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Abstract

The Miduk porphyry copper deposit is located in Kerman province, 85 km northwest of the Sar Cheshmeh
porphyry copper deposit, Iran. The deposit is hosted by Eocene volcanic rocks of andesitic-basaltic composi-
tion. The porphyry-type mineralization is associated with two Miocene calc-alkaline intrusive phases (P1 and P2,
respectively). Five hypogene alteration zones are distinguished at the Miduk deposit, including magnetite-rich
potassic, potassic, potassic—phyllic, phyllic and propylitic. Mineralization occurs as stockwork, dissemination
and nine generations (magnetite, quartz—-magnetite, barren quartz, quartz-magnetite-chalcopyrite-anhydrite,
chalcopyrite-anhydrite, quartz-chalcopyrite-anhydrite-pyrite, quartz-molybdenite-anhydrite + chalcopyrite
+ magnetite, pyrite, and quartz-pyrite-anhydrite + sericite) of veinlets and veins. Early stages of mineraliza-
tion consist of magnetite rich veins in the deepest part of the deposit and the main stage of mineralization
contains chalcopyrite, magnetite and anhydrite in the potassic zone. The high intensity of mineralization is
associated with P2 porphyry (Miduk porphyry). Based on petrography, mineralogy, alteration halos and geo-
chemistry, the Miduk porphyry copper deposit is similar to those of continental arc setting porphyry copper
deposits. The Re-Os molybdenite dates provide the timing of sulfide mineralization at 12.23 + 0.07 Ma, coinci-
dent with U/Pb zircon ages of the P2 porphyry. This evidence indicates a direct genetic relationship between
the Miduk porphyry stock and molybdenite mineralization. The Re-Os age of the Miduk deposit marks the

main stage of magmatism and porphyry copper formation in the Central Iranian volcano-plutonic belt.

Keywords: alteration, central Iranian volcano-plutonic copper belt, Miduk porphyry copper deposit, mineral-

ization, Re-Os geochronology.

1. Introduction

The southeast segment of the Central Iranian volcano-
plutonic belt (Kerman belt) in the Kerman Province
is one of the major copper-producing regions in the
Alps-Himalaya orogen (Fig.1). The extensive volcanism,
plutonism and mineralization are related to subduction
of the Neotethys lithosphere beneath Central Iran along
the Zagros reverse fault (Forster, 1978; Berberian &
King, 1981; Hassanzadeh, 1993; Aftabi & Atapour, 2000).

Porphyry copper mineralization occurs in close
proximity to granitoid intrusive rocks of Miocene age
in the Central Iranian volcano-plutonic belt (CIVPB;
Fig.1). In addition to CIVPB, two major tectonic ele-
ments including the Sanandaj-Sirjan metamorphic zone
and the Zagros fold-thrust belt are recognized in west-
ern and southwestern Iran (Alavi, 1994; Mohajjel et al.,
2003). More than 50 porphyry-vein type deposits occur
in this belt. The length of the Kerman volcano-plutonic
belt is approximately 450 km with an average width of
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Fig.1 Central Iranian volcano-plutonic copper belt and study area in the Kerman Belt (modified after Institute for Geologi-
cal and Mining Exploration and Institution of Nuclear and Other Mineral Raw Materials, 1973). Bar, 50 km.

80 km. The Sar Cheshmeh porphyry copper deposit is
the largest deposit in the area with 1200 Mt of ore at
0.69% Cu and 0.03% Mo (Shahabpour, 2000).

The Miduk porphyry copper deposit is located in
the Shahr-Babak area in Kerman province, Iran. This
deposit is located 85 km NW of the Sar Cheshmeh por-
phyry copper deposit (Fig. 1). Preliminary mineral ex-
ploration in this area was carried out in 1967-1970 by
Parjam and Metallgesellschaft (Hassanzadeh, 1993). So
far, more than 50 diamond drill holes with a maximum
depth of 1013 m have proved the existence of the size-
able and potential porphyry copper mineralization at
the Miduk deposit. The orebody contains 170 million
tons of ore, with an average grade of 0.86% Cu, 0.007%
Mo, 82 ppb Au and 1.8 ppm Ag. Supergene enrichment
blankets average approximately 50 m thickness and
comprise the primary source of Cu ore.
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To further understand the regional and local geo-
logic relationships and timing of mineralization, this
contribution presents aspects of petrography, altera-
tion, mineralization, vein classification and Re-Os iso-
tope age of molybdenite in the Miduk deposit.

