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ARTICLE INFO ABSTRACT

The study area is situated in the northern part of the Central Iranian

Avrticle Histor: .. .
y structural zone, northeast of the Toroud-Chah Shirin magmatic arc. In

Egi?;‘efgd 22 ?A‘Z‘;G’?Obzeg 2024 this area, late Eocene hypabyssal intrusions are emplaced within Eocene
Accepted: 24 May 2025 volcano-sedimentary sequences. Hydrothermal fluid activity has

completely destroyed the original structure and mineralogical

composition of these rocks, leading to the formation of significant

amounts of fine-grained quartz (indicative of silicic alteration) and
Keywords kaolinite, along with secondary iron oxides such as hematite and
Geology goe_th_lte._I_\/I!nerallzatlon in this area has_developed in at least f_our
fluid inclusion microthermometry argllll_c-S|I|C|c zones assomated_ Wlth_brecc_la, vuggy quartz, an_d veins.
Lithocap T_h_e _hlghe;st occurrences o_f sulf_lde mineralization are formeq Wlthl_n_the
High sulfidation silicic veins. In these_ mineralized zones, vuggy to brecciated SI|_IC!C
Argillic zone rocks—referred to as lithocaps—are present alongside advanced argillic

alteration containing pyrophyllite. Surrounding these central features,
propylitic alteration is also observed. The primary ore minerals
identified include pyrite, chalcopyrite, enargite, magnetite, hematite,
and goethite. Results from analyses of trapped two-phase fluid
inclusions (L+V) in quartz reveal that homogenization temperatures

Toroud-Chah Shirin
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range from 160 to 362.8 °C, with salinity varying between 2.24 and 9.08
wt.% NaCl eq. Comparative investigation of structural characteristics,
texture, mineralogy, alteration features, and properties of ore-forming
fluids indicate that the copper-gold vein mineralizations in this area
significant similarities to high-sulfidation (HS) epithermal deposits.
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EXTENDED ABSTRACT

Introduction

The Toroud-Chah Shirin magmatic arc (TCSMA) is
situated in the northern part of the Central Iran zone,
as shown in the 1:250,000 geological map of Toroud
(Houshmandzadeh et al., 1978) and the 1:100,000
geological map of Moalleman (Eshraghi and Jalali,
2006). The magmatic activity in this arc and
surrounding regions is attributed to the subduction of
the Sabzevar-Daruneh branch of the Neo-Tethys
Ocean beneath Central Iran (Yousefi et al., 2017).
The studied area contains a substantial volume of
volcanic and pyroclastic rocks from the Eocene
epoch, as well as numerous subvolcanic intrusions.
Previous studies conducted within this magmatic arc
have identified a range of epithermal mineralization
events characterized by low to moderate sulfide
content (e.g., Mehrabi and Ghasemi Siani, 2012;
Roohbakhsh et al., 2018; Mahabadi and Fardoust,
2018, Eskandari et al., 2024; Tale Fazel et al., 2019).
Geological investigations in the northeastern section
of the Toroud-Chah Shirin magmatic arc
(coordinates 54°50' to 54°51' E and 35°30' to 35°29'
N) reveal a diverse array of alteration types,
including propylitic, argillic, and quartz-alunite
alterations, with extensive advanced argillic
alteration. These investigations have also
documented several silica caps and clear evidence of
mineralization that has not been addressed in
previous studies. Among the limited research
conducted in this area, Zadsaleh et al. (2012)
identified indicators of argillic alteration (kaolinite
and montmorillonite) and advanced argillic
alteration (pyrophyllite and alunite) based on X-ray
diffraction method. Therefore, this research aims to
systematically investigate the mineralogy, existing
alteration types and their zoning patterns,
geochemistry, microthermometry of fluid inclusions,
and structural geological features, ultimately striving
to achieve a comprehensive understanding of the
genesis of this mineralization zone. The introduction
of this mineralization system not only provides
critical insights for exploration in the studied area but
may also facilitate the identification of other
epithermal-porphyry systems in the Toroud-Chah
Shirin magmatic arc and other regions of Iran.

Material and methods
After completing field studies and processing

satellite images, sampling was conducted across
various silicic-argillic zones. A total of 30 polished
thin sections and 20 thin sections were prepared for
petrological, mineralogical, and ore microscopy
studies. These samples were examined using an
Olympus polarizing microscope at Clausthal
University of Technology in Germany and Shahrood
University of Technology. Additionally, two doubly
polished sections from quartz-calcite veins were
prepared to investigate the physicochemical
properties of the mineralizing fluids. The
temperature and salinity of the fluid inclusions were
measured in the Economic Geology Laboratory at
Shahrood University of Technology using a heating
and freezing stage mounted on a polarized
microscope with Linkam MDSG600 model.
Following these procedures, X-ray diffraction
(XRD) was conducted on 11 samples collected from
altered sections (silicic and argillic) to identify the
composition of clay minerals. The XRD was
performed using a diffractometer equipped with
copper tubes coated with nickel at Zarazma
Laboratories in Tehran and the IELF at Clausthal
University of Technology. Furthermore, several rock
samples with minimal alteration, altered and
mineralized ones were selected and examined at
Acme Laboratories in Vancouver, Canada, using
ICP-OES and ICP-MS methods to assess both major
and trace elements. The analytical precision for
major elements is £1%, while most trace elements
have an uncertainty of +0.05%.

