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1. INTRODUCTION 
Čukaru Peki is a copper-gold ore deposit, discovered in 2012 by 
Rakita Exploration, 5km south of the mining town of Bor in east-
ern Serbia (JELENKOVIĆ, 2014). BANJEŠEVIĆ & LARGE 
(2014) state that this ore deposit can be genetically classified as a 
high-sulphidation epithermal and porphyry copper-gold deposit. 

This ore deposit belongs to the Bor metallogenic zone, which 
is spatially and genetically related to the Timok magmatic com-
plex (JANKOVIĆ, 1990). This complex is around 85 km long. It 
is elongated in an approximate N-S direction and stretches from 
the town of Majdanpek in the north to Tupiznica mountain in the 
south. It is part of the eastern segment of the Cretaceous  mag-
matic and metallogenic arc named the Apuseni-Banat-Timok-
Srednogorje belt, which was formed during the closure of the 
Neotethyan ocean (e.g., NEUBAUER, 2002; GALLHOFER et 
al., 2015). Magmatism in the Timok complex lasted for around 
10 Ma, beginning in the Upper Turonian and ending in the Up-
per Campanian (CLARK & ULLRICH, 2004; KOLB et al., 2013). 
However, it is generally accepted that most porphyry and epith-
ermal ore deposits in this complex were formed in a considerably 
shorter period from 90 Ma until 85 Ma (JELENKOVIĆ et al., 
2016, BANJEŠEVIĆ et al., 2019). A simplified geological map of 
the Timok magmatic complex with the locations of major ore de-
posits is illustrated in Fig.1.

Mineralization at Čukaru Peki is located near the villages of 
Brestovac and Metovnica at depths between 400 - >2000 m be-
low the surface. It is hosted by altered Upper Cretaceous volcanic 
and volcaniclastic rocks named as the Lower andesite by Rakita 
exploration. They are overlain by a relatively unaltered andesitic 
unit, which varies in thickness from a few metres up to approxi-
mately 50 m; this volcanic unit is named the Upper andesite. The 
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Čukaru Peki is a recently discovered copper-gold deposit in the Bor metallogenic zone in east 
Serbia. Three types of mineralization can be distinguished in this ore deposit: porphyry, high-
sulphidation, and transitional epithermal type. This research was focused on fluid inclusion analy
sis of genetically different veins from the porphyry and the transitional zones of Čukaru Peki with 
an aim of better understanding the fluid evolution and mineralization processes in this system. 
Seven types of veins were identified in the porphyry zone of Čukaru Peki and four of these veins 
contained transparent minerals which were suitable for fluid inclusion analysis. Eight types of 
inclusion assemblages were distinguished in these veins: type 1 – primary inclusions with ho-
mogenization temperatures above 550°C and high salinity, type 2a – scattered polyphase inclu-
sions with two salt crystals, type 2b-polyphase inclusions with two salt crystals in crystal growth 
zones, type 3 – brine inclusions with one  salt crystal in crystal growth zones, type 4 – vapour-
rich inclusions, type 5 – primary inclusions in anhydrite, and types 6 and 7 – secondary low-
temperature inclusions This research suggests that saline fluids (30–40% wt.% NaCl eq.) were 
the most important ones for the formation of porphyry-type mineralization and that the minerali
zation was formed at temperatures between 350 and 450°C and pressures between 100 and 
500 bars. The epithermal stage was characterized by cooler low-salinity fluids with temperatures 
between 150-350°C, and salinity between 0 and 7 wt.% NaCl eq.

Upper andesite unit is covered by a westwardly dipping Upper 
Cretaceous sedimentary sequence of marls, sandstones, and con-
glomerates. The entire volcano-sedimentary succession is uncon-
formably overlain by Miocene conglomerates and sandstones. 
The Miocene sediments dip at a low angle to the east and their 
thickness varies from 200 - 400 m in the Čukaru Peki area. 
(BANJEŠEVIĆ et al., 2019). 

To date, there have been a few fluid inclusion studies on sam-
ples from the Bor metallogenic zone. STRASHIMIROV (1997) 
conducted fluid inclusion microthermonetry analysis on quartz 
samples from the nearby Majdanpek porphyry deposit and con-
cluded that the hydrothermal processes started in this system at 
temperatures higher than 580°C, which was followed by separa-
tion of high-salinity brines and low-salinity vapour within a tem-
perature range of 550-450°C. It was also determined that the boil-
ing of fluids has continued with decreasing temperature to about 
400°C, when the hydrothermal system was opened. This led to 
the increase in influence of meteoric water and a decrease in tem-
perature and salinity, which propagated the precipitation of ore 
minerals. Later, KOŽELJ (2002) performed fluid inclusion stud-
ies on quartz, anhydrite and barite from the Bor epithermal zone 
and recognized the activity of medium-temperature fluids (150-
250°C) with salinities of 2-14 wt.% NaCl eq. and low-temperature 
fluids (130-220°C) with low salinities (< 5% wt.% NaCl eq.). Also, 
BAILLY et al. (2002) performed infrared microthermometry on 
opaque minerals (enargite and sphalerite) from the Bor epither-
mal zone and concluded that the fluids had temperatures in the 
range of 163-240°C and salinities ranging between 4.65 and 8.41 
wt.% NaCl eq.

Here, we report and discuss the new results obtained by con-
ventional petrography and microthermometry in samples from 
Čukaru Peki. This research is aimed at better constraining the 
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physico-chemical conditions that prevailed during the evolution 
of ore fluids at Čukaru Peki and illuminating the processes that 
led to the formation of this ore deposit.

