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ARTICLE INFO ABSTRACT

The Cenozoic Urumieh-Dokhtar Magmatic Belt (UDMB) in Iran is considered as one of the major Cu-bearing
regions in the world with high potential for the occurrence of giant/large porphyry Cu = Mo * Au systems. In
the UDMB, porphyry Cu mineralization is strictly associated with Miocene intrusions originating mostly from
collisional-related partial melting of subduction-modified juvenile lower crust. In this study fluid inclusion
coupled with laser Raman analysis is used to characterize and compare the fluid evolution of the large Meiduk
deposit and smaller low grade porphyry copper systems (e.g., Keder, Sarkuh, and I[ju) in the UDMB. It can be
shown that enhancement of metal fertility of a porphyry system is controlled by several factors: (1) The salinity
of early hydrothermal ore fluids; maximum ore-efficiency is seen in porphyry deposits showing supersaturation
of NaCl in the pristine high temperature fluids (e.g., Meiduk), (2) Presence of CO, and fast exhausting of CO,
vapor components during early stages of mineralization, (3) Temperature decrease especially during the main
ore stage, and (4) High oxygen fugacity (near to the magnetite — hematite oxygen buffer) of the most primitive
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fluids in the early stages of hydrothermal system.

1. Introduction

Porphyry Cu = Mo * Au deposits likely are the best studied ore
systems and they provide most of the world's Cu and Mo reserves
(~80% Cu and ~ 95% Mo; e.g., Sillitoe, 2010; Sun et al., 2015; Blundy
et al., 2015; Richards, 2015b; Chelle-Michou et al., 2017). These de-
posits are typically associated with high temperature magmatic-hy-
drothermal systems (300-700 °C) that originated mostly from shallowly
emplaced metal-rich oxidized magmas in subduction and/or collisional
as well as post-collisional tectonic settings (Richards, 2011, 2013,
2015a,b). Aside from magma generation by partial melting of the me-
tasomatized mantle wedge in normal arc setting, it is now accepted that
the generation of porphyry magmas may also be related to the melting
of subduction-modified subcontinental lithospheric mantle or melting
of orogenically thickened lower crust, and when there is asthenosphere
upwelling especially in collided plate margins (e.g., Richards, 2015b).
Excellent examples of the latter are found in the Tethyan orogenic belt,
where there are several separate collided arcs hosting a wide variety of
porphyry and epithermal systems (Richards, 2015a,b). In Iran, the
UDMB as part of the Zagros orogen is one segment in the western
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Tethyan realm. In this belt, the most important porphyry copper de-
posits (PCD) are related to collisional high Sr/Y Miocene adakite-like
porphyry intrusions and not to Eocene-Oligocene pre-collisional por-
phyries (e.g., Shafiei et al., 2009; Richards et al., 2012; Asadi et al.,
2014; Zarasvandi et al., 2013, 2015a, 2018; Rezaei, 2017). This belt
contains at least two giant deposits namely Sarcheshmeh (1200 Mt,
0.6% Cu, 0.02% Mo; Shafiei and Shahabpour, 2008), and Sungun (500
Mt, 0.7% Cu, 0.01% Mo; Hezarkhani and Williams-Jones 1998), and
one large deposit (Meiduk: 170 Mt, 0.86% Cu, 0.007% Mo, 82 ppb Au,
1.8 ppm Ag; Taghipour et al., 2008), as well as several medium-sized to
small low grade porphyry Cu = Mo systems (e.g., Sarkuh, Abdar, Iju,
Keder, Dalli, Chahfiruzeh; Fig. 1a and b; Table 1).

During the recent years several studies have been carried out for
characterizing the main factors controlling the metal fertility of por-
phyry copper systems (e.g., Audetat et al., 2008; Richards, 2013;
Williamson, 2016; Wang et al., 2018; Zarasvandi et al., 2018). For ex-
ample as mentioned in Richards (2013), optimum coincidence of some
non-unique geological factors, i.e., distinct tectonic setting and focused
fluid flow may explain the enhancement of mineralization degree in the
world class giant porphyry Cu intrusions. Moreover, the detailed
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Fig. 1. (a) Zagros orogenic belt in western Iran with its three major NW-SE trending tectonic zones — Zagros Fold and Thrust Belt (ZFTB), Sanandaj-Sirjan Zone (SSZ),
and Urumieh-Dokhtar Magmatic Belt (UDMB); (b) Geological map of SE part of UDMB and location of studied porphyry copper deposits; modified after Shafiei et al.

General features of selected porphyry deposits in UDMA (Zarasvandi et al., 2018).

Porphyrydeposit Radiometric Age (Ma) Dating method Sample material Porphyry Intrusion Tonnage (Mt) Grade
Meiduk 12.5 = 0.5 U-Th/He Single zircon Granodiorite 170 0.86% Cu
Tju 9.27 = 0.50 U-Th/Pb Single zircon Granodiorite, tonalite 74 0.31% Cu

Sarkuh 15.18 = 0.43 U-Pb Zircon Granite, granodiorite 110 0.26% Cu
Keder - - Quartz diorite, diorite - 0.06-0.16% Cu
184
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characterization of the magmatic history and petrogenetic evolution of
porphyry-bearing magmatic belts have also proved that these features
play an important role in the metal endowment of porphyry copper
systems (Richards et al., 2012; Asadi et al., 2014; Wang et al., 2014;
Zarasvandi et al., 2015a,b). Comparing the overall features of barren
and mineralized porphyry intrusions, Wang et al. (2018) proposed that
barren alkali-rich porphyries contain numerous primary melt inclu-
sions, with no significant co-occurrence of fluid inclusions. In contrast
mineralized Cu (Au, Mo) porphyries are characterized by notably rare
occurrence of melt inclusions and contain mostly fluid inclusions
having halite, sylvite, calcite daughter minerals (Wang et al., 2018). As
emphasized by Richards (2016), the fact is that the most porphyry in-
trusions are not linked with considerable mineralization. Generally,
they encompass a spectrum of low-grade to high-grade mineralization
with only punctiform development of giant ore systems (Richards,
2016; Rezaei, 2017; Zarasvandi et al., 2018). Hence, an optimum co-
incidence of several mechanisms and processes must occur for enhan-
cing the ore efficiency in porphyry systems (Richards, 2013, 2016).
Whereas the generation and fluid evolution of subduction-related por-
phyries have been well documented, collisional ones are less well un-
derstood especially through factors controlling metal fertility. In the
present paper we focus on the hydrothermal fluid evolution in some
Miocene collisional porphyry copper systems in UDMB (Fig. 1b,
Table 1). The fluid inclusion data provide an insight into the factors
controlling the metal fertility of collisional porphyry copper systems.

2. Regional geological setting

The Tethyan orogen extends over 12,000 km from the Alps, across
SE Europe, Turkey, Iran, Pakistan, Tibet, Indochina to southwest Pacific
(Richards et al., 2012; Richards, 2015a,b). This belt is characterized by
separate segments containing collided arcs but also there is oceanic
lithosphere that is still being subducted (e.g., Makran zone in SE Iran;
Richards, 2015b). The Zagros orogenic and metallogenic belt is one of
these segments in western Tethyan realm. It consists of three main
tectonic zones, namely the Zagros Fold and Thrust Belt (ZFTB), the
Sanandaj-Sirjan Zone (SSZ) and the Urumieh-Dokhtar Magmatic Belt
(UDMB; Fig. 1a).

