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Abstract. Bor and Cukaru Peki are world-class porphyry deposits spatially
and genetically associated with the Cretaceous Timok magmatic complex. This
research was conducted to determine the age and geochemical affinity of the
magmatic rocks that formed these ore deposits. Our new geochemical analyses
of magmatic rocks from Bor and Cukaru Peki deposits imply they comprise

Key words: adakite-like compositions that have undergone the amphibole fractionation
Bor, Cukaru Peki, and sulphide saturation processes. The zircon ages indicate that the Bor sys-
Bor metallogenic zone, tem was formed in the age span between 84.5-82 Ma, while the Cukaru Peki
porphyry, adakites, zircons. system was created in the age span between 86.5-85 Ma.

AncrpakT. bop u YUykapy [leku cy nopdupcka JiexKullTa CBeTCKUX pa3Mepa
Koja Cy IpPOCTOPHO M TreHeTCKHM Be3aHa ca THUMOYKHUM MarMaTCKUM
KOMILJIEKCOM KpeJiHe cTapoCcTU. OBO UCTpaKUBaMhE je CIIPOBeleHO KaKo OU ce
YyTBPAWJIA CTAPOCT U reOXeMH]JCKH apUHHUTET MarMaTCKHUX CTeHa Koje Cy
JloBeJie 10 GopMHUpawa OBUX JiexKulluTa. Hallle reoxeMujcke aHa/iu3e yKasyjy
nacy v bop n Uykapy [leku popMupaHu U3 MarMaTCKUX CTeHa Koje Cy CIMYHe
alakMTUMa U KoOje Cy TOKOM Ipoueca ¢opMHpama Npolwie Kpo3 ¢a3zy

K/byuHe peun: dpakuuoHauuje amopubosa u 3acuhemwma cynpuguma. Mepewa CTapoCTH
Fop, Yykapy Ileku, [IUPKOHA YKa3yjy J1a je bopCcKU cuCcTeM HACcTao y BpeMEeHCKOM pacIiOHY O/
60pcka Mema0zeHemcKa 30Ha, 84.5-82 Ma, 1ok je YUykapy Ileku cucTeM HACcTao y BpEeMEHCKOM Mepuoay
nopgupcka aexcuwma, adakumu, n3mehy 86.5-85 Ma.
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Introduction

In the Balkan section of the Alpine-Hymalayan
orogenic belt, several continental blocks were ac-
creted to the Eurasian margin from Late Cretaceous
to Eocene by decoupling crustal nappes from the
subducting lithosphere (MENANT et al., 2018). This
accretion has resulted in the building of the oroge-
nic belts, such as the Carpathian embayment and
the Dinarides-Hellenides. The Apuseni-Banat-Ti-
mok-Srednogorie (ABTS) metallogenic and mag-
matic belt in this zone that stretches over 1500 km
across Romania, Serbia, and Bulgaria probably re-
flects the final closure of that part of the Neotethys
Ocean and the start of collision with the Adria/Euro-
pe block (GALLHOFER et al., 2015). In Oligocene and
Miocene, during the Laramian phase of Alpine oro-
genesis, this belt was deformed by oroclinal bending
(NEUBAUER, 2002). The consequence of this bending
is the shortening and elongation of the Serbian seg-
ment of the zone and its clockwise rotation by 30-
70°, which resulted in its present lenticular shape
and N-S orientation (FUGENSCHUH & ScHMID, 2005;
KNaAk et al., 2016).

The Bor metallogenic zone represents a part of
the ABTS belt; other well-endowed metallogenic
areas host active mines of Chelopech and Elatzite in
Bulgaria, Rosia Montana prospect in Romania, and
Bor, Veliki Krivelj, Majdanpek, and Cukaru Peki in
Serbia (Fig. 1) (e.g., NEUBAUER, 2002). The Timok
magmatic complex is located in the Serbian part of
the ABTS belt, with an area of 85x25 km (e.g,
JANKOVIC, 1990).

This metallogenic belt is interpreted as being
formed in an Andean-type scenario as a magmatic
arc installed onto the European continent during
the Late Cretaceous north-eastward subduction of
the oceanic lithosphere of the alleged Sava Ocean
(e.g., NEUBAUER, 2002; FUGENSCHUH & ScHMID, 2005;
GALLHOFER et al,, 2015; MENANT et al., 2018). The
gradual decrease in the age of magmatic rocks from
east to west in the Serbian segment of the belt is ex-
plained by roll-back processes of the subducted litho-
sphere and the accretion of sediments in the forearc
basin, which led to the gradual migration of the sub-
duction zone (KoLB et al., 2013). This also implies
that the Serbian segment of the arc was affected by
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Fig. 1. Simplified map of the ABTS belt with metallogenic zones,
magmatic intrusions, and major ore deposits (modified from
KnaAk et al. 2016).

extensional and transtensional tectonic regimes
(ZIMMERMAN et al., 2008; Knaak et al,, 2016).

The Timok magmatic complex consists of three
volcanic phases (Fig. 2.) (GALLHOFER et al.,, 2015).
Phase | andesites or "Timok andesites” contain
coarse-grained euhedral amphibole phenocrysts
and plagioclase in similar proportions, with a sub-
ordinate amount of quartz, biotite, and magnetite
(BANJESEVIC, 2010; BANJESEVIC et al., 2019) and are ex-
posed predominantly on the Eastern part of the
Timok magmatic complex. It is generally accepted
(JankoviC, 1990; BANJESEVIC, 2010; KoLB et al., 2013;
JELENKOVIC et al., 2016) that most of the ore deposits
in the Bor metallogenic zone are genetically related
to the first volcanic phase. The crystallization age of
this phase’s rocks was between 86.9 and 84.6 Ma
(voN QuADT et al., 2002). Phase II andesite is com-
prised of pyroxene and plagioclase with a subordi-
nate amphibole (BANJESEVIC, 2010). The age of the
rocks from the second phase was 82.35+0.352 Ma
(voN QuADT et al.,, 2002). Phase III concludes the vol-
canic activity in the Timok complex and is expres-
sed in latite dykes and subvolcanic intrusions in the
southwestern part of the complex. The age of these
rocks is still poorly constrained (BANJESEVIC, 2010;

