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ARTICLE INFO ABSTRACT
Article history: The northwest Nain copper deposit is located in the Eocene volcanic-sedimentary sequence of
Received: 2024 August 06 the Urumieh-Dokhtar magmatic arc. The copper bodies are found in specific porous units, such
Accepted: 2025 May 20 as andesitic volcanic breccias, amygdale basalt, and andesite, and are mainly controlled by steep
Available online: 2025 July 22 dipping fault zones. The alteration in the northwest of Nain involves epidote-chlorite, siliceous,
and hematite alteration associated with mineralization. The major copper sulfides found are
Keywords: chalcopyrite, covellite, and chalcocite, which display disseminated, open-space filling, vein-veinlet,
Mineralization and replacement textures. Manto-type copper mineralization in this area is attributed to the mixing of
Geochemistry primary hydrothermal fluid with basin and sea waters, with temperatures ranging from 149 to 321°C,
Fluid inclusion and their average salinity is 7.7% wt.% NaCl equiv. The host units exhibit enrichment in light rare
Basaltic andesite lava earth elements (LREE) and large ion lithophile elements (LILE), and depletion in high field strength
Eocene elements (HFSE). These geochemical features, along with trace element modeling, suggest that all
Manto-type copper the host rocks were mainly formed by fractional crystallization of a common parental magma derived
Nain from partial melting of an enriched subcontinental lithospheric mantle source, and that the magma

assimilated crustal materials during ascent and emplacement. Based on indicators such as tectonic

setting, host rock, mineralization controlling factors, mineralogy, and texture, the copper deposit in

the exploration area of Northwest Nain can be classified as a Manto-type deposit.

1. Introduction

The Urumieh-Dokhtar magmatic arc (UDMA) in Iran is recognized
as one of the metallogenic belts with significant potential for world-
class copper mineralization (e.g., Shafiei et al., 2009; Richards
et al., 2012; Asadi et al., 2014; Zarasvandi et al., 2013, 2015;
2018). Recent studies of Iran’s UDMA and other structural zones

have identified Manto-type copper deposits linked with volcanic
and pyroclastic strata. The Safafoulad (Kahyaz) and Mehrandoo
exploration areas are situated 50 km northwest of Nain City (NW
Nain) in Isfahan Province. This study examines the petrography,

alteration, mineralization, fluid inclusions, and geochemistry of
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mineral deposits in the central part of the UDMA to determine
the type and origin of copper mineralization. We present new
geochemical data that enhance our understanding of the tectono-
magmatic evolution of northwest Nain and how magmatism in the
UDMA has influenced regional mineralization. New data obtained
from combined fluid inclusion microthermometry on representative
samples is presented for the first time. These data provide important
information on the fluids associated with different stages of
mineralization, including ore-forming fluids and materials. The
results are discussed in relation to proposed ore genetic models and
fluid sources for the deposit, introducing and elaborating on a new

Manto-type model.

2. Research methodology

Field geological studies and sampling of rock units and mineralized
zones were carried out in the northwest Nain area (Kahyaz and
Mehrandoo). Fifty thin sections and ten double-polished sections
were prepared for petrological and mineralogical analysis. Fluid
inclusion thermometry was performed on four polished sections at
Tarbiat Modarres University. Additionally, 22 samples were sent to
ZarAzma Iran Company’s laboratory for analysis using XRF and
ICP-MS methods. The geochemical analyses were processed and
interpreted using specialized software and graphic tools, including
CorelDRAW, Photoshop 7.0, Excel, GCDKkit 6.0, and FLINCOR.

3-Results

3.1. Regional geology and local geology

The NW Nain exploration area covers around 120 km? and is
located in the central west of Iran’s UDMA region. This region
contains a belt of Eocene-Oligocene volcanic and pyroclastic rocks
trending east-west, along with Oligo-Miocene intrusive bodies and
limited younger dike outcrops.

These rocks are composed of basalt to andesite volcanic sedimentary
sequences that formed from the early to late Eocene, with a thickness
exceeding one kilometer. The sequence includes various types of
lava, such as basalt, basaltic andesite, and andesite, along with their
pyroclastic equivalents: andesitic tuff, rhyolitic tuff, and andesitic
volcanic breccia. The volcanic sequence includes dacite and rhyolite

domes, which can have thicknesses of several hundred meters.

3.2. Host rocks

The host rocks in the NW Nain exploration area include basaltic
andesite, porphyry andesite, and, in rare cases, volcanic breccia.
These units have a porous and reductive nature, especially in the
presence of pyrite, creating a favourable environment for copper
mineralization in the studied exploration zone. Proper permeability

plays a significant role in the formation of this type of deposit.

3.3. Petrography
Petrographic studies indicate that the volcanic rocks in the
region consist of basic to intermediate types, including basalt,

basaltic andesite, and andesite. These units consist of plagioclase,

clinopyroxene, and olivine phenocrysts embedded in a fine-grained
to microlithic groundmass. Along with the primary minerals,
alteration minerals such as chlorite, calcite, and epidote are also

present in these rocks.