The UDMB extends over about 2000 km from NW to SE of Iran. This
is positioned between the SSZ and continental blocks of the Central Iran
structural zone (Alavi, 2007; Fig. 1a). It is dominated by calc-alkaline
and in some parts alkaline igneous rocks generated during subduction
and closure of Neo-Tethys followed by continent-continent collision in
Paleogene — Neogene times (e.g., Berberian et al., 1982; Mohajjel et al.,
2003; Ricou, 1994). In the UDMB, Late Paleocene-Eocene volcanic
rocks were generated during the extensional arc flare-up owing to the
episodes of slab retreat or slab rollback (Verdel, 2011). Subsequently,
Oligocene-Miocene intrusions were emplaced into the Eocene volcanic
and volcaniclastic rocks. Considering porphyry emplacement, a trend of
increase in arc maturation, crustal thickness, and consequently transi-
tion of magmatism from normal andesitic calc-alkaline to adakite-like
high K calc-alkaline affinity has been identified in the UDMB. This is
similar to what has been reported previously from Chagai volcano-
plutonic belt in Pakistan and Gangdese belt in Tibet (Richards et al.,
2012; Wang et al., 2014; Zarasvandi et al., 2015a, 2018). It should be
noted that the large porphyry systems in the UDMB are strictly asso-
ciated with Miocene adakite-like high Sr/Y intrusions that were em-
placed about 30 m.y. after the onset of igneous activities, especially in
the southeastern parts of UDMB (Zarasvandi et al., 2015b, 2018;
Fig. 1b, Fig. 2). In contrast to classic subduction-related models, recent
studies proposed that the fertile Miocene porphyries mostly formed by
partial melting of thickened mafic lower crustal rocks where compres-
sion and tectonic shortening led to the development of a garnet-am-
phibolite melting zone in the lower crust during continent—continent
collision (Shafiei et al., 2009; Asadi et al., 2014; Zarasvandi et al.,
2015a, 2018).
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2.1. Local geology

2.1.1. Sarkuh

The Sarkuh porphyry Cu + Mo deposit (110 Mt sulphide ore, and
0.26% Cu, Table 1) is located 6km NW of Sarcheshmeh mine
(Aghazadeh et al., 2015; Fig. 1b). An E-W elongated stock composed of
a granodiorite core and a granite rim is emplaced within Eocene ba-
saltic andesite, andesite, pyroclastic breccias, and tuffs (Nourali and
Mirnejad, 2012). The intrusion has been dated at 15.18 = 0.43 Ma (U-
Pb zircon dating, Mclnnes et al., 2005). Late stage microcrystalline
quartz diorite porphyry dikes crosscut the Sarkuh stock especially in the
central parts of the deposit. Hydrothermal alteration consists of po-
tassic, potassic-phyllic, phyllic, argillic and propylitic alterations
(Nourali, 2011). In the Sarkuh porphyry, early potassic and propylitic
alterations are followed by later argillic and phyllic alterations. Inter-
mediate alterations i.e., potassic — argillic, potassic — phyllic, as well as
rare silicic alterations were also observed. Copper contents gradually
decrease from the potassic zone in the central parts to the transitional
potassic-phyllic and phyllic zones (Nourali and Mirnejad, 2012). The
potassic alteration is widely distributed with biotite being the dominant
minerals; magmatic biotite was re-equilibrated and new hydrothermal
biotite formed. Hornblende and biotite are partly to completely re-
placed by chlorite. Also, early stage hydrothermal biotite veinlets in-
dicative of beginning potassic alteration crosscut plagioclase and
magmatic biotite (i.e., Sillitoe, 2010; Fig. 3a). Monazite is a rare ac-
cessory phase in the potassic alteration zone at Sarkuh deposit (Fig. 3b).
On the contrary, phyllic alteration consist mainly of quartz, clay, ser-
icite, pyrite, and chlorite has limited extent in the Sarkuh porphyry
system. The large-scale propylitic alteration zone seems to be restricted
to the shallow levels of the deposit (Mirnejad et al., 2013). Based on
crosscutting relations and vein mineralogy five major types of veinlets
can be distinguished which form three main mineralization stages in
the Sarkuh deposit: (1) Pre-ore stage veinlets associated with potassic
alteration; assemblages include quartz + K-feldspar and quartz + bio-
tite (Fig. 4a), (2) Main ore stage including veins with quartz + bio-
tite + chlorite = magnetite = pyrite = chalcopyrite in the potassic
alteration zone, and younger quartz veinlets with pyrite + chalco-
pyrite * bornite = chalcocite + sercite in the potassic — phyllic
transition zone (Fig. 4b), and (3) Late stage barren quartz + calcite
veinlets associated with phyllic alteration (Fig. 4c).

+

2.1.2. Meiduk

The granodiorite stock of Meiduk Cu * Mo deposit
(12.5 = 0.1 Ma, McInnes et al., 2005) is located in the northwestern
part of the Kerman Cenozoic magmatic arc, 70 km NW of the giant
Sarcheshmeh porphyry copper deposit (Fig. 1b). The deposit contains
170 Mt supergene and hypogene ores with a grade of 0.86% Cu, 0.007%
Mo and 82 ppb Au (Table 1; Taghipour et al., 2008). It is hosted in the
Mid-Late Eocene Razak complex (37.5 = 1.4 Ma, *“°Ar/3°Ar age of al-
bite), which is dominated by basaltic to rhyolitic volcaniclastic se-
quences (Hassanzadeh, 1993; Fig. 2a). In the Meiduk deposit, the
granodiorite stock is cross-cut by a swarm of NNE-trending dykes and
exhibits strong potassic alteration. This is characterized by dis-
seminated K-feldspar, chlorite, and magnetite (Fig. 3c), with relicts of
hornblende and plagioclase. The latter is partly to completely replaced
by hydrothermal biotite (Fig. 3d). Also, the replacement of biotite and
hornblende with chlorite were seen in the potassic alteration. Potassic
to phyllic transition containing biotite, sericite, k-feldspar as well as
rare occurrence of tourmaline and chlorite were identified in the
Meiduk porphyry system. Strong sericitization lead to the widespread
transformation of feldspar and biotite to sericite in the phyllic altera-
tion. This is also dominated by disseminated pyrite and quartz-sericite
veins and veinlets. Typically, three distinct zones of Cu mineralization
can be distinguished in the Meiduk deposit, namely hypogene ore zone,
the supergene enrichment zone, and the leached zone cap (“leached
cap”, Rezaei, 2017). Based on mineralogy and cross-cutting relations of
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Fig. 2. Field photographs (a) Meiduk mine with
Parkam porphyry stock in the background (view to
south) intruding the volcanic rocks of Mid-Late
Eocene Razak Complex ; (b) Iju porphyry with phyllic
alteration zone (light-brown) in the foreground and
propylitic alteration zone (dark brown) in the back-
ground (view to north); (c) Argillic alteration in the
Keder porphyry deposit (view to west).

Mag

Fig. 3. Photomicrographs and SEM backscattered electron (BSE) images (a) Early hydrothermal biotite veinlet crosscutting plagioclase, potassic alteration, Sarkuh
deposit, transmitted light, crossed polarizers; (b) Fine-grained magnetite (Mag) associated with apatite (Ap) and monazite (Mnz), Sarkuh deposit, BSE; (c)
Disseminated magnetite (Mag), Meiduk deposit, BSE; (d) Plagioclase (P1) partly replaced by hydrothermal biotite (Bt), potassic alteration, Meiduk deposit, trans-
mitted light, crossed polarizers; (e) Disseminated hydrothermal biotite partly replacing plagioclase (Pl), Ilju deposit, transmitted light, crossed polarizers; (f)
Chlorite + magnetite replacing magmatic biotite, [ju deposit, transmitted light, parallel polarizers; (g) Strong pervasive biotitization in the potassic alteration zone,
Keder deposit, transmitted light, crossed polarizers; (h) Fine-grained magnetite (Mag), Iju deposit, BSE; (i) Chalcopyrite partly replaced by chalcocite filling micro-

fractures within pyrite, Keder deposit, reflected light.
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Fig. 4. (a) Pre-ore stage veinlets with quartz + biotite, potassic alteration zone, Sarkuh deposit; (b) Quartz-sulfide veinlet with sericite alteration at rim, main
mineralization stage, Sarkuh deposit; (c) Late-stage barren quartz veinlet, Sarkuh deposit; (d) Early pre-ore stage quartz veinlet with some pyrite, potassic alteration

+

zone, Meiduk deposit; (e) Late stage veinlet with quartz + pyrite +

sericite, Meiduk deposit; (f) Early hydrothermal quartz veinlet with pyrrhotite, potassic

alteration zone, [ju deposit; (g) Late stage barren quartz veinlets, Iju deposit; (h) Late stage quartz-pyrite vein, Keder deposit.

veins/veinlets, three main mineralization stages are identified in the
Meiduk deposit. (1) Early stage veinlets with the assemblage of
quartz + K feldspar + pyrite = magnetite associated with potassic
alteration (Fig. 4d). (2) Main ore stage developed mostly in the potassic
alteration and potassic-phyllic alteration zones. This stage is char-
acterized by veinlets containing quartz + pyrite + chalcopyrite +
chalcocite + bornite with some veinlets showing a sericite alteration
halo. (3) Late stage veinlets with quartz + pyrite + sericite which
predominantly occur in the phyllic alteration zone (Fig. 4e).

