alteration phase, occurring mainly 

in pseudomorphs after mafic minerals (Figure 4.5A). Slight enrichment in La, Ce and Nd is evident 

in secondary epidote that occurs as replacement of mafic minerals (Figure 4.5B). 
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IF AL 
Figure 4.5: 13ti1. image,, (A and 13) in. l pn0: oinicroýgraphs taken under transmitted cross-pul, trü_,:, I H, -, hi (( -F) 
shm%inýs li drothermal alteration of andesitic rocks of the Belo Brdo deposit. A) Propslitic alteration: rutile 
pseudomorphs after niatic minerals and minor accessory apatite: plagioclase replaced by sericite and 
carbonates: matic mineral completely replaced bý chlorite (sample 1105/5): B) Epidotisation of matic 
minerals and dissemination of Pb-Bi sulphides (sample 1105'5): C) Intermediate argillic alteration: sericite 
and clad minerals partially replace plagioclase: the matrix is composed of chlorite and quartz (sample 
1235 7D): D) Carbonatisation of plagioclase phenocrysts in silicified and sericitised matrix (sample 180, A): 
E) Complete sericitisation of plagioclase and silicification of the matrix (sample 1105'2A): F) Quartz- 
tourmaline seins with associated pvritisation (black right). cross-cutting the wall-rock: acicular tourmaline: 
note late carbonate veinlets cross-cuting the altered rocks (sample 1803C): bar- 100 microns (A and B) and 
200microns (C-F). 

Chemical analyses of altered andesites (Appendix 3) shom, enrichment of Si and K and general 

depletions of Na. Ca. Mn and Fe relative to fresh andesites due to the presence of secondarv 

mineral phases. The addition of Si is consistent the ýý idespread silicification. \\hich is a major 

feature of phy hic alteration. F. v ident enrichments in K. Rh. and volatiles (lovýer totals due to added 

\%atcr) and depletions in Na. Mg. and Sr. point to the replacement of plagioclase and amphibole b\ 
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K- feldspar and K- mica respectively. Variable additions of Cu, Pb and Fe indicate the presence of 

sulphides (chalcopyrite, galena, and pyrite), whereas the inconsistent enrichment of Ca and to a 
lesser extent Mg and Mn are related to the presence of secondary carbonates (Figure 4.5D). 

4.4.2 Quartz-tourmaline alteration 

Apart from quartz-tourmaline veins cross-cutting the andesitic volcanic rocks (level 1080), a 

pervasive quartz-tourmaline alteration of the wall-rocks and the formation of quartz-tourmaline 
breccia (Figure 4.6A-E) has been observed at the fault zone marked by steeply dipping quartz- 

carbonate veins and stockwork on level 1055 (Figure 4.4 C). The wall-rock was previously 

described in the local literature as a skarn (Mladenovic, Pers. Com. ). However, in our investigation, 

no skarn mineralogy was observed at this level. The alteration assemblage is represented by Cr- 

bearing tourmaline (Cr203 contents up to 9%), quartz, carbonates (ferroan and manganoan 
dolomite), Cr-mica (fuchsite, with Cr203 contents up to 9%), and minor rutile and apatite. 

Tourmaline commonly occurs as rosettes and clusters as fillings in vesicles or drusy cavities and as 

small prisms disseminated in the matrix. SEM analyses were carried out on tourmaline, carbonates 

and mica (Appendix 2). Tourmaline often exhibits oscillatory zoning (Figure 4.6B) that range in 

composition from schort to dravite and rarely from dravite to uvite The composition of Cr-bearing 

tourmalines is most likely influenced by the composition of the host rocks (source of Mg, Fe, Ca 

and Cr) and the nature of the hydrothermal fluid (Si, Al, and B). The type of carbonate alteration 

reflects the ferromagnesian content of the primary host lithology. Additionally, the presence of Cr- 

spinel, Cr-bearing tourmaline and Cr-mica indicate the ultramafic nature of the host rock. The 

altered rock is cut by younger dolomitic veinlets. 

4.4 .3 Listwanisation (carbonatisation of ultramafc rocks) 

Listwanite (listvenite, listwaenite) is a term introduced by Soviet geologists to describe the 

type locality at Beresovsk in the Ural Mountains of central Russia (Goncharenko, 1970; 

Kuleshevich, 1984). It describes a mineralogical assemblage that results from the carbonatisation of 

serpentinised ultramafic rocks and represents a distinctive alteration suite that is commonly 

associated with quartz-carbonate lode gold deposits (Hall and Zhao, 1995; Ash, 2001). 

At Belo Brdo, high degrees of alteration occur along high-angle fracture zones (Figure 4.4 B- 

D), which served as high permeability pathways for percolation of hydrothermal fluids. A halo of 

carbonate alteration extends for tens of metres into wall-rock adjacent to the controlling fracture. 

The intensity of alteration locally ranges from minor quartz-carbonate (±Fe, ±Mn dolomite) 

veining and stockwork (Figure 4.7A) to pervasive alteration resulting in completely replaced 

ultramafic rock (Figure 4.7C) composed primarily of carbonates, quartz, Cr-mica and pyrite. The 

predominant carbonate phase is dolomite with variable contents of iron (up to 14% Fe) and 
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Figure 4.0: 01 i, trhollill"cd uiu'aIual! ý IýIuLuillll. : A) Lapped hand speelnlen 

sho%k in quarts-tourmaline hrcccia. con, ut fragments of carbonate silica rock, cemented br later quartz 
and tourmaline: note sulphide mineralisation (pyrite, arsenop\rite and Bi-bearing galena associated ýNith 
quartz-tourmaline cement (also shown in C): also late stage quartz-carbonate veinlets crosscutting the quartz- 
tourmaline breccia. scale 2 cm: B) BSF image of coarser. concentrically zoned earl} tourmaline affected and 
corroded hv vounger quartz-tournmaline phase: the concentric dark core is of dravite-uvite composition and 
the lighter concentric rims are dravite-schorl. C and C-I ) BSF images showing sulphide mineralisation 
(p)rite and gersdorffite) associated vvith quartz-tourmaline alteration of carbonitised ultramatic rock: note 
irregular zoning of Ni-bearing pyrite sho\%n in C-I. D) BSE image of Cr spinel transterrinýg into Zn-bearing 
spinel along fractures in carbonitised ultramaue rock affected bý quartz-tourmaline alteration: F) 
Carbonatised ultramatic breccia cemented b\ tourmaline and quartz. followed bN sulphides: prismatic growth 
oftourmaline tilling the void: late ferroan dolomite sein cross-cutting the rock. 

manganese (Lip to 400 Mn). Cr- chlorite. Cr-spinel. magnetite. serpentine and talc occur as 

accessor minerals. Variahilit) in Fe. Mn. Ca and Mg contents of carbonates pOssihl\ reflects the 

composition of primary silicate phases. as flell as multiple h., drothermal pulsations. The list\\anites 

are often intrnsek brecciated (Figure 4.8. \). If the carhonatisation is complete. the primar\ silicate 
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Figure 4.7: Hand specimens (A-C) and photomicrographs (Al-Cl) taken under transmitted cross-polarized 
light. Qho%king various degrees of alteration of ultramatic rocks and the formation of listwanite rocks. A) 
early quartz- (Mg. Fe) carbonate stock%Nork developed in a highly altered ultramafic rock cross-cut by later 
quartz-carbonate vein (sample 1005 6): Al) Same rock in thin section: the earl generation of carbonates 
have psuedomorphed the original fabric of the schistose serpentinite: disseminated pyrite grains associated 
with later quartz-carbonate veins: scale Imm: B) Poorly- mineralised listwanite breccia cross-cut by late 
dolomitic veins: this rock-type was mapped as limestone b\ local workers (sample 1055, IC). B1) Relicts of 
serpentine minerals in carbonate rock, indicating their ultramatic origin: scale 200µm: C) Massive 
mineralised list %anite tiith a distinctive green colour derived from abundant Cr-micas: it is composed of 
carbonates (dolomite-ankerite. roughly 60 vol. °° of the rock). quartz (15 vol. °io ), Cr-micas (10 vol. °o ) and 
sulphides (pyrite "- arsenop. rite " ersdorftite. 15 vol. °° ) (sample 1055 F2). Cl ) Fuhedral - to subhedral 
arsenopyrite grain associated %k ith quarti- fuchsite- Cr-chlorite alteration assemblage: scale 100 µnß. 

minerals of' the ultramatic rocks are not recognisable and only Cr-spinet relicts are seen to he 

resistant to chemical changes during alteration processes (Figure 4.8E3). Ihdrothermal dolomite is 

Ir 

C1 
j'_ 
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Figure 4. x: ý; ýý ýn. ýýý, , "t . nitýrýni auýý, of carbonatisation of ulurantalic rocks and formation of 
listwanite,,.: \ i I. istNýanitc hrcccia consisting of angular fragments of unmineralised host carbonates (d, ) and 
fragments of carbonate breccias (d, ) intensiNcIN crosscut b, different generations of iron-rich carbonate veins 

cemented by h>drothermal ankerites disseminated sulphides are associated with fuchsite (fch) 
and quartz (sample 1055 IC): 13) Altered ultramatic rock consisting of relicts of primary Cr-spinel (sp), 
maunesite veins (mgs). replacing most likelv serpentine veins and talc (tlc) after orthopýroxenes (sample 
1105 -113): C) Pervasive carhonatisation (d, ) replacing original ultramatic rock, evident b\ relicts of Cr-micas 
and Cr-chlorites: note different tones of,, rey colour in carbonates. reflecting different contents of Fe and Mg: 
also. euhedral dolomitic rhombs (lighter grey) grov%ing in an open space: late quartz-Cr-mica alteration 
filling cavities (sample 1055 IC ne%%): D) "flak" Cr-chlorite and pervasive carbonate alteration (d, ) (sample 
1055,213): F). The first appearance of Fe- and Ni-As sulphides replacing early hydrothermal dolomites (d, ): 
the sulphides are associated with microcrvstalline quartz and Cr-mica (sample 1055 IC): F) Massive 
listwanite formed as a result of pervasive alteration of ultramatic rock, evident by carbonate (d, ) textures, 
clearly replacing fibrous-textured serpentinites: also shown are the late-stage carbonate veins (d4) 
crosscutting massive listHanite (sample 1 105 3B). 

often crystallised as euhedral vugs precipitates %Nithin the veins (Figure 4.8C). Trace amounts of 

subhedral apatite is also present in list%%anites. Besides carbonates and quartz, fuchsfite is the next 

most common secondary mineral and occurs with quartz (Figure 4.81; ), mainly as vein filling 
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minerals. Sulphides are often found associated ýN ith those seins (Figure 4.8E), or to a lesser extent 

disseminated throughout the rock. Green Cr-bearing chlorite has been observed in veins, fractures, 

Hugs, and breccia matrix and shoNNs usually an anhedral platy form and fibrous clusters (Figure 

4.8[)). SEM analyses ýNere carried out on carbonates, mica and chlorite (Appendix 2). Chlorite is 

classified as pycnochlorite and diabantite. 

4.4.4 Silicification and dulumiticutiun of limestones 

Most of the carbonate host rocks that have been mapped as Cretaceous limestones b} 

geologists in the Belo Brdo mine and sampled for this study proved to be carbonatised ultramafic 

rocks. kno n as Iismanites. Only fragment: of dolomitised Iinmestones (Figure 4.9) 

Figure 4.9: I'hotonnicrographs taken under transini tied cross-polarized light (A and B), CI imaue (C) and 
E3SI, image (U) ot'Cretaceous limestones. A) Non-mineralised fossiliferous reef- Iimestones (sample LIM-I ), 
E3) Pervasive silicification of carbonates and relict of unknown fossils preserved (sample I80'3A): C) 
Fragments of brecciated dolomitised (d; ) limestones, resulting in a complete destruction of original textures: 
note quartz veins crosscutting the altered wall rock (sample 10551C). D) Angular fragments of dolomite 
breccia (di-1) cemented hN later hNdrothermal ankerites (d, 

_i) 
(sample 1055'IA). 

that toms the parts of tectonic breccias föund in fault zones %%ithin the underground mine have been 

observed in this stud). The fragments sho" that pervasive dolomitisation and silicification of the 

limestone host rock resulted in silicified dolomites that generally destro}ed fossils and original 

textures. I. ocall\. sonic unrecognizable fossil relicts. \Oich base been replaced h\ dolomite, still 
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retain some indications of their original shape (Figure 4.9B). Dolomite developed after the porosity 

of limestones was enhanced by fluid circulation through fractures (Figure 4.9C and D). 

4.5 Ore Petrography and Paragenesis 

Detailed studies of the textural and mineralogical relations within the deposit have revealed a 

complex multistage paragenesis, which can be broadly classified into three major stages: (1) pre- 

ore stage, (2) main-ore stage, which has been subdivided into early and late sub-stages and (3) post- 

ore stage (Figure 4.10). 

Pre-ore Stage Main Ore Stage Main Ore Stage Post-ore 
Mineral Fe. NJ-Co-As Early substage; Pb- Late substage & Stage 
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Figure 4.10: Simplified paragenetic sequences for the assemblages of principal ore and 
alteration minerals at the Belo Brdo deposit. Line thickness represents schematically the 
relative abundances of the mineral deposited. 

Several criteria were used in determining mineral relationships and relative ages of minerals in 

polished sections, namely pseudomorphs, relict structures, non-matching walls of fractures, 

overgrowth, irregular borders, cross-cutting relationships and crystal forms (Stanton, 1972; 

Ramdohr, 1980; Guilbert and Park, 1986; Craig and Vaughan 1994; Ixer and Duller, 1998; 

Marshall, et all. 2004; ). Ore textures in the Belo Brdo deposit indicate that replacement is the 

dominant process in the formation of sulphide mineralisation. Besides the minerals of the host 
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rocks and the early hydrothermal dolomites, replacement has also affected the earlier formed ore 

minerals. The resulting textures are varied and described below. 

4. S. 1 Pre-ore stage 

The early hydrothermal stage corresponds to a locally dense network of irregular carbonate 

veining. Several generations of crosscutting carbonate veins indicate repeated fracturing of the host 

rocks. The carbonate veining, as well as pervasive carbonatisation of ultramafic rocks resulted in 

formation of listwanites, as described in section 4.4.3 The veining was followed by brecciation of 

listwanites and brecciation and dolomitisation of the hanging wall limestones. Both, the 

listwanisation and dolomitisation could be interpreted to have formed contemporaneously during 

the same hydrothermal alteration (see section 4.7) prior to mineralisation. During the pre-ore stage, 

quartz-tourmaline veins and breccias also formed, as described in section 4.4.2. The pre-ore stage 
does not carry economic concentrations of sulphide mineralisation. However, it is an important 

stage in terms of preparing the ground for later deposition of massive sulphide ore and hosting a 

sulphide mineralogy that indicates magmatic signatures of the mineralising fluids. 

Dissemination (Figure 4.11) is the predominant ore texture of early sulphide mineralisation. 
Pyrite is the most abundant ore mineral of the pre-stage. Fine grained disseminated pyrite (pyl) 

formed synchronously with the formation of massive listwanites, as well as veining and 

silicification of limestones. This early generation of pyrite displays mainly euhedral shapes and no 

zonation (Figure 4.11 A). Subhedral pyrite is found in quartz-pyrite veinlets cross-cutting the 

serpentinised ultramafic rocks and quartz-tourmaline veins cutting the andesitic wall rock (see 

Figure 4.5 F). Further brecciation and silicification of listwanites, as well as formation of quartz- 

tourmaline breccias was followed by the precipitation of compositionally zoned Ni-Co bearing 

pyrite (py2) (Figure 4.11 B) and arsenopyrite (apyl) (Figure 4.11 C), as well as Ni-Co-As-bearing 

sulphides (Figure 4.11D-F and also 4.6C and C-1), such as gersdorffite 

`Ni0.71Feo. 23Coo. 07)2; 1. o! (Aso. 95sbo. OIZno. o2) o. 96Sl, o3, cobaltite [Coo. s5Feo. ogNio. 39]E=1. o2Aso. 94S1. o4), and 

minor polydimite ([Nie. 67Coo. o8Feo. 19]E-2.94Aso. 067S4), vaesite ([Nio, 66Feo. 27]FA. 93[Aso. 14S1.93]E2.07), and 
krutovite ([Nio, 94Feo. o7]E1. o1[As1.43So. 56]E1.99)" Pyrite occurs as aggregates of euhedral to subhedral 

crystals, commonly associated with individual or clustered rhombic grains of early arsenopyrite, 

which is commonly zoned and sometimes contains inclusions of pyrite (Figure 4.11 B). Pyrite (py2) 

commonly overgrows gersdorffite and cobaltite (Figure 4.11 D-F). 

The Ni-Co-As-bearing sulphides are finely disseminated within the altered host rocks as well 

as within thin quartz veins, accompanied by fuchsite (Cr-mica) and sericite. Gersdorffite is the 

predominant Ni sulphide and occurs in several textural forms, namely fine grained euhedral to 

subhedral grains; anhedral; corroded and embayed. Embayed gersdorffite is occasionally rimmed 
by small bismuth- and tellurium- bearing lead sulphosalts and galena (Figure 4.11E). Occurrence of 
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Bi- and Te- bearing minerals, as %%ell as an increased amount of galena indicates the transition to 

the earls main-ore stage (Figure 4.1 IF). Bismuth- and tellurium-bearing minerals are a common 
feature in man) high- and intermediate-sulphidation epithermal deposits with dominantly magmatic 
ýI! fi tti "ý'ý ot tIic riuneraIi inýý Holds (K LIMI In \ Ct : 11.. 2OO5). 

I IIIc 4.1 I: I" .. 
I'_.,. , 

`m Lk . tvCllliýI. 1ýCý. : 
A) LarlV lonnallol1 

til 1111 -, I: Ilnlli (- I 

111111 in ", Ile) cu 1LJF. d tu , uhheJiJl h\ru,: \ýith no compositional coning: pyrite is disseminated \\ithin the 
silicified and seined carbonate %%all rock (sample 1155 213): B) Texture indicating coeval crystallisation of 
second generation of pyrite (pý: ) and arsenopvrite associated %%ith hydrothermal ankerites and cut by later 
carbonate . eins: pyrite shows irregular compositional zoning \%ith respect to Ni (sample 1055IA): C) 
Second generation of euhedral arsenop\rite showing minning and compositional zoning. (bright zones 
contain up to 5 wt. °o Ni) (sample 1055 IA): I)) Subhedral cobaltite v%ith inclusions of early pyrite and 
gangue minerals. cobaltite is overgro%sn bý younger p\rite (sample 1055 IC): F) Small blebs of Pb-Bi-Te 
sulphides rimming emba\ed gersdortlite (1055 2ß): F) Euhedral. slightly zoned pyrite replaced by 
gersdorffite. which in turn has been replaced bý galena. sample BB- F2. 
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4. Mineralogy 

4.5.2 Main-ore Stage 

The poorly mineralised pre-ore stage is succeeded by sulphide and gangue minerals of the 

main mineralisation event. The dominant ore minerals in this stage are coarse-grained sphalerite 
(sphl) and galena (gni), accompanied by As-rich pyrite (py3) and arsenopyrite (apy2), and by 

significant amounts of chalcopyrite. Cogenetic gangue minerals are quartz, ankerite, dolomite, Cr- 

mica and chlorite. The main mineralisation stage can be subdivided into (i) an early stage, which 

accounts for most of the sulphide mineralisation and which is almost entirely composed of coarse- 

grained sphalerite and galena accompanied by pyrite and arsenopyrite and (ii) a later stage, which 

is characterised by mixed sulphides (sphalerite, galena, chalcopyrite, arsenopyrite, pyrite, and Cu-, 

As-, Sb-, Pb- sulphosalts; Appendix 2). The transition between the two stages is gradual. 

Many of the relationships observed in polished thin sections and polished blocks were 

developed by replacement and relatively little evidence of deposition in open spaces was found. 

Replacement textures are the predominant ore textures in both early and late sub-stages of ore 

deposition, as depicted in figures 4.12 and 4.13 respectively. The main economic minerals are 

sphalerite and galena, both occurring intergrown with pyrite (py3) and arsenopyrite (apy2) (Figure 

4.12A) or, as co-existing minerals replacing an earlier pyrite - arsenopyrite assemblage (Figure 

4.12 B-D). In the early sub-stage of massive sulphide deposition, tetrahedrite (Figure 4.12 E) and 

chalcopyrite (Figure 4.12 F) are locally present and other sulphides, such as Bi- and Te- bearing 

sulphides and sulphosalts are observed only in trace amounts. 

The later sub-stage of main-ore deposition is marked by the introduction of the epithermal- 

style mineralisation (Figure 4.13). In the GII ore body this sub-stage is characterised by the 

presence of the second generation of galena (gn2) (Figure 4.13A), euhedral pyrite, massive 

sphalerite and introduction of significant amounts of chalcopyrite and Cu-Sb-Pb-As sulphosalts 

(Figure 4.13B-D), such as Ag-tetrahedrite, Ag- bearing tennantite and bournonite. Chalcopyrite 

extensively replaces iron-rich sphalerite, which becomes poorer in iron content and is here 

identified as the second generation of sphalerite (sph2). The iron-poor, third generation of sphalerite 

(sph3) and second generation of galena (gn2) are often associated with Cu-rich minerals (Figure 

4.13B and D). 
The economic mineralisation of the GIl/12 vein ore body is characterised by the pyrite-galena- 

sphalerite paragenesis with considerable amount of arsenopyrite (Figure 4.13 E), followed by the 

deposition of Sb-rich sulphides (Figure 4.13 F), namely stibnite and zinkenite accompanied by 

quartz, barite and carbonates (dolomites). 

Pyrite is present in every sample studied and appears to have been deposited throughout most 

of the sequence including both the early and late stage of main ore deposition. It forms sub-mm to 

several mm- sized euhedral crystals, commonly compositionally zoned (Figure 4.14A), or massive 

granular aggregates weakly anisotropic. Pyrite is often the earliest sulphide precipitate of the early 
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Figure 4.12: Rctlected light photomicrographs taken under plane-polarized light (PPL) of the main-ore 
mineralisation stage. shop%ing representative ore textures of an earl\ deposition stage (A-I)) and transition 
towards later. epithermal-st\le mineralisation (E and F). A) T\pical massive sulphide intergrowth textures of 
pyrite, arsenopýrite. sphalerite and galena: the ; gangue mineral is quartz (black) (sample 1 105 4): 13) 
Euhedral. coarse-grained sphalerite co-existing %sith galena and replacing earlier pyrite-arsenopvrite 
aggregates (sample 1155 113): C) Sphalerite with "chalcopýrite disease". co-existing with the coarse-grained 
arsenopyrite and replacing earlier finer-grained aggregates of arsenopý rite and pý rite (sample 1055 4D): D) 
Concave surface of %% ell-cleaNed galena. replacing an earls p\rite. the different orientations of the triangular 
polishing pits ý%ithin galena sho\% that it comprises a number of separate crystals (sample 1055 41)): F) 
Selective association: fractured second generation of sphalerite rather than galena or p\ rite is invaded hý 
tetrahedrite after an increase of Cu-Sb activity in fluids: veins filled by tetrahedrite terminate at sphalerite- 
galena (gn. ) boundar). indicating that galena was deposited as a later phase (sample 180 IF): F) Granular 
aggregates of pyrite. with intergranular and along fracture replacement b\ chalcopýrite. which in turn is 
partially rimmed b\ tetrahedrite (light grey) (sample 1055 8). 
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4.13: RSL images sho%king representati'. e ore textures of the later main-ore mineralisation stage from the 
(III ore bod), (A-D) and the mineralisation textures of the Gll 12 vein ore body (E and F). A) Fractured 
anenopyrite (ap) _) replaced bN galena (gn. ) and cemented b- quartz (qtz) (sample 1105 3A); 13) Thin veins 
of bournonite (bnn) and tetrahedrite (td) cross-cutting iron-rich sphalerite (sphl ) coexisting with pyrite (pv; ): 
note also irregular patches of tetrahedrite replacing sphalerite. leaving behind a Fe-depleted and Cu-enriched 

varier} of sphalerite (sph. ) (sample 1110 l. A). C) Chalcop}rite (cps) replaced b% Ag-rich tetrahedrite and 
tennantite (tn). all surrounded bý galena (sample 180 IF): D) Fe-poor sphalerite (sph; ) associated ý%ith 
bournonite and replaces pyrite; note late stage quartz veinlets cross-cutting the ore minerals (sample 
1 130 113): I. ) Sulphide-rich ore composed of arsenop\ rite. Fe-rich sphalerite. compositionally zoned As-rich 
pyrite and galena in the vein-ore hods (sample 1235 713): F) Later stage of vein infilling. represented by early 
stibnite (stb) o%ergro'%n hý massi%e and needle-like barite enclosed in carbonates (sample 1235 513 I I. 
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Figure 4.14: BSI. image (A) and reflected light photomicrographs taken under PPL (13-F) showing mineral 
texture,, of the Gll replacement-type ore body. A) Concentrically growth-zoned euhedral tine-grained pyrite 
(bright 'ours contain up to 8 M. °o As) (sample l0ý, i IA): (2). B) Coarser, euhedral pyrite cr\stals 
associated with arsenopyrite and hydrothermal ankerite (d; ) at an early stage of the main ore deposition: 
(although pyrite shows some compositional zoning, the variety in colouring is also consequence of removal 
of carbon-coating) (sample 1055 8): C) Cataclastic arsenopýritc associated with pyrite and sphalerite, which 
is also fractured b} quartz filled seins (sample 1105 3A). D) Sphalerite (sph, ) with extensive chalcopyrite 
disease along crystal boundaries and fractures: note the %ariation in surface colour of the diseased sphalerite 
(yellow-brown to purple-brm%n). \\hich is controlled by the density of the tine chalcopyrite inclusions: 

sphalerite is also cut by tetrahedrite-tilled \einlets (sample 1130 IA). F) Iwo generations of galena. the 
earlier (gn, ) shows cured clea%age planes. sshilst the second, coarse grained galena (gn, ) does not display 
deformation textures and contains island shaped relics of earlier pyrite and arsenopyrite. indicating 

replacement of those minerals: note also the differences in polishing between pitted (top. bottom left and 
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4. Mineralogy 

(continued from previous page) 
bottom right) and well polished galena grains reflecting different crystal orientations of the galena (sample 
180/1F). Tetrahedrite (td), replacing sphalerite (sph2) and galena (gn2) (sample 1130/1 A). 

main-ore stage and associated with arsenopyrite in the carbonate-rich domains (d3) (Figure 4.14 B). 

However, two samples from small vugs (1055/4A and 1105/4) show successive euhedral pyrite 

deposition after sphalerite and galena. Arsenopyrite is an abundant ore mineral, commonly 

occurring as euhedral to subhedral crystals that vary in size from sub-millimetre to several mm in 

length. When euhedral, it occurs as individual or clustered rhombic grains commonly associated 

with As-bearing pyrite (py3) (Figure 4.14 B and C) and is not commonly zoned as seen in the 

arsenopyrite of the pre-ore stage. Arsenopyrite is also found overgrowing earlier pyrite. A 

cataclastic texture (Figure 4.14 C) of the early arsenopyrite aggregates, associated with the pyrite 

and later cemented by quartz, has been observed in couple of samples. The cataclastic deformation 

textures occur towards the end of the early stage of the main mineralising event. This is also 

evident from textures showing fracturing of early sphalerite grains (Figure 4.14C). 

Sphalerite is a widely distributed ore mineral within the main ore stage. It is associated with 

pyrite, arsenopyrite and galena in the early main ore stage and with galena and the Cu-sulphides 

and sulphosalts at a later mineralisation stage. It occurs mainly as anhedral massive replacements 

and large aggregates with chalcopyrite inclusions (chalcopyrite disease). Two major textural types 

are readily identified under the microscope: dark brown to black (opaque) sphalerite (sphl), which 

is classified as iron-rich variety also known as marmatite, and yellow-brown to purple-brown (sph2) 

sphalerite extensively replaced by chalcopyrite (sph2) (Fig 4.14 D). The dark variety of sphalerite is 

the most common textural type and displays no colour zoning. It contains moderate amounts of 

chalcopyrite inclusions, which are irregular in shape. The early sphalerite often contains island 

shaped forms of pyrite and arsenopyrite providing evidence for replacement of those minerals. It 

can also exhibit fracturing, which is mainly filled by gangue minerals. The second textural variety 

of sphalerite represents the one that suffered severe chalcopyrite replacement along fractures, 

crystal boundaries and twin planes. The third variety of sphalerite (sph3) is associated with Cu- 

sulphosalts and was identified using the SEM as iron-poor (less than 1 wt. % Fe) (Appendix 2). A 

few small vugs were observed to contain tetrahedron forms of sphalerite crystals but these 

instances are not so common. 

Galena is the second most important major ore mineral at Belo Brdo. It occurs as anhedral to 

subhedral masses showing perfect cleavage visible as triangular pits. The grain size of galena 

varies from sub-mm to several millimetres in size. As seen in sphalerite, the island shaped relics of 

pyrite and arsenopyrite are frequently seen in galena. Additionally, galena penetrates arsenopyrite 

along fractures and also replaces pyrite and arsenopyrite along grain boundaries. Two textural 

varieties of galena have been identified based on the effects of post-depositional processes. The 

first generation of galena (gn1) shows deformational textures, such as curved and kinked cleavage 

planes, whilst the second generation (gn2) shows no obvious deformation textures (Figure 4.14E). 
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4. Mineralogy 

The early galena is found associated with sphalerite, pyrite and arsenopyrite, whilst the second 

generation of galena is associated with sphalerite, chalcopyrite and Cu-sulphosalts at a later stage 

of main ore deposition (Figure 4.14F). 

Chalcopyrite occurs both as small inclusions in sphalerite and as a primary ore, which often 

replaces earlier sulphides along fractures. It also occurs as aggregates of fine to medium coarse 

grained anhedral crystals. 

Tetrahedrite, tennantite and bournonite are the most common of the sulphosalts group in this 
deposit and occur specifically during the late mineralisation stage, associated with chalcopyrite 

sphalerite and galena. Ag-rich tetrahedrite replaces sphalerite and galena as veinlets and along 

crystal boundaries (Figure 4.14F), whilst tetrahedrite itself is often rimmed by bournonite. 

Tetrahedrite also occurs as rims around chalcopyrite, and with tennantite it forms irregular shaped 

solid-solution (see Figure 4.13C) series replacing chalcopyrite. 

Barite is a minor mineral constituent in Belo Brdo deposit and is restricted to the late stage 

vein ore body development. 

The gangue mineralisation consists mainly of iron and magnesium carbonates (ankerite, 

ferroan dolomite) as well as quartz, Cr-mica and chlorite. The carbonates are compositionally 

zoned and their chemistry will be presented in Section 4.6. Quartz, Cr-mica and chlorite are locally 

present as fillings of small vugs and as late fracture fillings. 

4 . 5.3 Post-ore Stage 

The mineralogy in this stage is very simple and consists mainly of late carbonate (dolomite) 

vugs filling (see Figure 4.3B) and post-depositional veinlets (Figure 4.8F) occasionally 

accompanied by quartz and late pyrite which does not display any zoning. 

4.6 Ore Mineral Chemistry 

The electron probe microanalysis of all mineral phases was performed at Kingston University 

using a Zeiss EVO50 SEM instrument. The details about instrumentation and the mineral chemistry 
data are provided in Appendix2 on a CD-ROM enclosed at the back of the report. 

4.6.1 Ni-Co sulphide composition 

The Ni-Co sulphide mineralisation has been observed only in the pre-ore stage of the GII 

replacement-type ore body. The predominant Ni-Co ore mineral is gersdorffite, which occurs in 

massive listwanite as well as in quartz-tourmaline breccias, whilst the minor ore mineral phases, 

such as cobaltite (average measured composition [Coo. 55Feo. 08Nio. 39]L=1.02AS0.94S1.04), polydimite 
[Ni2.67Co0.08Feo. 19]I=2.94Aso. o67S4), vaesite (, [Nio. 66Fe0.27JE0.93[Aso. 14S1.931L2.07), and krutovite 
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4. Mineralogy 

([Nio. 94Feo. o7]1; l ol(As1.43S0.56]sl. 99) are found only in listwanite breccias. Gersdorffite has the ideal 

composition of NiAsS, but in Belo Brdo, significant amounts of iron and cobalt substitute for 

nickel and minor amounts of antimony and zinc substitute for arsenic, resulting in a variety of 

compositions with an average formula of (Ni0.71Feo. 23Coo. o7)El. of(As0.95Sbo. olZno. 02)EO. 9sSl. oJ. Based 

on compositions in Ni-Co-Fe space, gersdorffite displays a wide range of compositions which can 
be grouped into three different populations (Figure 4.15). A preliminary attempt to estimate 
formation temperatures comparing compositional populations of gersdorffite from Belo Brdo with 

experimentally determined gersdorffite solid solution fields of Klemm (1965) has been made 
(Figure 4.15). 

Gersdorffite in massive listwanite occurs as euhedral grains, often disseminated in quartz -Cr- 
mica-chlorite veinlets and associated with As-bearing pyrite. It comprises the highest Ni content, 

whilst Fe and Co contents are generally low. Low concentrations of Sb are present in this 

population, which has the average formula of (Ni0.9sFeo, o4Coo. o1)Eº. oj (Aso. 95Sbo. o3)EO. 98 5101. In the 

ternary Ni-Co-Fe diagram this population of gersdorffite displays a tight cluster, indicating a 
homogeneous composition and formation temperatures of < 300° C. Less silicified listwanite 

breccia hosts slightly zoned gersdorffite, which comprises the highest Co contents (up to 11.4 

wt. %) and displays smooth transition from gersdorffite to cobaltite, thus indicating crystallisation 

in the triclinic space group at temperature of 300-550° C (Figure 4.15). 

Gersdorfiite from the quartz-tourmaline breccia, with an average composition of 

(Nio. s9Feo. siCoo, io)Ei. o2 (Aso. 95Sbo. O2) o. 97 S101 contains significantly more Fe (up to 12.7 wt. %) and 

variable amounts of Co (1-8 wt. %). It is also characterised by an abundance of Zn (up to 3 wt. %), 

which is not found in other gersdorffite populations. Gersdorffite of this population occurs mainly 

as anhedral and corroded grains, often associated with irregularly zoned Ni-Co-As bearing pyrite 

(py2). Trace amounts of Bi-Te-Pb unidentified minerals occasionally rim corroded gersdorffite. 

Listwanite breccias cemented by iron-rich carbonates (ankerite and ankeritic dolomite) host 

euhedral to subhedral gersdorffite associated with pyrite (py2) and arsenopyrite (apyl). It has 

variable iron contents (6-13wt%) and low Co (up to I wt. %). Gersdorffite in this host rock is also 

found as inclusions in the third generation of pyrite (py3). Here, gersdorffite population has an 

average composition (Nio. 7iFeo_28Coo, o1)yi. 00 Aso. 93 5107. In the ternary Ni-Co-Fe diagram (Figure 

4.15) gersdorffite from both, quartz-tourmaline breccias and brecciated listwanite display wider 

ranges in compositions, indicating more heterogeneous fluid composition. The formation 

temperatures in these cases could not be reliably determined, as gersdorffite compositions do not 

reflect equilibrium values. However, the data indicate that those two populations of gersdorffite, 

which is associated with arsenopyrite, could have been crystallised at temperatures greater than 

300°C. More precise analytical work needs to be done to further confirm formation temperatures. 

There is strong evidence that the Ni-Co mineralisation described above is hydrothermal. The 

unquestionable evidence is the occurrence of the gersdorffite and Ni-Co bearing pyrite in veins and 

veinlets associated with hydrothermal phases, such as Cr- mica, chlorite, carbonate and quartz, that 
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Figure 4.15: Plot of compositional variations of gersdorffite in terms of atomic% Ni-Fe-Co in 

the svstem NiAsS-FeAsS-CoAsS. dashed blue lines represent isotherms from Klemm (1965). 

replace the carbonitiscd ultramaue rocks and lismanite hreccias. indicating that the mineralisation 

post-dated the tirmation of the early listwanite breccia. This assemblage of h,. drothermal minerals 

formed at temperatures lo\%er than 550' C. 

4.6.2 P; 'ritc" 

N-, rite is the most abundant sulphide at Belo E3rdo. l hree main generations of pyrite have been 

identified on the basis of textural and compositional differences. The first type is characterised hN 

euhedral to subhedral crystal.. vhich are disseminated mthin the silicified NN all rocks and quartz 

vein,. These p\ rite grains are commonly homogeneous and have no or very low As contents of 

hemeen 0.6 to 1.2 %%t. % As (0.02-0.04 atomic %) (Figure 4.16A) (Appendix 2). 

The second generation of pyrite is associated \%ith the Ni-Co-As-hearing sulphides of the pre- 

ore stage. It contains \ariahlc concentrations of Ni, Co and As \tiith up to 8.9 \\t% Ni, 3.6 wW% Co 

and 7.6 Ht°o As respecti\ elf (Figure 4.16A). To compositional \ arieties of pý rite \\ ith respect to 

Co contents could he distinguished. The Co-poor Ni-rich pyrite is found in Iismanite hreccias. 

often Overgro%%ing gersdortiite and has an average composition uf ). ). The 

Co-rich pyrite is hosted bý quartz-tounnaline breccia and has a higher As content (up to 7.6 Nit. %) 

comparing to the former. Its average composition is (Fe�81)Ni004COoo4)1o, r-As� , S1 xr. This type of 

pyrite sho%%s complex grains and compositional zoning \+ith respect to As and Co contents. 

characterised hý irregular boundaries bemeen the As-Co rich outer zones and As-Co poor inner 
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zones. suggesting partial dissolution of an earlier pyrite (Ni-hearing, As-Co poor) before the 

groýNth of the latter. 

The third generation of pyrite (py; ) occurs in the main mineralising stage and is associated 

with the economic ore sulphides. This generation of pyrite is characteristically nickel- and cobalt 

poor relative to the pyrite in the pre-ore stage but contains high As concentrations (up to 8 wt. 

Appendix 2) (Figure 4.16A). Two textural types are distinguished. One is usually oscillatory zoned 

and often reN eals changing cn stal morpholog (cube, octahedron) during growth. It contains 

several groNth zones defined by \ariation in As content which can reach up to 7.8 wt percent As. 

This pyrite is associated mainly v%ith compositionally zoned arsenopyrite and found at an early 

main-ore stage. The other. \\hich is more abundant, is the \Neakly zoned pyrite characterised by 

lower As contents (up to 3 v%t. °io) and an merage composition FeO0 9,9As00SS1 96. Pyrite in the Gil/12 

vein ore body has a similar composition to the latter. with an average formula of Fe09°As°, >(, S19s 

( Figure 4.16A ). 
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Figure 4.16: Plots of the maximum contents of As. Ni and Co in different pyrite generations (A) and cobalt 
versus nickel for pyrite (py, ) of the main-ore stage (B). 

[he third generation of pyrite (pý; ) from the main-ore stage as further analysed tür trace 

element contents using WDS vv ith a view to assess, although tentatively, some metallogenic 

parameters, including depositional conditions. 29 spot analyses from tour samples ý\ere performed 

and the summan of the elemental concentrations are presented in Table 4.1. 

Table 4.1' tiwnmarn of trace element composition of main-ore stage pyrite in wt. %. 

f. lrtnent Co \i Mn Cu Zn As Ag Cd Au Co/Ni 
Min 0.0- ; 1). 1)O1 0.013 0.01 i 0.006 0.012 0.005 0.008 0.022 0.40 
Max (). 1-' 1 II 1 ý, 0.0, (1 0.218 0.1 04 2.540 

` 
0.051 0.091 0.076 129.86 

Mean 0.153 0.044 0.032 0.0-1 0.051 1.220 0.027 0.045 1 0.047 13.55 

Arsenic. cobalt. nickel and cadmium ý%ere found to he the most conunom trace elements in this 

generation of pý rite and occur in almost all anaIN sed samples. The other trace elements, such as Cu, 
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Zn, Mn, Ag and Au are sporadically distributed within the analysed samples and are present in 

variable concentrations. Pyrite is locally auriferous; however the results have to be taken 

cautiously, as only four analyses out of 29 contain significant concentrations of gold (220 -760 

ppm). The Co/Ni ratio in pyrite (Figure 4.16B) has been used here in an attempt to get a 

preliminary understanding of the ore deposition. Many authors have used the Co/Ni ratio as an 

empirical indicator of different styles of mineralisation and the environment of deposition (Loftus- 

Hills and Solomon, 1967; Bralia et al., 1979; Roberts, 1982; Campbell and Ethier, 1984; Raymond, 

1996; Craig et al., 1998). The Co/Ni ratio may reflect the temperature of initial formation 

independent of metamorphic grade (Walshe and Solomon, 1981; Cook, 1996). Up to 9 wt. % cobalt 

can be included in pyrite at temperatures of 400°C, and at elevated temperatures (>700°C) complete 

FeS2-CoS2 solid solution can occur (Moh, 1980). Cobalt content in pyrite is suggested to be higher 

in copper-rich ores formed at higher temperatures within feeder zones to massive deposits (Cook, 

1996). Low Co and Ni concentrations and Co/Ni ratios of less than one with a low standard 
deviation are generally accepted to represent pyrite of sedimentary origin (Loftus-Hills and 

Solomon, 1967). On the contrary, pyrite from the main ore-stage of the carbonate-hosted 

mineralisation in the Belo Brdo deposit shows highly variable Co/Ni ratios (0.4 - 129.86) (Table 

4.1). Pyrite from an early main-ore stage is characterised by higher levels of Co (280 - 4200 ppm) 

(Figure 4.15 B) and moderate to high Co/Ni ratio (4.5 - 129.9) relative to the pyrite of the later 

main-ore stage, where Co content vary from 230 - 2900 ppm and Co/Ni ratio is moderately high 

(4.2). According to Bralia et al. (1979), highly variable Co/Ni ratios, usually greater than one, are 

believed to be the result of hydrothermal mineralisation, as is the case in Belo Brdo deposit. 

4.6.3 Arsenopyrite 

Two main generations of arsenopyrite have been recognised in the carbonate-hosted ore body. A 

summary of their compositions is presented in Table 4.2. The early arsenopyrite (apyl) formed 

during the pre-ore stage and is associated with gersdorffite and Ni-Co bearing pyrite (py2). It is 

characterised by distinct compositional zoning with respect to Ni content. Most zoned crystals 

exhibit an As- and Ni- rich core (Table 4.2 and Figure 4.17A) and a S-rich rim, a characteristic 

Table 4.2: Summary of the average compositions of different arsenopyrite generations 
(tr= traces; n. d= not detected) in atomic proportions 

Apy generation Fe As S Ni 

A 1-core n=7 30.19 32.45 34.83 2.53 

A i-rim (n=8) 32.82 30.36 36.82 tr 
AZ n=21 33.31 30.05 36.65 tr 

Apy-vein n=6 33.68 29.71 36.61 n. d 
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found mainly in arsenopyrites of primary origin (Lentz, 2002). Ni-rich zones may contain up to 6.0 

wt. % Ni (5.5 atomic proportions). The main-ore stage arsenopyrite (apy, ), which is associated vv ith 

pyrite (py, ), sphalerite (sphi) and galena (on, ). appears optically homogeneous and contains no 

significant Ni content (Figure 4.17A). Arsenopyrite of the late ore stage found in the vein-ore body 

is of similar composition as the arsenopyrite of the main- ore stage (Table 4.2 and Figure 4.1 7A). 

In general, the samples sho\k substantial As-S \ariahility from 27.9 to 33.9 atom % As, but most 

fall hemeen 29.5 and 3 1.5 mole °ö As (Figure 4.17B). 
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Figure 4.1': Concentrations of arsenic versus nickel (A) and sulphur (B) in arsenopyrites from pre-ore stage 
laps). main-ore stage (app, ) and late ore stake (vein ore body) from the Belo Brdo deposit. 

