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Abstract—The Dudica deposit is located in the southern part of the Republic of North Macedonia (RNM),
not far from the border with Greece in the Kozuf–Aridean volcanic region. The deposit is genetically associ-
ated with the Neogene igneous event (≥6 Ma, K/Ar), which is manifested at the intersection of northeast
trending faults with the northwest trending Vardar fault zone. The REE spectrum of volcanic rocks here is
characterized by a weak negative Eu anomaly and enrichment in light REE (LREE) relative to heavy REE
(HREE). Mineralization is found in veins, veinlets, and dissemination; Cu concentration is around 0.5%; Au,
up to 1 g/t. The principal ore minerals are chalcopyrite, bornite, enargite, covellite, chalcocite, and digenite;
pyrite, galena, sphalerite, marcasite, and native gold are less frequent. The δ34S isotope composition falls
within a narrow interval of +1.00 to +2.50‰, indicative of the igneous origin. The data obtained suggest that
the Dudica deposit belongs to the class of the high-sulfidation epithermal deposits.

Keywords: Republic of North Macedonia, Vardar zone, Dudica Au–Cu deposit, REE, mineral assemblage,
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INTRODUCTION
The Dudica deposit is located within 2 km from the

RNM–Greece border (Fig. 1). The deposit was peri-
odically explored (1916–1917, 1940–1944, 1946–
1948) but not mined except for native sulfur mining in
small volumes. The deposit was covered by exploration
operations in a considerable volume: several adits were
driven, one of them being more than 400 m long, and
more than 4 km core holes varying from 50 to 690 m in
total depth were drilled. Exploration operations were
based on the concept that the Dudica deposit is a vol-
canogenic massive sulfide (VMS) base metal deposit
(similar to the Bor deposit in Serbia). Summaries of
the Dudica deposit were published in Hiessleintner,
1945; Ivanov, 1965; and Jankovic, 1967.

Within the framework of this study, the authors
undertook to update the geological characteristics of
the Dudica region and the Dudica deposit, where
Cu–Au mineralization is known. The geochemistry of
the ore-bearing volcanic rocks of the Dudica deposit
was studied, and their age determined for the first
time. The sulfur isotopic compositions of the principal
sulfide minerals were studied to establish the sources

of the ore mineralization. The obtained data and com-
parison with similar deposits in the southern part of
the Balkan Peninsula led us to the conclusion that the
multimetal mineralization of the Dudica deposit
belongs to the high-sulfidation epithermal class.

MATERIALS AND METHODS

Rock samples for lithogeochemical analysis and
isotopic dating were collected in 2015 from the ore
stockpiles of exploratory adits and host rocks. The
trace element compositions of the selected samples
were determined using a combination of inductively
coupled plasma atomic emission spectrometry (ICP-
AES), mass spectrometry with inductively coupled
plasma (ICP-MS), and instrumental neutron activa-
tion analysis (INAA) analytical techniques. The rock-
forming oxides were analyzed by the ICP-AES
method. The precision, as determined by the repro-
ducibility of laboratory standards and duplicates, is
within 5% for the major rock-forming oxides and 10%
for minor and trace elements.
419
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Fig. 1. Position of Dudica deposit in Vardar zone. (1) Potential ore districts; (2) Tertiary volcanic rocks; (3) Cu–Au deposit; (4)
Cu deposit; (5) population center; (6) prospective ore deposits; (7) Kozuf volcanic zone; (8) regional lineaments; (9) sampling
sites. N, Neogene, and Paleogene sedimentary strata; a, q, volcanics (Tertiary); C, Cretaceous sedimentary strata; ν, ββ, gabbro–
diabases (Jurassic); Gr, granitoids (Jurassic); Pz, Paleozoic metamorphic rocks; G, gneisses (Precambrian).
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The K–Ar ages of the rocks were determined at the
laboratory of the Institute of Nuclear Research
(ATOMKI) in Debrecen, Hungary. Potassium was
measured by f lame photometry with a Na buffer and a
Li internal standard using a Sherwood M420 flame
photometer. The precision and reproducibility of this
method are within 2%. Argon was extracted in an
ultrahigh vacuum system melting rock samples in
molybdenum crucibles using radiofrequency induc-
tion heating. Argon isotope ratios were measured by
diluting 38Ar isotopes in compliance with the isotope
dilution mass spectrometry method after the previous
calibration using the atmospheric argon and interna-
tional rock standards.

