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ARTICLE INFO ABSTRACT

Keywords: The Nohkouhi copper deposit (1.5 Mt @ 1% Cu) is the first reported VMS deposit among several SEDEX deposits
Nohkouhi in Posht-e-Badam block, Central Iran. The deposit is primarily hosted by black shale and rhyodacite associated
Copper rich with Rizu Series. The Rizu Series is a volcano-sedimentary succession which was deposited in the Posht-e-Badam

Volcanogenic massive sulfide
Posht-e-Badam block
Central Iran

block during rifting of the continental margin of central Iran in the Late Precambrian to Early Cambrian. Pyrite
and chalcopyrite are the dominant sulfide minerals, with subordinate galena and sphalerite. Sericite, calcite,
barite, and quartz are the most abundant gangue minerals. Based on the dominance of sulfide minerals, two
types of mineralization are distinguished: pyrite-rich * chalcopyrite and chalcopyrite-pyrite rich. Considering
mineralogy, the texture of sulfide mineralization, and crosscutting relationships, five ore textures are present:
massive to semi-massive, laminated (banded or bedded), disseminated, brecciated, and veinlet-hosted. In the
rhyodacite, sericite and carbonate are the main alteration minerals. Lithogeochemistry of felsic volcanic rocks
are similar to FII rhyolite and are interpreted to have been resulted from partial melting of either continental or
oceanic crust. Textural, mineralogical, and host rock alteration assemblages as well as geochemical character-

istics of volcanic rocks of Nohkouhi deposit are in agreement with a copper-rich VMS deposit model.

1. Introduction

Volcanogenic massive sulfide (VMS) deposits have been studied
extensively and ore-forming processes are relatively well understood
(e.g. Hutchinson, 1973; Sawkins, 1976; Franklin et al., 1981, 2005;
Barrie and Hannington, 1999; Galley et al., 2007; Shanks and Thurston,
2012; Tornos et al., 2015). These deposits are one of the major sources
of base and precious metals in the world (Franklin et al., 1981; Barrie
and Hannington, 1999). VMS deposits are formed in marine tectonic
settings, including extensional oceanic seafloor spreading ridges, vol-
canic arcs (oceanic and continental margin), and related back-arc basin
environments (e.g. Galley et al.,, 2007; Swinden, 1991; Syme et al.,
2000; Piercey et al., 2001; Dusel-Bacon et al., 2004; Huston et al.,
2010). Volcanogenic massive sulfide deposits are hosted primarily by
bimodal, mafic—felsic volcanic successions (Barrie and Hannington,
1999 and Franklin et al., 2005), and have been divided into five groups
by Barrie and Hannington (1999) based upon characteristic of their
host successions: (1) mafic, (2) mafic-siliciclastic, (3) bimodal-mafic,
(4) bimodal-felsic, and (5) felsic-siliciclastic. Also, hybrid bimodal-felsic
was added as a subtype to the bimodal-felsic group by Galley et al.
(2007).
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Iran has various types of VMS deposits ranging in age from
Ordovician to Eocene-Oligocene (Mousivand et al., 2008). The better
known VMS deposits in Iran include Taknar (Karimpour and
Shafaroudi, 2005), Bavanat (Mousivand et al., 2012), Chahgaz
(Mousivand et al., 2011), Zurabad (Aftabi et al., 2006), Sargaz
(Badrzadeh et al.,, 2011), Barika (Yarmohammadi et al., 2008;
Khodaparast et al., 2010) and Sheikh-Ali (Rastad et al., 2002). Fig. 1
illustrates the locations of VMS and SEDEX deposits on the structural
map of Iran. These deposit have different characteristics such as tec-
tonic setting, age and metal associations.

The Nohkouhi deposit was discovered in 2011 through surface
prospecting around known historical workings. Following the dis-
covery, 19 diamond drill holes were completed and intersected
10-35m of copper mineralization down hole. The Nohkouhi deposit
contains 1.5 Mt measured resources of ore at 1% Cu (AminKarmania,
2013). There is no significant grade of other metals such as Zn, Pb, Au
and Ag.

Nohkouhi is the first reported VMS and significant copper occur-
rence in the Posht-e-Badam block, as well as the first VMS deposit in
rocks of Late Precambrian to Early Cambrian age in Iran, although
several Pb-Zn SEDEX type deposits of this age are known, such as
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Fig. 1. Location of VMS and SEDEX deposit (from (Mousivand et al., 2008; Meshkani et al., 2013;Rajabi et al., 2015a) on structural map of Iran (Sahandi et al., 2002) and Turkey (Kuscu
et al., 2013). VMS deposit consists of: 1) Barika, 2) Bavanat, 3) Chahgaz, 4) Dorreh, 5) Nudeh, 6) Rameshk, 7) Sargaz, 8) Sheikh Ali, 9) Taknar, 10) Zurabad; and SEDEX deposit consisting
11) Chah Mir, 12) Hosein Abad, 13) Koushk, 14) Lakan, 15) Zarigan. Abbreviations: RP = Rhodope-Pontide arc, EP = Eastern Pontidus, ET = Eastern Tauride, SSZ = Sanandaj-Sirjan
zone, Za = Zagros, Y = Yazd block, PB = Posht-e-Badam block, T = Tabas block, L = Lut block. Location of Nohkouhi deposit is shown with yellow circle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Koushk, Chahmir, and Zarigan (Rajabi et al., 2012; Rajabi et al.,
2015a,b). This new discovery opens up and entire new area for VMS
exploration and a detailed documentation of the Nohkouhi will con-
tribute to improved exploration models for Cu-rich VMS deposits in
Central Iran.

