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1. Introduction

The porphyry deposits of Iran are mainly located along the Urumich-
Dokhtar magmatic arc with a northwest-southeast trend, which is 2000
km long and about 100 km wide. The southeastern part of the Urumich-

Dokhtar magmatic arc is also known as the Cenozoic Kerman magmatic arc

ABSTRACT

The Sarkuh Porphyry Copper deposit is located about 6 km southwest of Sarcheshmeh porphyry copper
deposit. Alterations in the region include advanced potassic, propylitic, phyllic and argillic. Copper
mineralization is mainly associated with porphyry granodiorite mass. Minerals include chalcopyrite,
pyrite, magnetite and some molybdenite. Fluid inclusion studies were performed on quartz from the
sulfide viens of the potassic fraction and showed that the main mineralization phase was present
with a homogenization temperature between 250 and 527 ° C, salinity between 13.6 and 52.9 wt/.
NacCl, has a high salinity in Sarkuh deposit (Orthomagmatic phase and hypogene mineralization). The
homogenization temperature in the late stages of the receding phase (convective phase and the influence
of atmospheric waters in the hydrothermal cycle) is around 132 to 165 degrees Celsius and its salinity
is 0.005 to 4.74% equivalent to the weight of NaCl. The observed salinity variation can be attributed to
the boiling event. The investigation of sulfur isotope composition on pyrite and chalcopyrite minerals
in Sarkoh deposit was between +1 and 2.7%o, which indicates the magmatic source of sulfur. The stable
oxygen isotope data on quartz veins, show positive range between 7.6 to +9.3%o with an average of +8.5,
indicates a magmatic source for hydrothermal fluids. Also, due to the limited range of sulfur isotopic
composition, it can be concluded that the isotopic composition of sulfur has not undergone changes or
contamination by other sources of sulfur, or the mixing of magmatic fluid with other sources has been
very insignificant. Isotopic thermometry shows the temperature of 315°C and 476°C for the pair of

pyrite-chalcopyrite minerals.

(Dimitrijevic, 1973; Shafiei et al., 2008).
The Kerman magmatic arc was formed by the closure of the Neotethys
oceanic lithosphere and its subduction under the central Iranian subcontinent

and the subsequent collision during the Cenozoic Alpine orogeny (Mohajjel
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et al., 2003; Allen et al., 2004; Agard et al., 2005).; Shafiei et al., 2008). A
major part of the Tethys metallogenic province is located in Iran. Based
on the local distribution of porphyry deposits and geological features,
this belt can be divided into three porphyry sections from North-West to
South-East, which are known as Midok, Sarcheshme and Daralu sections
(Alimohammadi et al., 2015; Mohammaddoost et al., 2017). Porphyry
mineralization in Kerman porphyry copper belt occurred in two main periods
including Oligocene (27-29 million years) and Miocene (6-18 million
years) (Aghazadeh et al., 2015). The youngest volcanic activity of this belt
is the formation of volcanic domes and blades with dacite composition of
Pliocene age (Dimitrijevic, 1973; Le Maitre, 1989).

Sarkuh porphyry copper deposit is located in 6 km southwest of
Sarcheshmeh deposit, southeast of Iran. The Sarcheshme section includes
at least 4 important porphyry deposits, including Nuchon, Sarcheshme,
Sarkuh and Seridoon. The Sarkuh porphyry copper system was identified in
1973 during detailed regional explorations (Nedimovic, 1973). The history
of this deposit goes back to 1350 to 1351, when it was introduced by a group
of experts from Yugoslavia and subjected to exploratory studies.

Hydrothermal alteration is strongly developed along the northeast-
southwest trend in the region and shows the typical zoning of porphyry
copper systems, copper mineralization in the form of veins, outcrops and
stockwork, which is mainly related to potassic alteration changes and
it is Philic; Porphyry has spread in granodiorite to monzodiorite, which
are adjacent to volcanic rocks. The main objectives of the research are
summarized as follows: (a) study of geological features and mineralization
(b) investigation of the relationship between mineralization and alteration
zones. (c¢) Identifying the nature and origin of the fluids responsible for
mineralization (d) Identifying the factors controlling deposit formation,
providing a genetic model (¢) Comparing this deposit with similar models in
Iran and the world. To achieve the above goals, field studies and sampling,
investigations related to petrography, mineralogy and chemical analyzes

were carried out.

2. Research and methodology

XRD instrumental analysis of 10 samples was performed at Zarazma
Minerals Studies Company and SEM of 10 samples was performed at the
Iran Minerals Processing Research Center laboratory. Microthermometry
of fluid inclusions (heating-freezing stage) of 6 samples in the laboratory
of Iran Mineral Processing Research Center and stable isotope analysis of
sulfur (S) of 24 samples after preparation in the Geological and Mineral
Exploration Organization of the country to the University of Arizona, and
oxygen (O) of 6 samples accomplished. After preparation, the ore was
sent to the University of Oregon in the United States and analyzed at the
Geological and Mineral Exploration Organization of the country.

For further investigations and confirmation of petrographic studies,
scanning electron microscope (Scanning Electron Microscope) to create more
magnification and resolution, as well as X-ray Diffraction (XRD) method to
determine the type of phases and crystal structure of materials and minerals,
were used. Samples from surface and deep areas (boreholes), which include
semi-deep intrusive units with porphyry, volcanic, subvolcanic, granitoid,
quartz mondodiorite and alteration including potassic, propylitic, argillic,
phyllic, argillic, sodic-calcic covering potassic alteration and minerals
were selected including magnetite, hematite, goethite, pyrite, chalcopyrite,
bornite, chalcocite, limonite, covellite, molybdenite, rutile and digenite.
All samples and sections prepared from them were studied, from which 10
samples were selected for SEM examination. 6 of the samples were coated

with carbon and 4 were coated with gold, and then the analysis was done.