4.6.3.1 
. 
4rcrnu/n-rite geothermometn' 

Assuming equilibrium conditions heween the sulphides (pyrite, sphalerite) and sulpharsenides 

(arsenopyrite). the composition of arsenopyrite is a function of JS, (sulphur fugacity, ) and 

temperature. It is possible to estimate the formation conditions of arsenopvrite based on the Fe-As- 

S mineral assemblage and the As at. % content of arsenopý rite (Barton, 1969, Kretschmar and 

Scott. 1976. Scott. 1983. Sharp et al.. 1985). Using the equilibria established by Kretschmar and 

Scott ( 1976). the high As contents (32.5 to 33.9 atom % As) in some of the cores of pre-ore stage 

arsenopýrite can he interpreted as a sign of high-temperature deposition of sulphide (430° to 

500°C ). However, this tý pe of arsenop) rite contains more than 0.5 atom % Ni and Co and was not 

used for geothermomem. because higher amounts of these elements may affect the As/S value of 

arsenop'rite (Scott. 1983. Sharp et al. 1985). In order to detect any zonation within arsenopvrite, 

points from grain cores and rims %\ere routinel\ anal sed. I he chemistr\ of the optically more 

homogeneous. discretely zoned arsenop\ rite (app ,) of the main-ore stage was used for 

geothermometr . 
This tN pe of arsenopY rite. which coexists v ith main-ore stage p}rite and 

sphalerite. has a narro\N As'S ratio (0.78-0.89) and as chosen as the most suitable for the 

thcrmometn calculations. Most As contents fall het\\een 29.4 and 31.5 \N ith a mean value of 30.05 

atom % As (Table 4.2). In the vein ore hodv the values are bemeen 28.8 and 30.7 atom % As vtiith 

a mean \alue of 29.7 atom % As. This assemblage implies a temperature range of 3II to 348 °C 

0: igure 4.18) using the calibration of Kretschmar and Scott (1976). f S, was betvveen 10 and 

10 H bar. I he arsenic content of arsenopv rites coexisting 'N ith pyrite from the same samples 
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studied for fluid inclusions indicates temperatures broadl. similar to those obtained from fluid 

inclusions (see Chapter 6). 
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Figure 4.18: Sulphur activity-temperature projection of the stability field ofarsenopýrite (Barton, 1969). 

kith itonm. %%t. °o As arsenop}rite-huftered curses from Kretschmar and Scott (1976). The blue dashed line 
depict' the average As content of 30.05 atomic °°: the red lines show temperature range and! S, conditions 
of precipitation for the arsenopýrite-pyrite-sphalerite assemblage of the main mineralising ore stage, as well 
as for the vein-type ore body in the Belo Brdo deposit. Symbols: As = arsenic, asp\ -arsenopyrite. I- liquid. 
Iii lällin_ite. hn bornite. po = pýrrhotite. p' p'. rite. 

4.6.4 Sphulrrile 

Sphalerite, together m ith galena, is a major constituent of'the ore sulphide mineral paragenesis 

of the Belo Brdo deposit. Within the pre-ore stage. sphalerite occurs rarel\ and has been detected 

onIý in the quart z-tourmaline breccias. here. sphaIerite occurs as anhedraI crystals \ýith gersdorffite 

and galena inclusions. Se\eral spot analyses base been performed to detect any zoning: hoNw\er. 

the grains are fairy homogeneous and contain on mera`, e 5.? ýýt% Fe (Figure 4.19A), \\hich 

correspond to -9 mOl. °o FeS (Figure 4.1913) and average formula of Zn ...... Fe,, IS. 

hrec main compositional populations of sphalerite have been distinguished corresponding to 

the principal textural generations of sphaterite identified \\ithin the amain-ore stage paragenesis. 

These population, represent (i) iron-rich coarse-grained sphalerite (sphi), (ii) sphalerite which has 

been affected b, corrosion and replaced hy copper minerals (sph, ) and (iii) euhedral. fine-grained 

iron-poor sphaterite (sph; ). The most commonly occurring t\pe is the iron- rich (sphi) variet\, 

%\hich accounts for almost 800ä of all analysed cr stals occurring throughout the main stage of 

mineralisation. including an earlier paragenesis \\ith p}rite. arsenopvrite and galena of the 

carbonate-hosted ore bod\. as \\ell as the later paragenesis of the vein ore hod\ (Fig 4.19A). The 

iron-rich sphalerite does not sho significant variations in average Fe content t)et,,, eell tile 

carbonate-hosted and \ein ore bodies. The a%erage composition of this type of sphalerite is 

/n ,Ir, in the carbonate-hosted ore ho, d% and /n, ,,, Feo iý, S in the vein ore hodv. In detail. 
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hox%e%er. the compositional Nariahilit\ is much more apparent in the carbonate-hosted ore body, 

where the Fe content varies bet,, %een 7.4 and 11.5 %vt. % (12.5 -19.7 mol. % FeS respectively) 

(Figure 4.19A). N\ith an average value of 10.2 wt. % corresponding to 17.5 mol. % FeS. A 

histogram of the iron content of sphalerite from the main-ore stage reveals a weak bimodal 

distribution %%ith modes at 9.5 v%t. °, o Fe and 11.5 vvt. °o Fe. 

  
acl, 
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Figure 4.19: A) Frequency distribution of iron contents (wt. °o Fe) in sphalerite of different generations; 
B) Composition of sphalerite of different generations (mol°o FeS vs. mol°rö ZnS). 

The iron-rich sphalerite in the \ein ore body exhibits a narrow compositional range with iron 

content bemeen 9.1 and 10.5 w\t. ° o (15.3 and 17 mol. % FeS respectively) and an average value of 

9.7 v. t. °io corresponding to 16 mol °o FeS. 

The second generation of sphalerite (sph, ) has Fe contents with a narrmN range of 5.2 -6.2 

vNt. °/ Fe. vvhich are markedly Iovver than that of the iron-rich sphalerite. The average composition 

of this type of sphalerite. v hich contains significant amount of copper is Zn052 Fe0 ()Cu iOm, S. 

The third generation of sphalerite (sph; ) has iron content \Nhich is characteristicall} lox\er than 

that of the first and second generations \%ith values that range from 0.36-0.79 wt. % Fe (Figure 4.19 

A). corresponding to an average of 0.97 mol°% FeS (Figure4.19 B) and an average formula ZnO, ), ) 

Fei, ý, IS - 

4.6.5 Trace elements in Sp/rulerile and Galena 

Sphalerite can incorporate . arious elements in its structure and is therefore especiall} suited 

for trace element studies. Fe. ('d and Cu commnmon! ) substitute for In in sphalerite. x\hereas Pb, In, 

(ja. Ge. 11g. Sit and Mn occur more sporadicall (Barton et al. 1977. Burke and Kieft. 1980. 

Mcl. imans et at. 1980. ()en et at.. 1980, Müller, 1985: Johan 1988. Viets et at.. 1992, Pattrick et at.. 

1993. [)ini et at. 1995. Kuhlemann and tech, 1995). \VDS analyses \ere used to characterise trace 

element contents in sphalerite (Table 4.3) and galena (Table 4.4) from different underground levels 

of the carbonate-hosted ore hod). \\ith a . ie\\ to constrain some genetic intormation about 

deposition of Belo 13rdo mineralisation. as the chemical composition of sphalerite, in particular, is a 

good indicator of physicochemical conditions of ore formation. 
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Table 4.3: Major and trace element compositions of sphalerite from four representative samples of the main- 
ore stage: n. d= not determined; b. d below detection) in wt. % unless specified. Note: Mn was not determined 
in sample 115511 B. 

FeS MnS US CuS Sample Sph Fe Mn Cd Cu Co Ni As (mole , %) (mole %) (mole %) (mole %) 

1130/1A #1 11.02 0.30 0.36 b. d 0.173 0.019 0.15 18.82 0.52 0.31 b. d 

113011A #2 11.40 0.29 0.38 b. d b. d b. d 0.34 19.34 0.50 0.32 b. d 
1130/1A #3 11.43 0.29 0.50 0.006 0.053 b. d 0.36 19.04 0.48 0.42 0.009 

1130/1A #4 11.38 0.19 0.53 0.080 0.117 0.005 0.31 19.16 0.32 0.44 0.119 

1130/1A #5 11.22 0.20 0.45 0.054 0.037 b. d 0.35 19.02 0.34 0.38 0.080 

1130/1A 86 11-251 0-331 0.44 0.035 0.098 0.037 0.04 18.85 0.56 0.36 0.052 

180131 ßi1 9.79 0.31 0.46 b. d b. d b. d 0.47 16.53 0.54 0.38 b. d 

180ßI #2 9.84 0.45 0.46 b. d b. d b. d 0.35 16.59 0.77 0.39 b. d 

18031 #3 9.39 0.45 0.47 b. d 0.064 b. d 0.40 15.90 0.78 0.39 b. d 

180! 31 #4 9.59 0.40 0.46 0.041 b. d b. d 0.33 16.18 0.68 0.39 0.061 
180ß1 #5 9.73 0.37 0.50 0.023 0.042 b. d 0.36 16.48 0.64 0.42 0.035 

105514A #1 11.43 0.24 0.33 b. d 0.077 b. d 0.28 19.34 0.41 0.28 b. d 

105514A #2 10.31 0.53 0.52 0.060 b. d b. d b. d 17.30 0.90 0.43 0.089 

1055/4A $3 11.04 0.46 0.38 0.024 b. d b. d b. d 18.59 0.79 0.32 0.036 

1055/4A #4 10.46 0.46 0.50 0.015 b. d b. d b. d 17.68 0.79 0.42 0.022 

105514A *5 10.61 0.52 0.53 0.009 b. d b. d 0.30 17.95 0.90 0.45 0.013 

1155/1B #1 10.82 n. d 0.55 b. d 0.014 0.025 0.48 18.28 0.00 0.46 0.000 

11W18 02 10.76 n. d 0.55 0.064 0.068 b. d 0.10 18.39 0.00 0.46 0.096 

115511B #3 10.78 n. d 0.42 b. d 0.078 b. d 0.07 18.68 0.00 0.36 0.000 
1155/16 94 10.66 n. d 0.51 0.003 0.077 b. d 0.31 18.37 0.00 0.44 0.005 

115511B #5 9.93 n. d 0.48 0.038 b. d 0.005 0.28 17.02 0.00 0.41 0.058 

1155J1 B #6 10.52 n. d 0.42 b. d b. d b. d 0.14 18.16 0.00 0.36 0.000 

Min 9.39 0.19 0.33 0.003 0.014 0.005 0.04 15.90 0.321 0.280 0.009 

Max 11.43 0.53 0.55 0.080 0.173 0.037 0.48 19.34 0.903 D. 449 0.119 

Mean 10.61 0.36 0.45 0.035 0.083 0.020 0.31 17.92 0.620 0.381 0.051 

std 0.65 0.11 0.06 0.024 0.041 0.014 0.13 125 0.189 0.051 0.036 

The sphalerite grains analysed in this study display a restricted composition. Iron, Mn and Cd 

are predominant trace elements in all samples (Table 4.3). All three elements show quite uniform 

concentrations in sphalerites from different underground levels of the mine and range between 

9.39-1 1.43 wt. % Fe, 1900-5300 ppm Mn and 3300-5500 ppm Cd. Ni is commonly below detection 

limit, with a maximum concentration of 370 ppm. Co is more common than Ni and shows 

significant variations in concentrations between 140-1730 ppm. The Cu content of sphalerite is 

consistently low, usually below 800 ppm. Concentrations of Se, Te, Sn, Hg, Ge, Ga are all below 

the detection limit of the WDS probe. 

The FeS contents show a limited range from 15.9 to 19.34 mol% with an average composition 

of 17.9 mol%. The MnS and CdS contents are less than I and 0.5 mol% respectively. Such an iron- 

rich and moderately high Mn and Cd chemistry is a common feature of sphalerites in the skarn and 

hydrothermal Pb-Zn Trepca deposit in Kosovo (Strmic-Palinkas, 2009), as well as in many 

Cord iI leran-type base metal deposits (Bendezü and Fontbote, 2009). In contrast, in carbonate- 

hosted Mississippi Valley type deposits, for instance, Fe content in sphalerite is generally low (e. g. 

Hagni, 1976). For example, Craig et al. (1983) gave average Fe and Cd contents of 0.27 and 0.38 
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wt. % respectively for sphalerites from 16 deposits in Tennessee. South African Mississippi Valley 

type deposits do not exceed 4 wt% Fe (Schaefer, 2009). Our data clearly indicate much higher 

temperatures of formation, which will be confirmed by the fluid inclusion study and presented in 

Chapter 6. 

The only trace elements present in significant concentrations in galena are Ag, Mn and Cd 

(Tab. 4.4). Cu, Zn and Fe are usually elevated if small inclusions of pyrite, sphalerite and 

chalcopyrite are present. The Ag content in galena is highest for the second generation of galena, 

which is mainly associated with chalcopyrite, tennantite and tetrahedrite of the later main-ore 

Table 4.4: Summary of major and trace element compositions of galena from three representative samples 
of the main-ore stage; n. d= not determined; b. d below detection) in wt. % unless specified. Note: As 

commonly below detection limit: Ni and Co were not determined. 

Fe Mn Cd Cu 
Sample Stet Fe Mn Cd Cu Ag Zn (mole%) (mole%) (mole%) (mole%) 

1130/1A Min 0.007 0.030 0.030 0.020 0.008 0.008 0.03 0.13 0.06 0.07 

Max 0.047 0.090 0.216 0.145 0.177 0.021 0.20 0.39 0.46 0.53 
MEAN 0.023 0.059 0.115 0.061 0.061 0.015 0.10 0.26 0.24 0.23 

STD 0.014 0.025 0.050 0.041 0.066 0.009 0.06 0.10 0.11 0.15 

180ß1 Min 0.005 0.011 0.055 0.007 0.007 0.035 0.02 0.05 0.12 0.03 
Max 0.047 0.151 0.234 0.116 0.134 0.155 0.20 0.66 0.50 0.44 

MEAN 0.023 0.062 0.114 0.063 0.060 0.098 0.09 0.21 0.28 0.17 

STD 0.015 0.047 0.061 0.051 0.054 0.052 0.03 0.19 0.18 0.23 
105514A Min 0.014 0.011 0.014 0.052 0.008 b. d 0.06 0.05 0.03 0.20 

Max 0.081 0.068 0.232 0.089 0.106 0.079 0.34 0.30 0.50 0.34 

MEAN 0.043 0.030 0.125 0.070 0.055 0.079 0.19 0.13 0.27 0.27 
STD 0,0261 0-0261 0.069 0.018 0.042 n. d 0.11 0.11 0.15 0.07 

Mn 0.005 0.011 0.014 0.007 0.007 0.008 0.02 0.05 0.06 0.03 

Max 0.081 0.151 0.234 0.145 0.177 0.155 0.20 0.66 0.50 0.53 

Mean 0.030 0.052 0.118 0.064 0.059 0.071 0.10 0.26 0.24 0.23 

std 0.021 0.037 0.059 0.039 0.051 0.054 0.06 0.16 0.12 D. 16 

stage mineralisation. Here, the Ag values commonly reach up to 0.13wt. % 
. Galena of an earlier 

main ore-mineralisation stage have much lower Ag contents between 140 and 810 ppm. Cadmium 

concentrations in galena are rather high and consistent in alI samples, with an average of 0.12 wt. % 

(Table 4.4). 

Such a narrow range of trace element distributions in both, sphalerite and galena from 

different underground levels in Belo Brdo mine reflect a similar mode of mineral growth. 

Trace element concentrations in sulphide minerals and mineral pairs have also been used to 

establish a series of geothermometers. The temperature and pressure dependence of the 

fractionation of Cd and Mn between cogenetic sphalerite and galena that form under equilibrium 

conditions was studied by Bethke and Barton (1971) and Geletii et al. (1979). Application of these 

two geothermometers to the data derived from three samples in this study results in very low Cd 

and Mn fractionation factors (Cdsp, /Cd,,.,, -4 and Mnsph/Mng,, - 6) that result in unreasonably high 

temperature estimates (above 650°C) that far exceed temperature estimates derived from 
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arsenopyrite geothermometry and fluid inclusion studies (Chapter 5) and suggest that incorporation 

of Mn and Cd into sphalerite and galena took place under disequilibrium conditions (Bethke and 

Barton, 1971; Geletii et al., 1979). 

The FeS content in sphalerite has been proposed as a sensitive indicator for JS during ore 

precipitation (Barton and Toulmin, 1966). A log fS2-temperature (1000/K) composition map has 

been constructed by Lusk and Calder (2004) for sphalerite using Lusk and Bray's (2002) data for a 

sequence of buffer reactions in the Cu-Fe-S and Fe-S systems. The equation: log1QfS2=11.01-9.49 

(1000/K)+[0.187-0.252 (1000/K)] (mol. % FeS)+[0.35-0.2 (1000/K)] (mol. % CuS in sphalerite) 

can be applied to sphalerites that have equilibrated with buffer assemblages containing pyrite, or 

pyrite and pyrrhotite, in both the Fe-Zn-S and Cu-Fe-Zn-S systems at temperatures between 250 

and 550°C at 1 bar (Lusk and Calder, 2004). This equation incorporates data from Lusk and Calder 

(2004) experiment and from a selection of published experimental data that are fitted to within 

10%. In our study, sphalerite with mean mol. % FeS composition of 18; minimum mol. % CuS 

composition of 0.009 and maximum 0.12; and values for sulphur fugacity of 10-8.3 and -10-10.5 

obtained from arsenopyrite geothermometry were used to estimate formation temperatures. The 

1000/K values range from 1.60 to 1.77 and correspond to 290 to 350°C (Figure 4.20). 

Figure 4.20: Log JS2 vs. T diagram illustrating the approximate cooling path (black arrow) of fluids from 
pre-ore stage (blue square) to main-ore stage (red dotted line) based on gersdorffite, arsenopyrite and FeS- 
CuS geothermometry, as well as on the mineral assemblages (modified from Einaudi et al., 2003; Lusk and 
Calder, 2004; Bendeaü and Fontbotd, 2009). 

The FeS content of the main-mineralising stage in Belo Brdo is typical of sphalerite occurring 

along the pyrite-pyrrhotite solvus, where the composition is approximately constrained to 20 mol 
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% FeS (Scott and Barnes, 1971; Scott. 1973). According to Lusk and Calder (2004), sphalerite 

compositions indicate large increases in the mol% FcS content and the Fe/Cu ratio xN ith decreasing 

sulphur fugacitx at gi%en temperatures (Figure 4.20). In this stud, a decrease in sulphur fugacity as 

Nell as cooling of the hýdrothennal fluid is suggested to be an important mechanism of the ore 

deposition. This is sho\%n b\ an increase in FeS content from sphalerites of the pre-ore stage to 

main-ore stage, as sell as reduction in formation temperatures between the two stages. The data 

also confirm an intermediate sulphidation state of the hydrothermal ore fluids. 

4.7 Carbonate Mineral ('hemistrv 

Studs of diticrcnt generations of carbonates by conxentional petrographic methods 

(transmitted and reflected light microscope). cathodoluminescence, back-scattered electron 

imaging (BSF). and energy dispersive X-ray spectroscopy (EDS) revealed textural and 

compositional changes that can be related to different stages of carbonate and sulphide 

precipitation. Quantitati%e EDS anal\ses of carbonate minerals vere obtained using the following 

operating conditions: 151. \' acceleration \ olta, -, e. 1 nA beam current. and count time 50s. 

At least four carbonate generations have been recognised in the Belo Brdo deposit and four 

carbonate minerals hale been determined. namely dolomite. ankerite, calcite and magnesite (Figure 

4.21 ). Calcite is a major constituent of the non-mineralised limestones, but is absent from the 

CaCO3 
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.. u ti ankerfite 
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Figure 4.21: l ernan CaCO; -MgCO, -(Fe" Mn)CO, diagram illustrating chemical composition of 
carbonate minerals from different carbonate generations in Belo BBrdo deposit: (compositional 
dig i. ion,, after Nakamura and Kato. 2004). 
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h-, drothermal stages of ore deposition except for one sample. where it occurs as a late stage phase. 
Similarly. magnesite has been detected as a vein filling with dolomite in only one sample (see 

Figure 4.8B). 

The first generation of carbonates (di) represents unmineralised Cretaceous limestones (see 

also Figures 4.8A and 4.9A). Much are composed of calcite (Figure 4.21). The host limestones 

undement dolomitisation. brecciation and silicification during the pre-ore stage. This stage was 

tiollo%Ned hý türmation of the second generation of carbonates and is characterised by pervasive 

carbonation (d, ). and seining (d, 
_1 and d, 

_, 
) of ultramafic rocks. resulting in formation of listwanites 

(see also Figure 4.8C-F). Carbonate minerals in listwanites are dolomite. ferroan dolomite (5- 

IOmol. % FeCO: ) and ankerite (> IOmol. % FeCO; ) (Figure 4.21). which contain substantial 

amounts of \lnO (up to 9 NNt. %, o) (Figure 4.22A). Variability in MgO. FeO and MnO contents 

probably reflects the nature of the primary maflc host minerals and redistribution of those 

components into dolomites and ankerites during Ii) drothermal alteration. It is noted that the 

lismanite breccias are cemented mainly b, ankerites (±Mn), which suggests that hydrothermal 

carbonates %%ere precipitated from magnesium-and iron-rich (±Mn) fluids (Figure 4.2213). The 

carbonate mineral replacing plagioclase in Tertiary volcanics is dolomite. Ferroan dolomite, which 

contains up to 2 cool. °o \1nCO . is the main carbonate mineral in quartz-tourmaline breccias. as 

%%ell as in andesitic host rocks N%here it replaces mafic minerals. The third generation of carbonates 

(d: ) is associated %kith massi%e sulphide ore and is characterised mainly by ankerites and to a lesser 

extent terroan dolomites (Figure 4.23A). They contain variable amounts of MnO, \Nith a maximum 

concentration of 16 %%1. °%ö (Figure 4.22A). that is shown b} the Toned nature of the carbonate 

crystals (Figure 4.23A). in N%hich darker zones in the BSF images correspond to Mg-rich hands and 

lighter zones to Fe-Mn rich zones. The last. post-ore generation of carbonates occur as coarse- 

grained and well zoned late-stage cavit\ fillings in hreccia ore (d; ) and as a vein filling b} terroan 

dolomite and dolomitic ankerite (Figure 4.23B) with no significant MnO content (Figure 4.22A). 
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Figure 4.22: Iron and manganese concentrations of different carbonate ; generations (A). calcium and 
magne, ium \, iron and manganese concentrations of different carbonate generations indicating their strong 
negatiNc correlation (13). AhhreNiations: d, - unmineralised carbonates including Cretaceous limestones: 
d, =pre-ore stage carbonates including carbonatisation of ultramatic rocks: d, =syn-ore stage hydrothermal 
carbonates: d4 post-ore stage. 
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Figure 4.23: l3SL image (A) and Cl. microphotograph (B) of zoned carbonates. A) Compositionally zoned 
ankerite %. ith high contents of Mn (bright zones) and Mpg, (dark hands) associated with galena (on) of the the 
main-ore stage. B) Late stage coarsely crystalline dolomite associated with euhedral late stage quartz: 
dolomite is strongly zoned, with alternating luminescent (iron-rich) and cloudy zones: this type of dolomite 
fills voids and small fractures and cross-cuts earlier ankerites. indicating that they postdate the main Pb Zn 
mineralization phase. 

In general, the compositional trend characterised by an increase in FeO and MnO and decrease 

in CaO and MgO (Figure 4.22B) reflects the evolution of hydrothermal fluids from an early, pre- 

ore stage in m filch non-ferroan dolomite formed, through to the main-ore stage, characterised by 

ferroan dolomite. ankerite and manganoan ankerfite. 

4.8 REF geochcmistrý of carbonates 

Rare earth element anal. ses výere conducted on 14 samples representing different carbonate 

generations including, non-mineralised host limestone. \\caklk mineralised lismanite and 

hydrothermal breccia of the pre-ore stage. sin-ore carbonates and post-ore dolomite. The REE 

patterns %ere used as a contribution towards understanding the composition of the fluids in the 

environment in which the carbonate minerals formed. The results are shown in the distribution 

patterns. normalised against aN erage Cl chondrite abundances of Bo nton ( 1984) (Figure 4.24A 

and 13). Although the populations are too small to justify firm conclusions, the anal\ sed carbonates 

sho%% a distinct difference in REF: patterns bemeen the non- mineralised and %\eakl\ mineralised 

host rock carbonates on one hand (Figure 4.24 A) and the mineralised carbonate generations on the 

other (Figure 4.24 B). The törnier group sho\ss nearl\ flat to slightl\ LRLL enriched, chondrite- 

nornialised RI: F': patterns relative to chondritic \alues. A common feature of the non-mineralised 

limestone and \%eakl\ mineralised pre-ore stage breccia is the existence of negative anomalies in 

Cep,, being higher in non-mineralised host rocks (Ce/Ce*= 0.36 in I riassic metalimestones and 

0.69 in Cretaceous limestone) than in dolomite fragments of h\drothermal pre-ore breccia 

(Ce/CC* 0.84-0.95). \\hilst Iismanite hreccia and silicified carbonate host rock does not exhibit 
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any Ces anomal-. A negatixe Eu� anomal-, is also e ident in the non-mineralised carbonate host 

rocks ranging from 0.75 (Triassic metalimestones) to 0.96 (Cretaceous limestones), whilst the pre- 

ore breccias exhibit negligible posit ixe Eu\ anomalies (Eu, 'Eu*= 1.12-1.30) (Figure 4.24 A). 
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Figure 4.24: Chondrite-normalised rare-earth element distributions of non-mineralised limestone host rocks 
and %%eaklv mineralised breccias from pre-ore stage (A) and syn-ore and post-ore carbonates (B). 

In contrast. the svn-ore stage carbonates sIio high positive EuT anomalies with a Eu/Eu* 

range of 1-5. and ' ith one sample showing an extremely high Eu/Eu*value of 66. The negative 

Ce, anomalies %ar bemeen 0.76 and 0.91 (Figure 4.24 B). 

The post-ore stage carbonates haze ý%eak positive Eu\ anomalies (1? -1.5) and show a narrow 

range of negati%e Ce, anomalies bemeen 0.8 and 0.87 (Figure 4.24 A). 

The rare earth element distribution in minerals and hydrothermal fluids has been used for a 
better understanding of the beha% lour of these elements during interactions of hydrothermal 

solutions %%ith host rocks (Bau and Muller. 1991). Eu. in particular, has been used for temperature 

determination. Hie E: uý Eu' redox potential in aqueous solutions depends on pressure. pH and 

REE speciation. But theoretical considerations (Bau and Mier. 1992) as well as experimental 

results (S,. erjensky. 1984) reveal that the most important parameter controlling the valency of Eu is 

temperature. Eu' dominates at lo'% temperatures, and at temperature exceeding NOT (P=0.5 kbar) 

divalent 1., 'u should predominate (S\erjensky, 1984). Therefore, EuN anomalies will readily develop 

at temperatures >200, -C and under at least mildly reducing conditions (Bau and Willer, 1992), 

%%hile oxidising fluids \\ill exhibit a negative Ce-anomaly. Negative Ce anomaly is typical features 

of marine v ater 0 Hu et. al. 1988). Due to oxidisinw conditions in seavvater Ce' is oxidised to Ce a 

%%hich is less mobile resulting in Ce depletion of the sea%%ater itself. Therefore marine \\ater 

commonly possesses a negati'e C'e anomal (Eldertield and Greases, 1982, de Eiaar et al., 1985). 

which is then inherited bs carbonates formed in a marine en% ironment. 

Our data clearly indicate that the REF: distribution pattern for non-mineralised limestones 

reflects the marine en\ ironntent for their origin. as the\ are characterised by negati\ e FuN and CeN 

anomalie \1,,. t of the other analy ed carbonates di, plav \\eak negative C'eN anomalies. \shich 
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4. Mineralogy 

could possibly be inherited from the primary carbonate sediments, and positive EUN anomaly. 

Negative CeN anomalies and positive EUN anomalies cannot build up in the same physico-chemical 

environment, but are indicative of changing redox conditions during fluid migration. The absence 

of negative CeN in ankerite-rich listwanite breccia suggests domination of Ce3+ over Ce4+ and 

indicates that ankerite cement precipitated directly from reducing fluid (Spangenberg et al., 1999). 

Light sparry dolomite, as later phases of mineralisation, exhibit weak positive EUN anomalies which 

point to trivalent Eu during Mg carbonates formation. 

Distinct positive EuN anomalies in syn-ore dolomites and ankerites are typical of reducing, 

acidic, high temperature fluids commonly of metamorphic or magmatic origin (Bau and Mö1ler, 

1992). Positive EUN anomaly in sedimentary rocks may also be result of enrichment of plagioclase 

contents (McLennan, 1989). 

The origin of the carbonate minerals will be further examined with the data resulting from the 

stable isotope studies of different carbonate generations and will be discussed in Chapter 7. 

4.9 Summary and conclusions 

" Formation of irregular and tabular carbonate-replacement Pb-Zn (Ag) ore bodies at the 

Belo Brdo deposit is controlled by steeply dipping fault zones developed at contacts between 

different lithologies (serpentinites/Tertiary volcanics; Cretaceous limestones/ volcanics). 

" Petrographic data presented here show that listwanites, in addition to Cretaceous 

limestones, represent an important host rock to the carbonate-replacement type of mineralisation. 

An additional hydrothermal vein deposit is located within Tertiary andesites. 

" The listwanites are composed primarily of carbonates, quartz, Cr-mica and pyrite. The 

predominant carbonate phase is dolomite with variable contents of iron (up to 14% Fe) and 

manganese (up to 4% Mn). Cr- chlorite, Cr-spinel, magnetite, serpentine and talc occur as 

accessory minerals. 

" The paragenesis of the Belo Brdo deposit is very complex. At least three major stages of 

the mineral deposition have been recognised in Belo Brdo based on petrographic and mineral 

chemistry data, namely: (1) pre-ore stage, characterised by hydrothermal alteration of host rocks 

(listwanisation, quartz-sericite-pyrite, quartz-tourmaline, propylitic and intermediate argillic) 

followed by the deposition of Ni-Co-As sulphides; (2) main-ore stage, represented by massive 

sulphides consisting mainly of pyrite, galena and iron-rich sphalerite with a significant amount of 

arsenopyrite and chalcopyrite mixed with varying amounts of quartz, fuchsite and ankeritic- 

dolomitic gangue; and (3) post-ore stage (quartz, carbonates ±pyrite). Additionally, stibnite and 

barite associated with the pyrite-galena-sphalerite paragenesis have been recognised in the vein-ore 

body. 
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4. Mineralogy 

" Field evidence, microtextures and mineral chemistry data indicate that sulphide formation 

in massive listwanites was associated with quartz veining, carbonatisation and fuchsite (Cr-mica) 

metasomatism. 

" The pre-ore stage sulphides are characterised by two distinct groups of gersdorffite, a high 

temperature gersdorffite (>400°C) found in listwanite breccias, and a lower temperature 

gersdorffite (<_ 300 °C) which formed in massive listwanites. 

" The most commonly occurring type of sphalerite is the Fe-rich variety with an average -18 

mol. % FeS. Estimated formation temperatures for the main-ore stage using sphalerite with mean 

composition of 18 mol. % FeS and CuS compositions between 0.009 and 0.12 mol. % CuS, range 

between 290 and 350°C. Arsenopyrite geothermometry yielded formation temperatures between 

311 and 348°C and sulphur fugacity (f SZ) of between 10-83 and -10-1° bar. 

" Co/Ni ratio and Fe, Mn and Cd contents in pyrite and sphalerite respectively do not support 

MVT deposits. 

" At least four carbonate generations have been recognised in the Belo Brdo deposit. The 

predominant carbonate phases are dolomites and ankerites. 

" The compositional trend of carbonate phases is characterised by an increase in FeO and 

MnO and decrease in CaO and MgO from an early, pre-ore stage through to the main-ore stage. 

" The REE patterns for the main-ore stage carbonates show distinct positive EuN anomalies, 

indicating precipitation from reducing, acidic and high temperature fluids, whereas those for the 

non-mineralised limestones reflect the marine environment for their origin. 
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5. Skarn Mineralogy 

CHAPTER 5: 

MINERALOGY OF THE KARAVANSALIJA SKARN DEPOSIT 

5.1 Introduction 

The Karavansalija Cu-Au (Pb-Zn) skarn prospect is situated on Rogozna Mountain, about 20 

km southwest of Belo Brdo (see Chapter 1) and covers an area of roughly 12 km2 (Carter, 2008). 

The area has long been known for its Pb-Zn prospectors, but became the target for Cu-Au 

exploration, after 2003 by Freeport-McMoRan Exploration Corporation and subsequently by 

EurOmax Resources since 2008. Recent exploration, which included outcrop mapping, rock chips 

and soil geochemistry, geophysical surveys, metallurgical tests and 32 diamond drill holes 

indicated a 600 metre long mineralised zone to a depth of 200 m. 

During this study, several intersections of the sulphide ore were observed and a set of samples 

(Appendix 1), which encompassed the different stages of skarn formation and mineralisation that 

could be identified during field mapping, were collected from six drill cores. These samples were 

studied with a view to characterise the paragenetic sequence of ore deposition and to carry out fluid 

inclusion and stable isotope studies to compare with the Belo Brdo deposit. Twenty one polished 

thin sections were prepared for petrologic studies. 

This chapter aims to provide a brief description of the mineralogy, textures, paragenetic 

sequence of deposition and mineral chemistry of the Karavansalija skarn deposit, based mainly on 

a new observation of dataset. It focuses predominantly on those minerals that are important for 

fluid inclusions and stable isotope studies, which will be discussed in later chapters. 

5.2 Geological setting 

The Karavansalija prospect belongs to the Kopaonik metallogenic district and is located within 

the Western Vardar Ophiolite Zone, near its contact with the Drina-Ivanjica geotectonic unit (see 

Chapter 2). The geology is characterised by Jurassic serpentinites, overlain by Upper Cretaceous 

flysch and Tertiary andesites. The whole sequence was later intruded by an Oligocene (Borojevid- 

go§tarid, 2009) quartz latite dyke swarm (Figure 5.1). Regional and local geology of the study area 

has been described in more detail in Chapters 2 and 3 of this study and will not be discussed again. 

Instead, additional geochemical characteristics of the igneous rocks pertinent to the skarn formation 

are briefly described below. A simplified geology and the SW-NE long section are depicted in 

Figures 5.1 and 5.2 respectively. 

The emplacement of the quartz-latite dykes appears to have been structurally controlled, since 
they are emplaced along ENE-WSW faults perpendicular to the regional NNW-SSE structural 
trend of the Vardar Zone (Figure 5.1). These calc-alkaline rocks are andesitic to rhyodacitic/dacitic 
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5. Skarn Mineralogy 

Figure 5.1: Simplified geological map of the Karavansalija skam prospect, also indicating locations of 
sampled boreholes; long section (red line) shown in Figure 5.2 (Modified after Milutinovid, 2008). 

Figure 5.2: The Karavansalija long section (after Milutinovid, 2008). 
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Figure 5.3: Major (A) and trace-element (B-D) chemistry of the Kopaonik igneous rocks (solid markers) 
comtpured to the plutons (open circles) associated with various types of skarn deposits (data from Meinen, 
l()95). A) Illustration of Al-saturation (A CKN vs. A KN diagram, according, to Shand, 1943). B) Zr vs. Ba: 
C) Ni vs. V: and D) Zr vs. Rb Sr plots of the Kopaonik igneous rocks. Red squares = Andesites of the First 
volcanic phase. Belo Brdo: Blue squares Quartz-latites of the Second volcanic phase, Karavansalija skarn 
prospect: Brown triangles Altered volcanics of the First volcanic phase. Open circles - Mean composition 
of plutons associated %%ith skarn deposits %% orld-\% ide. 

in composition (see Chapter 3) and in terns of aluminium saturation, most compositions plot 

mthin metaluminous field or close to the division bemeen metaluminous and peraluminous, a 

composition typical of intrusions associated mth Fe. Cu. Au and Zn skarn deposits (Figure 5.3A) 

(K%Nak and White. 1982: Aleinert. 1993,1995. Titlev. 1993). None would be classified as 

peralkaline. \khilst most h)drothcrmally altered rocks skater Within the peraluminous field (Figure 

5.3A). The quartz-latite dykes are also characterised b) the absence of ilmenite and relative 

abundance of titanite and magnetite. indicating oxidised rather than reduced state of their parental 

magna (Frost. 1991. Frost et al.. 2001. Frost and Lindsleý. 1991). As \\ ith plutons associated %N ith 

other Cu. Au and Fe skarns. igneous rocks of Karavansalija prospect exhibit slight enrichment in 

compatible elements such as Ni and V comparing to the calc-alkaline plutons associated \\ith Mo. 

NV and Sri skarn mineralisation (Figure 5.3C). Barium contents of Karavansalija dykes are 

comparable With those found in plutons associated N\ith Cu and Zn skarns (Figure 5.3E3). Ba can 

substitute for K in both K-feldspar and in mica and for Ca in plagioclase, amphibole and p\roxene. 
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5. Skarn Mineralogy 

Barium enrichment in Karavansalija dykes might be explained by potassic and phyllic alteration, 

commonly found in Cu and Zn deposits (Meinert, 2007). The Rb/Sr ratio is very sensitive to 

magmatic differentiation and a plot of the Rb/Sr variation relative to immobile Zr is a good 

measure of differentiation. The intrusive rocks related to Sn, Mo, and W skarns are highly 

differentiated with respect to magmas related to Fe, Au and Cu skarn. The samples from 

Karavansalija belong to this last type of less differentiated magma (Figure 5.3D). 

5.3 Mineralisation style 

The following styles of mineralisation have been encountered within the prospect: 

Copper-Gold Skarns have been traced using diamond drilling over a strike of more than 600 

meters. Geophysics suggests that this zone extends for another 1.5 kilometers to the southwest. All 

drill holes within the prospect have intersected skarn either at surface or below altered and variably 

mineralised volcanics (Figure 5.2). Gold mineralisation occurs both as persistent lower-grade 

values in Cu-Au-bearing skarn, as well as high-grade (5-20g/t of gold) mineralised zones in both 

intrusive rocks and skarn, with no consistent correlation with copper or other mineralisation 

(Milutinovic, 2008). The main 150 metre wide Cu-Au skarn body is developed in the quartz latite 

dyke swarm (Figure 5.1), within a 500-600 meter thick sequence of marly limestones, which are 

extensively altered, recrystallised and replaced by calc-silicate minerals to form a calcic exoskarn. 

The skarn shows evidence of prograde (Figure 5.4A and B) and superimposed retrograde stages 

(e. g. Einaudi et al., 1981) (Figure 5.4C-H). The prograde stage exoskarn has a massive texture 

(Figure 5.4A) and is composed predominantly of brown-red to honey-yellow garnet and 

subordinate green pyroxene (Figure 5.4A and B). Other textures, such as irregular pods, lenses and 

breccias are common, particularly in skarn that exhibits retrograde mineralogy (5.4 E-H), 

characterised by epidote, amphibole chlorite, calcite and quartz. Pyrite and chalcopyrite are 

disseminated throughout the host rock, but mineralisation also occurs in massive sulphide pods 

(Figure 5.4C) and in cross-cutting pyrrhotite-arsenopyrite and pyrite-sphalerite-galena veins 

(Figure 5.4 B and D). 

Lead-Zinc-Copper-Gold Skarns were historically exploited from the uppermost levels of the 

currently explored skarn system. More recent exploration indicated locally high grade 

mineralisation. Within the prospect, the lead-zinc skarns have not been systematically explored and 

their extent is unclear. However, a few kilometers southeast from the prospect the extensive lead- 

zinc vein stockwork has been mined by underground workings at the Crnac deposit. 

Volcanic Hosted Gold is found in silicified zones with massive and disseminated sulphides. 

Based on the results of only two drill holes the volcanic hosted gold mineralisation has a strike of at 
least 200 meters with a similar width. Diamond drill hole PDMC-0503 intersected 42 meters from 
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Figure 5.4: ilhoto raphs of drill core shový ins proorade (: A and 13) and retrograde (C-H) skarn textures. A) 
Massive skarn composed of garnet with pods of late stage coarse-grained calcite (sample KU 29). B) Garnet 

and pyroxene skarn cross-cut by pyrrhotite. arsenopyrite. quartz-carbonate vein (sample KU08-31-3). C) 
Massive sulphide pods of py rite. galena and sphalerite cemented by late stage calcite (sample KU07-24-3). 
D) Pyrrhotite and chalcopyrite vein cutting garnet-pyrozene skarn (sample KU-36). E) Pods of coarse-grained 
garnet and pyroxene replaced by chlorite and cemented by calcite (sample KU08-31-1). F) Breccia composed 
mainly of chlorite. cemented by calcite (sample KU07-24-1). G) Ore breccia composed of pyrite aggregates, 
succeeded by galena and cemented by calcite (sample Kl)07-24-2). H) Epithermal-type silica breccia 
composed mainly of quartz and epidote %%ith rare disseminations of Ni-Co minerals: prismatic late-stake 
quartz crystals fill the vug cavities (sample KtJ7I ). Abbreviations: apy-arsenopyrite, cc-calcite, chi-chlorite, 
cpx-clinopyroxene. cpy- chalcopyrite. -n-galena. grt-garnet, py-pyrite. 

surface at 3.1 gt gold including 28 meters at 4.37 g /t gold. 

Silica Breccias. FiNe diamond drill holes at the eastern end of the exposed copper-gold skarn 

mineralisation intersected epithennal textured (Figure 5.4 11) silica breccia beneath altered 

volcanics (Figure 5.2). No hole has penetrated the silica breccia unit and it does not outcrop, 

consequentIN its areal extent is unclear. A high order ý, raN itN anomaly at depth beneath the silica- 
breccia remains unidentified. 
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5.4 Skarn petrography and mineralogy 

The principal skarn minerals in the Karavansalija deposit are garnet, clinopyroxene, epidote, 

and amphibole, together with quartz, chlorite, titanite, calcite, and apatite as subordinate or 

accessory minerals. Paragenetic studies based on macro- and microtextures show that the formation 

of skarn occurred in several stages, similar to other skarns globally (Meinert, 1992; 2007). The 

early mineral phases are anhydrous, whereas later, retrograde stages are predominantly hydrous. 

The alteration of the host rock marble in the Karavansalija prospect is marked by the formation of 

coarsely crystalline skarn lenses due to the introduction of Si-, Al-, Fe-, and Mg-rich fluids into the 

host rock. The earliest changes observed in the protolith involved a recrystallisation of Cretaceous 

limestones to form coarse-grained marble (Figure 5.5A). This stage was followed by metasomatism 

of carbonate host rock, which produced anhydrous mineral assemblage characterised by andradite, 

grossular-andradite and clinopyroxene exoskarn (Figure 5.5B and C) with subordinate vesuvianite. 
The retrograde stage is characterised by epidote, chlorite, amphibole, calcite and quartz (Figure 5.5 

D-F). During the retrograde stage, Fe-enriched minerals, such as magnetite, tremolite and Fe- 

chlorite (brunsvigite) were formed (full data given in Appendix 4). Garnet is optically isotropic to 

weakly anisotropic (Figure 5. SB). Its texture varies from very fine grained anhedral aggregates to 

coarse-grained sub to euhedral. Larger grains generally exhibit slight optical zoning (grossularite- 

andradite) which is parallel to crystal faces or sometimes show a sector zoning. Pyroxenes are 

generally anhedral to subhedral and occur either intergrown with garnet, or as thin, almost 

monomineralic layers (Figure 5.5C) rhythmically banded with garnet layers. 