To determine δ34S values for individual minerals,
sulfide minerals were extracted from ore samples by
handpicking under a binocular microscope. Pyrite,
G

chalcopyrite, galena, and enargite samples crushed to
200 mesh in an agate mortar. Sulfur isotope analysis
performed at the Acme Laboratory, Department of
Geological Sciences, Queen’s University, Kingston,
Ontario, Canada.

REGIONAL GEOLOGY AND METALLOGENY

The Dudica orefield is located on the western f lank
of the Vardar rift zone, at its contact with the Pelago-
nian crystalline massif (Fig. 1). It is within the Plio-
cene andesite–quartz latite volcanoplutonic complex
in Aridea (Greece) and Kozuf in RNM. Only the
northern Kozuf sector of this region was studied in
detail (Ivanov, 1965; Jankovic et al., 1997; Bogojevski,
1998; Serafimovski and Tasev, 2013a; etc.).
EOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020
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The Kozuf–Aridean metallogenic zone of Plio-
cene mineralization occupies a specific position in the
extreme south of the RNM, extending along the
Greek border. The volcanic edifices and calc-alkaline
subvolcanic intrusions are confined to northeast-
trending neotectonic faults (Kochneva et al., 2006).

The Precambrian albitite gneisses with sporadic
amphibolite lenses are the oldest rocks in the Kozuf–
Aridea region and contain occasional marble blocks.
Paleozoic schists, phyllites, metasandstones, argilla-
ceous schists, and quartzites are of local extent. The
Triassic deposits occupy a large part of the region.
They are represented by two major facies, (1) marm-
orized limestones and dolomites and (2) argillites and
sandstones with sporadic diabase and, sometimes,
greenschist inclusions. The Late Cretaceous deposits
are represented by Barremian–Albian conglomerates
and Turonian limestones. The Upper Eocene strata
consist of basal conglomerates overlain by f lysch series
(siltstones, mudstones, sandstones, and limestone
beds). The Pliocene strata consist of conglomerates
and muddy sandstones with calcareous mudstone
interbeds. The volcano-sedimentary pyroclastic rocks
and muddy sandstones occur in isolated Pliocene
basins. The large part of the pre-existing Aridea volca-
nic crater is overlain by Pliocene deposits. The Qua-
ternary deposits make up terraces.

The Tertiary igneous event started after the closure
of the Mesozoic oceanic basin (Karamata, 1984). The
closure resulted from the convergence of the Dinaride
plate and the Carpathian–Balkan terrane with the
Serbo–Macedonian massif and the subsequent colli-
sion of these continental segments (Dimitrijevic,
1974). The terminal phase of the Tertiary magmatism
in the Vardar zone (including the Kozuf volcanic
activity) during the Late Pliocene displays typical sub-
duction-related characteristics (Boev and Yanev,
2001).

The characteristics of the Kozuf volcanic complex
are discussed in detail by B. Boev (1988). Its composi-
tion represented by diverse types of andesites and
quartz latites. The proportion of intrusive rock out-
crops within the areal extent of this complex is insig-
nificant because of a low erosion rate. The volcano-
plutonic activity in the region lasted for 7 to 1.8 Ma.

The Late Jurassic subduction was accompanied by
Middle and Late Cretaceous calc-alkaline magmatism
(Boev and Jelenkovic, 2012). The post-subduction
extensional tectonics generated intracontinental syn-
orogenic faults, rift basins, and vast orogenic Tertiary
magmatic belts of I-type plutonic and subvolcanic
rocks. These partly differentiated giving rise to back-
arc volcanism during the Miocene (Marchev et al.,
2005).

