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Abstract—The metallogenic aspects, tectonic setting, magmatism, structure, and composition of Au- and
Ag-bearing porphyry copper deposits in the Buchim—Damjan—Borov Dol ore district and their genetic fea-
tures are considered and compared with earlier published data. Special attention is paid to supergene gold in
heavy concentrate halos of the Borov Dol deposit. The total Cu reserves of the deposits discussed in this paper
do not exceed 150 kt. The Buchim deposit likely is the world’s smallest deposit of this type currently involved
in mining. A comprehensive study of these dwarf porphyry copper deposits is undertaken to answer questions
on the conditions of their formation. How do they differ from formation conditions of giant deposits?
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INTRODUCTION

The localization and formation conditions of por-
phyry copper giants have been the subjects of numer-
ous investigations. The main question posed in most
publications is how did they form (Cook et al., 2005;
Volkov et al., 2006). The total Cu reserves of the por-
phyry copper deposits in the Buchim—Damjan—
Borov Dol ore district discussed in this paper do not
exceed 150 kt. The Buchim deposit is likely the world’s
smallest deposit of this type currently involved in min-
ing. The successful mining of this deposit for many
years refutes the popular opinion that the porphyry
copper deposits profitable for mining must contain no
less than 2.5 Mt of copper and the Cu grade in ore
should be higher than 0.5%. Therefore, the compre-
hensive study of the dwarf deposits of Macedonia is as
important to answer the question on their formation
conditions as that of the giants in the Pacific ore belt.
What is a difference of their formation conditions from
those of giant deposits?

The Buchim—Damjan—Borov Dol ore district
occupies approximately 150 km? in the southern part
of the Republic of Macedonia (Fig. 1). The district is
distinguished by widespread Tertiary volcanism
accompanied by Fe, Cu, Au, Pb and Zn ore mineral-
ization. This ore district had a long exploration history
(Petcovic, 1968; Jankovic et al., 1980; Serafimovski
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etal., 1993, 1995, 1996; Cifliganec, 1993; Tudzarov,
1993; Cifliganec et al., 1994; Karamata et al., 1992;
Stojanov and Serafimovski, 1990; Stefanova, 2003;
Stefanova et al., 2006).

The porphyry copper deposits of this district belong
to the Lece—Chalkidiki metallogenic zone localized
between the Serbo—Macedonian Massif and the Var-
dar Zone (Fig. 1) and are genetically related to the
Tertiary subvolcanic calc-alkaline stocks: the Buchim,
Tular, and Borov Dol in Macedonia; the Vathi, Ger-
akaria, and Pondokeraséa in Greece, etc. (Table 1).
Only the Buchim deposit is currently in operation.

The Buchim deposit located in the northeast of ore
district (Fig. 2) has been known since ancient times,
but was explored in detail only in the 1970s. Its ore
reserves are 120 Mt of ore with an average grade of
0.34% Cu and 0.35 g/t Au. The deposit has been
mined since 1979. To date, about 80 Mt of ore have
been mined out. The annual capability of the mine is
4 Mt of ore. At present, ore with 0.21% Cu, 0.2g/t Au,
and 0.8 g/t Ag is being mined. Thirty-two kilotons of
concentrate containing 18—21% Cu and 18 g/t Au (Au
recovery is 50%) has been produced. The concentrate
is delivered by trucks to smelters at Bor in Serbia and
Pirdop in Bulgaria. Since 2005, the Buchim Mine has
been owned by the Romtrade Company, an affiliate of
the Ural Mining and Metallurgical Company.

The Borov Dol deposit situated in the southwestern
part of the district (Fig. 2) is a depot source of ore for
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Fig. 1. Geological setting of the Republic of Macedonia in the Balkan region. (1) Tertiary volcanic rocks, (2) Tertiary intrusive
rocks, (3) Vardar Zone, (4) Serbo—Macedonian Zone, (5) faults and lineaments, (6) state border, (7) Buchim—Damjan—Borov
Dol ore district.
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Table 1. Porphyry copper deposits and occurrences of the Republic of Macedonia (FYROM) and Greece

Deposit Host rock Age, Ma

Horizontal

projection, km? Ore grade

Vertical range, m

Kiseljak Andesite 12-23

Buchim Gneiss and andesite 25-28

Borov Dol Andesite 24-28

Vathi Rhyodacite 30

Pondokeraséa Rhyodacite and 32

granosyenite

Granodiorite por- 29.6

phyry

Scouries

Kadica Quartz latite and 27.5

slate

Quartz latite and bi- ?
otite granite

llovica

300-500 0.3% Cu

0.3 g/t Au
1.0 g/t Ag

23 g/t Mo
4-10% pyrite
0.3 % Cu
0.5g/t Au
1.1 g/t Ag

13 g/t Mo
1-4% pyrite
Traces: Pd, Se, Te
0.3 % Cu
0.28 g/t Au
1.50 g/t Ag
24 g/t Mo

