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1. INTRODUCTION

The Čukaru Peki hydrothermal system is part of the Bor metal-
logenic zone, which is hosted by the Timok magmatic complex 
(JANKOVIĆ, 1990; KOLB et al., 2013). This complex is consid-
ered to be the eastern segment of the large magmatic and metal-
logenic arc known as the Apuseni-Balkan-Timok-Srednogorje belt 
(ABTS belt, which is located in Romania, Serbia and Bulgaria 
(NEUBAUER, 2002). The ABTS belt is characterized by the pres-
ence of numerous porphyry and polymetallic ore deposits (Mol-
dova Noua, Bor, Elatsite, Chelopech), which were formed during 
the subduction processes associated with the closure of the Neo-
thetys Ocean, between 92 and 75 Ma (NEUBAUER, 2002; FÜ-
GENSCHUH & SCHMID, 2005; GALLHOFER et al., 2015).

The magmatic activity in the Timok magmatic complex was 
manifested in two or three volcanic phases (DROVENIK, 1961; 
JANKOVIĆ, 1990), which altogether lasted around 10 Ma (VON 
QUADT et al., 2002). It is generally accepted that most of the sig-
nificant ore deposits in this complex were formed during the first 
volcanic phase (JANKOVIĆ, 1990; KOLB et al.,2013; 
JELENKOVIĆ et al., 2016), which lasted from 89 to 84 Ма (VON 
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Abstract
Čukaru Peki is a recently discovered porphyry- high-sulfidation Cu-Au deposit located 5km south 
of the mining town of Bor in east Serbia. Three styles of mineralization are distinguished in the 

Čukaru Peki system: a high-sulfidation type with massive sulfides (named the Upper zone), a 
porphyry type (named the Lower zone) and a transition type (between porphyries and massive 

sulfides). This study investigates the concentration and distribution of trace elements in pyrite 
from these three mineralization zones of Čukaru Peki. The high-sulfidation pyrite contains ele-

vated concentrations of V, Mn, Ni, Cu, As, Mo, Ag, Cd, In, Sn, Sb, Au, Hg, Tl, Pb and Bi, com-

pared to pyrite from the porphyry zone. The porphyry zone pyrite contains elevated concentra-

tions of Co and Se. The sample from the transition zone contains concentrations between the 

two other zones, with the exception of the relative enrichment of Co and Ag. This research also 

aims to separate different stages of ore deposition. The porphyry stage contains several types 
of veins: quartz A veins, quartz B veins, pyrite D veins, magnetite veins, purple anhydrite veins, 

sulfide veins and orange anhydrite veins. The high sulfidation stage also formed in several stag-

es: pyrite1, pyrite-enargite veins, pyrite-covellite veins, pyrite2 veins and calcite-anhydrite veins.  

There are distinct differences between various vein generations found within each zone, notable 
examples are the enrichment of Se in quartz B veins pyrite and Cu in sulfide veins, compared to 
other veins from porphyry zone veins and the enrichment of several trace elements (Cu, Mo, Ag, 

Cd, In, Sn, Sb, Au, Hg, Tl, Pb and Bi) in pyrite from the Py-cov veins in comparison to the other 

high-sulfidation veins. The trace element data also indicates a change in fluid compositions; the 
earlier fluids responsible for the porphyry zone mineralization showing a slightly more magmat-
ic fluid signature (higher Co/Sb and Se/As values) and the later high-sulfidation fluids bearing a 
more typical epithermal trace element signature, which indicates cooling and diluting of fluids. 
Some of the porphyry zone pyrite crystals (from B-type veins and Purple anhydrite-veins) con-

tain elevated concentrations of elements attributed to the high-sulfidation zone (e.g. Cu, Ag, Cd, 
In, Sn, Pb and Bi), which suggests that these veins were affected by later high-sulfidation fluids.

QUADT et al., 2002). The simplified map of the Timok magmatic 
complex is shown in Fig.1. 

