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INTRODUCTION
Subduction of the Neo-Tethyan oceanic crust beneath 

the central Iranian domain occurred during the Alpine 
orogeny in the late Mesozoic and early Cenozoic 
(Berberian and King, 1981; Alavi, 1991) and led to 
the formation of the Urumieh-Dokhtar magmatic arc 
(UDMA). The UDMA extends from northwest to 
southeast of Iran over nearly 2000 km, which correlates 
with the nation’s porphyry copper metallogenic belt, 
comprised of several metallogenic zones, and hosts most 
of the major and small porphyry copper deposits (PCDs) 
and prospects in Iran, including the Sarcheshmeh (central 

Iran; Shahabpour, 1982) and Sungun PCDs (NW Iran, 
neighboring the Qaradagh pluton; Calagari, 1997, 2004a; 
Hezarkhani and William-Jones, 1998).

The Qaradagh pluton, located at the northernmost part 
of the UDMA (46°20’E to 46°24’E lat. and 38°49’N to 
38°53’N long.) (Figure 1), intruded the upper Cretaceous 
and Paleocene flysch-type sedimentary, volcanoclastic 
and volcanic (submarine basic to intermediate in nature), 
as well as Eocene volcanic (mainly andesitic) rocks 
at several discrete pulses during the middle Eocene-
Oligocene (e.g., Amini Fazl, 1994; Mokhtari, 2008; 
Simmonds and Moazzen, 2015). According to Mokhtari 
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et al. (2005) the Qaradagh pluton is comprised of mafic to 
felsic rock types including gabbro, diorite, quartz diorite, 
quartz monzonite, quartz monzodiorite, leucotonalite, 
granodiorite, monzogranite and sub-volcanic porphyritic 
granite. These rocks belong to I-type and calc-alkaline 
active continental margin granitoids (Mokhtari, 2008), 
showing geochemical characteristics of subduction 
related volcanic arcs (Zakeri, 2013).

The magmatic-hydrothermal fluids derived from this 

intrusive complex produced hydrothermal alterations 
within and around the pluton and stock-work and vein-
type Cu-Mo-Au mineralization. The most pronounced 
occurrences are in Qarachilar, Qaradareh, Zarlidareh, 
Anigh and Pirbolagh (Figures 1 and 2).

This study focuses on the physico-chemical 
characteristics of the ore-bearing fluid responsible for Cu-
Mo-Au mineralization in the Qarachilar area, central part 
of the Qaradagh pluton, and the main factors involved in 

Figure 1.  Geologic map of 
the Qaradagh pluton and the 
study area (simplified and 
modified after Mehrpartou et 
al., 1997).
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ore precipitation using microthermometric studies on fluid 
inclusions trapped within the quartz-sulphide veins and 
veinlets.

BACKGROUND INFORMATION ABOUT THE STUDY AREA
Petrography of the granodioritic host rock

The dominant lithology in the Qarachilar area is 
granodiorite, which hosts the quartz-sulphide veins 
and veinlets (Figure 2). It is composed of plagioclase 
(fresh, euhedral to subhedral; 40-60%), K-feldspar 
(orthoclase, medium to fine-grained, anhedral with 
perthitic, granophyric and monzonitic textures; 5-15%) 
and quartz (anhedral, medium to fine grained with mosaic 
and intergranular textures; 15-25%), with subordinate 
amounts of biotite (fresh, booklet-shape and subhedral; 
5-15%), amphibole (euhedral to subhedral; 0-10%), 
pyroxene (scarce and subhedral; 0-5%) and opaque 

minerals (euhedral to anhedral; 0-5%), displaying hetero-
granular and monzonitic textures (Figure 3 a,b). Accessory 
minerals are apatite, zircon and titanite.

Hydrothermal alteration
The magmatic-hydrothermal fluids originated from the 

intrusive phases have produced various hydrothermal 
alteration zones across the pluton, including potassic, 
phyllic/sericitic, argillic and propylitic alterations and 
silicification. The main alteration zones developed in the 
Qarachilar area are potassic and phyllic/sericitic, which 
encompass the Cu+Mo+Au±Ag mineralization and which 
become more profound where fractures are present. 
Moreover, envelopes of mainly sericitic/phyllic alteration 
surround the quartz-sulphide veins and veinlets.