In this study, we describe the geology of the deposit with an em-
phasis on the alteration and sulfide assemblages, and on the geo-
chemical signatures of the associated felsic volcanic rocks to establish a
metallogenic model for Cu-rich VMS deposits at the regional scale.

2. Geological setting

The Nohkouhi deposit is located in the Posht-e-Badam block, a part
of Central Iran microcontinent, about 70 km SE of the better known
Jalal Abad iron deposit (Mehrabi et al., 2015) (Fig. 2). Central Iran is
bounded by the Alborz Mountains to the north, the Lut block to the east,
and the Urumieh-Dokhtar magmatic belt in the south-southwest
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(Ghorbani, 2013). However, the northern part of the Lut block was
assumed as a part of Central Iran by Nabavi (1976). Also, based on
tectono-sedimentary features, Aghanabati (2004) proposed Central Iran
and Sanandaj-Sirjan zone as parts of Central Iran. Nogol Sadat (1993)
suggested new subzones in his classification which extends the frontiers
of Central Iran to the northeast. The formation of a rift in Central Iran is
the result of extensional regime during late Precambrian to early
Cambrian which produced deposits including Koushk (SEDEX: Rajabi
et al., 2012), Chahmir (SEDEX: Rajabi et al., 2015a,b), Zarigan (SEDEX:
Ghorbani, 2013), Angouran (mixed hypogene Zn sulfide and hypogene
Zn carbonate: Daliran et al., 2013), and Alamkandi (Carbonate-hosted:
Ghorbani, 2008). Fig. 3 illustrates the location of some of these deposits
(e.g. Koushk, Chahmir, Zarigan), Narigan (Bonyadi and Moure, 2005)
and Sehchahun (Mohseni and Aftabi, 2015) in upper Proterozoic se-
quences in Central Iran. Nohkouhi represents the first reported sig-
nificant copper occurrence within Central Iran, and one of the very few
VMS deposits outside of the Sanandaj-Sirjan zone (Fig. 1).
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Fig. 2. Location and geological map of Nohkouhi deposit a) simplified structural zone of Iran (Nogol Sadat, 1993) b) magnification of black square b in a. Rizu Series marked by red color
hosted by Jalal Abad iron deposit and Nohkouhi copper deposit based on geological map of Rafsanjan (Zohrehbakhsh et al., 1990) and Ravar (Mahdavi et al., 1996) in scale 1:250,000. c)
magnification of black square c in b. Geological map of Nohkouhi deposit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. a) Lithostratigraphy of upper Proterozoic rocks and mineralization associated with them modified after (Ghorbani, 2013).

The study area is bordered by Kuh Banan Fault in north and Baghin-
Bafgh Fault in south. The most important faults in the area have a NW-
SE general trending, which is the same trend as fold axe and copper
mineralization. Second trend of faults is NE-SW. Geological units of
Nohkouhi area can be divided into lower late Precambrian-early
Cambrian volcano-sedimentary (Rizu Series) and upper Paleozoic,
Mesozoic, and Cenozoic sedimentary. The Nohkouhi deposit is hosted
in a 3-5km wide and 16 km-long linear belt of volcano sedimentary
rocks (Fig. 2¢) forming the Rizu Series. The Rizu Series volcanic and
sedimentary rocks were deposited in a lagoon at the time of rift in-
itiation (Berberian and King, 1981). It unconformably overlies the
Morad Series (Nairn and Alsharhan, 1997). The Rizu Formation was
proposed instead of Rizu Series by Stocklin (1968). He thought that
Rizu Formation is stratigraphically equivalent with Soltanieh and
Barout Formations. The Rizu Series is of Late Precambrian-Early
Cambrian age (Ghorbani, 2013). U-Pb zircon geochronology yields an
age of 558 + 32 Ma for the felsic volcanic rocks in Rizu Series (Al-Taha
kohbanani, 1994; Darvishzadeh and Al-Taha kohbanani, 1996).

Volcanic rocks of Rizu Series originated by bimodal magmatism (Al-
Taha kohbanani, 1994; Darvishzadeh and Al-Taha kohbanani, 1996).
The series is comprised (bottom to top) of conglomerate, which is fol-
lowed by shale, sandstone, volcanic rocks, tuffs, ferruginous dolomites,
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and red-brown lava (Samani, 1988). The Rizu Series hosts two ore
deposits including the Jalal-Abad iron ore deposit (Mehrabi et al.,
2015) (Fig. 2b) and the Homeijan magnetite-apatite deposit (Mokhtari
and Ebrahimi, 2015). The Rizu Series is stratigraphically equivalent to
the Early Cambrian volcano-sedimentary sequence that hosts the
Chahmir zinc-lead deposit (a vent-proximal SEDEX) (Rajabi et al.,
2015a,b).