KoLB et al., 2013).
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Along with volcanic activity in this complex, in-
trusive magmatic rocks were emplaced as stocks
and dykes. Most of the intrusive rocks in this com-
plex were emplaced in shallow levels, occurring
with varying relations of phenocrysts in the rock
matrix due to the rapid cooling process (KoLB et al,
2013). The largest intrusive complex in Bor metal-
logenic zone is the Valja Strz intrusive complex (Fig.
2), which is composed of monzonites, diorites,
quartz-diorites, syenites, and gabbros (BANJESEVIC,
2010) and its age was determined at 82.5-78.6 Ma
(KoLB et al., 2013). Except for a porphyry Cu-Au sys-
tem at Crna Reka and sediment-hosted Au deposits
at Kraku Pester and Bigar Hill, no other hydrother-
mal system can be genetically related to the Valja
Strz monzonite, despite having several porphyry,
polymetallic replacement, and sediment-hosted Au
deposits in the vicinity (Knaak et al.,, 2016).

Valja Strz

Legend:

Alluvial sediments {Quarternary)

Miocene sedimentary rocks

- Cretaceous intrusive rocks

- Cretaceous clastic sediments
- Cretaceous volcanic and volcanoclastic rocks

O Major porphyry systems

Fig. 2. Simplified geological map of the Timok magmatic complex
with marked locations of major porphyry deposits and Valja StrZ
intrusive complex (modified from JankoviC et al., 2002; KNAAK et
al, 2016).

STEIN et al. (2002) have conducted bulk rock
measurements of rare earth elements of the Timok
magmatic complex and concluded that these rocks
have adakitic affinities since they have relatively
high concentrations of Al,0; and Sr, with low con-

Geol. an. Balk. poluos., 2023, 84 (1), 47-63

centrations of Y and HREE (heavy rare earth ele-
ments). Considering these facts, they argued that
the magmatic intrusive was probably formed by di-
rect partial melting of the mafic protolith. KoLs et al.
(2013) have argued that the rocks with adakitic
affinity in the Timok magmatic complex were prob-
ably formed by high-pressure intense amphibole
fractionation in lower crustal conditions. On the
other hand, rocks with the affinity of normal-arc an-
desites were formed in upper crustal processes of
combined fractionation and assimilation of crustal
rocks.

So far, numerous authors have measured geo-
chronological data of the Bor metallogenic zone by
applying different methods (Table 1). JaNkoviC et al.
(1981) have performed whole rock ages using the
K-Ar and Rb-Sr method, resulting in K-Ar ages be-
tween 91 and 60 Ma and whole rock Rb-Sr ages be-
tween 108 and 55 Ma. VonN QuaDpT et al. (2002)
measured the ages of zircons from different phases
of magmatism in the Timok magmatic complex and
argued that the main mineralization activity lasted
from 86 until 83 Ma. CLARK & ULLRICH (2004) have
used the Ar- Ar method to obtain the age of miner-
alization in Majdanpek and concluded that it was
formed at 84-83.6 + 0.6 Ma. Lips et al. (2004 ) argued
that the average age of igneous hornblende in Bor,
measured by the Ar- Ar method is between 84.6 and
83.4 Ma. LEROUGE et al. (2005) have performed K-Ar
measurements on alteration alunite from Bor and
calculated an age of 84.6 + 1.2 Ma. Re-Os dating on
molybdenite revealed ages of 86.24 + 0.4 and 85.94
+ (0.4 Ma for Bor and 87.88 + 0.5 Ma for Veliki Krivelj
(ZIMMERMAN et al., 2008). KoLB et al. (2013) dated zir-
cons from the Timok andesite complex and argued
that the volcanic rocks in the eastern part of the
complex (89.9-82.8 Ma) are older than volcanic
rocks in the western part (82.2-78.9Ma). KNAAK et
al. (2016) performed SHRIMP U-Pb dating of differ-
ent intrusives near the Valja Strz intrusive complex
and calculated ages between 83.6-78.5 Ma.
BANJESEVIC et al. (2019) have analyzed volcanic rocks
near Cukaru Peki and argued that there are two
magmatic phases: the first phase (V1A) - older an-
desites with adakitic affinity show an age of 90.1 Ma
and the second phase (V1B)- younger non-mineral-
ized andesites with an age of 85.2 Ma (Table 1).
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Table 1. Summary of the geochronological data of the magmatic minerals from the Timok

magmatic complex.

Source Method Age
JANKOVIC et al. (1981) K-Ar whole rock 91-60 Ma
JANKovIC et al. (1981) Rb-Sr whole rock 108-55 Ma
VoN QuaDT et al. (2002) | U-Pb zircon 86.6-83.1 Ma

CLARK & ULLRICH (2004) | Ar-Ar mineral

Biotite: 89.0-83.6 Ma

Lips et al. (2004) Ar-Ar mineral

Hornblende: 85-83 Ma

84.6-83.4 Ma

KoLB et al. (2013) U-Pb zircon

Eastern part of TMC: 89.9-82.8 Ma

Western part of TMC: 82.2-78.9 Ma

Bor: 86.3-86.2Ma

Veliki Krivelj: 84.7Ma

KNAAK et al. (2016) U-Pb zircon SHRIMP

Valja Strz 82.5-78.5 Ma

Coka Kuruga 83.6 Ma

Dumitru Potok 82.1-81.6Ma

quartz vein mineralization in
the deep Borska Reka por-
phyry. Toward the shallow
part of the Borska Reka por-
phyry, the alteration style
changes to texture-destruc-
tive sericite-kaolinite altera-
tion, which is overlain by
anhydrite-kaolinite alteration
zone with anhydrite-sulfide
veins, referred to as Tilva Ros
epithermal mineralization zo-
ne and surrounded by the
massive sulfide lens-like ore-
bodies, including recently mi-

ned out T, T1 and historic

Kraku Ridi 80.8 Ma

Tilva Mika, Coka Dulkan, E, E

BANJESEVIC et al. (2019) U-Pb zircon

V1A 90.1 Ma
V1B 85.2 Ma

1 and others (JELENKOVIC et al.,
2001; JankoviC et al., 2002; Ko-

In this study, we have two distinct aims:

1) A better understanding of the geochemical
process that led to the formation of ore deposits in
this magmatic complex

2) Better constraining of the ages of minerali-
zation of the largest porphyry deposits in this
complex: Bor and Cukaru Peki

To find the answers to these questions, we have
sampled rocks from Bor and Cukaru Peki and per-
formed bulk-rock analysis and LA-ICP-MS analysis
on zircons, which will be presented in this paper.

Geology of the Bor deposit

The Bor deposit is hosted by Phase [ andesites
(Fig. 3) and is truncated by the reverse Bor fault that
dips approximately 75° SSE, with barren Bor con-
glomerates outcropping to the East of the fault (JAN-
KoviC et al., 2002: PorbeviC, 2005; KLIMENTYEVA et al.,
2022). Phase [ andesites are unconformably over-
lain by a package of marls approximately 150 m
thick. Host rock andesites are hornblende-phyric,
with euhedral hornblende, plagioclase and subordi-
nate euhedral to subhedral biotite.

The host rock andesite is altered to chlorite-
sericite with associated magnetite-chalcopyrite-

50

ZEL], 2002). The massive sul-
fide lenses are approximately 50x50x70 meters and
are composed of chalcocite, covellite, and pyrite
with some residual quartz; one mined-out massive
sulfide orebody, L, was composed of solid sulfur and
massive sulfide in approximately 70/30 proportion
(JaANKoOVIC et al., 2002).

Geology of the Cukaru Peki deposit

Cukaru Peki is a recently discovered porphyry-
epithermal ore deposit located only 5 km south of
Bor (JELENKoVIC, 2014). The mineralization at the
Cukaru Peki can be genetically classified as a high-
sulphidation epithermal and porphyry copper-gold
deposit (BANJESEVIC & LARGE, 2014). It occurs at
depths between 400 and more than 2000 m below
the surface (Fig. 3).

The host rocks are Upper Cretaceous Phase 1
volcanics (Lower andesites), including andesites,
andesite breccias, hydrothermal breccia, and dior-
ites in deeper parts. Small clay-rich fault breccias
are also relatively common throughout the vol-
canics. Immediately overlying the host andesite vol-
canics is a relatively unaltered andesitic unit that
varies in thickness from a few meters up to approx-
imately 50 m (Upper andesites). Overlying the

Geol. an. Balk. poluos., 2023, 84 (1), 47-63
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Upper andesite is a Late Cretaceous sequence of
marl, sandstones, and conglomerates which dips at
a shallow angle to the west. This Late Cretaceous se-
quence is unconformably overlain by Miocene con-
glomerates and sandstones, which dip at a low angle
to the east and which vary from 200 to 400 m in
thickness within the Cukaru Peki deposit area
(JakuBEC et al., 2018; BANJESEVIC et al., 2019).

BANJESEVIC et al. (2019) use the terms V1A and
V1B for Lower and Upper andesites, respectively.
V1A andesite is plagioclase-rich, holocrystalline,
and hydrothermally altered, while on the other
hand, V1B is hornblende-rich, holo- to hypo-crys-
talline non-mineralized andesite.

separation was based on the textural features of the
rocks and the presence of different veins and alter-
ations. The types of diorites are the following:

1) P1 - Diorite with indistinguishable texture,
which is intensely altered by silicification (Fig. 4a).
Commonly contains quartz veins and orange anhy-
drite veins.

2) P2 - Diorite with visible phaneritic texture;
common alterations are potassic and chloritic. It
also contains many quartz veins (Fig. 4b).

3) P4 - Diorite with porphyritic texture, similar
to andesite, due to the presence of plagioclase phe-
nocrysts. Contains anhydrite and gypsum veins,
with a smaller amount of quartz veins.

0 40°
335 &
123° SW l NE NW SE
‘5 +500 m +500 m _T‘F’iﬁ?ﬁ!?ﬁ._mq ﬁt:nz:-ﬁ;?ﬁJ i
Bor fault FMTC1327 § v TC150061
J Tilva Ros

TC160117

NNE B-67 SW

350 m
250 m
150 m
=1 +50 m
2 1—50 m

=150 m

250 m

=350 m

=+450m

ﬂ m =

-500 m -

-1000 m -

Geological units:

- Lower andesite
] 7\ Hydromagmatic breccia

Upper andesite

- Cretaceous epiclastics
- Cretaceous marl
- Bor Conglomerates (Cretaceous)

Miocene sediments

Om —E

1. Upper zone
-500 m
cp
Lower zone e

I
I
cpl108 1
————————————————————————————— oriod] -1000 m LR
i | . lowerzone
i 8 bi3d !
L !
| i _anag E
-1500 M -pssssessscmccmcccmaccecaemmosesseendk-  -1500 M feemmmn——ac -!

|
(m 3 I Om SDDn‘l
— I N

Mineralization

! Porphyry style

- Epithermal (vein and disseminated) style

- Massive sulfide

Sample location

BB-4 DH number
®cp085 Sample number

-60.1 Meters from collar

Fig. 3. Cross-section of Bor and two cross-sections of Cukaru Peki deposits with locations of samples for bulk-rock analysis and U-Pb
geochronology (red circle marks). Modified after STAROSTIN (1970); JANKovIC et al. (2002); JELENKoVIC et al. (2016), with additions based
on Bor and Cukaru Peki geologic documentation. Cukaru Peki sections were modelled in Leapfrog software based on the logging of the

presented drill holes.