The Vardar reactivated fault system consists of NW–
SE trending (the oldest) and N–S trending faults (the
youngest). The rocks of both the early and the main
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020
phases of volcanic activity (in the Dudica and Alsar
areas) are located along these faults.

The system of ring structures manifested in the
shapes of some topographic lows (visible in space
images) and a topographic high in the Dudica area
(Kochneva et al., 2006).

The system of NE–SW to N–S trending faults is
younger than the Vardar system and characterized by
recent seismic activity.

GEOLOGICAL STRUCTURE OF THE DEPOSIT

The Dudica deposit occupies an area of several
square kilometers. It is composed of Paleozoic schists,
Upper Cretaceous limestones, and the rocks of the
Late Tertiary volcanic complex (Fig. 2).

The Paleozoic complex comprises phyllites inter-
bedded with sericite, chlorite, and epidote schists and
marbles, as well as metamorphosed quartz porphyries
and rhyolites.

The Paleozoic sequence in the southern part of the
orefield is overlain by the Upper Cretaceous (Seno-
nian) occasionally bituminous limestones. This lime-
stone sequence (400–600 m in thickness) hosts the
Ržanovo Fe–Ni deposit west of the Dudica orefield
(Serafimovskii et al., 2013).

The Paleozoic and Upper Cretaceous strata in the
central part of the Dudica orefield were intruded
and/or overlain by igneous activity products during
the Pliocene. These rocks are represented by dacite–
andesite–quartz and rhyolite subvolcanic intrusions
and northward-trending dike fields among a thick tuff
sequence.

Faults are widespread in the Dudica orefield, espe-
cially in volcanic rocks. Sporadic brecciation zones are
encountered in addition to faults and thin fracture sys-
tems. Some of these magmatic breccias are slightly
mineralized. Several fault systems have been estab-
lished thus far in the orefield. The SW–NE trending
faults are predominant, but NW–SE trending faults
are also present. Ore lodes are controlled mostly by
SW–NE faults.

Volcanic rocks are propylitized, silicified, sericit-
ized, carbonatized, and kaolinized. Limestones in the
aureoles of the Pliocene subvolcanic intrusions under-
went metasomatic silicification (up to the formation of
large jasperoid bodies). Alunite-bearing secondary
quartzite bodies and veins filled with porous–vuggy
quartz are widespread in the orefield.

The ore-bearing zone in the Mircevica River valley
is approximately 2 km long and 500–700 km wide.
The lenticular elongate copper orebodies with minor
swells are located along the Mircevica River channel
(Figs. 2, 3). They are hosted by andesites and Creta-
ceous marmorized limestones, strongly altered by
hydrothermal processes. The thickness of the mineral-
ized contact zones is varying from 0.2 m to 20 m. The
downdip ore continuity was not explored in detail.
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Fig. 2. Geological map of Dudica deposit (Ivanov, 1965; modified by Serafimovski and Tasev, 2013a). (1) Alluvium; (2) humus
and slope wash; (3) andesite; (4) hydrothermally altered andesite; (5) secondary quartzite; (6) dacite, quartz porphyry; (7) mar-
morized limestone; (8) limestone; (9) sandstone; (10) Paleozoic schist; (11) faults; (12) mineralization.

1

2

3

4

5

6

7

8

9

10

0 50 100 m

11

12

A

A'

Za
rn

ica
 R

.

M
irchevica R

.

Stara R.
The following morphological types of copper miner-
alization were established in the Dudica orefield:

1. Hydrothermal veins developed along faults,
mostly in altered volcanic rocks (Fig. 3). Most veins
have a thickness ranging from 0.1 to 0.3 m and up to
1.0 m in swells and a length ranging from several to
30 m, sometimes longer. Several enargite–pyrite–
quartz veins with a thickness ranging from 0.1 to 1.0 m,
which in some cases are subparallel to each other, were
encountered in adit no. 6. The veins contain 3–5%
Cu, up to 18 g/t Ag, and Au (mostly around 0.1 g/t; in
places, 1.1 g/t).