2. GEOLOGY OF THE DEPOSIT
A simplified geological map of Čukaru Peki area with the loca-
tions of the studied drillholes is shown in Fig. 2 and a simplified 
cross-section through the Čukaru Peki ore deposit showing zones 
of different types of mineralization is illustrated in Fig. 3. Accord-
ing to JELENKOVIĆ et al. (2016) three major types of mineral-
ization occur at Čukaru Peki as follows:

1) High sulphidation type – with a copper and gold-rich mas-
sive-sulphide ore body, which is roughly ellipsoid-shaped, with 
a horizontal area of 300x300m veins and a vertical length of 
500-600 metres. The upper part of this ore body forms a rich apical 
zone, with more than 9% Cu. Going from the apical zone down-
ward, the type of mineralization gradually changes to veins, dis-
seminations and hydrothermal breccias. High sulphidation min-
eralization forms a zone, defined by intense alteration of the host 
rocks and pyritization at depths from 400 m to around 1000 m 

below the surface. The predominant sulphide minerals are covel-
lite, pyrite, and enargite. The dominant alteration in this zone is 
advanced argillic (with quartz, alunite and dickite). There are 
several different types of hydrothermal breccias in the high sul-
phidation zone, but most ore-bearing breccias have fine-grained 
pyrite as fragments, with covellite, quartz or enargite in the ma-
trix. The main copper-bearing minerals in the high-sulphidation 
zone are covellite and enargite, while recent measurements have 
shown that most of the gold in this zone is precipitated in the form 
of submicroscopic invisible gold in copper-bearing pyrite. 
(VELOJIC & ERLANDSSON, 2019)

2) Transitional epithermal type - located between the por-
phyry and high sulphidation zones. In this type, epithermal cov-
ellite and enargite replace the primary sulphide (chalcopyrite) 
from porphyry mineralization. Most common veins in this zone 
are gypsum-, anhydrite-, and calcite veins, while the most com-
mon alteration is argillic (with kaolinite and/or montmorillonite). 

3) Porphyry type – mostly hosted in diorite porphyries and 
overlying andesites at depths below 1000 m from the surface. 
Mineralization is mostly hosted by anhydrite and quartz veins 

Figure 1. A simplified geological map of the Timok magmatic complex showing the location of the Čukaru Peki Cu-Au deposit. Legend: 1. Bor clastites, 2. Vrbovac 
reef,  3. Boljevac latite, 4. Valja Strž plutonite, 5. Osnić basaltic andesite and Ježevica andesite, 6. Metovnica epiclastite, 7. Oštrelj sediments, 8. Timok andesite, 9. Le-
novac clastites, 10. TMC basement rocks, 11. Neogene and Quaternary sediments, 12. Porphyry Cu-Au and high sulphidation epithermal Cu-Au mineralization, 13. 
Porphyry Cu-Au deposit. (Modified from JELENKOVIĆ et al., 2016)
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and the main ore minerals are chalcopyrite, pyrite, bornite, mag-
netite, and pyrrhotite, whereas the main alteration style is potas-
sic (with K-feldspar and biotite). The main copper-bearing mine
ral in this zone is chalcopyrite, while gold is mostly precipitated 
as small grains of native gold and electrum in quartz veins.

The types of veins in the porphyry zone of Čukaru Peki gene
rally fit into the classification scheme of veins in porphyry de-
posits described in SILLITOE (2010). Different types of veins in 
the porphyry zone of Čukaru Peki are illustrated in Fig. 4, while 
the paragenetic sequence is illustrated in Table 1. The assumed 
chronological order of the precipitation of veins at Čukaru Peki, 
based on the cross-cutting relationships of the veins, is as fol-
lows:

1) Quartz A veins. (Fig. 4a). Wiggly thin quartz veins in early 
diorite porphyries. These veins do not contain ore mineralization.

2) Quartz B veins. (Fig. 4a). They are stockwork quartz veins 
with chalcopyrite bands in the middle parts, commonly present 
in early diorite porphyries and the overlying andesite. The main 
ore mineral is chalcopyrite, whereas bornite and pyrite are sub-
ordinate. 

3) Pyrite D veins (Fig. 4b). These veins are composed of rela
tively coarse-grained aggregates of pyrite accompanied by 
smaller amounts of chalcopyrite, bornite and rutile. 

4) Magnetite M veins (Fig. 4c). They always occur in deeper 
parts of the porphyry system. The main minerals in these veins 
are magnetite and hematite, accompanied by subordinate pyrite, 
pyrrhotite and chalcopyrite. 

Figure 2. Simplified geological map of the Čukaru Peki area with projected 
contours of high sulphidation and porphyry zones, major faults and sampled 
drill holes, modified from NI 43-101 Preliminary economic assessment of the 
Čukaru Peki upper zone deposit, 2016. 

Figure 3.  Simplified cross-sections through the Čukaru Peki ore deposit, modeled in Leapfrog software, showing zones with different types of mineralization. Legend: 
1- Lower andesites; 2- Diorite porphyries; 3- Upper andesites; 4- Upper Cretaceous marl; 5- Upper Cretaceous clastics (Bor conglomerates) 6- Cenozoic sediments.
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5) Purple anhydrite veins. (Fig. 4d). These veins are very 
common in the porphyry zone and in the transitional epithermal 
zone. They contain pyrite as the main mineral, with smaller 
amounts of chalcopyrite and bornite or covellite and chalcocite, 
depending on the position in the system. 