Also, 10 samples were subjected to XRD analysis.

The isotopic behavior of oxygen in the mineralization area was
investigated to identify the origin of the ore-forming fluid with the aim
of investigating the possibility of atmospheric water and magmatic fluid
mixing. For this purpose and for the purpose of stable oxygen isotope
analysis, after studying the microscopic sections, six samples of sulfide-
bearing quartz veins were selected from the granodiorite mass, which were
mainly located in the potassic and phyllic zones, and were selected in the
Geological Organization and The mineral discoveries of the country were
separated, then crushed in an agate mortar, and then separated from other
minerals (such as feldspars) under a binocular microscope with a purity of
more than 99% to obtain 0.5 to 1 gram of quartz. Then it was sent to the
University of Oregon in the United States.

Oxygen isotope ratio was measured using laser fluorination method with
35W New wave CO, IR laser (Bindeman, 2008). Analyzes were performed
by the continuous gas flow method and in the MAT 253 mass spectrometer
at the University of Oregon. The accuracy in UOG standards is better than
0.09%o. For sulfur isotope studies, samples were taken from different parts
of veins containing mineralization. After microscopic study, 24 samples
of pyrite and chalcopyrite and different types of sulfide quartz veins were
selected from among type A and B veins, which were located in different
zones, especially in potassic and phyllic zones. Samples were crushed in
an agate mortar and studied under a binocular microscope to obtain a high
purity concentrate (>98%) of minerals and about 0.5 to 1 g of material for
analysis and sent to the University of Arizona in the United States. 6**S was
measured with SO, gas in a continuous flow gas ratio mass spectrometer
(Thermo Quest Finnigan Delta PlusXL). The samples were burned in the
presence of O, and V,0, at a temperature of 1030 (°C) using a pair of
clemental analysis in a mass spectrometer (Costech). Standardization based
on global standards OGS-1 and NBS123 and other sulfides and sulfates that
have been compared in laboratories has been done. The calibration ranges
from -10 to +30 per thousand. Accuracy was estimated up to +0.15 or better
(1s) based on internal standards. In order to study the fluid inclusions and
isotopic of sulfur and oxygen, about 120 samples from 42 boreholes and
surface samples, 20 thin sections and 59 polished sections were selected and
prepared for microscopic petrographic studies. The samples were studied at

Tarbiat Modares University using a Leitz microscope.

3. Results

Based on field observations, petrography and XRD analysis results, 5
types of alteration were identified in Sarkoh area, which include potassic-
potassic phyllic, argillic, propylitic and siliceous areas (Malekshahi et al.,
2018). Alterations show a regular zoning with a northeast-southwest trend
along the porphyry ridge. Sarkuh porphyry is the main host of alteration
and associated with mineralization. The alteration zoning includes central
potassic to potassic-philic alteration with strong to weak alteration, phyllic
on the lateral sides, and finally changes to propylitic range. Potassic
alteration is related to mineralization, and alteration zones affected by fluids
related to this system mainly include potassic and phyllic; the copper deposit
in the order of importance inside these two zones is of hypogene type.

In the intrusive mass of Sarkuh porphyry, which is also the main host of
mineralization, intense to moderate potassic alteration has occurred, which
is covered by phyllic alteration in many places. In general, the entire extent
of this alteration halo is limited to the Sarkuh porphyry intrusive mass
(gdp) and a number of dikes related to it. Potassic alteration minerals are
characterized by secondary biotite, potassium feldspar, magnetite, anhydrite

and plagioclase. The set of minerals in the hypogene section includes
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magnetite, pyrite and chalcopyrite and a little molybdenite. The potassic
alteration, which has become to phyllicin the central part of the range,
gradually, moving away from the semi-deep mass of the Sarkuh porphyry,
turns into intense, moderate to weak argillic alteration, and finally the whole
complex is surrounded by propylitic alteration.

The changes of these alteration halos were in the form of the enhancement
of low-temperature (phyllic) alterations. On the high temperature alteration
(potassic and propylitic), the creation of zones of gradual changes was
observed in field studies and thin sections. Also, the beginning of the
overprint of phyllic alteration can be seen as a relatively weak sericitization
of feldspar grains and coarse biotite and the surrounding rocks containing
potassic alteration.

Phyllic alteration has been widely developed in the central, southern and
southeastern parts of the region, which has affected the Mamzar porphyry
and granodiorite. The phyllic alteration is characterized in many cases
by potassic alteration by sericite, pyrite, quartz, chlorite, iron oxides and
hydroxides. Mineralization in the phyllic zone is somewhat weaker than in
the potassic zone. Propylitic alteration is widely developed in volcanic host
rocks and to a limited extent in intrusive rocks, which are distinguished by
albite, epidote, chlorite, pyrite, tremolite, actinolite and carbonate minerals.
The occurrence of high-temperature minerals such as tremolite and
actinolite in propylitic metamorphism is due to the contact metamorphism
related to the establishment of granodiorite batholith.

Argillic alteration in Sarkuh field is a product of weathering processes.
This alteration has little expansion and is generally composed of various
types of secondary clay minerals along with some primary minerals and
generally is located in the vicinity of fractured fault zones and is observed
with very soft weathered white to cream color and locally occurs irregularly
along faults and fractures. It seems that the weathering and intensification
of flowing fluids in the fault zones have played a significant role in the
formation and intensification of this halo. These changes happen especially
in the northern and northwestern parts of the region and affect the porphyry,
granodiorite, and volcanic host rocks. The argillic alteration is superimposed
on the previous alteration and is characterized by abundant clay minerals
such as kaolinite, montmorillonite and illite, as well as chlorite, calcite,
quartz, jarosite and goethite.

