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The Kahyaz prospect is located approximately 45 km southeast of Ardestan,
Esfahan Province, within the central part of the Saveh-Naein-Jiroft
magmatic belt. Gold-bearing siliceous veins are hosted by Oligocene
andesitic-trachyandesitic volcanic rocks. The main mineralized vein is
approximately 2 km long and has a width of 2-5 m, with gold grades
ranging from 0.1 to 2.1 g/t. Electrum is the main gold-bearing mineral,
whereas base metal sulfides, including pyrite, chalcopyrite, chalcocite, and
covellite, occur as minor minerals. Quartz, calcite, and adularia are the
dominant gangue minerals. Colloform, crustiform, vein—veinlet, open-
space filling, and bladed textures are characteristic features of the Kahyaz.
Geochemical data indicate a positive correlation of Au with Ag and Sh, and
negative correlations between Au and As, S, and base metals. Hydrothermal
alteration is charachterized by silicic, intermediate argillic, and propylitic
alteration zones. Fluid inclusion studies indicate that ore-forming fluids
were characterized by moderate to high homogenization temperatures
(169-278°C) and low to moderate salinities (2.73-10.29 wt% NaCl eq.).
These fluids were affected by mixing and boiling processes. The geological,
mineralogical, geochemical, and fluid inclusion characteristics of the
Kahyaz prospect are consistent with a low-sulfidation epithermal system.
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EXTENDED ABSTRACT

Introduction

The Kahyaz prospect is located 16 km northwest of
Neystanak Village, and 45 km southeast of Ardestan
City, Esfahan Province, central Iran. The Kahyaz
epithermal gold (Au) prospect was discovered in 2018
by Pars-Olang Company. The exploration program,
which included geological mapping and diamond
drilling (14 drill holes), was recently conducted by
Kowsar Mining and Industries Development
Investment Company, resulting in the identification of
300,000 tonnes of mineral resources with an average
gold grade of 1.1 ppm Au. Unlike the numerous studies
conducted on porphyry and epithermal deposits in the
northwestern and southeastern parts of the belt, the
central segment of the Saveh-Naein-Jiroft magmatic
belt has received relatively little attention. The
discovery of new mineralized zones, including the area
investigated in this study, in the central Saveh-Naein-
Jiroft magmatic belt may indicate the presence of
significant mineralization that has so far remained
unexplored. Therefore, the geological, mineralization,
geochemical, hydrothermal alteration, and fluid
inclusion data presented in this study provide a basis for
developing an exploration model to identify additional
mineral occurrences within the central Saveh—Naein—
Jiroft magmatic belt.

Materials and methods

Petrographic  analyses were  performed on
approximately 100 thin sections was carried out at Bu-
Ali Sina University (Hamedan, Iran) using a ZIESS
Axioplan2 transmitted- and reflected light polarizing
microscope. Textural imaging of five selected samples
was performed using an FEI QEMSCAN® Quanta
650F instrument on polished carbon-coated thin
sections at the Faculty of Earth Sciences, University of
Geneva, Switzerland. Fifty drill-core samples were
analyzed for gold using the fire assay method at Zarrin
Felez Kavoshgaran Co. (Najafabad, Iran) and
Zarraazma Co. (Tehran, Iran). To determine correlation
coefficients, 35 samples were analyzed using ICP-OES
at Zarazma Co. For fluid inclusion studies, seven quartz
samples associated with gold mineralization were
selected from drill cores and surface outcrops. After
preparing double-polished sections with a thickness of
300 um, petrographic and microthermometric analyses
were performed at Tarbiat Modares University.
Microthermometric measurements were conducted

using a Linkam THMS 600 heating—cooling stage
equipped with a TP94 temperature controller and an
LNP cooling system, mounted on a Zeiss microscope.
The analytical system operated over a temperature
range of —190 to +600 °C.

Results and Discussion

The Kahyaz mineral prospect, located in northeast
Isfahan, Iran, hosts a low-sulfidation epithermal
precious-metal system associated with Eocene volcanic
and subvolcanic rocks. The host succession consists
predominantly of andesite—trachyandesite and rhyolite,
which are overlain by Oligocene basaltic andesite and
rhyodacite—dacite units. Mineralization is principally
confined to a quartz—calcite vein extending for
approximately 2 km with a thickness ranging from 2 to
5 m. Quartz is the dominant gangue mineral and the
principal host of electrum, whereas calcite and adularia
occur as subordinate gangue minerals. Quartz exhibits
a wide range of open-space filling textures, including
crustiform, comb, colloform, bladed, plumose,
cockade, brecciated, and vein-veinlet textures.

The hypogene ore assemblage comprises electrum,
acanthite, pyrite, chalcopyrite, and manganite, whereas
chalcocite, covellite, and goethite constitute the
supergene mineral assemblage. Hydrothermal
alteration includes propylitic, intermediate argillic, and
silicic—carbonate alterations. Based on mineral
assemblages and cross-cutting textural relationships,
the hydrothermal evolution of the Kahyaz prospect is
divided into three stages: (1) pre-ore alteration, (2) ore
stage, and (3) post-ore supergene alteration.

During the pre-ore stage, propylitic and intermediate
argillic alteration developed through interaction of
near-neutral hydrothermal fluids with the andesitic—
trachyandesitic host rocks, producing alteration
zonation from argillic adjacent to the veins to propylitic
outward. Illite, illite/smectite, montmorillonite,
chlorite, epidote, and calcite constitute the principal
alteration mineral assemblages. The ore stage was
initiated by precipitation of quartz—calcite veins,
followed by hydrothermal boiling.

Boiling promoted CO: degassing, increased fluid pH,
and induced supersaturation of silica and potassium,
resulting in the precipitation of quartz and adularia.
Simultaneously, the loss of dissolved HzS destabilized
Au-Ag bisulfide complexes, triggering electrum
precipitation. Bladed calcite, quartz pseudomorphs
after calcite, comb and crustiform textures, together
with open-space filling fabrics, provide strong evidence
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for boiling during mineralization.

The post-ore stage is characterized by supergene
oxidation and enrichment, leading to the formation of
chalcocite, covellite, goethite, jarosite, gypsum, and
zeolite-group minerals. Fluid inclusion studies of vein
quartz indicate homogenization temperatures of 169—
278 °C and salinities of 2.73-10.29 wt.% NaCl
equivalent, suggesting mineralization from low- to
moderate-salinity hydrothermal fluids. The coexistence

of fluid mixing and boiling is interpreted as the
principal mechanism responsible for gold deposition.
Geological setting, alteration mineralogy, quartz—
adularia gangue assemblages, characteristic open-space
filling textures, fluid inclusion data, and the scarcity of
base-metal sulfides collectively indicate that the
Kahyaz prospect represents a low-sulfidation precious-
metal system.
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Fig. 1. A: Geological map of the Kahyaz prospect (modified after Barati and Aghazadeh, 2018), and B: Alteration map showing
the distribution of hydrothermal alteration zones of the geological units in the study area
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Fig. 2. Field photographs of outcrops of various rock units in the Kahyaz area. A: View of the andesitic unit hosting the Au-
bearing quartz vein (view to the west), B: View of the andesitic and rhyodacite—dacite units (looking southeast), C: View of the
outcrop of Oligocene andesite—basaltic rocks overlying Eocene andesitic rocks (looking north), D: Sequence of basaltic andesite,
andesite, and rhyolite (looking west), and E: Microdiorite dyke intruding the andesitic host rock (looking northeast).
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Fig. 3. Photomicrographs (cross-polarized transmitted light, XPL) of the textures and mineralogy rock units in the Kahyaz area.”
A: Andesite with porphyritic texture; large plagioclase crystals with polysynthetic twmnln? and clinopyroxenes with opacitic
rims are also observed, B: Glomero _Orpfglrltlc texture with clustered aggregates of coarse feldspars within a matrix of smaller
feldspars, C: Trachy-andesite with aligned feldspar crystals, D: Basaltic andesite with porphyritic texture; hornblende occurs as
rhomb-shaped cr?/stals with opacitic rims, E: Rh¥0|lt€ with porphyritic texture consisting of quartz crystals showing undulatory
extinction and feldspar within a groundmass of fine-grained quartz and glass, F: Rhyodacite comFosed of quartz and feldspar,
G: Microdiorite with intergranular texture. This sample consists of fine- and coarse-grained plagioclase crystals exhibiting
polysynthetic twinning, commonly fractured, with fine- and coarse-q(ralned clinopyroxene and opague minerals occupying the
Interstitial spaces, H: Porphyritic texture in a pyroxene-andesite dike characterized by large plagioclase and clinopyroxene
crystalsin a ?roundmass of feldspar microlites. Calcite and epidote are also present as secondary minerals, I: Pyroclastic unit
composed 0 fra%ments of various lithic clasts. Abbreviations after Whitney and Evans (2010) (Chl: Chlorite, Cpx:

