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A B S T R A C T

Porphyry copper deposits in the Tethyan metallogenic belt broadly occur in early Mesozoic, late Mesozoic,
Paleogene, and Neogene within a wide range of tectonic setting. These deposits in Iran often occur within the
Cenozoic Urumieh-Dokhtar Magmatic Arc (UDMA), mostly in the Kerman porphyry copper belt (KPCB) located
in the southeast of this arc. These deposits along the UDMA are mainly associated with the granitoids of Miocene
age (18.82–9.20Ma). In this research, geochemical characteristics, Pb and Sr isotopes, tectonic environment,
oxidizing conditions and source of magmas for the most important porphyry copper deposits of the UDMA have
been compared and discussed. On the basis of trace element discrimination diagrams, the Kerman belt granitoids
formed in a volcanic arc-type setting, whereas the Jebal Barez granitoids seem to have formed in a different
tectonic setting. The Eu/Eu* of granitoids from the Kerman belt are greater than 1.2, representing the oxidizing
conditions for the crystallization of the granitoid magma, whereas Jebal Barez granitoids were formed under
reducing conditions. The Sr/Y ratio for Kerman granitoids is greater than 60, indicating adakitic affinities and
(La/Yb)n for these granitoid rocks is between 17 and 35, suggesting that their parental magma was generated
from a deep garnet-bearing source. Based on (87Sr/86Sr)i values for Kerman belt granitoids of 0.704–0.705, it is
suggested that parental magmas originated from a subducted oceanic slab. In the Sarcheshmeh porphyry copper
deposit, the thermal gradient of the oceanic slab at depth was less than 9 °C/Km (warm-cold slab). The oceanic
slab was highly hydrated and more than 80% of the water within the oceanic slab was released in the deep zone
of the sub-arc region at a depth of 110–130 Km. Under saturated conditions, the oceanic slab partially melted
(20–25%). A large volume of magma and magmatic water formed Sarcheshmeh as a giant porphyry copper
deposit. In the Iju deposit, a small porphyry copper deposit, the oceanic slab was slightly hydrated and minor
water was released at the depth of 110–130 Km. A small volume of magma was formed due to water under-
saturated melting conditions. Finally, a new hypothesis is introduced regarding the roles of down-dip thermal
gradient of the oceanic slab, water content, depth of dehydration and degree of partial melting of oceanic slab
which are important controls on the formation and size of the porphyry copper deposits within continental
volcanic arcs.

1. Introduction

Porphyry copper deposits mostly include the world’s largest copper
deposits in the global economy. About 75% of world copper, 50% of
molybdenum and 20% of gold are produced from porphyry copper
deposits (Sillitoe, 2010) with an average ore grade of 0.45–1.5% Cu,
0.007–0.04% Mo and up to 1.5 ppm Au. Ore reserves for most porphyry

copper deposits are typically between 20 and 10,000 million tons
(Sillitoe, 2010; Kesler et al., 2002). World copper metal production in
2017 was 19,700,000 tons (Mineral Commodity Summaries, 2018).

Porphyry copper systems are defined as large volumes of hydro-
thermally altered rock centered on porphyry Cu stocks (Sillitoe, 2010).
These systems are products of shallow crustal emplacement of hydrous
arc magmas and some collisional and post-subduction magmas
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(Richards, 2018). The most fertile sources for syn-and post-collisional
porphyry deposits appear to be related to subduction-modified litho-
sphere, because these hydrated lithologies melt at relatively low tem-
peratures during later tectono-magmatic events and retain the oxidized
and relatively metalliferous character of the original arc magmatism
(Richards, 2015). Porphyry copper deposits are commonly associated
with intermediate composition arc-related igneous rocks with high Sr/Y
and La/Yb ratios (Richards, 2011). Igneous rocks having ratios of Sr/
Y > 25 and Y < 10 ppm are considered as adakitic type. A high ratio
of Sr/Y is an indicator that magma was generated at greater depth
within the subduction zone. To discriminate between the sources of ore-
bearing magmas and barren magmas and, the relationship between
fertilizing porphyry copper and the deep source of magma, a ratio of Sr/
Y > 25 of igneous rocks is proposed by Wan et al. (2018) and Deng
et al. (2018).

Porphyry Cu systems were generated worldwide since the Archean,
although Mesozoic and Cenozoic examples are most frequently pre-
served (Singer et al., 2008), probably because of limited erosion in the
younger arc terranes (e.g. Seedorff et al., 2005; Kesler and Wilkinson,
2006; Wilkinson and Kesler, 2009). Over 50 percent of the giant por-
phyry copper deposits are located in north and central Chile, southwest
Arizona, and northern Mexico. There are also other giant deposits in
Montana, Utah, Panama, Peru, Argentina, Mongolia and Iran. Com-
prehensive tectonic environments, thickened continental crust, active
uplift and erosion were associated with the formation of many of these
deposits. (Cooke et al., 2005).

Several tectonic models for porphyry Cu mineralization within
collisional orogenic belts were proposed by various authors and sum-
marized by Pirajno (2009). However, porphyry copper deposits can be
directly related to subduction (e.g. occurrences of the giant Saindak and
Reko Diq porphyry Cu-Au deposits in western Pakistan) or copper and
gold deposits related to post-subduction tectonic setting or collisional
processes (e.g., Roşia Montană in Romania, Kisladag in Turkey, and Sari
Gunay in Iran. Skouries deposit in Greece, Sungun, Meiduk, and Sar
Cheshmeh in Iran and Qulong in southern Tibet are other examples of
porphyry deposits related to subduction tectonic setting.

Porphyry formation in the Tethyan orogen is broadly divided into
four main episodes: early Mesozoic (Triassic-Jurassic), late Mesozoic
(Cretaceous), Paleogene, and Neogene (Richards, 2015). The wide
range of tectonic settings represented along the Neotethyan orogenic
belt thus provides a good opportunity to study porphyry ore formation
in response to different geodynamic processes. Richards (2015) re-
viewed and summarized the tectonic, magmatic and metallogenic his-
tory of the Tethyan orogen from the Carpathians to Indochina which
can be one of the fundamentals for understanding the formation of
porphyry copper deposits in different tectonic settings and the role of
magmatic evolution.

All known large porphyry copper deposits in Iran occurred within
the Cenozoic Urumieh-Dokhtar Magmatic Arc (UDMA) (McInnes et al.,
2003, Shafiei et al., 2008, 2009; Hou et al., 2011; Richards et al., 2012).
They are mostly located in the southeastern arc segment of the UDMA
that is called the Kerman Cenozoic magmatic arc (KCMA; Shafiei et al.,
2009a,b). This arc is associated with calc-alkaline stocks and was in-
terpreted by Dewey et al. (1973) as an Andean-type Cordilleran arc
system within the collisional Alpine-Himalayan orogenic belt. Transi-
tion from normal calc-alkaline arc magmatism in the Eocene-Oligocene
(Jebal-Barez-type) to adakite-like calc-alkaline magmatism (Kuh Panj-
type) in the mid-late Miocene-Pliocene reflects the onset of collision
between the Afro-Arabian and Eurasian plates in the Kerman Cenozoic
arc segment (Asadi et al., 2014). Cenozoic magmatism in the Urumieh-
Dokhtar belt has been the focus of many exploration companies as it is
related to several large porphyry Cu deposits, mainly of Miocene age. In
addition, several researchers have worked on the magmatism, tectonic
setting and genesis of porphyry copper systems belonging to this belt
(Ahmadian et al., 2009; Alaminia et al., 2013; Arjmandzadeh and
Santos, 2014; Hou et al., 2011; McInnes et al., 2003; McInnes et al.,

2005; Razique et al., 2007; Richards et al., 2012; Shafiei et al., 2009a,b;
Shafiei and Shahabpour, 2008; Taghipour, 2007; Taghipour et al.,
2008; Zarasvandi et al., 2005; Zarasvandi et al., 2015). In general, it is
agreed that Neotethyan subduction started from Triassic in Iran.
(Kazemi et al., 2018 and reference therein) but this subduction was
continued until the collision of Arabia and Eurasia in the Late Cretac-
eous to Oligocene-Miocene as the closure age of the Neotethyan ocean
(Kazemi et al., 2018).