Subsequent hydrothermal mineralisation is characterised by a deposition of ore minerals 

(Figure 5.6), starting with an early pyrite-pyrrhotite assemblage (5.6A), followed by massive 

chalcopyrite (Figure 5.6B), arsenopyrite and iron-rich sphalerite. Pyrite and pyrrhotite are the most 

abundant sulphides, locally forming aggregates up to several centimetres. Pyrite also occurs 

disseminated throughout the host skarn. Pyrrhotite is locally replaced by chalcopyrite. In course of 

replacement of older silicates by pyrite-pyrrhotite aggregates, abundant grossular-rich garnets were 

enclosed in sulphides (Figure 5.6A). Arsenopyrite (Figure 5.6C and D) was the next sulphide 

phase. It is observed as irregular aggregates or single grains with typical rhombic shape of the 

crystals. In addition to chalcopyrite, arsenopyrite contains microscopic inclusions of 1ö11ingite, 

complex arsenian sulphosalt enriched in gold and irregular aggregates of Bi-minerals, distributed 

along microfractures and arsenopyrite growth zones. The Ni-Co association (Figure 5.6E), 

including minerals like krutovite, gersdorffite, gersdorffite-krutovite, nickeline is confined to a 

strongly silicified breccia, which is found in the eastern part of the skarn system. This Ni-Co 

association was not observed in the main skarn ore zone. The last sulphide phases deposited were 

sphalerite and galena (Figure 5.6E), which also occur as cross-cutting veins in the upper part of the 

skarn system (Figure 5.6F). Mineral chemistry data are presented in Appendix 4 on a CD-ROM 

enclosed at the back of this report. 
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Figure 5.5: Photomicrograph taken wider pl. tin polarised (A) and cross polarised light (F3-E) and BSF: image 
(F) sho%Ning t,. pical exoskarn textures from different stages of skarn formation. A) Marble showing the 
granoblastic texture produced by recrvstallised t%Ninned calcite: dark patches are dense fluid inclusions 
(doubh polished %kafer 100 microns thick: sample N7-7 from the outcrop at road cutting). 13) The isotropic 
and anisotropic zoned grossular-andradite crsstals at the garnet zone of the exoskarn, \tiith calcite cr\stals and 
anhedral pýrrhotite tilling intercr\stal vuzs (sample KtJ08-31-1). C) Monomineralic thin laver of 
clinopyroxene (sample I: F108-: 1-4). D) Coarse-grained epidote and calcite completely replacing early 
prograde skarn minerals. single -grains of mineral from the amphibole group are observed as sporadic long 
prismatic grains or aggregates %%ith light greenish colour typical for tremolite. note pyrite and chalcoprrite 
mineralisation replacing late calcite cement (sample KF132). E) Spherullitic aggregate frone epidote group 
mineral: epidote in the core and prismatic aggregates of zoisite at the periphery in the quartz groundmass; 
apart from granoblastic aggregates. quartz in this sample also occurs as prismatic crystals with feather-like 
extinction and it as used for fluid inclusion studies (sample KU69). F) Typical retrograde mineral 
assemblage with epidote replacing zoned grossular-andradite and chlorite replacing clinopyroxene during K- 
spar-quartz-chlorite alteration of the prograde calc-silicate skarn assemblage. Abbreviations: cc-calcite. chl- 
chlorite, cpx-clinopyroxene. epý- chalcopýrite. ep-epidote. grt-garnet. py-pyrite. 
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Figure '. b: li>i oI olr: tLvturr, uid 1), 11al-IcnctiL , cyucncc of depu, ition. A) , 1n cark taýzc of ore 
deposition. characterised bý pyrrhotite (po) and pyrite (py) replacing garnet (sample KU43). B) Massive 
chalcopyrite (cp) )replacing pyrrhotite and calc-silicates; also first appearance of arsenopyrite (apy) (sample 
KU43). C and I: )) Anhedral arsenopyrite replacing pyrrhotite and hosting numerous inclusions of 
cobaltitTerous-auriferous arsenop)rite and Bi-Te minerals (sample KU29). F) Sphalerite (sph) and galena 
(gn) replacing early g; ersdortlite (ger) in silica breccia (sample KU69). F) Pyrite-sphalerite galena vein cross- 
cutting skarn mineralisation (sample Kl'07-24-3). 

5.5 Garnet and p roxenc mineral chemistry 

All /'arnef. % anak-, cd belong to the _, russular-andradite series (Figure 5.7A) and their 

compositions (Appendix 4) are close to those of garnets from Au-Cu and Fe-Cu skarns world\ýide 

(l-: inaudi et al.. 1981; Meinen. 1992). ßroadk, to compositional types of garnets are observed in 
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.1 

lime ralogv 

the exoskarn (i) fine- to medium-grained Iargelý anisotropic grossular-andradite garnets xNith 

oscillators zoning (ii) coarse-grained andraditic garnets, isotropic \Nith thin more grossularic" 

rims. Compositional zoning is also resealed by SEM analyses, but the trend of the change is not 

s,, stematic. Most garnet grains sho%N Fe enrichment in the rims and Al enrichment in the core. The 

composition changes from core to margin include: Grn; AdM, to Gr;, Ad(, - (Figure 5.7B and 5.8). 

Some grains. ho%Never, ha%e the opposite trend: from core to margin the compositions are GroAdi�(), 

Gr4, Adý;. Grt-Ad,,, and Gr,, Ad;; (grnt2 in Figure 5.8) 

The pt"roxenes are generall, diopsidic to hedenberptic. except for four samples which plot in 

the augite compositional field (Figure 5.9A). Their main composition is Di; 1_72 Hd, (, _(, - (Figure 

5.913). %Nhich is similar to those pyroxenes from Au-Cu and Fe-Cu skarns worldwide (Einaudi et al. 

1981. Meinert 1992). The a%erage composition is lld,; 
_,, - %Nith minor contribution of the 

johansenite component (Jo(, -_H). 
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Figure 5.7: l'ernar) diagram of garnet composition based on recalculated SEM analyses. A) General 
composition of all analysed garnets. 13) Detail showing two compositional types of garnets. within the same 
saniplc i K! '01 (, r-. ̂ ý,,. _... I'v-p, vrope. Sp-spessartine. 

Figure 5.8: Textural evidence for two compositional types of garnets from the same sample (KU29). Both 
garnets sho%% retrograde textures: gantet I (A) is fractured and brecciated and garnet 2 (B) exhibits shock- 
induced in homogeneous edges (C iohanu and ('ook. 2003). 
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Figure 5.9: Fernar) diagram of p\roxene composition based on recalculated SEM analyses. 

Garnet and p\roxene compositions can indicate redox conditions of a skarn system (Einaudi et al.. 

1981). Oxidised deposits mainly contain diopside-rich clinopvroxene and andradite- rich garnet 

(Meinert, 2007). The KaraNansalija skarn deposit contains both, predominant grossular-rich garnet, 

,. tihich is common in "reduced type" skarns and andradite-rich variety, which is mainly found in an 

early stage of skarn de\elopment (Figure 5.813). The clinop}roxene is slightly enriched in diopside 

molecule. but not as much as those found in t\pical oxidised type skarns (Gaspar and Inverno, 

2000). 

Karmansalija, theretbre. might he de\eloped in to stages, an earl} stage with oxidising 

conditions. \%hich is a characteristic of man\ Cu-Fe skarns, and a later stage indicative of more 

reducing conditions, common for Au-t\ pe skarn deposits. 

5.6 Orc mineral chemistry 

The ore assemblages in Karmansalija consist of variable proportions of a fevv common 

sulphide minerals. The sulphide mineralisation developed in three main stages. An earl} stage is 

represented bý pýrrhotite (Fe-, S). chalcopýrite (CuFeS2). iron-rich sphalerite (ZnO FeO222S�, )-), 

arsenopy rite [(Fe...... Co,,, )AsSI. pý rite and subordinate magnetite. The intermediate stage consists 

of cobaltian arsenopýrite [(Fe,,, - Ni�(�Co�i; ) As ,,, ) S1,,; ]. pyrite, native RI. bismuthinite. minor 

p,, rrhotite (Feo, ): S). chalcopý rite and As-Co-Bi-'fie sulphosalts. The latest stage of ore deposition is 

characterised h% sphalerite-galena-py rite seins cross-cutting skarn formation at the uppermost 

portion of the mineralised s\ stem. Late stage sphalerite has Io\\er iron content (6 - 13 mol. % FeS) 

compared to sphalerite from the earls paragenesis (up to 20.5 mol. % FeS). 

. trcenop rite from Kara\ansalija deposit displa\ high \ariahilit\ in As (25.5-34.9 at. %) and 

Co (up to 10 at. °%) contents. T\\o compositional groups have been recognised. An early 

arsenopý rite has ho mogeneous Compositions \\ hick range from 32.2 up to 34.1 atonm. % As \\ ith a 

mean of 32.9 atom. °'° As. The second generation of arsenopyrite is enriched in Co (up to 16.6%) 

and Ni (up to 1.6°°) and contains inclusions of nati\e bismuth, hismuthinite and cohaltiflerous 
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arsenopý rite. The As contents are N ariable and range from 25.5 to 34.9 atom. % As. In one sample 

(ht 29), cobaltitterous arsenop\rite v as identified as a host mineral to sub- microscopic lattice- 

bound gold. Here. gold is present v ithin small. irregular inclusions of complex Bi-Te-Co-Ni 

arsenian sulphosalts (Figures 5.6B and D). Concentrations of gold in arsenian sulphosalts. obtained 

b,. \VI)S. range from 161 to 790 ppm Au (Appendix 4). Gold appears to be associated xNith Bi- 

minerals. This bismuth-Au association is demonstrated by a positive correlation of gold values with 

131 content from assay of drill core composites (Figure 5.10). Mineral textural relationships indicate 

that this later stage of 131-Au mineralisation was contemporaneous mth K-feldspar-quartz- 

carbonate alteration. 
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Figure 5.10: Bi-Au association: assaxs from the borehole PDMC 06-20 
(data pro\ ided in Appendi\ I: Roreholes) 

5.7 Sunmmars 

I Iic Karaýan. alija Cu-Au . tarn deposit is associated N%ith an Oligocene quartz-Iatite dike 

Ilie quartz-Iatite dukes \%ere emplaced along ENE-WSW faults perpendicular to the 

regional \\V1'-SSI structural trend of the Vardar Zone. 

Major and trace-element chemistn of the volcanic rocks indicate calc-alkaline 

nºýtaIt im Incus character. typical of intrusions associated NNith Fe, Cu. Au and Zn skarn deposits. 

Petrographic and mineral chemistry data shoNN that the formation of skarn occurred in 

scN Gral stages. An early stage is characterised bv a recrystallisation of Cretaceous limestones to 

form coarse-grained marble follo\\ed b\ metasomatism of carbonate host rock. which produced 

anhkdrous mineral assemblage composed of andradite. grossular-andradite. diopside-hedenherpte 

and \esu\ianite. The retrograde stage is characterised b\ epidote. chlorite. amphibole. calcite and 

(I uar/ 

Ii main-ore stage is represented hý pv rite. pý rrhotite. chalcopy'rite, arsenopvrite and iron- 

ri: l II Icrite. Accesson sulphides include Ni-Co-As mineral association. 

(,,, Id is associated \sith Bi minerals. %%hich occur as inclusions in cohaltitfcrous 

ar, rn h\ rite. 
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6. Fluid Inclusions 

CHAPTER 6: 

FLUID INCLUSION STUDIES OF THE BELO BRDO DEPOSIT 

6.1 Introduction 

A fluid inclusion study of the Belo Brdo deposit was carried out in order to provide constraints 

on the temperature and composition of the ore-forming fluids. The study focuses on the question of 

whether the ore-forming fluids in Belo Brdo are of magmatic-hydrothermal type, similar to those in 

porphyry copper systems and associated polymetallic vein, skarn, and replacement deposits, as 

described by Cox (1986), Hedenquist and Lowenstem (1994) and Sillitoe and Hedenquist (2003). 

No previous fluid inclusion work has been carried out on the deposit and this study thus represents 

a first attempt to characterise the ore fluids in the Belo Brdo deposit. 

In this chapter, petrographic and microthermometric data are presented for fluid inclusions 

from the carbonate-replacement ore-body of the Belo Brdo deposit. The microthermometric 

measurements represent the first step in the determination of the Pressure-Volume-Temperature- 

Composition (PVTX) properties of the fluids associated with the deposit. Additionally, a 

preliminary study of the fluid inclusions in the Cu-Au Karavansalija skarn deposit has been carried 

out and its results compared with those from the Belo Brdo deposit to assess whether they exhibit 

genetically similar properties. 

6.2 Sampling 

All available polished thin sections which were studied to document mineral paragenetic 

relationships (see Chapter 4), were also examined for the suitability of a particular mineral for fluid 

inclusion analysis. Although numerous samples were collected for fluid inclusion study, a total of 

seventeen doubly polished wafers, approximately 150 µm thick, were prepared. These sections 

define a depth range of 195 in of the main GII replacement type ore body of the Belo Brdo deposit. 

Most of the wafers were derived from specimens in which the paragenetic setting of the studied 

gangue and ore minerals could clearly be identified as belonging to the main mineralisation stage. 

No suitable host mineral (quartz or carbonates) was identified in the samples from the pre-ore 

mineralisation stage. Fluid inclusion analyses from the late ore-stage were conducted on two of the 

samples which contained quartz crystals of 4-5 mm in size (Figure 6.1A and B). For the main 

mineralisation stage, four doubly polished wafers from different underground levels (1055,1080, 

1099 and 1105m) contained quartz cogenetic with the sulphides that were selected for fluid 

inclusion study (Figure 6.1C), even though they contained inclusions of very small size (<10 µm) 

(Figure 6.1 D). Quartz in the Belo Brdo deposit is the most suitable fluid inclusion host mineral 

because it is often highly transparent, has no cleavage and has high mechanical strength, so it can 
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Figure b. l: I. vamplrs of quart! cn>talk as the main fluid inclusion host mineral in the replacement-tape ore 
bodv of the Belo Brdo deposit (A-F) and carbonate-quartz gangue minerals in vein-type ore body with no 
suitable fluid inclusions for microthermometric studies (F). A and B) Quartz crystals (4-5 mm size). 
representing late stage mineralising fluids (Samples 1080 ID and 1099 respectively). C) Cut and lapped 
specimen showing breccia ore and quartz izan_gue mineral cementing pyrite, ; galena and sphalerite (Sample 
1055 4D). D) Photomicrograph sho%%ing t\pical co-genetic quartz hosting isolated presumed primary 
inclusions (Sample 1 105 4). F) Gro%%th zones in euhedral quartz exhibiting a large number of very small 
(black patches) primary inclusions (Type /). %%hich «ere not suited for microthermometry. F) Carbonates 
(bro%n) and quartz (light cream) %kith no suitable fluid inclusions for thermometric study (Sample 1235 from 
the vein-type ore bodh ). 
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withstand large internal fluid pressures during heating experiments (Goldstein and Reynolds, 

1994; Van den Kerkhof and Hein, 2001). As far as size and abundance of fluid inclusions are 

concerned, the majority of quartz crystals, however, did not contain inclusions of sufficient size (> 

2-3 µm) and could not be studied in detail (Figure 6.1E). The number of inclusions analysed was 

small, between three and ten inclusions per sample for a total of 70 inclusions. Similarly, fluid 

inclusions in carbonates turned out to be very small (< 5 µm), and therefore were not suitable for 

microthermometric studies. Sphalerite could not be analysed because of its dark colour and lack of 

transparency due to the high iron content. A heating/cooling stage equipped with an infra-red light 

microscope was not available during this study. Despite the presence of common gangue minerals 

such as quartz, dolomite and barite, no systematic study of fluid inclusions was possible from the 

vein -ore body because of the fine-grained or cryptocrystalline character of their aggregates (Fig 

6.1 F). 

Fluid inclusion types were documented, free-hand sketched and photographed. Suitable fluid 

inclusions from six samples were selected for microthermometry. Most fluid inclusions were also 

analysed using laser Raman spectroscopy at Kingston University for the presence of gaseous 

phases and the absence of major volatiles other than H2O was confirmed. 

Many practical problems associated with the collection of valid microthermometric data were 

encountered during the fluid inclusion study. These include the following: lack of good host 

minerals, small inclusion size and poor abundance, poor optical clarity and sometimes leakage of 

inclusions during heating. Additionally, post-entrapment processes, which may significantly 

modify inclusions, include recrystallisation and replacement of host minerals. Nevertheless, great 

efforts were made to identify suitable inclusions for microthermometric measurements. Mainly 

those inclusions with consistent liquid: vapour phase ratios and only those samples that display the 

clearest textural evidence of primary growth were selected for analysis. Fluid inclusion 

assemblages (FIAs) as defined by Goldstein and Reynolds, (1994) were not recognised in samples 

from Belo Brdo. 

6.3 Petrography of fluid inclusions 

Fluid inclusions observed in quartz can be classified as primary, secondary or pseudo- 

secondary using criteria described in Roedder (1984). Classification of each inclusion in Belo Brdo 

was not always straight forward. Their primary nature was determined in cases where they occur 

parallel to growth zones in the quartz or in clearly isolated positions and small clusters without a 

clear textural relation to growth zones (Figure 6.2A-C). Inclusions, which mainly occurred in trails 

filling fractures in quartz or close to cleavage planes in carbonates and barite (barite only present in 

the vein ore-body), were excluded from thermometric study. Additionally, inclusions which were 

obviously secondary such as those that had variable liquid: vapour ratios or had necked down were 
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Figure 6.2: Photomicrograph: of typical Type Ila (A-C) and I. pe IIb (D and E) aqueous fluid 
incIw, ions A) sample ISO II: I3 r . ample 1105 4-2-Fia-6: C) sample 1105/4-2 Q2: 
I)) and l') sample I OSoll Q". 

a%oided. Inclusion, with anomalously small or large gas bubbles relative to the surrounding ones 

were considered candidates for leakage and Niere also excluded from the study. Fluid inclusions 

were v iewwed through an OIR mpus optical microscope with up to 100x magnification. All the fluid 
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inclusions observed in Belo Brdo belong to salt-undersaturated aqueous solutions at room 

temperature. Based on the phases observed at room temperature only two types of fluid inclusions 

could be identified, namely monophase liquid (Type I) and two-phase (Type II) liquid and a small 

vapour bubble (Figures 6.2 and 6.3). The two-phase aqueous solutions were further subdivided into 

three descriptive sub-categories on the basis of their morphology and the degree of fill. A brief 

summary of fluid inclusion types and their morphological properties are presented in Table 6.1. 

The Type I inclusions include monophase liquid inclusions and very small two-phase 

inclusions (< 2 µm), which were not suited for microthermometric studies due to their small size. 

They are often concentrated along growth zones of euhedral quartz crystals. The monophase 

inclusions showed no phase transitions during microthermometric runs and the Raman study 

showed no presence of volatiles. 

All of the observed fluid inclusions of Type II have a high degree of fill, (volume 

liquid/volume liquid + volume vapour), typically 0.7-0.9. The group of inclusions, which occur as 

isolated primary inclusions and have fairly regular oval and rounded outlines, are described here as 

Type IIa inclusions (Figure 6.2A-C). They vary in size from 2 gm to up to 10 gm and resemble 

those inclusions typical of epithermal environments (Bodnar et al., 1985). Neither daughter 

minerals nor other liquids (e. g. C02) were microscopically observed. Type Jib inclusions are dark 

with thick black outlines exhibiting angular and negative crystal shapes. They occur in groups 

parallel to the crystal growth and their degree of fill is slightly less than the rest of the observed 

inclusions (Figure 6.2D and E). Their slightly higher homogenisation temperatures and negative 

crystal shapes indicate primary entrapment during the main mineralisation stage. 

Table 6.1 Classification of aqueous fluid inclusions from the Belo Brdo deposit. 

Inclusion Type Abundance Size Degree 
fill 

of Morphology 

Too small to be analysed; also monophase I Common <2gm 0.95-1 inclusions. 

Ila 51.4% 2m 0.85-0.9 Oval or spherical; sometimes flat. 

IIb 201/Q 5-15 
> 0.7-0.8 Dark, "3D" appearance; some negative crystal 

µm shapes; rarely irregular. 

IIc 28.6% 10-50 0.8-0.85 Irregular, large, parallel to crystal growth. 

The majority of the Type IIc inclusions have flat irregular shapes, with a maximum diameter 

of 50 pm and are much larger than the locally present small primary inclusions. They commonly 

occur parallel to the growth zones in late-stage quartz (Figure 6.3 A-D). Selection of these types of 

inclusions ensures that the fluids were trapped during a final stage of quartz crystal growth. No 

evidence of C02-bearing fluid inclusions was found in any sample. 

Vapour rich inclusions were present in two samples (180/new and 180/1D) within the late 

stage quartz crystals. These form a minor part of the total fluid inclusion population. It was difficult 

to distinguish weather those inclusions represent heterogeneous trapping or necking (Figure 6.4C 
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and D). A fe%% inclusions containing a solid phase were observed in two samples (1099.1080/I D). 

Because of its random distribution and lack of dissolution on heating it is assumed that this solid 

phase represents a mineral trapped from the fluid during inclusion growth (Rankin and Alderton, 

198-3). 
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Figure 6.3: I'hotomicrographs of typical I he Ilc Iluid inclusions of irre ular shape (A and B. position of 
insets , ho, %n in C) occurring parallel to the crystal growth and isolated (D) with no textural relation to the 
gro\%th. Sample 1055 4D (A-C) and 1099 (D). 

6.4 \licrothcrmomctric anahsis 

6.4.1 Introduction 

\licrothermometn in. okes a non-destructive (optical) monitoring of the phase changes in 

fluid inclusions, including liquid, . apour. and solid daughter minerals during controlled heating 

and cooling (Bodnar. 2003). \licrothermometrý enables determination of general fluid properties 

sugh as . aliand basic compositions, including identification and semi-quantification of some 
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volatiles such as carbon dioxide (Roedder. 1984: Haynes, 1985: Hall et al.. 1988: Vanko et al., 
1988: Bodnar. 1993). This technique is also used to infer minimum trapping temperatures and 

pressure conditions at entrapment (Potter. 1977: Roedder and Bodnar, 1980: Zhang and Frantz, 

1987: Bromn and Lamb, 1989). 

6.4.2 Methodo1o i 

Samples from Belo Brdo were selected for microthermometric analysis according to 

Roedder's (1984) criteria, implying a selection of the fluid inclusions with a constant, 

homogeneous liquid/vapour ratio. Great care was taken in ensuring that the inclusions represent a 

constant volume system, so that no post-entrapment processes took place such as: mineral growth 

on the inclusion walls, or leakage (Figure 6.4A and B): or re-equilibration of inclusions after 

entrapment. such as inclusions with scalloped walls (Figure 6.4C) or necking down (Figure 6.4D 

and F. ). vN hich is illustrated by the presence of an unusually larger vapour bubble and extended tails. 
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Figure 6.41: Photomicrographs of fluid inclusions exhibiting leaking and post-entrapment modification. A 

and 13) Leaked and necked down inclusions. C) Re-equilibrated inclusions with "scalloped" walls: D and F) 
Heterogeneous trapping show in_ vapour-rich and liquid-rich inclusions, possibly a result of necking. 
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Microthermometric measurements were carried out using a Linkam MDS-600 heating- 

freezing stage mounted on a standard petrographic microscope with attached camera. The 

microscope field of view was displayed on an adjacent computer monitor and run by the computer 

programme Linkam Scientific Systems. The Linkam stage has a maximum temperature limit of 

NOT and was calibrated using synthetic fluid inclusions containing pure water with melting 

temperature of 0°C. Results were reproducible to ±2.0°C for homogenisation temperatures (100- 

350 °C) and ±0.2°C for freezing experiments below +10 °C. A small fragment (- 5 mm) of a fluid 

inclusion wafer was placed in the stage for cooling and freezing. The cooling of the wafer was done 

by controlled passage of liquid nitrogen through the stage, while heating was controlled by a 

heating element positioned in the stage. 

6.4.3 General observations during heating and cooling 

Phase changes were recorded by simple freezing and subsequent heating of the samples. 

Freezing runs were always performed before heating (Rankin and Shepherd, 1998). The inclusions 

were cooled rapidly from room temperature to -100°C. Most froze abruptly during cooling, much 

before reaching -100°C, generally between -40°C and -47°C, which was marked by a sudden 

contraction of the vapour bubble and sometimes a change of its shape (Goldstein and Reynolds, 

1994). During slow heating of the frozen inclusions, the first phase change to occur was initial 

melting, known as the eutectic temperature (T. ) or the temperature of first melting (Tjm) (Bodnar, 

2003). This temperature is marked by the first appearance of the liquid in the previously solid 

inclusion. Observation of the temperature of first melting is important, as it is useful for 

determination of the major fluid components. Most of the examined fluid inclusions from Belo 

Brdo exhibit temperatures of first melting between -22°C and -20.5°C. They are close to the ideal 

eutectic melting of -21.2°C in the H20-NaCI system (Borisenko, 1977; Roedder, 1984) at which 

hydrohalite (NaCI. 2H20) decomposes to form ice and liquid with eutectic composition of 23.2 % 

(Figure 6.6). As the inclusion is heated beyond the eutectic temperature, ice continues to melt, 

diluting the salinity of the liquid phase (Bodnar, 2003) 

The next phase change observed wasfinal ice melting temperature (1m1 , ), which is important 

in fluid salinity calculations. Traditionally in the fluid inclusion literature, the observed depression 

of melting points is expressed in terms of equivalent NaCl concentration. Because of the small size 

of the inclusions, or poor optical clarity, the determination of final ice- melting temperatures, as 

well as the eutectic temperatures was not always possible (Figure 6.5). The final ice melting 

temperatures had to be determined sometimes by the final movement of the bubble. When possible, 

the method of sequential heating (Haynes, 1985; Goldstein and Reynolds, 1994) was applied to 

study subtle phase changes, especially to determine more accurately the final melting temperature 

of ice. The inclusions were first frozen and then carefully heated until only a single ice crystal 

remained attached to the vapour bubble. Inclusions were then cooled again to encourage the growth 
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of a larger ice crystal and to test if hýdrohalite was forming. Failure to recognise hydrohalite as the 

last melting, solid phase (temperature of hvdrohalite mehing) can result in serious errors in salinity 

calculations (Bodnar. 2003). In this study hoNNeyer. upon repeated heating, the only phase that was 

melting above -21°C as ice. This was an important observation, as in the two-phase H20-NaCl 

system with salinity lo\Ner than 23.2\\t. % NaCl, the ice is the last solid to melt. The melting of ice 

starts around the edges of the inclusion until the one single crystal remains (Figure 6.5). 

A +25°C B -42.7°C 

C -6°C D -4°C 

E -2°C F -1.5°C 

Figure 6.5: Phase changes observed in type Ila inclusion in quartz from Belo Brdo (sample 1055/4D). A) 
Tý%o-phase liquid-vapour inclusion at room temperatures. B) Frozen inclusion content at -42.7`'C: note a 
different position of the bubble. which also decreased in size. C) Ice crystal on the left side of the bubble: 
Eutectic melting was not possible to measure, as no difference in inclusion appearance was noticed between - 
42 C and -6 C. D) Melting of ice from the edge of the inclusion. ice forms a single. rounded crystal. E) 
Further melting of ice at -2°C; better visibilitN as the ice melts. F) Final ice melting just above -1.5°C; bubble 

moves to a nevv position as it's freed from ice. Scale bar 10 microns. 

Onk a fe\\ inclusions from the lope Ilb inclusions froze between -51 °C and -60°C. Their 

eutectic temperatures (- -35°C) were slightl lower than those mentioned above, indicating that 

solutes other than NaCI were present in the sNstem (Roedder. 1984; Shepherd et. al.. 1985). 

Howwever. this could not be confirmed as initial melting temperatures were not observed in most of 

the inclusions and salinitN therefore remains unkno ii. 
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All inclusions analysed homogenised into the liquid phase on heating. The vapour bubble 

shrinks on heating above room temperature until eventual vapour disappearance. In two phase 
(liquid-vapour) inclusions this is known as homogenisation temperature (Th) and is important in 

the estimation of trapping temperatures and pressures, as well as for salinity calculations (Bodnar, 

2003). In Belo Brdo, no halite-bearing inclusions were identified, so homogenisation by halite 

dissolution could not be observed. Collection of homogenisation data was carried out in as few 

heating runs as possible, so the risks of inclusion stretching and leakage could be minimised. 
Decrepitation and leakage were particularly common in some large carbonate hosted inclusions. No 

microthermometric data were collected from these inclusions. 

6.4.4 Determinations of salinity 

Salinity of a fluid inclusion can be calculated in different ways depending on the apparent 
fluid composition or chemical system, the phases present and transition of phases observed during 

thermometric experiments. Each method relies on the choice of chemical system on which to 

model the fluid (NaCI-H20; NaCI-CaC12-H20; NaCI-KCI-H20 etc. ). 

Bulk fluid salinity (expressed as equiv. wt % NaCl) for Belo Brdo deposit was determined by 

referring final ice melting temperatures to the H2O-NaCI model fluid system. For example, the last 

ice crystal in the inclusion shown in Figure 6.5 melts at -5.0°C, corresponding to a salinity of 7.0 

wt. % NaCI. Bodnar (1993) derived the equation which relates to freezing point to salinity as 

follows: 

Salinity (wt. %) = 0.00 + 1.780 - 0.0442 92+ 0.00055763 (Equation 1) 

where 0 is freezing point depression (in degrees Celsius). Equation (1) is similar to that of Potter et 

al., (1978) and reproduces the original experimental data of Hall et al. (1988) to better than ±0.05 

wt. % NaCI at all temperatures from 0.0°C to -21.2°C, the eutectic temperature for H2O-NaC1. 

6.5 Results and interpretation of thermometry data 

In spite of difficulties encountered during collection of suitable specimens, paired Th-Tmice 

data were obtained from 70 inclusions. However, at least twice as many have been investigated 

with no reliable results obtained. All inclusions analysed in quartz from the Belo Brdo deposit were 

aqueous and belong to the H20-NaCI system as evident from TT� values of -22°C to -20.5°C. The 

summary of phase transitions for the system H20-NaCI (Figure 6.6) is as follows: 

1. Initial melting of hydrohalite (T; HH): HH + ice + vapour -º liquid + ice + vapour 

2. Final melting of ice (T. ice): ice + liquid + vapour-' liquid + vapour 

3. Homogenisation (Th): liquid + vapour -º liquid 
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Density and isochores of fluid inclusions were calculated using the computer program 

Flincor2 (Brown, 1989) and the equation of state defined by Zhang and Frantz (1987). Clathrates or 

liquid CO2 were not observed in any of the fluid inclusions studied. Microthermometric results are 

tabulated in Table 6.2 and presented graphically in Figure 6.7. 

Figure 6.6: Phase diagram for NaCI-H20 showing an example of a path (blue line), which an aqueous 
inclusion with salinity -8 wt. % NaCl would follow when heated from freezing temperatures (below -30°C). 
Upon heating, hydrohalite melts first and at eutectic (E) hydrohalite is consumed and ice starts melting. The 
inclusion then follows the liquidus till the last ice melts (- -5°C). P= peritectic (0.1°C, 26.3 wt. % NaCl); E_ 

eutectic (-21.2°C, 23.2 wt. %NaCl)(Modified after Bodnar, 2003). 

äS. 1 Homogenisation temperatures 

All analysed aqueous inclusions in quartz homogenised to the liquid phase. Homogenisation 

temperatures for a total of 70 analysed inclusions range between 165°C and 341 °C, with 95% of all 

inclusions falling in the range of 165°C and 320°C. The mean value of all inclusions measured is 

233°C t 10. This dataset can be broadly divided into two groups based on two different generations 

of quartz, namely quartz cogenetic to the main mineralising stage (CGQ) and late-stage quartz 

(LQ) that fills small open cavities (Table 6.2, Figure 6.7). 

Homogenisation temperatures of all analysed inclusions, including Type IIa and Ilb, within the 

quartz of the main mineralising stage (n=34) occupy a wide temperature range between 189°C and 

341°C. They exhibit an average homogenisation temperature of 251°C ±17. The large spread of 

homogenisation temperatures is reflected by a high standard deviation of ±50°C. Distinction 

between homogenisation temperatures of Type IIa and Type Jib inclusions makes results more 

meaningful, although the datasets for each type are quite small. Microthermometric data for Type 

Ila inclusions (n=20) were derived mainly from the quartz which occurs as cement to the breccia, 

found in main-ore stage to post-ore stage. Microthermometric data for Type lIb inclusions (n=14) 

were collected from massive sulphide ore. 
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Homogenisation temperatures of fluid inclusions in the breccia range from 189°C to 277°C 

(standard deviation ±21 °C) with a mean at 218°C ± 10. A prominent Th mode is evident at 220°C 

(Figure 6.7 A). As compared to fluid inclusions from the breccia, the homogenisation temperatures 

of the main mineralisation stage are distinctly higher and show a somewhat wider spread, reflected 

in higher standard deviation (±39°C). They range from 220°C to 341°C with a mean at 299°C ±10. 

Frequency distribution histogram of Th indicates two possible weaker maxima occurring at 300°C 

and 340°C. These temperatures compare well to those obtained by arsenopyrite geothermometry 

carried out on samples taken from massive sulphide ore of the main mineralisation stage. 

Table 6.2: Thermometric data for fluid inclusions in the Belo Brdo deposit. Abbreviations: CGQ = cogenetic 
quartz; LQ = late stage quartz. 

Sample hd No. TYPE Th 
('C) 

Tme 
(C) 

NaCI 
wm 

P»gen Se Inc )No. TYPE Th 
('C) 

Tmice 
(C) 

NaCI 
wt% 

Paragen 

1055140 10 2a 212 -4.4 6.96 CGQ 1099 82 2a 175 -3.2 5.12 LQ 
1055140 26 28 216 -4.7 7.39 CGQ 180/1 D 23 2a 229 -3.4 5.47 LQ 
1055140 27 2a 205 -4.9 7.68 CGQ 180/10 24 2a 255 -2.9 4.70 LG 
1055/40 30 28 206 -4.1 6.52 CGQ 180JiD 35 2a 218 -3.7 5.93 LQ 
1055/40 31 28 212 -4.3 6.82 CGQ 18011D 36 2a 243 -4.3 6.82 LG 
1055140 32 26 189 -4.3 6.82 CGQ 180ND 39 2a 230 -4.2 6.67 LQ 
1105-4 46 2a 277 -3.3 5.32 CGQ 180/1D 40 2a 238 -4 6.37 LQ 
1105-4 47 2a 270 -3.3 5.32 CGQ 180/1D 41 2a 240 -5.2 8.10 LG 
1105-4 48 28 220 -2.9 4.70 CGQ 18011D 42 2a 255 -3.6 5.78 LQ 
1055140 52 2a 226 -1.1 1.82 CGQ 1099 83 2a 200 -3.4 5.47 LG 
10800-03 72 2a 228 -5.5 8.51 CGQ 1099 84 2a 190 -4.01 6.39 LQ 
10800-93 73 28 219 -5.5 8.51 CGQ 1099 85 2a 235 -3.8 6.08 LQ 
1060n-93 74 2e 212 -5.2 8.10 CGQ 1099 86 2a 225 -3.8 6.08 LQ 
1080n-93 75 28 217 -4.6 725 CGQ 1099 87 2a 230 -4.2 6.67 LQ 
1080n-03 76 b 214 -4.7 725 CGQ 1099 88 2a 200 -2.8 4.55 LQ 
10800-03 77 28 200 -3.3 5.32 CGQ 1099 89 28 235 -3 4.86 LQ 
1055/40 28 2c 200 -3.8 6.08 CGQ 1099 90 2a 232 -3.6 5.78 LQ 
1055/40 29 2c 212 -3.6 5.78 CGQ 1099 91 2a 220 -3.8 6.08 LQ 
1105-4 49 2c 215 -2.4 3.92 CGQ 1099 92 28 200 -3 4.86 LQ 
1055/40 50 2c 206 -2.5 4.07 CGQ 1099 93 2. 242 -4 6.37 LQ 
180110 6 2b 265 -4.1 6.52 COD 180/10 1 2c 165 -3.7 5.93 LG 
180/10 8 2b 297 -4.3 6.82 CGQ 180ID 2 2c 170 -3 4.86 LQ 
180/31 14 2b 300 -10 13.95 CM 180110 3 2c 165 -3.5 5.62 LQ 
180/31 15 2b 328 -10 13.95 COO 180/10 4 2c 200 -3.4 5.47 LQ 
1801: 34 16 2b 318 -5 7.82 CGQ 18011D 5 2c 220 -3.8 6.08 LQ 
180131 17 2b 320 -4 6.37 CGQ 180110 7 2c 230 -4.2 6.67 LG 
180/31 18 2b 340 -5.5 8.51 CGQ 180JID 9 2c 179 -3.7 5.93 LG 
180131 19 2b 220 -5.9 9.05 CGQ 18011D 12 2c 166 -3.2 5.17 LG 
180/31 20 2b 220 -5.6 8.65 COO 180/1 D 25 2c 265 -1.1 1.82 LG 
180/31 21 2b 294 -3.4 5.47 CGQ 180/1D 33 2c 232 -4.3 6.82 LG 
10BOn-02 78 2b 341 -5.1 7.96 CGQ 180110 34 2c 235 -3.5 5.62 LG 
10800-02 79 2b 288 -5 7.82 CGQ 18W1 D 37 2c 218 -3 4.86 LQ 
1060n-02 80 2b 321 -4.4 6.96 CM 180/1 D 38 2c 235 -3.5 5.62 LG 
10800 -02 81 2b 330 -3.9 623 CGQ 1080o-41 69 2c 179 -3.4 5.47 LG 

1080o-01 70 2c 210 -3.5 5.62 LG 
f 080o-Q1 71 2c 222 -3.5 5.62 LG 

UN 189 -10.0 1.82 MN 165 -52 1.82 
MAX 341 -1.1 13.95 MAX 265 -1.1 8.10 
MAN 251 -4.5 7.06 MEAN 216 -3.6 5.70 
SIDEV 50 1.7 2.33 STDEV 27.6 0.6 0.99 

The late-stage quartz crystals from open cavities contain two types of inclusions namely Type 

IIa and Ilc. The values for homogenisation temperatures obtained from both types of inclusions (a 
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6. Fluid Inclusions 

total of 36) are very similar. %Ohich is reflected in a good overlap of the data (Figure 6.7 B). They 

range from 165 °C to 265 ', C \%ith a mean at 216 °C ±10. The range of values, including minimum, 

maximum and mean bet,. Neen the t\\o groups lies \%ithin the 95 % confidence for standard error. 

Therefore no significant dit? erence in homogenisation temperatures between the two types of fluid 

inclusions (Figure 6.7 13) can be established. It is 
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Figure 6: 7 Frequenc-, histograms depicting thermometn results for primary fluid inclusions hosted b,. 

coý_cnctic quart! of the main mineralising stage (A. Al. A2) and quartz crystals filling cavities during later 

mineralising stage (13. HI. B2). Legend in the top right corner of A and B applies to all diagrams. Main 

mineralising stage: A) Frequenc\ histogram of homogenisation temperatures (Th); Al) Frequency 
histogram of final ice melting temperatures ( T,,, ice). A2) Frequency histogram of salinity. Late-ore stage: B) 
Freyuencý histogram of homogenisation temperatures (Th): BI) Frequency histogram of final ice melting 
temperatures (I ice): 132) Frequenc> histogram of salinity expressed as wt. % NaCl equivalent. 
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6. Fluid Inclusions 

also interesting that they compare well with the homogenisation temperatures obtained from the 

fluid inclusions in quartz from the breccias of the later main mineralising stage, suggesting that the 

temperatures of formation remained fairly constant during the precipitation of breccia and late 

stage quartz. As compared to fluid inclusions from the massive sulphide ore of the main 

mineralisation stage (Figure 6.7 A), the homogenisation temperatures of fluid inclusions in late 

stage quartz are lower and show a smaller spread (standard deviation ±27). 

6.5.2 Composition and salinity 

Temperatures of first melting (eutectic) were examined with a view to determine basic 

compositions of fluid inclusions from Belo Brdo deposit. Most of the eutectic temperatures 

measured in this study were, between -22 °C and -20.5 °C, which is close to -21.2 °C of the NaCI- 

H20 system and distinct from those of the NaCl-KCI-H20 and NaCI-CaCI2-H2O systems (-23.5 °C 

and -52 °C respectively). Cooling was hampered by the small size of inclusions, so the initial 

melting of ice was often difficult to observe. However, the final melting temperatures of ice 

between -10 °C and -1.1°C (Figure 6.7A1 and B1), indicate aqueous inclusions of low- to moderate 

salinity (Figure 6.7A2 and B2) belonging to the NaCI-H20 binary system. Only a few of the Type 

lib inclusions exhibited slightly lower freezing and eutectic temperatures, which could indicate a 

fluid of slightly higher salinity, but this could not be confirmed. 

Final melting temperatures of ice (Tmice) for all measured inclusions from the main 

mineralisation stage range from -10 °C to -1.1°C (Figure 6.7A1) and point to salinities of 13.9 

wt. % and 1.82 wt. % NaCl equiv., respectively (Figure 6.7A2). The mean T, nice at -4.5 °C 

corresponds to a mean salinity of 7.1 f 0.8 wt. % NaC1 equiv., with 95% confidence level. 

Frequency distribution histograms of (Tmice) for both, Type IIa and Type lib inclusions show a 

strong overlap of data (Figure 6.7A1) and indicate a prominent maxima of 7 wt. % NaCl equiv., for 

each population (Figure 6.7A2). 

Final melting temperatures of ice for all measured inclusions from the late mineralisation stage 

range from -5.2 °C to -1.10C (Figure 6.7B 1) and define a narrow distribution with pronounced 

maxima at -3°C and a mean at -3.6 °C. Salinity values range between 1.8 wt. % and 8.1 wt. % 

(Figure 6.7B2) with a mean salinity of 5.7 ± 0.3 wt. % NaCl equiv. (95% confidence level). 

Frequency distribution histogram of salinity data for both, Type IIa and Type IIc inclusions show 

strong overlap and indicate prominent maxima of 6 wt. % NaCl equiv., for each population. 

Overall, there is little variation in fluid inclusion salinity between the two paragenetic types of 

quartz. 

A salinity versus homogenisation temperature trend is presented in Figure 6.8 for the fluid 

inclusions of the two paragenetic groups. Overall, the diagram illustrates a linear, mostly 

continuous trend with moderate change from intermediate to low salinity and associated decrease 

in temperature reflecting ore formation conditions from the hotter, more saline fluid of the main 
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6. Fluid Inclusions 

mineralising stage to lom-er salinit, fluid of the late mineralising stage. This trend could be 

interpreted as an effect of diluting fluids due to mixing of magmatic with meteoric water (Rankin. 

1995). Such trends compare well with sonic of the known intermediate sulphidation Ph-Zn- 

precious metals deposits in 'Madjaro\o district. Bulgaria (Rice et al., 2007); Ph-Zn-Ag Chihuahua 

district. Mexico (Grant and Ruiz. 1988 and references therein): the Eastern Cordilleran polvmetalic 

deposits of the Peru\ ian Central Andes (Wagner et. al. 2009). Tertiary precious and base metal 

deposits of vvestern Romania (Alderton and Fallick 2000. Grancea et al.. 2002) etc. Although no 

magmatic characteristics of the fluid inclusions , \ere directly observed, there is isotopic evidence 

for the presence of magmatic fluids in the sy stem. These data will be presented in chapter 7. 
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Figure 6.8: I3iNariate plot of homogenisation temperature versus salinity for primary inclusions 
from the lieb 13rdo deposit. l- cluded from the diagram are two inclusions ýk ith highest salinity 

1395 %%t. °° NaCl equiv) and two N%ith lowest salinity (-1.82 wt. % NaCI equiv. ). 
Abbreviations: CGQ co-genetic quartz samples (red squares). LQ= Late quartz (blue squares). 