The Bor metallogenic zone hosts several large porphyry de-
posits, which have been mined since the beginning of the 20th 
century (Bor, Majdanpek, Veliki Krivelj) as well as other genetic 
types of ore deposits, such as high-sulfidation epithermal (Tilva 
Mika, Kamenjar), low-sulfidation epithermal (Zlaće), hydrother-
mal-volcanogenic (Lipa, Kraku Bugaresku), skarns (Valja Saka) 
and recently discovered Carlin-type deposits (Korkan,Kraku 
Pešter and Bigar Hill)  (JANKOVIĆ et al., 2002;  JELENKOVIĆ 
et al., 2016). Estimated mineral resources of the entire zone are 
over 20 Mt of Cu and in excess of 1000 tonnes of Au (JELENKOVIĆ 
et al., 2016).

The Čukaru Peki hydrothermal system was located in 2011 
and is one of the largest recently discovered Cu-Au deposits in 
south-eastern Europe. Preliminary estimations suggest that the 
total mineral resources of copper ore in this deposit could amount 
to between 500 and 1000 million tonnes grading more than 0,7 
% Cu (JELENKOVIĆ et al.2016). It is located just 5km south of 
the mining town of Bor. BANJEŠEVIĆ & LARGE (2014) have 
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genetically classified the Čukaru Peki system as a porphyry Cu-
Au deposit with high-sulfidation epithermal (Cu-As-Au) massive 
sulfides. 

Several authors have measured the concentrations and distri-
bution of trace elements in the porphyry deposits in the Bor met-
allogenic zones and the results of these measurements were pub-
lished in several reports and doctoral dissertations (PAVIĆEVIĆ 
et al. (1981, 1985), MIŠKOVIĆ (1989) and VAKANJAC (2000)). 
JANKOVIĆ et al. (2002) provide a synthesis of the obtained re-
sults of these studies and drew the following conclusions:

• Concentrations of Au are increased (up to 49 ppm) in sev-
eral studied ore minerals, e.g. in chalcopyrite, pyrite and bornite.

• Above detection limit concentrations of Ag are present in 
almost all of the analyzed minerals. 

• Enargite contains increased concentrations of Ge (up to 
0,46%).

• Palladium concentrations are increased (up to 0,5%) in dif-
ferent ore minerals: pyrite, chalcopyrite, bornite, digenite, covel-
lite, luzonite and tetrahedrite, probably in the form of mineral 
inclusions.

• Selenium concentrations are increased (up to 0,5%) in bor-
nite and covellite.

• In most sulfide minerals, there is a notable enrichment 
(from 0,2 to 0,6%) of trace elements, such as Sn, Te, W, Se etc.

In this study we report and discuss new results from LA-ICP-
MS analyses of trace elements (S, V, Cr, Mn, Fe, Co, Ni, Cu, As, 

Se, Mo, Ag, Cd, In, Sn, Sb, Au, Hg, Tl, Pb and Bi) in pyrite grains 
from different zones and veins of the Čukaru Peki deposit, with 
a special emphasis on the distribution of trace elements in pyrite 
from different mineralization zones and ore veins. This research 
will contribute to a better identification of the veins and minerals 
in Čukaru Peki that concentrate rare and precious elements, such 
as gold and silver. The identification will be particularly signifi-
cant for the extraction of gold from the high-sulfidation zone.

2. GEOLOGICAL SETTING
The hydrothermal system of Čukaru Peki is hosted by interme-
diate volcanic and plutonic rocks formed during the first volcanic 
phase of the Timok magmatic complex (JELENKOVIĆ et al., 
2016 and references therein). The volcanic rocks are represented 
by two distinct types of andesites: altered plagioclase-hornblende 
phyric, holocrystalline andesites (also called Lower andesites) 
and unaltered hornblende-plagioclase phyric, hypocrystalline an-
desites (known as Upper andesites) (JAKUBEC et al., 2018). The 
volcanics are overlain by Upper Cretaceous sediments, which 
consist of three sedimentological units: 1) the Oštrelj formation 
with grey siltstone and marl (uppermost) 2) the Metovnica forma-
tion with red marl and epiclastics and 3) the lowermost coarse-
grained Bor clastites (BANJEŠEVIĆ et al., 2019) (Fig. 2). 