The occurrence of non-contiguous and contiguous epithermal siliceous
veins is one of the common features of porphyry copper deposits. There are
9 siliceous veins variation in the 1:1000 geological map of Sarkuh range, of
which six veins are in the southern part of the range (among the Hornfels
rock unit), two veins are in the central-southern part (among the Gossan
zone located on phyllic alteration of granodiorite intrusive mass, gd) and
a vein in volcanic rocks located in the north of the range. These veins are
generally composed of siliceous stockwork veins containing secondary iron
oxyhydroxides and marginal parts of the silicified host rock, and according
to the field evidence, they lack mineralization.

Sarkuh porphyry intrusive mass is the most important host rock for
mineralization in Sarkoh area and the most important alteration is potassic
alteration. It is observed relatively widely in the central parts with relative
northwest-southeast trend, in the gdp porphyry rock unit of Sarkuh. In
general, the entire extent of this halo of potassic changes is limited to the
intrusive mass of Sarkuh porphyry gdp and a number of dykes related to
it dgdp. In these outcrops, mineralization in the form of stockwork veins
containing copper sulphide minerals (generally chalcopyrite) and secondary
contamination of the joint surface with various secondary copper minerals
(such as malachite, azurite) can be observed. This alteration halo with

moderate to severe degrees was observed in the form of secondary formation
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of stockwork veins containing quartz, biotite, magnetite (+orthose,
+chalcopyrite) and secondary formation of biotite on amphibole and other
ferromagnesian minerals of the primary rock. These veins are often thin and
oxidized, but in some cases they are very thick (1-2 cm) and contain thick
biotite plates. The types of potassic alteration categories separated in this
range are; Severe and moderate potassic alteration, and phyllic overprinted
potassic alteration. The intensity of alteration in most outcrops of this
alteration halo is moderate and the overprint of phyllic alteration is the
beginning of sericitization of feldspar grains and macrocrystalline biotite
and the background of rocks containing potassic alteration in a large part of
the northern strip of outcrops of this alteration halo (more than half of the
area potassium alteration) is observed.

The quartz stockwork structures that belong to two generations of
unequal but close time are always clearly seen in it in such a way that you
can see sulfur and copper oxide mineralization. Inside the mass, the seams
are widened and mineralized, and copper oxide minerals can be clearly seen.

The phyllic alteration in the Sarkuh range has a relatively wide spread
and in the form of relatively complete rings (regardless of the alluvial cover
in the east and south of the range) the halo of potassic alteration (severe
potassic, moderate potassic and overprinted potassic with phyllic) surrounds
the center of the range and it is enclosed by the halo of propylitic alteration
(in the western half). Therefore, these alteration haloes, together with the
two haloes of potassic and propylitic alterations, show a relatively complete
arrangement of the specific alteration zoning of porphyry copper deposits.

According to the observations made and the results obtained from the
study and analysis of the samples, copper mineralization in the area of
this alteration is of little occurrence, and the mineralization in it is often
in the form of splashes to a lesser extent, veins. The small occurrence of
mineralization is probably affected by the loss of copper from sulphide
minerals due to the action of atmospheric fluids in the surface and weathered
parts.

The propylitic alteration is one of the most extensive of alteration (along
with severe phyllic alteration) at the level of the Sarkuh area. Although the
propylitic facies is usually seen on the margins of the porphyry masses, it
cannot be clearly attributed to the porphyry system because the events and
geological events in different phases can somehow affect the rocks of the
region and impose changes such as propylitic alteration on it, in addition to
the propylitic alteration, hornfelsic facies is also present in the surrounding
rocks in the margin of intrusive rocks, especially in the south-eastern part,
mainly Eocene volcanics) is clearly exposed, which shows the effect of
Mamzar batholith injection in Eocene volcanic rocks.

The halo of argillic alteration is generally composed of various types
of secondary clay minerals along with some primary minerals and is
generally located in the vicinity of fractured fault zones and is observed
with very soft weathered white to cream color. It seems that the weathering
and the intensification of the flowing fluids in the fault zones have played
a significant role in the formation and intensification of this halo. These
types of samples have the secondary occurrence of clay minerals such as
montmorillonite, illite, kaolinite, chlorite and a number of minerals left
from the original rock, such as calcite, quartz, orthoclase and hornblende.

Stockwork veins in potassic alteration include two types of veins, the
first vein with a thickness of 1-2 cm includes quartz-biotite, secondary
magnetite-magnetite + orthoclase + chalcopyrite and the second vein with
a thickness of 2.5 mm contains quartz, limonite, goethite and copper oxide
which has philic alteration, minerals are often oxidized.