2. Regional geology of Miduk area

The oldest units in the area (Fig. 2) are Cenomanian-—
Turonian calcareous flysch (Saric et al., 1971) that are
unconformably overlain by Paleocene Kerman con-
glomerate (Dimitrijevic, 1973) and subsequently cov-
ered by Eocene flysch (Saric et al., 1971; Dimitrijevic,
1973). All of these units are in turn covered by Paleo-
gene volcanic complexes.

Three volcanic complexes cross-cut these Creta-
ceous—Paleocene rocks in the Miduk area (Fig.?2).
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Fig. 2 Regional geological map of the Miduk area (modified after Saric et al., 1971; Dimitrijevic, 1973). Bar, 5 km.
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The oldest, Bahraseman volcanic complex formed in
the Lower Eocene and began with an explosive phase
of acidic pyroclastics, tuffs and volcanic breccias, sepa-
rated mainly by rhyolite flows (Dimitrijevic, 1973).
This complex is the earliest volcanic activity of Tertiary
age in the southern part of the Iranian volcano-plutonic
belt in Kerman province. The thickness of this complex
is estimated to be approximately 7km, but in the
Miduk area it is approximately 400-500 m. Razak vol-
canic complex is the main host rock to the Miduk por-
phyry copper deposit and is subdivided into three
units: a lower mainly basic subcomplex (trachybasalt,
andesite and trachyandesite); a middle, acidic subcom-
plex (acidic tuff); and an upper, basic subcomplex (tra-
chyandesite and andesite-basalt) (Dimitrijevic, 1973).
40Ar/3Ar dating of albite from the lower unit of this
complex yielded an age of 37.5 + 1.4 Ma for the volca-
nic rocks (Hassanzadeh, 1993). The youngest volcanic
complex of Paleogene, Hezar, consists of appreciable
amounts of acidic rocks. This complex covers large
parts of the Miduk area and mainly consists of trachy-
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andesite and trachybasalt. “°Ar/¥Ar dating of anal-
cime of this complex yielded an age of 32.7 + 6.3 Ma
(Hassanzadeh, 1993) for the Hezar complex.

Younger porphyry intrusions in the Miduk area in-
clude three phases, ranging from Miocene to Pliocene
age. Miocene plutonic bodies intruded the aforemen-
tioned Paleogene volcanogenic complexes. Based on
structural level of exposure, they can be subdivided into
two distinct groups (Dimitrijevic, 1973; Hassanzadeh,
1993). The first group is represented by a shallowly
emplaced stock of granodiorite-tonalite that is partly
covered by the late Miocene-Pliocene volcanic and
subvolcanic rocks and located southeast of the Masa-
him (Abdar) stratovolcano (Fig. 2). The other groups of
the Miocene intrusions occur as smaller bodies that rep-
resent even shallower parts of the subvolcanic system.
These are diorite and quartz—diorite porphyries, princi-
pally containing andesine, hornblende and biotite phe-
nocrysts in a groundmass of plagioclase, quartz and
K-feldspar. Porphyry copper mineralization at Miduk is
associated with the shallow intrusive rocks (Fig. 3).

The youngest intrusions in this area are subvolcanic
rocks formed in a caldera of Masahim (Abdar) that
generated the Abdar Pb-Cu mineralization. *°Ar/3Ar
age dating of biotite and hornblende of the lava flows
and flanks of Masahim (Abdar) stratovolcano and
U/Pb dating of zircon intrusion yielded 6.8 + 0.4 Ma,
64+08-63+09Ma, and 7.5+0.1 Ma, respectively
(Hassanzadeh, 1993; Mclnnes et al., 2005). The young-
est subvolcanic and volcanic phases that mainly oc-
curred in the Miduk area began in the Pliocene and
consist of dacitic domes and lava plugs and Masahim
stratovolcano (Fig. 2).

3. Methods

For the study of petrography, alteration and mineral-
ization and vein classification, many samples were col-
lected from drill holes and outcrops. The location of
the samples is shown in Figures 4, 5. A total of 45 thin
sections, 43 polished thin sections and 54 polished sec-
tions were prepared. The modal mineralogy for petro-
graphical study was calculated according to volume %
estimation diagrams (Hutchinson, 1974).