2 % pyrite
0.3 % Cu
0.15g/t Au
0.35g/t Ag
20 g/t Mo
0.3 % Cu
0.3 g/t Au
0.35 g/t Ag
20 g/t Mo
0.5% Cu

0.7 g/t Au
2.5g/t Ag
Traces: Pd,Te,Pt
0.2 % Cu

0.2 g/t Au
0.35g/t Ag
20 g/t Mo
0.5 % Cu
0.3—-1.0g/t Au
0.5 g/t Ag

50 g/t Mo

0.24

0.25 250

0.15 300

0.1 500

0.12 500

0.02 700

0.12 300

1.0 300

the Buchim mill. The deposit had been known since
1930, when the first boreholes penetrated ore contain-
ing 0.2—0.7% Cu. Exploration was carried out in
1973—1977. The reserves are estimated at 40 Mt of ore
containing 0.3% Cu and 0.28 g/t Au.

RESEARCH METHODS

In recent years, the Buchim—Damjan—Borov Dol
"ore district was comprehensively studied by a Rus-
sian—Macedonian scientific team under a joint
research program. The volcanic rocks of this district
were investigated using modern analytical techniques.
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A microprobe analysis of minerals was carried out at
the European Control AD Laboratory for X-ray Spec-
troscopy using the standards of JEOL Company and a
microprobe operating at an acceleration voltage of
20 kV and current intensity of 2 x 102 A. Chemical
analysis of rocks was performed at the Faculty of Geol-
ogy and Geography, University of Sofia, Bulgaria. Cr,
Ni, Co, Li, Rb, Sr, Zn, Cu, and Pb were determined
on a PerkinElmer atomic absorption spectrometer;
other trace elements were determined by XRF at the
University of Lausanne, Switzerland.

Special attention was focused on the study of exo-
genic gold from heavy concentrate halos of the Borov
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Fig. 2. Geological map of the Buchim—Damjan—Borov Dol ore district. (1) Paleogene, Neogene, and Quaternary sedimentary
rocks; (2) pyroclastic rocks; (3) andesite and latite; (4) Quaternary flysch; (5) carbonate rocks; (6) carbonate slate; (7) granite;
(8) serpentinite; (9) muscovite schist, (10) gneiss; (11) Pb—Zn vein mineralization; (12) iron skarn mineralization; (13) Cu—Au

porphyry mineralization.

Dol deposit. It is known that the mineralogical study
of gold in disseminated ore at porphyry copper depos-
its meets with difficulties caused by its micron-sized
particles and low grades (lower than 1 g/t). Therefore,

an original technique has been developed and applied
to our objects. The morphology and chemistry of gold
particles were examined at the University of Sofia,
Bulgaria, on a TN-2000 microprobe (JEOL Company
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standards were used), a JEOL LMS 35CF, and a JEOL
JSM-5510 SEM.

TECTONIC AND METALLOGENIC OVERVIEW

The metallogeny of the southern Balkan Peninsula
is determined by the geodynamic evolution of the
Tethys—Eurasian metallogenic beit (TEMB), which
was outlined by S. Jankovic in 1993, and ancient crys-
talline massifs. The TEMB formed during post-Meso-
zoic time on the place of the Jurassic Tethys paleo-
ocean situated between the southern continental mar-
gin of Eurasia, on one side, and African—Arabian and
Indian plate, on the other side. The belt extends from
the western Mediterranean along the Alps and south-
eastern Europe via the Lesser Caucasus, Hindu Kush,
and Tibetan Plateau to Burma and northwestern Indo-
nesia, where it joins the western segment of the Pacific
metallogenic belt. The southern Balkan Peninsula,
including the Republic of Macedonia, is a sector of the
central TEMB (Fig. 1).

The formation of ore deposits was related here to
certain chronological stages and geodynamic settings:

(1) Late Permian—Early Triassic intracontinental
rifting along the northern boundary of Gondwana
and/or its already detached fragments;

(2) Jurassic intracontinental rifting marked by
ophiolitic complex;

(3) suprasubduction magmatism; and

(4) postcollision (orogenic) continental setting and
related formation of various base- and noble-metal
deposits (Pb—Zn—Ag, Cu—Au, Au—As—Sb—TI, Au—
Ag).