A number of key factors contributed to the potential for an arc
magmatic system to generate an economic porphyry copper-mo-
lybdenum-gold deposit. Of these, the following factors are most im-
portant such as; high magma flux (Richards, 2018), high magmatic
water, sulfur and chlorine content (Cooke et al., 2005; Sillitoe, 2010;
Richards, 2018), magma oxidation above normal mantle values
(Richards, 2018), rate and angle of subduction, the oxidation of the
slab, mantle wedge and upper plate lithosphere, and the state of stress
in the crust. Although the ore-forming mechanism and important key
factors contributing to the formation of giant porphyry copper is still
debated. The aim of this paper is to present the age and petrogenesis of
granitoids within the Kerman Porphyry Copper Belt (KPCB) as well as
the granitoids within the Jebal Barez belt, and also introduce a new
hypothesis regarding the role of the thermal gradient, water content and
depth of dehydration of subducted oceanic slab as key factors which
control the size and ore grades in porphyry copper systems within
continental volcanic arcs and specifically along Kerman magmatic arc
porphyry system.

2. Geology of porphyry copper deposits in Iran

Based on geology and tectonic setting, Iran has great potential for
exploration of different types of mineral commodities. All Iranian
porphyry copper deposits along the UDMA (mainly formed in Miocene
time) and in Eastern Iran (formed in Eocene-Oligocene) are post-colli-
sional type (Aghazadeh et al., 2015; Golestani et al., 2018; Shafiei,
2010; Karimpour et al., 2012). The porphyry copper deposits in Iran are
clustered in several metallogenic zones or belts such as Kerman, Ara-
sbaran, Saveh-Yazd, as well as Eastern Iran (Fig. 1). The locations of
porphyry copper belts and deposits are shown in Fig. 1. These deposits
are mostly associated with Tertiary granitoid rocks.

Eastern Iran Porphyry copper deposits: Porphyry copper deposits in
Eastern Iran are mostly located within the Lut block formed during Late
Eocene time, from 39 to 28Ma (Karimpour et al., 2012). Major rocks
within the Lut block are Tertiary sub-volcanics (monzonite, quartz
monzonite, diorite and quartz diorite) and volcanic rocks (mainly an-
desite, dacite and minor rhyolite). Maherabad and Shadan are major
porphyry copper-gold deposits in this area (Malekzadeh Shafaroudi
et al., 2015, 2010) (Table 1). Gazu is the only porphyry copper system
which formed in the Late Cretaceous (68Ma) in this area (Mahdavi
et al., 2016). This area also has great exploration potential for small
scale porphyry copper and gold deposits (Karimpour et al., 2012) such
as: Mehrabad and Shadan porphyry copper gold (Malekzadeh
Shafaroudi et al., 2015, 2010), Tannurjeh (Hossieni et al., 2018), Fir-
ouzeh Neyshabour (Ghiasvand et al., 2018), Halak Abad (Ghourchi
et al., 2014), Baharieh (Almasi et al., 2017), Chah Shaljami
(Arjmandzadeh et al., 2011a), Mahour (Miri Beydokhti et al., 2015),
Cheshmeh Sabz (Javidi Moghadam et al., in press), Dehsalm
(Arjmandzadeh et al., 2011b), and Kuh Shah (Abdi et al., 2013).

Arasbaran Porphyry copper belt: The Arasbaran belt, located in
northwestern Iran, has a great exposure of Tertiary igneous rocks, both
volcanic and sub-volcanic rocks. Sungun and Masjed Daghi are the most
important porphyry deposits along this belt (Fig. 2) which are active at
present (Table 2). Sungun and Masjed Daghi porphyry copper deposits
were formed in the Early Miocene (21 & 20.5Ma, Table 2, Aghazadeh
et al., 2015). This part of Iran has great exploration potential for por-
phyry copper, molybdenum and various types of epithermal gold de-
posits.
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Saveh-Yazd Porphyry copper belt: The Saveh-Yazd porphyry copper
belt is located in the middle portion of the UDMA (Fig. 1). Dalli, Darreh
Zereshk, Kahang, and Ali Abad porphyry Cu (Au, Mo) deposits were
also recently discovered along this belt (Fig. 1). These deposits were
formed during the Early to Middle Miocene (Table 3). The ore reserve
and ore grades of these deposits are listed in Table 3.

Kerman Porphyry copper belt: (Fig. 2). The UDMA extends about
2000 Km in a NW-SE direction in Iran. The KPCB is situated in the
southeast of the UDMA and extends about 350 Km (Fig. 2). Magmatic
activities along the KPCB are Tertiary granitoids and volcanic rocks
(Paleocene-Eocene-Oligocene-Miocene) (Sarjoughian and Kananian,
2017; Omrani et al., 2008) associated with the subducting Neo-Tethys
oceanic slab (Sarjoughian and Kananian, 2017; Omrani et al., 2008;

Agard et al., 2005, 2011; Alavi, 2004; Alavi, 2007; Alavi and Mahdavi,
1994). Granitoids were emplaced during several episodes from the
Paleocene to Miocene. Their location and timing were different along
this belt (Honarmand et al., 2013). The age and the volume of mag-
matic activities along this belt are different (Chiu et al., 2013; Azizi
et al., 2011).

The KPCB is the most important metallogenic zone in Iran and
several porphyry copper deposits occurred along this belt (Fig. 3). The
porphyry copper deposits along this belt are mostly associated with
granitoids which have been formed during a specific period (mostly
Oligo-Miocene) and location (Aghazadeh et al., 2015; Golestani et al.,
2018; Shafiei, 2010). Sarcheshmeh is the largest porphyry copper de-
posit in Iran along this belt. Miocene age sub-volcanic granitoids

Fig. 1. Location of major porphyry copper belts and deposits.

Table 1
Porphyry copper gold deposits in Eastern Iran.

Deposit Age (Ma) Coordinates References

Lut Block Maherabad 39 32°30′N, 58°59′E Malekzadeh Shafaroudi et al. (2015)
Lut Block Shadan 39 32°22′N, 58°56′E Malekzadeh Shafaroudi et al. (2015)
Tabas Block Gazu 68 33°12′N, 57°23′E Mahdavi et al. (2016)
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intruded the older Tertiary volcanic rocks. The composition of granitoid
rocks at Sarcheshmeh and Meiduk range from monzonite to grano-
diorite and diorite, but younger deposits such as Iju and Serenu are
mainly hosted by diorite and quartz diorite.

3. Grade, tonnage, and age

Sarcheshmeh deposit (Fig. 3) with 1200 Mt ore reserve with average
grades of 0.85% Cu, 0.03% Mo and 0.06 ppm Au is one of the world
largest porphyry copper deposits (Table 4). Meiduk deposit (Fig. 3)
with 176 Mt of ore reserves and Cu grade at 0.61% is the second largest
porphyry deposit within the Kerman belt (Table 4). Ore reserves and
grades of the most important porphyry copper deposits along the KPCB
are listed in Table 4.

As shown in Fig. 4 and Table 3, the ages of most of the porphyry
copper deposits along the UDMA are from 17.85 to 9Ma. Porphyry
copper deposits along Kerman belt mostly formed from 15.5 to 9Ma.
Sarcheshmeh and Meiduk formed during Miocene (13.6–12.5Ma) while
there are small size porphyry copper deposits which are 1 or 2 million
years older than 13.6Ma (Fig. 3) (i.e.; Sar Kuh, Darreh Zar, and Now
Chun) (Table 4). There are also small porphyry copper deposits around

Meiduk such as Chah Firouzeh and Chah Messi (Fig. 3). Within KPCB
there are smaller porphyry copper deposits such as Iju, Sereno and
Abdar, which are mostly younger than 10Ma (e.g., Table 4, Fig. 3).