3.4. Controlling structures

Previous studies have shown that mineralization generally occurs
near the intersection of E-W and NW-SE trending faults, aligning
with the area’s general trend. Mineralization along the NW-SE
faults highlights the beneficial impact of E-W faulting activity on
the dilation of extension fractures related to the NW-SE fracture
system, which enhances mineralization in the connected extensional
zones. Investigation of the highly fractured areas between the
Kecho Mesqal and Zafarghand faults reveals that copper deposits
are associated with maximum fracture density zones northwest of

Nain.

3.5. Alteration and mineralization

In the exploration area of NW Nain, the host rocks have been
exposed to hydrothermal alteration. Based on field studies and
the relationships of textures, these alterations can be categorized
into two main types: extensive regional propylitic alteration and
silicification-carbonate alteration, alongside less significant argillic
alteration associated with the mineralization. Propylitic alteration is
the most common type of alteration in the study area, observed in
all volcanic units of the area. This alteration typically manifests as
chloritic-epidotic alteration, hematization, and carbonate alterations
at the boundary of Eocene lava-tuff units, along with associated
mineralization effects. The mineralized parts are either massive and
continuous as veins, or irregular and discontinuous as thin veinlets,
or disseminated. The mineralization is primarily characterized by
abundant pyrite, chalcopyrite, covellite, and chalcocite, with lesser
amounts of hematite and magnetite. These minerals exhibit open-

space filling, veinlet-vein, and replacement textures.

3.6. Analysis methods and results

3.6.1. Fluid inclusion

To investigate the physical and chemical characteristics of the fluid
inclusions in the formation of ore, we conducted microthermometric
studies at Tarbiat Modarres University. These studies were performed
using a Leitz microscope equipped with a THMSG600 screen and
a Linkam model. Given the small size of the samples, we used only

the LWD80X objective lens to analyze a total of 22 samples.

3.6.2. Petrography of fluid inclusions

In terms of the number and the volumetric proportions of phases
present in the fluid inclusion at room temperature, four major
types of inclusions can be recognized in the NW Nain copper
deposit: Single-vapor inclusions (type 1), two-phase vapor-rich
fluid inclusions (type 2; vapor/liquid ratios > 60 vol.%), two-phase
liquid-rich fluid inclusions (type 3; vapor/liquid ratios < 50 vol.%)

and Liquid-vapor-one daughter mineral inclusions.
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3.6.3. Microthermometric data of fluid inclusions

The physicochemical characteristics of ore-forming fluids in the
northwest of Nain indicate the mixing of primary hydrothermal
fluids with basin and seawater. According to the graph depicting
homogenization temperature versus salinity (Pirajno, 2009), chloride

ions are the primary ligands involved in the transport of metals.

3.6.4. Volcanic host rock analysis

In this study, after preparing thin sections and conducting
petrographic and mineralogical investigations of these units, 22
volcanic host rocks were analyzed using X-ray fluorescence (XRF)
spectrometry and lithium metaborate fusion inductively coupled

plasma-mass spectrometry (ICP-MS).

4. Discussions

4.1. Tectonic setting of the volcanic rocks and mineralization
As mentioned earlier, the volcanic rocks in the NW Nain, similar
to those found in the UDMB, display geochemical signatures that
suggest they formed in a volcanic arc environment along the northern
edge of the Neo-Tethys, as part of an active continental margin.
The observed shift from large-volume effusive activity, such as
basalt, basaltic andesite, and andesite, to a more violent explosive
nature, exemplified by volcanic breccia and tuff, in the NW Nain
exploration area, suggests that open-conduit conditions are present.
This change is most likely due to the increased permeability of the
volcanic rocks, which promotes copper mineralization. Crucially,
the main faults in this exploration area coincided with the volcanic
system, thereby increasing the permeability of the surrounding
rocks. As a result, the Cenozoic (Eocene to Early Oligocene)
tectonic-magmatic evolution significantly impacts regional large-

scale mineralization control.

4.2. Petrogenesis

Geochemical features and trace element modeling suggest that
all host rocks were primarily formed through the fractional
crystallization of a common parental magma, which originated
from the partial melting of an enriched subcontinental lithospheric
mantle source. We believe that the lithospheric mantle source
enrichment is influenced more by metasomatism caused by the
melting of sediments and fluids released from the subducting slab
of the subduction zone, which is also contaminated with crustal

materials during magma ascent.

4.3. The occurrence of copper deposits in the northwest of Nain
4.3.1. Source and origin of copper

Compared to volcanic rocks, the distribution of rare earth elements
(REEs) in the host rock is likely influenced by ligand-rich
hydrothermal fluids. These fluids transport REEs in complexes that
leach out of the rock body. The primitive-mantle-normalized trace
element patterns indicate that the volcanic rocks and associated

ores are proportionately rich in Pb, while Nd—-Lu is relatively flat.
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The northwest Nain copper deposits appear to be closely linked to
the surrounding volcanic rocks. The europium (Eu) anomalies in
the copper ores of the northwest Nain deposit show a consistent
pattern: as one moves from deeper to shallower deposits, the Eu
anomalies increase (>1). This indicates that the ore-forming
fluids transitioned from reducing to oxidizing conditions at higher

temperatures (Yang et al., 2012).