glino yr%xent)a, Hbl: Hornblende, Lit: Lithic fragments, Opg: Opaque minerals, Or: Orthoclase, PI: Plagioclase, Qz: Quartz,
an: Sanidine).
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Fig. 4. Field photographs of the mineralized quartz—calcite veins in the Kahyaz prospect. A: Outcrop of the main quartz—
calcite vein cutting the andesitic host rocks along fractures. The sharp and well-defined contact between the vein and the
host rock indicates structural control on the mineralization (view looking northwest), B: Close-up view of the main
quartz—calcite vein exhibiting a massive structure and a thickness of approximately 2-5 m, and C: Quartz—calcite
subsidiary veins and veinlets cutting the andesitic host rocks, trending parallel to the main vein and indicating the
development of a vein system within the prospect (view looking northeast).
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Fig. 5. Field photographs illustrating the hydrothermal alteration zones in the Kahyaz area. A: General view of the distribution
of propylitic and argillic alteration zones within the andesitic host rocks. Propylitic alteration is developed along the margins of
the hydrothermal system, whereas argillic alteration is concentrated in the central part of the system and adjacent to the
mineralized veins, B: Quartz vein surrounded by an argillic alteration halo, with iron oxide staining developed along fractures
and vein margins, C: Outcrop of intense argillic alteration, characterized by a light-colored appearance resulting from the
formation of clay minerals, D: Silicic—carbonate alteration adjacent to oxidized zones, characterized by silicification and
carbonatization of the host rock, and E: Gypsum veins and veinlets developed within oxidized zones, representing supergene
alteration products formed during the post-mineralization stage.
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Fig. 6. Field photographs and photomicrographs showing the textures and structures of quartz—calcite veins in the Kahyaz
prospect. A: Quartz vein exhibiting a comb texture, formed by the growth of prismatic quartz crystals into open space; the inset
shows a close-up view of quartz crystal growth within the open cavity, B: Banded vein displaying a crustiform texture, produced
by successive deposition of mineral layers, C: Coexistence of crustiform and comb textures within the same vein, indicating
episodic mineral precipitation in open spaces during multiple pulses of hydrothermal fluids, D and E: Platy crystals of second-
generation calcite [Cal (I1)] filling open spaces and enclosed by first-generation quartz [Qz ()], and F: Replacement of first-
generation calcite [Cal (1)] by second-generation quartz [Qz (I1)], preserving the original morphology of the calcite crystals and
producing a quartz-after-calcite pseudomorph. This texture is considered one of the diagnostic indicators of boiling in low-
sulfidation epithermal systems. Abbreviations after Whitney and Evans (2010) (Cal: calcite, Qz: Quartz).
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Fig. 7. Hand specimen and photomicrographs of the ore veins from the Kahyaz prospect. A: Microcrystalline chalcedony
forming the major constituent of the vein, B: Radial aggregates of calcite crystals within the vein, C: Rhombic adularia crystals
associated with chalcedony, D: Calcite displaying an open-space-filling texture and surrounded by quartz, and E: Intergrowth
of adularia, quartz, and chalcedony within the vein. The central image shows a hand specimen of a banded vein, with the
locations of the examined thin sections indicated by dashed circles. Abbreviations after Whitney and Evans (2010) (Ad: adularia,
Cal: calcite, Chl: chalcedony, Qz: quartz).
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Fig. 8. Hand-specimen and microscopic images of Qz-25-46 sample containing gold mineralization in the Kahyaz prospect. A:
Hand-specimen image of a sample containing gold mineralization, B: Backscattered electron (BSE) image showing intergrowth
of quartz, calcite, and adularia, C: QEMSCAN image of the intergrowth of quartz, calcite and adularia, D and E: Electrum is
indicated by white and yellow colors in Figures D and E, respectively. Abbreviations after Whitney and Evans (2010) (Ad:
Adularia, Cal: Calcite, Elu: Electrum, Qz: Quartz).
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Fig. 9. Microscopic images of base-metal mineralization in Kahyaz prospect. A: Hypogene chalcopyrite associated with
supergene chalcocite and covellite, and B: Fibrous manganite accompanied by quartz and calcite. Abbreviations after Whitney
and Evans (2010) (Cal: Calcite, Cc: Chalcocite, Ccp: Chalcopyrite, Cv: Covellite, Mnn: Manganite, Qz: Quartz).
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Fig. 10. Paragenetic sequence of ore and alteration minerals at the Kahyaz prospect
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Table 1. Fire Assay (for gold in ppb) and ICP-OES (in ppm) data for samples from the Kahyaz prospect
Element Au Ay As Ba Cu Mn Mo Pb S Sb Zn
pection 5 01 05 5 1 5 05 1 50 05 1
97-NN-1 15 06 265 572 7 75 106 14 1927 0.95 9
97-NN-2 10 043 115 711 4 47 179 10 1025 086 10
97-NN-3 46 052 558 633 6 82 152 17 1565 0.82 19
97-NN-4 37 059 27 44 5 800 0.89 5 147 128 <1
97-NN-5 5143 275 35 65 13 192 113 25 167 12 13
97-NN-6 1072 127 26 141 11 39 0.99 7 325 13 4
97-NN-7 517 108 24 65 10 1113 087 17 154 163 558
97-NN-8 16 046 144 273 31 489 132 26 1896 095 62
97-NN-9 457 057 30 300 10 627 16 24 779 116 34
97-NN-10 2161 96 323 133 15 275 082 11 927 208 14
97-NN-11 478 18 274 420 24 113 0.9 12 243 138 20
97-NN-12 6 13 309 644 7 68 1.56 7 973 1.05 9
97-NN-13 60 39 >100 749 13 297 145 28 678 13 144
97-NN-14 44 052 373 584 12 354 1.2 42 197 1.07 85
97-NN-15 190 3 138 272 9 194 083 7 107 135 19
97-NN-16 1739 134 27 47 8 173 0.62 6 100 18.9 9
97-NN-17 311 21 108 144 5 54 086 16 394 109 11
97-NN-18 955 89 31 94 8 671 063 6 737 135 8
97-NN-19 1615 172 21 18 6 951 056 6 291 1.27 5
97-NN-20 1630 232 23 113 13 487 065 6 266 15 8
97-NN-21 1539 9.7 29 107 7 375 096 6 1907 137 10
97-NN-22 3023 93 26 56 9 777 063 6 223 182 10
97-NN-23 819 164 24 49 5 769 0.63 5 237 118 6
97-NN-24 733 111 8 27 6 1144 0.6 5 352 147 5
97-NN-25 2054 256 24 42 7 920 0.7 6 246 113 6
97-NN-26 3123 37 24 61 5 771 061 6 163 12 6
97-NN-27 327 6.1 8 117 9 851 0.66 5 313 159 12
97-NN-28 708 141 47 87 14 985 0.61 5 209 127 9
97-NN-29 780 228 26 44 6 577 0.7 6 180 141 6
97-NN-30 64 18 224 105 7 1051 0.64 6 187 17.8 7
97-NN-31 57 149 961 213 154 630 1471 499 1752 30.6 495
97-NN-32 46 038 181 119 28 153 96 6 167 103 18
97-NN-33 0.31 4 511 6 3006 0.74 7 115 092 22
97-NN-34 025 93 687 13 107  0.69 7 661 0.9 24
97-NN-35 027 47 589 18 42 0.74 6 567 1.01 6
97-NN-31 57 149 961 213 154 630 1471 499 1752 30.6 495
97-NN-32 46 038 181 119 28 153 96 6 167 103 18
97-NN-33 031 4 511 6 3006 074 7 115 092 22
97-NN-34 025 93 687 13 107  0.69 7 661 0.9 24
97-NN-35 027 47 589 18 42 0.74 6 567 1.01 6
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Table 2. Summary of Fire Assay data (in ppm) for samples from drill holes in the Kahyaz

Sample Number Au Sample Number Au  Sample Number Au
KBH 16-S8 11 KBH21-S10 0.15 KBH24-S5 0.54
KBH 16-S9 0.6 KBH22-S5 0.2 KBH24-56 0.5
KBH 16-S10 0.3 KBH22-S6 0.3 KBH24-S7 0.75
KBH 16-S11 0.3 KBH22-S7 0.55 KBH25-S2 0.15
KBH 16-S12 0.45 KBH22-S8 0.3 KBH25-S3 0.3
KBH18-S4 05 KBH22-S9 0.7 KBH25-54 1.7
KBH18-S5 0.7 KBH22-S46 2.1 KBH25-S5 11
KBH18-S6 0.9 KBH22-S47 0.37 KBH25-S6 0.15
KBH18-S7 0.75 KBH22-548 0.25 KBH25-S7 0.6
KBH20-S6 0.35 KBH22-549 0.1 KBH25-514 0.65
KBH20-S7 0.45 KBH22-S50 0.2 KBH25-S15 0.62
KBH20-S8 0.65 KBH23-S10 0.15 KBH25-S16 0.54
KBH20-S9 0.22 KBH23-S11 0.25 KBH25-S17 0.7
KBH21-S6 0.65 KBH23-S12 0.5 KBH25-518 0.5
KBH21-S7 0.3 KBH23-S13 0.27 KBH26-S10 0.75
KBH21-S8 0.35 KBH23-S14 0.27 KBH26-S11 0.7
KBH21-S9 0.35 KBH24-54 0.55 KBH26-512 0.35
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Fig. 11. Photomicrographs of different types of fluid inclusions in the Kahyaz mineralized area. A: Primary two-phase fluid
inclusions, liquid-rich (LV) and vapor-rich (\VL), B: Three-phase LVS-type inclusions and single-phase vapor inclusions (V-
type), C: Three-phase LVS-type fluid inclusion, and D: Two-phase liquid-rich and single-phase liquid fluid inclusions (S: solid,

L: liquid, V: vapor)
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Table 3. Microthermometric data of primary fluid inclusion types in the Kahyaz prospect
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ARTICLE INFO ABSTRACT

. . The Seridune porphyry copper deposit is located in the central part of the
Article History Kerman porphyry copper belt, Iran, three kilometers northeast of the
Received: 21 November 2025 Sarcheshmeh copper mine. This research focuses on reconstructing magmatic
Revised: 09 July 2026 crystallization processes through a qualitative and quantitative study of
Accepted: 14 July 2026 plagioclase crystals in the monzonitic intrusive body of the Seridune porphyry

copper deposit using petrology, mineral chemistry, and crystal size distribution
studies. This unit rock, which ranges in composition from monzonite to quartz
monzonite, comprises plagioclase, quartz, alkali feldspar, biotite, amphibole, as
well as accessory minerals such as magnetite, apatite and zircon. The

Keywords composition of the plagioclase crystals studied varies from labradorite to albite
Monzonitic intrusive body (AnN3,0-550AD44.1-9450r0,0-177, N= 89). Based on crystal size distribution (CSD)
Seridune porphyry copper deposit studies, the semi-logarithmic patterns of the the studied plagioclase crystals
Crystal size distribution indicate multi-stage crystallization of magma at varying depths. Also, the
Nucleation rate presence of sieve texture, oscillatory zoning, and CSD data indicate
Residence time decompression and injection of mafic pulses in a dynamic system. Assuming a
Plagioclase constant growth rate and nucleation density (nO), the nucleation rate of

plagioclase crystals was determined to be between 64X10mm=3/s? and
66 X101 mm-3/s1. Also, based on the 3D crystal size distribution data and using
a growth rate (G=1079), the residence time of plagioclase crystals was
«C di th calculated to be between 56 and 63 years. The calculated residence time, along
orresponding author with excess aluminum in the plagioclase crystals are consistent with the
Sara Dargahi emplacement of the magma at shallow crustal levels and its high potential for
& s.dargahi@uk.ac.ir the exsolution of fluids; although the monzonite body is not considered to be
the responsible phase for mineralization in the Seridune porphyry copper

deposit.
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EXTENDED ABSTRACT

Introduction

The Urumieh-Dokhtar Magmatic Assemblage
(UDMA) in the Kerman province contains numerous
porphyry copper deposits, known collectively as the
Kerman porphyry copper belt (KPCB; Fig. 1A)
(Ghorbani, 2013). This belt, the primary source of
copper ore in Iran, is primarily composed of folded
and faulted early Tertiary volcano-sedimentary rocks
(Aghazadeh et al., 2015). The Seridune porphyry
copper deposit (SPCD) is located in the central
KPCB within the UDMA (Fig. 1A). It is hosted by
Eocene volcanic rocks cut by hypabyssal felsic
intrusions and all of the rock units have undergone
variably intense hydrothermal alteration (Barzgar,
2007). Phyllic, argillic and advanced argillic
alterations are widely exposed at the surface,
whereas potassic alteration is concentrated at depth
and is only accessible through drill core samples.
Porphyry copper deposits form under the influence
of dynamic processes governing a magma reservoir
within the crust. These processes influence the
magma's potential for metal enrichment and fluid
dynamics (Park et al., 2021). Consequently,
examining the physical and chemical evolution of
minerals in igneous rocks is crucial for
understanding the processes and dynamics of
magmatic systems (Blundy and Cashman, 2008;
Ellis et al., 2023) that lead to the formation of these
deposits. Magmatic processes such as fractional
melting, partial melting, fractional crystallization,
and magma mixing (Higgins et al., 2015), which
directly affect crystal nucleation and growth, are
important  petrological processes (Deb and
Bhattacharyya, 2018). These processes do not
change the bulk-rock chemical composition. Then,
they cannot be constrained through chemical and
isotopic studies of rocks (Higgins and Roberge,
2007). Instead, these processes have to be
investigated through textural studies of rocks and
crystal-scale mineral chemistry. Crystal size
distribution (CSD) is a quantitative petrographic
method which can provide important insights into the
conditions within magma reservoirs or crystal
mushes, including the rates of nucleation and growth,
fractionation, coarsening, and mixing processes
(Ngonge et al., 2013; Klein et al., 2017). This
research aims to constrain the magmatic processes
that governed the evolution of the monzonitic

intrusive body in the Seridune porphyry copper
deposit. This aim is achieved through the integration
of petrographic observations with the determination
of three-dimensional crystal shapes, Crystal Size
Distribution analysis, and mineral chemistry of
plagioclase crystals. This implications of the
guantitative textural analyses on the studied samples
are that they enable a more comprehensive
understanding of the kinetic evolutionary history and
the different processes—such as magma mixing and
textural coarsening—that contributed to the
formation of this intrusive body.