Mineralization is often associated with potassic and phyllic alteration

zones and occurs as vein-vein, stockwork and effusion in Sarkuh porphyry
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and in the vicinity of volcanic host rocks. Hypogene minerals include
chalcopyrite, pyrite, magnetite, bornite and a small amount of molybdenite.
Supergene enrichment is irregularly developed in the Sarkuh deposit and is
characterized by secondary copper minerals such as malachite, azurite, iron
oxides and hydroxides. According to mineralogical studies, mineralization in
Sarkoh porphyry deposit has been done in 3 stages and 5 types of main veins.
The initial stage of mineralization is characterized by biotite + actinolite
(EB- (early biotite) type), (Meyer, 1965; Brimhall, 1977; Rusk et al., 2008;
Ayuso et al., 2010) and by magnetite + biotite. Quartz (M-type, primary
quartz and sulphide-free veins containing one or more actinolite, magnetite
(primary) biotite) (Meyer, 1965; Brimhall, 1977; Rusk et al., 2008; Ayuso
et al., 2010) and a number of quartz veins Sterile milky, glassy to granular
quartz veins that are associated with biotite + magnetite + chalcopyrite +
molybdenite (A type - veins containing granular sulfide quartz, granular
with narrow alteration or unrecognizable margin) (Meyer, 1965; Brimhall,
1977; Rusk et al., 2008; Ayuso et al., 2010). Some sterile milky quartz veins
are associated with potassium feldspar and anhydrite. These veins were
replaced by younger B-type veins during the second stage. Quartz veins
contain granular sulphides with weak alteration and indiscernible margins
(Meyer, 1965; Brimhall, 1977; Rusk et al., 2008) and show sinusoidal
and discontinuous forms. The middle stage of ore formation (or stage 2)
is characterized by quartz, chalcopyrite, bornite, molybdenite (type B).
Sulfide minerals are gathered in the midline of the veins and are shown as
narrow discontinuous forms. The last stages are characterized by quartz +
calcite + epidote + pyrite + chalcopyrite and calcite + quartz veins (type D -
crystallized quartz-sulfide veins, the margin is characterized by destructive
feldspar alteration) (Meyer, 1965; Brimhall, 1977; Rusk et al., 2008).

It shows the fluid inclusions from the quartz veins in the Sarkuh porphyry
copper deposit, and the microthermometric data of the fluid inclusions
of the Sarkuh deposit are summarized. Fluid salinity has been estimated
using ice-melting temperatures for liquid-rich and rarely vapor-rich fluid
inclusions (Bodnar, 1993). The salinity of multiphase fluid intermediates
was calculated by the dissolution temperature of halite (and sylvite) (Hall
et al., 1988). Fluid density was calculated by FLINCOR (Brown, 1989) and
HOKIEFLINCS (Steele-MaclInnis et al., 2012) software.

4. Discussion

Mineralization in the Sarkuh porphyry deposit is mainly associated with
granodiorite porphyry that intruded into Eocene volcanic and volcanic
units (Malekshahi et al., 2021). Boiling of fluids based on vapor-rich
intermediates (type I), which are usually observed in association with
salt-entrained and salt-saturated fluid compositions (types I, III and IV),
indicates simultaneous formation through boiling and ore fluids in the main
stage of mineralization in Sarkuh deposit (Ulrich et al., 2001; Bouzari and
Clark, 2006). However, some salt-saturated intermediates are homogenized
with the disappearance of halite, indicating disequilibrium with the vapor
phase (Bodnar, 1994).

The lack of fluid inclusions with salinity between 15 and 35% by weight
of sodium salt in the porphyry copper deposit can be related to the conditions
of origin of magmatic fluids released from a crystallized magma in terms
of temperature, salinity, oxygen fugacity, etc. (Cline and Bodnar, 1991;
Audétat et al., 2008). The evolution of ore fluids in porphyry systems starts
from magmatic conditions, which can be characterized by high temperature
and high salinity. The lifetime of hydrothermal pressures in porphyry
deposits may be several hundreds of thousands of years (Zimmerman et al.,
2008, 2014; Von Quadt et al., 2011; Sillitoe, 2010).

During this cooling, the possible influx of atmospheric waters causes

the dilution of magmatic saline fluids and accelerates the cooling process
and leads to the creation of delayed hydrothermal fluids with salinity
between 1-10% by weight of sodium salt (Bodnar et al., 2014). For the
Sarkuh deposit, this process is suggested to be represented by intermediates
rich in low-temperature fluids (type III) that were probably trapped at a
different (later) time than when they were formed during boiling. Scatter
plot of fluid inclusions measured, shows a wide range of homogenization
temperature and salinity similar to other porphyry systems (Bodnar, 1983).
In the diagram, two well-defined fields can be distinguished: (1) the
field related to super-saline and high-temperature fluids and (2) the field
related to dilute fluids with low salinity and low temperature. In the first
field, which is related to hypersaline and high-temperature fluids, there are
two recognizable processes: simple cooling/pressurization and isothermal
mixing with atmospheric waters. Studies of fluids involved on quartz from
sulfide veins of the potassic section showed that the main mineralization
stage was with homogenization temperature between 250 and 527 °C and
salinity between 13.6 and 52.9 wt% NaCl. The homogenization temperature
was between 250 and 527 °C and the salinity was between 13.6 and 52.9
wt% NaCl, which is compared to the Cu-Zn-As Baqarq deposit with salinity
between 8.37 and 13.8 (average 10.8 percent), weight equivalent to table
salt (Jazi et al., 2015), Kohang porphyry copper deposit with a fluid salinity
between 1.5 and 22% by weight of sodium chloride and Ijo porphyry copper
deposit with a salinity of 49.27 up to 51.55 (Golestani et al., 2017). Fluids
that undergo simple cooling have almost constant salinity and only decrease
in temperature, while fluids mixed with atmospheric water are relatively
warm. They are diluted in salt while the temperature is almost constant.

The pressure during the formation of porphyry copper systems is usually
estimated by comparing the phase ratio, homogenization temperature, and
variable fluid inclusions compositions with the appropriate mineral fluid
equilibrium, usually in the H,0-NaCl-CO, system, which is experimentally
determined for a wide range of temperatures, and the pressures are
determined. However, experimental data are incomplete for part of the
temperature-pressure composition of porphyry copper systems. Occurrence
of vapor-rich, low-salinity (less than 5 wt% NaCl) intermediates that were
formed asynchronously and halite-bearing fluids (at room temperature;
more than 26 wt% NaCl) in many porphyry systems at pressures of about 0.4
to 1.4 kbar is proof of their formation (Fournier, 1999). However, pressure
includes lithostatic and hydrostatic components, as the formation of most
systems involves ductile and brittle temperatures (about 350-500 °C) where
crustal rocks, both resistant to fracture and fluid circulation (formable) are
resistant and increase fluid circulation.