The potassic alteration zone is characterized by the 
formation of fine flakes of secondary biotite (reaching 

Figure 2. Simplified geologic and alteration map of the Qarachilar area (after Zakeri, 2013).
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up to 20%) and fine-grained anhedral and intergranular 
orthoclase (8-10%), along with opaque minerals (magnetite, 
chalcopyrite and pyrite) (Figure 3c). 

Phyllic alteration zone is marked by sericitization of 
feldspars and replacement of ferro-magnesian minerals 
by sericite and chlorite, accompanied by the formation of 
secondary quartz and pyrite (Figure 3d). The sericite content 
reaches 40-70%. 

Hypogene and supergene mineralization 
Hypogene mineralization in the Qarachilar area has 

occurred as quartz-sulphide and sulphide veins and 
veinlets, as well as disseminations of sulphides within 
the host rock. The quartz-sulphide and monomineralic 
sulphide veins-veinlets occur as parallel swarms, 
comprised of two main veins and numerous veinlets 
and microveinlets (sheeted veins), as well as stock-work 
type cross-cutting veinlets and have variable thicknesses, 
ranging from mm up to <1 m (Figure 4), mainly with 

NW-SE trends and 50-700 m length. The major sulphide 
minerals are pyrite, chalcopyrite and molybdenite, with 
lesser amounts of bornite and digenite (Figure 5). Pyrite 
(1-10%) is the most abundant sulphide mineral, while 
chalcopyrite (1-8%) is the main hypogene Cu sulphide 
(Figure 5 a,b). Molybdenite (up to -5%) occurs as large 
flakes or aggregates of anhedral, tiny shredded crystals, 
rosettes or plates with variable sizes of 200 μm to 3mm, 
disseminated within the quartz veins-veinlets, silicified 
zones and the host rock (Figure 5c). 

Afterwards, supergene processes have affected the 
hypogene sulphides, leading to the development of a 
leached-oxidized zone, characterized by the intense 
leaching of primary sulphides and the formation of Fe 
oxides-hydroxides (limonite-goethite), ferrimolybdenite 
(yellow-colour tinges, probably along with powellite), 
malachite and azurite, and a sulphide-enriched zone beneath 
the paleo-water table, represented by the replacement of 
primary sulphides by covellite and chalcocite.

Figure 3. Microphotographs of the granodioritic host rock and its alteration. (a) and (b) Granular texture comprised of plagioclase with 
poly-synthetic twining, subhedral amphibole and anhedral quartz and biotite; (c) potassic alteration characterized by the formation of 
tiny flakes of neo-formed biotite replacing the primary biotite and amphibole or occurring as disseminations within the background; 
(d) phyllic alteration recognizable by the moderate to intense sericitization of feldspars and the formation of opaque minerals. Mineral 
name abbreviations from Whitney and Evans (2010).
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MATERIALS AND METHODS 
Following field studies and sampling of the sulphide-

bearing quartz veins-veinlets, as well as the host rock 
and hydrothermal alteration zones, petrographic and 
mineralogical studies were carried out at the Research 
Institute for Fundamental Sciences (RIFS), University of 

Tabriz. Fluid inclusion studies were mainly performed 
on the milky quartz-sulphide veins-veinlets containing 
chalcopyrite and molybdenite. For this, 10 samples were 
selected and doubly polished sections (~150 μm thick) 
were prepared and studied under the microscope. After 
microscopic examination, the wafers of 6 samples were 

Figure 4. (a)-(d) Outcrops and (e) hand specimens of quartz-sulphide and monomineralic sulphide veinlets (shown by red arrows) 
within the granodioritic host rock, south of the Qarachilar village. 
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subjected to microthermometric analysis, using a calibrated 
and standardized THMS600 Linkam heating-freezing 
stage, equipped with two heating (TP94) and freezing 
(LNP) controllers, attached to an Olympus petrographic 
microscope and a monitoring video apparatus. The 
precision of temperature measurements were estimated 
about ±0.5 °C for the range between -100 to 20 °C and 
±5.0°C for the range between 100 and 450 °C.

Microthermometric analyses were carried out at the 
Mineralographic Laboratory of Payam Noor University, 
Tabriz, Iran. The bulk salinity of the fluid was calculated 
based on Tm(ice) (Bodnar, 1993) or Tm(NaCl) (Sterner et al., 
1988). The density calculations for the studied inclusions 
were carried out according to Zhang and Frantz (1987).