On the basis of stratigraphic and geological characteristics of Rizu
Series (Dostmohammadi et al., 2012), four units can be distinguished:
(1) alower sedimentary unit consisting of a thick-bedded conglomerate,
(2) volcano-sedimentary units indicated by felsic lava, shale, tuff, silt-
stone, and sandstone with locally contains exhalative iron stone with
banded texture, (3) an upper sedimentary unit constituted by thick
bedded conglomerate, and (4) a rhyolite unit and breccia.

Fig. 4a shows detailed geological map of Nohkouhi deposit based on
field survey. Generally, the units trend almost N—S and dip to the west.
Folded and faulted black shale (light brown on weathered surface) is
the main host rock of Cu mineralization. Dark brown to black rhyo-
dacite cuts the sedimentary units. Mineralization in this rock is of lower
grade than that hosted by the black shale. Unmineralized green sand-
stone underlies the black shale. Fig. 4b shows the geological section,
provided on the map, which has been obtained by geostatistical
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Fig. 4. (a) detailed geological map of Nohkouhi deposit including the diamond drill hole
locations, (b) cross-section based on 3D geostatistical simulation of rock types
(Hajsadeghi et al., 2016) and drill holes locations.

simulation of host rocks (Hajsadeghi et al., 2016). Based on successful
results in VMS deposit (e.g. Schetselaar, 2013), sequential indicator
simulation is applied to produce the 3D model of rock types (e.g. black
shale, rhyodacite, and sandstone). The 3D geological model is con-
structed by calculating the most frequent occurrence of each rock unit
over 30 realizations.

3. Methods of investigation

The geological map was checked by field survey and studying 20
thin and polished section. Detailed logging was reviewed and samples
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were selected for microscopic examinations. Documentation of the
mineralogy of Nohkouhi deposit (mineralogy of host rocks alteration
assemblages and ore assemblages) is based on logging of drill cores and
petrographic analyses of over 20 thin and polish sections studied by
using transmitted and reflected light microscopy.

To characterize chemical compositions of felsic volcanic rocks,
least-altered samples were chosen according to occurrence of least al-
teration minerals (e.g. calcite) and intact texture by microscopic stu-
dies. They were analyzed for major, trace, and rare-earth-elements
(REE). The samples were cut in half, with one half retained for ar-
chiving and the other half analyzed at Zarazma Mineral Studies
Company in Tehran, Iran. Samples were crushed and pulverized in a
steel mill before getting dissolved in a multi-acid solution, which is a
combination of HCI (hydrochloric acid), HNO; (nitric acid), HF (hy-
drofluoric acid), and HClO4 (perchloric acid). Finally, the samples were
analyzed by ICP-MS. Zr were analyzed by XRF.

4. Stratigraphy and host rock petrography

The ore-bearing interval, which consists of black shale and rhyo-
dacite, is named the Nohkouhi unit (Fig. 5). The black shale at Noh-
kouhi is the main host to sulfides. The black shale is laminated and
contains clay minerals, chlorite, and organic matter (Fig. 6a and b). The
rhyodacite is a second host but is lower grade than black shale.

The thickness of rhyodacite varies between 5 and 25 m in outcrops
and between 15 and 50 m in drill holes. The rhyodacite cuts the black
shale (Figs. 5c, 6e). The rhyodacite contains 15-20 vol% phenocrysts
with a microporphyritic texture in a micro-to cryptocrystalline
groundmass (Fig. 6¢, d). According to modal analysis, phenocrysts in-
clude up to 85vol% of quartz and plagioclase. Two other important
phenocryst phases are altered mica and alkali feldspar. In some cases,
there is an undifferentiated patch of black shale in rhyodacite
(Fig. 6e and f). The footwall rocks consist of light brown, well-bedded
sandstone and light green, tuffaceous and silicified limestone. Sand-
stone rocks are comprised of fine-grained quartz (up to 2mm in dia-
meter), feldspar, and plagioclase with medium sorting (Fig. 6 g and h).
The Nohkouhi unit is overlain by undifferentiated acidic tuff, tuff
breccia, and acidic volcanic rocks as well as Paleozoic sedimentary
rocks.

5. Alteration

Alteration facies were identified by detailed petrographic observa-
tions of hand specimens and thin sections. Black shale is altered to
sericite, chlorite and muscovite. The rhyodacite is altered to carbonate
and sericite and its original texture was locally obliterated by the al-
teration (Fig. 7a). Fine-grained sericite is the most abundant replace-
ment mineral at Nohkouhi. Carbonate minerals (calcite) occur mainly
within fractures and as matrix in rhyodacite (Fig. 7b) and as minor
replacement. Carbonate can be associated with proximal alteration
zones in VMS (Lydon, 1984; Squires et al., 2001; Hudak et al., 2003;
Bradshaw et al., 2008). Plagioclase is commonly replaced by sericite
(Fig. 7¢) and carbonate.