Post-Cretaceous deformation created a series of eastward-
dipping faults and caused the formation of basins which were 
filled with Miocene sediments. The most prominent structure in 
this region is the Bor Fault that splits into 2 structures, called the 
Bor 1 and Bor 2 faults, which are considered to be the eastern 
boundaries of the mineralized zone at Čukaru Peki. These struc-
tures also cut through the Miocene sedimentary fill (JAKUBEC 
et al., 2018). The process of basin formation was important for 
the preservation of Cretaceous ore deposits in the Timok Mag-
matic Complex from subsequent erosion (KNAAK et al., 2016). 
The Miocene sediments in this area have a thickness of 200-400 
m and have a discordant boundary with the Cretaceous sediments 
(Fig. 3) (JAKUBEC et al., 2018).

Figure 1. A simplified geological map of the Timok magmatic complex, adapt-
ed from PAČEVSKI et al. (2016) and JELENKOVIĆ et al. (2016).

Figure 2. A simplified geological map of the area around the Čukaru Peki ore 
deposit, with the location of major faults, sections and sampled drillholes. 
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JELENKOVIĆ et al. (2016) have distinguished three zones 
of mineralization in the Čukaru Peki hydrothermal system:

1) A high-sulfidation zone consists of massive sulfides, py-
rite-covellite veins and hydrothermal breccias. This type of min-
eralization forms a localized zone, with a horizontal area of 
300x300m and a vertical extent of 500 - 600 m and it is located at 
depths between 400 and 1000m from the surface., which contains 
the highest grades of Cu (5-19%) and Au (3-12g/t) (JAKUBEC et 
al., 2018). With increasing depth, the mineralization contains less 
pyrite and becomes more characterized by veins and stockworks. 
The dominant type of alteration is advanced argillic alteration, 
with abundant residual vuggy silica, alunite and subordinate dick-
ite (JAKUBEC et al., 2018). The boundary of this zone is repre-
sented by a clay-rich argillic alteration (kaolinite+pyrite) halo 
around massive sulfides.  The main Cu-bearing minerals in the 
high- sulfidation zone (Upper zone) are covellite and enargite, 
whereas the dominant Cu-bearing mineral in the porphyry zone 
(Lower zone) is chalcopyrite, with subordinate bornite. Prelimi-
nary ore microscopic examinations imply that Au is present in 
two forms in the high-sulfidation zone of Čukaru Peki: 1) as tel-
lurides such as calaverite (AuTe2), sylvanite (Au,Ag)2Te4 and kos-
tovite (AuCuTe4); and 2) Sub-microscopic native Au, hosted in 
pyrite or sometimes bornite (JAKUBEC et al., 2018).

2) The transition epithermal zone is located between the 
high-sulfidation zone and the porphyry zone. It is characterized 
by the replacement of early sulfides (chalcopyrite) with high-

sulfidation minerals (covellite and enargite). 2) Anhydrite, calcite 
and gypsum are the three main types of vein in this zone. The 
main type of alteration is argillic alteration (smectite- + montmo-
rillonite) (JAKUBEC et al., 2018), which sporadically overprints 
the porphyry-type alterations.

3) The porphyry zone is mostly hosted by diorites and over-
lying andesites. The dimensions and shape of the porphyry zone 
have not yet been determined, due to its great depth; it is located 
at between 750m to more than 2200m from the surface. The dom-
inant types of alteration are potassic alteration and chloritization. 
Quartz veins (with chalcopyrite, pyrite and bornite), magnetite 
veins (with magnetite, hematite and chalcopyrite) and anhydrite 
veins (with pyrite and subordinate chalcopyrite and bornite) are 
the main types of veins (VELOJIĆ et al., 2020). 