Several types of diorite dykes were distinguished
by geologists of Rakita Exploration company in the
Lower zone (porphyry part of Cukaru Peki). The

Geol. an. Balk. poluos., 2023, 84 (1), 47-63

4) P9 - Diorite with yellowish colour and distinct
phaneritic texture but fewer veins. The most com-
mon alteration is chloritization (Fig. 4b).
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5) P10 - Late grey unaltered diorite dykes which
don’t contain any veins (Fig. 4c).

Fig. 4. Illustration of different porphyry intrusions from Cukaru
Peki. a) Very altered P1 diorite from TC160125 drill hole; b) Con-
tact between P2 and P9 porphyries with an arrow pointing at a
vein truncation in PZ dyke from FMTC1328 drill hole; c¢) Unal-
tered and unmineralized P10 diorite from TC160125 drillhole.

JELENKOVIC et al. (2016) describe three types of
mineralization at Cukaru Peki: 1) Porphyry type - in
deeper parts of the Cukaru Peki deposit, at depths
more significant than 1000 m from the surface. An-
hydrite and quartz veins are commonly associated
with this type of mineralization. 2) Transitional ep-
ithermal zone between the high sulphidation and
porphyry Cu-Au mineralization zones. It comprises
covellite and enargite replacing the primary sul-
phide (chalcopyrite) in porphyry Cu-Au mineraliza-
tion and is associated with gypsum, anhydrite, and
calcite veins. Locally-developed argillic alteration
(dominated by kaolinite and/or montmorillonite)
variably overprints high-sulphidation and por-
phyry-style alteration. 3) High sulphidation type-
with Cu-Au massive-sulphides, veins with pyrite and
covellite, and hydrothermal breccias. This type of
mineralization forms a single zone, well defined by
intense alteration and pyritization at depths ranging
from 400 to over 1000 m below the surface. The
predominant sulphides are covellite with pyrite,

52

enargite, and chalcocite. Dominant alteration as-
semblage in this zone is typically advanced argillic.

Samples

Preserved core from geotechnical drill holes and
samples from the massive sulfide T orebody of the
locality Bor are used as a basis for this study.

Due to intensive alteration overprint and the lack
of well-defined magmatic contacts, vein truncations,
and alignment of phenocrysts along the contacts, we
selected samples for dating and geochemical analysis
from the differentlevels of the deposit. Phase [ ande-
site, weakly altered and barren, overlies the Borska
reka porphyry and Tilva Ros epithermal orebodies
and represents the host rock (sample B67-363, Fig.
5a). Silicified diorite dyke with the anhydrite-kaoli-
nite alteration from the shallow level of the deposit
represents syn-to post-mineral phase, with small-
scale dissemination of covellite. Samples from the
deep porphyry zone of Borska Reka (BGM3-312 and
BGM1-314, Figs. 5c and 5d) are heavily altered and
mineralized. They could represent the more intensi-
vely altered variant of the overlying andesite volca-
nics, with a decreased modal abundance of plagio-
clase due to its alteration to sericite and kaolinite.
They, therefore, could be correlated to V1A and V1B

Fig. 5. Bor samples selected for zircon geochronology. a) Altered
Phase I andesite overlying Borska Reka and Tilva Ros deposits,
with pyrite-anhydrite veins; B67-373; b) Fine-grained diorite
dyke from shallow levels of Borska Reka porphyry, with sinuous
quartz veins, disseminated covellite; BGM1-64.8; c) Deep, heavily
altered Phase I andesite from Borska Reka porphyry, with quartz-
pyrite-chalcopyrite veins and pyrite-anhydrite veinlets with ch-
lorite-sericite halos; BGM3-312; d) Deep Borska Reka porphyry
with prominent chalcopyrite-pyrite disseminations and hairline

pyrite stringers; BGM1-314.

Geol. an. Balk. poluos., 2023, 84 (1), 47-63
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in andesite phases from Cukaru Peki (BANJESEVIC et al,,
2019).

Around 140 samples were sampled from 9 drill
holes from Cukaru Peki: FMTC1327, FMTC1328,
FMTC1330, TC140053, and TC150061. TC150062,
TC150096, TC160117 and TC160125. These drill
holes were picked because they contain significant
intersections with high-sulphidation mineralization
(TC140053, TC150061. TC150062, TC150096,
TC160117) and porhyry-style mineralization
(FMTC1327,FMTC1328,and TC160125). FMTC1330
was picked for sampling because it is a part of the
same cross-section as several other drillholes, but it
was drilled at the outer edge of the high-sulphi-
dation system.

Most of the Lower andesite samples are altered
by advanced argillic or argillic alteration and mine-
ralized to a certain extent, whereas upper andesite
samples are unaltered and barren. Most Upper
diorite samples from the porphyry zone of Cukaru
Peki are altered and mineralized. The only exception
is three samples of P10 porphyry dykes, which were
taken just for dating purposes.

Twenty-one rock samples from Cukaru Peki and
three from Bor were selected for bulk rock chem-
istry. We have chosen siginifanctly more samples
from Cukaru Peki to analyze different types of an-
desites and diorite dykes. Also, bulk rock analysis of
rocks from Bor is already known from previous re-
search (e.g., KoLB et al,, 2013). Four samples from
Cukaru Peki porphyry intrusions and five samples
from Bor were selected for zircon dating and trace
element measurements. The selection of samples
for geochronology was based on their textural
differences and the presence of alterations (see Fig.
4 and Fig. 5). Selected samples for this study are
shown in Table 2.