2.1.3. lju

The Iju porphyry Cu = Mo deposit is located 72 km NE of Shahr-e-
Babak city in the Kerman segment of UDMB (Fig. 1b and 2b). Based on
the available U-Pb zircon dates, porphyry emplacement is dated at
9.27 = 0.50Ma and coeval with other collisional porphyries in the
UDMB (Mclnnes et al., 2005). The Eocene volcanic and pyroclastic
sequences exposed at Iju are composed of andesitic breccia, tuffaceous
breccia, tuff, and agglomerate with some minor intercalations of lava
flows of basaltic andesite and andesite. The main porphyry stock is
crosscut by dioritic to quartz-dioritic dykes. Based on field observations
and petrographic studies a main tonalite intrusion is recognized as well
as smaller intrusions ranging in composition from quartz diorite and
granodiorite to granite. The rocks hosting Cu-mineralization have un-
dergone variable degrees of hydrothermal alteration, namely potassic,
potassic-phyllic, phyllic, propylitic, and argillic. The potassic alteration
zone at [ju is of limited extent, but contains most of the Cu miner-
alization. Spatially, potassic alteration is intimately associated with
phyllic alteration, with some parts being overprinted by phyllic al-
teration. The potassic alteration is characterized by ubiquitous

—+

occurrence of fine grained disseminated hydrothermal biotite in the
groundmass. This is also formed by replacement of hornblende and
plagioclase (Fig. 3e). Fine-grained magnetite is generally accompanied
with biotite chloritization (Fig. 3f). The phyllic alteration containing
quartz + sericite + pyrite = carbonate is mainly accompanied with
granodiorite intrusions in the central parts of deposit (Golestani et al.,
2018).

At Tju, propylitic alteration with dominant phases of calcite and
chlorite mainly occurs in the western and south western parts of the
deposit; it is especially developed in the volcanic host rocks (Mirnejad
et al., 2013). Argillic alteration is of limited extent (Mirnejad et al.,
2013). Three mineralization stages are distinguished at Iju: (1) Pre-ore
stage veinlets containing quartz + pyrrhotite + magnetite + K feld-
spar, which are associated with potassic alteration and lack sericite
selvages (Fig. 4f), (2) Main mineralization stage veinlets are hosted in
the potassic with less commonly in the phyllic alteration. They contain
quartz + chalcopyrite + pyrite = molybdenite + sericite. (3) Late
stage barren quartz * calcite * sericite veinlets, which crosscut the
earlier ones (Fig. 4g).

2.1.4. Keder

The Keder porphyry Cu deposit is located in the NE part of Kerman
segment of UDMB (Fig. 1b). There, intrusive rocks include diorite to
quartz diorite containing plagioclase and quartz, with minor horn-
blende, biotite, and K-feldspar (< 5vo0l%). The plutonic rocks intruded
into northeast-dipping Eocene volcanic sequences, which are pre-
dominantly low-K calc-alkaline plagioclase-phyric andesites. In the
Keder area, argillic alteration is volumetrically most abundant (Fig. 2c).
However, there are subordinate occurrence of propylitic and phyllic
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alterations (Ghorbani and Ebrahimi, 2009). The Ilatter contain
quartz + pyrite + sericite = carbonate * rutile. Limited occurrence
of potassic alteration was identified only in the deepest parts of the
deposit in drill holes. This is characterized by disseminated hydro-
thermal biotites and newly formed re-equilibrated magmatic biotite
(Fig. 3g) with some parts magnetite and pyrite occurring as veinlets or
disseminations (Fig. 3h). The rare occurrence of chalcopyrite is mostly
fills the micro-fractures of pyrite (Fig. 3i). The argillic alteration is re-
cognized by bleaching of feldspars and it extends toward the pyrite
shell, which consists of pyrite and minor chalcopyrite and specular
hematite that commonly replaces magnetite. The feldspar has albite
composition in the proximal part of the argillic alteration zone, whereas
in the distal zone varies from andesine to oligoclase, especially around
the pyrite shell (Taghinejad, 2012). Mineralogy and crosscutting rela-
tions have revealed that the early mineralization stage in the Keder
porphyry is represented by veinlets with quartz + K-feldspar =
magnetite = pyrite. This is followed by later quartz + pyrite =
chalcopyrite veinlets in the potassic-phyllic alteration zone. The main
mineralization stage includes quartz veinlets with pyrite *
chalcopyrite, and these are crosscut by late stage, pyrite-bearing quartz
veins (Fig. 4h).

3. Material and methods

All samples were selected from drill cores with emphasis on vein
types and their enclosing alterations, especially those from potassic and
phyllic alteration assemblages. Based on crosscutting relationships and
the presence of well-developed mineralogical/textural features, more
than 50 samples from the four studied deposits were selected for the
preparation of doubly polished thick wafers (~0.2-0.3mm) at
Montanuniversitit Leoben, Austria.

All fluid inclusion measurements were done at the Fluid Inclusion
Laboratory of Montanuniversitdt Leoben. Microthermometric mea-
surements were performed with a Linkam THMSG 600 freezing -heating
stage equipped with an Olympus microscope (Table 2). The stage was
calibrated at temperatures of +374.1°C, 0.0°C, and —56.6 °C using
synthetic H,O-CO, fluid inclusions prepared in the same laboratory.
For microthermometric measurements, the upper and lower tempera-
ture thresholds were 600 °C and — 120 °C, respectively. The heating rate
was generally 1 °C/min, when temperatures of homogenization or ice
melting were determined.

Laser Raman micro-spectroscopy was carried out in order to cor-
rectly characterize the liquid, vapour, and solid phases of the studied
fluid inclusions. The data were obtained using a Jobin Yvon LabRAM
Raman spectrometer. The LabRAM is operated with an Olympus mi-
croscope, and a LMPlanFI 100x/0.80 numerical aperture objective lens.
A frequency doubled 100 mW Nd-YAG laser with an excitation wave-
length of A = 532.068 nm is used, with a laser power of about 1-2 mW
at the sample surface. The scattered light is dispersed by a 1800
grooves/mm gratings. The detector is an air cooled (Peltier) CCD-3000
(1024 x 256 pixels) operating at —60 °C. Spectra are collected using
multiple spectral windows between 100 and 3000 cm ~*, corresponding
to a pixel resolution of about 1.64 cm ™! at relative low wavenumbers,
and 1.35cm™"' at relative high wavenumbers. A 100 um slit width
combined with a 1000 um confocal hole aperture is used to obtain the
best resolved spectra. Neon emission lines and Raman spectra of silicon
(520cm ™ 1), polyethylene (1062 cm™ 1 1128cm™!, 1169cm™},
1295cm ™", 1487 cm ™', 1439 cm ™', 2848 cm ™', 2881 cm ™ 1), are used
for calibration. Also, in some cases, artificial background effects of
Raman spectra were removed using CrystalSleuth software.