The Jurassic ophiolite belt extends for hundreds of
kilometers within Macedonia and for a few thousand
kilometers on a global scale via Greece, Turkey, the
Caucasus, and Iran to the Himalayas. In Macedonia,
the ophiolite complex occurs in the Vardar Zone (VZ)
and the adjacent Serbo-Macedonian Massif (SMM)
(Karamata and Lovric, 1978). The VZ extends in the
NW-SE direction between the SMM and Pelagonian
Massif (Fig. 1). Ophiolites of the VZ comprise the
Jurassic gabbro—peridotite complex and dolerite—
slate complex, which are overlain by the Cretaceous
flysch. The SMM is located between the Carpathian
Mountains and Balkanides in the east and the VZ in
the west. Peridotite dikes occur in the SMM along its
contact with the VZ.

The collision of the African and Eurasian plates
was accompanied by closure of the ocean and subduc-
tion of the oceanic crust beneath the SMM. Arches,
domes, and grabens developed during this process.
Deep faults that formed at the time at the active conti-
nental margins have important metallogenic implica-
tions.

The above-listed regional tectonic units extending
parallel to the VZ control regional metallogenic zones,
ore districts, and ore fields (Fig. 1).
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Collision, postcollision processes, and Tertiary
magmatism were crucial for localization of base-metal
ore mineralization.

Cenozoic reactivation embraced largely the eastern
part of the Macedonian Arch and was expressed in the
development of the NW-trending faults oriented
obliquely to the VZ and the transverse NE-trending
faults at the final stage (Tomson et al., 1998; Volkov
et al., 2006).

The rocks of the Tertiary volcanic—plutonic com-
plex and related base-metal mineralization occur in
four tectonic and metallogenic zones (Fig. 1):

(1) the magmatic zone at the mobile northern,
northeastern, and eastern margins of the Dinarides;

(2) the magmatic zone in the severely tectonized
central part of the VZ;

(3) the Lece—Chalkidiki metallogenic zone at the
contact between SMM and VZ (Zletovo, Plavica,
Buchim, Borov Dol, Damjan, Borovich deposits);

(4) the Besna Kobila—Ochagovo metallogenic
zone (Sasa, Toranica, Kadica, Ilovica deposits).

The Precambrian metamorphic complex is the old-
est in the SMM (Fig. 2). The complex is composed of
biotite, muscovite, two-mica, and other gneisses,
amphibolites, muscovite schists, and other metamor-
phic rocks. Gneisses are widespread and favorable for
localization of ore.

Paleozoic rocks comprise chlorite—amphibole
schists, slate—carbonate group, metagabbro, and dol-
erite, which are less favorable for the localization of
porphyry ore than Precambrian rocks.

The Mesozoides combine Jurassic ultramafic and
granitic rocks. Serpentinized peridotites and pyroxen-
ites are locally overlapped by volcanic flows and Qua-
ternary sediments. Granite, granodiorite, and quartz
monzonite are accompanied by low-grade chalcopy-
rite mineralization.

Paleogene sedimentary rocks (conglomerate, tuf-
faceous flysch, limestone) are cut through by Neogene
subvolcanic bodies. These rocks, especially marlstone
and shale, are favorable hosts for porphyry and skarn
mineralization; they serve as screens for ore-bearing
fluids and protoliths for metasomatic alteration.

Neogene conglomerate, gravelstone, sandstone,
limestone, and other sedimentary rocks are over-
lapped by Quaternary clayey and sandy sediments
(fans, hillside, and alluvial facies).

The boundary between the VZ and the SMM
extends in the central part of the district (Fig. 2). Other
important ore-localizing structural elements are vol-
canic calderas, domes, and dikes. Three variously ori-
ented fault systems are recognized.

The first, NW-trending fault system coincides in
the strike with major tectonic units. The second and
third systems extend in the northeastern and meridi-
onal directions, respectively. The third system has
important implications for the development of Ter-
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Fig. 3. Chemical compositions of intrusive rocks of (1) active continental margins (Miller and Groves, 2000), (2) Cadia ore dis-
trict, Australia (Blevin, 2002), and (3) Buchim—Damjan—Borov Dol ore district plotted on the K,0—S8iO, classification diagram

(Peccerillo and Taylor, 1976).

tiary magmatism and related iron skarn and porphyry
copper mineralization. This system controls numer-
ous volcanic domes and necks, which are localized at
intersections of near-meridional and northeastern
faults.