Fig. 4 shows a comparison between the ages of porphyry copper
deposits in Iran. Gazu is the oldest porphyry copper deposit located in
Eastern Iran at 68Ma and in general the Eastern Iran porphyry copper
deposits are older compared to the KPCB (Fig. 4). The gold content of
porphyry copper deposits in Eastern Iran is higher in comparison with
other deposits in Iran (Malekzadeh Shafaroudi et al., 2015).

To determine the size of alteration zones within the porphyry
copper deposits, mineral mapping with ASTER satellite data (The
Advanced Spaceborne Thermal Emission and Reflection Radiometer)
has been applied. Spectral Angle Mapper (SAM) method was used for
mineral mapping. Distribution of end-members are mapped by using
the SAM in VNIR and SWIR of ASTER bands (Karimpour et al., 2014;
Honarmand, 2016; Rowan et al., 2003). Since propylitic and sericitic
alteration zones are important, mineral mapping was done only for
chlorite, epidote and muscovite. Propylitic (chlorite & epidote) and
sericitic alteration zones are shown in Figs. 5 and 6. The sericite,
chlorite and epidote alteration zones around Sarcheshmeh porphyry
copper mine are very large (> 5 Km wide, Fig. 5). The size of alteration

Fig. 2. Map showing the location of the Kerman porphyry copper belt.

Table 2
Ore reserve and ore grade of Sungun and Masjed Daghi mines.

Ore reserve Cu% Mo% Au (ppm) Age Coordination
MT

Sungun 740 0.66 0.024 – 21 38°43′N, 46°42′E Aghazadeh et al. (2015)
Masjed Daghi 240 0.34 – 2 20.5 39°8′N, 46°8′E Aghazadeh et al. (2015)
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around Darreh Zar is about 1.5 km, around Meiduk deposits is around
2.5 km and around Iju deposits is less than 1 km (Fig. 5).

4. Geochemistry of trace elements and isotopes

There are two main plutonic belts within the Kerman Cenozoic arc
segment; the KPCB and the Jebal-Barez Belt (Fig. 2). The age of gran-
itoid rocks within the KPCB is between 17.5 and 9Ma and the Jebal-
Barez granitoids are older than 20Ma. The composition of granitoids
ranges between quartz monzonite, monzonite, granodiorite, diorite and
quartz diorite in both belts. The tectonic setting and the source magmas
were different in both belts.

Trace element discrimination diagrams (Pearce et al., 1984) show
that the granitoid rocks from KPCB plotted in the field of volcanic arc
tectonic settings, but the Jebal-Barez granitoids plotted in the field of
intraplate tectonic settings (Fig. 7). This is very important to note that
these two belts have totally different tectonic settings. Asadi et al.
(2014) compared these two belts, discriminating between productive
and barren porphyry copper deposits. Since porphyry copper deposits
are only associated with volcanic arc granitoid rocks such as KPCB, it
may lead to a wrong interpretation when volcanic arc granitoids are
compared with granitoid rocks formed within another tectonic setting.
Porphyry copper deposits are not associated with granitoid rocks
formed within an intraplate tectonic setting.

To find the depth of magma generation and also the conditions of
melting, REE geochemical data from Kerman porphyry copper granitoid
rocks and Jebal-Barez belt are plotted in the (La/Yb)n versus Eu/Eu*

diagram (Fig. 8). This diagram shows that the granitoid rocks from
these two belts have formed in two different reducing and oxidizing
conditions (Fig. 8). The ratio of Eu/Eu* is useful for finding the

condition of magma generation (Fig. 8). The ratio of Eu/Eu* is less than
one when the partial melting is under reducing conditions. If the ratio
of Eu/Eu* is greater than one, it means that the magma was formed
under oxidizing conditions (Fig. 8). The granitoid rocks in KPCB were
formed under oxidizing conditions, whereas Jebal-Barez granitoids
were formed under reducing conditions (Fig. 8).

The distribution coefficient of elements between magma and the
source rock controls the ratio of (La/Yb)n. The distribution coefficient
of La and Yb is quite different in some minerals such as garnet. The
distribution coefficient of La in garnet is less than 0.01 and Yb is higher
than 10. It means that a rock consisting of garnet during partial melting
will produce a magma with a high concentration of La and a low
concentration of Yb; therefore the ratio of (La/Yb)n will be high. The
ratio of (La/Yb)n of granitoid rocks from KPCB is between 20 and 39
while the ratio of (La/Yb)n for granitoids rocks of the Jebal-Barez is less
than 6 (Fig. 8). Granitoid rocks from KPCB were generated from a deep
source where garnet was present, while the ratio of (La/Yb)n of the
Jebal-Barez granitoid rocks is less than 6. Therefore, the magma was
generated from a shallower depth (Fig. 8).

A spider diagram for the REE shows two distinct patterns for
granitoid rocks of KPCB and Jebal-Barez (Fig. 9). LREE show strong
enrichment and HREE are depleted in the granitoids of the KPCB
(Fig. 9). This pattern also supports the plot in Fig. 8. Based on the
patterns of the REE from granitoid rocks of KPCB and Jebal-Barez, the
latest results do not show an enrichment in the LREE and depletion in
the HREE (Fig. 9). This plot also supports that the magma source for the
Jebal-Barez granitoid rocks was generated from a much shallower
depth.

A plot of Y versus Sr/Y is used to discriminate the adakite-type and
other granitoids. Granitoid rocks from KPCB are plotted in the field of

Table 3
Ore reserve and ore grade of porphyry copper along Saveh-Yazd belt. (USGS, Mineral Resources On-Line Spatial Data, Komeili et al., 2017).

Ore reserve Cu% Mo% Au (ppm) Age Coordinates References
MT Ma

Kahang 40 0.53 0.02 – 15.1 32°55′N, 52°28′E Ayati et al. (2013)
Darreh Zereshk 23 0.9 0.004 – 16.5 31°33′N, 53°50′E Zarasvandi et al. (2005)
Ali Abad 40 0.73 0.0059 – 16.5 31°38′N, 53°50′E Zarasvandi et al. (2005)
Dalli 8 0.5 – 0.75 21 34°16′N, 50°19′E Ayati et al. (2013)

Fig. 3. Location of porphyry copper deposits within the Kerman belt.
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adakite, while the Jebal-Barez granitoids are plotted in the field of low
Sr and high Y (Fig. 10). This plot also proves that granitoid rocks from
these two belts are totally different in tectonic setting and the origin.

Sr-isotope data of KPCB and Jebal-Barez granitoid rocks are re-
ported in Table 5 and plotted in Fig. 11. The initial (87Sr/86Sr)i of
granitoid rocks from Jebal-Barez is greater than 0.7070. This indicates
that the magma originated within the continental crust (Fig. 11). A low
ratio of (La/Yb)n also indicates that the source of magma was from a
shallower depth (Fig. 11).

The initial (87Sr/86Sr)i of granitoid rocks from Kerman porphyry
belt is less than 0.07047 (Table 5). The ratio of (La/Yb)n is high
(20–39), therefore magma was generated from a very deep source
(Fig. 11). On the basis of the both Sr-isotopes and (La/Yb)n it is con-
cluded that the magma for ore-bearing granitoids of KPCB originated
from subducted oceanic slab at depth.

The major differences between granitoid rocks of the KPCB and the
Jebal Barez are as follows:

1. Based on the trace element discrimination diagrams (Pearce et al.,
1984), the tectonic setting of the granitoid rocks of the KPCB was
associated with a volcanic arc, whereas the Jebal-Barez granitoids
were formed within an intraplate setting.