Material and methods

To identify the rock units and structures in the
Seridune area, extensive field studies were
conducted. For the present study, samples from the
monzonite body of the Seridune porphyry copper
deposit (Fig. 1B) exhibiting the least alteration were
selected for preparation into polished thin sections.
These sections were examined using a polarizing
microscope to identify plagioclase crystals suitable
for chemical microanalysis. Plagioclase
compositions were determined using a JEOL 8530 F
electron probe microanalyzer (EPMA) equipped
with  five tunable Wavelength  Dispersive
Spectrometers (WDS) hosted at the Imaging and
Analysis Centre in the Natural History Museum,
London. Operating conditions were 15 kV
acceleration voltage, 20 nA beam current and a
defocused beam of 10 pm diameter. On-peak
counting times were set to 20 - 30 s for all elements
and the background was acquired before and after the
peak position for 10 - 15 s. Sodium, and potassium
were analyzed first to reduce alkali migration due to
prolonged electron dose. Standards were albite for Si
ko and Na ka, corundum for Al ka, wollastonite for
Ca ka, anorthoclase for K ko, fayalite for Fe ka,
forsterite for Mg ka, celestine for Sr ka, barite for Ba
ka, rutile for Ti ka and Mn-titanate for Mn ka. An
internal secondary standard, plagioclase from the Isle
of Rhum, was measured along with the unknowns to
test the standardization and assess reproducibility.
Oxygen was calculated by cation stoichiometry and
included in the matrix correction. (Moy et al., 2023).
Matrix correction was performed using the Phi-Rho-
Z method, with mass absorption coefficients
obtained from the FFAST (NIST version 2.1;
Chantler et al., 2005). According to Armstrong
(1998), the specific Phi-Rho-Z algorithm employed
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was the Armstrong/Brown/Scott-Love model.
Quantitative measurements of crystal sizes were
conducted on two representative, least-altered
samples using a polarizing microscope. Digital
images were captured, and image processing was
performed using Adobe Photoshop (Adobe Creative
Cloud version) to isolate plagioclase crystals in
binary images. The long axis, short axis, area, and
centroid of the crystals were measured using ImageJ
software. The ShapeCalc spreadsheet program was
then employed to convert two-dimensional data to
three-dimensional data, allowing for the calculation
of crystal dimensions based on the ratios of the short
(S), intermediate (1), and long (L) axes. Finally,
Crystal Size Distribution (CSD) plots were generated
for each sample using CSD Correction 1.40 software.
The residence time of the crystals for each sample
was determined using the slopes from the CSD plots.
This calculation was performed using the formula Tr
= (-1/GXm) / 31536000, where Tr is the residence
time in years, m is the slope of the crystal population
trend line, and G refers to the crystal growth rate in
mm/s. The selected G value was based on the
suggested value for intrusive magma (G = 10
mm/s, Cashman, 1993) and 31536000 is the
conversion factor from seconds to years.

Results

Sample petrography

The Seridune Monzonite exhibits a porphyritic
texture characterized by phenocrysts of plagioclase,
alkali feldspar, quartz and biotite set in a
microcrystalline groundmass. Secondary minerals
resulting from hydrothermal alteration include
biotite, alkali feldspar, chlorite, sericite and clay
minerals.

Plagioclase is the most abundant mineral in the
Seridune Monzonite. It occurs both as subhedral to
euhedral phenocrysts and microcrystals in the
groundmass. Phenocrysts display polysynthetic and
Carlsbad-albite twinning, along with oscillatory
zoning. In some occurrences, these phenocrysts have
even grown intergrown in a cruciform shape. It has
commonly been replaced by sericite (Fig. 2B). This
alteration is focused on the rim of the phenocrysts
and the central parts of plagioclase microlites within
the groundmass. Furthermore, these phenocrysts are
occasionally crosscut by late-stage veinlets

containing quartz, opague minerals, and anhydrite.
This crosscutting phenomenon is definitive evidence
that the fluids bearing quartz, opaque minerals, and
anhydrite are younger than the time of plagioclase
crystallization, and it emphasizes the secondary
permeability of the system (Sillitoe, 2000; Sillitoe,
2010).

Plagioclase composition

The results of 7 plagioclase EPMA analyses from
two samples, together with the calculated (Wt.%) of
anorthite, albite and orthoclase are presented in Table
1. The studied plagioclase crystals have a
compositional range from labradorite to albite (Ans.
55.0Ab44_1.94_5oro_0.17,7) (Flg 3A) Some of these
crystals show oscillatory zoning.

Crystal size/shape analysis

The crystals shapes were determined by applying
Zingg's diagram (Zingg, 1935). This classification
scheme categorizes crystals into four categories:
tabular, bladed, prolate (acicular) and spherical
(equant), based on the ratios of their short,
intermediate, and long axes. In the Seridune
monzonite samples, plagioclase crystals are
predominantly tabular and bladed in shape (Fig. 7B).

Discussion

Some of these crystals exhibit oscillatory zoning,
indicating that fractional crystallization and magma
mixing play significant roles in influencing the
evolving magmatic composition within the magma
chamber (Kumar and Ashok, 2024; Ou et al., 2024).
The plagioclase crystals are tabular and bladed in
shape. This morphological variation is likely due to
the thermodynamic conditions governing the
crystallization process. The deformation of
plagioclase crystals in the studied samples resulted
from changes in undercooling, chemical potential
gradients, and material diffusion. The non-liner trend
observed in in the CSD plots for plagioclase crystals
suggests multi-stage cooling process for the crystals
(Fig. 8). The initial stage is marked by plagioclase
phenocrysts with few nuclei, whereas in the
following stage, they develop as microcrystalline
formed under a high nucleation rate.
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The nonlinear CSD trends may show the multi-stage
crystallization process of magma, magma mixing,
and Ostwald Ripening (textural coarsening)
processes, as well as modifications in the
crystallization course due to changing environments
and magma chambers at different depths. The
observation of a porphyritic texture with a
microlithic groundmass in the Seridune Monzonite,
along with features such as oscillatory zoning and
sieve texture, indicates multi-stage crystallization at
varying depths. The process textural coarsening take
place only when a crystal is kept at a temperature
near to its liquidus for a prolonged period. Under
such conditions, the nucleation rate approaches,
while crystals larger than the critical size exhibit a
high growth rate. According to Yang (2012), this
does not necessarily imply that the temperature
remains constant. The nucleation rate and residence
time determined for the studied monzonitic intrusive
body indicate a high nucleation rate and short
residence time for the samples. Based on the
Ca+Na+K versus Si+Al diagram, plagioclase

crystals in the monzonitic body show a trend similar
to those observed in the mineralizing magmatic
systems and hydrous porphyries (Williamson et al.,
2016). This trend, coupled with the calculated Al*
values, reflects magmatic conditions favorable for
porphyry-style mineralization; Although, despite
these favorable indicators, this body itself is not
considered the responsible phase for mineralization
in the Seridune deposit.
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Fig 1. A: The geographical location of the Seridune porphyry copper deposit, along with well-known porphyry copper
deposits in Iran, and B: A simplified geological map of the Seridune porphyry copper deposit (After Barzegar, 2007 and
Kan Iran exploration co, 2007)

FolS U Casies (oS A g s SLls Osda S host (o b

b oS 5 5 Sl LK ) 3 el (6, 53 s 50 o LS (g5 g 035 (g Sy Son Sla s bl

DOI: 10.22067/econg.2026.1165 Y oslad VA 0595 AP0 (ooliamsl cwlid e


https://doi.org/10.22067/econg.2026.1165

9P S35 035 53 LIS 5 D sk S w5 5 SIS et OLSer 5 s b

o 3 W et 4 J5 5 G Gl S5Ol IS b wess il ban g o (s Sos ain
sl ke s o 3 o) S G Loy oS Kl b JSIT )3 Fr 6 ¥0) S 530 Sl sla SIS Jols
sldzel g acdl 550359 4 OIS 9 53 by gh i sns 5O g (Ao y3 Vo BY) 518 (dm s YO B Y ) Sl
ek Sl s 51 Sslite (e ds otiasOLis ki dox 108 o5 o SIS Lol e (Ao ;3 VO 6 Ve ) J g
ol gl 8V b 3058 Il b s i (o3 ) B0) 08 5 s ST el 5y SIS 0y
sty Sl 55 4 W15 o 0 56 s 5 g b ol o alis Slassh Dy o 4 Kl 53 S 30 sla sk
53 U8 Ll (B-Y JSC) asl oS —eSly Sl 8s b ol s e salie S e 53 (A5 Sn 5 Sk
a5t Laie L 5 atel 5 sk oo 4 LT oyl 5 2T sl Sl oS e sl JSTLe (sl il
o) 03 e la G S 51 (S Olsie 4 S g b e otalin JU e SL y Sl s gduaibie gla bl s oSz b
GBS g s oo odalie 4 b s ady) i 33 55 e S5 5 Sl Kb s b o0 odal e b SIS ol j3 &S
ol el ol b Sty Sy s Do a4 Bl sl ol ks a3 b LSl sl aT Lyl a y Ol gla
Wl 4 S5 b E glaunl 3 Shcew sl glacssw 31 Y ) (Perugini et al., 2005; Yousefi et al., 2024)
ST L sy S sl S GG b g LGS ol 1 (b 25 50 laaised 53 OIS 5 5D sl b (A

Llods o Sl o SIS 5 o o (S ile ST pldilod B Jamute |y g 55 Il Sk o b S Sl B

sk 55 Gl tuailate s o 5 A UXPL) 55 55 03 o (5 550 ot SLdlS (55590 (55585 035 31 (g Sy Sn (gl yoss Y I
a5k 3 e ks S 4 Y sane &S Sl Gl S5 Bl oSy Gl 85 Sl oS 4 S Lol pen S5

3o S DVl ol o s 0L (8 ) 53 ULl 53 ooy ol 25 oo oelalin 0 56 g ) s | Ol e 40 3 5550
IS 5% PI) ol e oLl (Whitney and Evans, 2010) il 5 oo s 51 gl Cudthe (XPL) CaloZ b a5l 5 5bs

Fig. 2. microphotographs of the monzonitic intrusive body of the Saridun porphyry copper deposit. A: Oscillatory zoning
in plagioclase crystals associated with secondary biotite, indicating potassic alteration. (XPL), and B: Potassic-phyllic
alteration is typically observed as the partial replacement of plagioclase crystals by sericite, along with the presence of
secondary biotite. This phenomenon, in porphyry deposits, indicates the activity of hydrothermal fluids following the
initial crystallization of the magma. (XPL). Abbreviation after Whitney and Evans (2010) (PI: Plagioclase).
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Table 1. Results of representative EMPA analyses of plagioclase in the Seridune Monzonite intrusive body; Oxide
concentrations are in wt.% and end-member components are in mol% (b.d= below detection limit).