Volcanic activity progressed beginning from the
late Oligocene, and ore mineralization formed in the
Miocene. Andesites in the Damjan and Borov Dol
volcanic fields formed 28.0—26.5 Ma. Andesitic stocks
of the Buchim ore field are dated at 27.0—-24.5 Ma.
The Buchim porphyry copper deposit is close in age to
the andesitic neck (Cifliganec, 1993).

The Bucim—Damjan—Borov Dol ore district with
porphyry copper and iron skarn mineralization ocup-
pies the southwestern part of the Lece—Chalkidiki
metallogenic zone. The ore mineralization is concen-
trated in the Buchim, Damjan, and Borov Dol ore
fields (Fig. 2).

The Buchim ore field is localized in the northern
part of the ore district within the SMM and is charac-
terized by (1) NW- and NE-trending low-order faults;
(2) prevalence of latite and trachylatite as products of
Tertiary volcanism, dikes, and minor intrusions; and
(3) porphyry copper mineralization. No volcanic
domes or calderas expressed in landforms are known.
Only small ring structures a few hundreds of meters to
1.5 km in diameter accompanied emplacement of sub-
volcanic stocks. The outer parts of such structural
forms are composed of gneiss, whereas the inner parts

are composed of latitic stocks. Similar structural forms
are widespread elsewhere in this ore district.

In addition to the Buchim deposit, numerous por-
phyry copper occurrences are known in the north of
the district (Vranjak, Orljak, Crn—Vrv—Kalapetrivci,
Kosevo, Kosevska Reaka, etc.).

The Borov Dol ore field is localized at the margin of
a volcanic caldera in the southern part of the ore dis-
trict within the VZ. The caldera, 5 km in diameter, is
clearly expressed in topography and complicated by
several volcanic domes and depressions 1.0—1.5 km in
diameter; one these depressions hosts the Borov Dol
deposit. The NW-trending faults control the Neogene
latite and quartz latite dikes, necks, and extrusions.
The Borov Dol deposit is related to this volcanic—plu-
tonic complex. The ore-bearing volcanic rocks are
metasomatically altered.

The volcanic rocks belong to the high-K shosho-
nitic series and correspond to monzodiorite and
monzonite in K,0~-SiO, relationships (Fig. 3). These
are andesite, latite, trachyte, and rhyolite, including
transitional varieties (Fig. 4). It should be noted that
the rocks of shoshonitic series are typical of districts
with porphyry copper mineralization at continental
margins, e.g., Bajo Alumbrera, Gunumba, Bingham,
Ok-Tedi, Grasberg, Cadia, etc. (Miller and Groves,
2000; Blevin, 2002).

No. 3
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Fig. 4. Chemical compositions of volcanic rocks from the Buchim—Damjan—Borov Dol ore district plotted in the TAS classifi-
cation diagram (Le Bas, 1986). 1, 2, latite, South Pamuklic; 3, trachyte, South Pamuklic; 4, trachyte, Damjan; 5, alkali trachyte,
Crkvisty; 6, latite, Borov Dol; 7, 8, latite Damjan; 9, latite, Borov Dol.

Trace element contents (Table 2) indicate magma
fractionation in the course of its evolution. The spider-
gram (Fig. 5) demonstrates distinct positive Th and U
anomalies and slight negative Nb and Ti anomalies
characteristic of the subduction-related igneous rocks.
Thus, the geochemical signatures suggest that the
igneous rocks at the deposits under consideration were
most likely formed at the mantle—crust interface.

GEOLOGY OF DEPOSITS

The Buchim deposit is typical of the Lece—Chalkid-
iki metallogenic zone and related to three isometric,
fingerlike stocks of andesitic—trachyandesitic (quartz
latitic) porphyry that cuts through the Precambrian
biotite, muscovite—biotite, amphibole—biotite
gneisses and amphibolites (Fig. 6). Gneisses are the
most favorable rocks for ore deposition (Fig. 7).

According to the results of exploration, the copper
mineralization covers an area of 1.5—2.0 km? and is
traced to a depth of 300 m. The Central, Bunardzik,
Vrsnik, and Cukar orebodies are contoured (Fig. 6, I-TV);
the Central orebody is the largest in copper reserves.
Three orebodies are morphologically related to stocks,
and the fourth body is presumably a fragment of a pre-
viously existing sheetlike layer of manto-type oxidized
and redeposited ore (Fig. 6).

No. 3
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The Central orebody, close to a vertical hollow cyl-
inder in morphology, encircles a small vertical andesitic
stock and is largely hosted in country gneiss (Fig. 8). The
orebody, including the barren latitic stock, is 500 m in
diameter; the vertical range of ore mineralization is
more than 250 m (Fig. 7).