2. Based on initial Sr-isotopes, the magma of the KPCB granitoids
originated from partial melting of an oceanic slab during the process
of subduction, whereas magma of the granitoids at Jebal-Barez

Table 4
Ore reserve, grade, age and location of porphyry copper deposits along the KPCB.

Deposit Reserve Cu% Mo% Au Age Geographic coordinates References
MT ppm Ma

Iju 74 0.31 – – 9.2 30°33′N, 54°57′E Golestani et al. (2018)
Meiduk 176 0.61 0.007 0.05 12.5 30°20′N, 55°10′E Aghazadeh et al. (2015)
Dar Alu 240 0.36 0.007 0.031 12.96 29°25′N, 57°06′E Aghazadeh et al. (2015)
Sarcheshmeh 1200 0.85 0.03 0.06 13.6 29°56′N, 55°52′E McInnes et al. (2003)
Now Chun 80 0.32 – – 13.71 29°55′N, 55°51′E Aghazadeh et al. (2015)
Darreh Zar 283 0.38 0.018 0.036 14.9 29°51′N, 55°53′E Aghazadeh et al. (2015)
Sar Kuh 16 0.46 0.003 0.038 15.14 29°55′N, 57°46′E Mirnejad et al. (2013)
Bagh Khoshk 24 0.27 – – 17.85 29°49′N, 55°59′E Aghazadeh et al. (2015)

Fig. 4. Age of porphyry copper deposits in Iran.

Fig. 5. Spectral Angle Mapper (SAM) method, ASTER mineral mapping of Sarcheshmeh and Kuh Panj porphyry copper deposits. The sericite, chlorite and epidote
alteration zones around Sarcheshmeh porphyry copper mine are very large (> 5 Km wide).
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originated from the continental crust.
3. High ratio of (La/Yb)n Kerman granitoid rocks indicates the magma

originated from a very deep source, while Jebal-Barez granitoids
originated at shallower depth.

4. Granitoid rocks of KPCB have a ratio of Eu/Eu*> 1 which means
the magma formed under oxidizing conditions. Whereas the grani-
toid rocks from Jebal Barez granitoids have a ratio of Eu/Eu*< 1
suggesting the magma was generated under reducing conditions.

5. Granitoid rocks of KPCB have a high ratio of Sr/Y, therefore they are
adakitic, while the Jebal-Barez granitoids have low ratio Sr/Y and
cannot be adakitic.

5. Hydration and dehydration of oceanic slab

In the following section, features such as the deep thermal gradient
of the oceanic slab, water content, depth of dehydration and degree of
partial melting of oceanic slab which are very important for the for-
mation of KPCB; will be explained.

5.1. Hydration of oceanic slab and water transport

Water plays an important role in subduction zones. Water within
oceanic lithosphere is present as H2O, OH− and H. The total amount of
water which is subducted by the oceanic lithosphere per year (global) is
about 1.83× 1015 g/yr (Jarrard, 2003).

Different sections of oceanic lithosphere contain different amounts
of water. According to some researches (e.g. Rüpke et al., 2004; van
Keken et al., 2011; Hacker, 2008), oceanic sediments contain 5–7%
water, altered basalts and diabase contain 30–37% water, altered
peridotites within the lower oceanic crust contain 25–29%, and the
upper portion of altered mantle peridotites has 28–33% water. Ser-
pentine minerals (antigorite, chrysotile, lizardite) carry most of the
water and are the dominant hydrous minerals of oceanic lithosphere.

Serpentine, chlorite, and other hydrated minerals can form due to
alteration in the following areas (Alt et al., 2007; Bach et al., 2004;
Bonatti et al., 1984; Boschi et al., 2006; Delacour et al., 2008;
Scambelluri et al., 2004; Vils et al., 2011). Significant amount of water
contains carbon, sulfur, chlorine, boron, and arsenic will be migrated to

Fig. 6. ASTER mineral mapping of Meiduk and Iju porphyry copper deposits. The sericite, chlorite and epidote alteration zones around Meiduk porphyry copper mine
is less than 2 Km wide and around Iju porphyry copper deposit is very small.

Fig. 7. Trace elements discrimination diagrams (Pearce et al., 1984) show that the Sarcheshmeh-Iju-Meiduk granitoid rocks plot in the field of volcanic arc and Jebal-
Barez plots in the field of intraplate granitoids.
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the subduction zone due to alteration. There are two main areas where
oceanic lithosphere can be altered:

1. Oceanic spreading zones: hot oceanic crust formed at spreading
centers develops major geothermal cells. There are two main im-
portant hydrothermal sources: (1) The geothermal system formed
due to cooling of igneous rocks interacting with sea water and (2)
magmatic water associated with sub-volcanic intrusions. The first
hydrothermal system is very important and creates major alteration
zones. They alter mainly the upper part of oceanic crust. Both
chrysotile and lizardite form during the alteration of mafic and ul-
tramafic rocks within the oceanic spreading zones (Rüpke et al.,
2004). Slower rates of spreading favor alteration. Both olivine and
pyroxene are altered to serpentine (chrysotile, lizardite), chlorite,
and zeolites.

2. Beginning area of subduction: To begin subduction the oceanic li-
thosphere must be deflected (Ranero et al., 2005). Major faults form
during the deflection of the oceanic lithosphere (Ranero et al.,
2005). These faults are very important for channeling the oceanic
water to deeper parts of the oceanic lithosphere. As the oceanic
water moves along the faults it becomes warmer with increasing
depth. Large, hot hydrothermal cells can develop if a) Younger
oceanic slabs are warmer and b) Slower rates of subduction. The
hydrothermal cells can alter different parts of the oceanic slab.
Important hydrated minerals which can form due to alteration are:
Chlorites, low temperature serpentine (chrysotile, lizardite), higher
temperature serpentine (antigorite), hornblende, etc.

Fig. 8. Plot of (La/Yb)n versus Eu/Eu* indicates that Sarcheshmeh-Iju-Meiduk
granitoid rocks originated from a different source than the Jebal Barez grani-
toids.

Fig. 9. Chondrite-normalized REE patterns (Boynton, 1984) of Sarcheshmeh-
Iju-Meiduk and Jebal Barez granitoids.

Fig. 10. Plot of Y versus Sr/Y (Defant and Drummond, 1993) shows that
Sarcheshmeh-Iju-Meiduk granitoid rocks plot in the field of adakites and Jebal
Barez granitoids plot in the field with low Sr and high Y.

Table 5
Rb-Sr & Sm-Nd isotopes (Shafiei et al., 2009).

(87Sr/86Sr)i Std err. (2σ%) (143Nd/144Nd)i Std err. (2σ%)

Meiduk deposit 0.70455 0.000006 0.51275 0.000006
Sarcheshmeh 0.704702 0.000008 0.512716 0.000003
Iju deposit 0.704253 0.000007 0.512812 0.000005
Kuh Panj deposit 0.704623 0.000008 0.512653 0.000004
Jebal Barez 0.70681 0.000006 0.512596 0.000004
Sabzevaran 0.705336 0.000006 0.512667 0.000004
Sarduiyeh 0.706153 0.000005 0.512873 0.000005

Fig. 11. Plot of Sr-Isotopes versus (La/Yb)n shows that the source and depth of
magma for Sarcheshmeh-Iju-Meiduk granitoid rocks differ from Jebal-Barez
granitoids.
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5.2. Dehydration of oceanic slab

The thermal gradient and thermal structure of subducting oceanic
lithospheric slabs play an important role in dictating the degree of
dehydration at different depths (Peacock and Wang, 1999; Hacker,
2008; van Keken et al., 2011; Magni et al., 2014). The subducting
oceanic slabs are classified as hot, warm and cold types based on the
thermal gradients (Peacock and Wang, 1999; Hacker, 2008; van Keken
et al., 2011). The ages and thermal gradients of an oceanic slab control
both rate of subduction and the angle of subducting slab (Wang et al.,
2017; Syracuse et al., 2010, Abers et al., 2006; Peacock and Wang,
1999). Old oceanic slabs> 150Ma (such as Marina Island and NE
Japan) are considered as cold with a thermal gradient less than 7 °C/
Km, and this type of slabs are thick and much denser. Therefore, the
rate of descent of the subducting oceanic slab is high, and the dip of slab
is greater than 45°. Oceanic slabs with an age about 45Ma are warm,
with a thermal gradient around 10 °C/Km and finally, young oceanic
slabs< 8Ma (Cascadia, North America and southern Chile), are con-
sidered as hot with a thermal gradient greater than 18 °C/Km, thin and
less dense, so that the rate of descent of the subducting oceanic slab is
low, and the dip of slab is less than 40°.