For the Re-Os dating of molybdenite, we hand-
picked flakes of molybdenite from veins. We dissolved
the samples using the carius tube method (Shirey &
Walker, 1995), and distilled the solution for extraction
of Re and Os (Frei et al., 1998, Mathur, 2000). Concen-
trations were determined by isotope dilution, and
we used two non-mixed spikes, 18Re-enriched spike
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(161.58 ppm) and "°Os-enriched spike (99.84 ppb) for
molybdenite. Samples were measured on a negative
thermal ionization mass spectrometer at Arizona Uni-
versity, using loading and instrument procedures that
are described in Creaser ef al. (1991).

Molybdenite ages are calculated by assuming no initial
1870s, similar to McCandless and Ruiz (1993). The decay
constant used for '¥Re was 1.666 x 101! year +1%
(Smoliar et al., 1996). Errors are calculated based on the
calibration of the spike (0.22-0.4%), and the uncertainty of
the decay constant of Re. Repeat analyses indicate an er-
ror on analysis of + 0.5% for each element.

Geology and Re-Os of Miduk PCD, Iran

4. Mine geology

The extrusive rocks are exposed in the mine area and
are host rock for mineralization; although they are de-
scribed as basaltic andesite and andesite (Hassanzadeh,
1993), they are andesitic basalt. These rocks are usually
massive, with textures that range from aphanitic, through
to fine-grained and porphyritic. The porphyritic rocks
are composed of 60 vol% plagioclase phenocrysts and
the matrix contained plagioclase, pyroxene, sericite
and magnetite and pyrite that replace ferromagnesian
minerals and glass. The mineralized intrusive rocks at
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the Miduk deposit cover an area of approximately
0.7kmx1km and at least three major temporal stages
of intrusive phases can be distinguished on the basis of
texture, cross-cutting relations and intensity of miner-
alization (Fig.3): (i) P1 porphyry; (ii) P2 diorite-quartz
diorite porphyry (Miduk porphyry); and (iii) and late
dike porphyry.

Structurally, any major faults have not been found
in the open pit of the Miduk deposit. The dominant
fractures in the Miduk deposit are NS, EW and ra-
dial. Vertical NS-orientated fractures are visible on
a large area around the Miduk deposit. The inten-
sity of these NS-fracturing systems can be seen in
late porphyry dikes, which were not mineralized.
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The P1 porphyry present only in the western part of
the Miduk deposit (Fig. 3). It has a porphyry-aplitic
texture and is gray and strongly altered. Currently,
no fresh part has been found. Well-developed, ex-
tensive veining occurs with magnetite mineraliza-
tion as stockwork, disseminations and fracture
fillings. The alteration in P1 porphyry is not as ex-
tensive as P2 porphyry. The P2 diorite-quartz dio-
rite porphyry (Miduk porphyry) is the largest
intrusive phase at the Miduk deposit and covers
most of the deposit at the current surface. It is
strongly altered, mineralized and characterized by
preserved plagioclase phenocrysts, biotite and
quartz. This intrusion is strongly stockworked,
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veined, mineralized and altered to quartz, K-feld-
spar and secondary biotite. Both P1 and P2 porphy-
ries and the andesite-basalt volcanic rocks have
been intersected by numerous late porphyry dikes
with a NS trend (Fig.3). Petrographically, these
dikes are related to diorite-quartz diorite porphyry
and are easily distinguishable from other porphy-
ries by weak alteration and mineralization.
Quaternary shallowly emplaced olivine-basalt dikes
without any link to porphyry mineralization are also
present in the Miduk area (Hassanzadeh, 1993).

5. Petrography of intrusive phases at the
Miduk deposit

Petrographic observations of polished thin sections in-
dicate that P1 porphyry is highly altered and contains
40-50 vol% of phenocrysts consisting mainly of plagio-
clase, quartz, biotite and hornblende. The primary
composition of plagioclases is unclear and all of them
have been altered, as well as hornblende and biotite
phenocrysts. The groundmass of this intrusive phase
consists mainly of fine-grained quartz, biotite, plagio-
clase, K-feldspar and anhydrite.

The P2 porphyry contains 50 vol% plagioclase phe-
nocrysts, 13-15 vol% quartz and approximately 10 vol%
biotite. Plagioclase phenocrysts of the intrusion are cal-
cic, euhedral and are somewhat altered to sericite.

Amphibole phenocrysts are completely altered to
secondary biotite and magnetite. Accessory minerals
include apatite, zircon, magnetite, rutile, and titanite,
which occur as inclusions in the silicate phases and in-
terstices between them.