Results
The mineralized region features several argillic
alteration zones and silica caps, located

approximately 2 to 7 km north-northwest of the Chah
Musa copper deposit (Figures 1 and 2). During field
observations, several relatively intact outcrops of
andesite were documented; however, many of these
rocks have experienced significant silicic and argillic
alterations, leading to a complete loss of their
original texture and mineralogical composition.

Based on field and laboratory evidences, it appears
that the mineral assemblages influenced by
hydrothermal fluid activity exhibit a distinct zoning
pattern. This distribution, identified solely through
surface observations due to the absence of
exploratory drilling, includes propylitic alteration
(chlorite-epidote-albite-carbonate) at the outer
margins, moderate argillic alteration (quartz-
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montmorillonite-smectite-illite-natrojarosite), and
advanced argillic alteration (vuggy quartz, quartz-
alunite, kaolinite, montmorillonite-illite) towards the
center. The silica caps, vuggy quartz structures, and
this zoning pattern (Figure 5) are consistent with the
alteration patterns of high-sulfidation systems
described by White and Hedenquist (1990),
indicating the presence of hydrothermal fluids with a
pH of less than 2 in this area (Stoffregen, 1987).
These acidic fluids have resulted in the complete
leaching of elements from the mineral-bearing rocks,
forming residual silica in the silica caps or as quartz
crystals filling the cavities.

Field studies and hand samples collected from the
mineralized area under investigation reveal that the
andesitic rocks contain silica-sulfide veins with
varying thicknesses, ranging from 1 centimeter to 2
meters (Figure 3a). Mineralization is present as veins
and veinlets that fill void spaces, as well as through
replacement and disseminated occurrences (Figure
3a). The mineralized veins include hypogene sulfide
phases such as pyrite, chalcopyrite, enargite, and
galena, alongside supergene minerals like rutile,
hematite, goethite, and limonite. The gangue
minerals consist of variably thick quartz (both
banded and vuggy), calcite, and clay minerals
(Figure 6). At the surface, the hypogene sulfides have
largely oxidized due to supergene processes, leading
to their replacement by iron hydroxides, oxides,
copper silicates (chrysocolla), copper carbonates
(malachite, azurite), hematite, goethite, and limonite.
Fluid inclusion studies were conducted to investigate
the nature and composition of the fluids involved in
the mineralization processes observed in calcite and
massive quartz crystals collected from the examined
mineralized area. The results of the fluid inclusion
study reveal final homogenization temperatures (Th)
for the liquid phase ranging from 160 to 362.8 °C,
final melting temperatures of ice (Tmic) between 1.3
and 5.9 °C, and salinity levels between 2.24 and 9.8
wt.% NaCl equivalent (Table 2 and Figure 9). These
values align with those found in high-sulfidation
(HS) epithermal systems (Hedenquist et al., 1998;
Jannas et al., 1999).

Discussions

The studied area is situated in the northeastern
section of the Toroud-Chah Shirin magmatic arc and
lies within the northern margin of the structural zone
of Central Iran. The mineralized veins are hosted in
Eocene andesite rock and have experienced
alteration due to the intrusion of hydrothermal fluids,
leading to advanced silicification, argillic alteration,
and propylitic alteration. Indicators such as the
presence of enargite (a significant copper mineral in
high-sulfidation deposits), vuggy quartz, extensive
advanced argillic alteration in a hypogene form, and
hypogene alunite (an indicator mineral for high-
sulfidation deposits) suggest that the northeast
mineralization area of Chah Musa is characteristic of
high-sulfidation epithermal deposits.