6. Mineralization and ore assemblage

Based on field relations, the trend of Nohkouhi ore deposit is almost
N—S with a westerly dip of 25° to 30° (Fig. 3.c). The ore deposit varies
in thickness from 10 to 35 m. Lateral extension of ore deposit is about
300 m. Ore body is stratabound and well zoned from copper-rich to
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copper-poor.

The ore mineral assemblage of Nohkouhi deposit is simple. Sulfide
minerals are dominated by pyrite and chalcopyrite, with minor spha-
lerite and galena. Secondary minerals include malachite, azurite, tur-
quoise, goethite and limonite. Calcite, barite, and quartz are the most
common gangue minerals.

On the basis of dominance, mineralized rocks are put in two groups:
pyrite-rich + chalcopyrite and chalcopyrite-pyrite rich. Based on ore
texture, three classes are distinguished in the pyrite-rich +
chalcopyrite group, including massive to semi-massive (Fig. 8a), la-
minated-banded-bedded (Fig. 8b), and disseminated. Pyrite forms more
than 80% of all the sulfide minerals. Pyrite exhibits two textures,
framboidal and euhedral. Framboidal pyrite (Py I) is interpreted to have
formed before the main mineralization and ore-forming hydrothermal
stage (Fig. 8d). Pyrite is widespread in the sediments however there is a
direct relationship with proximity to ore and increasing Py I. This pyrite
is layered in black shale laminae (Fig. 8a—c); and texturally it occurs
before the euhedral pyrite (Py II) (Fig. 8e). Framboidal pyrite has been
reported in many VMS and SEDEX deposits (Constantinou and Govett,
1973; Chen, 1978; Rye et al., 1984; Koski et al., 1984; Wilkin and
Barnes, 1997; Solomon and Gaspar, 2001. In the pyrite rich *
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chalcopyrite group, chalcopyrite is layered with the Py I and black
shale laminae, which is interpreted to show syngenetic precipitation of
Ccep [, Py I and black shale in early stage. This hypothesis, supported by
oxidized outcrops (Fig. 9a and b) and some microscopic evidence
(Fig. 9¢ and d).

The Chalcopyrite-pyrite rich group is divided into five styles, in-
cluding massive, semi-massive, brecciated, disseminated, and veinlet.
Chalcopyrite (Ccp II) cross-cuts laminated black shale and banded Py
(Py I) in most of the cases in the sulfide zone (Fig. 10a and b). Pyrite II
is surrounded by chalcopyrite (Ccp II) in most of the cases and they
occur in the ore-forming hydrothermal stage (Fig. 10c). Similarly, in the
oxide zone malachite cuts the banded iron oxide (goethite and limonite)
(Fig. 10d and e). Turquoise also occurs in the oxide zone. Digenite is
presented in chalcopyrite fractures (Fig. 10c). Brecciated mineralization
occurred in both black shale and rhyodacite and consists of irregular
veins of pyrite, chalcopyrite, and calcite in brecciated black shale. In
most cases, chalcopyrite fills the open space between euhedral pyrites.

The abundance of sulfide minerals in the rhyodacite is lower than in
the black shale. In rhyodacite, chalcopyrite is present in veinlets
(Fig. 11a) and as disseminated grains (Fig. 11b and c). Sphalerite is rare
and is generally associated with chalcopyrite (Fig. 11d). Similarly to
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Fig. 6. Macrophotographs (a, ¢, e, g) and microphotographs (b, d, f, h) of rock types, (a)
laminated Black shale, (b) laminated clay mineral, chlorite, and organic matter in black
shale host rock, ¢) flow texture in rhyodacite (d) quartz phenocryst surrounded by ser-
icitization and carbonization, (e) undifferentiated black shale and rhyodacite, (f) contact
between highly altered rhyodacite and black shale, (g) layering in sandstone, h) sub-
angular grains of quartz and plagioclase with medium sorting.

Fig. 7. Macro photographs (a) and microphotographs (b, c) of altered rhyodacite host
rock; (a) carbonate alteration in rhyodacite host rock with disseminated chalcopyrite, b)
carbonate alteration with opaque mineral, ¢) plagioclase replaced by sericite.
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400 pm ]

Fig. 8. Macro photographs (a, b) and microphotographs (c, d, e) of pyrite rich + chalcopyrite group. (a) massive-semi massive pyrite in black shale, (b, ¢) banded pyrite (Py I) in
laminated black shale shows a gradual layering in different scales without any copper mineralization. (d) framboidal Pyrite (Py I) characterizes the first stage mineralization, (e) euhedral

pyrite (Py II) is formed in mineralization stage.

black shale, Py II is bordered by Ccp II (Fig. 11e).