3. SAMPLES AND METHODS 
Reflected light microscopy and SEM measurements were per-
formed on samples from the Upper, Transition and Lower zones 
of Čukaru Peki. Analyses were performed at Montanuniversität 
Leoben, Austria and University of Belgrade- Faculty of Mining 
and Geology, Serbia.

3.1. Laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS)
Trace element analyses were conducted on 5 samples from the 
Upper zone (cp012, cp018, cp028, cp038A, and cp073), one from 

Figure 3. Simplified cross-sections through the Čukaru Peki ore deposit, modeled using Leapfrog software, showing zones with different types of mineralization. 
Legend: 1- Lower andesites; 2- Diorite porphyries; 3- Brecciated zone; 4-Upper andesites; 5- Upper Cretaceous marl; 6- Cretaceous epiclastics; 7- Upper Cretaceous 
clastics (Bor conglomerates); 8- Cenozoic sediments; 9- Massive sulfides with more than 0,5% Cu; 10- Massive sulfides with more than 1% Cu; 11- Massive sulfides 
with more than 2% Cu.
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the transition zone (cp126) and 5 samples from the Lower zone 
of Čukaru Peki (cp084, cp115, cp117, cp119 and cp122). A descrip-
tion and location of all samples is shown in table 1 and the loca-
tions of drillholes are shown on Figs 2 and 3. 

Pyrite analyses were carried out using a Nd:YAG laser abla-
tion system coupled to an Agilent 8800 ICP-MS at the Depart-
ment of Applied Geosciences and Geophysics, Montanuniversität 
Leoben in Austria. Pyrite crystals were ablated with a spot size 
of 50 μm and an on-mineral laser fluency of 2-3 J/cm2, at a 10 Hz 
repetition rate. Helium was used as the carrier gas with a flow 
rate of 0.75 L/min, which was mixed with Ar during transport to 
the ICP-MS. Isotopes measured were: 34S, 51V, 52Cr, 55Mn, 57Fe, 
59Co, 60Ni, 63Cu, 75As, 82Se, 95Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 
197Au, 201Hg, 205Tl, 208Pb and 209Bi. The spot analysis procedure 
includes a 30 sec pre-ablation background collection, followed 
by 60 sec of laser ablation and data acquisition. Individual abla-
tion cycles were followed by a 30 sec washout delay. Quantifica-
tion of the element concentrations of pyrite were calculated using 
34S as the internal standard. Data reduction was performed with 
the Iolite 4 software (PATON et al., 2011). The in-house sphaler-
ite matrix-matched sinter pressed powder pellet reference mate-
rial MUL-ZnS1 (ONUK et al., 2017) was used as the primary 
external standard. The MASS-1 USGS powder pressed polysul-
fide certified reference material (WILSON et al., 2002) was used 
as the external standard for the quantification of Au, Tl and Hg, 
as the reference material MUL-ZnS-1 is not suitable for quanti-
fication of these elements. The MASS-1 was also used for quality 

control of the analyses. Both reference materials were analyzed 
every 20 spots for the correction of instrumental drift. Detection 
limits were calculated by the ‘Howell et al. 2010’ method option 
within the Iolite 4 software (Table 2). 

Laser ablation spots were set out carefully to avoid inclu-
sions, cracks or other visible impurities that could interfere with 
the measured data. Due to pyrite crystals most commonly being 
zoned, it was challenging to acquire time-count signals for a sin-
gle zone. Thus, it is also difficult to discriminate exotic inclusions 
from chemical zoning in pyrite as several elements in a Cu-Au 
system could be attributed to pyrite zoning or separate phases. 
This may result in a wider range of trace element concentrations 
in a mineral population, as data was included rather than deleted 
when uncertain of zoning vs. inclusion. Due to the generally low 
concentrations of many trace elements in Čukaru Peki (many be-
ing below detection limits), values that are below the detection 
limits are replaced with half the respective detection limit in the 
production of plots and diagrams in this study. This is a com-
monly used approach for handling such data. 