The late dike porphyry is characterized by abundant
plagioclase phenocrysts, relatively minor quartz and
hornblende phenocrysts and euhedral and fresh pheno-
crysts of biotite. These phenocrysts contain more than
60 vol% of this dike. Hornblende is altered to chlorite
and magnetite. Fine-grained quartz, plagioclase and
apatite compose the groundmass of this dike.

Table 1 details petrographic characteristics of intru-
sive rocks at the Miduk porphyry copper deposit.

6. Alteration and mineralization

Alteration at the Miduk deposit was studied by the In-
stitute for Geological and Mining Exploration and Insti-
tution of Nuclear and Other Mineral Raw Materials
(1973) and Hassanzadeh (1993). Hassanzadeh (1993)
distinguished five stages of alteration (potassic, sodic—
potassic, sodic, phyllic and propylitic). The present evi-
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dence indicates alteration and mineralization at six
stages, which are described from oldest to youngest.
Hydrothermal alteration and mineralization were
mainly focused on the P1 and P2 porphyries (Figs.4, 5).

6.1. Magnetite-rich potassic alteration

An early stage alteration as distinguished in the pres-
ent study generated a magnetite-rich zone in the P1
porphyry and volcanic wall rocks, in which magnetite
mineralization occurred as veinlets (M1 type) and veins
(M2 type) and dissemination (Table2). This alteration
is characterized by magnetite, quartz, K-feldspar and
a minor amount of secondary biotite and sericite.
Chalcopyrite is the main Cu-bearing mineral in this
alteration and occurs as dissemination and vein miner-
alization (2-10mm). This alteration is superimposed
by sericite-clay-chlorite alteration.

6.2. Potassic alteration

Two different potassic alteration zones according to
mineral assemblages were distinguished. First, weakly
altered rocks are characterized by fresh and euhedral
plagioclase with secondary biotite occurring in the ma-
trix and replacing hornblende and a smaller amount of
magmatic biotite. This alteration is present in the deep-
est and central part of the deposit. Second, strong potas-
sic alteration is characterized by secondary K-feldspar
in the plagioclase rims and in the matrix, shreddy biotite
that completely replaces ferromagnesian minerals, and
anhydrite. The extensive distribution of secondary bio-
tite is observed in andesite-basalt rocks. Magnetite min-
eralization in this zone is common as dissemination and
vein with quartz+chalcopyrite +anhydrite. Chalcopy-
rite is the main Cu mineral and occurs as dissemination,
intergrowth with magnetite, vein with quartz-anhy-
drite-magnetite and as veinlets with anhydrite. Pyrite
veinlets also are present in this alteration. Scarce amount
of bornite is present with chalcopyrite in this zone. Bar-
ren quartz veinlets/veins occur in this alteration and cut
plagioclase phenocrysts and primary biotites.

6.3. Propylitic alteration

This alteration occurs in the peripheral zone of the P2
porphyry body and especially in the northern part of
the deposit. The propylitic alteration was not observed
in the deeper part and in the transitional zone with po-
tassic alteration. It also occurs in volcanic rocks in
which mafic minerals are altered to chlorite, epidote,
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This alteration is not particularly common as primary

Table 1 Petrographic characteristics of different rock types at the Miduk porphyry copper deposit
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7.1. Magnetite veinlets

These veinlets were formed during the initial fractur-
ing of the porphyry and mainly consist of magnetite.
They are thin, discontinuous and <2mm wide. Magne-
tite grains are anhedral to subhedral. These veinlets
are present only in deeper parts of P1 porphyry
(Fig.6a). Sulfides are absent in these veinlets. Based on
the structural irregularities, the magnetite veinlets
formed at a relatively high temperature, when the P1
porphyry was relatively ductile. They were formed in
the early stage of mineralization. Magnetite veinlets
(type I) and quartz—magnetite veins (type II) are espe-
cially associated with magnetite-rich potassic altera-
tion zone.

7.2. Quartz—magnetite veins

These veins are more regular, continuous and thicker
than type I and occur within magnetite-rich potassic
alteration zone. The thickness ranges from 3 to 15 mm
(Fig.6b, c). They consist of granular and euhedral
quartz and anhedral magnetite. Chalcopyrite is pres-
ent in a minor amount. These veins have been ob-
served in the P1 porphyry. The thickness of the veins
increases with decreasing depth. The ratio of quartz to
magnetite varies and magnetite mainly exists in the
central part of the veins. These veins generally cut
magnetite veinlets (Fig.6b). K-feldspar and dissemi-
nated magnetite are alteration minerals that envelop
these veins.