6) Sulphide veins. (Fig. 4c and Fig. 4d ) These veins are also 
quite common in the porphyry zone and in the transitional por-
phyry-epithermal zone. The main ore minerals in these veins are 
pyrite and covellite, while the main gangue minerals are anhy-
drite and alteration clay (probably kaolinite). The main distin-
guishing feature of these veins is that they commonly contain 
covellite and crosscut all of the previous vein types.

7) Orange anhydrite veins. (Fig. 4e). They are late veins, 
which do not contain ore minerals, and as such, they are easily 
distinguished from the purple anhydrite veins. 

3. SAMPLES AND METHODS
The high-sulphidation zone of Čukaru Peki does not contain 
transparent minerals suitable for conventional fluid inclusion 
analysis since most of the gangue minerals present are too fine-
grained to be studied (e.g. BODNAR et al., 2014). Some sulphide 
minerals, including pyrite and enargite, could be used for infra-
red fluid inclusions analysis, which has already been applied on 
samples from this metallogenic zone (BAILLY et al., 2002). The 
current research focuses on veins with transparent minerals from 
porphyry and transitional porphyry-epithermal zones.

Samples for analysis were selected from relatively coarse-
grained quartz A and B veins, purple anhydrite veins and orange 
anhydrite veins. Only one of the analyzed samples (CP069) was 
taken from the transition porphyry-epithermal zone, whereas all 
of the other samples were taken from the porphyry zone. 

Transmitted-light petrography was performed on 12 double-
polished sections from 4 drill holes from the different zones of 
Čukaru Peki: FMTC1327, FMTC1328, FMTC1330 and TC160125.

A total of 106 separate inclusions were measured during this 
research. All microthermometric measurements were performed 
in the Fluid inclusion laboratory at the Faculty of Mining and Ge-
ology, Belgrade. Measurements were carried out on a THMSG600 
heating stage connected to an Olympus BX51 microscope. The 
maximum heating temperature of inclusions on this device is 
600°C and some of the analyzed inclusions did not reach total 
homogenization below this temperature. The primary CO2 stand-
ard WRECT-006160 was used for calibration. 

PVTX properties (salinity, pressure, density) of measured 
fluid inclusions were calculated using HOKIEFLINCS-H20-
NACL excel spreadsheet (STEELE-MACINNIS et al., 2012), 
based on the total homogenization temperature of the inclusions 
and ice melting temperatures (for unsaturated inclusions) or salt 
dissolution temperatures (for saturated inclusions with one or 
more salt crystals). Salinities of brines were calculated by halite 
dissolution temperatures using equations by STERNER et al. 
(1988), salinities of low-salinity inclusions were calculated by ice 
melting temperatures using equations by BODNAR (1993), while 
the salinities of inclusions that homogenize by salt dissolution 
were determined by equations provided by LECUMBERRI-
SANCHEZ et al. (2012). Data for the pressure calculation of boil-
ing fluids were calculated in AqSo_NaCl software (BAKKER, 
2018), based on equations by HAAR (1984) and DRIESNER & 
HEINRICH (2007).

The information from the analyzed samples is summarized 
in Table 2, including not only the number of analyzed inclusions 

Table 1. Paragenetic sequence of veins in the porphyry zone of Čukaru Peki.

Quartz 
veins

Magnetite 
veins

Purple anhydrite 
veins

Sulphide 
veins

Pyrite

Chalcopyrite

Bornite

Magnetite

Hematite

Pyrrhotite

Rutile

Covellite

Enargite

Gold

Figure 4. Types of veins in the porphyry zone of Čukaru Peki: A) Quartz B vein 
crosscutting smaller quartz A veins in diorite FMTC1328 930.7m; B) Sample with 
pyrite D vein and thin orange anhydrite vein FMTC1328 1581,5m C)  Thin sul-
phide vein crosscutting magnetite vein  FMTC1327 1350m   D) Thin sulphide 
vein crosscutting a purple anhydrite vein FMTC1328 1589m 1139.7m; E) Orange 
anhydrite vein crosscutting an earlier quartz B vein FMTC1327 1474m.
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in the different types of veins, but also the depth of samples, 
modes of homogenization and the obtained average homogeniza-
tion temperatures and salinities. A raw data table with all the 
measurements is provided in the Appendix.

4. RESULTS
4.1. Types of fluid inclusions
Several types of fluid inclusion assemblages (FIAs) were distin-
guished in veins in the porphyry zone of Čukaru Peki. According 
to GOLDSTEIN & SAMSON (2003), a fluid inclusion assem-
blage comprises a discriminated group of petrographically asso-
ciated fluid inclusions, which are assumed to be trapped coevally. 
Criteria for the determination of primary fluid inclusions includes 
inclusions which are trapped along the growth zones of minerals 
or inclusions which are randomly scattered throughout a quartz 
crystal (ROEDDER, 1984; GOLDSTEIN & SAMSON, 2003, 
MAO et al., 2017). If such a group of fluid inclusions with similar 
phase proportions at room temperature yields similar melting and 
homogenization temperatures, it is inferred that they belong to a 
primary assemblage. On the other hand, secondary fluid inclu-
sion assemblages are aligned in planar arrays or along curved 
surfaces that crosscut crystal growth zones. (GOLDSTEIN & 
SAMSON, 2003) It should be noted that precise genetic determi-
nation of fluid inclusion assemblages in minerals in porphyry 
systems, by specific orientation in a mineral growth zone, or by 
alignment in planar arrays in crystals, is rarely straightforward 
because of the presence of numerous healed fractures and growth 
zones. (JOHN et al., 2010) Photomicrographs of different fluid 
inclusion assemblages are shown in Figure 5 and zoomed photo-
micrographs of individual inclusions are shown in Figure 6.