6.5.3 Pre. s s urr and temperature estimates 

Determination of the temperature and pressure of formation of the inclusions is one of the 

most important goals in fluid inclusion studies. Fluid inclusions are usually homogeneous when 

trapped at the temperature and pressure of formation and additional phase states of the inclusion as 

obsened at lahoraton conditions (%apour bubble. solid daughter mineral). fornl during cooling as a 

result of differential contraction hemeen the fluid and the host mineral (Shepherd et al.. 1985, 

Bodnar. 2003). In the lahoraton this process can he reNersed h) heating the inclusion and if the 

inclusions trapped in a boiling or immiscible fluid system. then the homogenisation temperature is 

equal to the trapping temperature and the trapping pressure is equal to the \ apour pressure in the 

inclusion at the temperature of homogenisation (Bodnar. 2003). In the present study, ho,, Neker, 

immiscibilitN as suspected in only one sample. but could not he confirmed. Therefore. 

independent information about temperature or pressure %\as needed to locate a point of true 
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6. Pluid Inclusions 

trapping temperature along the constant density (isochore) of the fluid inclusion. The independent 

temperature information can be used to estimate pressures, or conversely, the independent pressure 

can be used to estimate the tnie trapping temperature. The latter technique is known as pressure 

correc- ion and is routinel. applied to homogenisation temperatures. The first step in estimating the 

trapping temperature is to determine the starting point for the isochore, on the bubble curve (liquid- 

vapour cur%e). 1-his point corresponds to the measured temperature of homogenisation and the 

bubble cure pressure at the homogenisation temperature. Once the composition, homogenization 

temperature and vapour pressure in the inclusion at homogenisation have been determined, it is 

necessan to determine the slope of the isochore along %ýhich the inclusion as trapped in order to 

estimate a pressure correction. The relationship between trapping temperature and pressure, 

salinit.. and homogenisation temperature for H2O-NaCI inclusions has been determined using the 

synthetic fluid inclusion technique (Bodnar and Vit\k 1994). 

In the present stud.. the isochores for the aqueous inclusions from quartz were calculated for 

an upper temperature IimIt of i4 I °C and a mean temperature limit of' 251 °C as weII as an average 

salinit\ of 7 \%t. % NaCl (equiv. ) for main mineralisation stage. The isochores for the aqueous 

inclusions from quartz of the late mineralisation stage were calculated for an upper temperature 

limit of 265°C and a mean temperature limit of 216°C as well as an average salinity of 7 wt. % 

NaCl equi\,. 
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Figure 6.9: Pressure vs. liomogenisation temperature plot showing isochores calculated for average and 
nhi\imum temperature limits for main mineralisation stage (red solid line) and late ore stage (blue dashed 
lines) for II )-NaCI aqueous inclusions, calculated using Bodnar and Vitvk's (1994) equation. Independent 
temperature estimation %%as obtained from stable isotopes (256'C and 301"C for co-existing sulphides from 
breccia ore and 388 C for massive sulphide of the main mineralising stage: co-existing quartz-dolomite pairs 
from breccia ore yielded 320 C. 2M C. 2117 C Ind 214 C). as \%ell as arsenopyrite geothermometry (average 
at 350 C): the average temperature values of 250 C for late mineralising stage and 350°C for amain ore stage 
have been projected onto the diagram for the pressure estimations (grey dotted lines). 
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Independent temperature estimates %%ere obtained for Belo Brdo deposit using stable isotope 

data from co-existing mineral pairs (see Chapter 7). A co-existing p`rite-galena from one sample 

collected from breccia ore indicated temperature of 301°C, whist a co-existing sphalerite-galena 

pair from the late mineralising stage v fielded a temperature of 256°C (samples 1055/41) and 

180/11)). Co-existing sphalerite and galena from the main mineralisation stage indicate much 
higher temperatures of tbrmation of bemeen 388°C and 460°C. Those temperatures are higher than 

most of the fluid inclusion homogenisation temperatures obtained from the quartz (maximum 

obtained »as 341°C. an average of 251°C). Co-existing quartz-dolomite pairs from breccia ore 

yielded temperatures of 2 WC to 320°C %N ith an a,. erage % alues of 250°C. 

[he mol. % Cuti in sphalerite ý ielded temperatures bemeen 290°C to 350°C for the main ore- 

stage. %%hilst arsenopýrite geothermomem indicated temperatures between 31I°C to 348°C. 

Taking into account a slope of 13.9 bars/°C for the aNerage isochore of the main mineralising stage 

and independent temperature of 350°C. as Nell as the slope of 15.6 bars/°C for the late ore-stage 

and a%erage temperature of 250°C. the trapping pressures for the Belo Brdo deposit were between 

1419 and 521 bars (Figure 6.9) under the lithostatic conditions, which would correspond to a 

minimum depths bemeen 5 and 1.7 knm. These are preliminar,, estimates for pressures and a depth 

of formation. 1-heN are consistent %%ith formation in a shallow crustal enNironment. The fluids 

associated %%ith the formation of the l repca Pb-Zn carbonate-hosted deposit in Kosovo have similar 
II VX properties (Strmic-Palinkasý. 2009). 
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Figure 6.10: Pressure vs. temperature plot sho%king isochores calculated for an average (251°C) and 

n, 1\ nium temperature limits (341°C) for the main mineralisation stage (red solid line) and late ore stake 
(blue dashed lines) for 11: 0-NaCI aqueous inclusions, calculated using, Bodnar and Vita k's (1994) equation. 
Hydrostatic pressure conditions assumed. Pressures estimated between 50 and 120 bars (atter Haas, 1971). 

No depth data from the reconstruction of stratigraph) is mailable. so whether the fluid 

preti,, urc is close to lithostatic or hydrostatic conditions remains inconclusi\e. Ilo\tieýer. the 
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presence of hydrothermal breccias in the deposit and the presence of vapour-rich inclusions in one 

sample. which unfortunately as not analysed here by microthermometr%, indicate a possibility 

that pressure-temperature conditions %%ere close to the liquid-%apour two phase curve. This in turn 

would indicate a hydrostatic pressure regime and trapping temperatures between 50 bars, 

corresponding to the mean homogenisation temperatures of 251°C and 120 bars corresponding to 

the maximum homogenisation temperature of 341 °C (Figure 6.10). 

6.6 Preliminary audý of fluid inclusions in karavansalija skarn prospect 

6.6. / Introduction 

SeNeral samples %kere collected from drill-cores at the Kara%ansalija Cu-Au skarn deposit for a 

preliminary . tudý of fluid inclusions. Since these samples NN ere not obtained through systematic 

sampling, the petrographic and microthermometric data are only used for comparison \\ ith the fluid 

inclusion data from the Belo 13rdo deposit. Quart/ and calcite haue been identified as the must 

suitable fluid inclusion host mineral.. Numerous fluid inclusions N,, ere observed in ' jigsam''- 

textured quartz. m hich is a common quartz type found in the Karavansalija deposit (Figure 6.11 A). 

It occur. : i. micnocn. tallinc to cr\ aniline aueretate. \N ith interpenetrating grain 
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Figure 6.1 I: f'hotornrcrographs sho%k ing jig a%% texture quartz. Observed under cross polarised light (A) 
rn, i ý. rn tc of fluid inclusions (B-[)) found in this t}pe of recrýstallised quartz (plane polarised light): B) 
primar\ t%%o-pha%e liquid-rich aqueous inclusions and monophase liquid inclusions: C) secondary two-phase 
aqueous inclusions along healed fracture: D) two-phase aqueous inclusions %%ith both, vapour-rich and liquid- 
rich inclusions along healed fractures (sample KU70). 
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boundaries and probably represents a recrystallised texture. Primary inclusions in this type of 

quartz (Figure 6.11 B) were not analysed by microthermometry as they most likely do not record 

the original depositional conditions (Dong et al., 1995). Additionally, secondary inclusions, which 

occur along healed fractures (Figure 6.11 C and D), were not considered for thermometric analysis. 

Only two samples of clear euhedral quartz crystals growing into open spaces during late stage 

mineralisation were found to be suitable for preliminary microthermometric analysis (sample KU 

72 of silicified breccia from PDMC-06-07,282-286m and sample KU37 of skam from PDMC-06- 

10 114m-116m). 

6.6 .2 Petrography of f uid inclusions 

The classification of fluid inclusions in Karavansalija has been based on the same principles as 

for Belo Brdo, according to the nomenclature of Roedder (1984). The inclusions were considered 

primary or pseudosecondary, as they were formed isolated within the crystals (Figure 6.12A) or in 

planar arrays outlining growth zones. Inclusions in quartz and coarse-grained late-stage calcite that 

occur in planes of healed fractures that do not terminate against growth zones were considered 

secondary; commonly these fractures cut across grain boundaries. Based on optical properties at 

room temperature and the behaviour of phases during heating runs, three main end member types 

of fluid inclusions were recognized namely monophase, two-phase and polyphase inclusions. 

Type I inclusions (L) are represented by monophase liquid inclusions, as seen in the Belo Brdo 

deposit and show no phase change during microthermometry. This group also includes very small 

liquid-vapour inclusions with vapour bubble occupying less than 10% of total inclusions volume 

and which, due to a small size could not be analysed. 
Type II fluid inclusions are two-phase aqueous inclusions and they include liquid-rich (LV) as 

well as vapour-rich (VL) inclusions. In the LV inclusions the liquid phase is volumetrically 

dominant (>70%) (Figure 6.12B-F). They are common in all the studied samples and represent the 

most abundant type of inclusions (>80% of all observed fluid inclusion types). Vapour bubbles are 

variable in size, but constitute less than 30% of inclusion volume. Only a few inclusions were 

observed with the liquid phase occupying less than 70% of the total volume of inclusion (Figure 

6.13A and B). The size of analysed fluid inclusions is usually less than 20µm, but a few were as 

large as 50}m in length. The inclusions homogenise to liquid. 

The two-phase vapour rich inclusions (VL) were observed in late stage quartz that overgrows 

earlier euhedral quartz crystals and also as secondary inclusions occurring along healed fractures. 

They co-exist with liquid-rich inclusions indicating trapping under boiling conditions. This is also 

observed in the healed fractures in late stage calcite. 

Type ill fluid inclusions (LV+S) consist of liquid, vapour, halite, and sometimes other solids. 

They were only observed in one sample (KU73) where halite was identified by its cubic shape 

(Figure 6.13C) and represents the major crystal in this type of inclusion. Some polyphase 
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inclusions %%ere of irregular shapes often %, ýith long tails, and their origin and paragenetic 

characteristics %ýere not clear as the distribution and volume of solid phases are not always regular. 

This suggests that the, might represent trapped solids rather than daughter minerals. They 

commonly occur alone microfractures, Výhich suggest a secondar\ origin tier them. 
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Figure 6.12: Photomicrographs ofeuhedral quartz costal (A. sample KU37-1) hosting primary two-phase 
liquid-rieh (I V) aqueous fluid inclusions (B-F) showing consistent liquid-vapour ratios and different shapes, 
such as rounded (B. sample Ku37-I ). irregular (C. sample KU37-I ). oval (D, sample KU37-4), elongated (E, 
sample Ku, 7-4) and negati%e crustal shape (F. sample Kt 26). 

6.6.3 Rt's�/f% of mic"rothc"rºncomc"Iric" anu/i'cis 

Prcliminar microthennometric data %ýere obtained from 30 aqueous inclusions belonging to 

1 spe II. All inclusions froze hemeen -70'C and -40°C into a dark granular mass. "I'he temperatures 

of first ice melting were deterniined for fifteen inclusions, and on that basis they have been 

assigned to either the Il, O-\a(I hinan stem as e ident from 7,,, %alues of -21°C to -20°C or to 

the NaCI-CaCI. -llO ternar system (Oakes et al., 1990) if the eutectic temperature is bct%\een - 
55°C to -45°C. \%hich is indicati\e of' the first melting of antareticite (CaCI2"611, O). The phase 

transitions for the s) stem NaCI-C'aCI., -I1, O is as tollo, \s: 
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1. Initial melting of antarcticite (T, AA): AA i- HH + ice + vapour ----> liquid + HH + ice + 

vapour 

2. Final melting of by drohalite (T HH): HH + liquid + vapour + ice --> liquid + ice + vapour 
3. Final melting of ice (T,,, "): ice + liquid + vapour - liquid + vapour 

4. Homogenisation (Th): liquid -'apour ---* liquid 
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Figure 6.13: I, JUCUU 111ýIUý1 11111 IIIC kaiaAanýýlýlýa dcpo it. I he 

liquid pha'c occupýs less than , Uoo of the total %olume of inclusion (A and B. sample KU72-Ql): polyphase 
inclusion mth halite daughter (C. sample K1'7? -Q2); pseudosecondary two-phase aqueous inclusions in 
feather) quartz (D and E. KU73) and inclusions ', with . ariable degree of till, indicating boiling of fluids-. they 
appear to be positioned along microfractures (F and G, KE173). 

In three inclusions. eutectic temperatures N%ere observed at higher temperatures (-37°C to - 

26°C) %%hich nmaý suggest the presence of FeCl, in addition to CaCI, and NaCl. whilst in one 

inclusion it occurred hemeen -20°C and -1 7°C. suggesting that KCI \\as an additional salt in 
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Figure 6.14: Photomicrographs of a cool tha\\ run for an aqueous NaCI-CaCI2-H2O inclusion in quartz 
(sample Kt 37-4). A) Room temperature conditions. B) Inclusion is frozen to mosaic of crystals at about - 
64 C and turned brownish colour: note the slight decrease in the bubble size. C) With slow warming to about 

-52 C the inclusion shows slightly crisper appearance indicating Ie. ID) By about -40°C crystals have better 
defined shapes indicating that melting has definitely occurred at this point, if it was not clear between -64"C 
and -40 C. F) More melting has occurred and crystals are more visible: the bright crystals are probably those 
of hydrohalite. F) Ip to this point some clearing has occurred: rounded crystals are probably ice, but some 
hydrohalite might still he present. C) Onl ice left, but it is not clear as at which exact temperature 
hydrohalite melted. H) 1 inal ice melting at -5.4 C. 

solution (Goldstein and Re%nolds, 1994). It is not clear %%hether these temperature events represent 

true cutectiL trmper-aturRN Or perhaps metastable cr stallisation of the inclusion contents (Bodnar, 
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2003). No gaseous inclusions were found. Clathrate formation was not observed in any of the 

inclusions, which rules out the presence of significant CO2 (Hedenquist and Henley, 1985). 

Because of the dark appearance of the inclusions, their small size as well as the small size of 

crystals within inclusions, it was not possible to record accurately hydrohalite dissolution 

temperatures and eutectic temperatures. An example of a cool/thaw run is shown in Figure 6.14. 

Therefore, more quantitative data on fluid salinity and the Ca/Na molar ratio cannot be expressed 

with any certainty using the ternary H20-NaCl-CaCI2 diagram (Figure 6.15). It is clear however, 

that the ice was the last melting phase in all observed inclusions and the high- to moderately high 

ice melting temperatures (-I 7'C to -0.4°C, Table 6.3) can be used to predict relatively low- to 

moderately low salinities (< 20wt. % NaCl equiv. ) regardless of the actual Ca/Na molar ratios 

(Oakes et al., 1990). 

Figure 6.15: Illustration of phase transitions and melting paths for the presumed intermediate salinity 
inclusions (blue arrow lines) and low salinity aqueous fluid inclusions (red arrow line and red polygon) for 
the Karavansalija deposit in the ternary diagram H20-NaCI-CaC12. Cotectic curves separating halite, 
hydrohalite (HH) and ice stability fields are shown as thick black lines; isotherms are displayed as thin lines. 
Initial melting of inclusions commences with melting of antarcticite observed at temperatures between -55°C 
to -45°C, near the ideal eutectic temperature of -52°C. Upon heating, ice and hydrohalite melt and the 

composition of the remaining fluid moves along the cotectic curve separating the ice and hydrohalite fields 
(blue and red arrow lines). Assuming that hydrohalite disappears at -24°C, the inclusion will follow the path 
towards the H2O apex (blue dashed line) until the final ice melts about -14°C (blue circle). The bulk 

composition is defined by the intersection of the melting path with the appropriate isotherm in the ice-stable 
field, which in this case amounts to I8wt% NaC1+CaC12 and approximately 0.7 NaCI/CaCI2 ratios. Eutectic 

melting of low salinity inclusions commences at temperatures around -21°C, indicating eutectic melting in 
the HZO-NaCI system (red area). Final melting of ice for most of the inclusions in this study occurred at 
temperatures >-5°C ( modified after Shepherd et al., 1985; Vanko et al. 1988; Oakes et al, 1990 and Bodnar, 
2003). 

Microthermometric results for the Karavansalija skarn deposit are shown in Table 6.3 and 

graphically presented in Figure 6.16. During heating runs, all fluid inclusions homogenised to the 
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liquid phase between 244°C and 402°C, with 95% of all inclusions falling in the range of 244°C 

and 396°C. The mean value of all inclusions measured is 316°C ±15. A prominent Th mode is 

evident at 340°C (Figure 6.16A). As compared to fluid inclusions from the Belo Brdo deposit, the 

homogenisation temperatures are distinctly higher, which is expected for skarn mineralisation. 
Weak bimodal distribution of homogenisation temperatures is apparent. The reason for this is that 

six low salinity aqueous inclusions from the late stage feathery textured quartz are included in the 

fluid inclusion dataset which exhibit higher calcic components, higher homogenisation 

temperatures and belong to paragenetically older quartz crystals. Those six inclusions were not 

treated as separate group. They exhibit lower homogenisation temperatures (244°C - 267°C) 

compared to the rest of the fluid inclusions whose homogenisation temperatures range from 270°C 

- 402°C. The wider spread of the data and higher standard deviation (±40 °C) could also be result 

of paucity of fluid inclusion data collected during this preliminary study. 

Table 6.3: Thermometric data for fluid inclusions in Karavansalija deposit. 

Sample 
No. 

Inolusio ThCC1 Tmic* 
(. C) 

NaCI wt% 
equiv 

Dens 
(glom3) 

Freez 
("C) 

Te('C) 
Comment. 

some 
me(tin 

KU37 5 250 -0.7 1.16 0.80 -43 -21 
KU37 6 248 -0.5 0.83 0.80 -41 -20 
KU37 7 245 -0.4 0.66 0.81 -41 
KU37 8 244 -0.6 0.99 0.81 -40 
KU37 9 267 -0.4 0.66 0.77 -41 -21 
u72-01 1 378 -3.9 6.23 0.62 -47 
u72-Q1 2 402 -4.6 7.25 0.58 -50 
u72-Q2 3 286 -4.5 7.11 0.82 
u72-Q2 4 345 -4.2 6.67 0.70 -65 -44 
KU37 10 359 -14 16.20 0.85 -55 -52 -23 
KU37 11 345 -4.8 7.54 0.72 -32 
KU37 12 356 -4.2 6.67 0.68 26-30 
KU37 13 360 -3.9 6.23 0.66 -50 
KU37 14 329 -1.1 1.82 0.65 -42 -20 
KU37 15 325 -2.6 4.23 0.70 -42 
KU37 16 334 -3.2 5.17 0.70 
KU37 17 320 -3.4 5.47 0.73 -56 -40 -15 
KU37 18 270 -5 7.82 0.85 -50 -37 -16 
KU37 19 327 -4.8 7.54 0.75 -55 -11 
KU37 20 327 -4.7 7.39 0.75 -14 
KU37 21 326 -3.5 5.62 0.72 -45 
KU37 22 326 -4.5 7.11 0.75 
KU37 23 319 -3.1 5.01 0.73 
KU37 24 319 -3 4.86 0.73 
KU37 25 320 -3.8 6.08 0.74 -52 -10 
KU37 26 320 -3 4.86 0.72 
KU37 27 332 -4 6.37 0.72 -43 
KU37 28 317 -17 19.90 0.92 -70 -55 -25 
KU37 29 316 -17 20-20 0.91 -24 
KU37 30 275 -3.6 5.78 0.87 -10 
f 244 -17.0 Q66 0.58 
ma" 402 -0.4 20-20 0.92 

Mean 316 -4.5 6.51 0.75 
Std. y 40 4.2 4.34 0.08 

The final melting temperatures of ice (Tmice) for all measured inclusions range from -17 °C to 

-0.4°C (Table 6.3; Figure 6.16B) and correspond to salinities of 20.2 and 0.66 wt. % NaCl equiv., 
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respectivel% (Figure 6.161)). The mean T, k cr at -4.5 °C corresponds to mean salinity of 6.5 + 1.8 

wt. % NaCl equiv.. %%ith 95% confidence Ie\el. A frequency distribution histogram of salinity data 

shows a v%ide distribution vvith pronounced maxima at 8 vwt. % NaCl equiv. for the whole dataset. 

Ho%\e\er. the data indicate it tri-modal distribution with maxima at 0.5\\t%. 8\\t% and smaller 

groupings at about I9%Wo NaCl equi%. (Figure 6.161)). This could indicate the existence of three 

categories of aqueous fluid inclusions. namely (i) . en IoNN- salinit\ fluid (< 2 wt% NaCl equiv. ); 

lo\ti- to moderate- salinit\ (4-8 \\t9' NaCl equi% výt% NaCl equi\) and an intermediate salinity fluid 

(- I9\kt% NaCl equi%. ). It is apparent that the lo\\- to moderate salinit} inclusions are the most 

abundant th pc. 
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Figure 6.16: Frequenc% histograms depicting thermometry results for Type 11 primar\ fluid inclusions hosted 
h\ late , tage quartz in Kara%ansalija skarn deposit. A) Distrihution of homogenisation temperatures. B) 
Distribution of ice melting temperatures and corresponding salinity (D). C) Bivariate plot of salinity vs. 
liquid-vapour homogenisation temperatures: arro%% represents regression line through the data and might 
indicate mixing of higher salinity fluids (presumed magmatic origin) with low salinity meteoric fluid. 
Besides mixing. the cooling trend is also indicated. 

The lower salinit% fluids might hale been produced by dilution of the more saline fluid and boiling 

of the dilute fluids (Figure 6.13(1). I'he dilution could ha\e been caused h} mixing with low 

salinit fluids. which are likel\ to be derived from meteoric eater conductively heated by the 

Karmansalija dike s%%arms. Flic meteoric origin of the fluids from the late stage quartz is evident 

from the results of the stable isotope studies and will he further discussed in Chapter 7. The 

apparent hiatus bet%%een the grouping of >-IOw. °° NaC'I equiv. and that at I9wt. % NaC I equiv. 

muht he .+ hun: ti0n Of tlir . luantit\ of data collected during, this preliminar\ studs. 
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Type III inclusions proved problematical in microthermometric studies as they failed to 

display observable changes on cooling. Also, some decrepitated on heating at temperatures up to 

340°C without total homogenisation. Only three inclusions homogenised in the range of 350°C to 

361°C by halite dissolution. Salinity estimates based on halite dissolution temperatures using the 

equation of Sterner et al. (1988) were about 42 wt % NaCI equiv. Due to low abundance and 

uncertainty of their classification, the hypersaline inclusions were not included in the graphical 

presentation of the data. At this stage of our investigation, it is not known, if the fluid in 

hypersaline inclusions was produced either by direct exsolution of the hypersaline fluid from 

magma (Roedder and Coombs, 1967) or boiling of an aqueous solution (Kodera et al., 2005). 

It should be noted that there are indications that the high salinity fluids of moderately high 

homogenisation temperatures, in addition to intermediate- and moderate- to low- salinity fluids, 

were involved in the origin and evolution of Karavansalija skarn deposit. Mixing of magmatic with 

meteoric fluids and boiling of diluted fluids are likely mechanisms of ore precipitation. It is 

important to conduct systematic and more detailed studies in order to interpret the character of 

hydrothermal fluids involved in different stages of the skarn mineralisation. The preliminary results 

of the fluid inclusion study presented here illustrate the complex character of skarn evolution, for 

which adequate explanations are currently lacking, due to paucity of the data collected. 

6.7 Summary and conclusions 

" The fluid inclusion study was a difficult task due to the small number of suitable fluid 

inclusions. Many practical problems associated with the collection of valid microthermometric data 

were encountered. These include: lack of good host minerals, small inclusion size and poor 

abundance, poor optical clarity and sometimes leakage of inclusions during heating. Additionally, 

post-entrapment processes, which may significantly modify inclusions, include recrystallisation 

and replacement of host minerals and necking-down. 

" All inclusions analysed in this study were aqueous and belong to the H2O-NaCI system. No 

evidence of C02-bearing fluid inclusions was found in any sample. 

" The fluid inclusion data suggests that the hydrothermal mineralisation at Belo Brdo was 

deposited from epithermal- to moderately high temperatures (160-350°C), and low- to moderate 

salinity (1.82-13.9wt. % equiv. NaCl) fluids. 

" The trapping pressures were between 1419 and 521 bars and imply depths of between 5 

and 1.7 km under lithostatic conditions. It is likely however, that pressures were fluctuating 

between lithostatic and hydrostatic conditions. 

" The Cu-Au skarn mineralisation at Karavansalija is associated with moderately high 

temperatures (244-402°C) and low-to moderate salinity fluids (up to 20 eq. wt. % NaCl). 
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CHAPTER 7: 

STABLE ISOTOPE GEOCHEMISTRY 

7.1 Introduction 

The elements sulphur, carbon, oxygen and hydrogen are important constituents of 

hydrothermal ore-forming systems. The stable isotope composition of hydrothermal minerals is a 

function of the initial isotopic composition of the hydrothermal fluid from which they precipitate 

and of the temperature-dependent isotopic fractionation processes during mineral precipitation and 

the effects of subsequent metasomatic alteration (Ohmoto, 1986; Ohmoto and Goldhaber, 1997; 

Zheng and Hoefs, I993). The determination of light isotopes of S, C, 0 and H can provide powerful 

insights into the sources of the hydrothermal fluids, temperatures of mineralisation and physico- 

chemical conditions of mineral deposition (Ohmoto, 1986; Taylor, 1997; Hoefs, 2009). 

In order to test the hypothesis that Belo Brdo represents a magmatic-hydrothermal type of 

deposit and to test whether mixing of magmatic and non-magmatic (i. e. meteoric) fluids played an 

important role in ore deposition, as indicated by the fluid inclusion study, a stable isotope analysis 

on the main ore and gangue minerals was carried out. No previous stable isotope data exist for the 

deposits considered here. Representative samples from all three stages of ore mineralisation from 

Belo Brdo deposit, as well as several samples from nearby porphyry and skarn deposits were 

selected for sulphur, carbon, oxygen and hydrogen isotope analysis with a view to gain a better 

understanding of the origin and evolution of mineralisation in the Kopaonik metallogenic district. 

7.1.1 Basic terminology 

The absolute measurement of isotopic ratios is a difficult analytical task and, as a result, 

relative isotopic ratios of the two most abundant isotopes (i. e., 34S/32S; 13C/12C; 180/160 and D/H) 

are measured. Variations in stable isotope ratios are expressed in per mil (96o), relative to an 

appropriate international standard by a relative difference value, S ("delta"), which is defined as: 

S (in %o) = (R -R -l) x1000 (Equation 7.1) 
32 

where "R" is the ratio of the heavy to the light isotope (i. e., 34S/ S; 13C/12C; 180/160 and D/H) in 

the sample or standard (Faure, 1986; Hoefs, 2009). 

7.2 Sulphur Isotope Geochemistry 

7.2.1 Introduction 

The isotopic value (SE'S) of individual minerals is used to constrain sulphur sources and the 

physico-chemical dynamics of the mineralising systems. Ohmoto and Goldhaber (1997) indicate 

that the measured 834S value of a sulphide mineral is directly related to the reduced-sulphur ore- 

bearing fluid and therefore, is a powerful tool in determining the origin of the fluid. Furthermore, 
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mineralising temperatures are constrained by the isotopic relationship between coexisting 

sulphides. Additionally, 834S is sensitive to changing redox conditions, so variations in the 834S 

values can trace changing oxidising or reducing conditions. Therefore, sulphur isotope 

geochemistry is recognised as an important too] in ore-deposit research (Ohmoto, 1986; Seward 

and Barnes, 1997; Ohmoto and Goldhaber, 1997). 

7 2.2 Objectives 

Sulphur isotopic studies in the Kopaonik mineral district were conducted with the following 

objectives: 

1. To determine the sulphur isotope compositions from different types of Pb-Zn mineralisation in 

the study area in order to identify the most probable sulphur sources. The results of this study are 

expected to reveal if the sulphur is of magmatic, non-magmatic or mixed origin; 

2. To compare the sulphur isotope signatures of different types of mineralisation, namely Pb-Zn 

(Ag) carbonate-replacement and vein-type mineralisation of the Belo Brdo deposit with those 

related to the Cu-Au skarn and Cu-Au porphyry systems and to delineate the conditions under 

which these deposits formed; 

3. To compare the sulphur isotope geochemistry of different minerals and to test if sulphide 

precipitation took place under predominantly equilibrium or disequilibrium conditions by means of 

measuring sulphur isotope composition of cogenetic sphalerite-galena and pyrite-galena mineral 

pairs; 

4. To help place constraints on the temperatures of mineralisation. 

7.2.3 Sampling and Methods 

Sulphur isotope analysis was conducted on a total of 58 sulphide mineral separates including 

pyrite, sphalerite, galena and one stibnite. Apart from the Belo Brdo deposit, four other 

polymetalic occurrences in the Kopaonik metallogenic district were sampled for comparative stable 

isotope geochemical studies, namely the Karavansalija Cu-Au skarn, the Rudnitza Cu-Au 

porphyry, the Karadak Pb-Zn vein and the Kizevak Pb-Zn stockwork. A summary of all samples 

analysed. and their geological/mineralogical setting is provided in Table 7.1. All stable isotopic 

analyses in this study were performed at the stable isotope laboratory at the Scottish University 

Environment Research Centre (SUERC), East Kilbride, Scotland. 

Sulphides from the Belo Brdo deposit count for most of the samples analysed. They include 

sphalerite, galena and pyrite from the main-ore stage, but also pyrite from the pre- and post- ore 

stage in order to track any changes in the ore-forming process. Barite of the vein ore-body in the 

Belo Brdo deposit could not be separated and hence could not be analysed. Most of the sulphide 

separates were identified and handpicked under a binocular microscope from 250µm sieved 

fractions derived from crushed ore-samples at Kingston University. Some monomineralic powders, 
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which were also used for radiogenic isotope analysis, were obtained by hand-drilling coarse- 

grained sulphides using dental drill. Sulphur isotopic analyses of the sulphide minerals were 

performed by conventional methods following the procedure of Robinson and Kusakabe (1975), in 

which SO2 gas is released by combustion with Cu2O and silica at 1070°C. The gas is further 

purified from water and CO2 using standard separation acetone and pentane trap techniques. 

Isotopic compositions of the purified SO2 gas were measured on a VG Isotech SIRA 11 mass 

spectrometer and standard corrections applied to raw SO2 values to produce true 34S. 

Measurements were carried out using commercially available bottled SO2 gas as a working 

standard, which was calibrated using certified reference materials supplied by the International 

Atomic Energy Agency (IAEA). The international reference standards NBS-123 (sphalerite) and 

IAEA-S-3 (Ag2S), as well as the SUERC's internal laboratory standard CP-l(chalcopyrite) were 

repeatedly measured in-between samples to control the analytical reproducibility. They gave 34S 

values of +17.1%x, -31.596o and -4.5%o respectively, with overall reproducibility estimated to be 

around ±0.2 (la). All sulphur isotope compositions were calculated relative to Canon Diablo 

Troilite (V-CDT) and are reported in standard notation (per mil, 96)). 

7. Z. 4 Results: Sulphur isotope composition of sulphides from the Kopaonik district 

Sulphur isotopic data for a total of 58 sulphide samples from four different deposit types, 

namely carbonate-replacement, vein, skarn and porphyry, are given in Table 7.1 and presented in 

Figures 7.1 and 7.2. The S34S values of the sulphides from the study area cover a relatively narrow 

range between 0.6 and 7.7 %o (Figure 7.1A), with 95% of the data falling into a range between 1.8 

and 6.9%o. The frequency histogram of 834S compositions of sulphides exhibit a normal distribution 

with a mean 834S value of 4.4%o ± 0.3 and a mode of 4.9%o (Figure 7.1A). The 634S values of 

individual sulphides increasing in the order galena (0.6 to +4.6 %o) <_ pyrite (2.6 to 6.1 %o) < 

sphalerite (3.6 to 7.7%o) from four deposits show no significant variations (range <_ 4%o) in the 

sulphur isotope compositions (Figure 7.1 B). Such a narrow range of 834S values suggests that there 

were no multiple components for the source of sulphur for these deposits. 

In this study, a comparison has been made between sulphur isotope data from the Belo Brdo 

carbonate-replacement and vein-type deposit and several other polymetallic deposits in the 

Kopaonik Metallogenic district, namely the Karavansalija Cu-Au (Pb-Zn) skam, the Rudnitza Cu- 

Au porphyry, the Karadak and Kizevak Pb-Zn vein and stockwork deposits (Figure 7.2). The 

sulphur isotope data for individual sulphides are arranged in the histograms according to the style 

of mineralisation (Figure 7.2A-D). The 634S values of pyrite from Belo Brdo are additionally 

arranged according to different generations of pyrite (pre-, main-, post-ore stage) to compare their 

isotopic signatures and track possible changes in ore forming processes between different stages of 

ore deposition (Fig 7.2A). 
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Table 7.1 Sulphur isotope data obtained from sulphides from four deposits in the study area 
ID No Sample Mineral 6"SvrDT %0 Description T in °C S"S (H2S) %- 
Belo Brdo (Pb-Zn ± Ag carbonate-replacement and vein-type) 

33 1055_IB Pyrite 6.10 Pre-ore carb-listwanitc breccia 
26 1155/2B Pyrite 6.10 Pre- ore; silicified carb. breccia 
34 1235/new Pyrite 3.60 Pre-ore; dissemination in andesite 
63 1105/2A-2 Pyrite 3.10 Pre-ore; dissemination in andesite 
68 1105/2A Pyrite 3.30 Pre-ore; dissemination in Q-Iatite 
32 1105/3B Pyrite 2.60 Pre-ore; pervasive listwanisation (Qtz, fuchsfite) 
61 1055/2b Pyrite 3.20 Pre-ore: dissemination in Qtz - tourm. breccia 
25 1055_T2 Pyrite 4.10 Pre-ore; coarse-grained pyrite in listwanite 

56 1055_4A Pyrite 4.90 Main-ore; massive sulphide 3. Sc 
57 1055_4A Galena 4.10 Main-ore; massive sulphide 6 4c 
20 1055_8 Sphalerite 5.20 Main-ore; massive sulphide 460a 4.9d 
21 1055_8 Galena 3.90 Main-ore; massive sulphide 5.7 d 

22 1055_8 Pyrite 4.50 Main-ore; massive sulphide 3.4d 
35 1105/halda Sphalerite 4.90 Main-ore; massive sulphide 4348 4.5c 
36 1105/halda Galena 3.50 Main-ore: massive sulphide 5 8c 
37 1105/halda Pyrite 4.60 Main-ore; massive sulphide 3 Ic 

13 1130_IB Sphalerite 5.40 Main-ore: massive sulphide 388a 5.1d 
14 11301 B Galena 3.80 Main-ore; massive sulphide 5.6d 
15 1130_1B Pyrite 4.70 Main-ore; massive sulphide 3.5d 
8 1155_IB Sphalerite 4.90 Main-ore; massive sulphide 5258 4.6d 
9 1155_16 Galena 3.80 Main-ore; massive sulphide 5.6d 
62 I80_3B Pyrite 3.80 Main-ore; massive sulphide 2.4c 
64 180_38 Galena 3.40 Main-ore; massive sulphide 5 7c 
65 180313 Sphalerite 4.30 Main-ore; massive sulphide 609a 3.9c 
4 180_1 D Sphalerite 5.60 Syn-to Late- stage ore breccia 2568 5.2` 

5 1801 D Galena 3.10 Syn-to Late- stage ore breccia 5,7e 
6 1801 D Pyrite 5.10 Syn-to Late- stage ore breccia 3,4` 
47 1055_4D Galena 4.10 Syn-to Late- stage ore breccia 6.7e 
48 1055_4D Pyrite 5.30 Syn-to Late- stage ore breccia 3.6` 
18 BB-stock Pyrite 6.00 Post-ore veins in contact with Cret. sediments 
41 BB-m/dy Pyrite 5.30 Post- ore; contact melange/dyke 
66 1055/6 Sphalerite 4.50 Post-ore veins crosscutting listwanite 

67 1055/6 Pyrite 5.10 Post-ore veins crosscutting listwanite 
59 1235_7B Sphalerite 4.90 Vein ore body 388a 
II 1235_713 Galena 3.30 Vein ore body 
12 1235_7R Pyrite 4.90 Vein ore body 
39 1235_5B Galena 3.50 Vein ore body 
40 1235513 Pyrite 5.50 Vein ore body 
50 1235 5131 Stibnite 3.60 Vein ore hod 

Karavansat ya (Cu-Au t Pb-Zn skam) 
52 07/24(3) Pyrite 5.30 Skam 341b 4.1 

53 07/24(3) Galena 1.80 Skarn 3.7 1 

69 07/24-2 Pyrite 4.80 Skam 287b 3.6 t 

70 07/24-2 Galena 0.60 Skam 2.5 f 

29 KU 118 Sphalerite 7.70 Skam-Late vein 7.4 f 

28 KU19 Sphalerite 3.60 Skam 33 f 

31 KU43 Pyrite 3.00 Skam 1.8 f 

54 KU47 Pyrite 5.40 Skam 3.8 f 

44 KU69 Pyrite 5.00 Skam 453b 4.0 6 

45 KU69 Galena 2.50 Skarn 4.2 8 
Rudnitza (Cu-Au porphyry) 

42 K(1103 Galena 3.80 Porph%r 
46 KU103 Pyrite 2.60 Porpli rý 
19 KU109 Pyrite 3.60 Porphyry 

30 KU90 Galena 3.10 Porphyry 
51 KU97 PNrite 4.80 Po Mrv 

Kizevok-Kanadat (Pb-Zn vein- and stockwork-type) 
16 R3/QI Sphalerite 6.20 Karadak vein distal to porphyry 388a 
17 R3/Ql Galena 4.60 Karadak vein distal to porphyry 
60 K7.5 Sphalerite 4.90 Kizevak-vein and stockwork -dark sphalerite 
24 KZ5 S halerite 7.60 Kizevak-vein and stockwork (yellow sphalerite) 

(a) Srihalerite-galena and (b) pyrite- galena fractionation temperatures were calculated using the equations in Rve (1974). 
Czamanske and Rye (1974) and Ohmoto and Rye (1979). The 6,14S (HZS) %° is calculated utilising (c) average 
homogenisation temperature of 250°(' of Fls from quartz of the main-ore stage: (d) average 325°C arsenopyrite and 
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(continued fron previous page) sphalerite geothermometry and (e) average homogenisation temperatures of 218°C from 
quartz of the late-ore stage; (f) average homogenisation temperature of 316°C from skarn and (g) average sulphur isotope 
temperature. 

7.2.4.1 Pyrite 

The 834S values for 20 pyrite separates from Belo Brdo deposit range from 2.6 to 6.1%o, with 

an average of 4.6%o. Although there is considerable overlap, 634S values from the main-ore stage of 

the carbonate-replacement ore body (n=7) and late-stage veins, including the vein ore-body (n=4) 

(Figure 7.2A) are generally more homogeneous (3.8-5.3%o) compared to 834S values from pre-ore 

stage (n=8), which show a wider range of 2.6 and 6. l%o. The wider interval of 534S values from the 

pre-ore stage is clear when comparing 834S values from disseminated pyrites hosted in carbonate 

breccias (6.196o) with respect to those disseminated in volcanic rocks (3.1-5.5%o) or associated with 

pervasive listwanisation (2.6-4.1 %o). One pyrite sample from a late stage vein crosscutting 

Cretaceous sediments gave a 634S value of 6.096o. Although slightly enriched in 34S, those pyrite 

samples that exhibit 834S values of -6.096o are still within the 95% range of all analysed sulphides. 

In general, it can be concluded that 8345 values of pyrite samples from Belo Brdo mineralisation 

overlap considerably with those derived from skarn and porphyry deposits, which show a narrow 

range between 2.6 and 5.496o (Fig 7.2B). Such 634S values have been reported in many Cu-Au and 

Cu-Mo porphyry and Pb-Zn skarn deposits worldwide (Rye and Ohmoto 1974; Gilmer et al., 1988; 

Megaw et al., 1988; Kalogeropoulos et al., 1989; Ohmoto and Goldhaber, 1997; Melfos, et al., 

2002). They compare well to 834S values of pyrite from other Tertiary deposits within the Vardar 

Ophiolite zone, such as the Trepca skarn/replacement Pb-Zn deposit in Kosovo (Strmic-Palinkas, 

2009) and Crnac Pb-Zn vein in southern Serbia (Borojevic-Sostaric, 2009). Slightly higher 834S 

values of pyrite from late-stage vein mineralisation crosscutting Cretaceous sediments and from 

those hosted in carbonate breccias might be a consequence of the ore fluid interacting with external, 

isotopically more positive sulphur sourced from country rocks (Ohmoto and Goldhaber, 1997). 

7.2.4.2 Sphalerite 

Six sphalerite samples from the main-ore stage, one from the late veins crosscutting listwanite 

and one from the vein ore-body of the Belo Brdo deposit were analysed. Their S34S values occupy a 

very narrow interval between 4.3 and 5.696o and no difference in isotopic composition between 

early and late stages of Belo Brdo mineralisation can be established (Figure 7.2 C). Those values 

are close to the S34S value of one sphalerite sample from the skarn deposit (3.6) and one S34S value 

from the Karadak vein (4.9%o), which is located 1 km north from Rudnitza porphyry deposit 

(Radulovi6,1992). However, small differences can be observed when comparing those values with 

S34S values of Fe-poor sphalerite samples derived from the Karadak and Kizevak vein and 

stockwork deposits. The Kizevak Pb-Zn deposit, situated 5 km north from Rudnitza porphyry 
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deposit (Radulov is and Sav ic. 1995). as not included in this study. however, one sample from 

mine dump found near the Rudnitza porphyn has been anale sed for a comparative study. Both, the 

Kizevak and Karadak occurrences tend to display higher 8'4S values then the sphalerites frone the 

Belo Brdo and skarn deposits. The\ range from 4.9 to 7.6%o. No detailed investigation has been 

conducted on the Karadak and Kizc\ak Pb-In deposits in this study and their paragenetic textures 
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Figure 7.1: Sulphur isotope signatures for sulphide minerals from four different deposit types (carbonate- 
replacement. vein. skarn and porphyry) in the Kopaonik metallogenic district. A) Frequency histogram of 
8''S compositions of all analy sed sulphides showing normal distribution. with a mode at 4.9%0. indicative of 
magmatic source for sulphur. B) The range and median values of & 4S compositions for individual sulphides 
in the Kopaonik district. 
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Figure7.2: Histograms of sulphide isotope data from 58 investigated sulphides derived from different types 

of'deposits from the Kopaonik metallogenic district. A) Sulphur isotope values from different generations of 
pyrite from the Belo Brdo deposit) B) Sulphur isotope values from skarn and porphyry types: note a great 
overlap of sulphur values obtained from all three deposits. C) Sulphur isotope values for sphalerite. D) 

Sulphur isotope aloes for galena. 
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It has been observed, though, that the higher 834S values are obtained from honey-yellow Fe-poor 

sphalerite, which was not found in Belo Brdo. The higher S34S values of those samples may reflect 

a different hydrothermal event. 