Near surface, most sulfide minerals have been weathered to form a
weathering zone that varies in thickness between 5 and10 m and con-
tains malachite, azurite, goethite, limonite, and gypsum. This weath-
ered zone can be divided to sub-zones of high, medium, and low in-
tensities (Fig. 12a). At surface, rocks are strongly weathered and
gypsum is formed as a result of intense weathering of pyrite (Fig. 12a).
In the medium intensity zone, Mn-oxide (Fig. 12c), malachite, azurite,
goethite, and limonite are formed (Fig. 12d and e). Due to weathering,
the color of black shale unit changed from white to brown. In low-
intensity weathering zone, digenite can be seen along fractures in
chalcopyrite. There is significant upgrading in the oxidized zone.

Based on observations under the microscope, mineral textures, and
crosscutting relationships, three main stages of sulfides evolution are
recognized (Fig. 13a): (1) the first stage which includes the formation of
Py I and Ccp [; (2) the second stage which consists of Py II, chalcopyrite,
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sphalerite, galena, calcite and barite that occur as massive, semi-mas-
sive, veinlet and disseminated habits (Fig. 13b and c); and (3) the third
stage which consists of secondary minerals such as digenite (Fig. 13d),
copper carbonate minerals (malachite, azurite, turquoise), and iron
oxide and hydroxide (goethite, limonite).

7. Lithogeochemistry of felsic volcanic rocks

In the last thirty years, lithogeochemistry of volcanic rocks has
become a powerful targeting tool in the exploration for VMS deposits
(e.g. Lesher et al., 1986; Barrie et al., 1993; Lentz, 1998; Hart et al.,
2004; Gaboury and Pearson, 2008). Combined with stratigraphic con-
text, the geochemistry of mafic and felsic volcanic rocks can be used to
outline petrochemical assemblages, which delineate potentially fertile
from less fertile volcanic belts on a regional scale (Hart et al., 2004).

Petrochemical signatures related to volcanic rocks provide valuable
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Fig. 9. Macro photographs (a, b) and microphotographs (b, c) of first stage mineralization in black shale. (a, b) copper mineralization is parallel with black shale laminae. Oxidation of
sulfide minerals occurred during surface weathering, but primary texture preserved. (c, d) there is very low grade copper in Cu poor part of deposit, chalcopyrite has same trend with
black shale laminae and pyrite 1.

Fig. 10. Macro photographs (a) and microphotographs (b, c, d, e) of stage 2 and 3, a) banded pyrite and laminated black shale crosscut by chalcopyrite; b) magnification of white square b
in a. shows chalcopyrite veinlet cut banded framboidal pyrite. ¢) magnification of white square, ¢ in a digenite occurs in chalcopyrite fracture, pyrite II is surrounded by chalcopyrite. d)
banded goethite and limonite crosscut by malachite in oxide zone. €) malachite veinlet cutting Fe oxide and hydroxide.
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NKH17-14

Fig. 11. Macro photographs (a, b, ¢) and microphotographs (d, e) of mineralization in
rhyodacite, a) chalcopyrite vein in rhyodacite, b, ¢) disseminated chalcopyrite in rhyo-
dacite, d) sphalerite forms around chalcopyrite. e) magnification of black square e in b,
chalcopyrite surrounds euhedral pyrite.
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criteria to discriminate fertile from barren prospective areas due to
formation depth and tectonic setting. Felsic volcanic rocks are divided
to four classes of FI, FIL, FIIla, or FIIIb types (Lesher et al., 1986; Lentz,
1998; Hart et al., 2004). According to Hart et al. (2004), FI rhyolites are
unfavorable for VMS mineralization, whereas FII rhyolites pre-
dominantly host post Archean VMS deposits and FIII rhyolites host
Archean VMS deposits.

A total of 14 samples from Nohkouhi area were selected for litho-
geochemistry investigations. Two samples were taken from drill cores
in this study. Other samples were chosen from surface outcrop of felsic
volcanic rocks (Dostmohammadi et al., 2012) (see Table 1).

The Zr/Ti versus Nb/Y diagram is used to discriminate rock types
(Pearce, 1996). According to Fig. 14a, samples fall within the rhyolite/
dacite to alkali rhyolite field, and in the rhyolite discrimination dia-
gram of Hart et al. (2004: Fig. 14b), the samples fall within the FII field,
indicating that partial melting was likely to have taken place at mod-
erate depths in the crust (10-15km) (Lesher et al., 1986; Hart et al.,
2004). The samples exhibit variable Zr/Y ratios, suggesting that the
rocks have calc-alkaline affinities (Fig. 14c) which are matched with FII
rhyolites affinities (Hart et al., 2004; Gaboury and Pearson, 2008). Nb/
Y ratios (Fig. 14d) of the samples are in agreement with their formation
in an arc environment or from re-melted arc crust (Lentz, 1998). REE
patterns of the samples are shown in Fig. 15, and have been normalized
to the chondrite values of McDonough and Sun (1995). The samples
display LREE enrichment with flat HREE patterns. The FII rhyolites
have gently sloping REE patterns from LREE to HREE with variable
negative Eu anomalies. These cases are interpreted as arc-type rhyolites
(Barrie et al., 1993; Hart et al., 2004).