Sample SiO: TiOs ALOs MnO MgO Ca0O Na,0O KO BaO
SE-31 60.04 0.02 24.17 0.01 b.d 6.09 7.89 0.39 0.04
SE-31 58.5 b.d 24.96 0.01 b.d 6.99 7.42 0.35 b.d
SE-31 59.7 b.d 24.73 0.01 b.d 6.66 7.55 0.37 0.06
SE-31 Rim 51.67 0.03 27.15 0.01 0.06 12.47 5.17 0.14 b.d
SE-31 To 56.8 0.03 26.27 0.01 0.05 8.51 6.17 0.4 b.d
SE-31 Core 53.86 0.02 27.85 0.01 0.04 10.41 5.44 0.21 0.02
SE-31 Rim 59.56 0.01 24.19 0.01 b.d 6.14 7.95 0.36 0.01
SE-31 To 58.93 0.01 24.99 b.d b.d 6.97 7.38 0.41 0.02
SE-31 Core 60.47 b.d 23.72 0.01 b.d 543 8.39 0.34 0.02
SE-31 Rim 59.49 b.d 24.22 b.d b.d 6.28 7.82 0.33 0.01
SE-31 To 60.98 0.01 23.25 b.d b.d 4.94 8.43 0.49 0.02
SE-31 Core 61.22 0.01 23.92 b.d b.d 5.64 8.06 0.34 b.d
SE-25 Core 59.22 b.d 23.94 b.d b.d 6.01 7.89 0.5 0.06
SE-25 To 61.27 b.d 253 b.d b.d 6.44 8.31 0.47 0.03
SE-25 Rim 58.79 0.01 24.65 b.d 0.01 6.83 7.6 0.44 0.03
SE-25 Core 59.08 b.d 23.83 b.d 0.2 4.15 7.2 241 0.06
SE-25 To 58.23 b.d 23.82 0.01 0.01 6.48 7.73 0.37 0.07
SE-25 Rim 59.42 b.d 23.7 0.01 b.d 5.75 8.3 0.34 0.04
SE-25 Core 58.13 0.02 25.47 b.d 0.01 7.42 7.29 0.31 0.02
SE-25 To 55.87 0.02 27.09 b.d b.d 9.05 6.3 0.2 0.02
SE-25 Rim 62.82 0.02 22.09 b.d 0.01 3.26 9.64 0.49 0.08
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Table 1 (Continued). Results of representative EMPA analyses of plagioclase in the Seridune Monzonite intrusive body;
Oxide concentrations are in wt.% and end-member components are in mol% (b.d= below detection limit).

Sample SrO Fe204 FeO Total Si An Ab Or
SE-31 0.21 0.17 b.d 99.04 2.7 29 69 2
SE-31 0.21 0.23 b.d 98.67 2.65 34 64 2
SE-31 0.19 0.09 0.12 99.46 2.68 32 66 2
SE-31 Rim 0.4 0.17 bd 9727 24 57 43 1
SE-31 to 0.26 b.d 022 9872 259 42 55 2
SE-31 Core 0.34 0.37 bd 9857 247 51 48 1
SE-31 Rim 0.19 0.11 bd 9852 269 29 69 2
SE-31 to 0.17 0.17 b.d 99.05 2.66 33 64 2
SE-31 Core 0.2 0.08 b.d 98.65 2.72 26 72 2
SE-31 Rim 0.22 0.13 b.d 98.5 2.69 3 68 2
SE-31 to 0.16 0.1 b.d 98.38 2.75 24 73 3
SE-31 core 0.17 b.d 017 9947 274 27 71 2
SE-25 Core 0.22 b.d 0.16 98 2.69 29 68 3
SE-25 to 0.23 017 017 10222 2.67 29 68 3
SE-25 Rim 0.19 017 017 98.73  2.66 32 65 2
SE-25 Core 0.16 0.49 0.49 97.58 2.7 21 65 3
SE-25 to 0.18 0.16 0.16 97.06 2.67 31 67 2
SE-25 Rim 0.19 018 018 9792 27 27 71 1
SE-25 Core 0.38 0.22 0.22 99.25 2.62 35 63 2
SE-25 to 0.46 0.26 0.26 99.27  55.87 44 55 2
SE-25 Rim 0.23 007 007 9872 281 15 82 1
o AF =) jliie oS T 5B JS) daas e 0L 1)) ) S
slaglelw 51AI* > 1) 5550 lagbluw sdiSTa> 0 Ol 2o 3N 93N S o

Williamson et al., ) el oui s e (AI* <V) ,5,L0

e cnl Spslon 53 Laesls 31 g g5 B i S a5 (2016
e T FSis Loy 4 S 5 50 oS 5 oS das e 0L
el 0 &S5 5SS

S Olsie IS s slassls 5> SLS) ta T
w8 55 555k gles s oLl gl S gla e Ls
5)50 swsysmens s (Williamson et al., 2016) > 42
BE ;.LG\ aosls a5 M)Gﬂ ollis Al* u.z‘»l_& Iy candlan

J:‘YLLJ.}'QLE-A (D 9den :\-\353 Ao ;f&.ﬂ\ /4 FEPRE Y

DOI: 10.22067/econg.2026.1165

¥F

Y a)kﬁ: AA 693 AF 0 gé:\..a:.;\ wuwﬁ)


https://doi.org/10.22067/econg.2026.1165

9P S35 035 53 LIS 5 D sk S w5 5 SIS et OLSer 5 s b

Or
20 T T T T T T T T
E _
@ Core i b |
’ Fertile field 0
X
& 16 il
Z
& - i
Q @
< 14 -
» O Barren field
® © :
Anorthite 12 - T
Albite .
Oligoclase / Andesine |Labradoritd Bytownite
10 1 1 1 | | | 1 | ]
Ab An 0 10 20 30 40 50 60 70 80 90 100

An%
u;".:a}j}ﬂ o:j: d)})l{ C.-:M} w:"': B }(Deer et al, 2013)Ab-An-Or &UM )‘J‘,.u )J J%}ijyﬂ le.&)jl; g_';.'.l'.‘.“".‘.":' g,.;;j; .A.Y' ‘J&:d

AP asla (ull p O3k o
Fig. 3. A: The chemical composition of plagioclase crystals within Ab-An-Or ternary diagram (Deer et al., 2013), and B:
Determining the fertility status of the monzonitic body of the Seridune based on the Al* index
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Fig. 4. A: Backscattered electron (BSE) images and analyzed points in plagioclase in the Seridune monzonitic intrusive
body, and B: Electron microprobe analysis (EMPA) profiles obtained from the plagioclase crystals
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Fig. 5. A: Microscopic images of the monzonitic intrusive body of the Seridune porphyry copper deposit, captured using
a polarized light microscope equipped with a scanning system, and B: Processed images of plagioclase crystals within
the monzonitic intrusive body of the Seridune porphyry copper deposit, edited using Adobe Photoshop software
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Table 2. Results of quantitative studies of the size distribution of plagioclase crystals in monzonite intrusive body in the
Seridune porphyry copper deposit

Sample Slope n0 Tr G J S:l:L
SE-25 -5.03 6.44 63 1010 64*1011 1:1.75:2.50
SE-26 -5.59 6.67 56 1010 66*101! 1:2.80:4.60

4}%}\0@\&}:}‘6@};yu}5m}3 VSl? .HtLaul:j\&:\.\::y AlF > 1 sle ,, o Loasl -l

Sl ol 4y 5B sl 5 5T oo 5 US55 slassh adsl Ll oS 5 (SLal e T Late () el pl b s e

DOI: 10.22067/econg.2026.1165 Y oslod A 53 VPO (gslass] ulis e

\td


https://doi.org/10.22067/econg.2026.1165

...L;*:Jj;f‘_;s}j;n}:);upkfﬁjyg)jliajlxldj}:j@\{w:;z

Q\)KAAJCJ}JA\{

f‘j}}ﬁ«l{&h\{&é)jb@ﬁ)}b@w‘)&&:
oS 3 skt Kby dAN) 5T 51 e slear s slas
el 5o ¢ blie 53 .ol e glos 5 5La L L 5 Sl
Ol s 0l Oli5 Wl g e Loy 51 &5 53 AN G oo
Sl GOl b e &SGb SLEL G5 s S
53 Sl is cul (Brown et al., 2024) sl 055 s
St 250 DS N slasshy 2l sla S
Olg oo 1y Baigas ool 53 Jbje clbial .ol ol s WS
Cadls Wb 3 s b jLis 2l L LSl Lt J g
Ghasl> LS (LMl ayl s 5 .(Guo and Chen, 2025)
Sdowe 355 psala daaiaa ail> 3 (YLAN) SIS
23 3dme ok 4 45T ol O e 4 ESC3Le (sl 36 55,5 5 LS L
Sl e olie ps .l ol b i V.:._..15)'\ T e
S hail bw g bars T 55 a8 Sl sha i
oIS L,:sv.m Hlis Jials slus ) s cliled s abl-f (sl AN)
.(Nelson and Montana, 1992; Brown et al., 2024) s ,\>
33 slee CM ralST 5 ol 015558 e ol o
2313 2al8 1) iy 5T oIl ¢ S5 oS sk 3 g2
odb e Sl b dsla s r.i.k_ujld'..'cdh‘\:_.ibjjlggj
534 by shlds cpl 5 Sl s sluadkie OT 4 osde .l
Y o 5 Slodomn JI5 Dl i (oS 5 S5
e s glaolu g (B-F JS8) uS o b1y oLS L
LMWl 51 b s oS 5 s ,e s (Ae s ¥ BV AN

o) gagdous 5 oyl GOle g &S e 53 el oLS L
Sl 4 SO g0 I3l oo Loyl 5 51 (o5 Ve
O3k s 598 0355 ¢5y) 51 .(GUO and Chen, 2025)
8 3500 5 e SALST )3 (6,8 Sl Sl Sl M5
S sk S5 S 655k 4 il 03 ST 2 |5 S Glasl 4
4 Al Ok 0 a0l ¢ SLL Jol o 3 (syadlate 05

sl Bl oSS sale 53 e LS &S

bt oL ¢ Gl $s dhax 1 e 56 sladnl 3 25 b5
Nesbitt ) dsaculoes JSeKin s ¢l CIA) SLa £
G ¥F o3b 4o el bacwl=s CIA sl .(and Young, 1982
O BYY) Sl 55 0 55T (e 03 5des 45 5 FV
ol Sl B3 s e god ST oS 5 das e 0L oS Sl
s a5 35 oo okalin A S 55 4SOl ¢l s osdle
Shilas $ 515 ey 6T 5 codT Jlasl Lot slael 53 el
G (2050 S sk i 55 LSl e T 0]
Ommen 4 5l ladnyl 3 51 5l sz oLSL Syl S5
Sl b ekiie o 2als digy L SISl Sl S
4 Al sl Sl o8 (Bog JS18) was e 0Lt SI+AI
sl 5. (Williamson et al., 2016) ..l Na yCa sl
S5 035 S m I sk b el s SLSL
b air oo o 55 o 5T (g s 53 Sk b 09k
5 JUp 3L ls LB e SIS i 0t ts a0
53 (AN) 5, 5T (sl gome 4SSl s a5 L it s (gunaiate
Sl 5 Ole S5 Lsd ks sles 3bas S50
Sisson and Grove, 1993; Panjasawatwong ) <.t H,O

et al., 1995; Ustunisik et al., 2014; Brown et al.,
3550 WS 3% slassl 5 i, 5T sl e Sk (2024