The analysis indicates evidence of advanced argillic
and silicic hydrothermal alterations, characterized by
a silicified cap or lithocap at the center, with
propylitic alteration surrounding it. Notable features
in the studied area include vein texture and structure,
hydrothermal breccia, vuggy quartz, and the
mineralogical composition of the mineralization,
which includes enargite and alunite. Mineralization
occurs in two stages: hypogene stage (e.g., pyrite,
chalcopyrite, enargite, galena, magnetite, and
specularite) and supergene stage (e.g., goethite,
limonite, malachite, and  azurite). Gold
concentrations in the analyzed samples are at
anomalous levels. Results from the study of trapped
two-phase fluid inclusions (L+V) in quartz reveal
homogenization temperatures ranging from 160 to
362.8 °C, with salinity levels between 2.24 and 9.08
wt.% NaCl equivalent. Based on comparisons of
structural  characteristics, texture, mineralogy,
alteration features, and ore-forming fluid properties,
the copper-gold vein mineralizations in the studied
area exhibit significant similarities to high-
sulfidation epithermal deposits, which may
potentially be associated with porphyry copper-gold-
molybdenum deposits at depth.
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Fig. 1. A: The location of Toroud-Chah Shirin magmatic arc on the structural map of Iran taken from Shafaii Moghadam
et al. (2018), B: The structural map of the Toroud-Chah Shirin magmatic arc, which includes epithermal deposits, as well
as the Toroud Fault to the south and the Anjillow Fault to the north (Seifivand and Sheibi., 2019), and C: The location of
the mining area in north and northeast of the Chah Musa deposite contains several argillic zones and silicic lithocaps

(yellow dashed line) relative to the Chah Musa copper deposit on the satellite image
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Fig. 2. A-D: Prospects of argillic zones, lithocaps and vuggy quartz veins in the mining area north and northeast of Chah
Musa deposit (A: View to the south, B: View to the southeast, C: View to the northeast, and D: Satellite image from
Google Earth)
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Fig. 3. A geological map of the study area and associated argillic lithocaps in the north and northeast Chah Musa

deposit
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Fig. 4. Field photos from the outcrops of rock units in the mining area north and northeast of Chah Musa deposit. A and
B: A close-up view of the contact of two rock units, porphyry andesite and tuff, C: Perspective views of the sequence of
porphyry andesite, tuff and agglomerate in the studied area (view to the south), D: Hand specimen of porphyry and less

altered andesite (with coarse plagioclase phenocrysts), E: Hand specimen of fresh porphyry andesite, F: Close-up view
of silicification and argillic alteration on porphyry andesite, G: Breccia structure, H, and I: Hand specimen of the alunite
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Fig. 5. Some of the most important microscopic evidences in margin and center of the mining area north and northeast of
Chah Musa deposit. A: A fresh porphyry andesite rock with phenocrysts of plagioclase, hornblende and biotite (XPL), B:
Zoning in plagioclase mineral with calcite and chlorite secondary minerals (XPL), C: Plagioclase and hornblende crystals
with tennantite inclusions on the hornblende mineral (PPL), D: Converting of biotite to illite (XPL), E: Cavities filled
with secondary minerals (epidote) in a silicification field at the edge of argillic zones (XPL), and F: Remnants of
hornblende crystals in an andesite rock. Abbreviations after Whitney and Evans (2010) (Plg: Plagioclase, Bt: Biotite, Hbl:
Hornblende, Cal: Calcite, Chl: Chlorite, Ep: Epidote, Qz: Quartz, IIt: lllite, Spn: Sphene).
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Fig. 6. Certain mineralization structures and textures in the mining area north and northeast of Chah Musa deposit. A and
B: Breccia structure, C and D: Vuggy quartz structure, E: Colloform quartz structure, and F: vein and filling the opening
space structure
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Table 1. The results of the X-ray diffraction results from the center to margin (from GK-2L to GK-6L) from advance
argillic to intermediate in the mining area north and northeast of Chah Musa deposit

Sample No.

Essential mineral

Accessory minerals

Quartz (Si0Oy)

GK-2L

Alunite (KAI3(SO4)2(0OH)z2)

Basanite (CaSQs, 0.5H,0)
Goethite (FeO (OH))

Kaolinite (Al;Si2Os(0OH)4) -

Quartz (Si0Oy)
Digenite (Cu,S)

SK-93

Laumontite (Cao_g, Ko_os(A'zSi4012) (H20)4_31) -

Chalcopyrite (CuFeSy)
Anorthite (Ca (Al,Si,0g))

Quartz (SiOy)
Smectite (CaoAz(AL Mg)28i4010, (OH)z, XHzO) -

GK-1L

Kaolinite (A|28i205(OH)4)

Quartz (SiOy)

GK-6L

Natrojarosite (NaFes(SO4)2(OH)s) -

Mineral clay (lllite and Smectite group)
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Fig. 7. XRD analysis results of alteration indicator minerals such as alunite, jarosite, and kaolinite in the mining area

north and northeast of Chah Musa deposit
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Fig. 8. Some of the most important microscopic evidences in the mining area north and northeast of Chah Musa deposit.
A: Vuggy quartz indicator texture (XPL); B: evidences of oxide-iron and chlorite in matrix rock; C: Filling the holes with
tubular alunite crystals (XPL), and D: Fine-grained alunite crystals in a silica matrix (XPL). Abbreviations after Whitney
and Evans (2010) (Qz: Quartz, Chl: Chlorite, Aln: Alunite).
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Fig. 9. A: Alteration zoning on satellite imagery of the northeast part of the north and northeast part of the Chah Musa,
B: Alteration zoning in one of the argillic zones of the north and northeast Chah Musa deposit (to southwest). These