The Vrsnik orebody is localized in the contact zone
of the elongated porphyry stock; its nearly vertical
boundaries are conformable to the intrusive contact.
The Bunardzik orebody, similar in shape and geologi-
cal setting but much smaller in size, attends the third
stock at its western flank. The Cukar orebody is com-
posed largely of secondary chalcocite ore. It is sheet-
like and hosted in gneiss at a certain distance from
stocks. Cu as the main component is accompanied by
Mo, Au, and Ag, which are recovered as by-products.
The average grades are 0.3% Cu, 0.01% Mo, 0.35 g/t
Au, and 1 g/t Ag. The oxidation zone was less than
than 60 m thick. The oxidized ore was mined out first.

The country rocks adjoining porphyry stocks are
silicified, chloritized, sericitized, and underwent argil-
lic alterartion. The same alterations affected the stocks
themselves but with lesser intensity; early potassic
alteration developed as well.

Titanite, rutile, magnetite, hematite, chalcopyrite,
pyrite, bornite, gold, molybdenite, petzite, calaverite,
and argentite were identified as ore minerals. Enargite,

2010
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Table 2. Microelements in volcanic rocks of the Buchim-Damjan-Borov Dol ore district, ppm
Element 1 2 3 4 5 6 7 8
Cr* 65 38 29 29 64 26 60 50
Li* 18 9 12 4 4 3 9 9
Rb* 54 46 57 61 271 46 3 42
Nb 10 11 10 8 16 12 9 10
b4 26 26 23 25 33 28 26 27
Sr 1227 1501 1349 1491 926 1702 1327 1633
U 5 3 4 <2 9 6 6 <2
Th 21 30 25 31 37 37 27 23
Pb 51 67 60 65 72 43 26 71
Ga 19 19 18 19 20 18 17 19
Zn 170 69 75 67 33 49 66 60
Cu 43 51 70 323 8 32 11 52
Ni 9 7 8 6 6 ) 6 6
Co 16 13 14 13 5 16 6 11
Nd 46 59 50 48 - 59 50 52
La 65 76 88 69 61 84 74 98
S 51 - - 96 27 - 90 28
Hf 2, 7 11 13 10 11 14 9
Sc 11 14 11 10 <2 12 16 14
As 8 4 6 <3 14 <3 8 3

Notes: *AAS (Sofia); other analyses—XRF (Switzerland); (1—8) sample numbers.

tetrahydrite, galena, and sphalerite are less abundant.
Chalcocite and covellite are predominant in the Cukar
orebody, being accompanied by pyrite, tenorite, and
occasional native copper, malachite, and azurite.

The ore mineralization was formed in the following
sequence. Titanite, rutile, and magnetite crystallized
first, followed by pyrrhotite, cubanite, valeriite, and
the early generation of chalcopyrite. After deposition
of these minerals, the hydrothermal ore-forming solu-
tion became enriched in sulfur giving rise to pyrite
crystallization. The late chalcopyrite and galena

formed at the final stage of ore deposition (Serafi-
movski, 1993).

At the Borov Dol deposit, porphyry copper mineral-
ization occurs as a ring around the subvolcanic andesitic
body that cuts through older volcanic rocks (Fig. 9). The
intensely altered volcanic rocks host the ore. Potassic
and quartz—sericite alteration are noted at the surface.
Down the dip, the orebody morphology is conform-
able to the andesitic stock. The ore mineralization is
stringer—disseminated; ore disseminations (70%) pre-

GEOLOGY OF ORE DEPOSITS Vol. 52 No.3 2010
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Fig. 5. MORB-normalized trace element contents in volcanic rocks of the Buchim—Damjan—Borov Dol ore district. (1—3) Latite
corresponding to nos. 1, 2, 6 in Table 3; (4—7) trachyte corresponding to nos. 4, S, 6, 8 in Table 3.

bornite and sporadic enargite, famatinite, galena, and
tennantite. In general, the ore consists of Fe—Ti oxides,
Fe oxides, and Cu, Mo, Zn, Pb, Bi, and Ni sulfides.
Microscopic examination resulted in identifying pyrite,

vail over ore veinlets (30%) (Tudzarov and Serafi-
movskii, 1995).