RESULTS 
Fluid inclusion petrography 

The prepared doubly-polished sections of the sulphide-
bearing quartz veins were examined under microscope 
in order to determine the distribution pattern, shape, 
size, phase content and paragenetic characteristics of the 
fluid inclusions and the daughter crystals. In the result, it 
was revealed that quartz crystals within these veins and 
veinlets are fluid inclusion-rich, containing randomly 

distributed relatively large-sized primary inclusions (up 
to 20 μm in size), as well as numerous trails of secondary 
fluid inclusions (≤5 μm), which sometimes cross-cut each 
other (Figure 6 a,b). 

The observed primary inclusions mainly illustrate 
negative crystal, ellipsoidal, rounded, elongated and 
irregular shapes, in order of abundance (Figure 6). 
Necking-down is evident in some inclusions. The visible 
intergrowth between disseminated sulphides and quartz 
crystals testifies that they are cogenetic and precipitated 
from a common ore-bearing fluid. Therefore, the obtained 
data can be generalized to the ore formation conditions.

The primary inclusions are recognizable by their 
random distribution, relatively large size and relatively 
similar phase ratios (80% in most cases) (e.g., Hedenquist 
et al., 1998; Bodnar, 2003; Goldstein, 2003; Wanhainen 
et al., 2003; Seedorff and Einaudi, 2004; Bouzari and 
Clark, 2006) with no trails of secondary inclusions 
encompassing them. Secondary inclusions are identified 
by their distribution as trails cross-cutting the grain 
boundaries. Some of these trails are confined within the 
host crystals and can be considered as pseudo-secondary 
inclusions. Based on the classification of Kranz (1983) 
and Vollbrecht (1989), secondary fluid inclusions in the 

Figure 5. Microphotographs illustrating sulphide mineralization within the quartz-sulphide veins/veinlets. (a) Co-existence of pyrite 
and chalcopyrite within the quartz veins; (b) disseminations of chalcopyrite within the quartz veins and the host rock; (c) molybdenite 
flakes within the quartz veins, especially at their margins. Mineral name abbreviations from Whitney and Evans (2010).
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Figure 6. Microphotographs of 
fluid inclusions within the quartz-
sulphide veins-veinlets. (a) 
2-phase and multiphase inclusions 
within the quartz-sulphide veins; 
(b) trails of secondary monophase 
vapor and 2-phase fluid inclusions; 
(c) mono-phase vapor (type 1) 
and vapor-rich 2-phase (type 3) 
inclusions; (d) mono-phase vapor 
(type 1) inclusions with negative 
crystal shapes; (e) a 2-phase 
vapor-rich (type 3) inclusion; 
(f) 2-phase liquid-rich (type 2) 
inclusions; (g) a multiphase (type 
4) inclusion containing halite 
and sylvite daughter crystals; (h) 
a multiphase (type 4) inclusion 
containing a halite daughter 
crystal.
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studied samples appear as transgranular and transphase 
trails, while the pseudo-secondary inclusions are mainly 
intragranular (boundary to boundary, boundary to grain 
interior, and grain interior). As a whole, secondary 
inclusions are the most abundant type of fluid inclusions 
within the studied quartz samples.

Based on the phase content at room temperature, the 
studied inclusions are mainly categorized into four types, 
(1) Mono-phase vapor, (2) 2-phase liquid-rich (aqueous), 
(3) 2-phase vapor-rich, and (4) multiphase, containing a 
vapor bubble, an aqueous liquid and one or more solids 
(Figure 6). Additionally, very few small CO2-bearing 
vapor-rich inclusions were also observed with a thin rim 
of CO2 phase around the vapor bubble, which were not 
suitable for microthermometric analysis due to their small 
size and low degree of filling. Besides, microthermometric 
studies were performed on the primary and relatively 
large 2-phase (type 2 and 3) and multiphase (type 4) 
inclusions, which range in size from 2 to 10 μm and 4 to 
20, respectively (Figure 6). 

Multiphase (L+V+S) inclusions are relatively 
abundant, compared to 2-phase inclusions. They mainly 
contain halite and sylvite daughter minerals (Figure 6g,h), 
sometimes accompanied by tiny opaque crystals (dark-
colour, most likely Fe oxides). In general, inclusions 
with halite daughter crystal are much common than those 
containing two or three solids. 