O ety 5l 5 gkt 55 Dol by il 5 o o
Jols a3 AN (gl gme SLEL Cal sl odijlw LS L
Ly koo i oo oaliiie ok goi I (5 5> o5 bl g ain
S s 030l 5 35 Sl simas o 5 ) o5 Jsana
Namur et al., 2020; Brown et al., ) <ol 5 b5 Ll 5 s
Ll g5 oo b gad 05 5 om b AN Gl slaail> (2024
e L a8 S5 e S 1 ks A stasol
u_.i:b' H,O u.:.a_Ll L;b:.-,u L ﬁf&:"-‘i sles cj:.‘f Ca0O/Na,O
b s gl Cons 3 g2 o 53 Sl 1) H.0 )
ol b (Brown et al., 2024) asb dul b 93 2 Olejen b

ol 3 Lgf"o:J:_.f slat s G5 o slrosls Cel> Sl (Jl-

DOI: 10.22067/econg.2026.1165

v

Y o)kﬁ: AA 693 AF 0 gé:\..a:.;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1165

e S $3 58 035 53 NS 53N sk oSNl w5 g s SIS e

Qb\ga.mj()}f\{

22

L L L

20

Anortite

18

16 K-feldspar

14

12 Moscovite

CaO+Na,0+K,0O (Wt %)

10

ilite
L Kaolinite .

4-llll|IllllllIIIIIIIlIlIIlIIlI[IlII-
40 45 50 55 60 65 70
SiO, (Wt %)

75

Al+Si (a.p-f.u)

4.3 T T T T T

B ,
4.2 AlAI2Si02 ]

|deal Plagioclase

41 F K-feldspar -

| (FgM AIZS%B ]
(15408 o

@
39

4.0

38 -

37 r NaFeSi308 -

CaFe2Si208

36 .

35 | | | | |
0.90 0.95 1.00 1.06 1.10 1.16

Ca+Na+K (a.p.f.u)

1.20

e B 38102 Jilae ,5 CaOFNarO+KR0 Hls g05 55 gk e 2595590 (S5 58 0355 IS 55 5D (slay 5 L;LwaJ Sdd s AL N
Ca+Na+K J:La.a BE] Al+Si )‘)}a.; BE] Q}.Lijm G“:;}J;}A 6}}.0 o}j )%ﬁj)& ‘_;L:e)}l; Jk:-\..ﬂ

Fig. 6. A: Determining the intensity of alteration of plagioclase crystals of the Seridune monzonite intrusive body in the
Ca0O+Na,O+K,0 versus SiO; diagram, and B: Determining the structure of plagioclase crystals of the Seridune monzonite

intrusive massif in the Al+Si versus Ca+Na+K diagram
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The Koushk Zn-Pb deposit in Central Iran is considered the largest
mineral potential for variscite mineralization. Macroscopic and
microscopic observations indicated minor variscite mineralization
occurring in veinlet-vein form and as disseminations, associated with
massive and layered ore zones, as well as extensive mineralization
related to zinc- and lead-barren marginal shales, dioritic sills, and late
carbonate + quartz veinlets. Textural features and chemical
characteristics indicated that variscite formed through multi-stage
phosphatization of Al-rich shales with minor silica. XRD data reveal
variscite and strengite as the dominant phases. Other phosphates such as
phosphosiderite, metavariscite, and crandallite were also identified,
occurring as intergrowth mixtures with variscite. Color variations in the
Koushk variscites are attributed to intergrowth with other phosphates,
sulfates, or silicates; electronic transitions; crystal field transitions of
chromophore elements; structural defects; and the arrangement of water
molecules within the variscite structure. The highest intensity Raman
peak observed in the spiderweb variscites occurs at approximately 1033
cm™', whereas in the simple green variscites and soapy variscites (pale
green-blue to white), the strongest peak appears at around 1022 cm™.
Three additional peaks with lower intensities are also present, all
corresponding to the symmetric stretching vibrations of the phosphate
(PO.4) group in minerals of the variscite—-metavariscite group. The
REE+Y patterns, LREE enrichment, and negative Ce anomaly indicate
low-temperature hydrothermal fluids with a composition approaching
seawater. Microthermometric studies of fluid inclusions reveal that fluid
mixing and temperature decrease played a significant role in variscite
mineralization, with formation temperatures ranging from 110 to
340 °C.
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EXTENDED ABSTRACT

Introduction

The Kushk zinc-lead deposit is the most important
variscite mineral mass in Central Iran. Variscite a
relatively common mineral that forms as a result of
phosphate-bearing surface solutions reacting with
aluminum-rich rocks (Calas et al., 2005). First
described in 1837 from a source close to Variscia, the
former name of the Vogtland region in northeastern
Germany, its chemical formula was determined in
1896 (Willing et al., 2008). Variscite was used in
Neolithic jewelry and is found in many
archaeological sites (e.g., Ervedosa, Portugal;
Pannecé, France; and Sardinia, Italy; see Calas et al.,
2005; Querré et al., 2019; Willing et al., 2008).
Variscite is a member of the hydrous aluminum
phosphate group, Al(PO.)-2H20, while strengite is
part of the iron phosphate group, Fe3+(PO,)-2H20.
Both are orthorhombic phosphate members of the
variscite  mineral group, while mansfieldite,
scorodite, and yanomamite are the arsenate
isostructural members of this group. The general
chemical formula of variscite group minerals is
A(X0y)-2H,0, where A = Al, Fe**, Inand X = P, As.

Regional Geology

The Koushk Zn-Pb deposit is situated within the
upper part of the Lower  Cambrian
volcano-sedimentary sequences, in the central part of
the Zarigan—Chahmir Basin in Central Iran (Fig. 1).
Two major stratigraphic sequences have been
recognized in the area (Fig. 2): (1) a mineralized
sequence comprising the Upper interval of the Lower
Cambrian volcano-sedimentary sequences at the
base, and (2) an overlying volcano-sedimentary
sequence that includes Lower Paleozoic shales,
argillaceous limestone, dolomitic units which are
hosting Fe-mineralization, as well as the rhyolitic
and tuffaceous rocks (Gibbs, 1976). Rhyolitic and
dacitic domes are present in the southeastern part of
the deposit, adjacent to the mineralized sequence, as
well as to the north and northwest of the deposit.

Materials and Methods

In this study, 35 variscite samples were collected
from ore-bearing rocks across different geological
sections. Petrographic  and mineralogical
investigations were carried out on 23 thin and
polished-thin  sections using transmitted and

reflected light microscopy at Shahid Beheshti
University, Iran. In addition, 7 samples representing
different generations of variscite were analyzed by
using scanning electron microscopy (SEM) at Aria
Electron Optics Company, Iran. To complement the
mineralogical data, one variscite sample was
analyzed via XRD at Kansaran Binalud Company,
and three variscite samples of varying colors were
examined using Raman spectroscopy at Shahid
Beheshti University. For geochemical studies, a
deep-green variscite sample was analyzed at 10
points using a CAMECA SXFive X-ray Probe
Microanalysis (XPMA) (France) at Kansaran
Binaloud Company, Iran. Furthermore, 6 samples
were analyzed by ICP-MS using a PerkinElmer
NexION 300 instrument at Zarazma Laboratory,
Iran. 10 samples were analyzed by XRF at Tarbiat
Modares  University of Iran.  Petrographic
examination and microthermometric studies of fluid
inclusions were performed on 2 quartz and calcite
samples associated with variscite mineralization in
the marginal zone, using a Linkam THMCG 600
heating—freezing stage at the Microthermometry
Laboratory of Tarbiat Modares University, Iran.

Results

Macroscopic and microscopic observations indicate
that variscite mineralization occurring as veins,
veinlets, and disseminated form associated with the
massive and stratiform sulfide ore zone, as well as
extensive mineralization related to the marginal zone
and microdioritic sills. These variscites occur
intergrown with strengite and minor amounts of
other minerals belonging to the variscite and
metavariscite groups. The color variations in these
variscites are attributed to intergrowths with other
phosphates, sulfates, or silicates, electronic
transitions, crystal field transitions in chromophore
elements, structural defects, and the arrangement of
water molecules within the variscite structure. These
factors may lead to significant fluctuations in both
the green hues and the apparently low Cr*" content.
In the variscites from the Koushk Zn-Pb deposit, the
Cr** content is low compared to that of similar
worldwide variscites. However, our samples
containing higher amounts of Cr** exhibit a more
intense and deeper green color. The highest Raman
spectral peak intensity show that spiderweb
variscites occurs at approximately 1033 cm™,
whereas in the simple green variscites and the soapy
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variscites (pale greenish-blue to white), the most
intense peak occurs at around 1022 cm™'. In addition,
three lower-intensity peaks are present, all of which
are attributed to the symmetric stretching vibrations
of the phosphate (PO4) group in minerals of the
variscite and meta-variscite groups. The Raman
spectra of variscite from the Koushk Zn—Pb deposit
and Tajikistan show a remarkable overlap. The
ZREE values in the variscite ore are negligible. The
REE+Y pattern, characterized by LREE enrichment
and a negative Ce anomaly which is similar to that of

seawater. Such evidence may indicate the
involvement of low-temperature hydrothermal
fluids, which is further supported by micro-

thermometric studies of fluid inclusions, confirming
the corresponding temperature range.