Chalcopyrite as the major mineral in primary ore is
accompanied by pyrite, molybdenite, magnetite, gold,

Table 3. Microprobe analyses of ore minerals from the Borov Dol and Buchim deposits, wt %

No. Au Cu Fe Co Ni 8
1 83.79 1.01 0.73 — — -
2 - 34.97 30.36 - - 34.68
3 - 34.73 30.53 - - 34.74
4 — 35.17 31.14 — = 33.69
5 - 0.95 2.08 4.18 51.31 41.49
6 - 1.25 2.04 4.39 50.87 41.45
7 - 1.12 2.06 4.25 50.93 41.67
8 - 1.33 2.20 4.26 50.76 41.43
9 — — 24.62 - 23.51 51.87
10 - - 25.69 = 22.99 8132
11 — 67.13 6.31 - - 26.55
12 92.06 1.57 0.62
13 86.0 0.46 -
14 80.3 0.35 0.87
15 72.53 1.26 0.68
Notes: Borov Dol deposit: (1) native gold, (2—4) chalcopyrite, (5—8) polydymite, (9, 10) bravoite, (11) bornite; the Buchim deposit: (12—
15) native gold.

GEOLOGY OF ORE DEPOSITS Vol. 52 No.3 2010
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Fig. 7. Geological section across the Buchim deposit. (1) Andesite and latite, (2) amphibolite, (3) gneiss, (4) orebody, (5) fault.

See Fig. 6 for section line.

chalcopyrite hematite, magnetite, covellite, chalcocite,
pyrrhotite, calcite, sphalerite, galena, native gold,
bornite, tetradymite, tennatite, bravoite, and polydymite
(Fig. 10). The identification of some minerals was con-
firmed by microprobe analysis (Table 3). Polydymite was

identified for the first time; the chemical composition
and fineness of native gold was established (Table 3).

Native gold and Au tellurides occur at the Borov
Dol deposit. The native gold is associated with all gen-
erations of pyrite and noted as inclusions in chalcopy-

GEOLOGY OF ORE DEPOSITS Vol. 52 No.3 2010
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Fig. 8. Open pit of the Central orebody at the Buchim deposit.

rite of the first generation (Fig. 10a) and sphalerite
(Stefanova and Serafimovski, 2006). The fineness of
gold inclusions up to 7 um in size is as high as 837
(Table 3).

Hematite and magnetite are often associated with
pyrite and chalcopyrite; rutile, titanite, ilmenite, and
anatase were identified among oxides. Pyrrhotite is the
earliest sulfide. Galena and sphalerite are not abun-
dant. Tetrahedrite, tennantite, enargite, bornite, and
polydymite are rare ore minerals.

EXOGENIC GOLD

Exogenic gold was studied during fieldwork and in
the laboratory. The fieldwork consisted of panning of
creeks that drain the Borov Dol deposit. Pyrite, mag-
netite, chalcopyrite, ilmenite, amphibole, pyroxene,
zircon, and garnet are the most frequent minerals in
heavy concentrates. Thirty-five gold grains were
detected and studied. Oblong, equant, and oval gold
grains (Fig. 11) varied from 150 pm to 1 mm in size.
The morphology of grains shows that they were
derived from a primary source (Zakharova, 1994;
Petrovskaya, 1973). Zonal and porous internal struc-
ture is characteristic (Fig. 11).

The microprobe results (Table 4) show that native
gold is of high fineness (834—981). The Ag content
varies from 0.82 to 15.85 wt %. The central parts of
some grains are depleted in Ag relative to their mar-
gins. In general, gold grains are uniform in composi-
tion except for grain BD-9 distinguished by extremely
high fineness (977—984) and low Ag content (0.82—
1.09%). The Ag content in particular samples ranges
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from 7.62 to 48.91%. The Cu impurity in gold is uni-
form (0.4—0.6%). Native gold grains contain 0.02—
0.05% Fe. The average Au content in gold grains from
the Borov Dol deposit is 91.2% (88.44—98.15%); the
average Ag, Cu, and Fe contents are 7.87, 0.49, and
0.036%, respectively. Comparison with the data from
Table 3 shows that exogenic and endogenic gold from
the Borov Dol and Buchim deposits is quite identical
in fineness and Cu and Fe impurities. At the same
time, endogenic and exogenic gold grains differ appre-
ciably in size.

The results show that the composition of exogenic
gold and its morphology may be used as direct pros-
pecting guides of Au-bearing porphyry copper miner-
alization. Panning and the subsequent study of mor-
phology and chemical composition of native gold par-
ticles is an efficient technique for prospecting Au-
bearing porphyry copper deposits.

DISCUSSION

As was supposed at the early stages of geological
studies, the parental magma of the volcanic—intrusive
complex in the Serbo-Macedonian metallogenic
province was a product of partial melting of the conti-
nental crust and related to the collision of continental
blocks at a depth. The magma ascended to a shallow
level along deep faults.