7.3. Barren quartz veins

They are relatively narrow and consist predominantly
of quartz and anhydrite with minor chalcopyrite. Quartz
crystals have a mosaic to granular texture and are
coarser than those in the matrix. Anhydrite crystals are
granular and have the same size as quartz. K-feldspar is
the main alteration mineral around these veins (Fig. 6d)
and occurs in the P2 porphyry and potassic alteration
zone. Where these veins cut through plagioclase pheno-
crysts and primary biotite, a thin halo of feldspar and
secondary biotite is developed along the vein walls. The
formation of orthoclase and secondary biotite around
these veins, cross-cutting plagioclase and primary
biotite, shows that they were developed during the
early stage of potassic alteration. Some of these veins
contain calcite, feldspar and sericite in the center of the
veins (Fig. 6e), and are cut by pyrite veins (Fig. 6f).

7.4. Quartz-magnetite-chalcopyrite-anhydrite
veins

These veins are continuous and regular and consist
mainly of magnetite and chalcopyrite (Fig.6b). The
size of these veins varies from 5 to 20mm. The central
zone of the vein is composed of chalcopyrite, magne-
tite, calcite and sericite. The sizes of the chalcopyrite
and magnetite grains are 1-20 pm and 1-30 wm, respec-
tively. Pyrite is an accessory mineral with a diameter of
10-30 pm. In some of these veins, magnetite is located
in the margin of the veins. K-feldspar and secondary

Table 3 Schematic paragenetic sequences of veins in Miduk porphyry copper deposit

Vein type Vein mineralogy Early mineralization Main mineralization Late mineralization
| Mag D
Il Qz+Mag=Cpy N
1 Qz+Anhy
v Qz+Mag+Cpy+Anhy+K-feld+Py L
V Cpy+Anhy G
\ Qz+Cpy+Anhy+Py D
Wi Qz+MozCpy+Mag+Anhy G
VI Py+Qz D
IX Qz+Py+Anhy+Ser C
Anhy: anhydrite, Cpy: chalcopyrite, K-feld: K-feldspar, Mag: magnetite, Mo: molybdenite, Py: pyrite, Qz: quartz, Ser: sericite
© 2008 The Authors
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Fig. 6 Cross-cutting relationships
of vein types at Miduk deposit.
(a) Stockwork type I magnetite
veinlets; (b) type I magnetite,
type II quartz-magnetite, type IV
quartz-magnetite-chalcopyrite
and type V chalcopyrite-anhy-
drite veins in the P2 porphyry.
Note that type IV cuts type I and
II and type V cut types I, IT and
IV veins; (c) chalcopyrite vein
(type V) cuts quartz-magnetite
vein (type II) in the P1 porphyry;
(d) barren quartz vein cut by
chalcopyrite vein in the P2 por-
phyry. (e) Barren quartz veins
with white center line of calcite,
K-feldspar and sericite in the P2
porphyry; (f) pyrite vein (type
VIII) with phyllic alteration halo
in the P2 porphyry that cuts bar-
ren quartz vein (type III); (g) vein
type VI with chalcopyrite—pyrite
in the center line of the vein; (h)
molybdenite vein (type VII) with
quartz and minor chalcopyrite
located in the margin of the veins.
Molybdenite occurs as very fine
anhedral to euhedral flakes. K-
feldspar and minor sericite are
the main alteration minerals in
these veins (bar, 1 cm).

biotite represent the alteration minerals along these
veins. These veins are associated with magnetite-rich
potassic, potassic, potassic-phyllic and phyllic altera-
tion zones and cut sharply the I and II vein types
(Fig.6b) and are present in the P1 and P2 porphyry.

7.5. Chalcopyrite-anhydrite veinlets and veins

These veins consist of chalcopyrite and anhydrite with
a minor amount of quartz. The width of the veins
ranges from <2mm to 5mm. In some of these, chalco-
pyrite is located in the central part of the veins with

© 2008 The Authors
Journal compilation © 2008 The Society of Resource Geology
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minor calcite, chlorite and sericite in the margin. Also,
these veins cut plagioclase phenocrysts, and a K-
feldspar alteration halo is formed around them. These
veins are associated with potassic alteration zone and
cut barren quartz (type II) veins (Fig.6d), quartz-
magnetite (type II) veins (Fig.6c) and quartz-magnetite-
chalcopyrite veins (type IV) (Fig. 6b).