Based on data on fluid inclusions, system geometries, stratigraphic
reconstructions, and depth of formation of porphyry copper systems range
from less than 1 km to 12 km, although most form at less than 6 km and
have pressures less than 1.5 kg (Seedorff et al., 2005). The trapping pressure
of fluid intermediates can be estimated from experimental data in the H,O-
NaCl system (Haas 1976; Bodnar et al., 1985). The higher temperature
trapped fluid overburdens (type IV overburdens) are estimated to be trapped
over a wide range of pressures, approximately between 1000 and 82 bar
corresponding to a depth of about 4 to 0.5 km (from various veins). However,
some measurements on supersaturated fluid intermediates (45-58 wt% NaCl
and 250-345 °C) indicate a trapping pressure of 2.5 kbar and represent a
depth of more than 8 km. It should be noted that most measurements in
Type IV intermediates indicate a trapping pressure of approximately 300
Kbar, so the main stage of mineralization occurs at a depth of about 1.5 km.
These low-temperature, low-salinity interburdens (type III interburdens)

are confined at lower levels, as shown by pressures from 230 bar to 3
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bar, corresponding to a depth of less than 1000 m. SCDT isotopic ratios
in the Sarkuh field show a narrow positive range between +1 and 2.7 %o
(Malekshahi, 2014). The values of 3*S in the sulfide minerals of the
Sarkuh porphyry copper deposit are very similar to other porphyry copper
deposits in the Cenozoic magmatic arc of Kerman, such as the world-class
Sarcheshme deposit (Maani jou et al., 2012) and some important deposits
in other parts of the world such as Bingham and Bute (Cooke et al., 2014).

Studies of fluid inclusions were carried out on 6 samples of doubly
polished thin sections, which are for the investigation of fluids inclusions:
Porphyry granodiorite that has undergone potassic alteration and carries
mineralization, quartz monzodiorite that has weak to moderate phyllic
alteration and mineralization, quartz-sulphide vein-vein ore, quartz
monzodiorite to granular monzogranite and sometimes a little porphyry,
intrusive unit A poorly mineralized phyllic alteration granitoid with a
porphyritic texture is overlain by a very coarsely crystalline carbonate vein,
a probably semi-deep to subvolcanic intrusive unit of acidic to intermediate
composition due to strong sericitic-silica-carbonate alteration. The argillic
alteration, it is not possible to distinguish the minerals and its initial
composition, the mineralization in this sample is weak. The fluid inclusions
in type A porphyry granodiorite that has undergone potassic alteration and
carries mineralization, and type B: quartz-sulfide vein-vein ore, type C:
quartz-sulfide vein-vein ore, type D: quartz monzodiorite that has alteration.
It is weak to medium phyllic and mineralized, type E: vein-vein quartz-
sulfide ore and type F: quartz monzodiorite, which has weak to medium
phyllic alteration and mineralization.

The 8*S ratio of pyrite and chalcopyrite in the Sarkuh deposit reflects the
thermodynamic relationships of mineral complexes during deposition from
hydrothermal fluids and shows that sulfur originated mainly from magmatic
sources, mainly in the form of H,S. In addition, there is little difference
between sulfur isotope values for pyrite and chalcopyrite samples that
support the term sulfur isotope equilibrium in hydrothermal fluids (Einaudi
et al., 2003; Rye, 2005; Pass et al., 2014).

The 80 values were calculated for fluids in equilibrium with quartz
(Clayton et al., 1972) range from +2.5 to +4.2%o and support a dominant
magmatic source for hydrothermal fluids in potassic and phyllic alteration.

Based on the studies of Shafiei Bafti et al. (2022) the halite-saturated
multiphase fluid inclusions had the highest homogenization temperatures of
Th = 525-594 °C and NaCl salinities of 63—73 wt%, while the vapor-rich
inclusions had temperatures of 362—460 °C.

Based on the studies of Mirnejad et al. (2013), the results of molybdenite
Re-Os copper porphyry of Sarkuh and Ijo show that the mineralization is
15.14+0.08 and 9.8 + 0.06 million years, respectively. Zircon isotope results
from granitic rocks show the age (15.18 + 0.43 million years) for copper
porphyry of Sarkuh. Lower Re contents (302.21 ppm) from molybdenite
and higher 3** SCDT values (3.20 %o) of pyrite-chalcopyrite from Sarkuh
are indicative of crust. It is likely that younger porphyry copper deposits in
the Kerman copper belt, such as Ijo, are mostly related to post-collisional
mantle-derived magmas, while older deposits (such as Sarkuh) formed
during the Oligocene collisional event. The Miocene interval in which there
was an excess of magma from lower crustal melts formed during crustal
thickening.

Stockwork quartz veins associated with potassic alteration associated
with magmatic fluids with salinity of 30-50 wt% NaCl equiv) and heat
shows>300 °C (Nourali and Mirnejad, 2012).

5.Conclusion
- The Sarkuh porphyry deposit is spatially and temporally related to the
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porphyry granodiorite placed in Eocene volcanic and volcanic rocks in a
post-collisional environment in the Cenozoic magmatic arc of Kerman,
Central Iran.