Methods

XRF glass beads were prepared of all Bor sam-
ples (major and trace elements). Core samples were
cleaned and crushed in a hydraulic press, with ap-
proximately 50-70 grams of rock chips from each
sample subsequently crushed in an agate mill. A 0.5-
gram aliquot of sample powder was mixed with 1.5

Geol. an. Balk. poluos., 2023, 84 (1), 47-63

grams of LINO5 and 6.6 grams of Lio04B~, and the
mixture was first gradually heated from 300 °C to
800 °C for 1 hour to allow for complete oxidation of
sulfide minerals with the nitrate to lithium sulfate.
The mixture was molten at 1000 °C. Quenched glass
beads were analyzed for major elements (Si, Ti, Al,
Fe, Mn, Mg, Ca, Na, K, P, S, Cu) by X-ray fluorescence
(XRF) using an Axios PANalytical WD-XRF spec-
trometer at ETH Ziirich and quantified with 34 stan-
dard reference materials. KLIMENTYEVA et al. (2021)
describe the method used and the analytical preci-
sion. Laser Ablation determined trace elements - In-
ductively Coupled Plasma - Mass Spectrometry
(LA-ICP-MS) at ETH Zurich (Switzerland) on shards
of broken glass beads, using at least three ablation
spots of 115 um diameter, a repetition rate of 10 Hz,
and a laser energy density of 8-10 J-cm™. NIST 610
glass reference material served as an external cali-
bration standard, and the TiO, content of the sam-
ple obtained by XRF was used as an internal
standard for the LA-ICP-MS traces. LA-ICP-MS inten-
sities were processed using the MatLab-based SILLS
software (GUILLONG et al., 2008). Previous research
(e.g., GUNTHER et al.,, 2001; LiNG et al.,, 2014) has
demonstrated that combining XRF and LA-ICP-MS
provides accurate bulk rock element concentrations
comparable to standard ICP-MS analysis.

Samples from Cukaru Peki were digested using
the sodium peroxide digestion method at Monta-
nuniversitat Leoben, Austria (BokHARI & MEISEL,
2016). GBWO07104 andesite standard was used as
an external standard. For internal standard, 0,1 ml
of 1 mgl-1 Ge, In, and Re was added each to 5 ml of
a 1:5 test solution. An Agilent 7500cx ICPMS instru-
ment (at Montanuniversitat Leoben, Austria) was
used for sample analysis. The analytical precision of
the digestion method and the instrument is de-
scribed in BokHARI & MEISEL (2016). REE and trace
element concentrations were normalized to C1-
chondrite, and multielement concentrations were
normalized to the primitive mantle.

Samples for geochronology were disintegrated
using a Selfrag device at ETH Zurich, processed with
panning and magnetic separation, and hand-picked
under a binocular lens for zircons. The selected 20-
50 zircon grains were then annealed for 48 hours in
the oven at 900 °C before polishing and measuring.
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Table 2. Analyzed samples from Cukaru Peki and Bor including drill hole number and lithological description.

Samples used for bulk-rock analysis, Cukaru Peki

Sample number

Drillhole number

Lithology

Cp027 TC150061 Unaltered upper andesite with calcite vein

Cp046 TC160117 Lower andesite containing late gypsum vein and native sulphur
Cp057 TC150062 Lower andesite confaining anhydrite vein with pyrite

Cp059 FMTC1330 Lower andesite with gypsum vein

Cp061 FMTC1330 Oxidized lower andesite with quartz-calcite vein

Cp062 FMTC1330 Lower andesite with calcite-zeolite vein

Cp075 TC140053 Lower andesite with pyrite-covellite vein

Cp079 FMTC1327 Lower andesite with pyrite-enargite vein and pink alunite
Cp083 FMTC1327 Unaltered P10 porphyry

Cp088 FMTC1327 Lower andesite altered by chloritization

Cp094 FMTC1327 P4 porphyry with thin quartz vein

Cp095 FMTC1327 P2 porphyry with thick mineralized quartz veins (probably B veins)
Cpl02 FMTC1328 Unaltered P10 porphyry

Cp103 FMTC1328 P2 porphyry with quartz veins

Cp105 FMTC1328 P2 porphyry with mineralized quartz veins (probably B veins)
Cpl08 FMTC1328 P9 porphyry with purple anhydrite vein

Cpl10 FMTC1328 P2 porphyry with thick purple anhydrite vein

Cpl25 TC160125 Unaltered upper andesite with calcite vein

Cpl34 TC160125 Unaltered P10 porphyry

Cpl35 TC160125 P1 porphyry with pyrite vein (probably D vein)

Lpl39 Tel1aU125 P1 porphyry with quartz vein (probably B vein)

Samples used for bulk-rock analysis, Bor

BGM12-86 BGM12 Edge of the Tilva Ros high-sulfidation epithermal deposit
B67-258 B67 Weakly-altered andesite overlying Borska Reka porphyry
BB4-60.4 Bb4 Edge of the massive sulfide T orebody

Samples used for geochronology, Cukaru Peki

Cp083 FMTC1327 Unaltered P10 porphyry

Cp095 FMTC1327 P2 porphyry with thick quartz veins (A or B veins)

Cpl134 TC160125 Unaltered P10 porphyry

Lpl3s Tc160125 P1 porphyry with pyrite vein (probably D vein)

Samples used for geochronology, Bor

B67-363 B67 Weakly-altered andesite overlying Borska Reka porphyry

B67-507 B67 Andesite overlying Borska Reka porphyry, kaolinite-anhydrite alteration
BGM1-64.8 BGM-1 Late, low-grade porphyry dyke

BGM3-312 BGM-3 Deep Borska Reka porphyry

BGM1-314 BGM-1 Deep Borska Reka porphyry

To reveal the internal texture of the zircons and
check for the presence of inherited cores, epoxy
mounts were carbon-coated and investigated on the
JEOL JSM-6390 LA scanning electron microscope
(SEM) equipped with a Deben Centaurus panchro-
matic cathodoluminescence detector.
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U-Pb ages of zircons were obtained by Laser Abla-
tion - Inductively Coupled Plasma - Mass Spectrom-
etry (LA-ICP-MS) at ETH Zurich, with 193-nm
Resolution (S155) ArF excimer laser coupled to an El-
ement XR sector-field ICP-MS; 30 um spots were
placed in the inclusion-free interior of the grains. 5 Hz
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repetition rate was used, and the blank signal of 20
seconds was followed by the ablation signal of 30 sec-
onds; on-sample fluence was around 2.5-3.5 |/cm?.
LA-ICP-MS intensities were processed using lolite
software to obtain the ages and trace element con-
tents. The following standards were measured after
every set of 20 sample points: GJ-1 (JAcKSON et al,
2004), 91500 (WIEDENBECK et al., 1995), AUSZ7-1
(KENNEDY et al., 2014) and PleSovice (SLAMA et al,
2008) for ages and NIST-612 glass standard for trace
elements; zircon blank was ablated together with the
standards.