7.6. Quartz-chalcopyrite-anhydrite-pyrite veins

These veins are thicker than the type V and mainly con-
sist of quartz and chalcopyrite (Fig.6g). Quartz grains
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have a granular (mosaic) texture and their size increases
from walls to the center of the veins. This may be due to
reopening of the veins. In some of these veins coarse-
grained quartz is located in the margin of veins and small
quartz grains ar e located in the center. Chalcopyrite (5-
250 um) and pyrite (20-200 um) are mainly located in the
central line of veins and sometimes veinlets of pyrite and
chalcopyrite cut these veins. Alteration halos around
these veins contain K-feldspar-biotite (potassic altera-
tion) or K-feldspar-sericite (potassic—phyllic alteration).

7.7. Quartz-molybdenite-anhydrite +
chalcopyrite + magnetite veins

These veins are continuous, have straight walls and are
narrow (<5mm in width; Fig. 6h). Quartz grains have a
granular texture and anhydrite grains are anhedral
and larger than quartz grains. Magnetite and chalco-
pyrite are present in minor amount within potassic
alteration zone.

7.8. Pyrite veinlets and veins

The thickness of these veins ranges from 1 to 30 mm.
They occur in the deepest part of the deposit and are
very narrow, continuous and cut plagioclase pheno-
crysts, have a sheeted structure and are associated with
potassic alteration zone. In the upper part of the deposit
these veins are thicker, continuous and consist of rela-
tively coarse-grained pyrite, have intense fracturing
and micro-brecciation and occur within the phyllic
alteration zone. They cut sharply barren quartz veins
and the quartz-chalcopyrite-pyrite-anhydrite veins.

7.9. Quartz—pyrite-anhydrite + sericite veins

They are thick and continuous (1-5c¢m) and consist rel-
atively of coarse-grained pyrite, quartz, a minor amount
of anhydrite and flakes of sericite. Quartz is present in
the margin of the veins. Copper-bearing minerals are
typically absent. A quartz—sericite alteration halo has
developed around the veins. They are relatively scarce
in the deeper levels of the deposit but probably repre-
sent the most abundant and widespread vein types in
phyllic alteration zone at the Miduk deposit.

8. Re-Os geochronology

Re-Os age dating of molybdenite provides a robust
chronometer for molybdenite mineralization (e.g. Stein
et al., 1997, 2001, Watanabe & Stein, 2000; Selby &
Creaser, 2001). Molybdenite usually contains a high
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level of Re and no initial Os content. The Re-Os dating
of molybdenite is important and robust to constrain
the direct age determination of mineralization. Re-
cently, with the development of precise Re-Os dating
techniques, the determination of the different mag-
matic events and duration of hydrothermal activity is
possible.

8.1. Previous geochronologic work

Previous U/Pb zircon, Rb-Sr and 4Ar/3°Ar age data
for magmatic and hydrothermal zones in the Miduk
deposit are summarized in Table4.

MclInnes et al. (2005) demonstrated U/Pb zircon dat-
ing on the Miduk deposit and the Abdar (Masahim)
prospect, hosted within partly eroded caldera of the
Masahim stratovolcano. According to Mclnnes et al.
(2005) the U/Pb zircon of this deposit is 12.5+0.1Ma
and 7.5+0.1Ma, respectively. The mineral-whole rock
Rb-Sr age of the Miduk porphyry is 12.4 +0.2Ma (Has-
sanzadeh, 1993), but Hassanzadeh (1993) notes that the
Rb-Sr age data do not seem to be reliable due to Rb ad-
dition and Sr depletion during potassic or magnetite-
rich (A type veins) alteration. Hassanzadeh (1993) also
reported the age of potassic and phyllic alteration
events using 40Ar/3Ar dating. The age of potassic
alteration zone, using biotite and K-feldspar, is
11.3+0.5Ma and 11.2+0.4Ma, respectively. He also de-
termined a%*'Ar/3°Ar isochron age of 10.8+0.4Ma for
sericite in the phyllic alteration zone.