4. Results
4.1. Fluid inclusion petrography

In the studied porphyry copper systems, textural criteria described
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by Roedder (1979) have been used for the discrimination of primary,
secondary, and pseudosecondary inclusions in the different stages of
mineralization. Detailed FI petrography and classification of fluid in-
clusions for the all mineralization stages are presented below.

4.1.1. Sarkuh porphyry

Based on the composition and phases present at room temperature,
three main types of fluid inclusions were identified in the hydrothermal
veins of Sarkuh porphyry copper system (Fig. 5). They include (1) li-
quid-rich two phase aqueous (liquidH,O + vaporH,0, LV; Fig. 5a), (2)
vapor-rich two phase aqueous-carbonic (vaporH,O/CO, + liquidH,O,
VL; Fig. 5b), and (3) solid- or daughter mineral-bearing multiphase
inclusions (S-type; Fig. 5c and d). Considering presence or absence of
halite, the S-type inclusions could be subdivided into two subtypes: (1)
SH subtype inclusions containing halite cube, as well as other solid
phases such as hematite, chalcopyrite, siderite, and pyrite (Fig. 5¢), and
(2) SM inclusions containing mostly magnetite and/or pyrite as solid
phase, but without a halite crystal (Fig. 5d).

The VL inclusions are most abundant in quartz veinlets of the pre-
ore and the main mineralization stages. They are negative, rounded or
irregular in shape with size ranging from 3 to 23 um. As confirmed by
laser Raman spectroscopy, a few VL inclusions in pre-ore stage, main
ore, and late stage contain CO, vapor components. In contrast, aqueous
LV inclusions are present mostly in late-stage barren quartz veinlets.
They are usually of irregular or rounded shape, with a diameter ranging
between 3 and 16 pum, rarely up to 25 pum. The S-type inclusions are
present in the pre-ore stage and main ore stage quartz veinlets. The SM
inclusions are more frequent in the pre-ore stage, while SH inclusions
mostly are assigned to the main ore stage. Both SM and SH inclusions
are rounded or of negative shape, with diameters ranging between 5
and 23 um and 6-17 pm, respectively.

4.1.2. Meiduk porphyry

Three main types of fluid inclusions were also recognized in the
hydrothermal veins in the Meiduk porphyry copper system. They in-
clude liquid-rich two phase (liquidH,O + vaporH,O, LV), vapor-rich
two phase (vaporH,O/CO, + liquidH,O, VL), and solid- or daughter
mineral-bearing multiphase inclusions (S-type; Fig. 6). In the Meiduk
hydrothermal system, the VL inclusions are well developed in the early
and main ore stages (Fig. 6a), while S-type inclusions are present from
early to late stages of mineralization (Fig. 6b). In the early pre-ore
stage, most of VL inclusions contain CO, vapor component with the
vapor phase being volumetrically dominant, and generally occur in
negative, irregular or rounded shapes (Fig. 6¢). These inclusions range
in diameter from 7 to 25 um. In contrast, LV inclusions are smaller in
size (3 tol2 pm), and usually are shapeless or may have rounded or
negative shapes (Fig. 6d). As confirmed by laser Raman spectroscopy,
some of the S-type inclusions especially in the early stage quartz veins
contain CO, vapor constitutes (Fig. 6a). These multiphase inclusions
contain liquid (H,0) + vapor (H,O/CO,) and the solid phases ha-
lite + hematite + anhydrite + magnetite + chalcopyrite +
pyrite *+ siderite (Fig. 6a). Among the solid phases, hematite and an-
hydrite are most abundant in S-type inclusions of the early stages of
mineralization. S-type inclusions generally have irregular or rounded
shapes with diameters ranging mostly between 5 and 15um and rarely
up to 23 um. It is important to note that, in the ore stage, S-type in-
clusions with a relatively large vapor bubbles coexist with VL inclu-
sions.

4.1.3. Keder porphyry

Considering the small size (< 5um) of fluid inclusions in early stage
veinlets, we focused on the quartz veinlets hosting in pyrite (main
stage), and pyrite-bearing quartz veins (late stage) to investigate the
fluid evolution of the Keder porphyry copper system. In this deposit,
also three main groups of fluid inclusions have been recognized: (1)
Liquid-rich two phase (liquid H,O + vapor H,O, LV; Fig. 7a), (2)
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Table 2

Microthermometry data of fluid inclusions in the studied porphyry copper systems.
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Porphyry/Mineralization stage Inclusion type Number Ty, (°C) Tm (cey °C) Te (°C) Tm @ratite) CC)  Tmicoz (°C) Tmcrar (CC)  Salinity (wt.% NaCl)
Sarkuh
SM 13 490-585 —4.2- -16.2 —21.6- —55.1 6.6-19.5
SH 7 421.6-572.3 238.9-342.3 34-41.67
Early stage VL 11 420-578 -5.4- -16.2 -21.2- —54.1 8.3-19.58
C 5 401.1-542.3 1.9-3.4 11.33-13.3
SM 10 358.2-477.2 —2.2- -12.6 —31.2- —63.6 3.59-16.5
SH 21 345.4-469.6 167.2-334.5 30.3-41
Ore stage VL 15 362.4-4349 -1.1- —-9.7 —-214 1.8-13.6
LvV 3 356.9-411 —-8.8- —12.3 12.6-16.2
C 4 362.3-377.1 —56.6- —57.2 4.2-5.9 7.5-10.1
SM 2 158.2-276.6 —0.6- —3.2 0.99-5.1
Late stage SH 9 160.8-377.7 192.2-244 31.4-34.3
LV 16 154.1-315.2 -0.5- -10.6 —19- —28 0.82-14.5
C 1 337.4 —58.2 8.9 2.1
Porphyry/Mineralization stage  Inclusion type =~ Number Ty (°C) T m deey CC) Te °C) T m @alitey CC) T mico2("C) Tmcrar(CC)  Salinity(wt.% NaCl)
Meiduk
SH 35 399-598 276.8-570.3 36.4-73.2
Early stage VL 10 429.6-579.2 —14.3- -19.2 —-29.8 16.9-21.8
C 10 416.1-586.5 -56.6- —59.8 1.1-2.4 12.6-14.3
SH 22 312-480 286.4-414 37.1-48.9
Ore stage LV 6 239.8-348.4 —5.3- —18.6 -40 8.2-21.3
VL 8 335.1-386.1 —5.2- —15.4 8.09-18.9
Late stage SH 5 247-371 237-371.2 33.8-44.4
LV 6 272.6-357.3 —0.9- —12.3 —20.1 1.4-16.2
Porphyry/Mineralization stage Inclusion type Number Ty Q) T m acey CC) T m (Halite) (°C) T mico2(’C) Tmcrar(CC) Salinity(wt.% NaCl)
Tju
SH 36 503.1-590 348.1-580.1 42.2-71.07
Early stage VL 9 500-575.1 -9.6- —20.1 13.5-22.4
SH 13 391-509 328.9-509.1 40.4-60.9
Ore stage VL 7 390.1-480 -6.4- —20.1 9.7-22.4
LV 1 495.1 -4.1 6.52
Late stage SH 7 263-410 230-410 33.4-48.5
LV 9 219.3-386.1 -0.1- -7.1 0.16-10.6
VL 8 326-394.1 -1.7- —=125 2.7-16.4
Porphyry/Mineralization stage Inclusion type Number T, (°C) T m ey CC) Te (°C) T m qaatite) CC) T mico2("C) Tmcrar(CC)  Salinity(wt.% NaCl)
Keder
SH 14 438-535 302-500 38.3-59.7
Ore stage SM 3 510-546 -15.1- -21.3 18.7-23.1
VL 9 450-570 -1.3- -19.3 2.1-21.8
SH 37 246-415.1 28.4-49.1
Late stage Lv 16 190.6-387.3 —-0.5- —5.1 —26.3- —51.4 0.82-7.9
VL 15 280.1-418.5 —1.9- —19.1 3.1-21.7
C 2 280.1-418.5 —56.6- —57.1 8.6-9.5 1.02-2.7