4.4. Model of mineralization

In this region, extensive volcanic activity has led to forming a thick
sequence of lavas and pyroclastic units. The temperature drops as
more lava units crystallize (Hoefs, 2009). The ongoing volcanic
activity has resulted in the burial of rock formations in the area.
The pressure created by diagenesis and dehydration of pyroclastic
units raises oxide fluids and basin water. These fluids, which have
flowed through lavas and pyroclastic flows, contain high levels
of copper and other minerals. Additionally, the host rock units
of NW Nain’s copper reserves are rich in mafic minerals, which
all contain copper in their structures. When hydrothermal fluids
move through fault zones, high temperatures cause the crystalline
structures of minerals to break down. This process can release
metals, like copper, in chloride complexes from volcanic rocks,
thereby enriching these minerals with those metals. This area may
show initial signs of low-grade copper mineralization. Following
the formation of primary copper ore, tectonic activity causes an
uplift in the area, resulting in fractures and faults. These conditions
enable the oxidant fluid to reach the upper sections of the sequence.
The fluid containing copper flows through breccia units and breccia
tuff, as well as the fractures in basalt and basaltic andesite volcanic
rocks. This process has led to mineralization accompanied by
chlorite alteration (Khademian et al., 2024a).

5. Conclusion

Based on the volcanic-sedimentary nature of the host sequence
in the NW Nain exploratory area, studies suggest that the copper
reserve likely formed in a subduction-related extensional basin
within the arc. The magma that forms the volcanic units originates
from the melting of an enriched subcontinental lithospheric mantle.
As magma moves upward, the process of fractional crystallization
leads to the formation of various volcanic units. Cu bodies are
restricted to specific porous units (e.g., andesitic volcanic breccias,
amygdale basalt, basaltic andesite, and andesite) and are primarily
controlled by steep-dipping fault zones. Alterations in the copper
reserve in the NW Nain region are epidote-chlorite, siliceous,
and hematite alteration related to mineralization. Chalcopyrite,
chalcocite, covellite, and malachite minerals are typically found in
open spaces and veinlets in the host rock. The copper mineralization
in this area is likely caused by mixing primary hydrothermal fluid
with basinal and seawater. The reserve is likely associated with the
copper-rich volcanic activity that leaches and transports copper

from volcanic rock through the chloride complex.
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Figure 1. The major sedimentary and structural units of Iran and the location of the study area (yellow rectangle) (Mohajel et al., 2003; Ghasemi
and Talbot, 2006; Azizi and Moinevaziri, 2009). GKF: Great Kavir Fault, HZB: High Zagros Belt, KF: Kashan Fault, MJKV: Marginal sub-
zone late Jurassic-early Cretaceous Volcanic, MRF: Main Recent Fault, MZT: Main Zagros Thrust, NDF: Nain-Dehshir Fault, SSZ: Sanandaje-
Sirjan Zone, UDMA: Urumieh-Dokhtar Magmatic Arc, WEAV: Western Alborz Eocene Volcanic, ZFTB: Zagros-Folded Thrust Belt, ZSFB:

Zagros Simply Folded Zone.
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Figure 2. The northwest geological map of Nain is based on a 1:100000 geological map of Shahrab

(modified after Bahroudi and Fonoudi, 2003).
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Figure 3. Field photographs of the outcrops of the basic-
intermediate volcanic units that host mineralization
in the northwest of Nain; a, b) Copper mineralization
exists as open space and vein filling within basalt host
rock in the Mehrandoo area (northward view); c) Copper
mineralization within fractures present with andesitic
host rock in the Chekad area (northeastward view);
d) Copper mineralization within fractures within highly
altered basaltic andesite host rock in the Safafoulad area

(northeastward view).
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Figure 4. Microphotographs of basic-intermediate units of the volcanic host rock in the northwest of Nain; a) Phenocryst of clinopyroxene
and altered olivine (iddingsite) within the fine-grained matrix of the basaltic host rock; b) Phenocryst of plagioclase partially altered
to epidote within the andesitic host rock; c¢) Small zeolite grains formed on the surface of the plagioclase crystals; d) Phenocryst of
clinopyroxene altered to epidote, chlorite, and iron-titanium oxides; e) Complete alteration of plagioclase mineral to calcite; f) Amygdale
filled with prehnite mineral; g) Phenocryst of clinopyroxene and plagioclase in andesite tuff sample; h) Various lithic fragments of
different sizes and compositions within the andesite tuff; i) Presence of plagioclase crystals, quartz, and potassium feldspar altered to
kaolinite in a sample of rhyolitic tuff. (Abbreviations: Ep: Epidote; Cpx: Clinopyroxene; Pl: Plagioclase; Kfs: K-feldspar; Cal: Calcite;
Opq: Opaque; Qz: Quartz; Chl: Chlorite; Withney and Evans, 2010).
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Figure 5. The geological section is nearly exploration, illustrating the host rocks of mineralization, controlling structures, and

alteration assemblages.
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Figure 6- a) The mineralized section follows the trend of the main fault between the altered area and the main