2. Veinlet systems (in places as linear stockworks)
that usually develop along fault zones up to several
meters in width. Cu grade is usually 0.5–1.5%. Ag and
Au grades were not determined.

3. Disseminated mineralization occurs mostly in
schists and/or along their contacts with andesites. The
stockwork-type disseminated (porphyry copper) min-
G

eralization was encountered by core drilling boreholes
at deep horizons. The major ore minerals in this min-
eralization type are chalcopyrite and pyrite. Cu grade,
according to drilling data, varies from 0.1 to 0.5%. Ag
and Au grades were not determined.

The spatial distribution of a number of sulfide min-
erals at the Dudica deposit is of particular interest. It
was studied from the surface (altitude 1800 m) down to
700 m levels (Jancovic et al., 1997). Illite, kaolinite,
sericite, anhydrite, and pyrite were established in
1800–850 m. Enargite occurs in the interval of 1650–
1230 m. The copper-bearing mineral group (bornite,
covellite, chalcocite, and tetrahedrite) were emplaced
in a relatively narrow depth interval of 1500–1220 m.
Chalcopyrite, the main Cu-bearing mineral, was
emplaced in 1400–850 m interval.

The jasperoids that were formed as a result of lime-
stone and marble silicification were encountered in
the southern part of the orefield. They can contain
EOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020
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Fig. 3. Cross-section of Dudica deposit (modified after Ivanov, 1965). (1) Alluvium; (2) andesite; (3) hydrothermally altered
andesite; (4) limestone; (5) Paleozoic schist; (6) crush zone; (7) orebody; (8) fault; (9) borehole. 
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carlin-type gold mineralization similar to the Alsar
Deposit (Volkov et al., 2006). These jasperoids have
not been analyzed for gold thus far. However, accord-
ing to the data on two grab samples (one sample is
from an outcrop), these rocks contain 7.2 and 13.4 g/t
gold (Jankovic et al., 1997).

The lenticular bodies of native sulfur, a solfatara
activity product, are frequently encountered along
faults in the Dudica orefield. Around 20 t native sulfur
was recovered during 1917 (Jankovic et al., 1997).
Native sulfur occurrences in the orefield are of genetic
rather than economic interest.

GEOCHEMISTRY OF THE TERTIARY 
VOLCANIC ROCKS

The chemical compositions (major, trace, and rare
earth element concentrations) of eight volcanic rock
samples from the Dudica deposit are given in Table 1.
They are consistent with the previously published data
on the adjacent parts of the Kozuf area (Boev and
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020
Yanev, 2001; Boev and Jelenkovic, 2012). The photo-

graphs of the typical samples given in Fig. 4.

All samples can be characterized as high-potassium

alkaline–shoshonite rocks: 58–65 wt % SiO2; 3.55–

4.77 wt % К2О (Table 1, Fig. 5; LeMaitre et al., 1989;

Müller et al., 1992; Pearce, 1982; etc.). The rocks dis-

play insignificant SiO2 content variations and stable

concentrations of some major elements (wt %): 3.39–

4.35 Na2O; 2.95–5.48 CaO; and 0.47–2.45 MgO.

The volcanic rocks of the Dudica and adjacent

igneous rock zones in the SiO2 – (K2O+Na2O) major

element classification diagram (Middlemost, 1994)

fall within the trachyandesite and trachydacite domain

(Fig. 5a). The K2O–SiO2 plot (Fig. 5b) demonstrates

that most samples fall within the field of high-potas-

sium rocks and shoshonites, but one cannot exclude

the possibility that the shift into the shoshonite field

was caused by the metasomatic alteration of the ana-

lyzed rocks.
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Table 1. Chemical composition of host rocks at Dudica deposit