The geothermal gradient of oceanic slabs at depths of less than
60 km is low (Fig. 12). At depths of more than 60 km, the thermal
gradient of the upper part of oceanic lithosphere increases due to hot
mantle conversion cells (Fig. 12). At depths of about 100–120 Km, the
temperature of the upper part of oceanic lithosphere becomes similar to
the upper mantle wedge (Fig. 12). The changes in thermal gradient
follow an S-shape curve (Fig. 12). The S-shape is found in the NE Japan
oceanic slab (cold slab) and in the Cascadia oceanic slab (warm slab)
(Fig. 12).

The relationship between the ages of oceanic slabs, thermal gra-
dients, and depths of dehydration is shown in Fig. 13. Very young
oceanic slabs such as that of N. Cascadia (8Ma) are hot (Fig. 13). The
oceanic slab at depths less than 70 Km will be dehydrated (maximum
dehydration) (Wada and Wang, 2009). As the age of the subducting
oceanic slab increases, the depth of maximum dehydration will increase
(Fig. 13). The age of the NE Japan oceanic slab is about 130Ma (Wada
and Wang, 2009) and is a cold type oceanic slab. Maximum dehydra-
tion of the NE Japan slab will take place at a much deeper depth (> 150
Km) than that of the N. Cascadia slab (Fig. 13). Subduction rate is

directly related to the age of oceanic slabs. The older oceanic slabs
(denser) have the higher rate of oceanic descent (Fig. 13). The combi-
nation of the age of an oceanic slab and its descent rate are defined as
the slab thermal parameter (Fig. 13):

= ×Slab Thermal Parameter (100 Km) Slab age Descent Rate

Most of the subducting oceanic slabs in South and North America
are younger than 45Ma, therefore, they have warm to hot thermal
structures (S. Chile, N. Chile, N. Cascadia, Alaska). The NE Japan and
Marina (North America) oceanic slabs are older than 130Ma and have a
cold thermal structure. The slab thermal parameter is higher in NE
Japan; so, the depth of dehydration is much deeper in comparison with
N. Cascadia which has lower slab thermal parameter (Fig. 13).

Due to prograde metamorphism and dehydration of silicate, water
could be released at different depths in the oceanic lithosphere during
subduction. Dehydration of the oceanic slab could occur within three
depth intervals: (1) Forearc areas; (2) subarc areas, and postarc areas.
The thermal structure of oceanic lithosphere would control the quantity
of water that could be released from various depth intervals (Alt et al.,
2012; Deschamps et al., 2013; Hacker, 2008; Magni et al., 2014;
Peacock and Wang, 1999; Rüpke et al., 2004; van Keken et al., 2011).

Serpentine minerals (lizardite, chrysotile and antigorite) are the
most important silicates to recycle and carry water and some elements
to different depths in the subduction zone (up to 180 km). Temperature
and pressure control the geochemistry and type of serpentine minerals.
Lizardite and chrysotile are stable at temperatures lower than 300 °C,
and are common at shallow depths of subduction zones (Fig. 14a). Li-
zardite and chrysotile are enriched in Cl, Li, B, Sr, Rb, and Cs. At
temperatures above 300 °C lizardite and chrysotile are not stable and
are transformed to antigorite. Most Cl, Li, B, Sr, and Rb will be released
with some water (Deschamps et al., 2011; Kodolányi and Pettke, 2011;
Lafay et al., 2013; Vils et al., 2011). At low pressure, antigorite is stable
between temperature 300 and 670 °C (Fig. 14a). Antigorite is the most
important and common hydrated mineral in both altered oceanic crust
and mantle peridotites. Antigorite contains up to 15–16% of water
(average 13wt%). Fluids released from antigorite have high ratios of B/
La, B/Nb, B/Th, U/Th, Sb/Ce and Sr/Nd (Deschamps et al., 2011). The
general formula of antigorite is as follows:

(Mg,Fe,Ni,Al,Mn,Zn) (Si,Al,Fe) O (OH,Cl,F)2 - 3 2 5 4

Field of stability of serpentine minerals was studied by Bromiley and
Pawley (2003) and Ulmer and Trommsdorff (1995). The depth of an-
tigorite breakdown depends on the thermal gradient of the oceanic slab:

Cold oceanic slab, if the thermal gradient of an oceanic slab is less
than 7 °C/Km, at a depth of about 140 Km and temperature of around
650 °C, antigorite breaks down to forsterite+ enstatite and water
(Fig. 14a, cold oceanic slabs (C)).

Fig. 12. Thermal gradients of cold and warm oceanic slabs with depth. (Revised
after Syracuse and Abers, 2006, Syracuse et al., 2010).

Fig. 13. Depth of dehydration increases with age of oceanic slabs. (Revised
after, Wada and Wang, 2009.
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Warm oceanic slab, if the thermal gradient of an oceanic slab is
between 9 and 15 °C/Km, at a depth of about 80–120 Km and tem-
perature of around 670–700 °C, antigorite breaks down to for-
sterite+ enstatite and water (Fig. 14a, warm oceanic slabs (B)).

Hot oceanic slab, if the thermal gradient of an oceanic slab is less
than 20 °C/Km (Fig. 14a, hot oceanic slabs (A)), at a depth of about 35
Km and temperature of around 570 °C, antigorite breaks down to for-
sterite+ talc and water, according to the following reaction:

=

+ +

5Mg Si O (OH) (antigorite) 6MgSiO (forsterite)

Mg Si O (OH) (talc) 9H O(fluid)
3 2 5 4 4

3 4 10 2 2

Some of the water will be carried with talc to greater depths
(Fig. 14a). At a depth of about 40 km and temperature of around 680 °C
talc will break down to forsterite and enstetite:

6Forstrite+ Talc= 5Forsterite+ 5Enstetite+H2O (Fluid) (Fig. 14a)
(Perrillat et al., 2005; Wunder and Schreyer, 1997). As a result, in a hot
oceanic slab, talc and all the serpentine minerals such as lizardite,
chrysotile and antigorite will be dehydrated, and water will be released
within the forearc depth (30–50 km, Fig. 14b). This fluid could migrate
along major faults to the continental crust with no magmatic events,
while in a warm oceanic slab, antigorite and talc could be dehydrated
and water could be released within the arc at depth (80–130 km,
Fig. 14b). These fluids are very important to decreasing the melting
point of rocks and causing magmatism.

The roles of water and magmatism within different depths of sub-
duction are shown in Fig. 15(a) and (b) (more details can be found in
Grove et al., 2012). In the case of (A), at depths of about 40 km
(Fig. 15a, point L) and a temperature of 850 °C (Fig. 15b, point L) fluid
which was released from the oceanic slab has a lower melting point
than the mantle wedge. At point L, the oceanic slab will begin to par-
tially melt, and a small amount of magma will be generated. As the
magma is ascending then it will move to lower temperature (< 700 °C)
and the magma therefore will be solidified and cannot migrate a long
distance. In the case of (B), at a depth of about 80 km (Fig. 15a, point
M) and temperature of 900 °C (Fig. 15b, point M) more water will be
released due to the dehydration of silicates in the oceanic slab. The
oceanic slab will began partially melting and more magma will be
generated. The magma will pass through hotter mantle and the tem-
perature of magma will increase up to 1200 °C (Fig. 15a). This magma
can react and partially melt mantle or continental crust. This magma
can reach to the surface and solidify as volcanic and/or plutonic rocks.
At greater depth and higher temperature, higher volumes of magma can
be generated (Fig. 15a). In the case of (C), at depths of about 125 Km
(Fig. 15a, point N), there is no hydrated silicate to provide the water

(Fig. 15b, point C) and therefore no magmatism can be initiated beyond
this depth.