fault; b) The mineralized section runs parallel to the main fault in the andesite porphyry unit.
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Figure 7. Microphotographs of the alteration in the northwest of Nain; a, b) Propylitic alteration in the form of epidote and chlorite

alteration in the basalt andesite host rock; ¢) Calcite vein (carbonate alteration) in andesite host rock; d) Sericite alteration resulting

from the decomposition of plagioclase mineral in basalt host rock; e) Hematite alteration in andesite breccia host rock; f) Presence

of silica veins and alteration of feldspars to clay minerals in andesite basalt host rock. (Abbreviations: Ep: Epidote; Opq: Opaque;
Qz: Quartz; Chl: Chlorite; Pl: Plagioclase; Withney and Evans, 2010).
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Figure 8. The different mineralization of the host rock in the northwest of Nain; a) A drill core containing
crystal grains of malachite; b) Veinlets composed of covellite and malachite; ¢) Replacement of pyrite by
chalcopyrite and chalcocite; d) Replacement of pyrite with goethite; e) The presence of chalcocite mineral
in veinlet and euhedral form in the basaltic andesite host rock.; f) Chalcopyrite veinlets with chalcocite
supergene mineral; g) Chalcopyrite veinlets completely altered to goethite and malachite; h) Coarse-
grained chalcopyrite replaced with iron oxides and goethite; i) Disseminated magnetite. (Abbreviation:
Cct: Chalcocite; Ep: Epidote; Chl: Chlorite; Cv: Covellite; Ccp: Chalcopyrite; Mlc: Malachite; Py: Pyrite;
Whitney and Evans, 2010).



FE=PV :(P) PO <1 Fo e g0 pgle/l o g gliosls 03l j43/.... (ulgisol liml) gl xisblesds 5> Guo JLusslS £gi (st

oo 255 b & JS 5 Sy sl (408U LIles B3 gdoue 3 odd (5 li> Slosre sl -4 S
SaS 5 (€ 60m o 5 len ¢SS b ol en Sy SIS GloanS ) (b SV 05 5 5 SIS ol jen Llods olid
lins 53 05 3 sl 51 Jrole S8Vl g G (61l oy (d 6o o gk SlaenS ) a5 087 2y 1y SIS
SVl S5 Lol pen Sy IS - (laails (€ $blods oy Ciles laanS ) L oS Sy IS 5 oS (o )

;Ser: Serecite; Hem: Hematite; Cep: Chalcopyrite; Chl: Chlorite :ls S5 (s )laz s,:’)‘\r—) 05 g Al a0 ma
.(Whitney and Evans, 2010; Cal: Calcite; Cct: Chalcocite; Qz: Quartz; Mlc: Malachite; Py: Pyrite

Figure 9. Images of the drill cores in the northwest of Nain: a) The presence of pyrite and
chlorite, cut by silica veinlets, with malachite supergene mineral; b) Chalcopyrite veinlets with
quartz, hematite, and sericite; ¢) Chalcopyrite veinlets cut by silica veinlets; d) Pyrite grains and
malachite supergene mineral in a groundmass of sericite, calcite, and chlorite, cut by hematite
veinlets; e) Pyrite-chlorite grains with malachite minerals representative of the supergene stage.

(Abbreviation: Ser: Sericite; Hem: Hematite; Ccp: Chalcopyrite; Chl: Chlorite; Cal: Calcite;

Cct: Chalcocite; Qz: Quartz; Mlc: Malachite; Py: Pyrite; Whitney and Evans, 2010).
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Table 1. Summary of fluid inclusion petrography and microthermometric data for the copper

mineralizations in the northwest of Nain.

Quartz
Number Origen Type e Salinity (wt.%) | Density (g/cm®)
1 Primary L+V 225 7.86 0.897
2 Primary L+V 270 8.28 0.844
3 Primary V+L 290 11.70 0.851
4 Primary L+V 185 6.01 0.928
5 Primary L+V+S 321 4.80 0.723
6 Primary L+V 210 4.03 0.885
7 Primary L+V 264 11.81 0.885
8 Primary L+V+S 265 11.22 0.878
9 Primary L+V 247 8.95 0.880
10 Primary L+V 225 6.88 0.889
11 Primary V+L 312 13.07 0.836
12 Primary L+V 196 5.26 0.910
13 Primary L+V+S 321 10.61 0.796
14 Primary L+V 159 4.18 0.941
15 Primary L+V 217 9.08 0.916
16 Primary LtV 231 9.21 0.901
17 Primary L+V 228 10.11 0.912
18 Primary L+V 162 2.74 0.928
19 Primary L+V 156 7.73 0.968
20 Primary L+V 149 5.71 0.961
21 Primary L+V 200 6.59 0.916
22 Primary L+V 174 3.71 0.923
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Figure 10. Photomicrographs of fluid inclusion types in
the northwest of Nain; a) Vapor-rich fluids inclusion; b)
Liquid-rich two-phase fluid inclusion; ¢) Vapor-rich two-
phase inclusion; d) Fluid inclusion in three phases liquid-

vapor-solid.
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Figure 11- a) Histogram of homogenization temperatures of fluid inclusions;

b) Histogram of salinity of fluid inclusions; c¢) Diagram in homogenization

temperatures versus salinity (NaCl wt.%) of fluid inclusion in northwest of Nain

(Wilkinson, 2001).
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salinity (Pirajno, 2009) used to determine the metal carrier complex of fluid inclusions in the northwest
of Nain.
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Table 2. Geochemical analysis of major (wt.%) and minor elements (ppm) for volcanic host rocks in the NW Nain.