Three different associations of fluid inclusions are distin-
guished in the studied quartz veins from Čukaru Peki:

1) Primary association 1: (type 1) Primary three-phase inclu-
sions (gas + liquid ± halite) (Fig. 6a). The criterion for the iden-
tification of these fluid inclusions as petrologically primary is the 
fact that they were trapped in crystal growth zones in quartz veins 
(as seen on fig. 5a and fig. 5d). These inclusions often have a ne
gative-crystal shape and they contain a relatively large bubble; 

phase composition at room temperature is: >30 %V ±10-20%S+ 
50-60% % L. Most of these inclusions contain a small halite crys-
tal, which implies they are probably high-temperature brines. 

2) Brine association 1: (type 2a) Polyphase brine inclusions 
with two salt phases (gas + liquid + 2 solid phases± hematite± 
opaque mineral) (Fig.6b). These inclusions are distinguished by 
the presence of 2 or more salt crystals. Considering the crystal 
habitus (cubic and anhedral), transparency and refractivity of the 
two salt crystals, they are assumed to be NaCl and KCl crystals. 
These salts are also the most common solid phases in brine inclu-
sions in porphyry deposits (ROEDDER, 1984; WILKINSON, 
2001; LECUMBERRI-SANCHEZ et al., 2012). These inclusions 
are commonly found in  same quartz crystals as type 2b and type 
3 inclusions, but in most cases, they are scattered in quartz crys-
tals (fig. 5b and fig. fig.5d).Phase composition at room tempera-
ture is: 20 %V + 30-40%S+40-50% L.

3) Brine association 2: This association contains three dif-
ferent types of inclusions:

Type 2b: Polyphase brine inclusions with two salt phases (gas 
+ liquid + 2 solid phases± opaque mineral± hematite). These in-
clusions are quite similar to type 2a, but they are larger and they 
appear in the same quartz growth zones as type 3 inclusions.

Type 3: Polyphase brine inclusions with only one salt crystal 
(gas + liquid + halite ± opaque mineral) (Fig. 6c). The opaque 
mineral in these inclusions was not identified by other methods, 
but according to its habitus and the mineral composition of veins, 
it is likely that it is chalcopyrite. As for the previous type, these 
inclusions occur either in quartz growth zones or in clusters in 
quartz veins (fig. 5b and fig. 5c). They commonly occur in the 
same assemblages as type 2b and type 4 inclusions. Phase com-
position at room temperature is: 20 %V + 20-30%S+50-60 % L.

Type 4 (Fig. 6d): Apparently single-phase dark vapour-rich 
inclusions are usually small and they are common in most of the 
analyzed quartz samples. The apparent single phase appearance 
does not exclude the presence of a thin liquid film along the walls 
of the inclusions. These commonly occur in similar assemblages 
to the type 2b and type 3 inclusions (fig. 5c), but they are also 
sometimes randomly distributed throughout quartz crystals.

Table 2. Summary data for fluid inclusion analysis. For many inclusions, salinities were not measured due to their small size.

Vein type Samples
Fluid 

inclusion 
type

Mode of 
homogenization

Number of 
analyzed 
inclusions

Sample 
depth

Th 
(Mean±std)

Th(min) Th(max) Tm (phase) Tm (mean)
Salinity 

(Mean±std)

Quartz A

CP105, 
CP106, 
CP123, 

CP141, CP143

1 LSV→LV→L 7 930-1693m
580±20.35 

(for inclusions 
with Th<600)

545.8 >600 halite 268.8 35.6±5.2

    4 LV→V 3 1622m 396±20 389 428      

Quartz B

CP089, 
CP096, 
CP105, 

CP106, CP116

2 LSV→LS→L 5 930-1796m 350±12.8 326 356 halite 350 43±1.2

    2 LSV→LV→L 2 930m 442±40 414 470 halite 359 43±0.6

    3 LSV→LV→L 11 930-1796m 385±50.3 342 495 halite 278.7 36.5±3.1

    4 LV→L 7 1447-1796m 387±26.7 331 413      

    7 LV→L 8 930-1447m 117.5±26.4 69.2 161      

Purple 
anhydrite

CP069,CP108,  
CP110, CP123

5 LV→L 37 1080-1610m 298±37.2 225 396 ice -2.3 3.87±2.1

    6 LV→L 16 1080-1610m 200±41.8 131 291.7 ice -2.3 3.87±1.5

Orange 
anhydrite

CP108, CP141 7 LV→L 8 1116-1622m 89.6±27.3 73 138.5 ice -2.65 4.4±0.3
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In purple anhydrite veins, two types of assemblages can be 
distinguished:

1) Type 5: Gaseous fluid inclusions in purple anhydrite (va-
pour + liquid ± opaque mineral) (Fig. 6e). These inclusions are 
probably primary inclusions in anhydrite because they have neg-
ative square crystal shapes and follow the growth zones of the 
anhydrite crystals (fig. 5e and fig. 5f).  Phase composition at room 
temperature is: 20 %V + 80 % L.