4. RESULTS
4.1. Petrography
Macroscopic observations of veins and their crosscutting rela-
tionhips, as well as reflected light microscopy of polished sections 
imply that the chronological order of deposition of  mineralizing 
stages in the high-sulfidation (Upper) zone of Čukaru Peki is as 
follows: 1) Fine-grained pyrite (Py1) 2) Pyrite-enargite (Py-en) 
veins 3) Pyrite-covellite (Py-cov) veins 4) Py2 veins and 5) Mar-
casite veins. A paragenetic sequence of the main ore stages is 
shown in table 3 and the main characteristics of individual stages 
are discussed below:  

1) Fine-grained pyrite (Py1): Replacement of rocks by very 
fine-grained pyrite is omnipresent in the Upper zone of Čukaru 
Peki. It was probably preceded by advanced argillic alteration of 
rocks (with quartz and alunite) (Figs.4a and 4c). This pyrite also 
contains subordinate rutile, but no other sulfide minerals (Fig. 
5a). This pyrite phase is also present within the transition zone.

2) Pyrite-enargite (Py-en) veins: This type of vein is com-
mon in the deeper parts of the Upper zone (Figs.4a and 4b). They 
contain intergrown grains of enargite and pyrite, with subordi-
nate luzonite (Fig.5b). The main gangue mineral in these veins is 
cryptocrystalline quartz (similar to chalcedony). It is commonly 
observed that these veins are crosscut by subsequent thin veins 
with pyrite and covellite (Fig.4b).

3) Pyrite-covellite (Py-cov) veins: This is the most common 
type of vein in the shallow parts of the Upper zone (Fig.4b and 
4c). The veins mostly contain covellite, pyrite and enargite, but 
sometimes also occur as monomineralic covellite veins (Fig.5b 
and 5c). Pyrite in these veins often exhibits colloform textures. 
Zonation can occasionally be recognized in these veins, with col-
loform pyrite and enargite filling the outer parts of veins and cov-
ellite with gypsum filling the middle part.   

4) Pyrite2 (Py2) veins: This is a rare type of thin grey vein-
lets that crosscut py-cov veins.  They are quartz veins which con-
tain very small euhedral pyrite grains. (Fig.5d).

 5) Marcasite veins: These veins contain large grains of col-
loform marcasite, with subordinate arsenopyrite and small grains 
of colloform sphalerite (Fig.5e).

The transitional epithermal zone contains the same types of 
veins like the paragenetically later parts of the porphyry zone 
(purple anhydrite veins, sulfide veins and orange anhydrite 
veins), as well as Py1 pyrite, which is also found in the high-sul-

Table 1. Location and description of samples used for the measurements of trace 
elements by LA-ICP-MS. Abbreviations: py-pyrite; cov-covellite; en-enargite; su-
sulfide.     

Sample ID Drillhole Ore zone Vein description

CP012 TC150096 High-sulfidation
Pyrite-covellite (py-cov) vein 

with clasts of Py1 pyrite.

CP018 TC150096 High-sulfidation Pyrite-enargite (py-en) vein.

CP028 TC150061  High-sulfidation Pyrite-covellite (py-cov) vein.

CP038A TC160117 High-sulfidation Pyrite-covellite (py-cov) vein.

CP073 TC150043 High-sulfidation Pyrite-enargite (py-en) vein.

CP084 FMTC1327 Porphyry Quartz B vein.

CP115 FMTC1328 Porphyry Sulfide vein (Su type).

CP117 FMTC1328 Porphyry Sulfide vein (Su type).

CP119 FMTC1328 Porphyry Purple anhydrite vein.

CP122 FMTC1328 Porphyry Pyrite vein (type D).

CP126 TC160125 Transition Py1 pyrite.

Table 2. Calculated median detection limits of each element measured by 
 LA-ICP-MS. 

Detection limits (μg/g).