o)

Basalt Basaltic andesite
Location 33°11’40”N 33°12°31”N 33°12°29”N 33°12°31”N 33°13’19”N 33°07°22”N 33°07°21”N
52°49°43”E 52°49°47”E 52°48°38”E 52°52°26”E 52°44°24”E 52°38.28”E 52°38°27”E

Sample# Ch-10 Ch-16 Ch-18 Ch-23 S-11 M-03 M-11
Major oxides (wt.%) Major oxides (wt.%)
Sio, 51.15 51.48 49.6 53.37 54.22
TiO, 0.70 0.93 0.97 0.90 0.92
ALO, 18.45 15.19 16.59 16.90 16.16
Fe,0,* 8.10 7.73 9.19 8.29 8.75
MnO 0.34 0.27 0.21 0.46 0.36
MgO 5.67 5.03 6.49 5.97 6.93
CaO 8.14 11.60 9.18 7.80 6.45
Na,O 2.40 2.61 2.51 1.95 1.81
K,0 2.06 1.98 2.45 1.68 1.58
P,0; 0.14 0.45 0.36 0.23 0.25
LOI 2.85 2.73 2.44 5.61 6.33 2.45 2.57
Total 100 100 99.99 100 100
Rare earth elements (ppm) Rare earth elements (ppm)
La 22 28 25 24 16 18 11
Ce 37 30 32 21 27 22 28
Pr 4.07 2.61 2.56 2.64 2.99 2.96 3.56
Nd 18.6 14.9 17.2 12.7 12 16.60 19.50
Sm 4.17 3.4 2.71 2.49 225 3.10 3.60
Eu 1.59 0.93 0.82 0.63 0.95 1.17 1.11
Gd 2.96 2.03 2.18 2.83 3.37 3.47 3.76
Tb 0.53 0.44 0.33 0.29 0.63 0.60 0.60
Dy 2.62 3.04 2.73 32 3.57 4.20 4.10
Er 1.88 2.93 1.24 1.01 2.52 2.00 2.20
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Continued from Table 2. Geochemical analysis of major (wt.%) and minor elements (ppm) for volcanic host rocks in the NW Nain.

Basalt Basaltic andesite
Location 33°11°40”N 33°12°31”N 33°12°29”N 33°12°31”N 33°13’19”N 33°07°22”N 33°07°21”N
52°49°43”E 52°49°47”E 52°48°38”E 52°52°26”E 52°44°24”E 52°38.28”E 52°38°27E
Sample# Ch-10 Ch-16 Ch-18 Ch-23 S-11 M-03 M-11
Tm 0.31 0.13 0.14 0.19 0.35 0.40 0.40
Yb 32 35 3.1 1.80 3.40 2.38 2.15
Lu 0.24 0.14 0.11 0.15 0.33 0.40 0.40
>REE 99.17 92.05 90.12 72.93 75.36 77.28 80.38
Tb,/Yb, 0.74 0.56 0.48 0.72 0.83 1.13 1.25
La/Yb, 4.76 5.54 5.58 9.23 3.26 5.24 3.54
Gd,/Yb, 0.76 0.48 0.58 1.30 0.82 1.21 1.45
Ce,/Yb, 3.12 231 2.78 3.14 2.14 2.49 3.51
Euw/Eu* 1.37 1.08 1.02 0.72 1.05 1.08 0.92
Trace elements (ppm) Trace elements (ppm)
Ba 595 522 610 611 249 623 586
Rb 33 32 21 48 38 90 95
Th 3.66 2.15 2.40 2.61 2.28 2.00 3.00
U 1.30 1.70 0.80 0.80 0.58 0.70 0.90
Nb 6.10 2.10 2.80 6.90 3.30 4.80 6.40
Ta 1.46 1.21 0.93 0.17 0.50 0.50 0.50
Sr 599 218 324 197 150 541.00 499.00
Zr 58 51 42 54 75 68.00 85.00
Hf 223 2.06 1.50 1.80 2.08 2.00 2.40
Y 18.60 13.80 11.50 12.80 24.70 18.50 19.40
Li 43 31 26 35 72 50 29
Be 1.50 2.40 1.50 0.80 0.40 0.40 0.60
Sc 41.60 27.40 24.30 21.90 34.70 29.70 26.40
\% 368 350 290 180 230 246.00 223.00
Cr 82 74 124 111 62 39.00 39.00
Co 30.40 29.20 32.10 21.00 28.80 29.50 28.00
Ni 23 22 28 19 12 28.00 28.00
Cu 1612 10429 23851 12108 15606 648 1354
Zn 116 96 138 8 94 107 81
Pb 14 13 67 13 15 11 14
Cs 1.10 <0.5 <0.5 <0.5 3.30 2.20 5.00
La/Nb 3.61 13.33 8.93 3.48 4.85 3.75 1.72
Nb/U 4.69 1.24 3.50 8.63 5.69 6.86 7.11
Ta/U 1.12 0.71 1.16 0.21 0.86 0.71 0.56
Basaltic andesite
Location 33°11°16”N 33°10°59”N 33°11°49”N 33°11°29”N 33°11°39”N 33°11°56”N  33°11°28”N
52°45°26”E 52°44°44”E 52°47°37”E 52°52°20”E 52°48°56”E 52°49’48”E  52°32°18”E
Sample# K-03 K-08 S-03 Ch- 01 Ch- 07 Ch- 19 Ch-22
Major oxides (wt.%)
Sio, 54.10 54.83 54.49
TiO, 0.70 1.10 0.89
ALO, 18.45 16.39 16.72
Fe,0,* 7.10 7.27 8.00
MnO 0.34 0.30 0.34
MgO 5.67 3.74 3.85
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Continued from Table 2. Geochemical analysis of major (wt.%) and minor elements (ppm) for volcanic host rocks in the NW Nain.