Element D1S1 D1S2 D2S1 D2S2 Lat YB3 Lat YB4 Trdac YB5 Trdac YB6

SiO2 (%) 63.02 60.82 62.12 59.69 58.67 60.86 62.72 65.08

Al2O3 (%) 16.89 16.89 17.14 17.26 17.81 18.20 17.84 17.04

Fe2O3(T) (%) 4.34 5.1 4.54 6.02 5.51 4.64 4.12 3.39

MnO (%) 0.073 0.061 0.092 0.061 0.11 0.11 0.08 0.08

MgO (%) 1.66 2.45 1.76 2.4 1.50 1.11 0.79 0.47

CaO (%) 3.09 4.83 2.95 4.67 5.48 4.10 3.64 5.04

Na2O (%) 3.49 3.59 3.39 3.58 4.05 4.35 4.09 4.34

K2O (%) 3.62 3.58 3.61 3.55 4.71 4.75 4.77 3.84

TiO2 (%) 0.473 0.648 0.487 0.651 0.71 0.52 0.50 0.43

P2O5 (%) 0.27 0.29 0.27 0.3 0.68 0.56 0.54 0.54

LOI (%) 2.58 2.21 2.67 2.06 0.78 0.80 0.90 0.47

Total (%) 99.51 100.5 99.03 100.2 100.01 100.00 99.99 100.72

Sc (g/t) 6 11 7 11 15 10 15 10

Be (g/t) 4 3 4 3 – – – –

V (g/t) 78 108 79 106 – – – –

Cr (g/t) 100 50 100 50 26 25 20 20

Co (g/t) 10 14 11 12 20 20 10 10

Ni (g/t) <20 20 <20 20 30 20 <20 20

Cu (g/t) 20 20 20 50

Zn (g/t) 60 60 50 50 80 100 20 20

Ga (g/t) 20 21 20 20 – – – –

As (g/t) <5 <5 <5 9 – – – –

Rb (g/t) 132 117 133 116 174 180 190 200

Sr (g/t) 994 1056 987 1070 1100 1170 1250 1250

Y (g/t) 10 15 11 15 34 34 26 23

Zr (g/t) 208 207 199 197 200 210 210 220

Nb (g/t) 9 9 8 10 7 6 4 1

Sn (g/t) 1 1 1 2 – – – –

Sb (g/t) <0.5 1.1 0.6 1.6 – – – –

Cs (g/t) 7.3 4.8 7.2 4.8 42 41 40 39

Ba (g/t) 1520 1539 1522 1544 1800 1760 1950 2100

La (g/t) 66.9 59.8 56.9 66.1 85 85 63 66

Ce (g/t) 130 114 115 122 145 157 125 115

Pr (g/t) 12.4 12.1 11.3 13 13.6 15.1 12.4 12.9

Nd (g/t) 42.7 44.5 39.8 47.6 54.8 56.9 41.3 51.2

Sm (g/t) 5.7 6.4 5.9 7 8.13 9.1 7.2 6.8

Eu (g/t) 1.43 1.68 1.41 1.78 2.0 1.9 1.42 1.38

Gd (g/t) 3.7 4.6 3.6 4.7 4.3 4.9 3.9 4.6

Tb (g/t) 0.4 0.6 0.5 0.6 0.75 0.78 0.7 0.7
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020
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The rare earth elements (REE) in host rocks (Table 1)

were normalized to the standard chondritic abun-

dance values (Boynton, 1984). REE abundance and

distribution trends in the latest samples from the Dud-

ica area and samples from the Kozuf area (Boev and

Yanev, 2001) are virtually similar (Fig. 6). The enrich-

ment of samples in the light REE relative to the heavy

REE indicate their origin from the same basaltic
GEOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020

Fig. 4. Photographs of latest samples from Dudica area sen

(a) (
magma source within a subcontinental area. Almost

all samples display a slightly negative Eu anomaly.

The geochronological (K/Ar) dating data for four

rock samples from the Dudica deposit given in Table 2.