8.2. Re-Os molybdenite age

The results of Re-Os dating of molybdenite are re-
ported in Table5. Two samples of disseminated and
vein-type molybdenite in potassic alteration zone were
collected from the deep part of the Miduk deposit,
and they are affected by K-feldspar-sericite and minor
secondary biotite alteration minerals. The molybdenite
grains occur as flakes and are disseminated within
anhydrite. Molybdenite from the Miduk deposit is
hosted by the P2 porphyry and yield Middle Miocene
ages. As shown in Table 4, the age determined for vein-
type and disseminated molybdenite is 12.36 +0.07 Ma
and 12.10+0.07Ma (20 error), respectively. These
ages are slightly younger than that given for U/Pb
zircon dating (12.5+0.1Ma) reported by Mclnnes et al.
(2005). According to Mclnnes et al. (2005), the P2
porphyry stock is emplaced at 12.5+0.1Ma. A U/Pb
zircon age for P2 porphyry stock (12.5+0.1Ma)
demonstrates that molybdenite mineralization is es-
sentially contemporaneous with the emplacement of

© 2008 The Authors
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Table 4 Previous radiometric ages for the Miduk porphyry copper deposit

Material analyzed Alteration Analytical method Age (20) Ma References

Zircon P2 porphyry U/Pb 125+0.1 Mclnnes et al. (2005)

Mineral-whole rock Potassic Rb-Sr 124 +0.2 Hassanzadeh (1993)

Biotite Potassic OAr/PAr 11.3+0.5 Hassanzadeh (1993)

K-feldspar Potassic 40Ar/PAr 11.2+04 Hassanzadeh (1993)

Sericite Phyllic 40Ar/3FAr 10.8+0.4 Hassanzadeh (1993)

Table 5 Re-Os isotope data for molybdenite at the Miduk porphyry copper deposit

Minerals Occurrence Wall-rock 1870s (ppb) Re (ppm) Age (Ma)

alteration halo

Molybdenite Molybdenite + quartz + K-feldspar, minor 158.23 1229.9 12.36 £ 0.07
chalcopyrite + anhydrite biotite and sericite

Molybdenite Fine molybdenite flakes K-feldspar, anhydrite 153.65 1221.84 12.10 £ 0.07

disseminated with
anhydrite

and minor biotite

the P2 porphyry. Comparison of these ages is given in
Figure7.

Recently many authors have used Re-Os dating of
molybdenite for linking mineralization to magmatic ac-
tivity (Selby et al., 2002; Selby et al., 2003; Hulbert &
Hamilton, 2005). This connection is established by com-
paring the Re-Os dating of molybdenite and U/Pb zir-
con dating. The relationship between mineralization
and magmatic activity using Re-Os and U/Pb zircon
dating has been reported for many deposits: Grasberg,
Indonesia (Mathur et al., 2000; Mclnnes et al., 2005),
Chuquicamata (Ruiz & Mathur, 1999; Ballard et al., 2001),

Tintina Gold Belt, Alaska (Selby et al., 2002), Thompson
Nickel Belt (Hulbert & Hamilton, 2005), Tombstone Gold
Belt, Yukon, Canada (Selby et al., 2003) and the Endako
porphyry molybdenum deposit (Selby & Creaser, 2001).

9. Magmatism and porphyry copper
mineralization in the Miduk area

Magmatic events in the Central Iranian volcano-
plutonic belt are closely related to subduction of
Neotethys oceanic lithosphere within Central Iranian
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Fig. 7 Comparison of the previous
geochronologic dating with Re-
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plateau. It is believed that the opening of Neotethys
started in the Permian and that the collision of the
Arabian and Iranian plates occurred during the end of
the Miocene (Forster, 1978; Berberian & King, 1981;
Berberian et al., 1982). The main volcanic activity be-
gan in the Lower Eocene with the Bahraseman com-
plex, Middle-Upper Eocene Razak complex and
Oligocene Hezar complex. These complexes comprise
the main volcanic activity in the area, with thickness
approximately 11-16km in the Kerman belt. The
lithologic sequences, volcanic and plutonic events and
porphyry-type mineralization are shown in Figure8.
The plutonic phases were formed in two stages in the
Middle Miocene, with quartz-diorite, granodiorite
and Late Miocene diorite intrusions within the cal-
dera of the Masahim stratovolcano. The Miduk por-
phyry copper deposit (*°Ar/3°Ar, 11.3+0.5Ma,
Hassanzadeh, 1993; zircon U/Pb, 12.5+0.1 Ma, McInnes
et al., 2005; Re-Os molybdenite, 12.23 +0.07 Ma, pres-
ent study) and the Sara porphyry copper prospect
(°Ar/3Ar, 13.3+1.1Ma, Hassanzadeh, 1993) were
formed by Middle Miocene intrusions in the Miduk
area. Also, the Sar Cheshmeh porphyry copper deposit
was formed in the Middle Miocene (K-Ar, 12.5+0.5Ma
and Rb-Sr, 12.2+1.2Ma, Shahabpour, 1982; zircon U/
Pb, 13.6+0.1Ma, Mclnnes et al., 2005). Abdar por-
phyry copper prospect is formed along with Late
Miocene diorite intrusion (zircon U/Pb, 7.5+0.1Ma,
McInnes et al., 2005) within the partly eroded caldera
of the Masahim stratovolcano. The latest intrusive ac-
tivity in the Miduk area is related to subvolcanic
dacitic domes that formed in the Pliocene (*0Ar/3Ar,
2.8+0.2Ma, Hassanzadeh, 1993).