Discussion

In the Koushk deposit, aluminum was derived from
the weathering of the host rock, whereas phosphate
originated from the leaching of ancient sedimentary
phosphorites or phosphorites contemporaneous with
the carbonate rocks of the Soltanieh Formation,
Ediacaran deposits, or evaporitic and phosphatic
crustal units in Central Iran by magmatic and
hydrothermal fluids related to the intrusion of
granitoid bodies (Hosseini and Rajabzadeh, 2022).
The interaction of aluminum-rich and phosphate-
bearing hydrothermal fluids resulted in variscite
mineralization. In the Koushk Zn-Pb deposit,
variscite commonly displays a wide range of green
hues, including bluish green, olive green, moss
green, and pale bluish white. These color variations
are not dependent on depth. The color variation in
variscite is, in part, attributed to intergrowth with
phosphates, silicates, sulfates, and oxides. SEM-
BSE, EDS, and XRD studies confirm this
interpretation. On the other hand, color variations in

minerals are associated with various mechanisms,
such as electronic transitions (Nassau, 1978), crystal
field transitions in chromophores (Burns, 1993) such
as Cr, Mn, Fe, Co, Ni, Cu, and V, charge transfer
between elements (Mattson and Rossman, 1987; Bill
and Calas, 1978), as well as color centers caused by
structural defects in the crystal lattice and variations
in the concentration of Cr* and V# (Krambrock et
al., 2007). Therefore, the green color of variscite is
related not only to the presence of combined
structural impurities but also to crystal defects and
the arrangement of water molecules within the
variscite structure, which has led to the formation of
different variscite polymorphs. Furthermore, color
variations are attributed to metasomatic replacement
processes and the development of zoning within the
primary microcrystalline and porous minerals,
driven by successive pulses of late-stage fluids
(Diaz-Acha et al., 2022). Consequently, the color
changes gradually along the veins and nodules. Some
variscite samples from Koushk area exhibit a
progressive  color transition from a gray
phosphosiderite core to a pale green unit (consisting
of  phosphosiderite-dominated  mixtures  with
variscite) and, ultimately, to dark green margins
dominated by variscite. The diversity in microscopic
textures and ore geochemistry points to multistage
mineralization and reflects dissolution—
reprecipitation processes controlled by the prevailing
physicochemical conditions during formation.
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Fig. 2. Geological map of the Koushk Zn-Pb deposit and the SW-NE cross section of the deposit (Rajabi et al., 2012)
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Fig. 3. Variscite mineralization associated with: A to C: stratiform ore, D and E: massive ore; F to H: the marginal zone,
I to L: microdioritic sills, and M to O: late carbonate + quartz veins, in the Koushk Zn-Pb Deposit. Abbreviations after
Whitney and Evans (2010) (Cal: calcite, Gn: galena, Gps: Gypsum, Lim: limonite, Lin: linarite, Py: pyrite, Sp: sphalerite,
Var: Simple variscite).
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Fig. 4. A to F: Vein-type and disseminated mineralization of simple green variscite, and G to L: spiderweb green variscite
associated with white to light-green variscite, in the Koushk Zn-Pb Deposit. Abbreviations after Whitney and Evans
(2010) (Cal: calcite, Gps: gypsum, Hem: hematite, Phsd: phosphosiderite, Sp: sphalerite, Var: simple variscite, Var-Spw:
spiderweb variscite).
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of the Koushk Zn-Pb deposit. Abbreviations after Whitney and Evans (2010) (Cal: calcite, Dol: dolomite, Phsd:

phosphosiderite, Var: simple variscite).

305 (S LT 51 p slaca i 5 Calies sla SIS
S Ll 53 e slazlzn ol (1) 50 sla JS2)
G 2 (Koo GGl L 0T (K38 oS 5 ) a5l
(Fritsch et al., 2019) ol,Ken 5 i p v g oSl
23378 ) G A s LS s OLly Sacad o) b
gl Al (5 et Sl (6 Olgar Calites (slaldns 5>
33 Gobslme Olx O a5 )T s (b o
S1a8 s S ol blat bl euis SSedal e 0Ll slacad
Lol b ol ol o5 fileze 5o b5, Gloalw 4 6K,

S g o sl slaiab Lok

Qlﬂ‘)o_g’."‘“‘béf;"
Slaissel 4 by e Olaly slacab € LAY (S
)ojbﬂéu%)bcd;;ﬁjuﬂdhg;:ﬁ.ﬁ)b
MJ@QL&J‘)&);&TU&);H&MQ&)\}
S5 56 S Su s 53 e sdalie ¢Sy Dl o i

35Sy — sl sl shins 3 )50 55 gl p 5
S po3 3l (b 53 0 s K3 (S g 31 S p Gk
5 ol eSS sta T s w FE™? (gl iome (oS s
N rrl palie sl 5l iU Ll g o XMPA glag 120
Wil g S 33 il Syl Yzl 5 sk 5 25 S
Ladises 41 o 1 () 28 5 dbar Sl & el ol o
Lol el s SIS S e (e IT e
Sy 3 s 4 4 o8 Lol tzn K556 i L &K
Diaz-) 1u8’ o by 2151 (555 elisb oo bslonn 2 £
CoS s ls b s 5o s SIS ol (Acha et al., 2022
b B olimme (ST bl 5 o) s 4 Sl S
SEDS 5 SEM-BSE I slitl b W a3 G35 _sui 5
e 53 1y sdby0 s Slab sl Linpllis ¢ 55 XRD
LS 5 O g OIS dalind ol ol sbolgs
won b glis <5 3l sn ol oled 3 (plple il LSGT
K 4 26 1S el by e sl SIS S S 3

DOI: 10.22067/econg.2026.1173

Y e_)u AA 093 AF cé.\l.a:é‘ wuw,


https://doi.org/10.22067/econg.2026.1173

...()}3[_)l:.wD&;gﬁ}‘5}))@\{))&:&‘)‘3@15&)&)&‘% O\)K&A)w

EM™) o Sas e Sl 0O+ 5 OFF (FYY 5> 55 zaS LSy 5o 5 Gl (€M) o S e Sl Vo ¥Y 550 o
038 O lie i 1S Gla_plaiyl s 4 Ken &S 503 5505 M) o sSan o SLw YDA 5 FYF 550> 45 S s
CSs ke 5 Sy 03,8 Gdna 3lse 53 (POs) Slis gl Sl 5 o3l 5w Slal Sy g 55 5,03 3 55

((Frost et al., 2004; Onac et al., 2004) tzwa 3385 Sdd o de (L b &, rf Sl ) Sslo

S b Sy a5 Sl €M) o Sre e Sl VoYY 550

sl b das e sl glac Sl i BF cglaY eKwils 055 L Lo o (slacaS s yls 51 o sSmn s ,Son (sl sai [ B A S
PEN 5ol bl gl 5l fod b las o 55t )b laeSu sl M B e S 515 51 (5 2 55 (slvailaie 5505 5 ol (Gla0) sl
Whitney and ) 5isl 5 s 51 s S )l o3 WS sS 5 695 HLlS 55 e Gl e b das e T S sl S s
Phsd cos o Py « JT 5150 :0M (cslan tHeM syl Ep e S :Cal J st AAMP) Cil 0d—s L3l (Evans, 2010

(55K 31 ES s VAr-SPW cosle oS 15 Var o :Shl (5,18 :Q7 oy 5id

Fig. 6. A to E: Microscopic images of variscite associated with stratiform ore zone, F to I: simple variscite related to black
shales and siltstones, showing zoning in some crystals, J to M: spiderweb variscite associated with black shales and
siltstones, N to P: bluish-green variscite related to dioritic sills in the Koushk Zn—Pb deposit. Abbreviations after Whitney
and Evans (2010) (Amp: amphibole, Cal: calcite, Ep: epidote, Hem: hematite, Om: organic matter, Py: pyrite, Phsd:
phosphosiderite, Qz: quartz, Shl: shale, Var: simple variscite, Var-Spw: spiderweb variscite).
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Fig. 7. A to H: Fe-SEM and EDS images of variscites associated with the stratiform ore zone in the Koushk Zn-Pb
deposit. Abbreviations after Whitney and Evans (2010) (Py: pyrite, Shl: shale, Var: simple variscite).
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Fig. 8. A to N: X-ray elemental distribution maps of variscites associated with the stratiform ore zone in the Koushk Zn—
Pb deposit
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Fig. 9. Ato G: FE-SEM and EDS images of variscites associated with the marginal ore zone in the Koushk Zn—Pb deposit.
Abbreviations after Whitney and Evans (2010) (Ap: apatite, Phsd: phosphosiderite, Var: simple variscite.
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Fig. 10. X-ray diffraction results of deep-green simple variscites in non-mineralized Zn—Pb shales associated with the
marginal zone of the Koushk Zn-Pb deposit
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Fig. 11. X-ray elemental microprobe (XPMA) results on deep-green variscite from the Koushk Zn—Pb deposit
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Fig. 12. Raman spectra of A: spider-web green variscites samples from the Koushk Zn-Pb deposit, over the 100-4000 cm"
! spectral Range, B: Simple green variscites, over the 400-2000 cm™ spectral Range, and C: Light-green to white
variscites, over the 400-2000 cm spectral range, in the Koushk Zn-Pb Deposit
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Fig. 13. Cabochon-cut variscite samples from the Koushk Zn-Pb deposit. A: light blue-green variscite with black shale
veins (3.5 cm long), B: pure light-green variscite (4 cm long), C: dark-green variscite with dark veins (1.8 cm long), and
D: stones with a spider-web pattern (3.1 cm long). Photographs B to D from Rahimzadeh et al. (2022)
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Table 1. Gemological comparison of variscite from the Koushk Zn-Pb deposit and Western Australian variscite (Willing

etal., 2008; Rahimzadeh et al., 2022)

Physical data

Koushk Mine

Western Australia

Crystallization system

Orthorhombic

Orthorhombic

Color Light bluish-green Light bluish-green
Streak White White
Luster Oily Waxy; takes a high polish
Transparency Opaque Opagque to translucent
Refractive Index 1.582 (Spot) 1.570 to 1.582
Hardness 35t045 ~5
Specific Gravity 257 2.49 to 2.55
Cleavage - -
Fracture Splintery Uneven
Eluoresc LW Very weak Inert

SW Jinert Inert
Weight 38.28 ct Unknown
CF Inert Grey to pale
Microscopic features Clay, quartz, iron oxiders Gold mcluspns. I\/Ia_trlx. clay, quartz,

iron oxides.

Similar Minerals

Chrysocolla, Chrysoprase, Turquoise
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Table 2. XRF analytical results for variscite samples of different colors associated with the marginal zone in the koushk

Zn-Pb deposit

NO WS-1 WS-2 WS-3 WS4 WS-5 WS-6 WS-7 WS-8 WSs-9 WS-10
Light-green
Sample Lanarenvarseiteassoied CERER I SRR e socited
with black shale shale with black shale with
microdiorite
Major elements (wt.%)
Si02 1.497 0.316 0.887 0.836 0.078 4.708 7.148 5413 2.142 2.46
Al203 28.21 28.763 28.012 27.936 28.903 27.807 23.857 24.222 27.304 25.166
CaO 0.343 0.111 0.07 1111 0.04 0.141 2.2 1.385 0.635 2.246
Na20 nd nd nd 0.046 nd 0.2 0.052  0.099 0.147 0.135
K20 0.021 0.025 0.016 0.015 0.039 0.293 0.04 0.025 0.023 0.444
P205 43.32 43.413 43.385 42.13 44.659 40.007 36.576 37.096  41.694 34.812
Fe203 0.647 0.399 1.258 0.203 0429 0.174 0152 0.98 0.466 0.247
MgO 0.053 0.079 0.078 0.067 0.087 0.045 0.041 0.051 0.022 0.035
MnO 0.019 nd 0.012 nd 0.013 nd nd nd 0.017 nd
TiO2 0.147 0.045 0.06 0.06 0.172 0.099 0.27 0.082 0.12 0.223
SO3 1602 1506 1.399 3191 1.088 2463 5476 5.352 2.968 7.167
L.O.I 2322 2455 2407 2396 2382 2267 2348 24.38 23.19 26.17
Al/P 065 0.66 0.64 0.66 0.64 0.69 0.96 0.65 0.65 0.72
Trace elements (ppm)
Cl 290 360 160 280 300 240 220 390 200 740
Sc 100 70 180 nd 50 nd nd 200 380 180
Y, 1560 730 2120 600 1270 2290 1060 1520 1820 1540
Cr 350 370 360 340 480 410 370 330 380 320
Ni 60 nd 30 50 30 40 nd 40 nd 30
Cu 3170 1390 850 1550 200 2280 1400 2190 2690 1190
Zn 3250 4780 3200 1430 3950 7720 1410 2150 5290 4660
Ga 130 110 140 80 150 140 140 120 170 120
Sr 30 nd 10 10 nd 270 20 100 40 20
Pb 200 90 400 110 90 310 110 2100 1290 90
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Table 3. XPMA spot-analysis results of deep green variscite associated with the marginal zone in the Koushk Zn-Pb
Deposit. The values are in percent.