The presence of halite daughter crystals indicates the 
NaCl-saturated state of the ore-bearing fluid, while sylvite 
crystals signify the saturation of KCl within it. It must be 
noted that some of the halite daughter crystals may have 
been entrapped as solid phases from the ore-forming fluid, 
especially where their size is too large compared to the 
host inclusion. 

The approximately estimated degree of filling (the 
volumetric proportion of liquid phase to the total volume 
of the inclusion; Shepherd et al., 1985) for type 2 and 3 
inclusions is about 70-80% and 20-30%, respectively, 
while it ranges from 10 to 30% for type 4 inclusions.

Microthermometric results
Homogenization temperature 

Heating runs were performed on type 2, 3 and 4 
inclusions. Coexistence of these types of inclusions and 
the type 1 (mono-phase vapor) inclusions can testify to 
their entrapment from a heterogeneous boiling fluid.

 Most of the 2-phase inclusions (type 2) showed 
homogenization into liquid state by disappearance of 
vapor bubble, and their measured TH(L-V) values range 
from 280 to 440 °C with peak abundances between 300 
to 360 °C and 380 to 420 °C (Figure 7a). Some 2-phase 
inclusions homogenized to vapor phase (type 3). Their 
TH(L-V) values lie within the range of 440-540 °C. 
Comparing the TH values of these two types of inclusions 

shows that type 3 inclusions are homogenized at higher 
temperatures compared to type 2 ones.

Type 4 (multiphase) inclusions show three modes of 
homogenization. A large number of them are homogenized 
by almost simultaneous disappearance of halite crystal 
and vapor bubble, with TH values between 240 and 420 
°C and the peak abundance of measured values falling 
between 260 and 340 °C (Figure 7b). Those multiphase 
inclusions which homogenize by the dissolution of 
halite crystal show sparse homogenization temperatures 
(Tm(NaCl)), mainly ranging from 220 to 360 °C, along 
with few measurements within narrow ranges of 400-
420°C and 520-540 °C (Figure 7c). A few multiphase 
inclusions are homogenized by disappearance of vapor 
bubble, with TH(L-V) values between 300 and 360 °C and 
a single measurement about 520-540 °C (Figure 7d). 
The dissolution temperature of sylvite daughter crystals 
within multiphase halite-sylvite-bearing inclusions varies 
between 87° and 161 °C with an average value of 141 °C.

Salinity determination
The salinity of 2-phase fluid inclusions (types 2 and 

3) was measured by freezing procedure, while salinities 
of multiphase inclusions (type 4) were calculated using 
the melting temperature of halite daughter crystals. The 
determined eutectic or first melting point (TFM) of most 
2-phase inclusions upon gentle heating, following their 
complete freezing falls within the range of -61 and -50 °C, 
while their last melting point of ice is about -10 to -0.4 °C. 
For 2-phase inclusions homogenizing to liquid phase with 
salinities above the 26.3 wt% NaClequiv, ice is melting first 
and hydrohalite is the last stable solid phase during the 
temperature increase following the complete freezing. 
The average hydrohalite melting point was obtained 
about -34 °C. Contrastingly, for 2-phase inclusions with 
salinities below 23.3 wt% NaClequiv, where ice is the last 
stable solid phase, the last melting point was measured 
about -20.5 to -21 °C.

The estimated salinity for 2-phase and multiphase 
inclusions range from 15 to 65 wt% NaClequiv (Figure 
8). Most of the values cluster between 25 to 45 wt% 
NaClequiv, mainly belonging to type 4 inclusions and 
testifying to a moderate to highly saline fluid. Two-phase 
inclusions have low salinities ranging from 17.77 to 28.66 
wt% NaClequiv, with an average of 25.31 wt% NaClequiv. 
The lack of halite daughter mineral in this group is due to 
the fact that halite saturates at >26 wt% NaClequiv at 25 
°C and halite crystals are meta-stable at salinities between 
20 and 30 wt% NaClequiv (Shepherd et al., 1985; Bodnar 
and Vityk, 1994). Salinities above the 30 wt% NaClequiv in 
Figure 8 belong to type 4 inclusions.  