2) Type 6: Aqueous inclusions in anhydrite (vapour + liquid) 
(Fig. 6e) are probably secondary inclusions because they are scat-
tered in anhydrite or they follow the directions of later cracks 
(fig. 5f). Their bubble is significantly smaller than type 5 inclu-
sions- phase composition at room temperature is: 5-10 %V + 90-
95 % L.

Beside these types, there are also assemblages of secondary 
inclusions, which are present both in quartz veins and in orange 
anhydrite veins:

Type 7: Late aqueous inclusions (vapour + liquid ± opaque 
mineral) are secondary inclusions. (Fig. 6f). It is assumed that 
these are low temperature inclusions, since the bubble is very 

small, phase composition at room temperature is: 5-10 %V + 90-
95 % L. These inclusions are common in most of the analyzed 
samples, especially in quartz veins and orange anhydrite veins. 
These inclusions are often in linear assemblages which follow the 
directions of late cracks. (fig.5a) Present opaque minerals were 
not identified, but their elongated habitus is quite different from 
the opaque minerals in type 2a, 2b and type 3 inclusions. 

4.2. Microthermometric results
Some of the recognized fluid inclusion assemblages were not ad-
equate for microthermometric measurements, due to the small 
size of the present inclusions (<5μm), which hinders the visual 
recognition of phase transitions. This problem was especially 
present while measuring type 4 inclusions. Also, fluid inclusions 
that appear to be leaked and the inclusions that display “necking 
down” features were not measured by microthermometry in or-
der to avoid the impact of reequilibration processes. (ROEDDER, 
1984; BODNAR & SAMSON, 2003)

Generally speaking, there are four different modes of 
homogenization of analyzed fluid inclusions from Čukaru Peki: 

Figure 5. Types of fluid inclusion assemblages in veins in Čukaru Peki. Legend: A) Primary type 1 assemblage in growth zone in quartz, crosscut by secondary as-
semblage of type 7 inclusions FMTC1327 1315,5m; B) Brine association 2 with type 2b  and type 3 inclusions in growth zone in quartz B vein FMTC1328 953,7m; C) 
Brine association 2: type 3 inclusions with opaque mineral with type 4 vapour inclusions in quartz growth zone FMTC1327 1796,3m; D) Type 1 inclusions in growth 
zones in quartz vein and scattered type 2a inclusions  FMTC1327 1315,5m; E) Primary assemblage of type 5 inclusions in square crystal of anhydrite FMTC1328 
1139,7m; F) Primary type 5 inclusions, crosscut by secondary aqueous type 6 inclusions in anhydrite FMTC1328 1610,5m. Orientations of primary assemblages are 
marked with blue lines, while the orientations of secondary inclusions are marked with  a green line.
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LSV→LV→L, LSV→LS→L, LV→V and LV→L. Total homoge
nization occurs over a very wide range of temperatures, from 
less than 100°C to more than 600°C, and the salinity of the inclu-
sions is quite variable (0-44 wt.% NaCl eq.), which is also re-
ported in many other porphyry deposits worldwide (e.g. BOD-
NAR et al., 2014). Frequency distribution diagrams of the 
measured homogenization temperatures and salinities of different 
types of inclusions are presented in Fig. 7.

Primary association (type 1) inclusions are probably formed 
at very high temperatures because most of them did not homog-
enize at 600°C, which is the limit of the heating stage employed. 
Only three of the measured fluid inclusions reached total homog-
enization at 546, 580 and 582°C. The mode of homogenization 
for all of these inclusions was: LSV→LV→L. Salinities of these 
inclusions were determined by halite dissolution temperatures 
and they vary from 30 to 44 wt.% NaCl eq.

Homogenization temperatures of type 2a inclusions are be-
tween 320 and 470°C, with mean values around 350°C. The in-
teresting feature of these brines is that they homogenize by halite 
dissolution, after the homogenization of the bubble (LSV→LS→L). 
The common homogenization sequence of these inclusions starts 
with the first salt crystal dissolving between 150 and 200°C, it is 
followed by homogenization of the bubble and ends by the sec-

ond salt crystal dissolving, around 350-400°C. The low melting 
temperature of the first salt crystal suggests these salt crystals are 
sylvite. This mode of homogenization excludes the trapping of 
these inclusions from boiling fluids. (LECUMBERRI-SAN-
CHEZ et al., 2012). 

However, two of the measured type 2b inclusions homoge-
nized by bubble homogenization, after the dissolution of salt crys-
tals (LSV→LV→L). Their homogenization temperatures were 
414 and 470°C. The inclusions which contain two salt crystals are 
modeled by NaCl-KCl-H2O system (ROEDDER, 1984), where 
the total salinity in fluid inclusions containing both NaCl and KCl 
crystals is calculated from the dissolution temperature of the first 
salt crystal that occurs at the cotectic line and the dissolution tem-
perature of the second salt crystal, which is reflected by the iso-
therms in a specific field (BAKKER, 2012). Salinities for these 
inclusions are calculated by equations and cotectic lines given by 
STERNER et al. (1988). 

Homogenization temperatures of type 3 inclusions are be-
tween 340 and 490°C, with mean values around 380°C, whereas 
their salinity ranges between 28 and 38 wt.% NaCl eq. The mode 
of homogenization for all of these inclusions was: LSV→LV→L. 
Homogenization of the opaque phase was not observed, which 
could be explained by hydrogen diffusion, which reduces the 

Figure 6. Zoomed photomicrographs of fluid inclusions in assemblages (at room temperature). Legend: A)  Zoomed primary type 1 inclusions in growth zone in 
quartz, zoomed from Fig.5A; B) Polyphase type 2a inclusions with 2 salt crystals and opaque mineral in quartz FMTC1327 1315,5m; C) Type 3 inclusion with opaque 
mineral in quartz FMTC1327, zoomed from Fig.5C; D) Type 4 inclusion FMTC1328 1527m; E) Gaseous type 5 inclusions and aqueous type 6 inclusions in anhydrite, 
zoomed from Fig.5F; F) Secondary aqueous type 7 inclusions with small opaque phases, zoomed from Fig.5A 
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solubility of the sulfide minerals in inclusions (MAVROGENES 
& BODNAR, 1994).