The measured radiometric age values (5.0–6.5 Ма)

overlap each other within the limits of the analytical

error.
D1S1, D1S2, D2S1, and D2S2 are our latest samples; Lat YB3, Lat YB4, Trdac YB5, and Trdac YB6 are samples mentioned in (Boev
and Yanev, 2001).

Dy (g/t) 2.3 3 2.4 3.2 3.3 3.8 2.9 3.3

Ho (g/t) 0.4 0.6 0.4 0.6 0.8 0.9 0.9 0.8

Er (g/t) 1.3 1.6 1.3 1.7 2.0 2.3 2.2 1.6

Tm (g/t) 0.2 0.23 0.21 0.26 0.33 0.36 0.34 0.28

Yb (g/t) 1.3 1.5 1.4 1.6 2.01 1.85 1.8 1.7

Lu (g/t) 0.22 0.25 0.21 0.25 0.30 0.28 0.34 0.38

Hf (g/t) 4.5 4.4 4.4 4.3 6 5 5 4

Ta (g/t) 0.9 0.8 0.9 0.8 0.8 0.8 0.7 0

W (g/t) 3 3 3 4 3 5 6 4

Tl (g/t) 0.8 0.7 0.8 0.7 1.1 1.5 4.1 3.3

Pb (g/t) 61 52 59 54 55 63 55 62

Th (g/t) 28.3 22.2 26.6 22.9 28 31 28 28

U (g/t) 8.2 7 8.1 6.9 8 9 6 8

Sr/Y 99.4 70.4 89.73 71.33 32.35 34.41 48.08 54.35

La/Yb 51.46 39.87 40.64 41.31 42.29 45.95 35.00 38.82

Element D1S1 D1S2 D2S1 D2S2 Lat YB3 Lat YB4 Trdac YB5 Trdac YB6

Table 1. (Contd.)
t for chemical analysis: (a) sample D1S1; (b) sample D2S1.

b)
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Fig. 5. Classification of igneous rocks in Dudica area (our analyses) and published data on Kozuf region (Lat YB3, Lat YB4,
Trdac YB5, and Trdac YB6; Boev and Yanev, 2001). 
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SULFUR ISOTOPIC COMPOSITION

To determine δ34S values, four pyrite, three chalco-

pyrite, two galena, and two enargite monofractions

were prepared and sent for analysis. The measured

δ34S values are given in Table 3. The δ34S values vary

from 1.0‰ to 2.3‰, average 1.80‰, for pyrite; from

1.5‰ to 2.1‰, average 1.70‰, for chalcopyrite; from

2.1‰ to 2.5‰, average 2.3‰, for galena; and from

1.8‰ to 2.4‰, average 2.1‰, for enargite. All of the

analyzed sulfide minerals yielded δ34S values vary

from 1.0‰ to 2.5‰, average 1.9‰, with a variation

range as narrow as 1.5‰.
G

RESULTS, DISCUSSION, AND CONCLUSIONS

As mentioned above, the chondrite-normalized

REE abundance values displayed normal differentia-

tion with a very weak negative Eu anomaly (Fig. 6).

The absence of significant Eu anomalies is probably

due to the high degree of magmatic oxidation (Han-

son, 1980; Carmichael and Ghiorso, 1990; Moore and

Carmichael, 1998). An insignificant increase in Sr

concentration with an increase in SiO2 content in

these samples rules out the possibility of significant

plagioclase fractionation during the evolution of rocks

in the Dudica area. Calculations based on the equa-

tions (see below) also yielded negative Eu and Ce
EOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020
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Fig. 6. Chondrite normalized REE diagrams of various rock samples from Dudica area (our analyses) and published data for
Kozuf region (Boev and Yanev, 2001). 
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anomalies, except one value of Eu* = 1.034, which is
slightly positive (sample 5-Lat YB3).