7.2.4.3Galena 

Eight galena samples from the main-ore stage of the carbonate-replacement ore body and 

two samples from the vein ore body of the Belo Brdo deposit occupy a narrow range between 3.1 

and 4.1 %o, with an average of 3.5%o (Figure 7.2D). Those values do not differ from S34S values of 

galena in the Rudnitza porphyry, which range from 3.1 to 3.8%o, and are close to a value obtained 

from one galena sample of Karadak vein (4.6%o). Slightly lower 834S values are observed in galena 

from the skarn deposit (0.6 - 2.596o). 

In summary, the data presented above indicate relatively homogeneous sulphur compositions 

and the similarity of the 634S values from all four localities is consistent with a relatively uniform 

igneous source, with sulphur derived directly by magmas or by the remobilisation of sulphur from 

igneous rocks (Ohmoto and Rye 1979; Ohmoto and Goldhaber, 1997). The absence of isotopically 

heavy S34S, which is a characteristic of evaporitic sequences or seawater found in many MVT 

deposits, rules out evaporites as the potential source for sulphur in the studied deposits. The slightly 

heavier S34S values from carbonate breccias and late stage veins may suggest that some of the 

sulphur may have derived from Cretaceous sedimentary rocks. 

7.2.4.4 Summary 

In summary, the data presented above suggests a fairly uniform sulphur isotope composition 

of sulphides (average -4.4%o) and coexisting H2S in fluids (average 4.7%o for Belo Brdo and 3.89Go 

for Karavansalija), consistent with a magmatic sulphur source. The data compare well with the 

Cmac Pb-Zn vein-type deposits (834S pyrite= 0.32 - 3.11 %o; 834S galena=0.42 - 3.05%o; and 834S 

sphalerite = 2.89 - 5.92%o), and Trepca (S34S galena=0.. 9 t 2.3%o; chalcopyrite= 2.9960; 

pytrhotite=3.1 ± 0.8%0; sphalerite=3.7 ± 1.6; and pyrite 4.2 ± 2.8960) in Kosovo, as well as with 

epithermal precious-metal, porphyry and skarn deposits within the Alpine-Balkan-Carpathian- 

Dinaride region (Vityk et al., 1994; Lexa et al., 1999; Alderton and Fallick, 2000; Melfos et al., 

2002; Kodera et al., 2005). 

7.2.5 Sulphur isotope geotbernwmetry 

Equilibrium sulphur isotope fractionation between coexisting sulphide minerals is strongly 

temperature-dependent and decreases with increasing temperature (Ohmoto and Goldhaber, 1997). 

It also depends on relative metal-sulphide bond strengths (Sakai, 1968; Bachiniski, 1969). 
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Thermodynamic considerations (Sakai, 1968) and experimental data (Kajiwara and Krouse, 1971; 

Grootenboer and Schwarcz, 1969) imply that under equilibrium conditions, and at a given 

temperature, the heavier isotope will be enriched in minerals with stronger sulphur bonds, so that 

the order of 34S enrichment in the sulphide minerals of the, for instance, Cu-Zn-Pb-Fe system 

would be pyrite>sphalerite>chalcopyrite>galena. 
From a total of 38 sulphide separates (20 pyrites, 10 galenas and 8 sphalerites) from the Belo 

Brdo deposit, seven coexisting sphalerite-galena pairs indicated a possible precipitation under 

equilibrium conditions, based on the relation S34Sgaie, a < 834SSphae; te (Ohmoto, 1986) (Table 7.1). 

The differences in 534SSp,,, U;, e - 534S ,,, between the coexisting sulphide pairs are between 0.9 and 

2.5%o, with an average of 1.4796o, yielding formational temperatures between 609°C and 251°C, 

with an average of 437°C. Additional geothermometry was carried out on the same samples using 

pyrite-galena pairs (Ohmoto and Rye, 1979), which revealed poor isotopic fractionation (6 SPyr to - 
834SSaL W? 0.6 < 2) resulting in variable and unrealistically high temperatures (up tol200°C). It is 

well established that pyrite-galena pairs are often not the best suitable geothermometers (Hoefs, 

2009). This is the case in Belo Brdo, where several generations of pyrite exist, indicating 

precipitation over much larger intervals than galena, suggesting that these two minerals were not 

contemporaneous. 
Five sphalerite-galena pairs from the main-ore stage of the Belo Brdo deposit yielded much 

higher temperatures of between 388 and 609°C, indicating that sulphide pairs were not in 

equilibrium. They are higher than homogenisation temperatures obtained by fluid inclusion study 

of quartz (216 -251°C), which however, was not strictly contemporaneous with sulphide minerals. 

Furthermore, the sulphur isotope temperatures are higher than those obtained by arsenopyrite 

geothermometry (311 -348°C, average 330°C) and sphalerite geothermometry (290 -350°C, 

average 320°C) from the same paragenetic stage. The closest to those formation temperatures is the 

sulphur isotope temperature of 388°C, which is -40°C higher than the maximum temperatures 

obtained by arsenopyrite and sphalerite geothermometers and the maximum homogenisation 

temperature obtained by fluid inclusion study of quartz from the main-ore stage. 

One sphalerite-galena pair from the syn- to late- ore stage breccia separated from sample 

180-ID yielded a temperature of 256°C, which is close to the average homogenisation temperature 

of 218°C obtained from the quartz in the same sample. 

The sphalerite-galena pair from the vein ore body of the Belo Brdo deposit yielded 388°C. 

Unfortunately no microthermometric data could be collected from this ore body, so no 

homogenisation temperatures are available for comparison with stable isotope geothermometry 

results. However, several points of evidence suggest that the temperatures of ore formation in vein 

ore body were lower than 388°C and those from the replacement-type ore body, such as: numerous 

monophase fluid. inclusions in late stage barite; presence of stibnite; lower concentrations of FeS in 

sphalerite and lower atomic% of As in arsenopyrite. 
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Most of the calculated temperatures presented above suggest an absence of isotopic 

equilibrium or noncontemporaneous precipitation of the co-existing sulphides. This is further 

supported by the fact that the sulphur isotope values for pyrite, sphalerite and galena do not always 
follow a normal order of 634S enrichment for these minerals. Where all three sulphides have been 

analysed from the same mineral assemblage, the order of relative 634S enrichment is 

sphalerite>pyrite>galena, indicating that the sulphides were not in isotopic equilibrium with each 

other (Kajiwara and Krouse, 1971; Czamanske and Rye, 1974). 

As no sulphate minerals have been observed in the carbonate-replacement ore-body of the 

Belo Brdo deposit, a reduced, H2S dominated hydrothermal system can be inferred for the 

deposition of sulphides. The S; 'S values of sulphides deposited in an environment where H2S is 

presumed to be the main sulphur species in the fluid are generally close to the 534S values of the 

fluid (Ohmoto and Rye 1979). In this study, the 834S value of H2S in equilibrium with sulphides 

was calculated from the 6`4S value of sulphide minerals and the mineral-H2S fractionation factor of 
Ohmoto and Rye (1979) for pyrite and sphalerite, and of Li and Liu (2006) for galena. Assuming 

average formation temperatures of about 325°C for the main mineralising stage obtained from 

arsenopyrite and sphalerite geothermometry, and average homogenisation temperatures of 250°C 

and 218°C from quartz of syn- and late- ore stages respectively, the original 834S composition 

appears to be close to 4.7%o, which suggests a magmatic sulphur source (Table 7.1) (Ohmoto and 
Rye 1979; Field and Fifarek 1985). 

Pyrite-galena pairs from three samples collected from the Karavansalija skarn deposit yielded 

more uniform temperatures compared to Belo Brdo. The results of sulphur isotope geothermometry 

indicate formation temperatures between 287 -453°C with an average of 360°C. Those 

temperatures compare well to preliminary homogenisation temperatures of fluid inclusions 

obtained from quartz. The calculated SAS value of H2S in equilibrium with sulphides is 3.8%0, 

utilising the average homogenisation temperature of fluid inclusions (316°C) for most samples and 

the average sulphur isotope temperature (360°C) for one sample, in which the homogenisation 

temperatures resulted in the highest values (286-402°C). 

No sulphide pairs were collected from the Rudnitza porphyry deposit and only one sphalerite- 

galena pair was analysed from the nearby Karadak Pb-Zn vein. The formation temperature of 

388°C far exceeds that obtained from a reconnaissance study of 16 fluid inclusions from quartz co- 

existing with sulphides in this sample. The homogenisation temperatures of aqueous fluid 

inclusions range from 220 -273°C with an average temperature of 230°C. Such temperatures are 

typical for epithermal vein deposits related to porphyry systems. 
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7.3 Oxygen and Carbon Isotope Geochemistry of carbonate phases 

7.3.1 Introduction and objectives 

The study of the isotopic composition of carbonates including carbon (8 13C) and oxygen 
(SI8O) isotopic covariation in carbonate generations can be used to obtain information about the 

nature of the carbon species dissolved in mineralising fluid(s) and the oxygen isotopic composition 

of fluid(s) involved in mineralisation processes (Zheng and Hoefs, 1993). In this study, the carbon 

and oxygen isotopic compositions of several carbonate generations from the Belo Brdo deposit 

were determined in order to constrain the isotopic signature and nature of the fluid(s) involved, as 

well as to recognise possible trends in fluid evolution. Additionally, the isotopic compositions of 

carbonates from Karavansalija skarn and Rudnitza porphyry were determined for comparative 
study. 

7.3.2 Sampling and Methods 

Carbon and oxygen isotope analyses of carbonates were performed on a total of 48 carbonate 

samples (36 dolomite and 12 calcite) from Belo Brdo (dolomite, n=34), Karavansalija (calcite, 

n=10) and Rudnitza (dolomite, n=2; calcite, n=2) localities. A summary of all samples analysed 

and the paragenetic setting of their generation is provided in Table 7.2. 

Monomineralic carbonate separates were obtained from hand specimens (Belo Brdo) and drill 

core samples (Karavansalija and Rudnitza). Carbonate samples were carefully selected in order to 

accurately constrain the paragenetic setting of each carbonate generation from the Belo Brdo 

deposit. They include the following: unaltered Cretaceous limestone host rock (di); recrystallised 

carbonates (d, -recryst); pre-ore listwanite and silicified carbonate breccia (d2); dolomite from the 

main-stage mineralisation (d3); the late-ore stage dolomites filling cavities (d4); crosscutting veins 

(d4-veins), as well as dolomites from the vein-type ore body (vein-BB) (Figure 7.3). Host rock was 

analysed proximal and distal to the Belo Brdo ore deposit in order to examine the isotopic effects 

of wall rock alteration. Note that the ore-stage dolomite (d3) only occurs in microscopic amounts 

and could not be sampled. However, syn-to late dolomite which appears to coexist with massive 

sulphide ore was sampled and assigned to the d3 generation. 

Calcite samples from the Karavansalija skarn were derived from drill cores and include 

weakly mineralised carbonates, as well as calcite coexisting with arsenopyrite ± pyrite ± Bi-Te 

mineral assemblage and calcite coexisting with a later pyrite f sphalerite ± galena assemblage. 

Calcite and dolomite from the Rudnitza porphyry deposit derived mainly from late stage calcite 

filling small cavities or coexisting with late-stage sphalerite-galena veinlets. 

Prior to isotopic analysis samples were cleaned from surface impurities using 10% HNO3 and 

deionised water. Carbonate powders were prepared in two ways. Cleaned fragments of non- 

mineralised host rocks were ground to powder with a mortar and pestle, whilst carbonates from ore 
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Table 7.2: C and 0 isotope data obtained from carbonates from three denn-it, in the ctiirly area 

Sample Description Carbonate S"C% 8110%. 
Generation (VPDB) (VS11OW) 

Belo Brdo (Pb-Zn * Ag carbonate-replacement and vein-type) 
LIM-1 Cretaceous fossiliferous limestone dl 2.66 27.65 
Z-3 Zeljin bedded limestone dl 2.86 25.43 
ZAP-I Massive limestone (adit) dl 3.48 26.08 
NZ-7 Non-min. recrystallised limestone - skarn dl-recryst 0.70 12.19 
105511 B(I) Non-min. dark grey carbonate breccia fragment dl-recryst 0.49 11.78 
1055_IC Weakly mineralised listwanite breccia (Ni-Co; Py) d2 -1.66 13.10 
1105_2B Weakly mineralised silicified carbonate breccia d2 -1.52 13.00 
1105 3B Weakly mineralised listwanite (Ni-Co; Py) d2 -0.07 11.83 
1155 2C Weakly mineralised listwanite (Cr-mica) d2 -3.48 12.44 
1055/IA White dolomite cement in hydrothermal breccia d2 -0.17 12.85 

1055/1 B TC White dolomite-hydrothermal breccia (Py, Cr-mica) d2 -1.92 13.54 
1055/28 Qtz-tourmaline breccia (Cr-mica) d2 -2.85 11.69 
1055/f2 Listwanite with coarse-grained pyrite (Cr-mica) d2 -1.76 13.82 
1055_4A Syn-to late-ore stage white-creamy dolomite d3 0.69 11.47 
1055_8 Syn-to late-ore stage white-creamy dolomite d3 1.70 10.03 
1105/4 (1-2) Syn-to late-ore stage white-creamy dolomite d3 -0.52 12.31 
1105/40) Syn-to late-ore stage white-creamy dolomite d3 0.04 13.09 
1130/1 B Syn-to late-ore stage white-creamy dolomite d3 0.74 11.43 
1130/1 B (1) Syn-to late-ore stage white dolomite d3 -0.25 12.14 
1155/I B Syn-to late-ore stage yellow dolomite d3 1.30 12.14 
180/38 Syn-to late-ore stage white-creamy dolomite d3 -0.18 12.94 
1055_4D Late-stage cavity filling yellow dolomite d4 4.38 11.23 
1 105/H Late-stage cavity filling creamy-yellow dolomite d4 3.24 10.13 
180/1 D Late stage yellow dolomite d4 3.23 10.32 
1 105/H-2 Late-stage breccia cement d4 2.42 10.43 
1105/4 (2 d2) Creamy dolomite vein crosscutting main ore d4- veins -0.95 14.08 
1105/4 (2 dl) White dolomite vein crosscutting main ore d4- veins -1.56 13.89 
1105/6(1) White dolomite from quartz-dolomite vein d4- veins -4.41 13.62 

105_6 Creamy dolomite from quartz-dolomite vein d4- veins -4.31 13.05 
1235(2) Early dolomite in contact with andesite Vein ore body-early 

-2.68 9.58 
1235-5B-1-p White-creamy dolomite associated with early pyrite Vein ore body-early 0.88 11.11 
1235-5B-Is Creamy dolomite coexisting with stibnite Vein ore body 0.69 10.66 
1235-513(3) Late-stage white veinlets of dolomite Vein ore body-late 1.17 10.68 
1235-513(3-1) Late-stage yellow dolomite Vein ore body-late 4.14 9.60 
1235 7C Late-stage dolomite in contact with pyritc Vein ore body-late 5.05 10.16 
Rudnitza (Cu-Au porphyry) 
KU 103 Yellow dolomite associated with galena and sphalerite porph-vein -2.36 13,41 
KU 103 Late stage calcite vein porph-vein 2.06 14.4 
KU90 Vein, \cllow dolomite associated with galena porph-vein -2.43 18.24 
K1190-2 Vcin; late stage v. hite calcite porph-vein -0.28 18.11 
Karavansalija (Cu-Au t Pb-Zn skam) 
KU47 Late-stage calcite. sseakh mineralised (BH 06-19,33m) Late-skam -0.89 8.96 
KU41 Late stage calcite tilling cavity 9Bh 06-10,208m) Late-skarn 1.51 14.86 
KU50 Late calcite pods-non-mineralised skarn (BH 06-19,75m) Late-skarn -0.22 11.43 
KU 10 Calcite pods with Py+Cpy (BH 06-18,40m) sham -2.82 12.79 
KU31-1 Calcite associated with Sph+Gn (BH 08 31,432m) skarn -2.72 10.73 
KU6 Calcite pods with dissemin. Py+Cpy (BH 18.13m) skam -2.75 12.75 
KUI9 Calcite associated with Sph+Gn (BH 06- 11,24m) skam-vein -3.73 6.60 
KU25 Calcite pods with dissemin Py, Apy; Bi-Te (BH 20,224m) Syn-skarn 

-4.01 10.14 
KU07-24-3 Calcite associated with Sph+Gn (BH 07-24,330m) Syn-skarn 

-2.78 9.89 

samples were collected with a tungsten carbide drill-bit attached to the DremelTM drilling tool to 

exclude contamination by sulphide minerals and mixing of different carbonate generations. 

Oxygen and carbon isotope analyses were carried out at SUERC on an Analytical Precision 

automated AP 2003 continuous mass spectrometer, equipped with a fully automated sample 

preparation and sample processing unit. The sample powders (-2mg) were placed in 6 ml 

vacutainers, then sealed and loaded onto the autosampling unit. Sequentially, each sample tube was 
flushed by Helium, and then injected with 100% H3PO4 under at 70 °C (McCrea, 1950; Rosenbaum 

and Sheppard, 1986). The duration of the reaction was overnight for dolomites and 20 min for 

calcite samples. Removal of water vapour and purification of the CO2 for subsequent analysis on 

the mass spectrometers, takes place in sample processor. Precision (lß) based on replicate analysis 
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of the SUERC Iahoratorý standard (marble. \t. \E3-2: 6'1'C=2.4%o and 6"'0= -2.4%o) %N as 0.02%o for 

6''C and 0.03%o for 6180 during this stud. Analytical ra\% data \%ere corrected using standard 

procedures (Craig. 1957). Fhe ox\gen isotope data for dolomite as corrected using the 

fractionation factor given hý Rosenbaum and Sheppard (1986). The carbon isotope data are 

reported relati\e to V-PIM3 (Vienna Pee the Reletnnite) \khereas the oxygen isotope data are 

relative to V-SMO (Standard Mean Ocean Water). 

'. 3.3 Results: Carbon und u. t_º"gen i%otope data of carbonates 

(arhon and ox gen isotopic results obtained on all analysed carbonates are listed in Table 7.2. 

The %ariation of the S'RO and ti"C %alues is shoN%n in Figure 7.3. Carbon and oxygen isotopic 

signatures of carbonates are also presented in the form of stacked histograms in Figure 7.4. Based 

on textural and compositional characteristics. se%eral generations of carbonates from Belo Brdo 

%%ere analýscd. Three non-mineralised samples of host rock Cretaceous limestones (d, ). txNo of 

Hhich %%ere collected 5 km from the Belo Brdo deposit and one from the entrance to the mine. 

have v-en similar C and O isotope compositions. Their 6''C %alues van from 2.7 to 33.5%o and VO 

from 25.4 to 27.7%o. \ºhich correspond \%ell to the \\orld-\%ide Cretaceous marine carbonate values 

(Veiter and Ilowfs. 1976. \'arquer et. al.. 1998). 
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In contrast. all other carbonate generations including recr\ stallised limestones (d, -rechst). 

%%eakly mineralised carbonates (d"), mineralised dolomites and ankerites (d; ). late stage dolomites 

and'cins (d, ). as %%ell as dolomites from Belo l3rdo \ein-type ore hody sho%N a considerable shift to 

lighter 0 isotopic %alues. Calcite samples from skarn and porph\ r\ deposits also exhibit a similar 

shift to lighter 0 isotopic %alues (Figure 7.3). 

The 6"C values of the hýdmthermal dolomites from the Belo Brdo deposit cover a relativ, el\ 

aide range between -4.4 and 5.1%o \%ith an a\erage of 0.1 ±0.8%o (Figure 7.4A). The large spread 

of data (n= 32: IQ =2.4960) reflects \ariable carbon signatures from different carbonate generations. 

The S1M0 %alues display a smaller range. het\\een 9.6 and 14%o. \\ ith an a\ erage ý alue of 

12.1±0.5%o (Figure 7.4C). 

The pre-ore carhonale generation (d,: n=8) is represented h\ dolomites of wweakl\ mineralised 

Iismanites. silicified carbonate hreccias and hydrothermal dolomites from quartz-tourmaline 

breccias. This population exhibits depleted ti' ;C 'aloes ranging from to -0.1 %o. \\ ith an 

average -I. 7±O. 8%0. They %--cakh o%erlap %%ith d''C'salues of calcite coexisting v. ith sphalerite t 

galena = chalcopyrite mineral assemblage of Kara\ansalija skarn deposit and chalcopvrite in 

porph\rn deposits 1 Figure 7.413). The lo\ºest 6' (Values observed in this population might reflect 
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some input of magmatic carbon, whose value of 813C _ 596o has been identified as an isotope 

signature for the mantle (carbonatite and kimberlite carbonates, diamonds, and volcanic CO2 

exhalations) (Deines 2002, and references therein). The 518O%o values of d2 carbonates show a 

narrow range from 11.7 to 13.8960 with an average of 12.8±0.6%o (Figure 7.4C). 

The syn- to late-ore carbonate generation (d3; n=8) include dolomites coexisting with 

sulphides of the main mineralisation stage. This group exhibits heavier C signatures then the pre- 

ore stage carbonates, with 813C values ranging from -0.5 to +1.7%o and an average of +0.5± 0.4%o. 

The &13C signatures of this group overlap the S'3C signatures of calcite coexisting with the late- 

stage pyrite ± sphalerite ± galena assemblage from the porphyry and skarn deposits (Figure 7.4B). 

The 8180960 values of the carbonates from this group show again a narrow range from 10 to 13%o 

with an average 12+0.7960 (Figure 7.4C). 

The post-ore carbonate generation is represented by the late-stage dolomites infil ling cavities 

and open voids (d4; n=4) as well as late stage quartz-carbonate veins (d4-veins; n=4). The d4 

carbonates are characterised by the heaviest 813C values, which range from 2.4 to 4.4%o with an 

average of 3.3±0.496o. Their 818O%o values show very narrow range from 10 to 11960 with a mean 

value of 10.5±0.296o. Late-stage quartz-dolomite veins are characterised by the most depleted S13C 

signatures ranging from -4.4 to -0.95%o with an average of -2.8%o. Here, two groups of 813C values 

can be distinguished. The older veins, which crosscut the massive sulphide ore, are characterised 

by heavier C isotopic signatures (-1.56 to -0.95%o), whereas the youngest quartz-carbonate-pyrite 

veins crosscutting all lithologies, are characterised by most depleted C isotope values (-4.4%o). 

Such values overlap 813C values of calcite associated with arsenopyrite ± pyrite ± Bi-Te mineral 

assemblage of Karavansalija skarn mineralisation. 

The Belo Brdo vein-type ore body is characterised by two generations of carbonates. An 

earlier dolomite coexisting with sphalerite-galena-stibnite exhibits lighter carbon and oxygen 

isotopic signatures (S13C= -2.7 to +0.9%o; 818O%o = 9.6 - I196o), whilst the late stage dolomite 

shows heavier isotopic signatures (813C= 1.2 to 5.0960; 5180960 = 9.6 - 10.7%o), similar to those of 

the late-stage dolomites of the carbonate-replacement ore body. 

In summary, the Belo Brdo deposit exhibits a slightly wider range of S13C values compared to 

those of the skarn and porphyry deposits, whereas the oxygen isotope signatures show less 

variation. The data presented above show a general tendency toward decreasing 8180 and 

increasing S13C from pre-ore to post-ore stage carbonates of Belo Brdo (Figure 7.3), except for late- 

stage cross-cutting quartz-carbonate veins. Furthermore, carbonates with negative 6'3C values are 

characterised by increased iron and manganese contents (see Chapter 4). The lower 513C values 

possibly indicate a contribution of magmatic carbon, whereas the late-stage dolomite 813C values 

lie close to the field of marine limestones. Such variable 6'3C values could be attributed to the 

mixing of isotopically different waters or to the presence of various carbonate species derived from 

dissolution of host-rock carbonates (Velasco et. al., 2003). One possibility is the mixing of a deep 

fluid, having magmatic S13C signatures, with a fluid in equilibrium with marine limestones. 
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Alternatively, the observed variation could be the result of changes in pH, temperature and/or Jb2 

conditions, which control the isotopic composition of the fluids (Ohmoto, 1972). The decrease of 

crystallisation temperature might be likely cause of increase in the S13C values of younger 

carbonates (Maly and Dolnidek, 2005). This will be further tested in the following section. 

7.4 Oxygen and Hydrogen Isotope Geochemistry 

7.4.1 Introduction and objectives 

The hydrogen and oxygen isotope signature of hydrothermal fluids provides a powerful tool to 
trace the origin and evolution of the water involved in the formation of hydrothermal ore deposits 

(Taylor, 1979). This is because most natural fluid reservoirs exhibit characteristic SD and 8180 

signatures that allow fluids of different origin to be distinguished (i. e. magmatic, metamorphic, 

meteoric, ocean, and connate). Hydrogen and oxygen isotope studies of fluid inclusions and 

hydrous minerals have proved to be of particular importance in deciphering the origins and 

evolution of magmatic-hydrothermal deposits, such as porphyry copper and associated polymetallic 

and epithermal deposits (Taylor 1973; 1974; 1979; Sheppard and Taylor, 1974; White 1981; ONeil 

and Silberman 1974; Field and Fifarek 1985; Giggenbach, 1992; Rye 1993; Vennemann et 

al., 1993; Hedenquist et al., 1998). Modern interpretations suggest the involvement of multiple 

sources in the origin of mineralising fluids in the shallow crustal environment. They range from 

predominantly magmatic in the deeper porphyry setting to mixed magmatic-meteoric in the shallow 

epithermal environment Arribas 1995; Kouzmanov et al., 2003; Sillitoe and Hedenquist 2003; 

Heinrich 2005). 

The SD%o and 5180%o composition of hydrothermal fluids can be measured directly from 

fluids preserved in fluid inclusions, thus reflecting the true composition of the fluid at the time of 

entrapment in the mineral. Alternatively, it can be measured by analysis of the D/H and 0 isotopic 

composition of hydrous minerals (Ohmoto, 1986). The isotopic composition of hydrous minerals is 

affected by a temperature-dependent isotopic fractionation (Sheppard and Gilg, 1996). Hence the 

temperature of mineral formation is essential to obtain meaningful constraints on the isotopic 

signature of the fluid from which the mineral is precipitated. 

Hydrogen and oxygen isotope analyses were used in this study in an attempt to (i) determine 

the nature and origin of the fluid(s) responsible for Pb-Zn (Ag) ore formation at the Belo Brdo Pb- 

Zn (Ag) deposit (ii) to quantify the potential mixing processes between fluids of magmatic and 

meteoric origin, and (iii) compare the 0 and H isotopic signatures of the Belo Brdo mineralising 

fluids with the other deposits in the area. Furthermore, oxygen isotope data derived from different 

generations of quartz from the Belo Brdo deposit would provide data to constrain the sources of 

oxygen responsible for the mineralisation. 
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7.4.2 Sampling and Methods 

No previous stable isotope data exist for the Belo Brdo Pb-Zn (Ag), the Karavansalija Cu-Au 

skarn and the Rudnitza Cu-Au porphyry deposits considered here. A total of 46 oxygen isotopic 

analyses were conducted on mineral separates (quartz and hydrous minerals) and 7 on whole- rock 

powders during this study. Mineral separates analysed include quartz (n=31), sericite (n=3), 

tourmaline (n=1), garnet (n=3), epidote (n=1), biotite (n=4), hornblende (n=2) and magnetite (n=1). 

A total of 20 hydrogen isotope analyses were conducted on hydrous mineral separates (n=8), water 

contained in fluid inclusions in quartz (n=5) and whole-rock samples (n=7). Most of the minerals 

related to ore mineralisation were collected from the Belo Brdo deposit (n= 23), as the main focus 

of this study, whilst seven samples derived from skarn and four from porphyry deposits for 

comparison. 

Prior to analysis, minerals were collected by handpicking under a binocular microscope, 

followed by cleaning in doubly distilled water. Whole-rock powders were prepared by standard 

crushing and milling techniques to -100 meshes (150 microns size). All mineral separates and 

whole-rock samples were dried at 90°C for several hours prior to isotopic analysis. 

Water was extracted from 1-2g of quartz samples (n=4), containing mostly primary fluid 

inclusions. However, one sample from the skarn deposit contained almost as many secondary 

inclusions, so the SD value from the inclusions in this sample (KU 37) should be considered with 

care. Water was also extracted from 40 to 100 mg of hydrous minerals (sericite, biotite, 

hornblende, epidote and tourmaline), as well as from 100- 130 mg of whole rock powders. 

Hydrogen isotope compositions were determined using standard techniques (Donnelly et at., 2001) 

and a chromium reduction furnace to convert released H2O to 142. Prior to extraction of water, 

samples were placed into Pt crucibles in previously degassed reaction tubes and heated overnight at 

110°C to remove adsorbed surface water. Reaction tubes were placed on the hydrogen-line where 

water, released by heating at 220°C (or 500°C in case of fluid inclusion water) was trapped using 

liquid nitrogen and then acetone/dry-ice, purified by the removal of non-condensable gases. The 

condensable gases passed through a Cr furnace at 800°C and the water was reduced to hydrogen 

gas, which was pumped into a collector bottle. The yield was measured manometrically in a glass 

U-tube containing mercury prior to collected gas being passed to a mass spectrometer for D/H 

analysis. Hydrogen isotope ratios were determined by a V. G. Micromass 602D Isotope Ratio Mass 

Spectrometer. Replicate analyses of water standards with SDsMOW at 0.0960 (international standard 

V-SMOW), -I 89.7%o (international standard GISP) and -93.7%o (internal standard Lt-STD), gave a 

reproducibility of ±3%o. 

Oxygen isotopic composition of samples was determined by laser fluorination techniques 

following the Macaulay et al. (2000) modification of Sharp (1990). For 180/160 measurement, I 

mg of oxygen bearing sample was reacted with purified chlorine trifluoride reagent at high 

temperature using CO2 laser as a heat source to release oxygen. The reagent and other reaction 

products were then trapped using liquid nitrogen. The purified oxygen sample was then pumped 
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through an in-line mercury diffusion pump to a hot graphite rod where it was converted to C02- 

The yield of CO2 was measured by capacitance manometer before being passed to the V. G. PRISM 

III Mass Spectrometer, which uses a working standard bottle gas calibrated against MAB reference 

material. The precision and accuracy of the measurements was ±0.2960 (la), based on replicate 

analysis of the SES quartz internal standard, which gave values of 10.3 ± 0.2296o (la) during the 

course of the analyses. Oxygen and hydrogen isotope compositions are expressed relative to 

Vienna Standard Mean Ocean Water (V-SMOW) in per mil, as defined by Craig (1961). 

Calculations of the oxygen and hydrogen fluid compositions from measured mineral 6180 and 

SD data were carried out using the equation: 

1000 In a (. in-,, ) =A (106/T2) +B (Equation 7.2) 

where 1000 In a represents the per mil fractionation between a mineral and water (Taylor, 1997); T 

is temperature in Kelvin; A and B are experimentally determined constants appropriate to the 

minerals and to water at different temperatures. The sources for constants used in this study are 

listed in Table 7.3. 
Calculations of the isotope equilibrium temperatures for a difference in measured isotopic 

composition (AA_B) were carried out using the equations of Chacko et al. (1996) for quartz-sericite; 

Bottinga and Javoy (1975) for quartz-biotite and Zheng (1999) for quartz-dolomite. 

Table 7.3: Source of data for 0 and H mineral-water fractionation factors 

Fractionation Reference for 0 fractionation Reference for H fractionation 

quartz-water Matsuhisa et al. (1979) - 
sericite-water O'Neil and Taylor (1969) Suzuoki and Epstein (1976) 
epidote-water Zheng (1993) Chacko et at. (1999) 
tourmaline-water Zheng (1993) Kotzer et at. (1993) 
hornblende- 
water Zheng (1993) Not determined 
biotite-water Bottinga and Javoy (1973,1975) Suzuoki and Epstein (1976) 
garnet-water Zhen 1993 Not determined 

7.4.3 Results: Oxygen and hydrogen isotope data 

The measured values for oxygen and hydrogen isotopic compositions of mineral separates and 

whole- rock powder samples, together with the calculated values of fluid compositions (where 

possible) are listed in Table 7.4. Oxygen isotope compositions of mineral separates and whole- 

rock powder samples are also presented in Figure 7.5. 

7.4.3.1 Belo Brdo 

A total of 19 oxygen isotope analyses were conducted on quartz separates from various stages of 

the Belo Brdo mineralisation. Additionally, 3 sericite/Cr-mica samples (two from pre-ore stage and 
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Table 7.4: Oxygen and hydrogen isotope data from mineral separates and whole- rock samples from the 
Kopaonik district (n=53 oxygen analyses; n=20 hydrogen analyses) 

518 6D 
Sample No Description Mineral/ 

WR v-sMOw v-sMOw T °C Fluid Fluid 
"o) %o) 6I8O96u 61) 96o 

Belo Brdo Pb-Zn (A) deposit 
II 05/2A Pre-ore Qtz-Ser-Py alteration of andesite Ser 8.8 -85 420 (a) 7.7 -58 1 I05/2A Pre-ore Qtz-Py veins in andesite Qtz 11.6 420 (a) 7.9 
1055/T2 Pre-ore listwanite Qtz 13.1 300(b) 6.5 
1055/1A Pre-ore; Qtz-carbonate breccia Cr-mica 11.1 -89 420 (a) 10.0 -62 1055/1 A Pre-ore; Qtz-carbonate breccia Qtz 12.1 420 (a) 8.5 
1055/2B Pre-ore; Qtz -tourmaline breccia Tm 10.5 -62 450(b) 10.0 -38 
1055/2B Pre-ore; Qtz -tourmaline breccia Qtz 12.1 420 (a) 8.5 
BB-stwork Pre-ore quartz-pyrite stockwork; surface sample Qtz 11.9 
1130/1 B Main-ore stage Qtz 13.7 325 (c) 7.7 
155/l B Main-ore stage Qtz 13.7 325 (c) 7.7 

180/2A Main-ore stage Qtz 12.6 325 (c) 6.6 
180/3B Main-ore stage Cr-mica 9.3 

-87 325 (c) 6.5 -44 
I80/3B Main-ore stage Qtz 11.9 325 (c) 5.9 
1105/4 Syn-to late-ore stage Qtz 13.6 252 d) 4.8 
1105/H Syn-to late-ore breccia Qtz 13.3 250 (e) 4.4 
1099- Late- ore stage breccia Fl -Qtz 14.2 -93 220 (e) 3.7 -93 
180/1 D Late- ore stage breccia FI -Qtz 12.8 -96 220 (e) 2.3 -96 
BB/mel/dyke Late- ore; contact melange/dyke; surface sample Qtz 11.7 

1105/4 Post-ore veins crosscutting main ore Qtz 13.3 

1105/6-post Post-ore veins crosscutting listwanite Qtz 16.8 
BB/mel/vein Post-ore veins in melange; surface sample Qtz 16.4 
1235/56-I Vein ore body Qtz 17.3 

1235/76 Vein ore body Qtz 16.4 
Karavansalija Cu-Au skam 
KU07/24-3 Late stage Qtz ; Sph+Gn (PDMC 07-24,330m Qtz 2.4 341 (g) -3.1 
KU29 Skam; Apy, Py, Bi (PDMC 06-20,286m) Gm (Gr) 6.5 350-500 9-9.3 
KU29 Skam; Apy, Fly, Bi (PDMC 06-20,286m) Grn(And) 6.5 350-500 9-9.3 
KU31-1 Skam; Apy, Py, Bi (PDMC 08-31,433m) Grn (Gr) 7.3 350-500 9.8-10.1 

KU37 Late qtz ; Po ore (PDMC 06-10,114m) Fl -Qtz 5.7 -93 320 (e) -0.5 -93 
KU71/72 Late qtz; Apy. Py; Ni-Co (PDMC 06-07,284m) Ep 8.1 -89 320 (e) 7.9 -51 
Kll71/72 Late tz ;A', P: Ni-Co (PDMC 06-07,284m) Fl -Qtz 12.6 -93 320 (e) 6.4 -93 
Rudnitza Cu-Au porphyry 
KU81 Qtr-I'ý stockwork : Cpy (PDRC 06-07,308m) Qtz 8.6 

KU97 Late Qtz-Py/ sulphate (PDRC 06-04,289m) Qtz 11.1 
R3-Q Karadak Qtz from Pb-Zn vein: surface sample FI-Qtz 11.7 -88 235 (e) 2.0 -88 
RU-Q-(m nt) Qtz-mgnt stockwork; surface sample Qtz 8.8 

Whole-rock samples and mineral separates from fresh and mildly altered igneous rocks 
KU95 Andesite (PDRC 05-04,277m); Ito 5.6 510 (f) 7.8 
KU95 Andesite (PDRC 05-04,277m) Qtz 9.7 8.0 
KU95 Andesite (PDRC 05-04,277m) Bi 4.5 7.0 
KOP-I Dacite dyke; Ser, argillic Bi 6.0 -149 
KOP-1 Dacite dyke Ser, argillic Mt 2.9 
KOP-I Dacite dyke Ser, argillic Qtz 6.5 

KU45 Dacite dyke; Qtz-Ser; (PDMC 06-19,22 m) Ho -2.7 -104 
KU45 Dacite dyke; Qtz-Ser (PDMC 06-19,22 m) Bi 8.5 
KU45 Dacite dyke Qtz-Ser (PDMC 06-19,22 m) Qtz 9.6 
R3-A Fresh granodiorite Bi 4.4 -79 620(f) 6.9 49 
R3-A Fresh granodiorite Qtz 8.4 7.0 
NZ4-1 Andesitic pyroclastic rock Qtz 11.0 
1105/2A Q-Ser alteration in andesite WR 11.2 -82 
180/3C Qtz-Tm vein crosscutting andesite WR 10.1 -72 
105/3B Listwanite (Carbonate; Qtz, Cr-mica) WR 12.7 -92 

BB2 Andesite -mildly chloritised WR 6.3 -97 
1235/1 Andesite-mildly silicified WR 8.9 -88 
K8 Q-latite dyke chloritised WR 5.3 -90 
KU/08/32-I Q-latite mildly silicified WR 8.0 -84 
Temperatures: (a) AQ, z_M�S: (b) Gersdorffite geothermometry: (c) average temperature from sphalerite and arsenopyrite 
geothermometry: (d) DQ, z_n io, �;, e; (e) average homogenisation temperatures: 
(0 AQ, z-B; o,;, e; note: garnet temperatures adopted from literature (Einaudi et al., 1981 ); (g) 0P, -Galena 
Abbreviations: Qtz°quartz; Ser=sericite: Tm=tourmaline; Py=pyrite; Apy=arsenopyrite; Bi=biotite; Ho=hornblende; 
Ep=epidote; Mt=magnetite; Grn=garnet (Gr-grossular; And=andradite); FI-Qtz= water from fluid inclusions in quartz; 
WR= whole- rock 
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one from main-ore stage) and I tourmaline sample (pre-ore stage) were analysed. A total of 6 

hydrogen isotope compositions . %ere determined from sericite/Cr-mica and tourmaline (n=4) and 
from two samples of \%ater contained in fluid inclusions in quartz from late- ore stage of the Belo 

Brdo mineralisation. 

Quartz samples from carbonate replacement type of mineralisation of Belo Brdo shove a 

narro%k range of PO %alues from 11.6 to 14.2%o (Figure 7.5A). A slight increase in 6180 values 

are observed from the »re-ore stage (1 I. 6 to 13.1 %o) through the main-orre sage (1 1.9-13.7%o) to 

the . sin- to lute-ore stage (1 1.7 to I4.2%o). Quartz samples from quartz-carbonate veins 

crosscutting the replacement type mineralisation. as Nell as from the vein-type ore body exhibit the 

highest 618O values (16.4 to I7. %o) (Figure 7.5A). The 61x0 values of the pre-ore stage and an 

8o EE-pre ore Q 

 EEMainore 7 

F  BB Syn-to late 

5  BB-Past snd Vern-body 

40 Ctz-porphyrý 

S 
LL a Q. ̂ . t: -sksm 

:; o m . . 123455 ß'. J.,. _1 415. 

t' ý :. sucht ) 

B 
CO Q QSencite, Or-mica 

o  Tourmaline 

0 QEpidote 

00 " Garnet 

" Bi otite 

  Hornblende 

A %4agnetite 
- 

.+f. ff Listwanite: Qtz-Tm alt 

f Igneous mildly altered 

-5 05ý. 
=ýc 

Figure 7.5: Stacked histogram showing distribution of ö'RO values of quartz from 
different settings (A) and o'"O values of other mineral separates and hole- rocks (B) 
N%ithin the studs area. 

earl. main-ore stage overlap %%ith hydrothermal quartz values obtained from a quartz-sulphide 

Karadak vein nearby the Rudnitza porphyrN deposit (11.7%o) and with quartz associated with Ni- 

Co mineralisation in silicified breccias from the Karavansalija skarn deposit (12.6%o). They also 

overlap "ith n'80 \alues obtained from quartz in andesitic pyroclastic rocks and with 00 values 
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obtained from the whole- rock samples of hydrothermally altered andesites (quartz-sericite and 

quartz-tourmaline alteration). 

One sample of tourmaline from quartz-tourmaline breccia yields 10.1%0, whereas sericite from 

an early sericitic alteration of host andesite has a S'80 value of 8.8960 and Cr-mica in quartz- 

carbonate breccia 11.196o (Figure 7.5B). The difference in ö180 between the sericite in andesite and 

the Cr- mica from hydrothermal quartz-carbonate breccias could be caused by impurity of 

isotopically heavier quartz and carbonates as they form a fine intergrowth with the Cr-mica. One 

Cr-mica sample from the main-ore stage yields 9.3%o, which is close to the value of fine grained 

sericite from an early quartz-sericite alteration of andesites. 

The hydrogen isotope composition of tourmaline is -62%o. The SD values of sericite and Cr- 

micas lie in a narrow range between -85 and -89%o and are identical within analytical error. The SD 

values of the two water samples extracted from fluid inclusions in late stage quartz are -93 and - 
96%o, which are also identical within error. 

7.4.3.2 Karavansalija and Rudniiza 

A preliminary oxygen isotope study carried out on mineral separates from the skarn and 

porphyry mineralisation revealed positive 8'80 values for the individual minerals, as seen in the 

Belo Brdo deposit. However, variability in the 8180 values of quartz from the skarn deposit is much 

higher than those in Belo Brdo and the porphyry (Figure 7.5 A). The ö180 values of quartz from 

skarn mineralisation range from 2.4 to 12.6 %o (Figure 7.5 A), whereas those in the porphyry range 

from 8.6 to I I. 7%o. The S'aO values of garnets from an early stage of skarn mineralisation show a 

narrow range from 6.5 to 7.3%o. The 6180 value of one epidote sample has 8.1960 (Figure 7.5B). 

The wide range of oxygen isotope compositions of quartz in the skarn reflects a different 

paragenetic setting. Quartz associated with epidote and Ni-Co mineralisation from silicified 

breccia has highest S18O values (12.696o), whereas quartz related to late stage sphalerite and galena 

mineralisation exhibits lowest &8O values (2.4 -5.7 8180%o). 

The S'RO values of two samples of quartz from quartz-magnetite and quartz-pyrite- 

chalcopyrite stockwork mineralisation in Rudnitza porphyry deposit are 8.896o and 8.6%o 

respectively. They overlap with the 6'80 value of quartz from fresh granodiorite (Figure 7. SA). 