10. Comparison with other porphyry
copper deposits in the world and Iran

The data presented in Table 6 demonstrate that the
Miduk porphyry copper deposit, aside from tonnage
and composition of the intrusive phase, is likely similar
to porphyry copper deposits of continental arc settings
such as northern Chile. This is indicated by the presence
of the large andesite-dacite Masahim stratovolcano in
the Miduk area and the thick volcanic sequences (11—
16 km) of Paleogene (Bahraseman, Razak and Hezar vol-
canic complexes) in the Kerman volcano-plutonic belt.
Alteration and mineralization zones in the Miduk de-
posit are similar to typical continental arc porphyry cop-
per deposits described by Lowell and Guilbert (1970).
Magnetite-rich potassic zone that presents in the Miduk
deposit is similar to the island-arc copper deposit, British
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Columbia (Arancibia & Clark, 1996) and the Bajo de La
Alumbrera deposit, Argentina (Ulrich & Henrich, 2001).

The vein mineralization in the Miduk deposit includes
all of the vein types described by many workers in con-
tinental arc porphyry copper deposits. The A, B, C and
D veins previously described by Gustafson and Hunt
(1975) at the El Salvador deposit and Dilles and Einaudi
(1992), are also present in the Miduk deposit. Also, the
M type veins described by Clark (1993), Clark and
Arancibia (1995), Arancibia and Clark (1996) and Ulrich
and Henrich (2001) occur typically at the Miduk deposit.

Table 7 lists the comparison of the Miduk deposit
with the Sar Cheshmeh and the Sungun porphyry cop-
per deposits in the Central Iranian porphyry copper
belt. Except for some similarities (tectonic setting,
volcanic rocks, ages and alteration types), there are
some differences, as follows.

Emplacement depth of the Miduk deposit was deter-
mined by McInnes et al. (2005) (2.51 km) to be deeper
than the Sungun deposit (2 km, Hezarkhani & Williams-
Jones, 1998; determined by fluid inclusion study) and
shallower than the Sar Cheshmeh deposit (4.75 km, Mc-
Innes et al., 2005). In contrast, the depth of emplacement
of these deposits increases from north (Sungun deposit)
to south (Miduk and Sar Cheshmeh deposit) in the Cen-
tral Iranian copper belt (Fig. 1). Magnetite-rich potassic,
M-type mineralization is present only in the Miduk de-
posit, and anhydrite mineralization is well developed.
The Cu and Au values in the Miduk deposit are higher
than in the Sar Cheshmeh and the Sungun deposits.

11. Conclusions

The Miduk porphyry copper deposit is located in the
Central Iranian volcano-plutonic belt and is associated
with calc-alkaline intrusive rocks of Miocene age that
intruded the Eocene Razak volcanic complex. The main
mineralization occurred in P2 porphyry (Miduk por-
phyry) and the volcanic wall rocks contain <10% of
mineralization.

The magnetite-rich zone occurred as veinlets (M1
type), vein (M2 type) and dissemination and is related
to an early stage of mineralization. It is observed in the
deepest part of this deposit associated with K-feldspar,
quartz, and minor amounts of biotite and chlorite.
The main stage of mineralization contains chalcopyrite
occurrence with quartz, magnetite and anhydrite as
veinlets; and veins in potassic alteration zone with
abundant K-feldspar and secondary biotites.

The Re-Os molybdenite dates indicate that the sul-
fide mineralization occurred at 12.23 + 0.07 Ma. These
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dates are significantly similar to zircon U/Pb ages and
demonstrate that molybdenite mineralization was con-
temporaneous with emplacement of P2 porphyry. The
Re-Os age of the Miduk deposit indicates that the main
stage of magmatism and porphyry copper formation
occurred in the Middle Miocene (Miduk and Sar
Cheshmeh deposits) in the Kerman belt.

On comparing the Miduk deposit with several por-
phyry copper ores from around the world, along with
mineralogy, alteration halos and geochemistry, it is
concluded that the Miduk porphyry copper deposit is
very similar to those of continental arc settings.
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