V 0.034 Cd 0.98

Cr 0.34 In 0.018

Mn 0.18 Sn 0.15

Co 0.056 Sb 0.054

Ni 0.20 Au 8E-07

Cu 1.2 Hg 0.28

As 2.6 Tl 0.0037

Se 4.1 Pb 0.024

Mo 0.047 Bi 0.0053

Ag 0.0081   
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fidation zone. The main ore minerals in this zone are covellite, 
chalcopyrite, digenite and enargite with occasional native sulfur. 
The dominant type of alteration is argillic alteration (with quartz, 
clay minerals and sericite).

In the porphyry (Lower) zone of Čukaru Peki, several types 
of veins can be distinguished. Most of these veins fit into the gen-
eral model of veins in porphyry systems (e.g. Sillitoe, 2010), so 
the names from the general model are used for the description of 
these veins.  The sequence of main ore veins is shown in Table 4 
and the main characteristics of veins are shown below (VELOJIĆ 
et al 2020):  

1) Quartz veins (type А): Wiggly high temperature quartz 
veins that do not contain ore minerals. 

2) Quartz veins (type B): Mostly occur as stockwork veins 
which contain chalcopyrite, with subordinate pyrite and bornite 
(Fig.4d, Fig. 5f). They are usually accompanied by phyllic alter-
ation (with potassic feldspar and secondary biotite, with subordi-
nate magnetite and anhydrite). Small grains of native gold and 
electrum were also detected in these veins by SEM examination 
(Fig. 6b and 6d).

Таble 3. Paragenetic sequence of mineralization in the high-sulfidation (Upper) zone of Čukaru Peki.

Py1 pyrite Py-en veins Py-cov veins Py2 veins Marcasite veins

Pyrite                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Quartz                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Enargite                                                                                                                                                                                                                                                                                                           

Covellite                                                                                                                                                      

Gypsum                                                                                                                                                      

Luzonite                                                                                                                                                                                                                                                                                                           

Colusite                                                                                                                                                      

Rutile                                                                                                                                                      

Marcasite                                                                                                                                                      

Arsenopyrite                                                                                                                                                      

Sphalerite                                                                                                                                                      

Abbreviations: Py- pyrite; Cov- covellite; En- enargite

Figure 4. Crosscutting relationhips of different veins in the Čukaru Peki system. 
A) Py-en vein in andesite altered by advanced argillic alteration (with grains of 
alunite) and Py1 pyrite, TC150096 564m; B) Py-cov vein crosscutting py-en vein, 
TC150062 592m; C) Py-cov vein crosscutting Py1 pyrite, TC150096 564m; D) Sul-
fide vein crosscutting a quartz B vein, FTMC1328 1348,5m;  E) D vein, crosscut 
by a thin orange anhydrite vein FMTC1328 1581.5m; F) Thin sulfide vein cross-
cutting a purple anhydrite vein FMTC1327 1589.2m

Figure 5. Reflected light photomicrographs of samples of different types of ore 
veins in Čukaru Peki. A) Py1 pyrite with small grains of rutile, TC150096 476.8 m; 
B) Thin covellite vein crosscutting a wide py-en vein with enargite and pyrite, 
TC150043 591.4 m; C) Py-cov vein with covellite and colloform pyrite, TC160117 
535 m; D) Py2 vein with small pyrite grains crosscutting a covellite vein, 
TC150096 448m; E) Colloform marcasite vein with small grains of round collo-
form sphalerite, TC150061 505.5 m; F) Quartz B vein with chalcopyrite, bornite 
and pyrite, FMTC1327 1246.5 m; G) Pyrite vein type; D, FMTC1328 1581.5 m; H) 
Magnetite vein with magnetite, partially replaced by hematite and small chal-
copyrite grains, TC160125, 1644m; I) Anhydrite vein with a large pyrite grain with 
inclusions of covellite, FMTC1328 1442 m; J) Sulfide vein with covellite and py-
rite, FMTC1328 1312.8 m. 