Vapor-rich two phase (vapor H,0/CO, + liquid H,O, VL; Fig. 7b, d),
and (3) Solid- or daughter mineral-bearing multiphase inclusions (S-
type; Fig. 7c). Compared with Meiduk and Sarkuh, VL inclusions are
less common in the Keder deposit, especially in the main ore stage
(Fig. 7b). Also, as confirmed by laser Raman analysis, VL inclusions
with CO, vapor components are rare in the late stages of mineraliza-
tion. The VL inclusions are elliptic or rounded isometric in shape with
diameters ranging from < 5-15um. In contrast with VL fluid inclu-
sions, S-type inclusions are common in the main and late stages. They
contain a halite crystal, as well as pyrite or magnetite with rare oc-
currences of chalcopyrite (Fig. 7c). S-type fluid inclusions are rounded,
irregular or elliptic, ranging in diameter from 5 to 13 pm. Coexisting of
S-type and VL inclusions has not been commonly observed and the most
of the VL inclusions occur in clusters, especially in the outer zones of
quartz crystals of late stage veinlets (Fig. 7d). In the Keder deposit, the
LV inclusions are also limited to the late stages quartz veinlets where
they appear in clusters or isolated bubbles (Fig. 7a). They are rounded
to negative in shape and range in diameter from < 3 to 15um. It is
important to note that, beside of primary fluid inclusions, re-
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equilibrated inclusions were also observed in the Keder porphyry
(Fig. 7e). Also, linear trails of secondary FI containing S-type inclusions
are present in the main and late stages veinlets (Fig. 7a and f).

4.1.4. Iju porphyry

At Tju there are also three main types of fluid inclusions: (1) Liquid-
rich two phase (liquid H,O + vapor H,0, LV), (2) Vapor-rich two phase
(vapor H,0O + liquid H,O, VL), and (3) Solid- or daughter mineral-
bearing multiphase inclusions (S-type; Fig. 8). The S-type inclusions
contain liquid H,O, vaporH,O, and solid- or daughter minerals in-
cluding magnetite and (or) hematite with minor anhydrite and pyrite
(Fig. 8a and b). It is important to note that in this porphyry copper
system the CO, vapor constitutes has rarely been detected by laser
Raman analysis. The S-type fluid inclusions are abundant in the early
pre-ore and main ore stages. These inclusions are rounded isometric or
of negative crystal shape with diameters ranging between 3 and 13 pm.
In the pre-ore and main ore stages, these inclusions are often randomly
distributed (Fig. 8a) or occur as clusters, especially in the marginal
zones of quartz crystals (Fig. 8b). Compared with S-type fluid
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d)
20pum 20um

Fig. 5. Representative fluid inclusions in the Sarkuh porphyry copper deposit (a) Liquid-rich two phase aqueous inclusion (liquid H,O + vapor H,O) hosted in the
late-stage barren quartz veinlets; (b) Vapor-rich two phase aqueous-carbonic (vapor CO, + liquid H,0) inclusion trapped in the pre-ore stage; (c) SH subtype
inclusions containing halite, hematite and chalcopyrite solid phases; (d) SM inclusion containing magnetite in the veinlet of pre-ore stage.

Fig. 6. Photomicrographs of various fluid inclusions in the Meiduk porphyry copper deposit (a) Coexistence of VL (vapor CO, + liquidH,0) and S-type inclusions in
the early stage of mineralization; (b) Multiphase inclusions containing halite, pyrite and hematite solid phases in the main ore stage; (c) VL inclusion with CO, vapor
component in the pre-ore stage; (d) Cluster of LV inclusions in the late stage veinlet.
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Fig. 7. Photomicrographs of representative fluid inclusions in the Keder porphyry copper deposit (a) LV inclusion in the late stage; (b) Isolate VL inclusion in the
main ore stage; (c) Multiphase inclusion containing halite and pyrite in the main ore stage; (d) Cluster of VL inclusions in the border of quartz at the late of
mineralization stage; (e) Re-equilibrated fluid inclusion in the main ore stage; (f) Linear inclusion trail in the main ore stage.

inclusions, the VL inclusions are present in all stages of mineralization.
These inclusions are irregular or rounded with longest dimensions
ranging from < 3pum to 15 um. They can either be seen as individual
inclusions or in trails. The latter are present mostly in late stage quartz
veinlets (Fig. 8c). The LV fluid inclusions are generally < 3-20pm in
diameter and have elliptic or rounded shapes. In the ore-stage, LV in-
clusions can be found, but most of them occur in clusters or trails as-
semblages in late stage veinlets (Fig. 8d).

4.2. Laser Raman spectroscopy analysis

Liquid, vapour, and solid phases of individual fluid inclusions were
systemically analysed wusing laser Raman microspectroscopy
(Figs. 9-11). Raman reference spectra in CrystalSleuth software and the
main Raman bands (cm ™) listed in Frezzotti et al. (2012) have been
used to confirm the identities of the analysed phases. The liquid phases
of all inclusions from the different stages is dominated by H,O as in-
dicated by the broad Raman bands (Fig. 9). Importantly, with the ex-
ception of some LV inclusions, especially those trapped in the late stage
veinlets (Fig. 9d-f), the Raman spectra of the liquid phase shows
broadly overlapping bands in the OH stretching region
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(2750-3900 cm ™~ }; Fig. 9a—c), which conforms to interaction of Cl an-
ions with water molecules in higher saline aqueous solutions (Sun,
2009; Frezzotti et al., 2012). Nevertheless, low chlorine contents (< 1
NaCl wt. %) lead to the presence of two bands in the OH stretching
region from 2750 to 3900 cm ™' as generally observed in liquid H,O
Raman spectrums (Fig. 9d—f; Frezzotti et al., 2012).

The vapour phase of almost all fluid inclusions also contains H,O
(e.g., Meiduk; Fig. 10a), although weak CO, bands (1283 and
1387 cm ™ %; Fig. 10b-d) were also detected. CO, is present especially in
some primitive multiphase inclusions (i.e., Meiduk porphyry), some VL
inclusions of early stage veinlets and to a lesser extent in the veins of
main mineralization stage (Fig. 10c) and late mineralization stages
(Fig. 10d). The following solid phases as daughter minerals or acci-
dentally trapped solid phases were confirmed in multiphase inclusions
(diagnostic bands given in brackets): magnetite (665 cm ™ b, pyrite (341
and 376 cm ™), chalcopyrite (292 cm ™Y, anhydrite (611, 1018, and
1131 cm ™ 1), hematite (1320 cm ™ '), and siderite (1090 cm ™ ; Fig. 11).

4.3. Microthermometry

In the Sarkuh porphyry deposit, almost all of the SH inclusions
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Fig. 8. Examples of representative fluid inclusions in the Iju porphyry copper deposit (a) Isolate multiphase inclusion containing halite, magnetite and hematite in the
early pre-ore stage; (b) Multiphase inclusions occurring as cluster in the main ore stage; (c—d) Trails of VL and LV inclusions in the late stage of mineralization.

exhibit similar microthermometric characteristic, i.e., halite dissolution
before vapor total homogenization. In the early pre-ore stage SH in-
clusions, total homogenization (Ty) is observed at temperatures be-
tween 421.6 and 572.3 °C (average 483.2°C), whereas halite dissolu-
tion Ty (uaitey OCcurs at lower temperatures between 238.9°C and
342.3°C (average 289.5°C). The corresponding salinities are
34.0-41.6 wt% NaCl eq. (Fig. 12a and d). The final ice-melting tem-
peratures (T, ce)) Of pre-ore stage SM inclusions range from —16.2°C
to —4.2°C (average —8.4°C), corresponding to salinities of 6.6-19.5
(average 11.7) wt. % NaCl eq. (Fig. 12d). In these inclusions, T}, is
490-585 °C (average 534 °C) (Table 2). The obtained first ice melting
temperatures (T.) in the SM inclusions range between —21.6 and
—55.1, representing the contribution of Na and K cations with other
divalent cations including Ca, Fe and Mg in the solution (e.g.,
Zarasvandi et al., 2015b). The VL inclusions of the early pre-ore stage
homogenize at T, 420-578°C (average 504°C), with Ty (cey Of
—16.2-—5.4°C, corresponding to salinities between 8.3 and 19.6
(average 14.5) wt. % NaCl eq. In three VL inclusions the eutectic
temperatures are —21.2, —37.2 and —54.1. The COs-bearing VL in-
clusions (C-type) have CO, triple-phase point of —57°C (average
temperatures of solid CO, melting), clathrate melting temperature
ranging between 1.9 and 3.4°C (average 12.1 wt% NaCl eq.), and Ty
between 401 and 542 °C (Fig. 12a and d).