Later on, based on the ¥Sr/%Sr isotope ratios
(0.706633—0.706928) and trace-element geochemis-
try, Serafimovski et al. (1996) showed that volcanic
rocks of the studied district were formed as products of
mixing of crustal and mantle-derived materials. It was
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Fig. 9. Geological section of the Borov Dol deposit. (1) Andesite, (2) breccia, (3) quartz latite, (4) copper mineralization,
(5) hydrothermally altered rocks, (6) volcanic and sedimentary rocks, (7) contour of intrusive body, (8) fault.

also noted that trace element distribution in volcanic
rocks of the Buchim—Damjan—Borov Dol district is
similar to that in igneous rocks of active continental
margins (Boev et al., 1992).

The geochemical data presented in this paper (Fig. 5)
allow us to suggest that the igneous rocks of this ore
district were formed as a result of subduction at the
crust—mantle interface.

The formation of the porphyry system in the
Buchim—Damjan—Borov Dol ore district was caused
by injection of moderately fractionated melt enriched
in volatile components from a deep-seated magma
chamber (Miller and Groves, 2000). The intrusive
stocks in such systems commonly make up clusters
consisting of separate fingerlike intrusions varying in
composition from diorite via monzodiorite to monzo-

nite, and the latter are accompanied by stockwork
mineralization.

Thus, the monzonite stocks in the Buchim—Dam-
jan—Borov Dol ore district formed at the final stage of
fractionation of the parental shoshonitic melt (Fig. 3).

The study of stable isotopes is necessary to specify
the origin of ore minerals. The 834S in pyrite from the
Buchim deposit varies from +0.16 to +2.53%o0
(+1.06%o0, on average) (Serafimovski et al., 1996). The
deposits with such sulfur isotopic composition are
related to felsic igneous rocks. The sulfur from the
Borov Dol deposit is characterized by enrichment in
the light isotope (§%*S is 0—7%o) as is characteristic of
a crustal source (Tudzarov and Serafimovski, 1995).
The difference in sulfur isotopic composition in
closely spaced deposits may be explained by their spe-
cific geological settings. As was mentioned above, the
No. 3
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Fig. 10. Ore minerals from the Borov Dol deposit: (a) large allotriomorphic chalcopyrite grain (2) with polydymite inclusion (1)
and finely dispersed gold (3), polished section, magn. 126; (b) allotriomorphic magnetite grains (1), magn. 126; (c) chalcopyrite
(1) corrodes bornite (2), magn. 126; (d) subhedral pyrite grain (2) with chalcopyrite (3), sphalerite (4), and bravoite inclusions,
magn. 126; (e) allotriomorphic and subhedral chalcopyrite (1) and pyrite (2) grains, magn. 63; (f) allotriomorphic covellite grains,

magn. 126.

Buchim deposit is located in the SMM, whereas the
Borov Dol deposit, in the VZ (Fig. 12). It cannot be
ruled out that sulfur was partly derived from host sedi-
mentary rocks. At the same time, the sulfur isotopic
composition of sulfides from the studied deposits
almost completely fits the 8*S range (=5 to +1%o)
typical of the known porphyry copper deposits (Roll-
inson, 1993).

The carbon isotopic compositions (8'*C) and oxy-
gen isotopic composition (8'80) of calcite from the ore
mineral assemblage show that ore-forming solutions
consisted largely of meteoric water with pH > 7
(Serafimovski et al., 1996). As follows from the fluid
inclusion study, these solutions belongs to the sodium
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chloride type and their salinity varied from 10 to 25 wt %
NaCl equiv. The ore components were transferred by
those solutions in the form of complex ions containing
Na and K chlorides and less frequently as sulfates and
carbonates. The ore formation proceeded in the temper-
ature interval 490—200°C (Serafimovski et al., 1996).

It can be suggested that the primary magmatic
chamber was a source of copper; however, subvolcanic
intrusive stocks at the considered deposits are too
small to mobilize that amount of copper, which is cur-
rently contained in orebodies. Hence, a deep-seated
magmatic source of copper should be a rather large
intrusive body (Fig. 12). It cannot be ruled out that a
large body of ore-bearing magma that formed at a cer-