Additionally, the highest KCl content of those 
multiphase inclusions which had halite and sylvite solid 
crystals was estimated about 41 wt%, using the melting 
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Figure 7. Frequency distribution 
histograms of homogenization 
temperatures measured on fluid 
inclusions within quartz-sulphide 
veinlets at Qarachilar. (a) 2-phase 
(type 2 and 3) fluid inclusions 
homogenizing to liquid phase and 
vapor phase, respectively; (b) 
multiphase (type 4) inclusions 
homogenizing by simultaneous 
dissolution of halite crystal and 
disappearance of vapor bubble; (c) 
type 4 inclusions homogenizing by 
dissolution of halite crystal; (d) type 4 
inclusions homogenizing by 
disappearance of vapor bubble.
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temperature of sylvite (165 °C; the highest measured 
Tm(sylvite)). 

In this regard, two populations of inclusions are present: 
inclusions with low salinities (17.77 to 28.66 wt% 
NaClequiv) and without halite and sylvite daughter crystals 
and inclusions with moderate to high salinities containing 
halite and halite-sylvite daughter phases (Figure 8).

DISCUSSION
The measured eutectic temperatures measured (Te or 

TFM) on 2-phase fluid inclusions (about -61 to -50 °C) 
may indicate the presence of a poly-saline and multi-cation 
fluid containing Ca, Mg and Fe chlorides, in addition to 
NaCl and KCl (Borisenko, 1977; Chen et al., 2011; Deng 
et al., 2013a). The presence of FeCl2 is also conceivable 
from observed opaque blebs within the fluid inclusions. 
Calcium and magnesium might have been supplied during 
the potassic alteration and by the destruction of Ca- and 
Mg-silicates (Ulrich et al., 2001; Rusk et al., 2004) or just 
the saline fluid was in equilibrium with Ca-Mg silicates. 
Furthermore, very negative eutectic temperatures may 
indicate the presence of unobservable amounts of 
CO2, as the liquid CO2 phase can only be observed in 
concentrations above 3 mole % (Ulrich et al., 2001). 

None of the opaque daughter minerals were dissolved 
or decreased in size during the heating run. This can be 
resulted from post-entrapment hydrogen diffusion and the 
change in the redox state of the inclusions (Wilkinson, 
2001), or may be due to their entrapment from ore-bearing 
fluid as suspended solid crystals.

Two distinct and separate populations of fluid inclusions 
are recognizable in salinity versus TH(L-V) plot (Figure 
9). Type 4 inclusions are mainly plotted on or around the 
halite saturation curve, indicating entrapment from a NaCl-
saturated fluid, while type 2 and 3 inclusions lie far below it, 

being entrapped from a NaCl-undersaturated fluid (Roedder, 
1984). Type 4 inclusions plotted above the NaCl-saturation 
curve can be resulted in three ways: (1) entrapment from a 
NaCl-supersaturated fluid (2) necking down and/or loss of 
liquid (Audetat and Gunther, 1999), and (3) entrapment of 
solid halite crystals from hydrothermal fluids. 

Based on this diagram, the vapor pressure of the NaCl-
solution during the entrapment of 2-phase inclusions 
is estimated about 50 to 250 bars. Moreover, it can be 
conceived that hydrothermal fluid experienced saturation 
(with respect to NaCl) at temperatures about ≤392 °C.

The data points above the NaCl-saturation curve in 
Figure 9 show distributions along horizontal arrays, 
corresponding to the pressurization-depressurization and 
cooling trend. The wide range of salinity and TH values 
obtained for the studied inclusions, similar to other 
porphyry and hydrothermal Cu-Mo deposits, may be 
resulted from the presence of various fluids with different 
physical and chemical characteristics at different times, as 
well as necking-down or leakage (Audetat and Gunther, 
1999). Furthermore, data points in Figure 9 display an 
oblique trend towards the bottom left. In other words, with 
a decrease in the homogenization temperature, salinity 
is also decreased. This trend corresponds to the boiling 
of low-salinity hydrothermal fluids (e.g., Zhang et al., 
2013; Deng et al., 2014), as well as dilution by superficial 
fluids (Figure 9; Shepherd et al., 1985). Therefore, it can 
be conceived that magmatic-hydrothermal aqueous ore-
bearing fluids have experienced boiling and also mixing 
with low salinity-temperature superficial fluids.