The main ore stage is dominated by SH, SM, and VL inclusions; LV
and C-type (VL with CO, vapor bubble) inclusions are rare. Most of the
SH inclusions homogenize into the liquid phase at Tj, of 345.4-469.6 °C
(average 395.4°C). Halite dissolution Ty, (maltey oOCCUrs at
167.2-334.5°C (average 265.2°C), corresponding to salinities of
30.3-41.0 (average 35.8) wt. % NaCl eq. The VL inclusions of the main
ore stage homogenize at T}, 362.4-434.9 °C (average 390.8 °C), with Ty,
cey —9.7-—1.1°C (average —4.5°C), corresponding to salinities of
1.0-13.6 wt% NaCl eq. In the main ore stage, the SM inclusions
homogenized to or by gas phase or vapor disappearance at Ty
358.2-477.2 °C, with salinities varying between 3.6 and 16.5 wt% NaCl
eq. (Fig. 12b, e; Table 2). Late stage quartz veinlets contain mostly SH
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and LV inclusions; SM and C-type inclusions are rarely present in some
samples. The SH inclusions homogenized by vapor disappearance at T},
160.8-377.7 °C, and halite dissolution occurs at temperatures of
192.2-244°C, yielding salinities of 31.4-34.3wt% NaCl eq. The Tj
values of the late stage LV inclusions are 154.1-315.2 with salinities
varying between 0.82 and 14.5 wt% NaCl eq. (Fig. 12c and f). In three
LV inclusions the obtained T, are —28, —19 and -22.3 °C.

In the early stage of mineralization at Meiduk deposit, majority of
SH inclusions (accounting for 55%) homogenized by halite dis-
appearance between 399 and 598 °C (average 498 °C), and calculated
salinities (based on halite dissolution temperature) are between 36.4
and 73.2 wt% NaCl eq. VL inclusions of early stage may contain either
CO,, or H,O components. The eutectic melting temperatures in the VL
inclusions containing CO, (C-type) are —59.8-—56.6°C, and CO,
clathrate melting occurs from 1.1°C to 2.4°C, yielding salinities of
12.6-14.3 wt% NaCl eq. The homogenization temperatures of the VL
(VH0) inclusions are 429.6-579.2, i.e., similar to those of C-type in-
clusions (416.1-586.5 °C; Fig. 13a, d). The final ice melting tempera-
tures of these inclusions range between —19.2 and —14.3°C, corre-
sponding to salinities of 16.9-21.8 wt% NaCl eq. (Fig. 13d; Table 2).
The obtained T, in one VL inclusion is —29.8°C. The main miner-
alization stage at Meiduk contains SH, LV and VL inclusions. Most of the
VL inclusions contain a H,O vapor phase, only minor contents of CO»
were detected by laser Raman analysis. SH inclusions have homo-
genization temperatures between 312 and 480 °C (average 364 °C) and
salinities between 37.1 and 48.9 wt% NaCl eq. (Fig. 13b and e). The VL
inclusions show total homogenization to the vapor phase between
335.1 and 386.1°C, with final ice melting from —15.4 to —5.2°C,
corresponding to salinities of 8.1-18.9 wt% NaCl eq. In the main mi-
neralization stage, the T}, of LV inclusions are 239.8-348.4°C, with
calculated salinities range from 8.2 to 21.3 wt% NaCl eq. (Fig. 13b and
e; Table 2). In one LV inclusion the T, is — 40 °C. The SH inclusions from
late stage quartz veinlets homogenize by halite dissolution or vapor
disappearance between 247 and 347 °C; salinities are between 33.8 and
44.4 wt% NaCl eq. The LV inclusions are totally homogenized to liquid
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Fig. 9. Laser Raman spectra of liquid phase in LV inclusions.

at temperatures between 272.6 and 357.3 °C; their salinities vary from
1.4 to 16.2 wt% NaCl eq. (Fig. 13c and f; Table 2).

Because we did not find any suitable fluid inclusion (< 5um) in
early stage quartz veinlets, we focused on the quartz and quartz-pyrite
veinlets of the main and late stage stages. The main stage quartz
veinlets contain SH and VL inclusions. The SH inclusions mostly
homogenize by vapor disappearance (accounting for 85%) between 438
and 535°C (average 509 °C). Salinities of these inclusions range be-
tween 38.3 and 59.7 (average 46.6) wt.% NaCl eq. (Fig. 14a and c). The
VL inclusions homogenize between 450 and 570 °C (average 513 °C),
with salinities ranging from 2.1 to 21.8 (average 15.5) wt. % NaCl eq.
(Fig. 14a, c; Table 2). Late stage quartz veins contain SH, LV, and VL
inclusions with C-type inclusion being rare (Fig. 14b and d). The SH
inclusions homogenize either by disappearance of the vapor phase or by
halite dissolution at temperatures of 246.0-415.1 °C (average 354.2 °C).
Salinities of these inclusions range between 28.4 and 49.1 (average
39.9) wt. % NaCl eq. The homogenization of VL inclusion occurs be-
tween 280.1 and 418.5°C (average 366.2 °C), with ice melting tem-
peratures varying from —19.1 to —1.9 °C, corresponding to salinities of
3.1-21.7 wt% NaCl eq. The LV inclusions homogenize at temperatures
of 190.6-387.3°C (average 344.1 °C); with calculated salinities from
0.82 to 7.9 wt% NaCl eq. In three LV inclusions the obtained T, are
—26.3, —41.2 and —51.4°C. Two analyzed C-type inclusions exhibit
solid CO, melting at —56.6 and —57.1 °C, and clathrate melting at 9.5
and 8.6 °C, respectively. They have salinities of 1.02 and 2.7 wt% NaCl
eq. (Fig. 14d).
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Raman shift (cm)-1

(a-c) Main ore stage; (d—f) Late stage of mineralization.

Three types of fluid inclusions, i.e., SH, VL, and LV have also been
identified in the Iju deposit. Quartz veinlets of the ore and late stages
contain all the three types of fluid inclusions. In the early stage, the VL
inclusions are two-phase (L + V) H,0 inclusion; small amounts of CO,
were only detected by laser Raman analysis. In these inclusions, the
homogenization temperatures range from 500 to 575.1 °C (average
531.4 °C), and final melting temperature of ice occurs in the interval of
—20.1 to —9.6°C (average —15.8°C), yielding salinities of
13.5-22.4 wt% NaCl eq. (Fig. 15a and d). The T;, of SH inclusions
(homogenized by vapor disappearance or halite dissolution) is
503.1-590.0 °C (average 562.5°C), and calculated salinities for these
inclusions vary between 42.2 and 71.1 (average 60.9) wt. % NaCl eq.
(Fig. 15a and d). The Ty, values of SH inclusions from the ore stage are
391-509 °C (average 455 °C), and the calculated salinities range from
40.4 — 60.9 (average 53.1) wt. % NaCl eq. One LV inclusion yielded ice
meting temperature of —4.1°C (6.5wt% NaCl eq.) and final homo-
genization temperature of 495.1 °C. The VL inclusions of this stage,
homogenize between 390.1 and 480 °C (average 427. 7 °C), with sali-
nities varying between 9.7 and 22.4 wt% NaCl eq. (Fig. 15b, e; Table 2).
The LV inclusions are abundant in the late stage, compared with other
mineralization stages. They are homogenized in temperatures of
219.3-386.1 °C, having salinities of 0.16-10.6 wt% NaCl eq. In this
stage, total homogenization temperatures of SH inclusions range be-
tween 263 and 410 °C (average 344 °C) and their salinities are between
33.4 and 48.5 wt% NaCl eq. The gas homogenization for VL inclusions
is between 326 and 394.1°C (average 357.8°C), with ice melting
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Fig. 10. Laser Raman spectra of vapour phase in VL inclusions. (a-b) Early stage; (c-d) Main and late stages of mineralization, respectively.

temperatures ranging from —12.5 to —1.7 °C, corresponding salinities
of 2.7-16.4 wt% NaCl eq. (Fig. 15c and f).