8. Discussion
8.1. Style of mineralization

Volcanogenic massive sulfide deposits form in several styles, in-
cluding mound style, stratiform exhalative, and sub-seafloor replace-
ment which are described well by Tornos et al. (2015).

There are several pieces of evidence suggesting that the copper
mineralization at Nohkouhi has been formed during two stages. The
first stage is indicated by chalcopyrite (Ccp I) and pyrite (Py I) as a low
grade stage. Ccp I and Py I are syngenetic with deposition of host rock
(e.g. black shale) during submarine hydrothermal process (Fig. 9).

During second stage, copper mineralization is enriched by circula-
tion of hydrothermal fluid in black shale and rhyodacite. During this
stage, copper mineralization (Ccp II) formed by crosscutting Py I and
black shale laminae (Figs. 10 and 11). Weathering was the last stage
and produced oxide minerals (e.g. malachite, azurite, goethite and li-
monite). However, during weathering, the primary texture of sulfides
preserved.

8.2. Tectonic and structural setting
VMS deposits commonly form in extensional tectonic settings, in-

cluding both oceanic seafloor spreading and arc environments (Allen
and Weihed, 2002; Galley et al., 2007; Piercey, 2010). Widespread ‘post
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T SR Ty T e Fig. 12. Different intensities of weathering, a) Fe-Mn Oxide
intens'ity"we athenng I in high intensity weathering, b, ¢) gypsum and anhydrite
Pl ‘ . By 1
A M,

q resulting from pyrite weathering, d) banded malachite
y hosted by black shale in the exposed surface, e) banded Fe
oxide and hydroxide leached from banded framboidal pyrite
without any copper mineralization.
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Fig. 13. (a) Mineralization paragenesis at Nohkouhi deposit, (b) chalcopyrite mineralization crosscut Py I, (c) sphalerite formed in Chalcopyrite border, (d) Py II surrounded by
Chalcopyrite and Digenite formed as a secondary mineral.
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Table 1
Representative analyses data for the felsic volcanic samples.

Sample/Element Zr Ti La Yb Nb Y
NKH-BH2 201 332 33 2.8 8.8 36
NKH-BH3 225 332 37 2.8 8.2 35
5DM-5* 154 1070 42.2 3.08 7.9 27.3
7DM-3 164 892 50.5 3.25 6.4 32.6
10DM-4 324 3807 40.5 5.25 20.7 46.9
12DM-2 65 356 16.4 2.14 4.3 17.3
13DM-1 309 3569 45.4 5.25 19.1 49.3
13DM-2 333 3867 36.6 7.59 20.4 54.6
DM-14 206 1784 90.9 3.64 11.5 33.1
Sample/Element Ce Pr Nd Sm Eu Gd
5DM-5 85.5 10.2 37.8 7 1.5 6.29
7DM-3 94.8 10.9 39.1 7.47 1.7 7.17
10DM-4 74.7 10.25 38.3 8.26 1.06 7.82
12DM-2 27.8 2.71 9.1 2.11 0.55 2.45
13DM-1 110.5 14 54.5 12.7 1.58 10.25
13DM-2 72.1 7.38 23.6 4.16 0.78 6.02
DM-14 123.5 11.8 36 3.8 0.84 4.38
Sample/Element Tb Dy Ho Tm Lu
5DM-5 0.87 4.91 1.05 0.46 0.45
7DM-3 1.07 5.99 1.23 0.51 0.5
10DM-4 1.33 8.12 1.78 0.81 0.78
12DM-2 0.43 2.78 0.62 0.31 0.34
13DM-1 1.5 8.71 1.85 0.81 0.78
13DM-2 1.21 8.77 2.11 1.11 1.15
DM-14 0.77 5.16 1.21 0.55 0.55

Note: * sample with DM code from Dostmohammadi et al. (2012) analyzed by ICP-MS.

orogenic’ volcanic rocks in Posht-e-Badam (Berberian and King, 1981;
Samani, 1988; Talbot and Alavi, 1996) include spilitic basalts in Zar-
igan, Esfordi and Lakeh-Siyah areas, mafic tuffaceous rocks and rhyo-
litic tuffs in Koushk, Lakeh-Siyah, Narigan and Chahmir (Rajabi, 2012;
Rajabi et al., 2012) reveal the bimodal magmatism which are suggested
as a continental back-arc extension (Berberian and King, 1981; Samani,
1988; Talbot and Alavi, 1996; Rajabi et al., 2015a).

Rocks from the Rizu Series are among the oldest in the Posht-e-
Badam block and it is mainly composed of bimodal volcanic rocks,
volcano-sedimentary deposits, and dolomites (Al-Taha kohbanani,
1994; Darvishzadeh and Al-Taha kohbanani, 1996; Ghorbani, 2013).
The Rizu and equivalent series (such as a Dezu series and ECVSS) are
interpreted to have formed in a rift environment (Daliran, 1990;
Momenzadeh and Heidari, 1995; Ghorbani, 1999, 2012). As a result,
the geodynamic setting of Central Iran, especially the Posht-e-Badam
block during the late Precambrian-early Cambrian, is characterized by
extensional tectonic settings.