Some of the measured type 4 inclusions homogenized to va-
pour (LV→V at 389, 428 and 485°C), while the rest of them ho-
mogenized to liquid (LV→V). The mean temperature of homoge
nization is around 390°C. Due to their small size and dark 
appearance, suitable ice melting experiments were not possible, so 
their exact salinity is unknown. Given that there are no visible salt 
crystals, their salinity is most likely lower than 20 wt.% NaCl eq.

Homogenization temperatures of type 5 inclusions vary be-
tween 245 and 396°C, with a mean homogenization temperature 
of around 297°C. The mode of homogenization for all of these 
inclusions was: LV→L. Ice melting temperatures in these inclu-
sions are between -0.5 and -4.4°C, which corresponds to salini-
ties between 0.87 and 7 wt.% NaCl eq. (BAKKER, 2018; accord-
ing to equations by POTTER et al., 1978). It should be noted that 
most of the measurements on anhydrite crystals were only per-
formed once, due to the phenomenon of thermal expansion of 
anhydrite during heating which may affect homogenization tem-
peratures. Another problematic phenomenon which sometimes 
occurs is the stretching or decrepitation of the inclusions if they 
are heated above their homogenization temperature (VANKO & 
BACH, 2005).

Homogenization of the opaque phase was not observed. The 
mode of homogenization for all of these inclusions was: LV→L. 
Their salinities vary between 3 and 7.2 wt.% NaCl eq. As for the 
previous type of inclusions, measurements were only performed 
once, to prevent the effects of the thermal expansion of anhydrite 
and the stretching of fluid inclusions .

Measured homogenization temperatures of the type 7 inclu-
sions are between 73 and 161°C, with mean values around 117°C. 
The mode of homogenization for all of these inclusions was: 
LV→L. The salinities of measured inclusions are between 4 and 
5 wt.% NaCl eq. Homogenization of the opaque phase was not 
observed.

DISCUSSION
Considering the occurrence of primary fluid inclusions in inner 
quartz growth zones (Fig. 5a and 5d), their high homogenization 
temperatures (usually above 600°C) and high salinity (30–44 wt. 
% NaCl eq.), it can be concluded that these fluid inclusion assem-
blages (classified as type 1) trapped the earliest fluids in this por-
phyry system.  Similar inclusions have been recognized in other 
porphyry deposits worldwide and they are usually considered 
relicts of magmatic–hydrothermal fluids that are exsolved from 
the cooling magmatic body. These inclusions are usually found 
in the deeper parts of porphyry systems, where the pressure is 
sufficiently high to prevent boiling (REDMOND et al., 2004, 
RUSK et al., 2008).

The following stage in the fluid evolution of Čukaru Peki was 
marked by the trapping of brine inclusion assemblages with 2 or 
more solid phases (type 2a inclusions). The presence of polyphase 
inclusions with 2 salt crystals is not uncommon for porphyry sys-
tems (eg. WILKINSON, 2001), and the observed homogenization 
features imply that these fluids had a complex composition and 
high salinity (> 40 wt.% NaCl eq.) (LECUMBERRI-SANCHEZ 
et al., 2012). Considering the habitus, isotropic optical properties, 
low refractivity index of the second solid phase and its low dis-
solution temperature, it can be concluded that it is KCl (sylvite). 
The scattered distribution of these inclusions as well as their ho-
mogenization mode implies that these inclusions are not trapped 
by boiling fluids. This further implies that these inclusions 

trapped a K-rich fluid, which caused potassic alteration in the 
early porphyry stage. Occasionally, the presence of hematite in 
these inclusions implies that these fluids were also Fe-rich. 

The coexistence of numerous vapour-rich inclusions (type 4) 
in the same quartz crystals as high-salinity brine assemblages 
(type 2b and type 3) as an association is considered to be evidence 
of boiling in the system. (HEINRICH, 2005). According to LE-
CUMBERRI-SANCHEZ et al. (2015), halite saturation in por-
phyry systems has important implications for the reduction of 
permeability in the system and promotes the precipitation of ore 
minerals. According to SILLITOE (2010), porphyry mineraliza-
tion in shallow porphyry systems (<4 km deep) is the product of 
a two-phase fluid, commonly consisting of a small amount of 
highly saline liquid (brines) and a larger amount of low-salinity 
vapour. In these systems, the liquid phase is enriched in Na, K and 
Fe chlorides, which results in high salinity (35 to 70 wt. % NaCl 
eq.), while the vapour phase contains acidic volatiles, such as SO2, 
CO2, H2S, HCl etc. In Čukaru Peki, this highly saline liquid phase 
was trapped in brine inclusion assemblages (type 2b and type 3), 
whereas the vapour phase was trapped in small type 4 inclusions 
throughout the same crystals. Considering the measured homog-
enization temperatures and halite melting temperatures of these 
three types of inclusions, it can be concluded that the process of 
boiling and separation of phases occurred at temperatures be-
tween 350 and 450 °C, with fluid salinities of the brines between 
30 and 40 wt.% NaCl eq, which led to ore deposition.