Late stage quartz associated with a Pb-Zn vein crosscutting the porphyry mineralisation as well as 

from the Karadak Pb-Zn vein deposit show higher S'80 values of 11.1 %o and 11.7960 respectively. 

The latter are close to those values of quartz from the early to main stage of Belo Brdo 

mineralisation. 
Hydrogen isotopic compositions of water extracted from fluid inclusions in two samples of 

late stage quartz from skarn mineralisation gave the same values of -93%0, which are identical to 

those of the Belo Brdo deposit (Table 7.4). The SD value of water from fluid inclusions in quartz 
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from the Karadak Pb-Zn vein deposit is -88%o. The SD value of epidote also lies within the same 

range (-89%o ). 

7.4.3.3 The whole-rock data 

Oxygen and hydrogen isotope ratios have been determined for seven whole- rock samples of 

variabl% altered wall rocks, ranging from mildly altered andesite and quartz-latite to pervasively 

sericitised andesite and listvºanite, as well as for three mineral separates (biotite and hornblende). 

Additional oxygen isotope compositions were determined for nine mineral separates, including 

quartz, biotite, hornblende and magnetite from unaltered granodiorite and mildly altered volcanic 

rocks (Figure 7.5 B). Whole-rock samples were analysed with a view to determine their oxygen 

and hydrogen isotope compositions and the possible origins and thermal conditions of 

hydrothermal fluids associated with their formation. 

The 6'RO values of whole-rock samples of unaltered to mildly altered volcanic rocks range 

from 6.3 to 8.9%o. with an average of 7.1±1.6960, which is typical of calc-alkaline igneous rocks 

elsewhere (Taylor and Sheppard, 1986). The whole-rock samples from hydrothermally altered host 

rocks have different S'RO values, depending on the type of alteration. Higher 5180 values relative to 

unaltered igneous rocks are found in wall rocks affected by quartz-tourmaline (10.1960), quartz- 

sericite (11.2 %o) and listwanite alteration (12.7%o. ), whereas chloritised quartz-latite is 

characterised by a lower S'gO value (5.3%o) relative to unaltered volcanic rocks. 

The oxygen isotope composition of individual minerals have a relatively wide range 5180 

values 4.4 to 8.5%o for biotite and -2.7 to 5.6%o for hornblende and relatively narrow range from 

6.5 to 11.6%o for quartz. Biotite from two relatively fresh rocks (granodiorite and andesite) yields 

oxygen isotope compositions of 4.4 and 4.596o, which are in agreement with oxygen isotope values 

of biotite in granitic systems elsewhere (Taylor, 1974). Two biotite samples from dacite dykes 

affected by sericitic and argillic alteration yield much higher 8'80 values of 6%o and 8.5960. The 

latter need to be assessed with care, as it is unusually high. Such an increase in the 8'80 value of 

biotite compared to unaltered igneous biotite probably reflects its replacement by sericite or its 

hydrothermal origin. One sample of hornblende from altered dacite show depletion in 818 (-2.7%o) 

compared to hornblende from fresh granodiorite (5.6%o). 

The SD values of whole-rock samples show a relatively narrow range of -72 to -97%o. The 

exceptions are biotite and hornblende from two samples of argillically altered dacites, exhibiting 

SD-depleted values (-145%o and -109%o respectively) compared to biotite from fresh granodiorite 

sample (-79%o) and to those reported elsewhere from porphyry copper deposits. This isotopic 

depletion suggests involvement of meteoric water (Sheppard and Taylor 1974; Taylor, 1992). 

However the data presented here are too few to draw any certain conclusions. 
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7.4.4 Isotopic compositions and source of the hydrothermal fluids related to mineralisation 

The ox\gen and Ii\drogen isotope composition of the fluid in equilibrium with the fresh 

granodiorite. as \\ell as fluids responsible for the mineralisation during early and late stages of the 

carbonate-replacement-type of the Belo Brdo deposit have been calculated to constrain the most 

Iikel, fluid sources (Figure 7.6). Additionally, 0 and H isotope composition of fluids from four 

samples collected from skarn and porph\ r\-xein deposits have been calculated for comparison. 
Calculated ox\gen isotopic compositions of ýtiater in equilibrium with quartz and biotite from 

granodiorite at 610°C is consistent ýNith magmatic NNater (ö' 0=6.9-7.0%0: 6D=-49%o for biotite). 

The oxygen isotope composition of \\ater in equilibrium with quartz, biotite and hornblende from 

andesite at 1 0°C is also in agreement Ný ith a magmatic origin (8180=7-8%o). 
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Figure 7.6: Plot of ti'"O versus 6D for calculated eater in isotopic equilibrium with biofite (from 

oranodiorite) and alteration minerals (tourmaline. sericite and epidote), as well as in fluid inclusions. The 

composition of water dissolved in felsic melts is based on Taylor (1992) volcanic vapour from Giggenbach 
(1992) and I ledenquist and Lowenstern (1994). Fields for Kuroko-type and MVT deposits (Ohmoto. 1986) 
are also plotted tor comparison. 

In Belo Brdo. the fractionation between co-existing quartz and sericite during an early stage of 

quartz-sericite alteration of andesite is 2.8%o. and corresponds to an equilibrium temperature of 

420°C u sin__ the tra1: ti(Onati0n factors of Chaclko, et al. ( 1996) fier quartz and muscovite. A fluid 

162 



,. Stable Isotope Geochemistry 

inclusion studs as not carried out on minerals from the pre-ore stage of the Belo Brdo 

mineralisation. as no suitable quartz sample could be identified, whilst the high density of 

carbonate fracturing in lismanite lead to a lack of presenation of inclusions. Additionall}, oxygen 

isotope fractionations among minerals in an earls quartz-tourmaline-carbonate breccias were verti 

loH (or e%en negati%e between quartz-dolomite pairs). indicating that no isotope equilibrium was 

achie%ed between the minerals. Therefore the use of quartz-dolomite and quartz-tourmaline pairs 

for geothermometry of earl) stages of the Belo Brdo mineralisation was not appropriate, resulting 

in unreasonabh high temperatures. Instead, independent temperature estimates were obtained using 

gersdortlite geothermometn (between 300°C and 450°C). as well as the quartz-sericite (AQt, 
_,,,,, G°) 

geothermometn . 
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Figure 7.7: Distribution of the calculated 5180 %alues for %%ater in equilibrium with different ore and gangue 
m incral, in Belo Brdo. Kara%ansalija and Rudnitza deposits. 

The calculated ox gcn isotopic signatures of fluids in equilibrium mth pre-ore stage quartz, 

sericite and tourmaline haue %alues hemeen 5.9960 and 10%o (%%ith an average cif 8.4%o) for oxygen 

and txtHecn -38 and -62%o for h%drogen. , %hich are consistent ý%ith magmatic \\aters (Taylor, 

1992 

Applying an aNcrage temperature of ; 25°ß' tiºr the main-mineralisation stage, the calculated 

6 %alueti are in the range 5.9 to 7.796o. and calculated 61),,,, Aalur from one sample of Cr- 

mica is -44%-. l hey are consistent \%ith magmatic \\aters (Ohnºto, 1986). 

Sin-to late stage mineralisation is characterised by a decrease in the Ovgen and hydrogen 

isotopic composition of \%ater. Appk ing temperatures obtained h) quartz-do lomite isotope 

geothcrmomctr (2522`) and a%crage homu`_eniatiun temperatures (2 O. the Calcul, lted 

\alues range from 4.9 to 2.: %o. Fhe 61) \alues of -93%o and -96%o measured in fluid- 

inclusion Naters from t%so samples are depleted \%hen compared to fluids in\olved in the earl} and 

main ore stages of carbonate-replacenment mineralisation of llelo Brdu (Figure 7.6). The calculated 

PO,,,, \alues from the same . ample,, are al>o depleted (2.3 and 3.7%o), \"Ilen compared to earlier 

mineral stages. indicating in' of ement of meteoric \%aters. Generally, the calculated ox gen 

isotope temperatures from Belo 13rdo sho a general decrease from an early, quartz-sericitc-pyrite 
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stage assemblage (320°C) to the late, quartz-carbonate assemblage (250°C). which is also marked 
bý decrease of 5"0 values of hydrothermal fluid (Figure 7.7). 

Oxygen isotope temperatures could not be calculated from an early skarn mineral assemblage, 

as no suitable mineral pairs could be collected. Instead, garnet crystallisation temperatures between 

350 and 550"C %%ere adopted from literature (Einaudi et al., 1981). For this temperature range, 

calculated 6"0 values of H, O in equilibrium with garnet are in range from 9.0 to 10.1 %o. The 

oxygen isotope data are consistent with a predominantly magmatic source of the early skarn- 
forming fluids. In contrast, calculated ö'80 values of fluid in equilibrium with the late-stage quartz 

cogenetic with sphalerite and galena, have depleted values (-0.5 to -3.896o) (Figure 7.7), suggesting 

the involvement of loH 6180 meteoric water in the system at this stage. 

The calculated S'RO values of a fluid involved in early stages of the Belo Brdo mineralisation 

overlap those of %%hole-rock and early skarn mineralisation, whereas the isotope composition of 
later fluids compare Nell to the hydrothermal fluid responsible for the epithermal-type Karadak Pb- 

Zn deposit. The largest shift in oxygen values is observed in late stage skarn mineralisation 

(Figures 7.6 and 7.7) indicating a strong influence of meteoric waters. 

7.5 Summary and conclusions 

The conclusions dran from the stable isotope study are summarised below: 

" The &"S values of sulphides (pyrite, sphalerite and galena) from four different deposit 

types in the Kopaonik region cover a narrow range between 1.8 and 6.9%o V-CDT. The data 

suggests an uniform sulphur isotope composition of sulphides (average -4.4%o) and coexisting H2S 

in fluids (average 4.7%o for Belo Brdo and 3.896o for the Karavansalija skarn). The data compares 

well with the Pb-Zn skarnlreplacement type of Trepca and polymetallic vein deposit of Crnac in the 

Western Vardar Ophiolite Zone and is consistent with a magmatic sulphur source for all deposits. 

" The absence of isotopically heavy S. which is a characteristic of evaporitic sequences or 

seawater found in many MVT deposits, rules out evaporites as the potential source for sulphur in 

the studied deposits. 

" The carbon and oxygen isotopic compositions of several carbonate generations from the 
is 

Belo Brdo deposit show general tendency toward decreasing SO and increasing S"C from pre-ore 

to past-ore stage carbonates of Belo Brdo. Gangue carbonates are depleted in both 8180 (6.6 to 18 

%o) and S"C (2 to -4.4 %o) compared with Cretaceous limestones, suggesting the influx of an 

external magmatic fluid. 

" Calculated isotope compositions of 8180 (5.9 to 10 96o SMOW) and 8D (- 38 to - 62 %o 

SMOW) for waters in equilibrium with sericite and tourmaline of pre-mineralisation stage are 

consistent with the ore fluids being derived from the magmatic source, as are the calculated 

%alues of the main-ore stage (5.9 to 7.796o). 
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" Isotopic compositions of the fluid associated with the syn- to late- stage of the Belo Brdo 

mineralisation have isotopic characteristics that define a trend with an apparent decrease of 6 180 

and 6D calculated %alues (6 180 = 4.8 to 2.3 %o and 8D= -93 to -96 %o), indicating an involvement 

of more dilute. Ion-temperature meteoric hydrothermal fluids. 

"A hen different stages of the e\olution of the Belo Brdo deposit are compared, the 

calculated o\>gen isotope temperatures shoe a general decrease from the early stage assemblage 

(420°C) to the late quartz-carKinate assemblage (250°C). which is also marked by a decrease of 

8"0 values of hydrothermal fluid. This means that cooling by mixing of hotter, magmatic fluid 

with cold meteoric water is a predominant process responsible for sulphide precipitation. 
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CHAPTER 8: 

STRONTIUM AND LEAD RADIOGENIC ISOTOPE GEOCHEMISTRY 

8.1 Strontium Isotope Geochemistry 

8. LI Introduction and objectives 

Strontium isotopes are an important tool in the study of mineral deposits and are used in a 

wide range of applications, including characterisation of the original isotopic composition of the 

fluid, tracing the chemical and isotopic evolution of the mineralising fluids, defining possible 

sources of Sr and in the geochronological dating using the Rb-Sr system. Natural strontium varies 
in its isotope composition due to the radioactive decay of 8'Rb to 87Sr with a half-life of 48.8 x 106 

years (Faure. 1986, Faure and Mensing, 2005). The natural variation in the ratio between 

radiogenic "'Sr and stable 'Sr (used as a reference isotope whose abundance remains unchanged 

with time) is derived from the radioactive decay of 8'Rb to 87Sr. As a result of differing Rb/Sr 

ratios over time, the $'Sr/&Sr ratio in rocks will depend on their age and composition, while in 

carbonate minerals the 'Sr Sr ratio will reflect the isotopic composition of water from which they 

precipitated (Faure and Mensing, 2005). Sr closely mimics the behaviour of Ca, for example 

substituting for Ca'' in the lattices of minerals. Because of this, Sr isotope ratios are useful to trace 

Ca sources. Carbonates have very low Rb/Sr ratios and their 87Sr/86Sr ratios do not change 

significantly with time as a result of radioactive decay (Faure, 1998). Therefore the 87Sr/86Sr ratio 

will remain approximately constant over geological time, as long as they are not altered by 

subsequent metasomatic processes. For this reason, 8'Sr/86 Sr ratios of carbonate minerals in this 

study have been used to infer the Sr-isotope signatures of the hydrothermal fluids from which the 

carbonates precipitated. Furthermore, the 97Sr/86Sr ratios of different country rocks have been 

determined in order to identify the nature of the sources contributing Sr to the ore deposits. 

Sr isotopes in the Belo Brdo and nearby base metal deposits have never previously been 

investigated. This study presents the first strontium isotope compositions of hydrothermal 

carbonates from three deposits in the Kopaonik metallogenic district including Belo Brdo, Rudnitza 

and Karavansalija. 

8.1.2 Sampling and analytical techniques 

Sr isotopic ratios have been determined on ten whole-rock samples selected from various 
Iithologies and on nine carbonate minerals (six from Belo Brdo, two from Rudnitza and one from 

Karavansalija). The E'Sr/86Sr ratios were measured at the NERC Isotope Geosciences Laboratory 
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(NIGL). Keyworth. using a Thermo-Finnigan Triton thermal ionisation mass spectrometer (TIMS) 

following methods outlined in Royse et al. (1998) which are summarised below. 

Whole-rock samples were prepared by standard crushing and milling to a fine powder in a 

tungsten carbide mill. The agate mill, which was used in preparation of samples for trace element 

and stable isotope analysis, was not used because of possible contamination of Sr and Pb. Splits of 

carbonate powders previously prepared for stable isotope analysis were used for Sr isotopes. For 

whole-rock samples. approximately 0.15-0.2 g of powder was leached with acetic acid to minimise 

the effects of secondary alteration. The dissolution was carried out in a fume cupboard on a hot 

plate in Teflon beakers using HF acid in combination with 16M HNO3. Carbonates were dissolved 

in acetic acid. Strontium was separated from other components of the sample by the standard ion- 

exchange techniques using conventional Dowex AG 50W-X8 ion-exchange resin. Procedural blank 

and modern seawater samples were also prepared and measured along with each batch of chemical 

separations. The purified Sr was loaded onto a single Re filament using TaF activator after the 

method of Birck (1986) and analysed using TIMS. SRM987 was the primary standard used, and the 

97Sr/R6Sr ratios were normalised during run time to 86Sr/88Sr = 0.1194. Sample data are reported 

relative to accepted values of SRM987 of 0.710235. Modern seawater (87Sr/86Sr= 0.709168) 

averaged 0.709172± 0.000008 (2SEM) at the time of analysis. 

X l. 3 Results of strontium isotope analysis 

Strontium isotope analyses of various lithologies from the study area and carbonate minerals 

are given in Table 8.1 and presented in Figure 8.1. The measured 87Sr/86Sr ratios for whole-rock 

samples range from 0.70611 to 0.70943. Jurassic serpentinite exhibits the highest 87Sr/86Sr ratio of 

0.70943 and the other values generally decrease with decreasing age. Listwanites have ", Sr/86 Sr 

ratios between 0.708633 and 0.708695. Late Cretaceous limestone and a fragment of unmineralised 

carbonate from pre-ore breccia have less radiogenic ratios between 0.70748 and 0.70776, which 

fall within the range of Late Cretaceous seawater (Koepnick et al. 1985). Data for Tertiary igneous 

rocks plot within an interval of 0.70611 and 0.70784. The Belo Brdo andesite, which represents the 

first volcanic phase, has a less radiogenic composition and differs from dacite and quartz-latite of 

the second volcanic phase (Figure 8.1). The latter have 87Sr/86Sr ratios between 0.70769 and 

0.70784. The Kopaonik and Zeljin granodiorites have compositions intermediate between the two 

volcanic phases. The 'Sr Sr ratios of quartz-latite overlap the Sr isotope ratios of the Upper 

Cretaceous carbonates, which might indicate a crustal component in their source. The 87Sr/86Sr 

ratios of rocks of the first volcanic phase match isotope ratios of calk-alkaline rocks (0.70632 - 
0.70693) from the Lece-Chalkidiki metallogenic zone located east of the study area in the Eastern 

Vardar Ophiolite Zone (Serafimovski, 2000). The Sr isotope ratios of the rocks from the second 

volcanic phase compare well to the a'Sr/"Sr ratios of volcanic rocks from the Rogozna Mountain 

167 



ý. Radiogenie Isotope Geochemistry 

(in Serafimovski et al.. 2006; precise location not kno«n). which range from 0.7074 to 0.7085. 

Their Sr isotope ratios are also similar to the Tertiary high-K calc-alkaline Basalts and shoshonites 

Table 8.1: Sr isotopic compositions of whole-rock and carbonate samples from the study area. 
Error 

Sample Rock tý e 87Sr/86Sr (±SEM) 
Whole-rock 
LIM-I Light ere Cretaceous limestone 0.707483 0.000006 
1055 I B(I) Dark ,, re\ carbonate breccia fragment 0.707756 0.000010 
1055 IC Lismanite Ni-Co: Cr mica 0.708695 0.000012 
155 2C Silicified carbonate breccia 0.708633 0.000008 

SRP-1 Dark green serpentinite 0.709430 0.000008 
KOP-I Dacite 0.707839 0.000006 
BB-2 Andesite 0.706106 0.000006 
KG-I Qtz-latite 0.707687 0.000006 
GNU-Z Granodiorite 0.706754 0.000008 
R 3-A Granodiorite 0.707131 0.000006 
Carbonates 
1055 IB Pre- ore stockwork (Ni-Co: Py. Cr-mica) 0.708422 0.000008 

1 130 IB S-, n-to late dolomite (sulphide ore: Cr-mica) 0.707966 0.000010 
1105'h S' n-to late ore breccia cement 0.708085 0.000008 
1055 4D Post-ore cavity tilling dolomite 0.707763 0.000008 
1 105 6(1) Post-ore vein in crosscutting serpentinites 0.708208 0.000008 
1235(3) Dolomite in andesite-hosted vein ore body 0.707851 0.000008 
KU 19 Late stage calcite: skarn Cu-Au 0.708457 0.000008 

KU90 S\n-ore calcite: Pb-Zn in porphyry 0.707022 0.000006 
KU 103 Syn-ore calcite: Pb-Zn in porphyry 0.707163 0.000008 
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of Serbia. defined b} Cvetkovic et at. (2004). The Sr isotope signatures of the granodiorite are 

similar to those of Serbian 1-type granites (Karamata et at., 1990). The 87Sr/86Sr ratios of 
hydrothermal carbonates from the Belo Brdo deposit have a narrow range of values between 

0.70776 and 0.70842 and plot between the isotopic compositions of the Tertiary magmatic rocks 

and the Upper Cretaceous limestones on one side and the more radiogenic serpentinite and 

listwanite on the other. Although the Sr isotope ratios span a narrow range, an important feature 

can be distinguished within the hydrothermal carbonates. Dolomite from the pre-ore stage quartz- 

carbonate stockwork. which developed within the brecciated zone in hydrothermally altered 

ultramafic rocks, is the most radiogenic (0.70842). A similar ratio is observed in dolomites of the 

post-ore vein that crosscut ultramafic rocks (0.70821), as well as in calcite from the skarn deposit. 

Such Sr isotopic ratios of carbonates indicate significant Sr input from the ultramafic rocks. 

The post-ore carbonates that fill small cavities are characterised by lower 87Sr/86Sr ratios. The 

Sr isotope compositions of these carbonates overlap those of the Upper Cretaceous limestones, 

suggesting a predominant contribution of Sr from sedimentary rocks (Figure 8.1). 

Two calcite samples from the Rudnitza porphyry deposit are less radiogenic compared to the 

rest and have "'Sr/"Sr ratios between 0.70702 and 0.70716. They overlap with the Sr isotopic 

composition of the granodiorite, suggesting a magmatic origin for the strontium in the 

hydrothermal fluid. 

The data presented above show that the measured strontium isotopic compositions of 

hydrothermal carbonates of the Belo Brdo deposit lie within a narrow range and indicate Sr 

contribution from the Tertiary magmatic rocks and Cretaceous sediments on one end and the 

Jurassic serpentinites and listwanites on the other. 

8.2 Lead Isotope Geochemistry 

8.2.1 Introduction and objectives 

Lead isotopes are a powerful tool in helping to solve problems of petrogenesis and 

metallogenesis. A study of variations in lead isotope ratios may provide answers to questions of 

origin and time of magma generation (Faure, 2001). Furthermore, lead isotope ratios are a sensitive 

tool to trace the evolution of lead-bearing minerals in ore deposits and to determine the origin of 

metals in ore deposits (e. g., Cannon et al., 1961; Vaasjoki and Gulson, 1986; Macfarlane et al., 

1990; Macfarlane. 1999; Tosdal et at.. 1999; Marcoux et at., 2002; Von Quadt et at., 2002). 

Additionally, Pb isotopes have been used as an exploration tool for some types of ore deposits (Doe 

and Stacey 1974; Gulson. 1986). 

Variations in Pb isotopic compositions result from the radioactive decay of isotopes of 

uranium (''. U -º 2(6Pb and 2"U -' 201Pb) and thorium (232Th -. 208Pb). Lead isotopic data are 

typically shown as plots of 207Pb/2 Pb vs. 'O'Pb/204Pb (uranogenic) and 208Pb/204Pb vs. 206Pb/204Pb 
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(thorogenic). Of the four significant naturally occurring Pb isotopes, only 204Pb is stable. The 
abundance of this isotope has remained constant throughout geological time and is therefore used 
as the reference isotope. Lead is the only ore metal other than osmium which shows large natural 
isotopic variability and has similar geochemical behaviour to other ore metals, such as zinc, copper, 
and silver. Therefore, comparison of ore lead isotope ratios with those of host rocks will suggest 

possible ore metal sources. The common lead isotope signatures of ore lead are directly related to 

the isotopic composition of lead in the source rock and commonly remain undisturbed after 
deposition (Dickin. 1995). Isotopic composition of Pb in source rocks evolves over time due to the 

radioactive decay of U and Th. However, the extraction of Pb from the source rock and its 

incorporation into an ore mineral, such as galena, terminates Pb evolution due to the absence of 

uranium and thorium in the galena crystal structure. The isotope composition preserved by Pb in an 

ore mineral can therefore constrain the isotopic composition of the source rocks at the time of Pb 

extraction or ore deposition. The isotope data can then be interpreted using, for example, the 

plumbotectonics model of Zartman and Doe (1981), which describes the composition and evolution 

of the mantle, and the lower and upper crust isotope reservoirs. 
Pb isotope studies have been carried out in order to investigate the origin of ore metals in the 

Belo Brdo deposit and a possible genetic relationship with the nearby porphyry and skarn deposits. 

New data is compared with previously published Pb isotopic compositions for the Belo Brdo 

mineralisation (Jankovic, 1978), with an aim of providing a clearer view of mineralisation and 

magmatism in the study area. 

8.2.2 Previous work 

Lead isotope compositions of Pb-Zn deposits in the Kopaonik metallogenic district were studied 
for the first time by Jankovic ()978) as part of a regional investigation of several deposits within 

the Serbo-Macedonian metallogenic province, including the Trepca skarn/hydrothermal deposit, 

the Crnac vein-type deposit (1.5 km south-east from Karavansalija skarn), the Belo Brdo 

carbonate-replacement and several other Pb-Zn deposits in Serbia and Macedonia. The data 

showed significant variations in lead isotope ratios, particularly at Trepca and Belo Brdo, where 

variations in 2Pb/'° Pb ratios were much greater than 206Pb/204Pb ratios (Figure 8.2). This led 

Jankovic (1978) to suggest that the source of ore lead was nonhomogeneous. Nonetheless, the same 

author concludes that at Trepca, magmatic complexes and ore lead originated from the same 

source, based on similar lead isotope characteristics of magmatic rocks and galena. Furthermore 

Jankovic (1978) suggested that the timing of Pb-Zn ore deposition is close to that of granodioritic 

magma crystallisation. 
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8.2.3 Sampling sind una/vtk a/ techniques 

Pb isotope studies %%ere carried out on II galena samples from various deposits in the study 

area, including the carbonate-replacement and vein-type ore bodies of the Belo Brdo deposit, the 

Rudnitza porphyr.. the Karavansalija skarn, the Kizevak stockwork and Karadak vein-type 

deposits. Additionally, 12 \whole-rock samples of various lithologies and 8 samples of 

hydrothermal carbonates were analysed. Names and brief descriptions of the samples are presented 

in Table 8.2. 

The lead isotope ratios were determined by high precision plasma ionisation multi-collector 

mass spectrometrl using a VG P54 at the NERC Isotope Geosciences Laboratory (NIGL), 

Keywworth. tollowwing procedures outlined in Kempton and McGill (2002), which are summarised 

below. 

Monomineralic galena samples were separated by hand picking, as well as drilling using a 

dental drill and stored in polyethylene vials before analysis. Whole-rock samples were prepared at 

Kingston University by standard methods of trimming with a saw, crushing and milling in a 

tungsten carbide mill. For the Ph isotope analyses. 0.5-2mg of galena was dissolved first in 16M 

I lNO ,, and then in HCI. without need for prior leaching, whereas whole-rock samples underwent 

acetic acid leaching prior to dissolution to remove possible contamination by secondary alteration 

processes. Whole-rock samples were digested using HF acid in combination with 16M HNO;. Lead 

was separated from other components by cation exchange methods involving HCI and HBr and 

using Dowwex Ix8.200-400 mesh resin. A blank, spiked with pos Pb. and seawater were also 

prepared and measured along ýv ith each batch. Pb separates collected during ion exchange 

chemists were dissolved in a dilute solution of nitric acid and doped with thallium prior to 
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analyses in order to achieve sample solution whose concentration of Pb is 50-100ppb. Minimum 

uncertainties are derived from external precision based on repeated runs of NBS 981, which is 

better than 0.007% (1a). Mass fractionation during the run was corrected using the thallium 
isotopes as an internal monitor. We have used a 205T1/203T1 value of 2.388, which was determined 

empirically by cross calibration with NBS 981. All Pb isotope ratios have been corrected relative to 

the NBS 981 composition of Todt et al. (1996). 

8.2.4 Results and interpretation of lead isotope data 

Lead isotope compositions for all samples analysed in this study are presented in table 8.2 and 
Figure 8.3. Overall, the Pb isotope data for galena, hydrothermal carbonates and immediate host 

rocks are homogenous, but show marked difference from gabbros and basalts that belong to the 

Jurassic ophiolite suite (Table 8.2; Figure 8.3A and B). 

The Pb isotopic ratios of galena and Tertiary igneous rocks show narrow range of values 

compared to the previously published data of Jankovic (1978). Lead isotopic composition of all 

analysed galena samples cluster with, 206Pb/204Pb ratios of 18.678 to 18.760 (mean=18.712 ±0.02), 
207Pb/204Pb ratios of 15.669 to 15.680 (mean=15.675 ±0.002) and 208Pb/204Pb ratios of 38.867 to 

38.915 (mean=38.888 +0.008) (Table 8.3, Figure 8.3 C and D). Although very homogeneous in 

general, they exhibit distinguishable variations in their Pb isotopic compositions, with the Belo 

Brdo carbonate-replacement ore body having the most uniform Pb isotopic ratios. Lead isotopic 

compositions of five samples of galena from different mineralisation stages are nearly identical 

(206Pb/204Pb= 18.678 to 18.686,207Pb/204Pb= 15.674 to 15.677, and 208Pb/204Pb = 38.873 to 38.888), 

suggesting that fluids were well homogenised throughout the deposition of the carbonate- 

replacement mineralisation. Their Pb isotopic ratios are close to those of host limestones and 

serpentinites (Figure 8.3 C and D). 

Six galena samples collected from various vein-; stockwork- and skarn-type deposits show 

slightly higher variations in their Pb isotopic compositions compared to Belo Brdo. Their 
206Pb/204Pb ratios range between 18.710 and 18.760,207Pb/204Pb between 15.669 and 15.680 and 
208Pb/204Pb between 38.867 and 38.915. They are close to, and partially overlap those of Tertiary 

igneous rocks, whose 206Pb/204Pb ratios range between 18.759 and 18.821,2O7Pb/2O4pb between 

15.664 and 15.678 and 208Pb/204Pb between 38.871 and 38.972. 
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Table 8.2: The Pb isotope composition of galena. host-rocks and hydrothermal carbonates from 

various deposits in the Koaaonik district. 

Sample Description 20'Pb/'0°Pb % 1(y 207Pb/204Pb %Ia 
I 208Pb/204 Pb % la 

Galena 
1055'8 Pre-syn. BB-carb. ore body 18.679 0.005 15.674 0.006 38.873 0.008 

1055! 4D Late: BB-carb. ore body 18.680 0.005 15.676 0.006 38.882 0.008 
130'IB Syn. BB-carb. ore body 18.678 0.005 15.674 0.007 38.873 0.009 

11551B Syn: BB-carb. ore body 18.686 0.005 15.677 0.006 38.888 0.008 

1235/5A BB-vein ore body 18.682 0.005 15.676 0.006 38.882 0.008 

1235/7B BB-vein ore body 18.726 0.005 15.671 0.006 38.867 0.009 

KU 103 Porphyry 18.758 0.005 15.673 0.006 38.895 0.008 

07124-3 Skarn 18.710 0.005 15.680 0.006 38.905 0.008 

KU 118 Skarn 18.729 0.006 15.678 0.008 38.915 0.009 
KZ4 Kizevak-vein 18.741 0.006 15.674 0.007 38.893 0.009 

R3/A 1 Karadak-vein 18.760 0.006 15.669 0.007 38.891 0.009 

Host- rocks 
NZ I Gabbro 18.176 0.005 15.606 0.006 38.190 0.007 

NZ2 Basalt 18.550 0.005 15.635 0.006 38.648 0.007 

SRP-1 Serpentinite 18.700 0.006 15.675 0.005 38.885 0.005 

1055 IC Listwanite 18.712 0.006 15.672 0.005 38.865 0.006 
1155 2C Listwanite 18.705 0.005 15.669 0.005 38.861 0.005 
LIMI Cret. Limestone 18.700 0.006 15.673 0.005 38.867 0.005 

BB-2 Andesite 18.759 0.005 15.665 0.007 38.871 0.009 

KOP-I Dacite 18.821 0.006 15.673 0.005 38.949 0.005 

KG-I Qtz-Iatite 18.762 0.005 15.676 0.006 38.927 0.008 

08/32-1 Qtz-latite 18.820 0.005 15.678 0.005 38.973 0.007 

R3-A Granodiorite-Kopaonik 18.772 0.005 15.668 0.006 38.916 0.008 
GND-2 Granodiorite-Zel'in 18.794 0.005 15.674 0.006 38.938 0.008 

Carbonates 
1055/18 BB: pre-ore 18.676 0.007 15.675 0.007 38.869 0.010 

130/1B BB: syn-to late 18.682 0.004 15.676 0.005 38.883 0.008 

105/h BB: syn-to late 18.676 0.007 15.673 0.006 38.868 0.010 

1055 4D BB: post-ore 18.679 0.007 15.675 0.006 38.878 0.010 

1105/6(l) BB: post-ore 18.705 0.004 15.674 0.005 38.870 0.007 

1235(3) BB: vein ore body 18.695 0.006 15.673 0.006 38.865 0.007 

KU90 Porphyry vein 18.768 0.007 15.669 0.006 38.894 0.010 

KU 103 Porphyry vein 18.757 0.007 15.669 0.006 38.883 0.010 

Lead isotopic compositions of hydrothermal carbonates are identical to those of galena from 

the respective deposits and their 2"6Pb/204Pb ratios range from 18.675 to 18.705,2O7Pb/2O4Pb from 

15.672 to 15.676 and '""Pb/'04Pb from 38.865 to 38.883. 

It is also notable that the limestone, Iistwanites and serpentinite all show similar lead isotopic 

ratios to the unaltered igneous rocks. They are enriched in radiogenic components and their 

'ObPb/201Pb ratios range from 18.700 to 18.712, j07P'/204Pb from 15.669 to 15.673 and 20 Pb/204Pb 

from 38.861 to 38.866. High radiogenic Pb-isotope values of serpentinites are a common feature of 
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those rock.. ret1c ting strong influence of',. econdar-% alteration processes (Kempton and Stephens, 

1997). 
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Figure 8.3: Variation of ''Pb 4Pb vs. '`*Ph '"Pb and '"Pb -""Pb vs. -""Ilb '°'Ph (measured values) for 

L; rlrna. host rocks and hydrothermal carbonates from various deposits in the studs area (A and B). Enlarged 
ic%% ut the amc data, c\cluding gahhro and basalt, are shown in C and I). legends in A and C apply to B 

and O respxcti'. ch. 

X. 2.4. / S'ourc'e of ! c'cx/ 

the Pb-isot. opic compositions of all samples are plotted against the e' OlutiOf curves from one 

of the most used models (lartman and Doc. 1981) that highlights the e\ elution through time of the 

upper crust. lo\-er crust. and mantle reser oirs on uranogenic and thorogenic plots (Figure 8.4). 

Our database is too small to drav,. an certain conclusions: ho\+e\er an attempt is made to interpret 

the data in terms of derivation from one or more large-scale terrestrial reser%oirs (e. g.. upper and 

lo%er crust. mantle). 

'i he lartman and Ihre model (1981) is based on geochemical partitioning of (. I'h, and Pb 

during geological processes. In the uranogenic plot, the upper crust e\olution curse has the highest 

'° Ph '4Ph \alues. because upper crustal rocks are enriched in l' due to the transfer of magma from 
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mantle to crust. Because of the loss of l' to the upper crust. the residual mantle curve has lower 

'" Pb/'"4Pb values. The loser crust evolution curve has an even lower 20 Pb/'O4Pb value due to the 

high mobility of U during high-grade metamorphism aftecting lower crust rocks. The thorogenic 

plot is useful in discriminating the evolution of the Tower crust reservoir from that of the upper 

crust and mantle reservoirs, because the former is characterized by high 208Pb/204Pb values for 

similar ""Pb/""Pb %alues due to the relative immobilit\ of Th (compared to U) during high-grade 

metamorphism affecting loser crust rocks. 

In the uranogenic plot, all data from this stud\ define a tight cluster betsseen the upper crust 

and orogene e%olution curses (Figure 8.4A). In the thorogenic diagram the data plots slihtl\ above 

the orogene e\olution curse (f=igure 8.413). 
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Figure S. 4: I'h `"Pb vs. -""'Pb -""Pb and -"Pb -"'Pb vs. -'"'Pb'-'"Pb diagrams of Pb isotopic compositions of 
all anal) sed samples. The upper crust. orogene. and mantle evolution curves are from Zartman and Doe 
(1981). NIIRL-Northern Hemisphere reference line. 

fie signatures of galena and eountr\ rocks fi rming a tight cluster that plots sliohtly above the 

or eenr curse indicate a IIOmoueneoti reser\oir. Similar signatures are found if, the continental arc 

environment 'here mantle-derived magmas heeome contaminated b, \ continental crust rocks 

(( hiaradia et al.. 2006). lhi. interpretation is consistent \\ith Sr/'�'Sri data (0.7067 to 0.7078. 
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described abo e) from magmatic rocks of the Kopaonik district that indicate mixed mantle and 
crustal sources. 

Tertiary igneous rocks analysed in this study display very similar radiogenic Pb-isotope 

signatures with Oligocene-Miocene post-collisional igneous rocks located in the Vardar Ophiolite 
Suture Zone of Serbia, some 80 km north and south from the study area. This recently delineated 
igneous province is dominated by high-K calc-alkaline, shoshonitic and ultrapotassic rock types 
(Prelevic et al., 2001; 2005; 2007; Cvetkovic at al., 2007) and show small variations of Pb isotope 

ratios (`"`'Pb/'04Pb = 18.58-18.83,207 Pb/204Pb 15.62-15.70 and 208Pb/204Pb 38.74-38.99) (Prelevic et 

al.. 2005). The Pb-isotope ratios of Tertiary rocks and Cretaceous limestone from this study also 

resemble those of Mesozoic flysch sediments studied by Prelevic et al., (2005). The flysch 

sediments reflect the average composition of local upper-crustal sediments that may have been 

involved in the origin of Serbian post-collisional rocks. According to Prelevic et al., (2005; 2007) 

the strong similarity between the Pb isotope signature of Mesozoic flysch sediments and the local 

igneous rocks suggests the influence of Mesozoic subducted sedimentary material and 

contamination of the mantle source. 

Summary and conclusions 

Sr and Pb isotopes were used in this study to determine the origin of hydrothermal carbonates 

and ore minerals as well as to test for genetic relationship between the ore mineralisation and 

magma. The data presented above indicate that: 

" Sr isotope composition of hydrothermal carbonates from the carbonate-replacement 

mineralisation of the Belo Brdo Pb-Zn (Ag) deposit and the Karavansalija Cu-Au skarn deposit 

have intermediate values between those of the Tertiary magmatic rocks and Cretaceous sediments 

on one hand and the Jurassic serpentinite on the other, indicating a mixing of strontium from those 

rocks. 

" Hydrothermal carbonates from Rudnitza Cu-Au porphyry and from the Belo Brdo vein- 

type are characterised by the same Sr-isotope compositions as Tertiary magmatic rocks and partly 

as Cretaceous sediments, suggesting stronger input of Sr from a magmatic source. 

" In detail, galena samples from the carbonate-replacement ore body of the Belo Brdo 

deposit show no variation in their Pb isotopic compositions and are close to those of Upper 

Cretaceous Flysch limestones. The vein-; stockwork- and skarn-type deposits exhibit slightly 

higher variations in their Pb isotopic compositions and are close to those of Tertiary magmatic 

rocks suggesting a similar source for felsic rocks and ore-related sulphide minerals. 

" Generally, the Pb isotope data for II galena samples derived from four different deposits 

within the Kopaonik metallogenic district show uniform isotopic compositions 

(=»pb/"Pb=18.678-18.760: 20'Pb/'0'Pb=15.669-15.680; 208Pb/204Pb= 38.867-38.915), suggesting 

that the deposits belong to the same metallogenic event and have possibly a common source of Pb. 
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CHAPTER 9: 

DISCUSSION AND SYNTHESIS 

9.1 Introduction 

The variety and diversity of mineral deposits in the geographically restricted area of the 

Kopaonik metallogenic district indicates a complexity in both the geotectonic evolution and the 

ore-forming process. In this study, the Pb-Zn (Ag) carbonate-replacement deposit at Belo Brdo has 

been the target of detailed investigation. This has included petrography (textural and mineral 

chemistry studies), fluid inclusion analysis and stable and radiogenic isotope analysis. In addition, 

comparative stable (S, C-0, H-0) and radiogenic (Sr, Pb) isotope studies have been undertaken on 

nearby porphyry, skarn and vein- type deposits in order to enable a better understanding of the 

polymetallic mineralisation in the area. The wealth of data obtained during this research project is 

consistent with the hypothesis that the Belo Brdo Pb-Zn high temperature carbonate replacement 

mineralisation formed as a part of an evolving magmatic-hydrothermal system. 

Data presented earlier in the thesis will be summarised in this chapter and a genetic model for 

the origin and evolution of the Belo Brdo Pb-Zn (Ag) deposit will be presented. 

9.2 Regional geological setting 

The Kopaonik metallogenic district is part of the Vardar ophiolite zone, which represents the 

easternmost tectonic unit of the Dinaride-Hellenide orogenic belt. Several models have been 

proposed to reconstruct the geodynamic evolution of the region, and there is an on-going debate 

about the number of basins and microcontinents involved in the origin of the Dinaride-Hellenide 

belt. In brief, the "multi-ocean" model (e. g. Robertson and Karamata, 1994; Karamata, 2006) 

suggests the existence of at least two different oceanic basins separated from each other by 

"terranes" of continental crust, namely the Drina-Ivanjica, Jadar and Kopaonik "terranes". In 

contrast, the "single-ocean" model (e. g. Schmid et al., 2008) suggests that the Jurassic-age 

ophiolites of the Dinarides originated from one and the same ocean and that the Kopaonik "terrane" 

represents thrust sheets derived from the distal Adriatic passive margin exposed in a tectonic 

window. Ophiolites, derived from the Vardar branch of the Neotethys Ocean ('Western Vardar 

Ophiolitic Unit' of Schmidt et al., 2008), were obducted during the latest Jurassic onto the Adriatic 

margin. Out-of-sequence thrusting, which produced a series of Dinaric composite nappes, occurred 

during Late Cretaceous to early Paleogene (Schmidt et al., 2008; Schefer et al., 2010a), followed by 

collisional (Eocene) and post-collisional (Oligocene-Miocene) stages (Cvetkovic et al., 2004). 

Composite tectonic nappes, consisting of continent-derived material in their lower part and 

ophiolitic material in the upper part make up the geological framework of the study area. It 

includes, from bottom to top (1) a Triassic Metamorphic Complex, structurally overlain by (2) an 
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Ophiolite Melange Unit, which in turn is structurally overlain by (3) a Jurassic Ophiolite Unit and 

(4) an Upper Cretaceous Fhsch Unit. which unconformably overlies all the other lithological units. 

The tectonic nappe pile was intruded by an I-type volcano-intrusive complex of Oligocene age 

(31.7 to 30.6 Ma. Schefer et al.. 2010). 

The Belo Brdo Pb-Zn (Ag) deposit and nearby polymetallic deposits are associated with 

Oligocene intrusive activity and are structurally controlled. The deposits within the Kopaonik 

metallogenic district are aligned along the regional NNW-SSE- trending structural zones, which 

coincide with the distribution of Paleogene magmatic rocks within the Alpine- Balkan-Carpathian- 

Dinaridic orogenic province. 

93 Local geological setting: petrographic and geochemical constraints on the geo- 

tectonic setting of the Belo Brdo deposit 

Petrographic data presented here show that listwanites, in addition to Cretaceous limestones, 

represent an important host rock to the carbonate-replacement type of mineralisation. Listwanites 

are metasomatic rocks derived from either an ultramafic or a mafic protolith and are characterised 

by the specific assemblage: chromian muscovite + quartz + Fe-Mg carbonates + pyrite (Halls and 

Zhao. 1995). An additional vein-type mineralisation in Belo Brdo is hosted by Tertiary andesites. 

Petrographic and geochemical data obtained from the peridotites and the Tertiary igneous rocks 

indicate a supra-subduction signature for the magmatic rocks. 

9.3.1 Peridodhs 

In this study. harzburgite proved to be the most common peridotite and is the most likely 

protolith to listwanite. Although highly serpentinised, the harzburgites still preserve relics of 

primary phases (olivine > orthopyroxene » clinopyroxene and Cr-spinel). The listwanites are an 

example of intensive mineral carbonation during serpentinisation. Relict chrome spinels are the 

sole remaining proof of a mantle peridotite protolith. 