We have obtained the possible geodynamic scenario accounting for
Nohkouhi deposit based on tectonic setting of the Posht-e-Badam block
and the Rizu Series, the chemical signature of felsic volcanic rocks, and
the style of mineralization (Fig. 16).

Continental margin back arc rifting is interpreted to have followed
the subduction of oceanic crust under Central Iranian microcontinent

Ore Geology Reviews 92 (2018) 379-396

(Rajabi et al., 2015a). Upwelling of the asthenosphere began during
continental margin back arc rifting (Fig. 16a).

The mafic magmas originated from the asthenosphere and partial
melting of the subduction slab. While the resulting magma ascended,
differentiation and crystallization of the magma and partial melting of
the upper crust formed calc-alkaline felsic magma that extruded to form
of felsic volcanics (Al-Taha kohbanani, 1994; Darvishzadeh and Al-
Taha kohbanani, 1996) (Fig. 16b). Felsic volcanic rocks of Nohkouhi
deposit have FII chemical signatures (Fig. 12b) and they are formed as a
result of partial melting of either continental or oceanic crust due to
basaltic under plating during rifting (Lesher et al., 1986; Barrie et al.,
1993; Barrett and MacLean, 1999; Hart et al., 2004; Piercey, 2011).
Sandstone and black shale were deposited as syn-rift series (Fig. 16c).
During felsic magma ascent, low grade copper (Ccp I) and laminated-
banded-bedded pyrite (Py I) formed linked to submarine hydrothermal
process in the initial stage of the back -arc rifting (Fig. 16d and e).
Later, felsic magma intruded in black shale. Consequently, high grade
copper mineralization formed in black shale by circulation of hydro-
thermal fluid (Fig. 16f, Table 1).

8.3. Comparison with other VMS deposits of Iran

Various types of volcanogenic massive sulfide (VMS) deposits oc-
curred in Iran are comprised of mafic, mafic-siliciclastic, bimodal-
mafic, and bimodal-felsic deposits (Mousivand et al., 2008). The vast
majority of VMS deposits in Iran belong to the Cu metal associations
(Fig. 17). Relevant information about these deposits is summarized in
Table 2.

Several different deposits occurred during the Late Proterozoic—
Early Cambrian age in Central Iran, especially in Posht-e-Badam block;
they include: Sedex Pb-Zn deposits (Koushk, Chahmir, and Zarigan),
magmatic and sedimentary iron oxide ore (magnetite and hematite),
manganese (Anarak deposit) and magmatic phosphate, uranium, and
REE (Ghorbani, 2002). Nohkouhi is the first VMS deposit in Central
Iran.

Most of well-known VMS deposits in Iran are associated with
ophiolite complex, including mafic type deposits such as Zurabad,
Sheikh Ali, and Rameshk. These deposits occurred in Cretaceous. In
fact, Cretaceous is the main period of VMS mineralization in Iran.
However, other VMS deposits of Iran took place in different periods
including Late Neoproterozoic (Taknar deposit), Upper Devonian or
Upper Permian (Chahgaz deposit), Late Devonian-Early Carboniferous
or Permo-Triassic (Bavanat deposit), Late Triassic-Early Jurassic
(Sargaz deposit), and Eocene-Oligocene (Dorreh deposit) (Mousivand
et al., 2008). The Nohkouhi deposit is hosted by late Precambrian-early
Cambrian volcano-sedimentary series.

Volcanogenic massive sulfide deposits of Iran are medium in ton-
nage (2-5 Mt) and most of metal associations are Cu, Zn, Pb, Ag and Au.
One of the well-known VMS deposits of Iran is Taknar (Cu-Zn-Au-Ag-
Pb), a type of magnetite rich polymetallic VMS deposit. The Taknar
deposit is divided into four areas called Tak I, II, III, and IV. This deposit
contains 2 Mt grading 3% Cu, 1.5% Zn and 1% Pb (Karimpour and
Shafaroudi, 2005). Nohkoubhi is a copper-rich deposit contains 1.5 Mt
ore at 1% Cu.
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8.4. Implications for regional exploration

Volcanogenic massive sulfide deposits are generally related to FII,
FIII, and FIV felsic volcanic rocks in bimodal, mafic-felsic volcanic
especially Archean successions (Hart et al., 2004). However, while most
of FII felsic volcanic rocks are barren, some host VMS deposits (Gaboury
and Pearson, 2008; Hart et al., 2004). FII felsic volcanic rocks host VMS
deposits formed in bimodal volcanic successions (e.g., Bathurst: Lentz
and Goodfellow, 1992; Rio Tinto: Mitjavila et al., 1997; Sturgeon Lake:
Hart, 2001). As said before, Nohkouhi deposit is hosted by Rizu Series
with FII felsic volcanic rocks (Fig. 14b). Rizu Series has been char-
acterized by bimodal volcanic successions (Al-Taha kohbanani, 1994;
Darvishzadeh and Al-Taha kohbanani, 1996) and this feature is inter-
esting for more VMS explorations in Rizu and other equivalent series.
The best recommendation is systematic sampling along strike in these
series to identify the most intense hydrothermal signatures and to
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Fig. 16. Schematic block diagram illustrating possible geodynamic scenario of the formation of Nohkouhi deposit. (a) back arc rifting occurring in late Precambrian, (b) mafic rocks
originating from the asthenosphere and partial melting of the upper mantle. Felsic magma as a result of partial melting of crust reached to the ground (c) sandstone and barren black shale
deposited during previous episode (d, e) black shale and pyrite rich + chalcopyrite deposited synchronously during first stage of mineralization while felsic magma ascended to the
ground, (f) copper mineralization enriched as a result of circulation of magmatic fluid.
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Fig. 17. (a) Cu, Pb, and Zn metal associations (Large, 1992) and (b) column bar of Cu-Pb-Zn grade of Iranian VMS deposits.