6. Discussion

The source of porphyry copper deposits is mostly I-type inter-
mediate granitoid rocks. These granitoids (unaltered rocks) have mag-
netic susceptibilities> 300×10−5 SI and therefore belong to the
magnetite-series (oxidized magma). The ratio of Eu/Eu* of granitoids is
used to estimate the oxidation state of granitoid rocks. If the ratio of
Eu/Eu* is greater than one then the granitoid is considered as an oxi-
dized type. High magnetite content within the potassic altered zone of
porphyry copper deposits is considered as a good indicator that the
oxygen fugacity of the magmatic water was high. High oxygen fugacity
has an important role in the formation of porphyry copper deposits
(Candela, 1992; Ballard et al., 2002; Mungall, 2002; Richards, 2003,
2011; Liang et al., 2006; Li et al., 2012; Han et al., 2013; Wang et al.,
2014; Zhang et al., 2014; Shen et al., 2015; Wu et al., 2016; Sillitoe,
2010; Cao et al., 2016, 2017; Sun et al., 2013, 2015, 2017).

Based on experimental research by Trail et al. (2012) on zircon, it
was suggested that the ratio of Ce4+/Ce3+ is controlled by oxygen
fugacity and temperature (the higher ratio indicates higher oxygen
fugacity). Higher ratios of Ce4+/Ce3+ indicate higher oxygen fugacity
of the magma (Smythe and Brenan, 2015, 2016; Trail et al., 2012). The
ratio of Ce4+/Ce3+ in zircon in 13 ore-bearing intrusions associated
with 9 porphyry copper deposits in the Central Asian metallogenic belt
was ranged from 29 to 592 (Shen et al., 2015). Based on this study, the
ratio of Ce4+/Ce3+ in zircons from large porphyry copper deposits is
between 74 to 592, intermediate deposits is 74 to 332 and small de-
posits is 28 to 158. According to Shen et al. (2015), the ratio of Ce4+/
Ce3+ approximately equal to 120, can discriminate between granitoids
associated with small porphyry copper and large-intermediate deposits.
The Ce4+/Ce3+ ratios of non-mineralized I-type (Kosciusko) and S-type
(Berridale adamellite) from the Lachlan fold belt in Australian range
from 0.54 to 2.53 (Shen et al., 2015). Smythe and Brenan (2016) de-
termined the oxygen fugacity during zircon crystallization to be be-
tween FMQ −1.0 and +2.5 (where FMQ is the fayalite–magnetite–-
quartz buffer).

The ratio of Ce4+/Ce3+ in zircons from Dexing porphyry Cu deposit
in China was studied and compared with other porphyry deposits of the
world (Zhang et al., 2017). Based on this study the calculated oxygen
fugacity of zircons from ore-bearing granitoids lies between
DFMQ+0.5 to DFMQ+3.5. El Teniente, world’s largest porphyry Cu
deposit average has DFMQ+2.5 (Zhang et al., 2017). Zircons from

Fig. 14. (A) The stability field and dehydration of antigorite and talc within different oceanic slab thermal gradients. Mineral stabilities are from Bromiley and
Pawley (2003) and Ulmer and Trommsdorff (1995), Perrillat et al. (2005), Wunder and Schreyer (1997). (B) Depth of maximum dehydration of oceanic slab for three
cases of hot, warm, and cold conditions.
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barren granitoids have low oxygen fugacity and were less than
DFMQ− 1 (Zhang et al., 2017). There is no precise agreement about
the oxygen fugacity for large-intermediate and small size porphyry
copper deposits. Sun et al. (2013), proposed that ΔFMQ+2 to +4 is the
most favorable range of oxygen fugacity for porphyry deposits, but
others suggested that ΔFMQ+2 is a good number (Mungall, 2002).
The partition coefficient of copper as a chalcophile element is very high
for sulfur in comparison with silicates (Table 6). Sulfur is very im-
portant for controlling the copper content of the magma. Sulfate is 10
times more soluble than sulfide (Sun et al., 2015; Simon et al., 2006,
2008). With high oxygen fugacity and the higher sulfate content, more
sulfur and copper will be partitioned in the magma. When the FMQ is in
the fayalite–magnetite–quartz oxygen buffer, most of sulfur in the
magma is present as sulfate (Sun et al., 2015). In the case of high
oxygen fugacity (higher than AFMQ+2), the solubility of sulfur in-
creases from 1000 ppm to 1wt% (Sun et al., 2015).

Partial melting of oceanic slab, mantle peridotite and lower crust
under different oxygen fugacity are plotted in Fig. 16. Partition coef-
ficients of Cu, silicates and sulfides are reported in Table 6. Copper is
very incompatible in garnet and highly compatible in sulfides (Table 6).
Rock containing garnet with a small degree of partial melting, will
produce magma, enriched in copper. Partial melting of oceanic slab
under three different oxygen fugacity DFMQ+0, DFMQ+1, to
DFMQ+1.5. is plotted in (Fig. 16). At an oxygen fugacity of
DFMQ+1.5, and partial melting between 10 and 30 percent, magma
has a higher Cu content (Table 7). At 17% partial melting, the Cu
content of magma is 380 ppm (Fig. 16; Table 7). At low degrees of
partial melting of mantle peridotite and lower crust (with less than 8%
melting), more Cu will partition in the magma at higher oxygen fuga-
city conditions (Fig. 16; Table 7). Mantle peridotite does not have
sufficient copper to form a porphyry copper deposit (Lee et al., 2012).
Due to metasomatism, mantle wedge peridotite can be enriched in
copper. Magma originating from less than 10% partial melting of the
metasomatized mantle peridotite under highly oxidizing conditions can
form a porphyry copper deposit. Magma originating from 15 to 25% of
partial melting of oceanic slab under oxygen fugacity DFMQ+1.5, is
the best candidate to form a porphyry copper deposit (Fig. 16; Table 7).

The concentration of several porphyry copper deposits within a
small portion of the UDMB indicates that Neo-Tethys subducted oceanic

slab had special features for the formation of porphyry copper deposits
along the Kerman belt. The granitoid rocks within KDCB were intruded
during Miocene time (18.82–9.2Ma), but the Jebal Barez granitoids are
Late Oligocene in age. Based on trace element discrimination diagrams,
the tectonic setting of granitoids within Kerman belt are volcanic arc,
while Jebal Barez granitoids are within an intraplate setting. The ratio

Fig. 15. These two diagrams are from Grove et al.
(2012). (a) A typical cross section through a sub-
duction zone using the thermal model from Grove
et al. (2009) for a slab dip of 30° and a convergence
rate of 40 km per million years. Also shown are the
stability limits for high-H2O (> 10wt%) minerals.
(b) Phase with the temperature-depths paths from
panel a superimposed. The dark gray region labeled
P, Tmelt shows the region of pressure-temperature
space where the stability of hydrous phases at the
base of the mantle wedge allows H2O-saturated
melting to begin. Figure with minor modifications
from Grove et al. (2009). Abbreviations: HNW, hot
nose of the wedge; OC, oceanic crust; SWI, slab-
wedge interface.

Table 6
Partition coefficient of copper between silicates-melt and sulfides-melt (Lee et al., 2012).