[CP-MS signals were processed with lolite so-
ftware (Paron etal,, 2011), and the IsoplotR tool was
used for plotting average ages (VERMEESCH, 2018).
Samples that indicated Pb loss were excluded from
the calculation.

Results
Geochemistry

REE patterns and multielement plots are pre-
sented in Fig.6. All data exhibit E-MORB patterns,
which is a typical pattern for subduction zone mag-
mas (SuN & McDonNouGH, 1989). The general features
of the analyzed samples are the enrichment in light
REE (LREE) and relatively flat heavy REE (HREE)
patterns, except for three samples from Cukaru Peki,
which exhibit a significant depletion of HREE ele-
ments. According to some authors (e.g., DEFANT &
DruMMOND, 1990), this HREE depletion can indicate
slab melting, while other authors (RicHARDS & KER-
RICH, 2007) associate this phenomenon with upper-
crustal fractionation processes.

In multi-element plots (Sun & McDonouGH, 1989)
(Fig. 6b), the analyzed samples show enrichment in
large-ion lithophile elements (LILEs), such as Ba,
Rb, Sr, U and Th, and depletion of Nb, Ta, and other
high field strength elements (HFSEs, e.g., Zr and Hf).

Diagrams 7a and 7b show that some samples
contain much higher Sr/Y and La/Yb ratios and plot
in the adakite field, whereas most of the other sam-
ples plot in the normal arc field. On Dy/Yb vs. SiO-
diagram (Fig.7c), most of the analyzed samples con-
tain similar Dy/Yb ratios, with a slight decline in
samples with higher amounts of Si0,
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Fig. 6. Trace element content of host rocks and porphyries from
Bor and Cukaru Peki. a) REE, normalized to C1 chondrite (SUN &

McDonoucH, 1989); b) Multielement plot, normalized to the
primitive mantle.

On Nivs. Sc diagram (Fig. 7d), proposed by HAL-
LEY (2020), most of the analyzed samples from Bor
and Cukaru Peki show reduced concentrations of Ni
compared to the correlation line with Sc (with a
ratio of 1.5 to 1).

Geochronology results

U/Pb zircon ratios of samples from Cukaru Peki
and Bor are available in Table 3, and the data are
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Fig. 7. Bulk-rock trace elements data from Bor and Cukaru Peki
compared to data from Veliki Krivelj and Majdanpek, described
in KoL et al. (2013). a) Data plotted on Sr/Y vs. Y diagram
(adakite and normal arc field values from RICHARDS & KERRICH,
2007); b) Data plotted on La/Yb vs. Yb diagram (adakite and nor-
mal arc field values from RicHARDS & KERRICH, 2007); ¢) Data plot-
ted on Dy/Yb vs. Si0, diagram with mineral fractionation paths
from Davibson et al. (2007); d) Data plotted on Ni vs. Sc diagram

with correlation line for Ni vs. Sc diagram from HALLEY (2020).

plotted on concordia diagrams (Figs. 8, 9); the re-
sults of weighted mean “°Pb/%**U average ages are
shown in Fig. 10. The uncertainties calculated by in-
ternal procedures of Isoplot, as well as the areas of
the Concordia ellipses, are far too small and do not
reflect the actual uncertainties inherent to the LA-
[CP-MS method, which is estimated to be between 1
and 3% of the calculated age (CHIARAIDA et al., 2013).
Therefore realistic uncertainties were calculated
and presented on the weighted mean average dia-
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gram as 1.5% of the calculated age (voN QuaDT et al,,
2014; KLIMENTYEVA, 2022).

Zircons from Bor were divided into four groups
based on the different rock- textures (see Fig. 5) and
spatial distribution of the rocks in the hydrothermal
system. The four groups are as follows: zircons from
deep porphyry diorites of Borska Reka, zircons from
late low-grade porphyries, zircons from heavily al-
tered host rock andesites, and zircons from weakly
altered andesites. Zircons from deep porphyry dior-
ites cover a wide range of ages, between 84.5+1.27
Ma and 82.08+1.23 Ma. Zircons from late low-grade
porphyries yield ages around 83.25+1.25 Ma. On the
other hand, the age difference between host an-
desite groups is larger: heavily altered andesites
have concordia age of 85.59+1.28 Ma, while the
weakly altered andesites have concordia ages of
84.78+1.27 Ma.

Cukaru Peki zircons were divided into three
groups: zircons from early porphyry diorites P1, zir-
con from mineralized P2 porphyries, and zircons
from late non-mineralized dykes (P10 porphyries).
The early diorite zircon group P1 has only three
concordant zircons which don't overlap, with the
ages of 95.7,89.5, and 85.6 Ma. Mineralized P2 por-
phyries have concordia ages of 86.5+1.3 Ma, while
the zircons from P10 late porphyries have concordia
ages of around 85.03+1.28Ma.

Discussion
The geochemical affinity of rocks

The plots of La/Yb versus Yb and Sr/Y versus Y
(Figs. 7a, b) are generally used for distinguishing
normal-arc magmas from adakite-like signatures,
which are defined by La/Yb and Sr/Y ratios higher
than 20 and Yb and Y contents below 1.9 and 18
ppm, respectively (DEFANT & DRUMMOND, 1990; RicH-
ARDS & KERRICH, 2007). Due to their high Sr content,
most of the samples from Bor and Cukaru Peki show
adakite-like signatures on the Sr/Y versus Y dia-
gram. On the other hand, apart from 3 samples from
Cukaru Peki, most of the analyzed samples show
normal arc signatures on La/Yb versus Yb diagram.
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Table 3. U-Pb ICP-MS ages of Bor and Cukaru Peki samples. Realistic uncertainties were calculated as 1.5% of the calculated age. Age

average is calculated by Isoplot software as weighted mean average of measured ages.