potentially locate mineralization (Lesher et al., 1986; Hart et al., 2004).

According to Nohkouhi genesis model, the same stratigraphic unit
has exploration potential for VMS deposits in Central Iran, specifically
in Posht-e-Badam block. Furthermore, this model leads us to pay more
due attention to VMS deposits, because despite the suitable tectonic
setting in Iran, VMS deposits have been explored less than porphyry Cu
deposits.

In deposit scale exploration, that would be very interesting to also
document any chemical modification associated with proximal altera-
tion zones in Nohkouhi deposit as geochemical remains one of the main
vectors in VMS exploration. Compositional variations of carbonate,
variations in intensity of alteration minerals relative to proximity to ore
can be another useful vectors in VMS exploration.

9. Conclusion
The Nohkouhi deposit is located within the Posht-e-Badam block, a

part of Central Iran zone. Most of researchers emphasize the occurrence
of extensional tectonic settings in Posht-e-Badam block. The host rocks
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of the deposit are black shale and rhyodacite associated with Rizu
Series, a volcano-sedimentary series with bimodal nature and late
Precambrian-early Cambrian age.

Mineralogical textures suggest that sulfide minerals are formed in
three main stages: 1) a first stage characterized by framboidal pyrite
and minor chalcopyrite in black shale. 2) a second stage which occurred
due to intrusion of rhyodacite in black shale and enriched copper in
black shale to produce euhedral pyrite and chalcopyrite, with lesser
sphalerite, and galena and 3) a third stage indicated by oxidation of
sulfide mineral on the exposed surface of the deposit.

The samples of felsic volcanic rocks have FII-rhyolite affinities,
which suggests that the felsic volcanic rocks are generated as a result of
partial melting of crust at depths between 10 and 15 km.

Given its tectonic as well as geologic setting, the type of host rock
and mineralization, metal content, and lithogeochemistry of felsic
volcanic rocks, Nohkouhi deposit is classified as a copper rich volca-
nogenic massive sulfide (VMS) deposit similar to Anyox deposit in
British Columbia, Canada.
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0.5 Mt @ 4.00% Zn, 2.00% Pb, 1.00% Cu, up to Khodaparast et al. (2010)

100 g/t Ag, up to 100 g/t Au
6 Mt @ 15% Zn, 10% Pb, 1% Cu, up to 100 g/t

Ag, and up to 0.58 g/t Au

6 Mt @ 3.0% Cu, 0.5% Zn, and up to 68 ppm
Not available

Ag
> 2Mt @ 3% Cu, 1.5% Zn, 1.%Pb

Tonnage and grade

2Mt @ 2-4% Cu, up to 100 g/t Ag.
Not available

3Mt @ 1.34% Cu, 0.38% Zn

1Mt @ 2% Cu, 64 g/t Au

2.8 Mt @ 2.04% Cu; 1.82% Zn
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Late Triassic to
Cretaceous

Late Neoproterozoic
Cretaceous

Early Cambrian
Jurassic

Early Cambrian
Cretaceous

Early Cambrian

South Sanandaj-Sirjan
South Sanandaj-Sirjan

Zagros
Central Iran (Posht-e-

Badam block)
Central Iran (Posht-e-

North Sanandaj-Sirjan
South Sanandaj-Sirjan
Central Iran (Posht-e-
Badam block)
Badam block)

Urumieh-Dokhtar
magmatic belt
Sabzevar

Makran

Structural Zone
Central Iran

Sanandaj-Sirjan
Sanandaj-Sirjan

Zagros

Type

bimodal felsic
Pelitic-mafic
Siliciclastic felsic
bimodal felsic
Pelitic-mafic
mafic
bimodal mafic
mafic
bimodal felsic
mafic

Vent proximal
Vent proximal

No Deposit
Barika
Bavanat
Chahgaz
Dorreh
Nudeh
Rameshk
Sargaz
Sheikh Ali
Taknar

10 Zurabad
ChahMir

12 Hosein Abad

13 Koushk

14 Lakan

15 Zarigan

1
2
3
4
5
6
7
8
9
11

Volcanogenic massive sulfide
deposit

SEDEX deposits

Type

summary of VMS deposits in Iran (deposit numbered based on Fig. 1). Deposit type based on Franklin et al. (2005).
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