According to Dick and Bullen (1984), Cr-spinel chemistry [(Cr/Cr+Al) vs. Mg/Mg+Fe2+ or 

Cr# vs. Mgt] can be used to classify mantle-derived peridotites in terms of geotectonic setting. 

Spinels from abyssal (MORB-type) peridotites are characterised by high Al and Mg and low Cr 

and Fe*'* contents, resulting in low Cr# (Cr#=20-54) and high Mg#. In contrast, peridotites from 

supra-subduction environments exhibit high Cr# (38-84) and low Al content. High Cr# observed in 

many forearc peridotite spinels is also characteristic of spinels in high-Mg andesites and other 

boninitic lavas (Metcalf and Shervais, 2008). Spinels from peridotites associated with back-arc 

basins have compositions similar to those from abyssal peridotites (e. g., Ohara et al., 2002). In this 

study. Cr-spinels from non-mineralised peridotites are characterised by high Cr# (47-86), moderate 

Mg# (55-78) and low AI1O, contents (up to 17%), similar to those of a supra-subduction setting. 
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The Mgt of some harzburgites in Belo Brdo is low (<20) owing to alteration of the harzburgites 

during serpentinisation. The effects of such alteration are well known (Prichard et al., 2001); they 

will cause an increase in Fe'' at the expense of Al (Evans and Frost 1975), and Fe2+ will increase at 

the expense of Mg (Jan et al., 1985). 

Other useful indicators of different tectonic settings are Ti02 vs. A1203 contents of Cr-spinet 

(Beccaluva et al.. 1989. Princiavalle et al., 1989; Kamenetsky at al., 2001). TiO2 values higher than 

0.2% and high Al contents (>25% AI. O; ) are typical of mid-ocean-ridge magmatism. Peridotites 

containing spinel %%ith 'TiO, values between 0.2 and 1% and A1203 between 15 and 25 are classified 

as subduction-related back-arc type. whereas those with TiO2 values higher than 1% and 10-15% 

AI. O, belong to intraplate em ironment. According to Beccaluva et al., (1989) high-Ti ophiolites 

compare favourably with the magmatic association occurring at mid-ocean ridges and well 
developed marginal basins, whereas low-Ti and very low-Ti ophiolites are best associated with the 

magmatic series of island arc and boninitic types respectively, generated in a supra-subduction 

zone settings. 
Low-Ti (<1% TiO2) and low- Al (< 17% A1203) values characterise Cr-spinel of Belo Brdo 

peridotites. Although limited, the mineral chemistry data indicate that Cr-spinel composition of the 

peridotites is different from MORB suites. Moderate- to high Cr#, low-A1203 and low-TiO2 values 

suggest that the Cr-spinel grew in a supra-subduction setting. 

9 . 3.2 Tertiary igaeol rocks 
9.3.2 1 Peirograpk 

Some important constraints on the geotectonic setting of the study area can be gained from the 

petrological and geochemical features of the volcanic rocks. Key petrological features are 

summarised below: 

" All volcanic rocks are characterised by porphyritic and glomeroporphyritic textures, typical 

of those found in orogenic belts, with plagioclase being the predominant phenocryst phase in 

andesites and dacites. Alkali feldspar is common phase in quartz-latices. 

" The water-rich nature of the magma is clearly indicated by the presence of hydrous mafic 
phenocrysts. The major ferromagnesian phase in the studied rocks from both volcanic phases is 

calcic amphibole, whilst biotite represents the second most common mafic mineral. 

" Some andesitic lavas of the first volcanic phase display textural evidence for magma 

mixing. This is supported by disequilibrium textures such as: the existence of resorbed plagioclase 

phenocrysts; occurrence of both, normally and reversely zoned plagioclase phenocrysts in the same 

sample; and sieved-textured plagioclase. 

" Disequilibrium textures are also noted in some quartz-latites of the second volcanic phase, 

where they are evident by rounding of euhedral crystal corners of plagioclase; deep embayment of 

quartz; and occurrence of quartz and plagioclase xenocrysts. 
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The observed disequilibrium textures are consistent with models involving magma mixing, 

where mixing is probably caused by the influx of a hotter basaltic magma into crustal magma 

chambers (Tsuchiyama. 1985; Altunkayna and Yilmaz, 1998; Kamaci and Altunkaynak, 2010). 

Deep embayments of quartz phenocrysts and resorption of K-feldspar and plagioclase, can 
both occur due to resorption during the magmatic-hydrothermal transition, or due to under- 

saturation in the magma caused by rapid decompression as the magma ascended to a shallow 

magma reservoir (Nelson and Montana, 1992). Thus, shallow crustal processes probably had an 

important role in the petrogenesis of the felsic igneous rocks. 

9.3.2.2 Geochemisty 

The geochemical data (Section 3.8) indicate that the volcanic rocks from the first and second 

volcanic phase exhibit several features that are typical of rocks associated with subduction zones. 

These are as follows: 

" The rocks from both, the first and second volcanic phases classify as subalkaline and 

exhibit calc-alkaline to mildly alkaline metaluminous character. 

" On "tectonomagmatic discrimination diagrams" (Rb vs. Y+ Nb and Nb vs. Y) and the 

ternary Hf-Th-Ta and Zr-Th-Nb diagrams, they all plot in the field of magmas erupted in volcanic 

arc settings. 

" Their trace-element chemistry (bivariate plots of Ni vs. V; and Zr vs. Rb/Sr) reflects 

compositions typical of intrusions associated with magmatic-hydrothermal, in particular Fe, Cu, Au 

and Zn skarn deposits which are often associated with the porphyry systems. 

" On primitive mantle-normalised multi-element diagrams all the rocks display spiked 

patterns, which are typical of subduction-related magmatic rocks (Sun and Stern, 2001; Murphy, 

2007). They show enrichment in large-ion lithophile elements (LILE [Cs, Rb, Th, U, K]) and Pb 

over light rare-earth elements (LREE) and MREE, and depletion in high-field-strength elements 

(HFSE [Zr, Nb, Ti, and P]). 

" They display enrichment in LREE, flat HREE, and moderate to negligible negative Eu 

anomalies (Eu/Eu": 0.7-0.9) on chondrite-normalised rare-earth diagrams. Negative Eu anomalies 

can be produced by plagioclase fractionation, residual plagioclase in the source, or source 

contamination by slab-derived fluids and sediments (Ellam and Hawkesworth, 1988). In general, 

the negative and mutually parallel REE slopes and multi-element variation diagrams of the rocks 

from both volcanic phases indicate the same magma source. However, bivariate plots (Zr-La and 

Zr-Th) indicate that the rocks first and second volcanic phases might not be co-genetic. 

Additionally, the rocks of the first volcanic phase show slightly lower Si contents than those of the 

second volcanic phase. As far as their trace element abundances are concerned, the rocks of the 

second volcanic phase are more enriched in incompatible elements with respect to primitive 

mantle, than the rocks of the first volcanic phase. Furthermore, the Sr isotopic ratios of the rocks of 
180 



9. Discussion 

the second volcanic phase are higher compared to the rocks of the second phase. Different degrees 

of partial melting of mantle sources heterogeneously enriched by fluids and melts derived from 

pre% ious subduction can produce magmas variously enriched in K, incompatible elements, and 
isotopic composition (Foley. 1988. Pe-Piper et al., 1998). Geochemical variability observed in the 

rocks of the tint and second volcanic phase may be explained by differing enrichments of 

subduction-related components (Prelevic et al.. 2005) or they are from different source regions. 

Pb isotope ratios (Table 8.2, Section 8.2.4) for Tertiary igneous rocks (206Pb/204Pb = 18.76- 

18.82.2°7Pb/204Pb 15.66-15.68 and 20 Pb/204Pb 38.87-38.97) are close to those of Upper Cretaceous 

limestones ('°6Pb/'04Pb = 18.70,207Pb/204Pb 15.67 and 208Pb/204Pb 38.87) and similar to those of 

medium- to high-K cale-alkaline Oligocene lavas located elsewhere in the Alpine-Balkan- 

Carpathian-Dinaride province (Cvetkovic et al., 2004; Marchev et al., 2004). According to Prelevic 

et al. (2005), elevated Sr and Pb isotope signatures reflect crustal contamination of their source 

through subduction of Mesozoic sedimentary material. Pb isotopes are useful indicators of 

contamination of the mantle by sediments (Ben Othman et al., 1989), because of the large contrast 

in Pb abundance between sediments and the mantle. Thus, a small addition of sediment will 

significantly affect the mantle Pb isotope ratios and the source will assume the isotopic 

characteristics of the sediments. Additionally, contribution by intracrustal materials can result in 

strongly radiogenic a'Sr1&`Sr and 207Pb/204Pb values suggesting a contamination of mantle-derived 

magmas during ascent through the continental crust (Economou-Eliopoulos, 2005). Such isotope 

signatures are characteristics of many intrusions related to porphyry deposits. 

The Kopaonik I-type granitoids of Oligocene age postdate the final stages of subduction of the 

Vardar branch of Neotethys and initial collision with Eurasia by -30 Ma (Karamata et at., 1997; 

1999), eliminating the possibility that the volcanism is directly related to subduction and early 

stages of collision. Therefore, it is clear that the Oligocene magmatism within the study area is 

post-collisional with respect to closure of the Vardar ocean. This magmatism is contemporaneous 

with the onset of extension in the Balkan area (Schefer et at., 2010). Various models have been 

proposed to explain the cause of post-collisional igneous activity in the region, namely: (1) Post- 

collisional orogenic collapse of an overthickened continental crust (e. g. Cvetkovic et al., 2004); (2) 

Back-arc magmatism (Pamir et al., 2002a; Kovacs et al. 2007); and (3) Slab delamination caused 

by roll-back (Funiciello et al.. 2006) of the former lower plate after collision. Schefer et al., (2010) 

propose that after final closure of the Neotethys in the Eocene (Figure 9.1 A), the lithospheric 

mantle of the NE-ward subducted Adriatic plate started to delaminate (Figure 9.1 B) from the 

overlying crust and retreat. The resultant mantle flow gave rise to mantle-dominated magmas with 

various amounts of crustal contamination. This model allows for the generation of chemically 

variable magmas. 
It is clear that the geochemical and isotopic variations in the Kopaonik magmatic complex 

suggest involvement of various crustal components in the evolution of the magmatic complex. 
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Figure 9.1: East-West profile sketches illustrating delamination model. A) Closure of the Neotethys; B) 
delamination of the Adria plate possibly associated with slab break-off; C) Present-day geometry (modified 
after Schefer et at. 2010). 

9.3.3 Meta logenic significance of the Kopaonik Tertiary magmatism 

Petrological and geochemical data presented here reveal that the Kopaonik magmatism 

exhibits many characteristics similar to that of oxidised and hydrous I-type metaluminous 

subduction-related calc-alkaline magmatism associated with Cu-Au porphyry and related base- 

metal deposits (Einaudi. 2007). The majority of known porphyry deposits are genetically related to 

intermediate to felsic calc-alkaline arc-type magmatism that generates most of the hydrous and 

oxidised magmas above active subduction zones (Richards, 2003). In recent years, however, it has 

been reported that some porphyry copper deposits form in post-subduction and collisional settings 

(Richards. 2009). These deposits are associated with magmas produced by remelting of previously 

subduction-modified are lithosphere triggered by post-subduction lithospheric thickening, 

lithospheric extension, or mantle lithosphere delamination caused by roll-back and break-off of the 

descending plate (Richards. 2009). The magmas with subduction-related geochemical signatures 

generated by melting of the previously metasomatised portion of the mantle wedge (i. e., 

"hybridised mantle"), as found in collisional zones, usually show larger variation in geochemistry 

than arc magmas (Foley and Wheeler, 1990, Hawkesworth et al., 1993). 
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Magmatism at Belo Brdo resembles that which occurs in post-subduction environments and 

arc contraction caused by collision, which leads to crustal thickening and delamination of the sub 

continental lithospheric mantle. Partial melting of lower crustal rocks caused by upwelling of hot 

asthenospheric melts in such settings produces felsic, calc-alkaline to mildly alkaline magmas with 

crustal radiogenic isotopic signatures (Kovacs, 1999; Richards, 2009 and references therein). 

An example of a post-subduction setting is the Carpathian region in Romania, which is well 
known for its Miocene to Quaternary orogenic magmatism related to slab break-off (Grancea et al., 
2002 and references therein). This magmatism was accompanied by widespread hydrothermal 

activity producing economic porphyry/skarn copper deposits and both high- and low-sulphidation 

epithermal mineralisation (e. g., Vityk et al. 1994; Lexa et al. 1999). 

9.3.4 Summary 

" Petrographic and geochemical data obtained from the peridotites and the Tertiary igneous 

rocks indicate subduction-related signatures for the magmatic rocks. 

" Moderate- to high Cr#, low-A1203 and low-Ti02 values suggest that the Cr-spinel of the 

Belo Brdo peridotites grew in a supra-subduction setting. 

" Tertiary volcanic rocks show typical "subduction-related" compositions as reflected by the 

enrichment of LIL elements and depletion of HFS elements. 

" Pb isotope ratios for Tertiary igneous rocks are close to those of Upper Cretaceous 

limestones reflecting crustal contamination of their source through subduction of Mesozoic 

sedimentary material, or contamination during ascent of magma through the continental crust. 

" Magmatism at Belo Brdo resembles that which occurs in post-subduction environments 

and arc contraction caused by collision, which leads to crustal thickening and delamination of the 

sub-continental lithospheric mantle. Such a setting is characterised by felsic, calc-alkaline to mildly 

alkaline magmas with crustal radiogenic isotopic signatures. 

9.4 Evolution of the Belo Brdo Pb-Zn (Ag) deposit and genetic model for 

mineralisation 

The mineralisation of the Belo Brdo Pb-Zn (Ag) deposit has the characteristics of an 

intermediate sulphidation base-metal deposit as described by Einaudi et al., (2003) displaying 

hydrothermal alteration styles similar to those of copper porphyry systems, and with significant 

input of trace elements from related ophiolites. Weak propylitic and argillic alteration of volcanic 

rocks occurs in the marginal parts of the mineralised area, whereas intense hydrothermal alteration 

(listwanisation, sericitisation, silicification, and tourmalinisation) is associated with the formation 

of the main ore bodies. Hydrothermal alteration and formation of irregular and tabular carbonate- 

replacement ore bodies is controlled by steeply dipping fault zones developed at contacts between 
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different Iithologies (serpentinites/Tertiary volcanics; Cretaceous limestones/ volcanics). The vein- 

ore body is hosted by hydrothermally altered andesite. 
The genetic model for the origin and evolution of the Belo Brdo deposit proposed in this study 

involves three stages of mineral deposition, namely (1) pre-ore stage, characterised by strong 
hydrothermal alteration of host rocks and evolution of Ni-Co-As mineral assemblage; (2) main-ore 

stage, during which massive sulphides (sphalerite, galena, pyrite, chalcopyrite, tetrahedrite- 

tennantite) precipitated and (3) post-ore stage, characterised mainly by quartz and carbonates with 

minor pyrite. 

9.4.1 Pre-ore stage 

This stage is characterised by formation of listwanites and intense quartz-sericite and quartz- 

tourmaline alteration of wall-rocks, as well as the presence of non-economic concentrations of 

predominantly Ni-Co-As sulphides, Ni-Co-As bearing pyrite, rare chalcopyrite and minor Bi-Te- 

bearing sulphosalts. No direct evidence, such as fluid inclusion data, is available to characterise the 

mineralising fluids. However, mineral chemistry and stable isotope data provide evidence for 

moderate- to high- formation temperatures (300-450°C) and a magmatic signature for the 

hydrothermal fluids involved in the early stages of Belo Brdo evolution. 

9.4.1.1 Formation of listwaniies 

Petrographic and mineral chemistry data show that metasomatic transformation of ultramafic 

rocks to listwanites in Belo Brdo was a multi-stage process (Section 4.4.3) including (1) initial 

formation of serpentinites by hydration of harzburgites (hydration of olivine to form serpentine and 

magnetite; hydration of orthopyroxene to serpentine; O'Hanley, 1996) and formation of tremolite- 

chlorite schists at low-grade metamorphic conditions (with few carbonates); (2) intermediate stage 

characterised by brecciation and hydrothermal alteration of previously formed lithologies resulting 

in carbonate-veining of serpentinites and schists. grading into various listwanite-like rocks (i. e. 

serpentine-carbonate, talc-carbonate, talc-chlorite rocks), which are broadly grouped into 

carbonate-. serpentine listwanite breccias; and (3) final stage of formation of massive listwanites 

through pervasive carbonatisation and sericitisation of carbonate-serpentine rocks along steeply 

dipping fault zones. The first two stages likely reflect sea floor hydration processes, whereas stage 

3 represents a hydrothermal potassic alteration that stabilises the growth of Cr-mica. This is 

documented by textural and mineral chemistry data. 

The two types of listwanites (carbonate-serpentine listwanite breccias and massive listwanites) 

are characterised by a distinct mineralogy. The carbonate-serpentine listwanite breccias contain 

Mg-Ca (±Fe) carbonates, serpentine minerals, magnetite, chromite, Cr-spinel, ± talc, ± chlorite ± 

quartz. Ni-Co-As sulphides and minor pyrite, whereas massive listwanites are characterised by Mg- 
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Fe (i Mn) carKinates. Cr-mica. Cr-chlorite, quartz and abundant sulphides (pyrite, arsenopyrite, 

gersdorftite and Hi-le sulphosalts). Furthermore, carbonate-serpentine Iistwanite breccias are 

cross-cut h% quart! -carbonate-fuchsite veins, clearly indicating that silicification and sericitisation 

postdate formation of early list' anite breccias. Massive listwanites show a direct spatial 

association with fault zones which served as conduits for K-rich hydrothermal fluids responsible 

for the alteration of Cr-spinel and formation of Cr-mica and Cr-chlorite. 

The field relationships, textural features and distinct mineralogy of the two categories of 

list sanite rocks suggest differences in alteration intensity and characteristics of the hydrothermal 

fluids responsible for their formation. Several authors have proposed models for formation of 

various types of listv`anites in ophiolite belts (e. g. Auclair et al., 1993; Ucurum, 2000; Akbulut et 

al.. 2006). all of which include structural control (thrusts, faults or a micro-fractured and porous 

host-rock) as path%%a. s for the hydrothermal fluid input and episodic carbonatisation of 

serpentinites. According to Akbulut et al. (2006) and Nasir et al., (2007) carbonatisation of non- 

silicified serpentinites is caused by fault controlled infiltration of alkaline, moderate- to high- 

temperature (300-400"C). Ca-. Mg- and CO-2- bearing fluid. Carbonatisation of the rock takes place 

through water-rock interaction. Similarly, the origin of the carbonate-serpentine listwanite breccias 

in Belo Brdo is likely associated with regional fault zones related to emplacement of ophiolites. 

Carbonate minerals, which replace the ultramafic rocks, formed by hydrolysis of iron, magnesium, 

calcium and manganese silicates, with the wall-rocks providing the necessary bivalent metal 

cations (Kerrich. 1983). In Belo Brdo. dolomite is the dominant product of carbonatisation of the 

scrpentinite. 

9.4.1.2 Evidence for externally derived moderate-to high temperature mineralising fluids with 

magmatic signatures responsible for the formation of massive listwanites and pre-ore stage 

sulphides 

Field evidence. microtextures. mineral chemistry and stable isotope data indicate that sulphide 

formation in massive listwanites was associated with quartz veining, carbonatisation and fuchsite 

(Cr-mica) metasomatism. As discussed above, the major petrographic difference between the 

massive listwanites and other listwanite-like rocks is in their mineralogy, which is characterised by 

presence of quartz. Cr-mica. Cr-chlorite. sulphides and absence of magnetite. A reasonable 

interpretation is that Fe'', present in the magnetite, was reduced to Fe2i in pyrite. This indicates that 

the fluids were reducing and sulphur bearing (Ash. 2001). 

The origin of the chromium in Iistwanite depends on 1) the primary mineral acting as a source 

and its ability to release chromium and 2) the behaviour of Cr during metasomatism (Plissart et al., 

2009). In an ultramafic rock, chromite is the primary source of chromium, which occurs as Cri+. 

How. ever. Cr' * is known to be a chemically immobile cation and is not easily released from 

chromitc. The destabilisation of Cr-spinel during hydrothermal alteration usually leads to the 
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formation of a rim of C'r-Fe" enriched spinel or Cr-rich magnetite and formation of chlorite 

aureoles (Shen ct at. 1988. Kimball 1990, Mellini et al. 2005; Plissard et al., 2009). Such a feature 

is ohscr%cd in the listwanite breccias of the Belo Brdo deposit. According to Kimball (1990) and 
Mellini et al. (2005). spine) destabilisation could be related to reaction with a fluid enriched in Mg 

and Si during high-T metasomatism (T > 400°C). Additionally, Cr-" mobilisation is seen in shear 

zones (Winchester and Max 1984), with strongly acidic conditions (pH < 4). In Belo Brdo, Mg-rich 

Cr-bearing chlorite in list-. canite breccias was probably formed during a high-T metasomatism and 

prior to formation of massive listwanite. During subsequent stages of alteration, acidic, Si02- and 
K-rich hydrothermal fluids were responsible for leaching of chromium from Cr-chlorite and 

formation of ('r-mica-quartz assemblage. 

Tsso distinct temperature events for the formation of sulphide mineralisation in different 
listwanite rocks are esident from the mineral compositions of gersdorffite. The As: S ratio and 

cation contents ha%c been used to distinguish different types of gersdorffite. According to Hem et 

al. (2001). and Fanlo et al. (2004). both As and Ni contents in the gersdorffite-cobaltite solid 

solution are controlled b-, the fugacity of As in the mineralising fluid at high temperature. The 

temperature cures in the system NiAsS-CoAsS-FeAsS (Klemm, 1965) are not applicable to 

systems that show extensive substitutions and disequilibrium textures (Fanlo et al., 2006). 

Therefore. only gersdorfflte compositions with As: S ratios of 0.96-1.01 and those that show no 

substantial substitutions (Sb and Zn for As) were used to obtain the crystallisation temperatures. 

Two distinct groups were identified. a high temperature gersdorffite (>400°C) found in listwanite 

breccias, and a lower temperature gersdorffite (<_ 300 °C) which formed in massive listwanites 

(Section 3.6.1). 

Quartz-scricite (ph>Ilic). quartz-tourmaline, argillic and propylitic alteration of andesites in 

Belo Brdo are important indicators of involvement of hydrothermal fluids similar to those related to 

porphyry systems. There is robust stable isotope evidence that the fluids responsible for early 

alteration and sulphide precipitation have hydrothermal characteristics, albeit derived from a 

magmatic source. The main evidence for the magmatic component is: (1) moderately high 

temperature (-4220°C) of the quartz-sericite alteration and magmatic 5180 values for fluid in 

equilibrium with sericite and quartz (6.5 - 8.5%0); (2) magmatic SD value (-5896o) for fluid in 

equilibrium with sericite. (3) magmatic 81'0 and SD values of fluid in equilibrium with tourmaline 

(10%. and -38%o respectivel)) (Section 7.4.4); (4) magmatic S"C value of carbon in silicified 
14 

listwanite (Section 7.3.3): and (5) magmatic 8S values of pyrite hosted by andesites and massive 

listwanite (22.6-4.1%. ) (Section 7.2.4). 

Sericitie alteration of volcanic rocks is characterised by the growth of sericite as a replacement 

of feldspars and mafic phases accompanied by quartz (# tourmaline), abundant disseminated pyrite 

and a small percentage of chalcopyrite. Temperature calculations based on stable isotope oxygen 

gootherrnometry between co-existing quartz and sericite is 420°C, which is consistent with the 

temperature range for sericitic alteration (350-450°C) from copper porphyry deposits (Rusk et al., 
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2008). Sericitic alteration implies low pH conditions. Whole-rock geochemical analyses of altered 

samples sho-A enrichment in Si and K and depletion in Ca and Na. The source of the silica is most 
likely magmatic, based on 6"'0 and 8D values of early hydrothermal fluids in equilibrium with 

quartz and sericite (&'RO from 5 to 9 %o, and 8D from about -20 to -80%o) (Table 7.4, Sections 

7.4.3 and 7.4.4). Additional silica may be liberated from alteration products by way of feldspar 

hNdrol, sis reactions such as: 

KAISi; O� + 2H* = KAI"Si, Oio(OH)2 + 6SiO2 + 2K' (Equation 9.2) 

K-feldspar muscovite quartz 

At Belo Brdo. the intensity of alteration decreases from intense sericitic and less advanced 
argillic to Heaker and wider propylitic (Section 4.4). Intermediate argillic alteration of andesites is 

characterised by clay-bearing assemblages formed by hydrolytic alteration that typically forms at a 

lower temperature than sericitic alteration and at relatively low pH. In this alteration, clay minerals 

replace plagioclase and ferromagnesian minerals are replaced by chlorite and pyrite. Propylitic 

alteration refers to alteration of igneous rocks by hydration, carbonation, oxidation, and locally 

sulphidation reactions to form assemblages rich in hydrous minerals and containing minor 

carbonate (Robb. 2005). Typical assemblages at Belo Brdo contain epidote, chlorite, and minor 

pyrite. Preliminary chlorite mineral analyses were conducted on chlorite associated with propylitic 

alteration. On the basis of the chlorite geothermometer proposed by Cathelineau (1988), it was 

calculated that propylitic alteration assemblages formed at temperatures around 260°C. Such 

spatial zonation of hydrothermal alteration is typical of intermediate to shallow environments 

where cooling, acidic hydrothermal fluids, exsolved from metaluminous magma (or from magma 

with high K/Na). produce at depth higher- temperature sericitic alteration, overlain by lower 

temperature argillic and propylitic alterations (Hemley et al., 1980). 

Tourmaline compositions in Belo Brdo are also good indicators of externally derived 

hydrothermal fluids (Section 4.4.2). Mineral chemistry data distinguish tourmalines from quartz- 

tourmaline listwanitic breccias and quartz-tourmaline veins associated with phyllic alteration of 

andesites. Tourmalines from the quartz-tourmaline veins are essentially dravite-schorl in their 

composition, whereas quartz-tourmaline listwanitic breccias contain both dravite-schorl and uvite- 
dravite. although dravite-schorl is more abundant. Vein-hosted tourmalines are notably higher in 

AI; O;. and Na2O. and lower in CaO, relative to tourmalines from the breccia. Furthermore, 

tourmalines from quartz-tourmaline listwanitic breccias are characterised by high Cr2O3 contents 

(up to 3.2%) and are also associated with Cr-mica and pyrite. The chemical characteristics of 

tourmalines relate most likely to differences in host rock chemistry. The composition of Cr-bearing 

tourmaline is affected by the composition of the listwanitic breccias, which are the most likely 

source for Mg. Ca and Cr. whereas Si. Fe, Al, Na and B have been introduced by hydrothermal 

fluids. The hydrothermal origin of tourmalines is also evident by their association with quartz, 
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mica. x Cr-mica and pyrite in both, quartz-tourmaline veins and quartz-tourmaline listwanitic 

breccias. This is further supported by sulphur isotopic characteristics of pyrite associated with 

tourmaline in quartz-tourmaline listwanitic breccias, where sulphur isotopic values of pyrite show 

strong magmatic signatures (3.2%o) (Table 7.1 Section 7.2.4.1). 

9.4.1.3 Summunv 

" Massive Iistuanites were formed through K-metasomatism of serpentinised harzburgites 

by acidic. SiO; - and K-rich hydrothermal fluids. 

0 There is robust stable isotope evidence that the fluids responsible for early alteration and 
Ni-Co-As. Cu. t Bi-Te sulphide precipitation have hydrothermal characteristics, albeit derived 

from a magmatic source. 

" The main evidence for the magmatic component is: (1) moderately high temperature 

(-420°C) of the quartz-sericite alteration and magmatic 5180 values for fluid in equilibrium with 

sericite and quartz. (2) magmatic SD value for fluid in equilibrium with sericite; (3) magmatic 8 18O 

and M) values of fluid in equilibrium with tourmaline: (4) magmatic S13C value of carbon in 

silicified listwanite. and (5) magmatic S`4S values of pyrite hosted by andesites and massive 

lismanite. 

9.4.2 Main-ore stage 

9.4.2.1 lntrnduclion 

The pre-ore stage hydrothermal alteration patterns, together with the main-stage sulphide 

paragenetic and mineral chemistry data, provide insights into general features of the hydrothermal 

fluids that formed the Belo Brdo deposit. Based on the criteria in Sillitoe and Hedenquist (2003), 

Belo Brdo can be described as an intermediate-sulphidation base-metal deposit, similar to those 

formed in transitional porphyry to epithermal environments (Figure 9.2). Sulphidation state refers 

to the oxidation state of sulphur (i. e. -2.0, +2, +4 or +6) in hypogene sulphide assemblages 

(Hedcnquist, 1987; Hedenquist et al.. 2000; Sillitoe and Hedenquist, 2003). Based on the 

sulphidation state, three main types of epithermal deposits have been recognised: high-sulphidation 

(HS; S'' or S°'): intermediate-sulphidation (IS; S2 ); and low-sulphidation (LS; S or S2') 

(Hedenquist et al.. 2000: Sillitoe and Hedenquist, 2003). 

End-member HS deposits are represented by pyrite-enargite-luzonite-famatinite-covellite 

sulphide assemblages, whereas end-member LS deposits are characterised by pyrite-pyrrhotite- 

arsenopyrite and Fe-rich sphalerite sulphide assemblages (Figure 9.2; Hedenquist et al. 2000; 

Einaudi et al.. 2003). 
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Figure 9.2: /S_-T diagram showing the variety of sulphide assemblages in epithermal deposits that reflect 
sulphidation state, from very low and low through intermediate to high and very high. Compositional fields 
of arc volcanic rocks, high-temperature volcanic fumaroles, magmatic-hydrothermal fluids, and geothermal 
fluids are shown (From Sillitoe and Hedenquist, 2003 after Einaudi et al., 2003). The red line indicates the 
compositional field of the main-ore stage in carbonate-replacement ore-body in Belo Brdo; formation 
temperatures and sulphur fugacity calculated by arsenopyrite and sphalerite geothermometry. 

Intermediate-sulphidation deposits display intermediate sulphidation-state assemblages 

comprised of pyrite-tetrahedrite/ tennantite-chalcopyrite and sphalerite with variable FeS contents 
(1-20 mol %, ). IS epithermal deposits mostly occur in andesitic-dacitic are environments, but do 

not often show a close relationship with porphyry Cu deposits as do many of the HS deposits 

(Sillitoe & Hedenquist. 2003). 

9.4.2.2 Alineralisalion 

Ore textures in Belo Brdo indicate that replacement is the dominant process in the formation 

of sulphide mineralisation. Paragenetic studies have identified two sub-stages of the main stage 
mineralisation. An early stage is represented by sphalerite, galena, As-rich pyrite and arsenopyrite. 
A later, polymetallic mineralisation is characterised by the introduction of Cu-bearing phases, such 

as chalcopyrite. bornonite and Ag-bearing tetrahedrite-tennantite, in addition to sphalerite, galena, 

pyrite and arsenopyrite. Three main compositional populations of sphalerite have been identified. 

The most commonly occurring type is the Fe-rich variety with an average 17.5 mol. % FeS. Fe-rich 
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sphalerite occurs throughout the main stage of mineralisation, including an earlier paragenesis with 

pyrite. arsenopy rite and galena in the carbonate-hosted ore body, as well as a later paragenesis in 

the vein ore bodh. The other tv to varieties have distinctly lower FeS contents with average values 

of 8.5 and I mol. %. respectively. The Fe-poor sphalerite is associated with late Cu-bearing 

sulphides. Sphalerite compositions in Belo Brdo are typical of intermediate-sulphidation states. 

Fluctuations in the FeS content of sphalerite may be caused by intermittent events such as boiling, 

local wall rock interaction, or by pulses of reduced fluids of magmatic and non-magmatic origin 

(Barton ct al.. 1977, Bethke and Rye, 1979). In Belo Brdo boiling was not observed in quartz 

samples syngenetic with main-ore sulphides. It is more likely that water-rock interaction and influx 

of new hydrothermal fluids may have caused such variability in sulphidation states. 

P%rite in the main-ore stage contains high As concentrations (up to 8 wt. %) and often exhibits 

usuallh oscillatory zoning defined by variations in As content. It contains variable concentrations of 

Ni and Co. although consistently lower than those of the pre-ore stage pyrite. Generally, the most 

common elements that can be incorporated into the pyrite lattice are As, Co and Ni. Mechanisms 

that can cause compositional changes in naturally zoned crystals include large-scale physical and 

chemical changes within the hydrothermal system (temperature, JOz, fluid chemistry) that are 

independent of local crystallisation. or crystal growth can also be controlled by local, intrinsic 

phenomena. such as growth rate, solute diffusion through the crystal-fluid boundary layer, etc. 

(Shore and Fowler 1996). Pyrite in main-ore stage is locally auriferous. 

The main-ore stage arsenopyrite is homogeneous and contains no significant amounts of Ni 

compared to the pre-ore stage, compositionally zoned arsenopyrite with respect to Ni content (up to 

6 wt. %). The later stage of ore deposition is characterised by galena-pyrite-chalcopyrite- mineral 

assemblage followed by tennantite-tetrahedrite series minerals and bournonite. Tetrahedrite- 

tennantite is main carrier of Ag. 

9.4.2.3 Ore-forming conditions 

Suiphidation state, referenced to stability fields of sulphide mineral assemblages as a function 

of log JS. and temperature. has been used to depict the ore-forming environment of the main 

sulphidc-stage of the carbonate-replacement ore-body in the Belo Brdo deposit (Figure 9.2). In this 

stud). sulphide mineral assemblages were used as a tool to provide information about the formation 

temperature. as it was not possible to find fluid inclusions for microthermometery in sphalerite, due 

to its opaque nature. Temperature estimates were obtained using arsenopyrite and sphalerite 

geothermometry. 
Arsenopyrite is the most refractory of the common sulphides and has received considerable 

attention as a geothermometer for estimating the physicochemical conditions of ore deposits 

(Kretschmar and Scott, 1976). Arsenopyrite composition depends largely on temperature, sulphur 

fugacity and, to a lesser extent, pressure. However, the successful application of the arsenopyrite 
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geothermometer is only possible where arsenopyrite, sphalerite, löllingite and iron sulphides are 

deposited under equilibrium conditions. and where the arsenopyrite composition does not change 

during subsequent processes. Equilibrium compositions of arsenopyrite are usually preserved in 

hydrothcrmal deposits that have undergone relatively rapid cooling, and their compositions are not 

typically subject to change during subsequent processes. Arsenopyrite co-existing with pyrite has 

As contents between 29.4 and 31.5 with a mean value of 30.05 atom. %., corresponding to 

formation temperatures between 311 and 348°C (see Section 4.6.3. L) and logarithm ofJS2 between 

-8.3 and -10.5 (Fig. 4.18. Section 4.6.3.1). Arsenopyrite with lower arsenic content (27.2-27.9 

atom. %) is recorded in one sample. where arsenopyrite occurs at a later stage of main-ore 

deposition, associated with more homogeneous pyrite. Because arsenopyrite is a refractory mineral 

it is unlikely that changed conditions would modify composition of already deposited arsenopyrite. 

Therefore. it is likely that As-depleted arsenopyrite represents lower-temperature, younger 

generation of sulphides. Equally, the very high As contents (32.5 to 33.9 atom. %) of some of the 

pre-ore stage arsenopyrite may be interpreted as a sign of high-temperature deposition of sulphides 

(>400°C). Therefore. arsenopyrite geothermometry indicates cooling of the hydrothermal system 

from >400°C in the pre-ore stage. to less than 300°C at the end of main-ore stage (Section 4.6.3). 

This is consistent with gersdorffite geothetmometry data discussed previously. 

The FeS content in sphalerite has been identified as a sensitive indicator of sulphur fugacity 

during ore precipitation (Barton and Toulmin, 1966). A Iog, SS2-temperature (1000/K) composition 

diagram has been constructed by Lusk and Calder (2004) for a sequence of buffer reactions in the 

Cu-Fe-S and Fe-S systems. The equation: 

logs 11.01-9.49(1000/K)+[0.187-0.252(1000/K)](mol. %FeS)+[0.35-0.2(1000/K)](mol. % 

CuS in sphalerite) (Equation 9.3) 

can be applied to sphalerite that has equilibrated with buffer assemblages containing pyrite, or 

pyrite and pyrrhotite, in both the Fe-Zn-S and Cu-Fe-Zn-S systems at temperatures between 250 

and 550°C at I bar (Lusk and Calder. 2004). In this study, sphalerite with mean composition of 18 

mol. % FeS and CuS compositions between 0.009 and 0.12 mol. % CuS, was used to estimate 

formation temperatures. taking into consideration the sulphur fugacity of 10-8*' and --10-1° 

obtained from arsenopyrite geothermometry. The calculated formation temperatures range between 

290 and 350°C (Fig. 4.20, Section 4.6.5). This calculated temperature corresponds well to that 

deduced from arsenopyrite geothermometer (T = 311 - 348°C). 

9.4.2.4 Characteristics of ore-forming fluids and sulphide precipitation 

Assuming that chloride complexes are responsible for metal transport, deposition of sulphides 

(Barnes. 1979) can be expressed as: 

McCI: + H2S - MeS + 2H'+ 20% (Equation 9.3), 
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where pH decreases in response to sulphide mineral precipitation, which yields H+. Consequently, 

deposition of' sulphides could result from (1) an increase in pH, (2) an increase in the concentration 

of 11, S and (3) a decrease in the concentration of Cl'. The pH increase, liberating sulphide from HZS 

or FIS to precipitate in sulphide minerals is one of the most common causes of sulphide 

precipitation. For example. under acidic conditions, galena is highly soluble as PbCI2 and PbCl42. 

The large galena solubility reflects the displacement of the following equilibrium equation to the 

right b% a large 11 activity at low pH: 

PbS (R, k,,., + IV �q, + 4C1'�q) = PbC142 (aq) + HS (eq) (Equation 9.4) 

As pH increases equation 9.4 is driven to the left and essentially all aqueous Pb precipitates in 

galena as p11 rises. The same basic characteristics of sulphide solubility apply to sphalerite and 

chalcopyrite. Deposits that form in this way clearly include all types of skarns, manto-type lead- 

zinc deposits and disseminated chalcopyrite in sericitised feldspar sites in alteration envelopes of 

veins related to porphyry copper deposits (Reed and Palandri, 2006). Sulphides such as sphalerite, 

galena and chalcopyrite precipitate in altered wall-rocks as feldspars or carbonates neutralise acid, 

metal-bearing fluid. The pH can also increase where a hydrothermal fluid boils out CO2 to the gas 

phase, or where brine is diluted by fresh water. 

In general, deposition of sulphides can also result from chemical reduction or cooling. Cooling 

can result either from dilution by cold water mixing or from heat conduction into cold wall rocks 

(Reed and Palandri. 2006). Cooling by mixing of hotter magmatic fluid with cold non-magmatic 

(meteoric) waters is seen in many porphyry-related epithermal precious and base metal deposits. 

Fluid inclusion data from Belo Brdo suggest precipitation from low- to moderate salinity 

fluids (1.82-13.9wt% equiv. NaCI) with predominantly Na-chloride composition (±Ca; ±Fe) 

(Section 6.5). Bulk fluid properties (p = 0.86 g/cm3 for quartz) were calculated after the equation of 

state proposed by Zhang and Frantz (1987). Homogenisation temperatures of all analysed 

inclusions range between 189 and 341 °C, with an average temperature of 251 °C (Table 6.2, 

Section 6.5.1). However, the main-ore stage quartz exhibits higher homogenisation temperatures, 

which range from 220°C to 341"C with a mean at 299°C. These temperatures are consistent with 

those obtained by arsenopyrite geothermometry from the massive sulphide ore of the main 

mineralisation stage. Quartz from later stage main-ore breccia has lower homogenisation 

temperatures between 189 and 277°C with a mean at 218°C, whereas fluid inclusions from the late- 

to post-stage ore show even lower homogenisation temperatures (165-265°C) and salinities (1.82- 

8.19w1. % equiv. NaCI). Since homogenisation temperatures represent minimum trapping 

conditions and phase separation was not observed in quartz from main-ore stage, formation 

conditions were estimated from isochors intersected by temperatures calculated from arsenopyrite 

and sphalerite CuS geothermometers discussed above. The trapping pressures for the Belo Brdo 

deposit were between 1419 and 521 bars (Fig. 6 9. Section 6.5.3) and imply depths of between 5 

and 1.7 km under lithostatic conditions, taking into account a rock density of 2.5 g cm";. The 

presence of hydrothermal breccias in the deposit and the presence of vapour-rich inclusions in one 
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sample. which unfortunately was not analysed here by microthermometry, indicate the possibility 

that pressure-temperature conditions were close to the liquid-vapour two phase curve. This would 

in turn indicate a hydrostatic pressure regime and trapping temperatures of between 50 and 120 

bars. However. it is difficult to be more precise regarding the formation depth of the Belo Brdo 

mineralisation because of the lack of precise knowledge of the fluid pressure regime. 

Decreases in both. homogenisation temperature and salinity from the main-ore stage to the 

late-ore stage indicates influence of cold, diluted meteoric waters. The correlation between 

homogenisation temperature and salinity (Fig. 6.8 Section 6.5.2) suggests that cooling due to 

mixing with cold meteoric water is an important process that may have contributed to sulphide 

precipitation. Fluid mixing is also indicated by 5180 and SD signatures of fluid inclusion water 

(Figure 7.5. Section 7.4.4) and S''C- S'8O signatures of different carbonate generations (Figure 7.3, 

Section 7.3.3). Calculated oxygen isotopic composition of water in equilibrium with quartz 

associated with massive sulphides is consistent with the ore fluids being derived from the magmatic 

source (5.9 to 7.7%o). whereas calculated isotopic composition of water in equilibrium with quartz 

from the ore breccia and late-ore stage show depletion in both oxygen and hydrogen values (S 'gO 

= 4.8 to 2.3 %o and SD= -93 to -96 %o). indicating influence of meteoric waters. 

The carbon and oxygen isotopic compositions of several carbonate generations from the Belo 

Brdo deposit show a general tendency toward decreasing 8180 and increasing S"C from pre-ore to 

post-ore stage carbonates of Belo Brdo. The lower S13C values (-. -4%o) indicate a contribution of 

magmatic carbon. whereas the late-stage dolomite 8"C values lie close to the field of marine 

limestones. 

Sr isotope composition of hydrothermal carbonates from the carbonate-replacement 

mineralisation of the Belo Brdo deposit have intermediate values between those of the Tertiary 

magmatic rocks and Cretaceous sediments on one hand and the Jurassic serpentinite and 

listwanites on the other, indicating a contribution of Sr from those rocks. 

REE geochemistry data clearly indicate that the REE distribution pattern for non-mineralised 

Cretaceous limestones reflects a marine environment, as they are characterised by negative EUN and 

Ce� anomalies (Fig. 4.24. Section 4.8). Most of the other analysed carbonates show a positive EUN 

anomaly and display no for weak negative CeN anomaly, which could be inherited from the primary 

carbonate sediments. The REE characteristics of hydrothermal carbonates are controlled by the 

composition of the fluid and physicochemical conditions during precipitation. The positive Eu 

anomalies directly reflect the Eu2*/Eu'' ratio in the mineralising fluid (e. g. Zhong and Mucci, 

1995). The Eu'' /Eu" ratio in a rock-buffered fluid is strongly dependent on temperature, and 

Eu='/Eu" equilibrium is established at around 250°C (Bau & Möller, 1992). Therefore positive Eu 

anomalies are typical for carbonate precipitated at temperatures above 250°C and under at least 

mildly reducing conditions. Oxidising fluids will exhibit a negative Ce-anomaly, which is a typical 

feature of marine water (Hu et. al. 1988). Due to oxidising conditions in seawater, Ce3+ is oxidised 

to Ce` which is less mobile resulting in Cc depletion of the seawater itself. Therefore marine water 
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commonly possesses a negative Ce anomaly (Elderfield and Greaves, 1982; de Baar et al., 1985), 

which is then inherited by carbonates formed in a marine environment. 