Deep-green variscite associated with black shale

No ws-1 Wws-2 ws-3 ws-4 ws-5 WSs-6 ws-7 ws-8 ws-9 ws-10
Major elements(wt.%)
SiO2 ND ND ND 0.36 0.63 0.18 ND ND 0.41 0.39

Al203 33.87 33.65 34.12 33.09 335 33.65 34.62 32.75 34.31 33.67
P205 44.01 42.68 42.81 41.68 39.88 42.92 40.42 44.75 38.79 40.77

Fe203 0.23 0.24 0.13 0.13 0.2 0.27 0.18 0.14 0.23 0.42
TiO2 0.86 1 0.33 0.56 1.04 0.63 0.65 0.67 0.78 0.74
CaO 0.14 0.09 0.07 0.12 0.13 0.09 0.12 0.12 0.1 0.14
K20 0.21 0.2 0.13 0.13 0.16 0.18 0.13 0.15 0.16 0.16
V205 1.04 1.03 0.57 0.8 1.02 0.84 0.74 0.83 0.91 0.67

Cr203 0.19 0.05 0.08 0.18 0.09 0.13 0.09 0.16 0.14 0.17
SO3 0.84 0.47 0.46 0.77 0.85 0.95 0.57 0.71 0.58 0.75
Cl 0.29 0.26 0.18 ND 0.26 0.23 0.23 0.19 0.27 0.26
Zn0O 0.24 0.25 0.14 0.17 0.2 0.19 0.27 0.16 0.17 0.18

S ST 5 655 SIS 53 LSy Ctlien (sla i b a3 10 O gy ) 4 ol (Sinen s 5 8 J90
Table 4. Pearson correlation coefficients of elements related to different generations of variscite in the Kushk Zn-Pb
deposit
SiO2 AI203 CaO Na20 K20 P205 Fe203 MgO MnO Ti02 SO3 V Cr Ni Cu Zn Pb

Si02 1.00
AI203 -0.83 1.00

CaO 0.60 -0.88 1.00

Na20 0.51 -0.36 0.29 1.00

K20 0.19 -0.24 0.37 0.64 1.00

P205 -0.76 0.92 -0.89 -0.58 -0.59 1.00
Fe203 -0.18 0.05 -0.33 -0.35 -0.41 0.25 1.00

MgO -0.59 058 -0.56 -0.76 -0.41 0.66 0.30 1.00

MnO -0.35 0.30 -0.33 -0.06 -0.20 0.38 0.09 0.23 1.00

TiO2 046 -054 064 011 036 -054 -0.44 -0.43 0.04 1.00

SO3 0.63 -0.90 095 0.49 0.53 -097 -0.26 -0.63 -0.32 0.54 1.00

V 020 0.01 -0.27 050 0.34 -0.07 0.39 -0.33 0.13 -0.03 -0.08 1.00

Cr -021 049 -056 -0.11 -0.14 052 -0.19 0.38 0.72 0.10 -0.57 0.12 1.00

Ni -0.16 0.19 -0.14 -0.05 0.12 0.12 0.20 0.18 -0.35 -0.21 -0.11 0.16 -0.17 1.00

Cu 0.28 -0.09 -0.02 0.38 -0.06 -0.09 0.00 -0.62 -0.51 -0.14 0.03 0.26 -0.38 0.23 1.00

Zn -0.12 038 -0.44 057 054 011 -0.22 -0.21 0.17 -0.15 -0.24 0.58 0.37 -0.12 0.18 1.00

Pb 035 -041 009 035 -0.24 -0.25 0.49 -0.36 0.09 -0.27 0.24 0.29 -0.25 -0.02 0.41 -0.08 1.00
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Table 5. Statistical parameters of the analyzed variscites, Kushk Zn-Pb deposit

Mean Confidence Confidence Median Minimum Maximum Variance Std.Dev. Standard Skewness Std.Err. Kurtosis Std.Err.

Si02 255 0.83 4.27 182 0.08 7.15 579 241 076 094 069 -032 133
Al20327.02 25.67 2836 2787 2386 2890 353 18 059 -092 069 -086 1.33
CaO 083 021 1.45 049 0.04 2.25 075 087 027 083 069 -086 1.33
Na20 0.07 0.02 0.12 0.05 0.00 0.20 001 007 002 066 069 -093 133
K20 0.09 -0.01 0.20 0.03 0.02 0.44 002 015 005 201 069 304 133
P205 40.71 38.26 4316 4191 3481 4466 11.70 342 108 -070 069 -1.04 133
Fe203 0.50 0.23 0.76 041 0.15 1.26 014 037 0.12 124 069 074 133
MgO 0.06 0.04 0.07 0.05 0.02 0.09 000 002 001 004 069 -109 133
Tio2 0.13  0.07 0.18 0.11  0.05 0.27 001 008 002 083 069 -028 1.33
SO3 322 173 4.72 272 1.09 7.17 436 209 066 087 069 -048 133
L.O.I 2395 23.26 2465 2389 2267 2617 094 097 031 124 069 250 133
Cl 003 0.02 0.04 0.03 0.02 0.07 000 002 001 216 069 552 133
Sc 1021 -1286 3328 001 0.00 102.00 1040.14 3225 1020 3.16 0.69 10.00 1.33
vV 015 011 0.18 0.15 0.06 0.23 000 006 002 -009 069 -073 133
Cr 004 0.03 0.04 0.04 0.03 0.05 0.00 0.00 0.00 156 069 299 133
Ni  0.00 0.00 0.00 0.00 0.00 0.01 000 000 000 -026 069 -110 1.33
Cu 017 011 0.23 0.15 0.02 0.32 001 009 003 009 069 -038 133
Zn 038 024 0.52 036 0.14 0.77 004 019 006 066 069 050 133
Ga 001 001 0.01 001 o0.01 0.02 000 000 000 -057 069 123 133
Sr 0.01 0.00 0.01 0.00 0.00 0.03 000 001 000 255 069 677 133
Pb 0.05 0.00 0.10 002 0.01 0.21 000 007 002 201 069 340 133
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Fig. 14. A to S: Correlation diagrams of elements in variscites of different colors from the Koushk Pb—Zn deposit
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Table 6. ICP-MS results of major and trace element contents of variscite ore at the Koushk Zn-Pb deposit

NO Dark-green variscite associated with black shale Light-green variscite associated with black shale
Element WS11 WS12 WS13 WS14 WS15 WS16
Majore elemente
Al >10% 77231 72128 77697 85414 >10%
P >3% >3% >3% >3% >3% >3%
Ca 22502 23745 17957 878 525 2711
Ti 157 480 158 117 121 101
Fe 1122 1061 1015 657 1010 1213
Ma <100 <100 <100 <100 <100 <100
Mn 12 14 16 5 12 14
K <100 <100 <100 <100 <100 <100
Na <100 <100 <100 <100 <100 <100
Trace elemente
As 5.4 5.9 5.7 1.6 2.9 2.1
Co 4.3 4.6 3.6 4.6 3.9 51
Cr 245 112 117 89 108 135
Cu 2099 1111 728 261 639 448
Ni 24 12 11 8 9 10
S 14709 15426 11950 747 489 2930
Cs <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Rb <1 <1 <1 <1 <1 <1
Ba 96 87 26 11 20 1152
Th 0.3 1.3 0.8 0.1 0.3 1.2
U 4.6 3.2 2.7 0.6 0.8 3.6
Nb 3.7 4.6 3.9 3.6 4.1 4.2
Ta 0.2 0.2 0.1 0.1 0.2 0.2
Sr 121.8 392.3 138.6 11.7 6 151.8
Hf 0.8 1 0.8 0.8 0.9 0.9
Zr <5 9 7 <5 <5 <5
V 600 427 777 160 248 265
Rare Earth Elements
La 7 25 8 2 1 49
Ce 7 41 10 3 1 34
Pr 1.33 5.86 2.37 0.58 0.39 6.3
Nd 5.8 20.8 9.8 3.8 3.1 18.4
Sm 0.8 2.4 1.3 0.5 0.5 2.3
Eu <0.1 0.19 <0.1 <0.1 <0.1 0.43
Gd 0.42 1.49 0.64 0.19 0.17 1.56
Tb 0.1 0.2 0.1 <0.1 <0.1 0.3
Dv 0.5 0.9 0.7 0.5 0.5 1.3
Er 0.1 0.2 0.2 0.1 0.1 0.4
Tm 0.1 0.1 0.1 0.1 0.1 0.2
Yb <0.05 <0.05 0.15 <0.05 <0.05 0.09
Lu <0.1 <0.1 0.1 <0.1 <0.1 <0.1
Y 1.2 2.1 1.9 0.7 0.7 3.3
(La/Yb)n 94.39 337.1 35.96 26.97 13.48 367.06
(La/Sm)n 55 6.55 3.87 2.52 1.26 134
(CelYb)n 36.21 212.1 17.24 15.52 5.17 97.72
(Ce/Sm)n 211 412 1.86 1.45 0.48 3.57
(Eu/Yb)n 5.69 10.81 1.9 5.69 5.69 13.59
Eu/Eu* 0.53 0.31 0.34 0.99 1.05 0.69
Ce/Ce* 0.55 0.82 0.55 0.67 0.39 0.47
>REE 234 98.29 33.56 11.12 7.21 114.38
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Fig. 16. Variation diagrams in variscite ores at Koushk Zn-Pb deposit. A: P,Os-REE+Y (Marchig et al., 1982; Al-bassam
and Magna, 2018), B: Al,Os-Eu/Eu*chondrite (Lawrence et al., 2006), C: chondrite normalized REE+Y patterns
(Boynton, 1985), and D: chondrite normalized Trace elements patterns upper continental crust (Taylor and McLennan,