According to Figure 9, it is revealed that ore-bearing 
fluids have started boiling at about 400 °C, following 
depressurization of the system. Subsequently a vapor 
phase has been separated from a saline aqueous liquid 
phase, manifested by inclusions, which have entrapped 

Figure 8. Frequency distribution 
histogram of salinities measured 
on 2-phase and multiphase fluid 
inclusions within quartz-sulphide 
veinlets at Qarachilar. 
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fluids with salinities about 48.9 wt% NaClequiv. 
Another indication for occurrence of boiling is the 

presence of 2-phase and halite-bearing multiphase 
inclusions with rather similar homogenization temperatures 
(Figure 7). Meanwhile, the lack of multiphase vapor-
rich inclusions with only opaque daughter crystals is 
contrary to the direct segregation of a saline fluid from 
the crystallizing magma (Wilkinson, 2001). Finally, 
the different phase ratios observed within inclusions of 
any type can also be attributed to the entrapment from a 
boiling and heterogeneous hydrothermal fluid (Wilkinson, 
2001), though post-entrapment modifications of the fluid 
inclusions due to necking down or leakage must not be 
neglected.

Therefore, considering the occurrence of boiling 
for the studied fluid inclusions, especially those with 
Tm(NaCl)=/~TH(L-V), pressure correction of the obtained 
homogenization temperatures will be minor and negligible 
(Roedder and Bodnar, 1980; Wilkinson, 2001).

In Tm(NaCl)-TH(L-V) diagram (Figure 10), most of the data 
points are plotted around the diagonal line. The vertical 
arrays above the diagonal line may indicate the entrapment 
of solid halite crystals from the heterogeneous boiling 
fluid. Inclusions homogenizing by halite dissolution have 
entrapped at the low-temperature part of the liquid stability 
field, where no coexisting vapor phase is present, whereas 
inclusions homogenizing by vapor disappearance indicate 
fluid entrapment at high-temperature part of the liquid 
stability field in the presence of vapor phase (Roedder 
and Bodnar, 1980; Bodnar, 1994; Cline and Bodnar, 1994; 
Zhang et al., 2007).

The discrepancy between Tm(NaCl) and TH(L-V) may 
reflect the relative pressure of the system. For inclusions 
plotted around or on the diagonal line, this value 
ranges from 4 to 30 °C, with an average of 16 °C. Such 
inclusions with low discrepancies (Tm(NaCl) ~ TH(L-V)) can 
be attributed to entrapment from a heterogeneous boiling 

Figure 9. TH(L-V) vs. equivalent salinities 
(expressed as wt% NaClequiv) plot for 
measured fluid inclusions, illustrating 
the distribution pattern of the data points 
relative to the NaCl saturation and critical 
curves (NaCl saturation and critical curves 
from Ahmad and Rose, 1980; dashed 
lines referring to vapor pressures of NaCl 
solutions at the indicated temperatures and 
salinities from Roedder, 1984),

Figure 10. Liquid-vapor homogenization temperature [TH(L-V)] 
vs. halite dissolution temperature [Tm(NaCl)] for halite-bearing 
inclusions at Qarachilar (the diagonal line corresponds to 
TH(L-V)/Tm(NaCl)=1; Shepherd et al., 1985).
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fluid (Shepherd et al., 1985). However, there is another 
group of multiphase inclusions, which plot far above 
or below the diagonal line, for which the discrepancy 
between Tm(NaCl) and TH(L-V) ranges between 34 and 
320 °C, with an average of 100 °C. High discrepancies 
may refer to fluid entrapment at high-pressure condition, 
which may be present just before the occurrence of hydro-
fracturing (Cline and Bodnar, 1994). On the other hand, 
necking-down (Ahmad and Rose, 1980; Audetat and 
Gunther, 1999) and/or solid phase entrapment may also 
lead to such high discrepancies. 

In TH(Final) vs. salinity plot (Figure 11), halite-bearing 
multiphase (type 4) inclusions show positive correlation 
between these two parameters and a linear trend with 
almost constant slope, which is also reported from 
many other porphyry deposits (Cloke and Kessler, 1979; 
Roedder, 1984).