Uncertainty
Mean ratio | Concordia | 2 sigma Uncertainty | Realistic Age et Realistic
Sample Pb® /U™ | age,Ma |error, Ma calculated by | uncertainty, |average, T uncertainty,
[soplotR, Ma Ma Ma Ma
Ma
Cukaru Peki
P1 mineralized porphyry 0,096 N/A 1.1 0.32 1.3 88.25 0.28 1.3
P2 mineralized porphyry 0,090 86.5 i 0.13 1.30 86.5 0.13 1.3
P10 late non-mineralized porphyry 0,089 85.03 1.2 0.09 1.28 85.09 0.09 1.3
Bor
B67-507 (heavily altered host rock andesite) 0,092 85.59 Bid 011 1.28 85.6 0.11 1.3
B67-363 (weakly altered host rock andesite) 0,091 84.78 2.1 0.15 127 84.79 0.15 1:3
BGM1-64.8 (low-grade postmineral porphyry) 0,088 83.25 1.2 0.08 1L.Z25 83.25 0.08 1.2
BGM3-312 (deep Borska Reka) 0,089 84.51 11 0.08 127 84.51 0.08 1.3
BGM1-314 (deep Borska Reka) 0,088 82.08 1.1 0.09 1.23 82.08 0.09 1.2
concordia age = 88 53+032 | 083 32.15Ma (n=3) concorda age =86 50+ 013|026 | 0.49 Ma (n=14)
MSWD = 00084 |48 | 39, p{x")=093]0]0 2 MSWD =32|18]19, pix’) = 0.072| 0,0053 | 0.0032 -
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Fig. 8. Concordia ages based on LA-ICP-MS analyses of representa-

tive rock types from Cukaru Peki. For analytical uncertainties, see
Table 3.
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Fig. 10. Weighted average ages for representative rock samples from Bor and Cukaru Pek.

These samples are the same three samples that
contain low HREE concentrations (Fig. 6a).

Similar to the previous bulk rock measurements
of rocks from the Timok magmatic complex (KoLB et
al., 2013; GALLHOFER et al.,, 2015), some selected
samples exhibit adakitic affinities. RICHARDS & KER-
RICH (2007) define adakite-like rocks by the fol-
lowing composition: 2 56 wt. % SiO,, 215 wt. %
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mean = 88.25+0.28 | 0.88 | 7.04 Ma (n=3/3)
MSWD =64.5

mean = 86.50+0.13|0.27 | 0.45 Ma (n=14/186)

mean = 84,51+0,08|0.172 | 0.516 Ma (n=37/49)
MSWD = 9.04

mean = 83.25+0.08 | 0.17 | 0.55 Ma (n=40/57)

mean = 82.08 +0.08 | 0.18 | 0.54 Ma (n=37/57)

porphyry dyke MSWD = 10.4
BGM1-64.8

Deep Borska reka

BGM1-314 MSWD = 8.93

Al,0,, <3 wt. % Mg0O, =400
ppm Sr, <18 ppm Y, <1.9 ppm
Yb, 220 ppm Ni, 230 ppm Cr,
Sr/Y 220 and La/Yb =220.)

MSWD = 2.72
One of the most distinguishing
features of these rocks is the
P10 mean = 85.029 +0.091 | 0.185 | 0.363 Ma (n=32/41) : :
st SNowin . es depletion of middle REE
porphyry) (MREE) and heavy REE
(HREE). Several authors inter-
Bor pret this depletion as an indi-
cator of high-pressure fractio-
Altered andesite mean = 85.60+0.11 | 0.23 | 0.37 Ma (n=94/128) nation of amphibole since this
CVRPyng Doesia s, RPN mineral commonly incorpo-
B67-507

rates MREE and HREE (Ca-
STILLO et al., 1999:; DAVIDSON et
al, 2007). KoLB et al. (2013)
argue that there is substantial
evidence that the source of the
Timok Magmatic Complex un-
derwent high-pressure am-
phibole fractionation rather
than garnet fractionation
(which implies the presence of
metasomatized mantle).

The Dy/Yb ratio versus
Si0, diagram (Fig. 7c) may
provide insight into mineral
fractionation in the magma
(DavibsoN et al.,, 2007). The
analyzed samples have a gen-
eral trend of a decrease in the
Dy/Yb ratio with increasing
5i0, concentrations, which
implies amphibole rather
than garnet fractionation.

In this study, we also use
the Nivs. Sc diagram recently
proposed by HALLEY (2020) to
distinguish igneous com-
plexes which have undergone sulfide saturation. Ac-
cording to this publication, igneous rocks which do
not contain olivine or clinopyroxene have a distinct
correlation of Ni and Sc concentrations with a ratio
ofaround 1.5 to 1. In melts that have undergone sul-
fide saturation, a mono-sulfide solid solution crys-
tallizes with significant amounts of Ni and Co, which
leaves the remaining silicate melt depleted in these

mean = 84.79+0.15|0.31 | 0.69 Ma (n=50/69)
MSWD =5.09
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two elements. Likewise, melts with fractional mag-
netite crystallization show depleted concentrations
of Ni and Co in the remaining silicate melt. After the
formation of immiscible sulfides, Cu and Au are
transferred from the melt to the sulfides, and the
ore-forming potential of the remaining melt be-
comes reduced (RICHARDS, 2015).

All analyzed bulk rock samples from Bor, and
Cukaru Peki imply that the source magma in these
deposits underwent amphibole fractionation and
sulfide saturation. This follows the general assump-
tion that both deposits were formed in the same ge-
odynamic conditions but also implies that they
might originate from the same or similar magma
chamber.