- SEM studies of pyrite, chalcopyrite, iron oxide, molybdenite, gold, gold-
bearing molybdenite, apatite, chlorapatite, galena, gold-bearing pyrite,
sphalerite, arsenic-bearing chalcopyrite, titanomagnetite, manganese-
bearing titanomagnetite, iron-bearing ilmenite and chalcocite in the samples
of the region showed, and the XRD results confirmed the mineralogical
results, which include the main minerals: illite, quartz, albite, orthoclase,
magnetite, montmorillonite, kaolinite, anorthite, chlorite and muscovite-
illite, secondary minerals: kaolinite, goethite, mica-illite, chlorite,
orthoclase, calcite, hematite, albite, magnetite, muscovite, ankrite, gypsum
and very small amounts of magnetite in the region.

- Microthermometry of fluid inclusions shows that two types of hydrothermal
fluid have affected in the alteration and mineralization of Sarkuh deposit:
a fluid in the early stages with high salinity and temperature with more
abundance from the magmatic source and a late stage which is a dilute fluid
with low temperature that it is formed by mixing atmospheric and magma
waters.

- Based on microthermometric studies of fluid inclusions in 2 groups, one
with high salinity and homogenization temperature, with more abundance
and the other group with low temperature, salinity and abundance. The
fluid inclusions in the Sarkuh porphyry copper deposit in the main phase
of mineralization have a salinity of 13.58 to 52.91% by weight equivalent
to table salt and have a homogenization temperature between 250 and 527
degrees Celsius (orthomagmic phase and hypogene mineralization). The
temperature of homogenization in the late stages of the receding phase is
around 132 to 165 degrees Celsius, and its salinity is between 0.005 and
4.74% of the weight equivalent of sodium salt (convective phase and the
effect of atmospheric waters in the hydrothermal cycle). Salinity has a direct
relationship with the temperature of homogenization in such a way that with
the increase of salinity, the temperature of homogenization also increases.
The average density of all samples is 0.9, the average pressure of all samples
is 239.44, and the average depth of entrapment is 837.02 meters.

- Like other porphyry copper deposits in the Cenozoic magmatic arc
of Kerman, the sulfur isotope composition of sulfide veins in potassic
and phyllic alteration in the Sarkuh deposit indicates fluids of magmatic
origin. Also, due to the limited range of sulfur isotopic composition, it can
be concluded that the isotopic composition of sulfur has not undergone
changes or contamination by other sources of sulfur, or its mixing with other
sources has been very insignificant. Isotopic thermometry on the pair of
pyrite-chalcopyrite minerals gives temperatures of 315 °C and 476 °C for
the said deposit. Oxygen isotopes also support a dominant magmatic fluid
source for this deposit. Stable oxygen isotopes range from +7.6 to +9.3. A
magmatic origin is suggested for this mineralization. Stable isotope studies
in the Sarkuh area are also completely consistent with the results obtained
from the microthermometric study of fluid inclusions in the intrusive
masses of the area.

Mineralization is of monzonite and copper-molybdenum porphyry type.
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Figure 5- A) A view of potassic alteration in the Sarkuh area (view to the north), B) At least 2 generations of quartz
stockwork can be distinguished in potassic alteration, C) Secondary copper mineralization of quartz stockwork sheets in
the granodiorite mass Porphyry, D) A view of the phyllic alteration in the Sarkuh granodiorite massif area (view towards
the northeast), E and F) A part of the outcrop and a hand sample of the phyllic alteration (due to the density of quartz-
pyrite-sericite stockwork veins and the red color left by Oxidation of pyrite on the veins and bedrock), G) Microscopic

sample of propylitic alteration in the rocks of Sarkuh area, H) Argillized hand sample, I) Argillic alteration along with iron

oxides can be clearly seen at the road cutting site (view to the east).
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Figure 6. Photographs of different generations of veins with mineralization from Sarkuh porphyry deposit, A) Quartz type (B) quartz + pyrite

+ chalcopyrite veins from (SAH-42, 482m), B) Quartz + potassium feldspar + biotite veins from (SAH-21, 200m), C) Milky quartz vein type

(A) (SAH-13, 64m)), D) Type (EB) vein covered with potassium feldspar alteration (SAH-29, 498m), E) Calcite The last stage + epidote

+ quartz veins (type D), F) Semi-parallel veins of type B, which are composed of primary milky quartz veins, G) Quartz + chalcopyrite +

molybdenite type (B) veins, (SAH-20 41m) H) Microscopic photo of (G) showing the mineralization complex including: pyrite, chalcopyrite

and molybdenite. Abbreviation: Cpy=chalcopyrite, Mo= molybdenite, Py= pyrite.
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Table 1. The results of XRD analysis of samples from Sarkuh area.
sample number major minerals minor minerals trace minerals
07691Sah quartz, illite kaolinite,goethite -
m)36Sah 296) quartz, albeite mica-illite, chlorite, orthoclase, calcite -
00591Sah orthoclase, albeite, quartz mica-illite, chlorite magnetite
06391Sah quartz,albeite, magnetite illite, chlorite, hematite -
m)36Sah 298) kaolinite, quartz, montmorillonite orthoclase, hematite, calcite -
m279)(1)30Sah) quartz orthoclase, albeite,illite, chlorite, hematite, calcite -
m) 10Sah 360) quartz, albeite calcite, magnetite, muscovite, chlorite -
m) Sah 29 498) quartz, orthoclase, kaolinite ankerite -
m292) Sah 23) quartz, montmorillonite ankerite, kaolinite, gypsum -
m81) Sah 22) quartz,anorthite, chlorite, muscovite-illite calcite magnetite

Anh= &, ,T « Mo= csad e Cpy= Q..L}:.Uﬂlf Py= oo Qtz= 5,158 1 aitn) (gl g 55,18 ‘5LM>;§J e Glajlile aewles ) (glaesls 4o ~YJ s

(Cal= ks

Table 2. The summary of microthermometric data of fluids inclusion from sulfide quartz veins, (Abbreviation: quartz = Qtz, pyrite = Py, chalcopyrite = Cpy,

molybdenite = Mo, anhydrite = Anh, calcite = Cal).