The estimated bulk density for type 2 and 3 inclusions 
is between 0.8 and 1.0 g/cm3, while it is about 1.0-1.2 
g/cm3 for high-salinity type 4 inclusions (Zhang and 
Frantz, 1987; Figure 12). Furthermore, a negative 
correlation is present between the density and TH(L-V) 
values of multiphase inclusions, indicating that the 
density of entrapped fluids increases with decreasing of 
homogenization temperature and increasing of the salinity. 
Such a wide range of estimated bulk density values in a 
coexisting set of inclusions testifies to entrapment from 
heterogeneous, supersaturated and boiling fluids during 
boiling events (Wilkinson, 2001).

Based on the density of NaCl solution versus 
homogenization temperature diagram (Shepherd et al., 
1985), the minimum estimated pressures for the studied 
2-phase inclusions with TH(L-V) values about 285-440 °C 
(a mean of 357 °C) and salinities about 17.77 to 28.66 wt% 

Figure 12. TH(L-V) vs. equivalent 
salinities (expressed as wt% NaClequiv) 
plot showing densities (g/cm3) of the 
studied NaCl-H2O fluid inclusions 
(Wilkinson 2001). Contours regressed 
from data generated by the equation-
of-state of Zhang and Frantz (1987).

Figure 11. TH(Final) vs. equivalent salinity 
(expressed as wt% NaClequiv) plot, 
showing the positive linear correlation 
and linear trend for type 4 inclusions.
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NaClequiv (an average of 25.31 wt% NaClequiv) ranges from 
50 to 300 bars, though most of the measured inclusions 
show pressures about 50 to 120 bar, which is equal to 
the hydrostatic depths of 470-1100m. Additionally, the 
estimated boiling depth for 2-phase inclusions based on 
Hass (1971) yielded depths of 800 to 1000 m. 

Based on the pressure-TH diagram for multiphase fluid 
inclusions (Roedder and Bodnar, 1980), the estimated 
minimum pressure during the entrapment of type 4 
inclusions with Tm(NaCl)=/~TH(L-V) is about 50-200 bars, 
but mainly ranging between 50 and 100 bars, which is 
equivalent to the hydrostatic pressure heads of about 470-
950 m. Furthermore, the boiling depths calculated for 
those with estimated pressures of 160-170 bars and 190-
200 bars are about 1500 and 1900m, respectively. 

However, type 4 inclusions with Tm(NaCl)>TH(L-V) show 
2 ranges of pressure. For the inclusions with discrepancies 
below 100°C, the yielded pressure mainly ranges between 
50 and 100 bar, with few data around 120 and 150 bar, 
but for those with discrepancies above the 100 °C, values 
as high as 730 and 1400 bar are also obtained, which are 
equal to the hydrostatic depths of about 3300 and 5640 m, 
respectively. Such exceptionally high estimated values, 
especially for the second group of type 4 inclusions 
cannot be realistic, as two adjacent inclusions in a single 
quartz crystal can not entrap two different fluids at such 
enormously different pressures. Solid halite entrapment 
from a heterogeneous fluid will lead to the shifting of 
Tm(NaCl) to much higher values in a similar TH(L-V). In such 
a case, the variation of salinity values for such inclusions 
may depend mainly on the size of the trapped solid halite 
crystal and thus, their salinity and final homogenization 
temperature will be abnormally higher than other 
coexisting inclusions and definitely does not represent the 
real salinity of hydrothermal fluids. Furthermore, these 
inclusions may have been entrapped once the system 
was suffered trans-compression under predominant 
lithostatic condition. Necking-down and/or loss of liquid 
can also produce fluid inclusions with large TH(L-V) and 
Tm(NaCl) discrepancies (Ahmad and Rose, 1980; Audetat 
and Gunther, 1999). Based on these considerations, the 
approximately estimated depth of the mineralization, 
regardless of the likely false pressures mentioned above, 
ranges from 500 to 1100 m below the paleo-topographic 
surface. 

Very few observations of CO2-bearing inclusions within 
the studied samples also indicate that phase immiscibility 
has occurred at shallow depths, as the CO2 content of magma 
is higher at much deeper settings and its solubility in felsic 
magmas declines while the pressure and/or temperature 
decreases (Lowenstern,  2001; Wilkinson, 2001). 