Basaltic andesite
Location 33°11’16”N 33°10°59”N 33°11°49”N 33°11°29”N 33°11°39”N 33°11°56”N  33°11°28”N
52°45°26”E 52°44°44”E 52°47°37’E 52°52°20”E 52°48°56”E 52°49°48”E  52°32°18”E

Sample# K-03 K-08 S-03 Ch- 01 Ch- 07 Ch-19 Ch-22
CaO 6.22 9.60 9.22
Na,O 2.40 1.62 1.62
K,0 1.06 1.38 1.49
PO, 0.14 0.53 0.22
LOI 3.83 3.18 3.16 5.27 6.24 5.78 5.28
Total 100 100 100
Rare earth elements (ppm)
La 16 22 12 26 23 21 20
Ce 31 46 25 52 52 38 28
Pr 1.99 5.38 3.27 4.86 5.20 435 1.07
Nd 7.60 21.40 13.40 17.90 17.60 17.00 14.60
Sm 2.80 4.00 2.50 4.97 3.97 4.02 2.85
Eu 0.60 1.13 0.76 1.73 1.28 1.11 0.27
Gd 2.19 4.80 3.35 3.36 2.78 3.44 1.74
Tb 0.40 0.70 0.60 0.44 0.51 0.56 0.27
Dy 2.60 5.00 4.00 3.24 4.27 3.96 1.95
Er 1.40 2.80 2.40 2.12 1.54 2.10 1.05
Tm 0.20 0.30 0.20 0.13 0.16 0.35 0.20
Yb 2.66 2.85 2.42 3.30 2.80 2.60 1.70
Lu 0.20 0.40 0.30 0.21 0.24 0.31 0.14
>REE 69.64 116.76 70.20 120.26 11535 98.80 73.84
Tb/Yb, 0.67 1.10 1.11 0.60 0.82 0.96 0.71
La/Yb 4.17 5.35 3.43 5.46 5.69 5.59 8.15
Gd /Yb, 0.68 1.39 1.14 0.84 0.82 1.09 0.85
Ce/Yb, 3.14 435 2.78 425 5.00 3.94 4.44
Eu/Eu* 0.74 0.78 0.80 1.29 1.17 0.91 0.37
Trace elements (ppm)
Ba 219 554 221 650 956.00 788.00 710.00
Rb 62 74 61 63 93.00 119.00 54.00
Th 1.90 3.40 2.10 2.57 3.87 2.60 3.37
U 0.30 0.90 0.60 0.90 1.70 2.40 1.29
Nb 5.30 17.00 4.70 2.90 3.90 2.70 7.00
Ta 0.50 1.60 0.40 1.17 1.31 0.39 0.22
Sr 406.30 434.80 380.40 524.00 405.00 148.00 141.00
Zr 50.00 131.00 63.00 76.00 128 110 71
Hf 1.60 3.50 2.00 2.19 2.66 2.48 1.97
Y 10.80 24.60 18.40 20.30 18.50 26.50 13.40
Li 25 33 49 28 20 28 25
Be 1.00 1.50 0.80 0.90 1.80 2.80 2.80
Sc 27.00 23.40 30.40 23.50 19.40 9.70 10.70
v 213.00 186.00 280.00 150.00 178 37 162
Cr 28.00 18.00 25.00 29.00 67 12 15
Co 26.20 25.60 26.00 16.20 29.30 13.50 14.80
Ni 19.00 50.00 8.00 9.00 13 5 7
Cu 1498 1595 710 9022 2547 5377 10231
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Continued from Table 2. Geochemical analysis of major (wt.%) and minor elements (ppm) for volcanic host rocks in the NW Nain.