Veinlet type/
Sample Host Fluid T, T,. T,.(Co T, (°c) T, v Salinity Density
Depth Alteration mineral
No. rock type  (°C) (°c) (halite) (sylvite) ©C) (wt.%) (g/cm’)
assemblage
Outcrop -25 -9.6
Grano
Zone UTM: Potassic- A type/ III to to - - 263-392 13.5-14.9 0.7-0.9
91-68 diorite
40 X= 385570 phyllic Qtz+ Anh -20 -11
Porphyry
Y=13312286 v - --- 254-420 300-312  321-550  34.1-63.1 0.8-1.1
Outcrop
Monzo /B type
Zone UTM: 250-
91-69 diorite Phyllic Qtzt v --- - 250-435 --- 33.6-50.9 0.7-1.1
40 X=385565 600<
Porphyry Py+Cpy
Y=3312288
Borhole Grano /B type I - - . - 370-530 — -
8-206 SAHS!, diorite Phyllic Qtz+
v --- -~ 200-438 --- 281-527  17.3-51.3 .0.86-1
depth:206m  Porphyry Py+Cpy+Mo
Outcrop
Monzo /B type
Zone UTM:
91-72 diorite Phyllic Qtz+ v --- - 211-460  87-100  298-520  32.0-54.2 0.8-1.2
40 X=385481
Porphyry Py+Cpy
Y=3312216
Borhole Grano -25 -0.2
Phyllic- /D type
30-305 SAH30, diorite I to to --- 132-165 0.3-6.7 0.9-0.9
propylitic  Qtz+ Py+Cal
depth:305m  Porphyry -20 -4.1

'Sah= Sarkuh
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Table3. Sulfur isotopic composition, (magnetite = Mt).

Mineral pair

Veinlet type/ mineral %S
Sample/Depth Mineral Hostrock  Alteration *S(CDT %) 1000In o> temperature
assemblage H,S(CDT %)
°Cy
granodiorite B type/ Qtz+Cpy+Py
SAH18-268m Pyrite Phyllic 2.2 1.0 1.1
Porph
rphyry 477
granodiorite B type/ Qtz+ Cpy—+Py
SAH18-268m  Chalcopyrite Phyllic 1.4 0.1 1.2
Porphyry
granodiorite A type/ Qtz+Py
SAH42A-505m  Chalcopyrite Potassic 1.9 0.1 1.7
Porphyry +Cpy+Mt
granodiorite A type/ Qtz+Py+Cpy
SAH42A-505m Pyrite Potassic 22 1.0 1.1
Porphyry +Mt
Mineral pair
Veinlet type/ mineral 8%S
Sample/Depth Mineral Hostrock  Alteration 8S(CDT %0) 1000In o? temperature
assemblage H,S(CDT %o)
(oc)3
monzodiorite B type/ Qtz+Py+Cpy +
SAH22-398m Pyrite Phyllic 1.8 1.0 7 .40
Porph Anh
rphyry 675
monzodiorite B type/ Qtz+Py +Cpy +
SAH22-398m  Chalcopyrite Phyllic 1.3 0.1 1.1
Porphyry Anh
granodiorite B type/ Qtz+Py+Cpy+
SAH42-482m  Chalcopyrite Potassic 1.6 0.1 1.4
Porphyry Anh
granodiorite B type/ Qtz+Py+Cpy+
SAH42-482m Pyrite Potassic 1.7 1.0 0.6
Porphyry Anh
monzodiorite Btype/
SAH23-555m Pyrite Potassic 23 1.0 1.2
Porphyry Qtz+Py+Cpy+Mo+Anh 315
monzodiorite B type/
SAH23-555m  Chalcopyrite Potassic 1 0.1 0.8
Porphyry Qtz+Py+Cpy+Mo+Anh
SAH18(2)- granodiorite B type/
Pyrite Potassic 2.7 1.0 1.6
269m Porphyry Qtz+Py+Cpy+Mo+Anh 477
SAH18(2)- granodiorite B type/
Chalcopyrite Potassic 1.9 0.1 1.7
269m Porphyry Qtz+Py+Cpy+Mo+Anh
granodiorite
SAH12-65m Pyrite Potassic A type/ Qtz+Py+Cpy +Mt 2.4 1.0 1.3
Porphyry
granodiorite
SAH12-65m Chalcopyrite Potassic A type/ Qtz+Py +Cpy+Mt 2 0.1 1.8
Porphyry
granodiorite B type/ Qtz+Cpy+Py
SAH29-272m Pyrite Potassic 2.7 1.0 1.6
Porph +Mo
P .yr}./ 477
granodiorite
SAH29-272m  Chalcopyrite Potassic B type/ Qtz+Cpy+Py+Mo 1.9 0.1 1.7
Porphyry
monzodiorite B type/ Qtz+Py
SAH42-481m  Chalcopyrite Phyllic 1.7 0.1 1.5
Porphyry +Cpy+Anh
monzodiorite B type/ Qtz+Py
SAH42-481m Pyrite Phyllic 2.1 1.0 1.0
Porphyry +Cpy+Anh

ST e b 5 A7 n ) o Slamien T 3148 Sl s Lt oy Col e SO A (M 5 ysloes SIS 53 53 8MS ppslie o S5 A &7 5 1000 In 0 =Am,-m, = A(10%/T2) -Y
.sl-m‘J}K‘SMG.A‘SLAAT}APJA;E:J;M@JMA.}A&?&‘S'X

.(Ohmoto and Rye 1979) !, 5 5 sensl b 3las 5,55 gyl mtwles— ¥
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Continued from Table3. Sulfur isotopic composition, (magnetite = Mt).