Constraints from the Geochronological data

Geochronology results indicate that the initial
mineralization at Cukaru Peki (constrained by the
age of P2 porphyry intrusive) occurred around 86.5
Ma (1.3 Ma). The final termination of the mineral-
ization- marked by the age of late non-mineralized
P10 porphyries happened at around 85.03+1.28 Ma.

Zircons from Bor yield somewhat similar ages:

- Host rock andesites yield ages between
85.6-84.8Ma;

— Deep porphyry diorites from Borska Reka yield
ages between 84.5-82 Ma;

- Post-mineral porphyries yield ages around
83.25 Ma.

Considering that deep porphyry diorites and
post-mineral porphyries are related to minerali-
zation, we can conclude that the mineralizing event
at Bor happened in a period between 84.5 and 82
Ma. Although this implies that the Bor system is
younger than Cukaru Peki, we should also consider
that the analytical precision of the LA-ICP-MS me-
thod is between 1 and 3% (CHIARAIDA et al., 2013; voN
QuabprT et al,, 2014). If the maximum values of ana-
lytical uncertainties are considered, the obtained
ages of Bor and Cukaru Peki overlap.

The obtained data set is per previous U-Pb
measurements of zircons from the Timok magmatic
complex, which have concluded that the main
mineralization event in this magmatic complex

60

happened at around 86-84 Ma (voN QUADT et al.,,
2002; BANJESEVIC, 2010; KoLB et al., 2013).

The occurrence of two or more relatively adja-
cent porphyry systems with similar ages is common
in porphyry systems worldwide, as illustrated in nu-
merous examples by SILLITOE (2010) and references
therein. The same author argues that porphyry clus-
ters reflect the intermittent activities of large
magma chambers. Another explanation for the dif-
ference in magmatic ages in Timok magmatic com-
plexis provided by KoLB et al. (2013). These authors
argue that the slab rollback during the formation of
this magmatic arc results in different ages of miner-
alized systems. This is further supported by the fact
that the oldest magmatic rocks are in the eastern
part of the complex (in present-day orientation) and
that the age of rocks gradually decreases by moving
to the western part.

Conclusions

We have performed bulk rock analyses and zir-
con geochronology measurements to obtain new
data about rocks’ age and geochemical affinity in
two world-class porphyry systems in the Timok
magmatic complex: Bor and Cukaru Peki.

The results of the bulk rock analysis imply that
the magma chambers, which are responsible for the
hydrothermal systems of Bor and Cukaru Peki, show
a similar development. Both of them underwent two
crucial processes for the formation of porphyry sys-
tems:

1) High-pressure amphibole fractionation pro-
ducing magma with adakitic affinity

2) Sulfide saturation of magma, which can ex-
plain the abundance of sulfur-rich minerals in these
hydrothermal systems (pyrite, covellite, chalcocite,
native sulfur)

The presented geochronological data implies
that the main mineralization stage in this magmatic
complex, which comprises Bor and Cukaru Peki, oc-
curred in the period of 87 to 82 Ma, which corre-
sponds with the activity of the first magmatic phase
of this complex. The obtained mineralization ages
of Cukaru Peki are very similar (between 86.5 and
85 Ma), with the obtained U-Pb ages of Bor (84.5-
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82 Ma). Still, the age differences are within the span
of maximum analytical uncertainties.
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Peszume

HoBM nogamnu o reoXeMHjCKOM
AaPUHUTETY U CTAPOCTH
MHHepa/JIM30BAaHUX CTeHA Y TUMOYKOM
MarMaTCKOM KOMILJIEKCY, UICTOYHA
Cpouja

Y 0BOM pajy Cy NpUKa3aHU HOBU pe3yJTaTH
aHaJIU3a reOXeMUjCKUX aQUHUTETa CTEHA U CTapo-
CTH LIAPKOHA M3 [1Ba BeJIMKa NOPPUPCKA JIeXKUNITA
y TUMOYKOM MarMaTCKOM KOMILIEKCY: bop u Hyka-
py llekwu.

JlobrjeHu pe3y/iTaTh aHa/IK3a LeJIMX CTeHa YKa-
3y)y A CYy XUZpoTepMaJiHu cucTeMHu bop 1 Hykapy
GOpMUpPAHU U3 MArMaTCKUX UHTPY3UBA KOjU CY
UMaJId CJAU4YaH pa3Boj. 06a MarMaTcKa MHTPY3UBa
MMa)y aJaKUTCKU KapaKTep U YyKa3yjy Ja ce TOKOM
BbUXOBOI pa3Boja Jilecuija JBa BaXXHa IMpoleca:
dpakKlMoHalUja aMpubosia U 3acuhewme Ccyadu-
AUMa.

HoBU reoxpoHOJIOWIKU NoAaLd YKa3yjy [a ce
rJlaBHa ¢a3a MUHepaib3aluje y TUMOYKOM Mar-
MAaTCKOM KOMILJIEKCY, TOKOM Koje Cy GOpPMHUpPAHHU
bop u Yykapy lleky, fecunia y nepuoay usmehy 87
A0 82 Ma. ZlobujeHe CTAapOCTH Ce MOKJamajy ca
aKTUBHOIINY NpBe ByJKaHCKe ¢pa3e TUMO4YKOTr Mar-
MaTCKOTI KOMIlJIeKca. 3mepeHe cTapocTH MUHepa-
Ju3auyje cucrema Yykapy Ileku (86,5-85 Ma) ce
JIOHEKJIe pa3JIuKYyj)y ol A00HjeHUX CTApPOCTH 3a
bopcku cucrem (84,5-82 Ma). MehyTum godbujeHe
BpeIHOCTH Ce MMOKJIamnajy ako ce ypadyyHajy MaKCH-
MaJIHe BPEeJHOCTH aHaJIMTUYKe rpelliKe 3a KOpHU-
theny metoay (oko 1 go 2 Ma).
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