192 SERAFIMOVSKI et al.

Fig. 11. Native gold grains and their aggregates from the Borov Dol deposit: (a) oblong rodlike aggregate; (b) gold sheets, close-
up of panel (a); (c) equant gold aggregate; (d) close-up of panel (c); (e, f) gold crystals, close-ups of panel (d); (g) ball-shaped
gold aggregate; (h) irregular equant aggregate.
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Sample 1(n: :_;eil;l Au Ag Cu Fe 3
BD-5 1 — center 95.50 4.26 0.53 0.08 100.4
2 — margin 94.31 4.4 0.42 0.08 99.21
3I—-> 95.40 3.56 0.46 - 99.42
Average 95.07 4.07 0.47 0.05
BD-5 1 — margin 90.96 8.92 0.55 - 100.4
2-> 87.31 12.66 0.39 - 100.3
3—-> 83.45 15.77 0.34 0.26 99.82
Average 87.24 12.45 0.42 0.08
BD-9 1 — center 90.87 8.51 0.61 — 99.98
2 — margin 86.02 12.60 0.60 - 99.22
Average 88.44 10.55 0.65 0
BD-10,Grainl |] — center 94.85 4.57 0.36 0.13 99.91
2 — margin 93.09 .95 0.38 — 99.40
-> 91.27 7.98 0.61 0.15 99.35
4-—> 95.10 3.77 0.24 — 99.10
5—-> 95.69 3.57 0.39 - 99.65
6—-> 93.70 5.71 0.35 - 99.75
77— 96.04 2.94 0.59 — 99.57
g§—> 93.24 5.67 0.47 0.15 99.52
9-> 92.30 6.81 0.54 — 99.65
Average 93.92 5.21 0.43 0.04
BD-10, Grain2 || — center 93.54 5.62 0.39 0.09 99.63
2 — margin 89.31 9.82 0.59 — 99.72
3—-> 88.39 10.05 1.56 - 99.58
4-> 87.71 11.65 0.31 0.09 99.75
5—-> 90.71 8.81 0.47 - 99.98
6—> 93.13 6.05 0.50 - 99.67
7-> 90.65 8.97 0.29 0.08 99.98
8§ —> 92.26 6.54 0.53 - 99.32
Average 90.71 8.43 0.58 0.03
BD-10, Grain 3 | | — center 93.37 5.94 0.34 0.18 99.82
2 — margin 89.39 9.61 0.61 0.21 99.81
3—-> 92.27 7.04 0.65 0.14 100.1
4—> 92.40 6.98 0.42 0.15 99.95
Average 91.85 7.39 0.50 0.17

tain depth could have provided a sufficiently large por-
phyry copper deposit; however, such deposits are so far
unknown not only in the considered ore district but
also in the Lece—Chalkidiki metallogenic zone as a
whole.

Part of the copper could have been mobilized from
ultramafic rocks, which occur in both the SMM as
amphibolites and in the VZ as peridotite and serpen-
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tinite intruded by Cenozoic porphyry intrusions. Tak-
ing into account that the Neogene calc-alkaline igne-
ous complex in the Serbo-Macedonian province is
depleted in copper in comparison with the Cretaceous
igneous rocks in the Bor ore district (Karamata and
Lovric, 1978), such a possibility seems more realistic.
The inferred remobilization of copper from serpen-
tinites and ultramafic rocks of the VZ or from Cyprus-
type masiive sulfide deposits abundant in the Balkan
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Fig. 12. A model of magmatic system in the Buchim—Damjan—Borov Dol ore district. (1) Pliocene—Quaternary rocks; (2) vol-
canic rocks; (3) subvolcanic bodies; (4) granitoids; (5) ultramafic rocks, granitoids, Cretaceous and Paleogene rocks in rocks in
the Vardar Zone (VZ); (6) gneiss, muscovite schist, and amphibolite in the Serbo-Macedonian Massif (SMM); (7) faults.

region is consistent with the small size of the porphyry
copper deposits and low metal contents therein, as is
typical of regenerated deposits (Schneiderh6n, 1957).
Probably, this is precisely the main difference in the
formation conditions between dwarf and giant depos-
its.

In conclusion, it should be noted that no economic
copper mineralization was found in magnetite—hema-
tite skarn of the Damjan ore field (Fig. 2) in the
Buchim—Borov Dol ore district, although this skarn
formed at the contact of carbonate flysch with subvol-
canic andesite identical in composition and age to the
porphyry stocks at the Buchim and Borov Dol deposits
(Fig. 12). It is quite probable that copper mineraliza-
tion in the Damjan ore field has eroded. Such a possi-
bility is supported by the data on base-metal skarn
deposits in Karamazar (Zharikov, 1959, 1968), which
demonstrate distinct zoning with base-metal mineral-
ization at the upper levels and hematite—magnetite
mineralization at the lower levels. This interpretation
is consonant with conclusions made by Cifliganec
(1993) on the basis of metasomatic zoning, which
indicates that the Damjan ore field has been eroded to
the greatest depth, the Buchim deposit eroded not so
deeply, and the Borov Dol deposit has hardly been
eroded at all.
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