The detection of the boiling of fluids enables the calculation 
of pressure in the system and the palaeodepth of ore-forming pro-
cesses (FOURNIER, 1999; REDMOND et al., 2004; RUSK et al., 
2008; MAO et al., 2017; LI et al., 2019). Pressure estimates for 
boiling fluids were calculated for halite-bearing inclusion assem-
blages (type 2b and type 3). Brine inclusions which homogenized 
by halite dissolution were not included in the calculation, since 
they were not trapped from boiling fluids (LECUMBERRI-
SANCHEZ et al., 2015). Calculated pressure estimates yielded 
values between 100 and 500 bar. According to the pressure/depths 
diagrams presented by FOURNIER (1999) and REDMOND et al. 
(2004) this pressure corresponds to fluctuations between lithos-
tatic and hydrostatic pressure at palaeodepths between 1 and 2 
kilometres . These pressure estimates are shown on the pressure-
temperature diagram for NaCl-H2O system in Figure 8. 

The conclusion that ore deposition in the porphyry zone of 
Čukaru Peki occurred at these temperatures is in accordance with 
fluid evolution studies in the nearby Majdanpek porphyry system 
(STRASHIMIROV (1997), but similar processes were also iden-
tified in other porphyry deposits. For example, HEINRICH et al. 
(2005) argue that ore deposition in porphyry copper deposits ide-
ally happens around 400°C at low pressures, caused by the drop 
in solubility of Cu-Fe sulphides. Also, ORLANDEA & VLAD 
(2020) state that Cu-Au porphyry systems are characterized by 
boiling of fluids between 500 and 400°C and pressures of 0.4 to 
0.5 kbars. It is generally assumed that the separation of the initial 
fluid to high-salinity brines and low-salinity vapour (at depths 
between 2-4 km) is followed by the rise of these fluids through 
the magma to the cupola zone (REDMOND et al., 2004; RICH-
ARDS, 2005), which explains why these two types of fluids can 
be found at different levels  vertically within the porphyry zone 
of Čukaru Peki. 

As indicated in Figure 9, inclusion types 5, 6 and 7 have sig-
nificantly lower salinities than early brines, so this implies that 
the transition to the epithermal stage happened by cooling and 
diluting of the fluids. According to SILLITOE (2010), in the later 
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Figure 7. Frequency distribution diagrams of measured homogenization temperatures and salinities of different types of fluid inclusions from Čukaru Peki. Type 
2a refers to brine inclusions which homogenize by halite dissolution, while 4a refers to inclusions type 4 which homogenize to vapour.

Figure 8. Pressure-temperature diagram for NaCl-H2O system (modified from FOURNIER, 1999 and REDMOND et al., 2004) showing pressure estimates for brine 
fluid inclusions (type 2b and type 3) from Čukaru Peki.



G
eo

lo
gi

a 
C

ro
at

ic
a

Geologia Croatica 73/3206

stages of the evolution of porphyry systems, low-salinity fluids 
(5–20% NaCl eq.) with temperatures between 250 and 350°C are 
introduced in the system from the parental magma chamber. The 
most representative sample for fluids in the transition zone is 
sample cp069 because it was sampled in the lower andesites high 
above the porphyry zone. Considering the facts that anhydrite 
veins commonly contain covellite and enargite and that gypsum 
is a common mineral in the high-sulphidation zone, it is possible 
that anhydrite inclusions in the transitional zone (types 5 and 6) 
trapped part of the fluids which deposited massive sulfides with 
covellite and enargite. However, previous fluid inclusion research 
on high-sulphidation mineralization in the Bor metallogenic zone 
(KOŽELJ, 2002; BAILLY et al., 2002) yielded somewhat lower 
temperatures (around 150-250°C) than those inferred by our 
study of type 5 inclusions from Čukaru Peki. Another problem 
is that type 6 inclusions are usually related to later cracks in the 
analyzed veins, so their genetic link with any of the analysed 
veins or stages of mineralization is uncertain.

Sulphide veins in the transition zone are probably the re-
mains of epithermal fluid flow paths to the high sulphidation zone 
since they contain larger amounts of pyrite, covellite and enargite. 
However, they do not contain transparent minerals, which makes 
them incompatible for standard fluid inclusion analysis using 
transmitted light microscopy.. Thus, further analyses of high-
sulphidation minerals (including infrared microthermometry) are 
needed for better constraining of fluid characteristics that led to 
deposition of massive sulfides. 

Fluids trapped in inclusions type 6 and 7 are likely post-ore 
fluids, since their homogenization temperature is low and they 
are trapped in secondary inclusions in later cracks. 

CONCLUSIONS
According to the presented petrographic observations of fluid in-
clusion assemblages from Čukaru Peki, together with the per-
formed microthermotetrical measurements, it can be concluded 
that this hydrothermal system was formed in several different 
stages: 

Analyzed quartz veins contain three types of primary inclu-
sion assemblages:

1) Primary high-temperature assemblages (type 1) with ho-
mogenization temperatures above 550°C and high salinities. 

2) Brine inclusion assemblages (type 2a) with two or more 
solid phases (2 salt crystals± opaque crystal±hematite), scattered 
in quartz crystals.