5. Discussion
5.1. Nature of initial hydrothermal fluids

As a common indication, halite-saturated aqueous inclusions (con-
taining halite cube) were reported from many porphyry copper de-
posits, especially in the early-stages of the hydrothermal evolution (e.g.,
Pirajno, 2009; Yang et al., 2015). But saturation with NaCl is not the
typical feature of the primary magmatic fluids. At deep emplacement of

porphyry intrusions low saline NaCl-poor magmatic-hydrothermal
fluids are initially exsolved from the magmas (e.g., Baker, 2002). Ex-
amples of this are the Qian'echong porphyry Mo deposit (Fei Yang et al.,
2013) or the Butte porphyry Cu-Mo system that was emplaced at depths
down to 9 km with the initial hydrothermal fluids only having 2-10 wt
% NaCl eq. (Rusk et al., 2008; Sillitoe, 2010). Importantly, besides
depth, the exact composition of exsolved magmatic volatile phases may
depend on many other variables, i.e., initial magmatic Cl/H,O ratios
and alkali content (Richards, 2011). As depicted in Giggenbach (1997),
exsolution pressure of Cl from magma is lower than CO, and H5O re-
sulting in first generation of low-salinity CO,-rich fluids at depth. In
contrast, shallowly emplaced magmas generally exhibit high salinity
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Fig. 11. Laser Raman spectra of solid phases found in the multiphase fluid inclusions. See text for explanations.
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brine and immiscible low salinity vapor in early exsolved fluids
(Lowenstern, 2001; Richards, 2011).

As in many other shallowly emplaced porphyry systems, the initial
early or pre-ore stages in all the studied Iranian porphyry copper de-
posits is characterized by the presence of halite-saturated inclusions
(SH-type). Upon heating, halite-saturated inclusions exhibit three dif-
ferent modes of homogenization (Becker and Bodnar, 2008), including:
(1) simultaneous disappearance of halite with bubble or liquid homo-
genization (Ty, maiitey = Th . — vy); (2) priority of halite disappearance
compared with vapor or liquid homogenization (Ty gatitey < Th @ —
wy); and (3) vapor-liquid homogenization before halite dissolution (Tj
(Halite)  Th @ — vy)- Our microthermometric results for the early quartz
veinlets reveal that the majority of SH inclusions in the smaller and
lower grade porphyry deposits, such as Sarkuh and Iju, exhibit halite
dissolution before total vapor-liquid homogenization (mode 2 of Becker
and Bodnar, 2008). In contrast, inclusions entrapped in the early quartz
veinlets of Meiduk porphyry copper system are mostly showing NaCl
supersaturation, expressed as halite dissolution after liquid-vapor
homogenization (mode 3). This feature is interpreted to be related to
the homogeneous trapping of inclusion during high pressure conditions
(Bodnar, 1994) or it may be due to the inhomogeneous trapping of
halite-saturated hydrothermal brines (Becker and Bodnar, 2008; Yang

et al., 2015; Zarasvandi et al., 2015b; Liu et al., 2016). It is important to
note that post-entrapment processes (e.g., volume shrinkage, loss of
H>O0, stretching and necking) can also cause NaCl supersaturation in SH
inclusions (Sterner et al., 1988; Becker and Bodnar, 2008; Shen et al.,
2010; Yang et al., 2015; Zarasvandi et al., 2015b). No signs of post-
entrapment modifications were, however, observed during petro-
graphic examinations of the fluid inclusions. The co-occurrence of SH
inclusions with type- III homogenization (homogenization by halite
disappearance) and vapor-rich inclusions in the most primitive veins of
highly mineralized Meiduk deposit provide direct evidence for halite
saturation along the liquid-vapor-halite curve, analogous to those re-
ported from other porphyry copper systems (Lecumberri-Sanchez et al.,
2015; Wang et al., 2017).

Based on the phase identification using laser Raman analysis, the
primitive multiphase inclusions (those hosted in early stage quartz
veinlets) in the highly mineralized Meiduk deposit contain significant
co-occurrence of magnetite, hematite as well as anhydrite daughter
phases, implying for oxidized conditions of early stages of hydro-
thermal system (Wang et al., 2017). These solid phases are less common
in the smaller and lower grade deposits (i.e., [ju). As stated above, re-
cent findings indicate that the Miocene porphyries of UDMB are mostly
produced by partial melting of thickened mafic lower crust. According
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Fig. 13. Histograms showing Tj, °C (a—c) and salinities of fluid inclusions (d-f) from the three stages, Meiduk deposit.

to this model ongoing compression and tectonic shortening after sub-
duction of the Neo-Tethys lead to the development of a garnet amphi-
bolite melting zone in the lower crust during continent—continent col-
lision providing the source of the magmas (Shafiei et al., 2009; Asadi
et al., 2014; Zarasvandi et al., 2015a,b, 2018). Collisional porphyry
copper deposits derived from the partial melting of such thickened ju-
venile mafic lower crust generate relatively oxidized magmatic systems.
The oxygen fugacities (fO5) of these magmas are AFMQ + 2 (where
FMQ is the fayalite-magnetite-quartz oxygen buffer) reaching up to
AFMQ + 4, i.e., close to the magnetite-hematite oxygen (MH) buffer
(Sun et al., 2015). The presence of magnetite, hematite, and anhydrite
in the multiphase inclusions entrapped in the early veins (e.g., Meiduk
porphyry) prove that oxygen fugacity of the hydrothermal system
fluctuated near the MH buffer (Sun et al., 2013). Importantly, the
oxidized nature of the magmas and the early stage hydrothermal fluids
expelled from them would provide suitable conditions for the pre-
servation of sulfur content. Because under oxidized conditions, H,S will
be undersaturated and tend not to be fractioned from magmatic-hy-
drothermal system leading to the preservation of sulfur and chalcophile

elements of hydrothermal system (Richards, 2011; Sun et al., 2013).
Accordingly, early quartz veinlets associated with potassic alteration do
not contain considerable sulfide mineralization (Fig. 4).

5.2. Evolution of hydrothermal system and sulfide mineralization

Fig. 16 shows plots of Ty, °C versus salinity of the various fluid in-
clusions entrapped in the early, main ore, as well as late stages of hy-
drothermal system for the four studied deposits. The diagram shows
that from the early to the late stage, there is a gradual decrease in Ty, °C
with large variations in salinity (Fig. 16). As a common indication in the
porphyry copper systems, this feature is attributed to the inflow or
mixing of early hypersaline high-temperature magmatic fluids with
circulating groundwater (e.g., Gregory, 2017; Yu et al., 2017). Through
hydrothermal evolution, this is generally accompanied with the de-
veloping of hydraulic fracturing and fluid boiling (Canet et al., 2011;
Dubessy et al., 2003; Zarasvandi et al., 2015b; Fig. 16).