Basaltic andesite
Location 33°11’16”N 33°10°59”N 33°11°49”N 33°11°29”N 33°11°39”N 33°11°56”N 33°11°28”N
52°45°26”E 52°44°44”E 52°47°37”E 52°52°20”E 52°48°56”E 52°49°48”E 52°32°18”E
Sample# K-03 K-08 S-03 Ch- 01 Ch- 07 Ch- 19 Ch-22
Zn 102 73 108 126 195 55 7
Pb 8 9 37 16 17 12 35
Cs 1.00 0.70 3.20 1.60 3.20 0.60 <0.5
La/Nb 3.02 1.29 2.55 8.97 5.90 7.78 2.86
Nb/U 17.67 18.89 7.83 322 2.29 1.13 5.43
Ta/U 1.67 1.78 0.67 1.30 0.77 0.16 0.17
Andesite
Location 33°07°59”N 33°07°40”N 33°07°48”N 33°13’53”N 33°07°54”N 33°11°51”N 33°11°23”N  33°11’54”N
52°41°28”E 52°38°18”E 52°38°43”E 52°38°59”E 52°41°28”E 52°48°16”E  52°48°39”E  52°41’07”E
Sample# K-11 M-14 M-17 M-18 M-20 M-25 M-29 S-02
Major oxides (wt.%)
Sio, 59.94 57.63 57.93 60.01 59.37
TiO, 1.32 0.97 1.29 1.31 1.46
AL, 14.42 15.17 14.53 14.08 13.42
Fe,0.* 8.31 8.32 9.68 8.35 9.46
MnO 0.38 0.45 0.30 0.35 0.36
MgO 4.07 4.20 433 4.03 4.07
CaO 6.17 8.28 5.50 6.20 7.04
Na,0 2.18 1.75 1.62 2.24 1.56
K,0 1.29 1.29 2.69 1.35 1.57
P,0, 0.42 0.42 0.46 0.41 0.48
LOI 1.49 1.52 1.66 4.39 1.67 4.26 5.19 1.20
Total 99.99 100 99.99 100 99.99
Rare earth elements (ppm)
La 16 11 17 35 17 17 15 24
Ce 36 28 41 65 38 31 32 51
Pr 451 3.52 4.86 4.9 4.72 4.8 42 5.99
Nd 18.3 19.1 22.5 10.6 18.7 14.5 15.2 24.6
Sm 4.10 3.30 5.40 3.87 4.10 3.13 3.21 5.30
Eu 1.30 1.13 1.27 0.83 1.25 0.95 0.82 1.28
Gd 4.93 3.56 4.8 3.62 4.67 3.6 3.07 6.38
Tb 0.80 0.70 0.90 0.63 0.90 0.64 0.61 1.00
Dy 6.10 4.40 5.50 4.14 6.00 3.43 3.57 6.90
Er 3.40 2.50 3.00 2.23 3.60 2.37 3.51 3.90
Tm 0.30 0.40 0.50 0.26 0.40 0.34 0.26 0.40
Yb 3.51 2.66 2.78 2.4 3.69 1.7 1.8 321
Lu 0.50 0.40 0.50 0.27 0.50 0.28 0.26 0.50
>REE 99.75 80.67 110.01 133.75 103.53 83.74 83.51 134.46
Tb/Yb, 1.02 1.18 1.45 1.18 1.09 1.69 1.52 1.39
La/Yb 3.16 2.86 4.23 10.10 3.19 6.92 577 5.18
Gd,/Yb, 1.16 1.11 1.43 1.25 1.05 1.75 1.41 1.64
Ce /Yb, 2.76 2.84 3.97 7.30 2.77 491 4.79 4.28
Eu/Eu* 0.88 1.00 0.76 0.67 0.87 0.86 0.79 0.67
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Continued from Table 2. Geochemical analysis of major (wt.%) and minor elements (ppm) for volcanic host rocks in the NW Nain.

Andesite
T 33°07°59”N 33°07°40”N 33°07°48”N 33°13°53”N 33°07°54”N 33°11°51”N  33°11°23”N 33°11°54”N
52°41°28”E 52°38’18”E 52°38°43”E 52°38°59”E 52°41°28”E 52°48°16”’E  52°48°39”E  52°41°07”E