Olivine Orthopyroxene Clinopyroxene Amphibole Spinel Garnet Sulfides

0.048 0.034 0.043 0.05 0.22 0.0035 800

Fig. 16. The Cu content in the accumulated melt during partial melting as a
function of degree of melting (F) under different oxygen fugacity. Red lines and
blue dash-dot lines represent slab and lower crust melting models, respectively,
varied from DFMQ+0, DFMQ+1, to DFMQ+1.5. Mantle wedge partial
melting in green lines of Lee et al. (2012) is compared to slab and lower crust
partial melting. The pink and light blue shadows highlight the Cu concentration
area at the partial melting degree to produce the Sr/Y and La/Yb characteristics
of adakite. The green shadow highlights the Cu concentration areas from
mantle wedge partial melting to form an arc magma. The yellow dash line and
shadow represent the lower limit of Cu concentration and range essential for
mineralized porphyry magma. Only slab melts satisfy the condition to generate
a Cu mineralized porphyry (Zhang et al., 2017). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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of Eu/Eu* of granitoid rocks from Kerman belt are higher than 1.2,
therefore magma was formed under oxidizing conditions. But the ratio
of Eu/Eu* is less than 0.7 in Jebal Barez granitoids and magma formed
under reducing conditions. The ratio of Sr/Y for Kerman granitoids is
greater than 60, therefore they are adakite type and Jebal Barez is less
than 20. The ratio of (La/Yb)n for the Kerman granitoid rocks is be-
tween 17 and 35, therefore that magma was generated from a deep
source, but the ratio for the Jebal Barez granitoids is less than 7 and
magma was generated at shallower depth. Based on the (87Sr/86Sr)
i= 0.704–0.705, magmas for Kerman belt granitoids originated from
the subduction zone, but the ratio of (87Sr/86Sr)i > 0.707 for Jebal
Barez granitoids suggests they originated from the continental crust.
Since magma for Jebal Barez granitoids originated from the continental
crust under reducing conditions (Fig. 16; Table 7), and the copper
content of the magma was around 30 ppm; this magma did not have
enough copper and geochemically was not suitable for the formation of
porphyry copper deposits.

Different sections of the Neo-Tethys subducted oceanic slab had
unique and special features which resulted in changes of magmatism
and formation of ore deposits. Subducted Neo-Tethys oceanic slab
which formed the KPCB had the following features:

1. Subducted oceanic slab was warm-cold, thermal gradient of the
oceanic slab was between 8 and 12 °C/Km (Fig. 17). This was very
important, because smaller amounts of fluids were liberated at the
forearc depths (depth 30–50 Km, Fig. 18) and more than 90% of all
the water within the oceanic slab was released within the subarc
region (depth of 100–130 Km, Fig. 18). Water caused the melting
temperature of the rocks to become very low, therefore magma with
fluid was generated. The amount of water that was released had an
important and significant role in the degree of partial melting. This
type of magma with high fluid content and an appropriate amount
of copper was important in the formation of porphyry copper de-
posits within the Kerman belt.

2. There are some portions of the UDMB, where the subducted ocean
slab was hot (thermal gradient of the oceanic slab was more than 18
°C/Km) and more than 90% of the water was released within the
forearc depth. Only minor amounts of water was delivered to depth
of the subarc. In these portions of the UDMA, there is no porphyry
copper deposit (Fig. 17). In this portion of the belt, Pb-Zn MVT
deposits were formed (Karimpour and Sadeghi, 2018).

3. Magma generated under high oxygen fugacity of DFMQ+1.5. It has
been proposed that the formation of a porphyry deposit is closely
related to the presence of a highly oxidized magma (Sun et al., 2013,

2014a,b, 2015, 2017; Zhang et al., 2017). Based on the following
facts, oxygen fugacity is not very significant for the formation of
porphyry copper deposits:

• There are a lot of I-type granitoid (magnetite series, oxidized type)
with no alteration and no mineralization.

• In each porphyry copper deposit, usually there are a dozen sub-
volcanic intrusions (I-type granitoid, magnetite-series) which are
responsible for the formation of porphyry copper deposits.
Multiple intrusion episodes of these granitoids is about 2 million
years. Among these sub-volcanic rocks, there are at least two in-
trusive granitoids which are not mineralized. These two granitoids
have very low magmatic water. They are considered as destructive,
because they increase the ratio of waste/ore. The barren granitoid
rocks (diorite, quartz diorite, and monzonite) have more magnetite
in comparison with the mineralized one. There is an important
question, if highly oxidized magma is very important for the for-
mation of porphyry copper deposits? and why are these highly
oxidized granitoids not mineralized?

4. Based on the following evidences, the depth where magmas are
forming within the subduction zones, do not control the fertility and
based on the ratio of Sr/Y > 25 of igneous rocks which is being
proposed by Wan et al. (2018) and Deng et al. (2018); it is not
possible to discriminate between barren and ore related magma:

• In porphyry copper deposits around the world during the period of
mineralization and magmatism (which is around 1.5 million years)
more than seven sub-volcanic rocks, monzonite, quartz monzonite,
diorite and quartz diorites have been formed (Sillitoe, 2010;
Golestani et al., 2018; Karimpour et al., 2012; Malekzadeh Shafar-
oudi et al., 2015). A comparation on Sr/Y ratio on the sub-volcanic
rocks (e.g. Sarcheshmeh and Iju porphyry copper deposit), revealed
that the ratio of Sr/Y is> 50 in both cases and it is the same in
mineralized and non-mineralized sub-volcanic rocks, formed during
the time interval of mineralization.

• Both Sarcheshmeh and Iju porphyry copper deposits have similar
Ratios of Sr/Y>60 and (La/Yb)N>20. Magmas for both origi-
nated from subducted oceanic slab in a very deep section. In both
deposits, the magma was generated from similar depth, but
Sarcheshmeh is a giant deposit while Iju is very small and low grade
(Table 4).

• In Eastern Iran, near Gonabad city, there are some granitoids with
adakitic characteristics (ratio of Sr/Y> 60 and (La/Yb)N>20)
within the Lut Block, Eastern Iran (Moradi Noghondar et al., 2012).
The magma for these granitoids originated from a very deep source
in the subduction zone, during Eocene time (39Ma). These grani-
toids are not mineralized. In the same region within the Lut Block,
Eastern Iran (Malekzadeh Shafaroudi et al., 2015), there are some
granitoids which originated from a shallower depth (ratio of Sr/
Y<40 and (La/Yb)N<10) in the subduction zone (39.8 Ma).
These granitoids are the source of Maherabad and Shadan porphyry
Cu-Au deposits (Malekzadeh Shafaroudi et al., 2015).

5. The water content of the oceanic slab for the formation of each
porphyry copper deposit along the Kerman belt was different.

6. Partial melting of the oceanic slab for large deposits was between 25
and 30 percent.

7. The sulfur content of the oceanic slab was more than 700 ppm and
copper content were about 70 ppm.

8. As this magma reached near the surface, magmatic water carrying
Cu and other elements as chloride complexes under special condi-
tions, porphyry copper deposits were formed.

In early stages of subduction, the continental crust was thinner.
During Eocene time, magma originated from partial melting of the
mantle wedge above the oceanic slab, could reach the surface and
produce volcanic rocks. Eocene andesite, dacite, and rhyodacite are
reported as various types of pyroclastics and lavas. Since the copper
content of the mantle wedge was low, these magmas did not have

Table 7
Data in table are extracted from diagram in Fig. 16 (Zhang et al., 2017, White
and Klein, 2013, Rudnick and Fountain, 1995).

Rock 
Types

Cu & S (ppm) 
Content

Oxygen 
Fugacity

Partial Melting Cu (ppm)
At Maximum In Magma

Cu
Cu =70 0 70 120

Oceanic S= 1000 1 45 160

Slab (White and 
Klein, 2014). 10 300

1.5 17 380
30 300

0 23 100
Mantle 
Wedge Cu =40 1.1 17 160

peridotite S = 500 1.6 5 280
>2 4 340

Cu =30
0 30 60Lower 

Crust S = 400

Rudnick and 1 20 110
Fountain 
(1995) 1.5 5 225
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sufficient copper to form porphyry copper deposits. From Early Eocene
till late Miocene time, due to compressional tectonics (folding and
thrusting) and magmatism (formation of new crust), the continental
crust became much thicker (Agard el al., 2011; Fakhari et al., 2008;
Mouthereau et al., 2012; Pirouz et al., 2017). Magma originated from

partial melting of the oceanic slab, during the Miocene, solidified at
depth. The type of magma which was formed during Miocene time was
very important for the formation KPCB. In the following section, the
process which was involved for the formation of magmas will be ex-
plained.