M= 280 3 £ 8 G5spl oS 5 Yl alsl

Mineral pair

Veinlet type/ mineral %S
Sample/Depth Mineral Host rock  Alteration *S(CDT %) 1000In o? temperature
assemblage H,S(CDT %)
cCy’
granodiorite B type/
SAHI12-63m Pyrite Potassic 2.1 1.0 1.0
Porphyry Qtz+Py+Cpy+Mo+Anh
granodiorite B type/ Qtz+Py +Cpy
SAH12-63m Potassic 1.7 0.1 1.5
Chalcopyrite Porphyry +Mo+Anh
granodiorite
SAH16-551m  Chalcopyrite Potassic B type/ Qtz+Py +Cpy 1.4 0.1 1
Porphyry
o0 675
granodiorite B type/ Qtz+Py+Cpy
SAH16-551m Pyrite Potassic 1.9 1.0 0.8
Porphyry
monzodiorite B type/ Qtz+Py+Cpy
SAHI12-377m Pyrite Phyllic 2.2 1.0 1.1
Porphyry
monzodiorite
SAH12-377m  Chalcopyrite Phyllic B type/ Qtz+Py +Cpy 2 0.1 1.8
Porphyry

bl b 5 A8 s 5o Solatien s Swlwb%pﬁ!ﬁgu)\m&A WMy smy Hsles S 53 53 0YS pslas o S5l A S o 1000 In o *Am-m, = A(109T?) -Y

Table 4. Oxygen isotopic composition of quartz mineral.

Wl S s (les T 5358 on el Calitben Sitan 5 gn i &S5 6l JilesT

.(Ohmoto and Rye 1979) ! 5 1L alas s § 8 gyl suwles— ¥
Y SOy Pyt e P ¥ IR T

FAS S8 S 0S5 p) S 5 P

Veinlet type/ mineral
Sample Mineral Host rock Alteration 60  1000ln @ 60 H,0*
assemblage

Sah42A granodiorite A type/ Qtz+Py

Quartz Potassic 7.6 5.1 2.5
(505m) Porphyry +Cpy+Mt
Sah 42 monzodiorite B type/

Quartz Phyllic 8.7 5.1 3.6
(482m) Porphyry Qtz+Py+Cpy+Anh
Sah 29 granodiorite B type/

Quartz Potassic 8.5 5.1 34
(272m) Porphyry Qtz+Cpy+Py+Mo
Sah 18 granodiorite

Quartz Potassic B type/ Qtz+ Cpy+Py 8.8 5.1 3.7
(268m) Porphyry
Sah 12 granodiorite A type/ Qtz+Cpy+Py

Quartz Potassic 8.3 5.1 32
(65m) Porphyry +Mt
Sah 23 monzodiorite B type/

Quartz Potassic 9.3 5.1 4.2
(555m) Porphyry Qtz+Py+Cpy+Mo+Anh

“4Clayton et al. (1972)
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Figure 7-A) Points selected to capture EDS spectra for minerals: B) Iron oxide, C) Chalcopyrite, D) Area

selected to capture elemental distribution map, E) Elemental distribution map for the accumulation of different

elements in pyrite, in the sample No. (498 m) 29 Sah (1000x1py map), F) pyrite containing gold.
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Figure 8. The location of sampling points.
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Figure 9. Microscopic images of representative fluid interburdens from quartz veins of Sarkuh porphyry deposit, A) vapor single phase
interburden, porphyry granodiorite that undergoes potassic alteration and carries mineralization, B) vapor interburden including (type
1I), vein ore- quartz-sulfide vein, C) quartz-sulfide vein-vein ore, D) fluid-rich interbeds (type III) quartz monzodiorite with weak to
moderate phyllic alteration and mineralization, E) multiphase interbeds (type IV ) with various daughter minerals such as chalcopyrite and
halite, scattered or clustered vein-vein quartz-sulfide ore, F) multiphase intermediates (type IV) with various daughter minerals such as

chalcopyrite and halite, scattered or clustered E, quartz monzodiorite, which has weak to moderate phyllic alteration and mineralization).
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Figure 10. Microthermometric measurement graphs of different types of fluid inclusions in Sarkuh

porphyry deposit, A) Final melting of ice of different types of fluid inclusions, B) Homogenization

temperature of different types of fluid inclusions, C) Halite loss temperature, D) Salinity range in

different types of fluid inclusions.
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Figure 12. Estimated pressure of trapped fluid conditions based on the H,0-
NaCl system (Bodnar et al., 1985).
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Figure 11. Final homogenization temperature versus salinity for
fluid inclusions associated with the main stage of mineralization in
the Sarkuh porphyry deposit, showing two distinct fields for fluid
inclusions (Malekshahi et al., 2021). An early stage of magmatic fluid
with high temperature magmatic fluids and a late stage with mixing of
atmospheric water and magmatic water with diluted low temperature fluid

(Bodnar, 1983).
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Figure 13. Comparison of the range of changes in 3*S values of sulphide
minerals of Sarkuh porphyry copper deposit with some porphyry copper
deposits of Iran and the world. (Taghipour and Derani, 2013; Maani jou
et al., 2012; Calagari., 2003; Ohmoto and Rye., 1979; Gustafson and Hunt,
1975).
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