Distinct positive EUN anomalies in syn-ore dolomites and ankerites are typical of reducing, 

acidic, high temperature fluids (Bau and Möller, 1991), commonly of metamorphic or magmatic 

origin (McLennan, 1989). 

Neutralisation of acid fluids with strong magmatic signatures may represent a second possible 

process for sulphide precipitation. This process could have taken place as acidic metalliferous 

fluids associated with calc-alkaline metaluminous magma entered the carbonate succession of the 

Upper Cretaceous Flysch Unit as well as listwanites. The rapid change of pH as a result of 

carbonate dissolution and buffering to mildly alkaline conditions could have triggered or at least 

contributed to sulphide precipitation (Seward and Barnes, 1997). 

9.4.2.5 Source of sulphur 

The most important tool for tracing the source of S involved in ore formation at Belo Brdo are 

S34S studies of sulphide ore minerals (Section 7.2.4). The relatively low and uniform isotopic 

sulphur compositions of all main-ore sulphides (3.4-5.4%o; average 4.4%o) is consistent with an 

igneous source (0 ±5%o), with sulphur derived directly from magmas or by the remobilisation of 

sulphur from igneous rocks (Ohmoto and Rye 1979; Ohmoto and Goldhaber, 1997). As no sulphate 

minerals have been observed in the carbonate-replacement ore-body of the Belo Brdo deposit, a 

reduced, HZS dominated hydrothermal system can be inferred for the deposition of sulphides. 

Additionally, under the physical and chemical conditions illustrated for the main-ore stage of Belo 

Brdo (T<350°C, low pH and Eh), the major sulphur species would be H2S. The 634S values of 

sulphides deposited in an environment where H2S is presumed to be the main sulphur species in the 

fluid are generally close to the 834S values of the fluid (Ohmoto and Rye 1979). In this study, the 

S"S value of H2S in equilibrium with sulphides was calculated from the 634S value of sulphide 

minerals and the mineral-H2S fractionation factor of Ohmoto and Rye (1979) for pyrite and 

sphalerite, and of Li and Liu (2006) for galena. Calculated 534S composition of H2S in equilibrium 

with main-ore sulphides is 4.7%o, which suggests a magmatic sulphur source (Section 7.2.4) 

(Ohmoto and Rye 1979). 

A possible cause for H2S sulphur is the dissociation of SO2. At high temperatures, magmatic- 

hydrothermal fluids have SO2 greater than H2S (Einaudi et al., 2003; Field et al., 2005; Chambefort 

et al., 2008). As the magmatic-hydrothermal fluid cools, the sulphur dioxide disproportionate by 

reaction with water (Holland, 1965): 

4SO2 + 4H20 = 3H2SO4 + 1HZS = 3HS04- +3 H` + H2S (Equation 9.5) 

The hydrogen sulphide produced by this reaction allows precipitation of galena, sphalerite and 

chalcopyrite. Ohmoto and Rye (1979) pointed out that this reaction favours SO2 at 700°C, but on 

cooling to 400°C favours sulphuric acid and hydrogen sulphide. This reaction is also a function of 
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pressure. such that hydrogen sulphide is produced at higher temperatures in deeper environments 

and lower temperatures in shallower environments (Field et al., 2005). 

9.4.2.6 Source of metals 

The lead isotopic compositions of galena from different mineralisation stages of the Belo Brdo 

carbonate-replacement ore body show little variation (206Pb/204Pb= 18.678 to 18.686,207Pb/204Pb= 

15.674 to 15.677, and 18Pb/204Pb = 38.873 to 38.888), suggesting that fluids were well 

homogenised throughout the deposition of the carbonate-replacement mineralisation. The Pb 

isotope ratios are close to those of the Tertiary volcanic rocks, as well as the Cretaceous Flysch 

sediments. The strong similarity between the Pb isotope signature of Mesozoic flysch sediments 

and the local igneous rocks suggests a strong influence of the Mesozoic subducted sedimentary 

material and contamination of the mantle source. This implies a common source for both ore- 

galena and igneous rocks. 

9.4.2.7 Summary 

Estimated formation temperatures using sphalerite with mean composition of 18 mol. % 

FeS and CuS compositions between 0.009 and 0.12 mol. % CuS, range between 290 and 350°C. 

Arsenopyrite geothermometry yielded formation temperatures between 311 and 348°C and sulphur 

fugacity (JS2) of between 10 83 and -l0-los bar. 

" Fluid inclusion data from the main-ore stage quartz suggest precipitation from low- to 

moderate salinity (1.82-I3.9wt. % equiv. NaCl) and epithermal- to moderately high temperature 

(190- 341 °C) fluids. The trapping pressures were between 1419 and 521 bars and imply depths of 

between 5 and 1.7 km under lithostatic conditions. 

" Cooling by mixing of hotter, magmatic fluid with colder meteoric water is an important 

process that has contributed to sulphide precipitation. Calculated oxygen isotopic composition of 

the fluid responsible for the main-ore shows magmatic signatures (5.9 to 7.7%o), whereas calculated 

isotopic compositions of water responsible for sulphide precipitation in late ore breccia show 

depletion in both oxygen and hydrogen values (S 180 = 4.8 to 2.3 %o and 8D= -93 to -96 %o), 

indicating the influence of meteoric waters. 

" The relatively low and uniform isotopic sulphur compositions for all main-ore stage 

sulphides (3.4-5.4%o: average 4.4%o) are consistent with an igneous source. The major sulphur 

species is H; S. Calculated 6S composition of H2S in equilibrium with main-ore sulphides is 

4.7%o, which suggests a magmatic sulphur source. 

" The lead isotopic compositions of galena from different mineralisation stages of Belo Brdo 

deposit are homogeneous and similar to those of local calc-alkaline volcanic rocks, as well as the 
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Meso, oic fh scb sediments. indicating contamination of the mantle source by subducted sediments 

and a genetic link between mineralisation and magma. 

9.4.3 Past-ore stage 

i-he late mineral assemblages consist of quartz-dolomite cavity fillings as well as quartz- 

dolomite-pyrite veins crosscutting and replacing mineral assemblages from earlier stages. 

Homogenisation temperatures of two-phase aqueous fluid inclusions from the late-stage quartz 

crystals range from 165 to 265 °C with a mean of 216 °C. Salinities range from 1.8 to 8.1wt. % 

equiv. NaCl with a mean of 5.7 wt. % equiv. NaCl. The fluid salinity is much lower compared to 

the fluid inclusions from quartz in the main-ore stage, indicating that fluids were significantly 

diluted during the late stage of mineral deposition. The isotopic composition of water extracted 

directly from fluid inclusions hosted by late-stage quartz shows depletion in both oxygen and 

hydrogen values (& '"U = 2.3 to 4.8%o and &D = -93 to -96%o), reflecting the increased influence of 

meteoric waters during the waning stage of magmatic-hydrothermal activity. 

Besides the listwanites, the Cretaceous shallow marine limestones are the host rocks of the 

replacement orebodies and have &"C values (2.7-3.5%o) and &180 values (25.4-27.7%o) typical of 

world-wide Cretaceous marine carbonate values (Veizer and Hoefs, 1976). Hydrothermal late-stage 

vein Ca-Mg-Fe carbonates that cross-cut altered serpentinites have &"C values (-4.4 to -0.95%o) 

and &"U values (13-14.5%o) that differ significantly from the &"C and &'80 values of limestones. 

The lower 6''C values indicate a stronger contribution of magmatic carbon. In contrast, late stage 

dolomites. which fill small cavities have the same carbon isotope signatures as unaltered host 

limestones (&"C = 2.4 to 4.4%o). suggesting that unaltered limestones are probably the source of 

carbon. Their oxygen isotope values however are much lower than those of unaltered limestones, 

and almost identical to those of syn-ore stage, reflecting interaction of hot hydrothermal fluids with 

the Upper Cretaceous Flysch Unit. 

The slightly higher 6'4S values of 4.5 - 6960 for late-stage pyrite and sulphides from late-stage 

vein mineralisation that crosscuts Cretaceous sediments and from those hosted in carbonate 

breccias might be a consequence of the ore fluid interacting with an external, isotopically more 

positive sulphur sourced from country rocks (Ohmoto and Goldhaber, 1997). 

The data obtained by this study clearly suggest that Belo Brdo carbonate-replacement deposit 

formed from epithermal- to moderately-high temperatures (160-350 °C), low- to moderate- salinity 

aqueous fluids with sarong magmatic signatures during the main-stage of ore deposition and with 

an increasingly significant involvement of meteoric waters during late-stage evolution. 
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9.5 Some comparisons with Mississippi-Valley-type (MVT) ores and high 

temperature carbonate-hosted Pb-Zn deposits 

This stud} demonstrates that the Belo Brdo carbonate-replacement Pb-Zn (Ag) deposit 

contrasts sharply with those of MVT Pb-Zn deposits and exhibits similarities with the high 

temperature massive sulphide carbonate-hosted replacement ores of the North American Cordillera 

(Title), 1996) and Northern Mexico (Megaw et al., 1988). The common features of both ore types 

are the epigenetic origin for the Pb-Zn ores that were deposited by hydrothermal solutions as 

replacements of the host rock, typically limestone or dolomite. They commonly form stratabound 

and stratiform massive sulphide orebodies containing Pb, Zn, Cu, ±Ag, ±Au and almost completely 

replace the carbonate host. The form and size of the ore-bodies are determined by structural and 

stratigraphic controls that localise the permeability of the ore-bearing fluids. The major differences 

between MVT and high temperature carbonate-replacement Pb-Zn (Ag) deposits, including Belo 

Brdo. are in their geotectonic setting and the characteristics of ore-forming fluids. MVT deposits 

are formed from low temperature (< 200°C) basinal brines. They are the product of regional to sub- 

continental-scale gravity driven fluid flow that led to ore precipitation typically in dolostone and 

limestone of stable, only weakly deformed carbonate platforms (Sverjensky, 1986). Large-scale 

fluid flow is commonly correlated with tectonic compression and uplift in the hinterland of the 

deposits (Leach et al., 2001). The majority of MVT deposits formed during periods of intense 

tectonic activity that occurred during the assimilation of Pangea in the Devonian to Permian time, 

as well as during a time of microplate assimilation along the western margin of North America and 

Africa-Eurasia during the Cretaceous to Tertiary (Leach et al., 2001). The MVT deposits are 

relatively poor in Ag and Fe. 

In contrast the high-temperature, carbonate-hosted Pb-Zn-Ag (±Cu; ±Au) deposits of western 

North America and Mexico are found in orogenic environments and are formed by high 

temperature (200-450°C) ore fluids. They often form mantos (tabular or cylindrical flatlying 

layers). pipes, and irregular and branching ore bodies. Ore systems are enriched in iron and silver 

and often exhibit zoned complex mineral assemblages. Metal sources are mixed, and range from 

magmatic to wall-rock or crustal sources. Some well known high temperature Pb-Zn deposits 

include Cerro de Pasco in Peru, Parana and Sao Paulo in Brazil, Tintic in Utah, Gilman and 

Leadville in Colorado, and Tsumeb in Namibia (Titley, 1996). 

Similarities between Belo Brdo and the high-temperature, carbonate-hosted Pb-Zn-Ag (Cu) 

deposits of northern Mexico are seen in the structural control, the host-rock characteristics, and the 

sulphide mineralogy. The Mexican deposits occur in carbonate-dominant Jurassic-Cretaceous 

sedimentary sequences on the margins of a major fold-thrust zone. Silicic and intermediate 

volcanic and intrusive rocks of Tertiary age are associated with most of these deposits. Orebodies 

are represented by mantos, chimneys, and pods and are composed of massive sulphides and/or calc- 

silicate skarn (Megaw. 1988). The deposits commonly reveal strong structural controls and are 
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stratigraphically discordant. Structural controls include intrusive contacts, faults, fold axes, 
fractures, fissures, and cavern zones. Intrusive contacts and intrusion-related faults are most 
important in the skarns, whereas regional fault, fold, and fracture systems are dominant controls on 

mantos and chimneys. Mineralisation commonly occurs below relatively impermeable shaly units, 

sills or volcanic rocks, although some extensive orebodies are restricted to specific horizons within 

apparently homogeneous carbonate successions. Zones of enhanced porosity and permeability 
induced by recrystallisation, heating, deformation, or hydrothermal dolomitisation are important 

controls of mineralisation. Fluid inclusion data indicate temperatures in the range 200-500 °C and 

salinities ranging from I to 60 wt. % equiv NaCl (Titley, 1996; Meinert, 2007). The hotter, more 

saline, solutions are typically from skarn zones. Evidence for boiling has not been reported. Stable 

isotope data for these deposits are sparse but show wide diversity and indicate mixing of magmatic 

and meteoric fluids (Megaw, 1988). The variety of mineralisation styles reflects variations in 

intrusive associations, depth of emplacement, host-rock characteristics, and geochemical evolution 

of the individual systems. 
The major difference between Belo Brdo and the Mexican high temperature carbonate-hosted 

Pb-Zn (Ag) deposits is in its geotectonic setting within an ophiolite suture zone. The host 

lithologies, including ultramafic rocks, played an important role in the evolution of the varied ore 

mineralogy, and in the host rock alteration. The pre-ore evolution and the listwanite host rock, as 

well as Ni-Co and Cr enrichment is a result of the ophiolite influence. The alteration of andesitic- 

dacitic rocks is similar to those of porphyry copper deposits. 

9.6 Comparison with other Pb-Zn deposits in the Kopaonik metallogenic district 

Several Pb-Zn (Ag) veins, carbonate-replacement, skarn and stockwork deposits occur in the 

Kopaonik metallogenic district (Forgan, 1948; Schumacher, 1954; Jankovic, 1990). The deposits 

are related to Oligocene-Miocene post-collisional calc-alkaline volcanism as demonstrated by this 

study and two recently completed PhD research projects that focused on P-T-X formation 

conditions of the Crnac (Borojevic-gostaric, 2009) and Trepca Pb-Zn (Strmic-Palinkag, 2009) 

deposits. Here, a brief summary of the Cmac and Trepca deposits are presented. The two deposits 

are than compared with the Belo Brdo deposit. 

The Crnac Pb-Zn (Ag) deposit (Borojevic-ostaric, 2009) is located some 30 km southwest 
from Belo Brdo and 1.5 km northeast from the Karavansalija Cu-Au skarn mineralisation (Fig. 

2.13, Section 2.6). Cmac is worked as an underground mine with total reserves of 4.4 Mt at 10% 

Pb, 4% Zn, and 100 - 150 g/t Ag and consists of a series of steeply dipping massive sulphide ore 

veins, I to 5m thick. The veins are hosted by Jurassic amphibolites, which represent an 

amphibolite facies metamorphic sole of the Western Vardar zone, obducted 170.4± 1.2 - 164.9± 1.3 

Ma ago and overlain by serpentinites of the same age (Borojevic-Sostaric, 2009). Additional 

irregular lenses and pods are hosted by listwanites, a common feature that Crnac shares with Belo 
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Brdo. Listwanite mineralisation occurs at the contact between amphibolites and overlying 

serpentinites. Intense volcanic activity produced shoshonitic and high-K calc-alkaline volcanic 

rocks and lasted from 32.4± 1.0 - 27.4± 0.3 Ma. The whole lithological sequence was intruded by 

the swarm of Tertiary, post-collisional quartz-Iatite dykes. Intrusion of the porphyry dykes 

generated NaCl- H2O rich magmatic fluids with temperatures of 280-400°C, salinities of 2-36wt. % 

equiv. NaCl. Fluids caused propylitic, potassic and sericitic-kaolinitic alteration of dykes and 

amphibolite hosts, dated at 28.6± 0.5 Ma. Similarly to Belo Brdo, pre- and syn- ore stage 

mineralisation (pyrite-arsenopyrite-quartz-kaolinite and galena-sphalerite-chalcopyrite 

respectively) are characterised by the introduction of low pH-high temperature-low salinity fluids 

of dominantly magmatic origin, and simple composition (Na-K-CI). Late-stage mineralisation, 

represented by carbonates and subordinate galena and pyrite are precipitated from neutral fluids of 

more complex composition (Ca-Na-K-Cl-C02) with an increased influence of meteoric waters. 

Fluid inclusion data from quartz hosted by listwanite mineralisation reveal the presence of a high- 

temperature - low-salinity NaCI-H20 fluid (Th=249 - 324° C, 2.9 - 6.7 wt. % equiv. NaCI), similar 

to that seen in the Belo Brdo deposit. 

The 814S values are also close to those of Belo Brdo and increase from the pre-mineralisation 

pyrite (S"S pyrite= 0.32 - 3.1 I %o), towards the major mineralisation stage sulphides (S34S 

galena=0.42 - 3.05%o; 834S sphalerite = 2.89 - 5.9296o). Generally the low 834S values indicate an 

influence of magmatic sulphur. 

The Pb-Zn-Ag Trepca mineral deposit (Strmic-Palinkag, 2009) is located around 40 km south 

from Belo Brdo. According to the ITT/UNMIK 2001 report, the potential ore reserve has been 

estimated at 29 million tons with grades varying from 3.40 to 3.45 % Pb, 2.23 to 2.36% Zn and 74 

to 81 g/t Ag. Mineralisation is hosted by recrystallised Triassic limestone with a well developed 

palaeokarst, overlain by Triassic schists. The ore forming process is related to a phreatomagmatic 

eruption with a phreatomagmatic breccia developed at the contact between the host limestone and 

overlaying schist. The deposit is spatially and temporary related to post-collisional magmatism. 

The K/Ar and Ar/Ar dating of the breccia and associated igneous rocks suggest a Late Oligocene 

age (24.0 ± 0.7 to 25.1 ± 0.9 Ma). The mineralisation is represented by skarn and hydrothermal 

paragenesis as two end-member types. The skarns occur in the form of replacement of the 

recrystallised limestone, whereas hydrothermal mineralisation appears as replacements and as 

open-space fillings. Hedenbergite enriched in Mn represents the principal skarn mineral formed 

during the prograde stage under influence of Ca-Na-Cl fluids of magmatic origin. Formation 

temperature is between 380 and 500°C. The retrograde stage was initiated by phreatomagmatic 

explosions and formation of the breccia. The involvement of groundwater in the system increased 

oxygen fugacity and caused alteration of pyroxenes to ilvaite, magnetite, carbonates and quartz. 

The hydrothermal paragenesis comprises galena, sphalerite, pyrite, quartz and rhombohedral 

carbonates. Iron contents of sphalerite are higher than those of Belo Brdo and range from 17.6 and 

22.5 mol% FeS, which represents a transition from low-sulphidation to an intermediate 
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sulphidation state. The hydrothermal mineralisation is superimposed onto the skarn assemblages 
and was produced by mixing of magmatic fluids with the groundwaters under increased sulphur 
fugacity. Travertine deposition is related to very late stages of hydrothermal activity in the area. 

Fluid inclusion studies were carried out on skarn (hedenbergite: Th=385-410°C, 14.8-16.5 

wt. % NaCl equiv. ), sulphide (sphalerite: Th=240-305°C, 8.0-14.6 wt. % NaCl equiv. ) and gangue 
minerals (quartz: Th=295-355°C, 4.5-12.0 wt. % NaCl equiv.; carbonates: Th=295,4.5-11.0 wt. % 
NaCl equiv. ). 

Stable isotope data for carbonate minerals point to the influence of magmatic fluids (S"C =- 
2.8 %o: 6180 = 12.5 96o). The 8-I'S values of the sulphides increase in the order galena (0.9 ± 2.3) < 

chalcopyrite (2.9) < pyrrhotite (3.1 ± 0.8) < sphalerite (3.7 ± 1.6) < pyrite (4.2 ± 2.8) and are 

consistent with a magmatic source of sulphur. 
According to Strmic-Palinkas (2009), the deposit can be classified as a high temperature 

carbonate-replacement/proximal calcic Pb-Zn-Ag skarn deposit as defined by Titley (1996) and 
Meiners (1992). However, it could also be considered as a polymetallic root of an eroded low- 

sulphidation epithermal-type system. An epithermal-style of mineralisation is also indicated by the 

presence of Mn-rich calcite (oligonite), together with rhodochrosite, silver and gold occurring in 

fractures and brecciated volcanic rocks (Feraud and Deschamps, 2009). 

Despite the variations between ore types and host-rock characteristics, major similarities 
between the three deposits are seen in (1) fluid inclusion and stable isotope data; (2) structural 

controls and association with post-collisional calc-alkaline magmatism; and (3) the main sulphide 

mineral assemblages. It appears that the spectrum of mineralisation styles, shown by these three 

deposits represents different local responses to the same magmatic events. This could be largely a 
function of variation in host rock lithologies. 

However, there are significant differences between the Pb-radiogenic values of ore-galena 
from the three deposits. The Pb isotopic ratios of galena from Trepca are the most radiogenic, 

whereas those from Crnac exhibit the least radiogenic signatures (Fig. 8.2, Section 8.2.2). Pb- 

radiogenic signatures of Crnac are similar to those of the Neogene Apuseni deposits in Romania, as 

well as Upper Cretaceous porphyry copper and massive sulphide deposits in the neighbouring 

region of Rhodopes, which are linked to subduction-related calc-alkaline magmatism (also known 

as 'banatitic') (Amov and Arnaudov 2000). Belo Brdo and nearby vein and stockwork polymetallic 
deposits exhibit Pb-isotope values that lie between those of Crnac and Trepca and show slightly 
higher crustal component signatures. Their Pb-radiogenic characteristics are close to those of the 
Baia Mare Neogene epithermal deposits in Romania (Marcoux, et al., 2002). It is not clear at this 

stage as to why there is such a difference in the Pb-radiogenic composition of the ore. One 

explanation is that ore-galena from Crnac deposit might be related to magma with minimal crustal 

contamination. Conversely, the compositional variation of the Trepca ore might be explained by 

significant contributions of Pb (and other metals) provided from the underlying metamorphic rocks. 
Therefore, variations in the isotopic signatures may also be due to a different basement lithology as 
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well as to variations in crustal assimilation superimposed on variations in the igneous source 

composition. 
Such variations in lead isotope compositions were also observed in the Cretaceous and 

Tertiary porphyry-type and epithermal-systems of Arizona, where magmatic, less radiogenic lead is 

exclusively present in major porphyry-type deposits located close to the parent pluton. Lead from 

more distal porphyry-type deposits and epithermal-systems is more radiogenic, reflecting an 
increased contribution of lead from regional rocks, acquired during widespread hydrothermal 

circulation (Bouse et al. 1999). 

9.7 Brief comparison with other metallogenic zones within the Alpine-Balkan- 

Carpathian-Dinaride (ABCD) province and metallogenic implications 

Generally, polymetallic mineralisation within the Kopaonik metallogenic district shares many 

common features with copper porphyry-epithermal systems and related Pb-Zn deposits located 

within the southern sectors of the Alpine-Balkan-Carpathian-Dinaride (ABCD) province (Fig. 9.3). 

The province includes well-known deposits such as: Buchim (Cu-Au porphyry), Kratovo, 

Zletovo (Pb-Zn-Ag volcanic hosted) in Macedonia, Skouries (Cu-Au-Ag porphyry) and Maronia 

(Cu-Au-Mo) in Greece, Madjarovo (Au-Ag-Pb-Zn hydrothermal veins) and Madan (Pb 

hydrothermal veins) in Bulgaria. The Kassandra mining district in Eastern Chalkidiki, Greece is 

one of many examples of a polymetallic area that hosts genetically linked porphyry copper, copper 

skarn and carbonate-hosted Pb-Zn (Ag, Au) ores within a large Tertiary magmatic- meteoric 

hydrothermal system related to the intrusion of quartz dioritic to granodioritic porphyries (Gilg, 

1993). Some common features, which the Kopaonik deposits share with other polymetallic districts 

in the ABCD province, are as follows: 

1) All the major deposits are intimately related to Oligocene-Miocene, mostly andesitic 

dacitic volcanic activity which lasted from 35-19 Ma. The magmatism is interpreted as collisional 

to post-collisional and is characterised by calc-alkaline, acidic, and in parts high-K volcano- 

intrusive complexes. The Pb-Zn deposits in the Kopaonik district are of same types as Pb-Zn-Ag 

deposits in the Madan and Laki ore districts of Bulgaria. In Bulgaria, the deposits comprise 

hydrothermal Pb-Zn veins, disseminated vein stockworks, and metasomatic replacements as the 

economically most important orebodies. 
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2) The mineralisation system of the Belo Brdo deposit exhibits some common characteristics 

of transitional intermediate-sulphidation copper porphyry-related deposits with respect to the main 

wall-rock alterations (sericitic, quartz-tourmaline, propylitic and intermediate argillic) and 

mineralisation style (pyrite, arsenopyrite, chalcopyrite, sphalerite, galena, Ag-rich tetrahedrite- 

tennantite, bornonite and minor Bi-Te mineralisation). Such a mineralisation style is common to 

many epithermal deposits across the ABCD province, including those in the Apuseni district of 

western Romania. 
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3) Lisi anites occur in Bulgaria in the Central Srednogorie (Panagyurishte) Ore Region and 

in the Eastern Rhodopes (Laki Ore Field. Madan Ore Field) and are associated with Pb-Zn and gold 

mineralisation (Kuno%,. 2008). 

4) Overall, the hydrothermal fluids at Belo Brdo, Crnac, Trepca and Karavansalija appear to 

be dominated by NaCl and are of low- to moderate salinity, epithermal- to moderately high 

temperatures, typical of those that form transitional porphyry-epithermal style mineralisation. They 

also have an isotopic composition similar to other, zoned polymetallic veins and epithermal 

precious-metal deposits in the ABCD province, including also deposits from the Carpathian chain 

such as at Baia Mare (Nedelcu et at. 1992: Cook and Damian 1997; Damian et al. 1998), Beregovo, 

Ukraine (Vityk et al. 1994) and Banska Stiavnica, Slovakia (Lexa et al. 1999). Most of these 

deposits show strong magmatic signatures in the early stages of ore precipitation with meteoric 

waters becoming dominant towards the later stages of ore deposits evolution. 

At Belo Brdo. a moderate change from intermediate to low salinity and an associated decrease 

in temperature is interpreted as an effect of diluting fluids due to mixing of magmatic with meteoric 

water (Figure 6.8). Such a trend compares well with some of the known intermediate sulphidation 

Pb-Zn- precious metals deposits in the Madjarovo district, Bulgaria (Rice et al. 2007) and Tertiary 

precious and base metal deposits of western Romania (Alderton and Fallick 2009). 

5) Sulphur isotope values of sulphides from all the studied deposits from the Kopaonik 

metallogenic district are similar to those of porphyry Cu-Mo deposits in Greece (Maronia; Melfos 

et al.. 2002) and overlap with other porphyry copper, Pb-Zn and Sb-As vein deposits from the 

Lece-Chalkidiki metallogenic zone of Serbia, Macedonia and Greece (Serafimovski and Tasev, 

2006). as well as with the Beregovo gold-silver-polymetallic deposit (Vityk et al., 1994). 

The major difference between the Kopaonik deposits and those in Bulgaria, Romania and 

Greece is that in the Kopaonik district, typical epithermal end members of the magmatic- 

hydrothermal porphyry systems have not been discovered yet and presently the district lacks gold- 

rich deposits. The differences might result from a combination of several parameters such as (1) 

difference in magma composition, whereby gold-rich deposits tend to be associated with calc- 

alkaline magma with minimal crustal contamination, as in the Apuseni ore district or Upper 

Cretaceous part of ABCD belt; (2) a deeper present-day erosion level, as indicated by the presence 

of the large equigranular Kopaonik granodiorite pluton; (3) differences in host rocks and basement 

lithology are also apparent, with Belo Brdo and Crnac being dominated by ophiolites and Trepca 

by metamorphic and sedimentary sequences. It is clear that the polymetallic mineralisation of Belo 

Brdo. Crnac, Trepca, Rudnitza and Karavansalija formed at different stratigraphic levels (Triassic 

carbonates. Jurassic amphibolites, Cretaceous limestones and Tertiary volcanics) and were affected 

by different levels of erosion. As mentioned above, the Trepca deposit could be considered as an 

eroded epithermal low- sulphidation style system, whereas Crnac and Belo Brdo exhibit mineral 

characteristics similar to porphyry-related polymetallic deposits. 
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Gold in the Kopaonik metallogenic district was first reported by Titcomb et al., (1936) from 

the Trepca mine as traces in the Pb-Zn-Ag ore that could not be recovered. Schumacher (1950) 

reported grades <0.2g/t. Gold was reported by Djokic (in Janjusevic, 1974) as a by-product 

recovered from the lead smelter at Zvecani, together with indium and thallium. However, no other 
information exists regarding the mineralogy and type of occurrence. The GIS database compiled by 

Monthel et al., (2002) reports a total production of 8.7 t of gold between 1950 and 1985 from the 

Trepca deposit, which would indicate grades of 0.4 g/t Au in the ore. In recent years, gold has been 

reported from other deposits within the Kopaonik metallogenic district, such as: the Belo Brdo Pb- 

Zn (Ag) deposit, with 1-2.7 g/t Au (7t Au reserves with I g/t Au); Karavansalija Cu-Au skarn 

prospect (0.52 g/t Au over 113 m); Rudnitza Cu-Au porphyry prospect (0.37 g/t Au over 144m) as 

well as from deposits that have not been investigated by this study, such as: Novo Brdo Pb-Zn-Ag- 

Au deposit, with 3-4g/t Au (Figure 2.12; Section 2.6) and Lece Pb-Zn (Ag), with 2-6 g/t Au (Figure 

2.12; Section 2.6); (Simi&, 2000; Monthel, et al., 2002; Kozelj, et a., 2007). These various 

occurrences of gold belong to several types of ore deposits including carbonate-replacement, skam, 

porphyry, polymetallic veins and stockworks. However, they all probably belong to the same 

metallogenic events related to Oligocene magmatism and intersected by different levels of erosion. 

It may therefore be that there remains scope for exploration for hitherto unrecognised 

epithermal precious metal deposits in the Kopaonik metallogenic district. 

9.8 Summary of metallogenic characteristics indicating underlying porphyry system 

in the study area 

Schematic representation of the spatial relationship between the alteration assemblages, 

mineralisation and igneous phases, indicating underlying porphyry system in the study area is 

shown in Figure 9.4. 

Petrological and geochemical data presented here reveal that the Kopaonik magmatism 

exhibits many characteristics similar to that of oxidised and hydrous ]-type metaluminous post- 

subduction- and collisional-related calc-alkaline magmatism associated with Cu-Au porphyry and 

related base-metal deposits worldwide (Richards, 2003; 2009; Einaudi et al., 2003). 

The field work results, as well as petrological and mineral chemistry data, show that possibly 

three hydrothermal systems containing potassic, sericitic, propylitic and argillic alteration styles 

can be mapped in the study area. These systems display porphyry copper mineralisation in 

Rudnitza and Karavansalija and polymetallic mineralisation at Belo Brdo. Potassic alteration was 

responsible for the formation of listwanite (Figure 9.4). Intense iron oxide copper gold alteration 

and mineralisation occurs at Karavansalija and Rudnitza. Zones of intense hydrothermal alteration 

at the contacts of quartz-latite dykes and wall rocks, as well as pebble dyke brecciation and quartz- 

pyrite stockwork are present at Belo Brdo (Figure 9.4). 
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Figure 9.4: Schematic model for the genesis of several styles of mineralisation (skarns. polymetallic 

replacement. polmetallic intermediate sulphidation veins, and porphyry) in the studs area. 

The transitional magmatic-h%drothennal intermediate sulphidation t\pe of pulsmetallic 

mineralisation. t\pical of those related to Cu porph\r deposits (Einaudi et al. 2003). is present at 

the Fiele I; rdo lb-Zn. the Kara\ansalija Cu-Au skarn and the Rudnitza Cu-Au porphyry deposits 

(f u. zure 9.4). 

(he fluids responsible fier the early h\drothernmal alteration and the N i-Co-As. Cu, t Bi-Te 

sulphide precipitation at Belo 13rdo ha\e h\drothennal characteristics, derived from a magmatic 

source. : 1., in man. porpliýn systems, cooling h\ mixing of hotter, magmatic fluid vtiith cold 

meteoric %%ater (Figure 9.4) is a predominant process responsible for main-stage sulphide 

precipitation. The trapping pressures %%cre hetx%cen 1419 and 521 bars and imply depths of hehrem 

5 and 1.7 km under lithostatic conditions. 
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9. Discussion 

9.9 Exploration guides 

Porph) n copper deposits are the world's most important source of copper and significant 

source of molybdenum, gold, and silver. The discovery of porphyry copper systems in the study 

area would have broad implications for the local society. Despite a long history of investigation and 

production of polymetallic mineralisation in the Kopaonik district, the copper porphyry deposits 

were unknown in the region till 2004. One of the main reasons for this was a lack of understanding 

of the potential for porphyry systems at the regional level. This study represents an attempt to relate 

polymetallic mineralisation of the Belo Brdo and the nearby deposits to an underlying porphyry 

system. 
Based on the new model for porphyry systems, the exploration for porphyry copper deposits in 

the Kopaonik district in the future should include regional-scale data, such as rock types, structures, 

intrusion types and ages, geophysical properties, spectral imagery, distribution of known deposit 

types. and prospective depths of unidentified porphyry copper deposits. Local-scale data including, 

in addition to lithologies and structure, distribution of hydrothermal minerals; mineralogy and 

paragenesis; minor-element and whole-rock geochemistry; fluid inclusion zoning; chemical and 

isotopic compositions of minerals. detailed geophysical properties; and distribution of sulphide 

minerals. Particular attention should be paid to leached capping and iron- and copper-oxide 

mineralogy, which provide characteristics of subjacent enriched sulphide and hypogene 

mineralisation. 
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10. Conclusions 

CHAPTER 10: 

CONCLUSIONS 

" The Belo Brdo Pb-Zn (Ag) deposit of the Kopaonik metallogenic district is located within the 

NNW-SSE trending Vardar ophiolite zone, which represents the easternmost tectonic unit of the 

Dinaride-Hellenide orogenic belt and separates the Africa-Arabia plate from the Eurasian plate. 

" The geology is characterised by a tectonic stack, which includes from bottom to top: a 

Triassic metamorphic complex; an Ophiolite melange Unit; a Jurassic Ophiolite Unit; and an Upper 

Cretaceous Flysch Unit. During the Early Oligocene, the tectonic nappe pile was intruded by the I- 

type Kopaonik intrusive complex and erupted lavas. 

" The Belo Brdo Pb-Zn (Ag) deposit and nearby polymetallic deposits are associated with 

post-collisional Oligocene intrusive activity and are structurally controlled. The deposits are 

aligned along the regional NNW-SSE- trending structural zones, which coincide with the 

distribution of Paleogene magmatic rocks within the Alpine- Balkan-Carpathian-Dinaridic orogenic 

province. 

" Petrographic data presented here show that listwanites, in addition to Cretaceous 

limestones, represent an important host rock to the carbonate-replacement type of mineralisation at 

the Belo Brdo deposit. An additional hydrothermal vein deposit is located within Tertiary 

andesites. Listwanites formed by K-metasomatism of serpentinised harzburgites, and are 

characterised by the specific assemblage: chromian muscovite + quartz + Fe-Mg carbonates + 

pyrite. 

Petrographic and geochemical data obtained from the peridotites and the Tertiary igneous 

rocks indicate subduction-related signatures for the magmatic rocks. Moderate- to high Cr#, low- 

A1203 and low-Ti02 values suggest that the Cr-spinel of the Belo Brdo peridotites grew in a supra- 

subduction setting. Tertiary volcanic rocks show typical "subduction-related" compositions as 

reflected by the enrichment of the LILE (Cs, Rb, Th, U, K) and Pb over LREE and MREE, and 

depletion of the HFSE (Zr, Nb, Ti, and P). The volcanic rocks classify as subalkaline and exhibit a 

calc-alkaline to mildly alkaline metaluminous character. 

. The Belo Brdo Pb-Zn (Ag) deposit has the characteristics of an intermediate-sulphidation 

base-metal deposit, displaying hydrothermal alteration styles similar to those of copper porphyry 

systems, and with significant input of trace elements from related ophiolites. 

.A genetic model for the origin and evolution of the Belo Brdo deposit involves three stages 

of mineral deposition, namely (1) pre-ore stage, characterised by hydrothermal alteration of host 

rocks (listwanisation, quartz-sericite-pyrite, quartz-tourmaline, propylitic and intermediate argillic) 

and evolution of Ni-Co-As mineral assemblage; (2) main-ore stage, represented by massive 

sulphides: sphalerite, galena, pyrite, arsenopyrite, chalcopyrite, Ag-tetrahedrite-tennantite, 

boumonite; and (3) post-ore stage (quartz, carbonates tpyrite). 
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" The fluids responsible for the early hydrothermal alteration and the Ni-Co-As, Cu, ± Bi-Te 

sulphide precipitation have hydrothermal characteristics, derived from a magmatic source. 

" There is robust stable isotope evidence for the magmatic component, such as: (1) 

moderately high temperatures (-420°C) for the quartz-sericite alteration and magmatic 8'80 values 

of fluid in equilibrium with sericite and quartz (6.5 - 8.5%o); (2) 6D values of fluid in equilibrium 

with sericite (-58%o); (3) S'8O and SD values of fluid in equilibrium with tourmaline (10%o and - 
38%o respectively); (4) S"C value of carbon in silicified listwanite (-3.5%o); and (5) 634S values of 

pyrite hosted by andesites and massive Iistwanite (2.6-4.1%0). 

" Arsenopyrite co-existing with pyrite in the main-ore stage has As contents between 29.4 

and 31.5 with a mean value of 30.05 atom. %., corresponding to formation temperatures between 

311 and 348°C and sulphur fugacity (f SZ) between 10-8.3 and -10-10 5 bar. 

" Estimated formation temperatures using sphalerite with a mean composition of 18 mol. % 

FeS and CuS compositions between 0.009 and 0.12 mol. % CuS, range between 290 and 350°C. 

" Fluid inclusion data from main-ore stage quartz suggest precipitation from low- to 

moderate salinity (1.82-13.9wt. % equiv. NaCl) and epithermal- to moderately high temperature 

(190- 341 °C) fluids. The trapping pressures were between 1419 and 521 bars and imply depths of 

between 5 and 1.7 km under lithostatic conditions. 

" The presence of hydrothermal breccias in the deposit indicates the possibility that pressure- 

temperature conditions were close to the liquid-vapour two phase curve. This would indicate a 

hydrostatic pressure regime and trapping temperatures of between 50 and 120 bars. 

" Gangue carbonates are depleted in both 6180 (6.6 to 18 %o) and 813C (2 to -4.4 %o) 

compared with Cretaceous limestones, suggesting the influx of an external magmatic fluid. REE 

geochemistry of carbonates points to acidic, reduced, high-temperature hydrothermal fluids. 

" Cooling by mixing of hotter, magmatic fluid with cold meteoric water is a predominant 

process responsible for sulphide precipitation. Calculated oxygen isotopic composition of main-ore 

fluid shows magmatic signatures (5.9 to 7.7%o), whereas calculated isotopic composition of water 

responsible for sulphide precipitation in late ore breccia show depletion in both oxygen and 

hydrogen values (8 180 = 4.8 to 2.3 %o and SD= -93 to -96 %o), indicating an influence of meteoric 

waters. 

" The relatively low and uniform isotopic sulphur compositions of all the main-ore stage 

sulphides (3.4-5.4%o; average 4.4%o) from Belo Brdo are consistent with an igneous source. 

" The major sulphur species is H2S. Calculated 834S composition of H2S in equilibrium with 

main-ore sulphides is 4.7%o, which suggests a magmatic sulphur source. 

" Sr isotopic data of the hydrothermal carbonates from the carbonate-replacement 

mineralisation of the Belo Brdo deposit are consistent with a mixing line between a Sr contribution 

from the Tertiary magmatic rocks and Cretaceous sediments on one end and the Jurassic 

serpentinites and listwanites on the other. 
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" The lead isotopic compositions of galena from different mineralisation stages of Belo Brdo 

deposit are homogeneous and similar to those of local calc-alkaline volcanic rocks indicating 

genetic link between mineralisation and magma. 

" This study demonstrates that the Belo Brdo carbonate-replacement Pb-Zn (Ag) deposit 

contrasts sharply with those of MVT Pb-Zn deposits which typically form from saline brines at 

temperatures between 100-180°C and in a different crustal setting within. 

" The Belo Brdo deposit shares many common features with the nearby Cu-Au skarn 

(Karavansalija), Cu-Au porphyry (Rudnitza), Pb-Zn (Ag) vein (Crnac, Karadak, Kizevak) and Pb- 

Zn carbonate-replacement (Trepca) deposits, such as: (1) structural controls and association with 

post-collisional calc-alkaline magmatism; (2) epigenetic origin of mineralisation; (3) nature and 

origin of hydrothermal fluids (4) stable isotope characteristics of sulphides; and (3) composition of 

main sulphide mineral assemblages. It appears that the spectrum of mineralisation styles shown by 

these deposits represents different responses to the same magmatic events. . 
" The data presented here are consistent with the hypothesis that the Pb-Zn mineralisation of 

the Kopaonik metallogenic district is genetically linked to the Cu-Au porphyry and skarn 

sequences in a magmatic-hydrothermal system. 

10.1 Suggestions for future research 

This study demonstrated that the polymetallic mineralisation in the Kopaonik metallogenic 

district shares many common features with deposits related to porphyry systems elsewhere in 

supra-subduction settings. The Karavansalija Cu-Au skarn and the Rudnitza Cu-Au porphyry 

deposits have only been recognised during the last decade. The obvious question is whether this 

porphyry is a small anomaly or whether there are porphyry-epithermal systems yet to be discovered 

in the Kopaonik district. To further clarify the genetic link between the deposits and their 

association with the Tertiary igneous rocks, the following recommendations for further research are 

proposed: 

" Radiometric dating of Tertiary igneous minerals and hydrothermal minerals from the Belo 

Brdo deposit and the Karavansalija skarn deposit (sericite and fuchsite), as well as molybdenum 

from the Rudnitza Cu-Au porphyry deposit to constrain more precisely their absolute and relative 

age. 

" Detailed petrological, mineral chemistry and fluid inclusion study in the Karavansalija Cu- 

Au skarn and Belo Brdo listwanites to locate Au-mineralisation and to clarify its association with 

As. Bi or Cu. 

" More detailed fluid inclusion study should be undertaken on sphalerite (infrared 

microthermometry) from the Belo Brdo deposit, quartz and carbonates from the Karavansalija 

skarn and Rudnitza porphyry deposits, as well as on magmatic quartz from the quartz-latite. This 
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would enable further characterisation of fluids from the nearby deposits and from the various 
depths of igneous emplacement providing the information on the zonation of fluid temperatures 

and evolution of the mineralising fluids. Additionally, SEM and Laser Raman analyses should be 

carried out on daughter minerals in quartz from the Karavansalija and the Rudnitza deposits. 

"A study of the hypersaline as well as low salinity fluid inclusions from Karavansalija and 

Rudnitza should be undertaken using LA-ICP-MS in order to gain quantitative concentrations on 

minor and trace elements in fluids (e. g. Bi, Cu, As, Au). 

" Perform more D/H analyses in fluid inclusions and hydrothermal minerals to better 

quantify the relative abundances of magmatic and non-magmatic (e. g. meteoric) fluids in the study 

area. 
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