Eu* values in the studied samples are varying from
0.7547 to 1.0343, average 0.9077, and Ce*, from
0.8354 to 0.9851, average 0.9151, indicating a mildly
oxidizing ore-forming environment (Bau, 1991). The
obtained data are similar to the data on other sectors of
the Kozuf area (Jankovic et al., 1997; Boev and Yanev,
2001).

The Y–Rb, Ba–Rb, and Sr–Rb diagrams for these
rocks (Figs. 7a–7c) demonstrate an increase in Rb and
Y content with more or less constant Sr and Ba con-
centrations. These tendencies together, with the very
weak Eu anomaly, attest to the limited participation of
plagioclase in the differentiation process during latite
and trachydacite formation. Clinopyroxene was prob-
ably the main fractionating mineral during the forma-
tion of these rocks (Boev and Yanev, 2001). According
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Table 2. K/Ar geochronological analyses of host rocks at Du

Nos. 1–2, our samples; nos. 3–4, samples of B. Boev (Boev, 1988).

Seq Sample index K, % 40Ar r

1 D1S1 3.484 8.1

2 D2S1 3.392 7.7

3 BBD1 L 4.360 8.0

4 BBD2 LQL 2.550 6.4
to the REE discrimination diagram (Fig. 7e), the
Kozuf rocks demonstrate characteristics typical of
subduction-related volcanic arcs.

Samples of host rocks (latite, trachydacite, andes-
ite, and dolomite) from other sectors of the Kozuf
region are characterized by close, subparallel REE dis-
tribution spectra (Jankovic et al., 1997; Boev and
Yanev, 2001). The REE profiles of all samples (Fig. 6)
demonstrate their enrichment in LREE and the pres-
ence of relatively f lat HREE sections with slightly neg-
ative Eu anomalies, which is consistent with the
hypothesis that HREE is less mobile than LREE and
therefore remains predominantly in host rocks
(McLennan, 1989). The enrichment in light REE
(LREE) relative to heavy REE (HREE) is a feature in
common for all samples from the Dudica deposit and
Kozuf region (Jankovic et al., 1997; Boev and Yanev,
2001).

The high Sr/Y (32.35–99.40) and La/Yb (35.0–
51.46) values (Fig. 8) may indicate high pressure
and/or hydrous fractionation (Kolb et al., 2013). The
enrichment in light REE (LREE) relative to the heavy
(HREE) in the samples studied (Fig. 6), compared to
the oceanic tholeiitic basalts, indicates the contribu-
dica deposit

ad (ccSTP/g ) 40Ar rad (%) K–Ar age ± 1 sigma

973 × 10–7 18.9 6.04 ± 0.44

663 × 10–7 19.8 5.88 ± 0.41

230 × 10–7 30.3 5.00 ± 0.40

080 × 10–7 25.1 6.50 ± 0.41
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Table 3. δ34S values of sulfides at Dudica deposit

Sample index Mineral δ34S ‰

D1 Pyrite 1.0

D2 Pyrite 2.3

D4 Pyrite 2.0

D5 Chalcopyrite 1.6

D6 Chalcopyrite 2.1

D7 Chalcopyrite 1.5

D8 Galena 2.5

D9 Galena 2.1

D10 Enargite 1.8

D11 Enargite 2.4
tion of crustal material during fractionation (Najime

et al., 2012). Such a fractionation process is confirmed

by (La/Yb)N–LaN and (La/Sm)N–SmN diagrams

(Figs. 8a and b, respectively), as shown in (Chen et al.,

2017).
G

Fig. 7. Diagrams of Kozuf trachydacite–trachyandesites: (a) Y–
et al., 1984). WPG, within-plate granites; syn-COLG, syncollis
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The ΣREE values in rocks analyzed are relatively
high (240.33–340.17 g/t); furthermore, ΣLREE val-
ues (230.31–325.00 g/t) are much higher than
ΣHREE values (9.82–15.17 g/t), and this accounts for
the high ΣLREE/ΣHREE values, ~18.958 to 26.388.