Fig. 17. Location of the KPCB and Jebal Barez belt, cold-warn and hot oceanic slabs are plotted on Google Earth Map.

Fig. 18. Cold-Warm oceanic slab dehydrates and releases most of its water within the subarc region.
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Pb-isotope compositions of Tertiary volcanic rocks, Miocene grani-
toid rocks (the source of porphyry copper deposits along Kerman belt),
and porphyry copper deposits (sulfide minerals) along the Kerman belt,
are plotted in Fig. 19 (Shafiei, 2010; Shahabpour and Kramers, 1987).
Trace elements and isotopic composition of Eocene volcanic rocks along
the Kerman belt are typical of a subduction-related setting. These vol-
canic rocks were formed sometimes at the early stage of subduction.

The Pb-isotope compositions of Eocene volcanic rocks are low
radiogenic, therefore minor crustal contamination (Fig. 19). The Pb-
isotopes composition of both porphyry copper deposits and the grani-
toids (source rocks) are similar (Fig. 19). Based on the geochemistry of
trace elements, REE and Rb-Sr isotopes composition (The ratio of (La/
Yb)n is between 17 and 35, Sr/Y>60, (87Sr/86Sr)i = 0.7041) granitoid
magma originated from a deep source in the subduction zone. From
Early Eocene till late Miocene, the Pb-isotope composition of the con-
tinental crust became more radiogenic (high-
er 206Pb/204Pb and 208Pb/204Pb). During this period, due to active tec-
tonics, the continental crust became thicker. Pb-isotopes composition of
porphyry copper deposits and the Miocene granitoid rocks are more
radiogenic in comparison with the Eocene volcanic rocks (Fig. 19). Pb-
isotopes composition and thickness of continental crust during the
Miocene were different in comparison with Early Eocene time (higher
radiogenic Pb-isotopes and thicker). As the granitoid magma was con-
taminated in the continental crust during Miocene time, they got higher
radiogenic Pb-isotopes.

Water content of subducted oceanic slab played an important role
for the formation and size of the porphyry coper deposits along the
Kerman belt. The initial melting point of mantle wedge peridotite or
oceanic slab basalt at a depth of 100 Km, in dry conditions, is around
1200–1400 °C. Under water saturated conditions, the melting point
dropped to less than 800 °C. The initial melting point in the case of

under-saturated conditions is more than 1000 °C (Green, 1973; Kushiro,
1974; Novella et al., 2017). The melting temperature at a depth of 100
Km is a function of water content. The higher water content causes the
lower melting temperature. High degrees of partial melting are related
to higher water available at the melting region.

The 206Pb/204Pb composition of porphyry copper versus ore
grade× grade (106) are plotted in Fig. 20. It is very important to notice
that there is a good correlation between 206Pb/204Pb ratio and ore re-
serves (Fig. 20). Sarcheshmeh porphyry copper deposit has higher
radiogenic 206Pb/204Pb in comparison with Iju and other relatively
smaller porphyry copper deposits (Fig. 20). Trace elements, REE, and
isotopic composition (explained earlier) of the granitoids indicate that
the magma for all these deposits originated within a deep source in the
subduction zones. The main difference was the degree of partial
melting. In the case of Sarcheshmeh porphyry copper deposits, the
subducted oceanic slab was enriched in water. More than 80% of the
slab water was released at depth of around 110 to 130 Km. Higher
water contents lowered the melting temperature of oceanic slab and
due to a high degree of partial melting (20–25%) a large volume of
magma was generated. The water content of this magma was very high.
High volumes of magma (Sarcheshmeh) could melt more continental
crust materials, therefore it has higher radiogenic 206Pb/204Pb (Fig. 20).
Pb-isotope compositions of porphyry copper deposits along the Kerman
belt versus Rb-Sr isotopes also show a good correlation between
206Pb/204Pb and Sr-isotopes (Fig. 21). High volumes of magma
(Sarcheshmeh) could melt more continental crust materials, therefore it

Fig. 19. Pb-isotopes composition of Eocene volcanic rocks along Kerman belt,
porphyry copper deposits (sulfide minerals) and the granitoid rocks (the source
of porphyry copper deposits) along Kerman belt.

Fig. 20. Pb-isotope compositions of porphyry copper deposits along the Kerman
belt versus ore grade× grade 106.

Fig. 21. Pb-isotope compositions of porphyry copper deposits along the Kerman
belt versus Rb-Sr isotopes.
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has higher radiogenic (87Sr/86Sr)i (Fig. 20). Large volumes of magmas
with high magmatic water were very important for the formation of
Sarcheshmeh porphyry copper deposit.

In the case of Iju (small size and low-grade deposit), the water
content of the subducted oceanic slab was low. Minor water at a depth
of 110–130 Km lowered the melting temperature of the oceanic slab for
a low degree of partial melting (less than 5 percent). Low volumes of
magma resulted in very low contamination in the crust, therefore it has
low radiogenic 206Pb/204Pb (Fig. 20). Small volumes of the magma and
low magmatic water formed Iju porphyry copper deposit (small size and
low-grade deposit).

7. Conclusion

There are two granitoid belts within the southern part of The
UDMA, western part of the Kerman town, the Sarcheshmeh granitoids
and the Jebal-Barez granitoids. These two granitoid belts have different
tectonic settings and they have major differences regarding petrogen-
esis.

It is also not possible to discriminate between barren and ore-related
magma using Sr/Y and La/Yb ratios. The mineralized (Maherabad and
Shadan porphyry Cu-Au deposits) and non-mineralized granitoids
(Gonabad) in the Lut Block show similar ratios of Sr/Y and La/Yb. In
the KPCB both the Sarcheshmeh and Lju deposits have similar ratios of
Sr/Y> 60 and (La/Yb)n>20 while they show different tonnage and

grade.
The type of magma which was formed during Miocene time was

very important for the formation of the KPCB. Pb and Sr isotope data
indicate that the subducted oceanic slab was not similar for the for-
mation of Sarcheshmeh and Iju porphyry Cu deposits. The main dif-
ferences were the water content of the slabs, the thermal gradient of the
slabs (between 8 and 12 °C/Km), the chemical and mineralogical
composition of the slabs, and the rate of subduction. For the formation
of porphyry copper deposits, a warm-cold subducted oceanic slab with
a thermal gradient between 8 and 12 °C/Km was needed. Within the
subarc region (i.e. 100–130 km) more than 90% of all the water within
the oceanic slab was released which controlled the degree of partial
melting.

Important parameters which control the formation, size and grade
of porphyry copper deposits are shown in Fig. 22 and summarized as
follows:

• Deep oceanic slab thermal gradient (upper surface) with 8–10 °C/
Km

• High water content of oceanic slab

• Maximum depth of dehydration might be deeper than 90 Km

• Dehydration of the oceanic slab (about 80%) may occur within a
narrow depth interval.

• The degree of partial melting might be about 20–25% (higher con-
tent of water may reveal lower melting temperature and favor
partial melting)

• Chemical and mineralogical composition of the oceanic slab or
mantle wedge (source rocks) may contain Cu > 70 ppm,
S > 100 ppm. Cu and S should be incompatible in source rocks.

• And finally, the condition for melting include; high oxygen fugacity,
maximum dehydration, high amount of water, and 20–25% partial
melting generating a significant amount of magma where most of
the copper and sulfur may partition.
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