alterations start from silicic lithoscopes in advanced argillic alteration in the central parts and end in intermediate argillic
and propylitic alterations in the margins, and C: Field photo of the silica-iron oxide zone (view to the northeast)
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Fig. 10. Photomicrograph of the ores of the mining area in north and northeast of Chah Musa deposit. A: Photomicrograph
of colloform pyrite grains and small grains scattered and co-growth of chalcopyrite with enargite in the central part of the
argillic zone, B: Association of chalcopyrite with galena in the silica vein at the edge of the argillic zone, C: Coexistence
of pyrite and magnetite with specular hematite in the central part of the argillic zone, and D: Converting of magnetite to
blade hematite and the presence of goethite and rutile. All images in reflected light and Abbreviations after Whitney and
Evans (2010) (Py: Pyrite, Ccp: Chalcopyrite, Eng: Enargit, Gn: Galena, Hem: Hematite, Mag: Magnetite, Gth: Goethite,
Rt: Rutile).
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Fig. 12. Microscopic images of fluid inclusions in quartz and calcite mineral in the mining area north and northeast of
Chah Musa deposit. A: Vapor-rich single-phase fluid inclusion (SK100.1), B: Liquid-vapor (L+V) rich single-phase fluid

inclusion (SK100.2), C: Liquid-rich single-phase fluid inclusion (SK100.1), and D: Cumulative liquid-rich two-phase
fluid inclusions in conjunction with vapor-rich two-phase fluid inclusions (SK100.2)
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Table 2. Microthermometric data fluid inclusions in the mining area north and northeast of Chah Musa deposit. N
represents the number of measured fluid inclusions and FIA represents fluid inclusion assemblages. Fluid salinity was
calculated based on (Bodnar, 1993).

Host Vapor e . Salinity (wt.%
Sample mineral Fltype FIA Type no. liquid ratio Tmice "C) Th (°C) NaCl eq.)
160 to
FIA-1 L+V 9 10 -1.45t0 -4.90 35592 24110731
162.53 to
. FIA-2 L+V 6 20 -3.15t0-5.75 5.11t08.81
FI1-100.1 Qz Primary 362.80
165.25 to
FIA-3 L+V 4 30 -1.32t0 -4.32 338.45 2.24106.88
FIA-4 L+V 1 35 -3.45 168.15 5.56
180.20 to
Cal FIA-1 L+Vv 4 20 -2.80 to -4.95 31032 4.65t07.73
181.15to
FIA-2 L+V 4 30 -2.951t0-5.10 4.80t08
F1-100.2 Qz Primary 325.34
185.37 to
FIA-3 L+V 6 10 -2.55t0 -5.90 334.35 4.031t09.08
Cal FIA-4 L+Vv 1 5 -2.65 182.82 4.34
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Fig. 13. The location of the fluid inclusions in the mining area north and northeast of Chah Musa deposit the diagram

taken from Wilkinson (2001)
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Fig. 14. A: The depth determination chart based on the homogenization temperature (Cunningham, 1978) in the mining
area of north and northeast of Chah Musa deposit (A represents the minimum temperature of homogenization, B

represents the average temperature of homogenization, and C represents the maximum temperature of homogenization),
and B: The determination of vapor pressure based on the homogenization temperature and salinity in the north and

northeast Chah Musa deposit
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Table 3. Comparison of the main characteristics of the mining area of north and northeast of Chah Musa deposit with
some High sulfidation (HS) epithermal deposits along with porphyry deposits in Iran

Halak Argillic
Features of Chah
) ) Abad- Chodarchay Tozlar Choran zone-N
the deposit Shalghami
Sheshtemad Chah Musa
Structure Western ] Toroud-
Lut block Central Iran Urumieh-Dokhtar .
zone Alborz-Tarom Chah Shirin
Au, Cu, As, B,
Metals Cu Cu, Au Au, Cu Cu, Au Cu, Au?
Mo, Sb, Pb, Zn
Basalt,
andesite, ]
Trachyandesite,
] hornblende ) )
Andesite, and ] andesite, Andesite- . ]
Host rock . andesite, . . Andesite Andesite
andesite-basalt andesite-basalt,  trachydacite
quartz )
] and rhyodacite
andesite,
and dacite
S Veinlet, space  Vein-veinlet,  Vein-veinlet,  Vein-veinlet,
ace
Structure Vein-veinlet, il P d fillings, disseminated, banded, space disseminated,
illings, an
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Table 3 Continued). Comparison of the main characteristics of the mining area of north and northeast of Chah Musa
deposit with some High sulfidation (HS) epithermal deposits along with porphyry deposits in Iran
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