As mentioned earlier, the measured K–Ar radio-
metric ages of all samples (D1, D2, BBD1 L, and
BBD2 LQL) overlap each other within the limits of
analytical error and suggest Miocene to Pliocene age
for the igneous activity in the Dudica area (Table 2).
All samples are highly similar from the petrographic
viewpoint (trachydacites).

Therefore, the K–Ar age can be considered as the
minimum age (the real geological age can be some-
what older than the analytical one).

The measured ages demonstrate good agreement
with the previous datings of 5.0–6.5 Ma for rocks in
the Kozuf region (Boev, 1988) and 3.9 to 5.1 Ma, for
individual minerals (biotite, feldspar) (Lipolt and
Fuhrman, 1986; Boev and Jelenkovic, 2012).

As regards sulfur isotopic data, we compared δ34S
values of sulfide minerals with similar data within the
Serbo–Macedonian metallogenic province (Tulare–
Kiseljak, Plavica, Bucim, Borov Dol, and Skouries;
EOLOGY OF ORE DEPOSITS  Vol. 62  No. 5  2020

Rb; (b) Ba–Rb; (c) Sr–Rb; (d) discrimination diagram (Pearce
ional granites; VAG, volcanic arc, and orogen granites.
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Fig. 8. Diagrams: (a) La/Sm–Sm; (b) La/Yb–La; Dudica deposit.
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Fig. 9. δ34S values of sulfides at Tulare–Kiseljak, Plavica, Bucim, Borov Dol, Dudica, and Skouries deposits.
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Fig. 9). The δ34S values most similar to those for the
Dudica are from 0.00 to +2.50‰ for the Bucim
deposit (Serafimovski, 1993; Serafimovski and Tasev,
2013b; Serafimovski et al., 2016) and from +0.41 to
+1.24‰, for the Plavica deposit (Serafimovski, 1993).

At the same time, δ34S values for the Skouries deposit
are in the interval from –3.20 to +1.28‰ (Serafi-
movski, 1993). The Tulare–Kiseljak and Borov Dol
deposits are characterized by a slight widening of vari-

ation ranges toward the negative δ34S values (Serafi-
movski, 1993), from –3.36 to +2.55‰ and from
‒4.05 to +0.72‰, respectively (Fig. 9). To summa-

rize, the obtained spectrum of δ34S values is similar to
the spectrum characteristic of magmatic sulfur, 0 ± 5‰
(Ohmoto and Rye, 1979).

The established range of δ34S values in sulfide min-
erals at the Dudica deposits is representative of ore
mineralization in granitoid rocks and porphyry Cu ±
Mo deposits (Douglas et al., 2003). The narrow range

of δ34S values for pyrite, chalcopyrite, galena, and
enargite (from +1.0‰ to 2.5‰) suggests a relatively
homogeneous sulfur source (Ohmoto and Rye, 1979;
Hedenquist et al., 2017).

Data obtained at the end of last century, as well as
our studies, indicate the complex structure of the
Dudica deposit, which is most adequately comparable
with the structure of the Plavica deposit (Serafi-
movskii et al., 2017), where the highest gold concen-
trations are associated with secondary quartzite bod-
ies. Similar orebodies are widely developed in the
high-sulfidation epithermal ore deposits worldwide
(Sillitoe and Hedenquist, 2003; Richards, 2009).
Mineralization similar to the Dudica was discovered in
the Tulare deposit in Serbia (Janković, 1997), where it
transforms into porphyry copper mineralization at
deeper levels. In addition, similar ore manifestations
were encountered in the Petrosnica orefield near
Kumanovo, the Republic of North Macedonia
(M’nkov et al., 2015).

The occurrence of alunitization along with second-
ary quartzites, porous quartz, native sulfur bodies, and
the argillic alteration type evidence the development
of high-sulfidation epithermal mineralization (enarg-
ite, pyrite, and gold) in the Dudica orefield (Sillitoe
and Hedenquist, 2003).
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