Sample# K-11 M-14 M-17 M-18 M-20 M-25 M-29 S-02
Trace elements (ppm)
Ba 278 442 670 257 281 187 221 370
Rb 98 99 96 61 94 64 53 60
Th 2.80 3.50 4.40 3.6 2.30 3.1 4.9 4.50
U 0.80 1.10 1.40 1.5 0.80 0.9 1.4 1.30
Nb 7.40 5.40 7.40 5.2 9.10 6.8 5.8 7.70
Ta 0.80 1.30 0.60 1.08 1.00 0.73 0.85 0.60
Sr 393.80 406 347 451 417.70 405 369 328.70
Zr 133 109 121 131 138 147 105 129
Hf 3.70 2.40 3.40 2.08 3.70 2.54 2.52 3.50
Y 29.30 21.80 25.60 24 30.80 15 13 35.50
Li 22 20 15 61 27 36 76 25
Be 1.20 0.60 1.00 1.1 1.20 1.80 1.20 1.30
Se 31.90 32.30 22.80 33.9 33.80 353 34.7 36.50
\% 280 274 231 169 288 191 154 357
Cr 21 45 31 33 35 21 20 49
Co 20.90 26.50 17.20 12 21.20 14 12 26.20
Ni 9 18 15 12 8 29 10 18
Cu 6984 3419 12687 21932 1595 38441 1658 16751
Zn 95 96 73 86 98 111 34 96
Pb 9 3 45 10 9 12 42 8
Cs 0.6 2 3.8 0.6 0.55 0.7 0.6 0.7
La/Nb 2.16 2.04 2.30 1.87 3.12 6.73 2.50 2.59
Nb/U 9.25 491 5.29 11.38 5.92 3.47 7.56 4.14
Ta/U 1.00 1.18 0.43 1.25 0.46 0.72 0.81 0.61
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Figure 13. Petrogenesis diagrams are used to distinguish between partial melting
and fractional crystallization processes in the volcanic host rocks of the northwest
of Nain; a) Rb/V versus Rb diagram (Schiano et al., 2010; Wang et al., 2013); b) La
(ppm) versus Rb (ppm) diagram (Schiano et al., 2010; Wang et al., 2013); ¢) Th/Nd
versus Th diagram (Schiano et al., 2010); (d) diagram of Zr versus V (Schiano et al.,

2010; Wang et al., 2013).
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Figure 14- a) Th/Yb versus Nb/Yb diagram (Pearce, 2008); b) Th/Ta versus La/Yb diagram
(Condie, 2001; Wang et al., 2013). Symbols are as Figure 13.
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Figure 15. Basin evolution with related of
mineralization in the in the northwest of Nain; a)
The volcanic activity and sediment deposition in the
Eocene volcanic-sedimentary basin; b) Ongoing
volcanic activity and sedimentation, along with
initial diagenesis, have resulted in the formation
of framboidal pyrites within Eocene volcanic-
sedimentary units; c¢) Sedimentation has led to
increased thickness, basin subsidence, elevated
pressure and temperature, and the occurrence of
late diagenesis. During this stage, the dehydration
of volcanic and pyroclastic units containing copper
has caused the copper to enter the basinal brine.
Brine fluids interact with pyrites, forming copper

sulfide minerals (modified after Maghfouri et al.,
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Table 3. Comparison of characteristics of the northwest Nain copper deposit with Manto-type copper deposits in Chile, Iran, and China.

Deposit name and
characteristics

Copper deposit northwest
of Nain

Iranian Manto-type
deposits

Chilean Manto-type deposits

China Manto-type
deposits

Tectonic setting

Extensional setting

Continental-arc
Extensional back-arc basin
Volcanic arc

Back-arc basins, Island-arc,
Continental-arc

Island-arc
Post-collisiona

Age of sequence

Eocene

Eocene volcano-
sedimentary sequence,
except for one Cretaceous
sequence at Kesht Mahaki
deposit

Jurassic—Lower Cretaceous

Late Silurian—Early
Devonian

Basalt, basaltic andesit,

Basalt, andesite,

Porous rocks (andesite,

Porous rocks (andesite
and basalt, andesitic

textures

and replacement textures

Host rocks . . . trachyandesite, pyroclastic volcanic tuffs, siltstone, . o
andesite, volcanic breccias . brecciaed lava, andesitic
units sandstone and conglomerate) . .
volcanic breccias)
.. .. . Silicification, sericitization Propylitic epidote-
. Propylitic and carbonate Propylitic alteration, o . ’ PYLtiC pt
Alteration . S L propylitic alteration and chlorite, Silicic and
alteration, sericitization sericitization, carbonates . .
carbonates calcite alterations
Open-space fillings, vein- Disseminations, Disseminations, Dissemination, vein-
Orebody texture veinlets, and replacement open-space fillings, veins open-space fillings, veins veinlets, replacement

and replacement textures

textures

Main ore and gangue
mineral

Pyrite, chalcopyrite,
chalcocite, covellite,
malachite, together with
magnetite and hematite

Chalcocite, bornite,
chalcopyrite, together with
calcite, quartz, epidote,
hematite and chlorite
(zeolite)

Chalcocite, bornite,
chalcopyrite, native copper,
together with calcite, quartz,

epidote, hematite, chlorite and

zeolite

Chalcopyrite, bornite,
chalcocite, pyrite,
sphalerite, galena,

together with epidote,

chlorite, calcite,
magnetite and hematite

Fluid inclusions

Liquid-rich and vapor-rich
inclusions, homogenization
temperature: 149°C-320°C

Liquid-rich, vapor-rich,
and minor halite-bearing
inclusions, homogenization
temperature: 150°C —
360°C

Liquid-rich, vapor-rich,
and minor halite-bearing
inclusions, homogenization
temperature: 295°C -330°C

Liquid-rich and
vapor-rich inclusions,
homogenization
temperature: 140°C
-280°C

Typical examples

Kesht Mahaki, Abbas Abad,
Mari, Koshkuiyeh

Cerro Negro, Mantos Blancos,
Buena Esperanza, El Soldado,

Lince-Estefania (or Susana-
Lince), Melipilla-Naltahua

Hongshanliang Cu
deposit
Hongguleleng Cu deposit
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