At the end, it must be mentioned that the 
microthermometry results of the quartz-sulphide veins-
veinlets in Qarachilar area show striking resemblance 

with other neighboring PCDs in the area, such as Sungun 
PCD (Hezarkhani and William-Jones, 1998; Calagari, 
2004b) and Kighal porphyry copper prospect (Simmonds, 
2010; Simmonds et al., 2015), located 30 and 40 km 
southeast of it, respectively. Furthermore, TH and salinity 
values obtained in this study correlate well with the 
ranges proposed for porphyry deposits by Wilkinson 
(2001) (250-800 °C and 10-90 wt% NaClequiv). Such wide 
ranges of salinities and homogenization temperatures for 
2-phase and multiphase inclusions are also reported by 
many workers from typical porphyry copper deposits 
throughout the world (e.g. Etminan, 1978; Wilkinson, 
2001; Gonzalez-Partida and Levresse, 2003; Landtwing 
et al., 2010; Li et al., 2012; Deng et al., 2013b; Wu et al., 
2014). 

CONCLUSIONS
Mineralization in the central part of the Qaradagh 

pluton has occurred as quartz-sulphide and mono-
mineralic sulphide veins and veinlets, containing pyrite, 
chalcopyrite and molybdenite as the main ore minerals. 
These veins and veinlets have variable thicknesses, 
ranging between several mm to <1 m, illustrating 
compact, massive, brecciated and honeycomb textures 
and re-opening evidence. The fluid inclusions entrapped 
within the quartz grains of these veins and veinlets are of 
monophase vapor, 2-phase (liquid-vapor) and multiphase 
(containing halite and sometimes sylvite and opaque 
daughter crystals) types. Microthermometric studies 
performed on the 2-phase and multiphase inclusions 
within these veins showed that the salinity of entrapped 
fluids ranges from 15 to 65 wt% NaClequiv, with the highest 
frequency between 25 and 45 wt% NaClequiv. The 2-phase 
inclusions have lower salinities below 30 wt% NaClequiv, 
while the multiphase inclusions are characterized by 
salinities above the 30 wt% NaClequiv.

The homogenization temperature obtained for the 
primary 2-phase and multiphase inclusions ranges 
between 220 and 540 °C. Most of the 2-phase inclusions 
homogenize by vapor disappearance (type 2) with the 
TH(L-V) values between 280 and 440 °C and the highest 
frequency between 300 and 360 °C. A few of the 2-phase 
inclusions homogenize into vapor state (type 3) for which, 
higher TH(L-V) values between 440 and 540 °C are obtained. 
Type 4 inclusions show 3 modes of homogenization. Most 
of them homogenize by simultaneous disappearance of 
vapor bubble and dissolution of halite daughter crystal 
for which, the TH value is about 240-420 °C (mostly 
between 260 and 340 °C). Some of them are homogenized 
by halite dissolution with Tm(NaCl) values about 220-360 
°C. Finally, a few multiphase inclusions homogenize by 
vapor disappearance, which have TH(L-V) values between 
300 and 360 °C.

The data-points trend in the TH(L-V)-Salinity plot 
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testifies to the occurrence of boiling of low-salinity fluids 
and dilution by superficial fluids. Therefore, it can be 
concluded that the ore-forming magmatic-hydrothermal 
aqueous fluids have most likely experienced boiling 
phenomena and also mixed with low temperature and low 
salinity superficial fluids. Other evidence supporting the 
occurrence of boiling includes coexistence of liquid-rich 
and vapor-rich 2-phase inclusions, as well as multiphase 
halite-bearing inclusions, which homogenize in a similar 
range of TH. Therefore, the main process that led to the 
precipitation of ore minerals in the studied veins-veinlets 
was found to be liquid-vapor immiscibility (boiling) and 
consequent super-saturation of the hydrothermal fluids 
in a restricted rock volume. Meanwhile, the minimum 
pressure at the time of entrapment for the fluid inclusions 
was calculated about 50 to 120 bars, which is equal to the 
hydrostatic depth of 500-1100 m below the paleo-surface.

The measured homogenization temperatures and 
salinities are in the range proposed for porphyry copper 
deposits and show common ranges with the adjacent 
Sungun and Kighal porphyry copper deposit and prospect, 
though the genesis of mineralization in the area is 
controversial, including suggestions of intrusion-related 
gold (Mokhtari, 2008; Mokhtari et al., 2013), vein-type 
Cu-Mo-Au (Rezai Aghdam and Sohrabi, 2010), as well 
as porphyry type Cu-Mo mineralization (e.g., Amini Fazl, 
1994; Zakeri et al., 2011; Zakeri, 2013).
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