It is evident that homogenization temperatures of ore stage fluid
inclusions in the lower grade deposits Sarkuh, [ju and Keder are higher
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Fig. 14. Histograms showing Tj, °C (a-b) and salinities of fluid inclusions (c-d) from the ore stage and late stage, Keder deposit.

than those in the large higher grade Meiduk deposit (Fig. 16). For ex-
ample, Tj, °C values of ore stage SH inclusions increase on average from
Meiduk (364.1°C) to Sarkuh (395.4°C), Iju (455.2°C) and Keder
(508.7 °C). This feature may highlight the important role of tempera-
ture decrease for sulfide saturation/mineralization. As explained above,
the oxidized nature of the magma and initial hydrothermal fluids plays
a decisive role in keeping the sulfur content high, therefore restricting
sulfide segregation during the magmatic and early hydrothermal stages
(Yang, 2012; Sun et al., 2013). However, the availability of reduced
sulfur species (HS,, H,S) is crucial for forming major sulfide miner-
alization in the main ore stage of porphyry copper systems. Decrease in
temperature has a major effect on the disproportionation of dissolved
oxidized sulfur species (SO,) to hydrogen sulfide (H,S) and H,SO4 (eq.
(1); Richards, 2011).

4502 + 4H20 =2 Hgs + 3H2504 (l)

Cooling of the hydrothermal system is shifting this reaction to the
right side thus providing hydrogen sulfide necessary for the generation
of sulfide mineralization in the main ore stage (Richards, 2011;
Zarasvandi et al., 2018). The production of H* during this reaction
decreasing the pH, providing suitable conditions for hydrolysis and wall
rock alteration (towards neutralization). This mechanism could explain
why ore stage veinlets containing significant sulfide mineralization
generally have a sericite halo in which feldspar is altered (Fig. 4b).

Based on laser Raman spectroscopy analysis, it is shown that in-
clusions with signs of CO, components (in vapor phase) are present in
the hydrothermal systems of almost all studied porphyry copper de-
posits (Fig. 10b-d). It is most common in the early stage quartz veinlets
at Meiduk (C-type inclusions). As noted earlier, the abundance of CO,
vapor components decrease from early to late stage quartz veinlets.
Nevertheless, in the Meiduk deposit this decreasing trend is much
higher than that of other deposits. Aside from porphyry Mo deposits
(e.g., Qian'echong, Fei Yang et al., 2013; Yuchiling, Li et al., 2012),
CO,-bearing fluid inclusions have also been reported from porphyry Cu

systems, especially those formed in continental collision/post-colli-
sional tectonic regimes (e.g., Dalli porphyry Cu-Au deposit, Urumieh-
Dokhtar magmatic belt, Zarasvandi et al., 2015b; Dabu porphyry
Cu-Mo deposit, southern Tibet; Wu et al., 2017), and when porphyry
Cu systems were deeply emplaced (e.g., Butte porphyry Cu-Mo deposit;
Rusk et al., 2008; Liu et al., 2016). Totally, CO, components may have a
decisive role in metal transportation/deposition by buffering the ore-
bearing fluids (Phillips and Evans, 2004). For example, experimental
results have indicated that without significant contribution from the
brine, the CO,-rich magmatic vapor components could remove half of
the available copper from the melt (Tattitch et al., 2015). Also, in more
saline oxidizing and S-rich fluids as generally seen in PCDs, the solu-
bility of ore metals (Cu-Au-Fe) in the presence of CO, decrease by ~ 1
order of magnitude with CO, increasing to 20-30 wt% (Kokh et al.,
2017). Because of the low solubility of CO5 in magmas compared to
H>0, CO, tends to be exsolved in the very early magmatic-hydro-
thermal stage (differential degassing), i.e., the earliest fluids are usually
relatively COa-rich (Drummond and Ohmoto, 1985; Chen and Wang,
2011; Liu et al., 2016). This may explain the decrease of CO, vapor
components with decreasing temperature from early to late stages as
seen in the Meiduk porphyry. It should be noted that besides cooling
three other mechanisms are considered as important factor for changing
the oxidation state of the hydrothermal system. 1) magnetite crystal-
lization (eq. (2), Liang et al., 2009; Sun et al., 2013), 2) CO,-escape by
boiling (Li et al., 2012; Zhong et al., 2014), and 3) differential H, es-
cape in the subvolcanic venting environment.

12[FeO] + H,SO, 2 4Fe;04+ H,S )

In the early stages of hydrothermal system during potassic altera-
tion, magnetite crystallization could facilitate the progressive reduction
of S04> to S?7, providing suitable condition for significant sulfide
mineralization in the main stages of mineralization (eq. (2); Liang et al.,
2009; Wang et al., 2016). On the other hand, CO-escape would also
increase the pH in the remaining fluids making Cu-Cl and Au-Cl
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Fig. 15. Histograms showing homogenization temperatures (a-c) and salinities of fluid inclusions (d—f) from the three stages, Iju deposit.

complexes less soluble and could be linked directly to the potential of
hydrothermal system for considerable sulfide mineralization (Gammons
and Williams-Jones, 1997; Robb, 2005). Thus, CO, differential degas-
sing together with cooling of the system could be considered as the
main processes of sulfate reduction causing the formation of reduced
sulfur species and main ore stage sulfide mineralization. Loss of CO,
decreases carbonic acid as well, which can increase pH slightly. How-
ever, this is also the case for SO, and H,SOy (i.e., partially affected by
differential degassing) as well that reduces total S in the magmatic
hydrothermal system, so ferrous Fe (Cu, Au) in the magmatic and fluid
system also needs to act to enhance that reduction process (i.e., a high
Fe; Yang, 2012).

Comparing the overall features of hydrothermal system in the
highly mineralized Meiduk deposit with giant Dexing porphyry
Cu-Mo-Au deposit in the south China block (Liu et al., 2016) indicate
that the signals of high metal fertility, i.e., exhausting of CO, compo-
nents through evolution of hydrothermal system, supersaturation of
NaCl in the most primitive fluids, and temperature decreasing during
mineralization stages (~300-400 °C) as non-unique factors could also
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be seen in the other PCDs repressing anomalously high mineralization.
6. Conclusions

In the present work, it is tried to characterize the hydrothermal
system of the collisional porphyry copper systems (Meiduk, Iju, Sarkuh,
and Keder) located in the Urumieh-Dokhtar Magmatic Belt. Of these
deposits, Meiduk is a highly mineralized large economic deposit,
whereas Keder represents the low grade sub-economic endmember.
Comparing the common characteristics of the hydrothermal system and
its evolution from initial stages toward main sulfide mineralization, and
late stages, it is proved that the enhancement of metal fertility in the
collisional porphyry copper systems could be predicted by the following
signals:

1) The composition of early hydrothermal fluids; maximum ore-effi-
ciently appear to be accompanied with porphyry deposits re-
presenting supersaturation of NaCl in the most primitive fluids (e.g.,
Meiduk deposit: 36.4-73.2 wt% NaCl eq.).
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Fig. 16. T}, °C vs. salinity of fluid inclusions from the different stages of mineralization for the four porphyry deposits studied (diagram with critical curve and NaCl
saturation curve is after Bodnar, 1983). The gray arrow indicates the trend of decreasing in homogenization and salinity. Evolutionary paths of hydrothermal fluid

are from Wilkinson (2001).

2) Oxygen fugacity of the magmatic-hydrothermal system; high fO, as
indicated by presence of magnetite, hematite, and anhydrite espe-
cially in the pre-ore stage inclusions favor high sulfur (and metal)
contents in the hydrothermal fluids of the main ore stage.

3) Presence of CO, as fluid component and loss of CO, in the low
density volatile (vapor) phase during the evolution of system.

4) Temperature decrease, especially during the transition from the pre-
ore/early ore to the main ore stage.

For the formation of large to giant high-grade porphyry copper
deposits, the processes controlling these parameters must be ideally
combined. If not, only low-grade sub-economic systems will develop.
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