3) The brine inclusion association containing 1) brine assem-
blages with salt crystals and opaque minerals (with occasional 
hematite) (type 2b and type 3) and 2) apparently single-phase low-
salinity vapour-rich inclusions (type 4). Most of the inclusions in 
this association homogenize at around 400°C. The coexistence 
and similar temperatures of homogenization of these three types 
of inclusions imply that these assemblages were trapped during 
the boiling of high-temperature fluids. 

Considering the measured homogenization temperatures and 
estimated entrapment pressures of these coexisting inclusion as-
semblages, it is estimated that the boiling of fluids in this system 
occurred at temperatures between 350 and 450°C and pressures 
between 100 and 500 bars. The boiling of fluids was probably a 
very important factor in deposition of porphyry style mineraliza-
tion in this system.

Analysed anhydrite veins contain two types of inclusion as-
semblages:

Figure 9. Plot of microthermometric measurements (salinity vs. homogenization temperature (Th) diagram) for different inclusions from Čukaru Peki. Data for the 
H20 critical curve and the NaCl saturation curve are given by HAAS (1976) and data for the KCl saturation curve is given by POTTER et al. (1978). Type 4 inclusions 
are not plotted on this diagram because there were no salinity (ice melting) measurements for these inclusions. Several type 1 inclusions didn’t homogenize until 
600°C (the limit of the used heating stage), so they are plotted around 650°C.
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1) Primary fluid inclusion assemblages (type 5) that some-
times contain opaque minerals and homogenize around 300°C. 
Since these inclusions are primary in origin, it can be concluded 
that purple anhydrite and related ore minerals (which in some 
veins include covellite and enargite) were formed around 300°C, 
with salinity of fluids between 0.87 and 7 wt.% NaCl eq. 

2) Secondary low-temperature fluid inclusion assemblages 
(inclusions type 6). Most of these inclusions were formed at tem-
peratures lower than 200° and they are probably not important 
for the mineralization. 

The last generation of fluids that affected this system was 
trapped in secondary low-temperature inclusion assemblages 
(type 7). These fluids are trapped in secondary inclusion assem-
blages in quartz and anhydrite and their homogenization tem-
peratures do not exceed 150°C. 

This research has provided data about the conditions of for-
mation of veins from the porphyry and transitional zone of 
Čukaru Peki, however additional research is required to assess 
the physico-chemical conditions of fluids that led to the deposi-
tion of massive sulphides.
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Spot number
Type of 

inclusions
Tm(°C) Phase Th (°C)

143-3 1     580

143-3 1     >600

106-4 1 268.8 halite >600

106-4 1 160 halite 582

123-5 1 157.5 halite 545

105-3b 1 327 halite >600

105-3b 1 328.2 halite >600

105-2b 1 373 halite >600

105-2b 1 248.7 halite >600

96-2 2a 356 halite 356

106-1 2a 350 halite 350

116-6 2a 326 halite 326

106-1 2a 350 halite 350

105-3b 2a 333 halite 333

105-2a 2b 353.9 halite 414

105-2a 2b 364.1 halite 470

96-2 3 263 halite 407

96-2 3 278.7 halite 375

96-2 3 280 halite 495

116-6 3 300 halite 474

116-8 3 293 halite 434

106-4 3 290 halite 452

89-4 3 253 halite 379

89-4 3 281 halite 351

89-3 3 254.4 halite 384

123-8 3 146.8 halite 380

105-3a 3 127.4 halite 342

96-2 4     403

96-2 4     387

96-3 4     331

89-4 4     371

89-4 4     390

141-8 4a     389

141-9 4a     428

141-9 4a     396

89-3 4     414

89-3 4     377

69-1 5 -4.4 ice 279

69-2 5     297

69-3 5     298

69-4 5     249

69-5 5     283

69-6 5     299

69-7 5     316

69-8 5     299

69-9 5     248

69-10 5     301

69-11 5     298

69-12 5     255

69-13 5     345

69-14 5     321

69-15 5     225

69-16 5     258

Spot number
Type of 

inclusions
Tm(°C) Phase Th (°C)

69-17 5     290

69-18 5     334

69-19 5     302

69-20 5     267

110a 5 -2.3 ice 289

110a 5 -3.5 ice 318

110a 5 -1.7 ice 245

110g-3 5 -2 ice 251

110G-3 5 -0.9 ice 300

110-6 5 -2.9 ice 290

110-7 5 -0.5 ice 329

108-3b 5 -4 ice 323

108-3b 5     330

108-3b 5     372

108-3b 5     396

108-4 5 -0.5 ice 353

108-4 5     294

110G-3 5     277

110G-3 5     286

123-1 5 -2.7 ice 310

123-1 5     356

110-7 6 -3.3 ice 211

116-8 6     237

69-1 6     220

69-2 6     204

69-3 6     179

108-3b 6 -2.4 ice 209

108-5 6 -1.8 ice 292

108-5 6 -1.9 ice 217

110g-1 6     143

110g-4 6     176

110g-4 6     155

110g-4 6     146

123-1 6 -2 ice 197

123-1 6 -2.3 ice 154

123-1 6 -4.5 ice 215

110a 6 -2.3 ice 131

89-3 7     111

89-3 7     115

89-3 7     117

89-3 7     118

89-3 7     120

89-3 7     142

141-7 7     73

141-7 7     87

108-3a 7     91

108-3a 7     89

108-3a 7 -2.5 ice 131

108-3b 7     76

108-5 7 -2.8 ice 134

108-5 7     139

105-3b 7     69

105-3b 7     161

Appendix
Table with all microthermometry measurements conducted on analyzed sam-ples from Čukaru Peki.