1995)
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Fig. 17. Fluid inclusions of the Quartz and calcite mineral associated with variscite mineralization horizons in the Koushk
Zn-Pb deposit. A: three-phase inclusions (LVS), Liquid-rich two-phase inclusions (LV), B to D: Two-phase inclusions
with clathrat, E to H: double-phase liquid inclusions (LV), and one-phase liquid inclusions and one-phase vapor

inclusions, I: mono-phase vapor inclusions (V)
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Table 7. Microthermometric data of fluid inclusions of Quartz and calcite mineral associated with variscite mineralization

horizons in the Koushk Zn-Pb deposit

No sample
1 kh-2
2  kh-2
3  kh-2
4 kh-2
5 kh-2
6 kh-2
7  kh-2
8 kh-2
9 kh-2

10 kh-2

11  kh-2

12 kh-2

13 kh-2

14 kh-2

15 kh-2

16  kh-2

17  kh-2

18 kh-2

19 kh-2

20 kh-2

23 1-WS

24  1-WS

25 1-WS

26 1-WS

27 1-WS

28 1-WS

29 1-WS

30 1-WsS

31 1-WS

32 1-WS

33 1-WS

Rock
type

Qz
Qz
Qz

Qz

Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Qz
Cal
Cal
Cal
Cal
Cal
Cal

Cal

Cal
Cal
Cal
Cal

fluid
inclusion type

T T T T T T T T T T T T T T T T ©«T” ©™” T T T ©T”™ ©T™ ©T” T T ©wsi ©T© ©T T ©

phase

L-V
Li+Lo+V
L-V

L-V

L-V
L-V
L-V
L-V
L-V
L-V
Li+Lo+V
L-V
L-V
L-V
Li+Lo+V
L-V
L-V
Li+Lo+V
L-V
L-V
L-V
L-V
L-V
L-V
L-V
L-V
L-V
L-V
L-V
L-V
L-V

Tutec

-33.7

-30.4

Tice

-10

11.00

-6.9
-11.2
-12.6

-9.2

-35
-6.1
-7.8

-10
-12.4

-3.9
-7.5
-12
-13.5
-14.6
-14.9
-12.6
-16

12.00
-14.2
-16.4
-11.2
-14.3

salinity Th V-I
7.11 219
0.00 244

13.38 188
1423 180
11.41 222
10.18 260
14.39 191
1541 240
6.41 278
1263 310
0.00 340
5.69 270
9.21 241
11.19 236
0.00 247.00
1338 268
1528 315
0.00 245
6.27 229
10.86 162
1596 146
17.34 165
18.30 170
1855 136
16.53 153
19.45 110
1596 193
1796 153
19.76 116
15.17 146
18.04 138.0

Tm-

CO2(°C) CLATH(°C)

-52

-55

-59

Tm-

9.5

6.8

Density

0.85
0.78
0.98

0.97

0.92
0.9
0.95
0.92
0.78
0.82
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EXTENDED ABSTRACT

Introduction

The Lut Block in the eastern Iran represents one of
the most important metallogenic provinces of the
Iranian Plateau and hosts numerous porphyry and
epithermal mineral systems formed during extensive
Eocene- Oligocene magmatic activity (Sillitoe, 2010;
Richards, 2015). Hydrothermal gold mineralization
in this region is commonly associated with volcanic—
subvolcanic complexes and structurally controlled
fluid pathways. The Kaviran prospect, located the
northwest of Dehsalm in the central Lut Block,
exhibits  widespread hydrothermal  alteration,
silicification, pyritization, and gold-bearing quartz
veins. Despite its exploration significance, the ore-
forming processes and physicochemical evolution of
the hydrothermal system have not been fully
constrained.

The present study integrates field geology,
petrography, alteration mineralogy, XRD Analysis,
geochemical investigations, and fluid inclusion
microthermometry to characterize the mineralization
system and determine the genetic relationship among
hydrothermal alteration, ore deposit, and magmatic
activity.

Materials and Methods

Geological mapping and detailed field investigations
were conducted throughout the prospect area.
Representative samples were collected from
mineralized veins, alteration zones, and host rocks
for petrographic and mineralogical studies. X-ray
diffraction (XRD) Analysis were carried out to
identify alteration minerals, particularly within
advanced argillic assemblages. Geochemical data
were evaluated to investigate metal associations and
element  distribution  patterns. In  addition,
microthermometric measurements were performed
on primary fluid inclusions hosted by quartz and
calcite to estimate the temperature, salinity, and
evolution of ore-forming fluids following the
procedures described by Bodnar et al., 2014.

Results
Hydrothermal alteration in the Kaviran prospect
comprises silicic, advanced argillic, argillic,

sericitic—carbonate, and propylitic assemblages. The
alteration pattern is characterized by intensely
silicified cores surrounded by progressively weaker
alteration zones. Field observations revealed the

occurrence of wvuggy silica, one of the most
diagnostic features of high-sulfidation systems
(Sillitoe and Hedenquist, 2003; Arribas, 1995).
Furthermore, XRD Analysis confirmed the presence
of pyrophyllite within the advanced argillic zone,
indicating alteration under acidic hydrothermal
conditions.

Mineralization occurs as veins, veinlets, stockworks,
and disseminations. Pyrite is the dominant sulfide
mineral and is accompanied by chalcopyrite and
bornite. Secondary minerals include hematite,
goethite, and covellite. Extensive pyritization and
silicification are closely associated with gold-bearing
structures and hydrothermal alteration zones.
Geochemical investigations indicate significant Au
enrichment associated with Cu, Ag, Mo, Pb, Zn, and
As anomalies. Positive correlations among Au, Cu,
and Mo suggest a contribution from magmatic-
hydrothermal fluids and imply a possible genetic link
to a deeper porphyry system.

Microthermometric studies of 168 primary fluid
inclusions revealed homogenization temperatures
ranging from 112 to 320°C and salinities between
1.74 and 23.1 wt.% NaCl equivalent. Coexistence of
liquid-rich inclusions (LV), vapor-rich inclusions
(VL), and vapor-only inclusions (V) provides strong
evidence for fluid boiling during ore formation. The
distribution of temperature and salinity data suggests
mixing between magmatic and meteoric fluids
during hydrothermal evolution.

Discussion
Several geological and mineralogical features
support the interpretation of the Kaviran

hydrothermal system as a high-sulfidation deposit.
These features include advanced argillic alteration,
widespread silicification, the occurrence of vuggy
silica, the presence of pyrophyllite, and extensive
pyritization. Such features are widely recognized as
characteristic  indicators  of  high-sulfidation
environments generated by acidic magmatic fluids
above shallow intrusive centers (Hedenquist et al.,
2000; Sillitoe and Hedenquist, 2003; Simmons et al.,
2005).

Fluid inclusion data indicate that ore mineralization
occurred in a shallow hydrothermal environment at
relatively low pressures. The coexistence of vapor-
rich and liquid-rich inclusions demonstrates that
boiling played a significant role in destabilizing
metal complexes and triggering gold precipitation.
Boiling is considered an effective mechanism for
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precious-metal deposition in epithermal systems
(Bodnar et al., 2014., Moncada et al., 2012).

Mixing between ascending magmatic fluids and
cooler meteoric waters appears to have been another
important factor controlling mineralization. Dilution
of hydrothermal fluids likely caused changes in fluid
chemistry, temperature, and sulfur activity, thereby
enhancing metal deposition. Similar processes have
been documented in numerous epithermal systems
worldwide (Rottier et al., 2021; Yasami et al., 2025).
The geochemical association of Au with Cu and Mo,
together with the presence of dioritic to quartz
monzodioritic porphyry intrusions, suggests that the
Kaviran hydrothermal system may represent the
upper expression of a larger magmatic-hydrothermal
complex. High-sulfidation epithermal deposits
commonly occur above porphyry systems and may
constitute their shallow-level equivalents (Sillitoe,
2010; Richards, 2015). Therefore, the possibility of
a concealed porphyry center beneath the prospect
should be considered in future exploration programs.

Conclusions
Integrated geological, mineralogical, geochemical,

XRD, and fluid inclusion evidences indicates that the
Kaviran prospect represents a high-sulfidation gold
system developed in association with the Eocene
magmatism in the central Lut Block. Advanced
argillic alteration, vuggy silica, pyrophyllite-bearing
assemblages, intense silicification, and widespread
pyritization collectively support this interpretation.
Fluid inclusion studies reveal that ore-forming fluid
have temperatures of 112-320°C and salinities of
1.74-23.1 wt.% NaCl equivalent, indicating the
involvement of low- to moderate-salinity
hydrothermal fluids. Boiling has caused a drop in
pressure and reduced solubility or instability of
metal-bearing complexes such as gold, and fluid
mixing can cause changes in fluid chemistry or
changes in sulfur fugacity. The association of Au
with Cu and Mo anomalies further suggests a
probable genetic linkage between the high-
sulfidation mineralization and a concealed porphyry
system at depth. Consequently, the Kaviran prospect
represents a promising exploration target for both
high-sulfidation gold and porphyry-style
mineralization within the central Lut Block.
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Fig. 2. Geological map of the Kaviran prospect area
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Fig. 3. Alteration map of the Kaviran prospect area
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Fig. 4. Photomicrographs of A: Biotite-Hornblende Granodiorite (E%®) unit, B: Pyroxene-Andesite (E%) unit, C:
Hornblende-Pyroxene-Diorite Porphyry (E') unit, D: secondary minerals of chlorite, sericite and calcium carbonate.
intense propylitic, E: quartz particles and view of silica matrix, and F: plagioclase macrocrystals altered to sericite, in the
Kaviran prospect area. Abbreviations after Whitney and Evans (2010) (PI: plagioclase, Hbl: hornblende, Px: Pyroxene,
Cal: Calcite, Qz: Quartz, Ser: Sericite, Afs: Alkali feldspar, Chl: Chlorite; Bt: Biotite).
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Fig. 5. Field images of A: mineralized silica vein, B: silica patch, C and D: iron oxide (hematite, limonite, and goethite)

in the Kaviran prospect area
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Fig. 6. Photomicrographs of A: an automorphic pyrite crystal with remnants of chalcopyrite replacing into covellite, B:
an amorphous pyrite crystal with hematite needles, C: an amorphous and disseminated bornite crystal, and D: a view of
a bornite crystal decomposing into goethite, in the Kaviran prospect area. Abbreviations after Whitney and Evans (2010)
(Bn: bornite, Ccp: chalcopyrite, Py: pyrite, Cv: covellite, Hem: hematite, Gth: goethite).
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Fig. 7. Mineralization map and Au assay from samples of the Kaviran prospect area
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Table 1. Results of Au, Ag, As, Cu, Mo, Pb, S and Zn from chip composite samples of the Kaviran prospect area (Au is
ppb and other elements are ppm)

Sample Au Ag As Cu Mo Pb S Zn
B81 8100 14 95 73 7 142 8154 250
B119 4680 153 203 30 282 90 26732 532
B12 4070 51 123 211 27 298 19668 960
B97 3400 5 30 18 4 10 730 50
B72 3350 5 152 14 4 12 5200 49
B87 2810 8 175 4 6 17 12132 264
B89 2450 73 115 28 30 116 7663 275
B99 1810 1 350 22 2 111 8851 418
B84 1755 38 48 12 20 18 3488 176

B91 1660 33 397 226 20 930 35000 2852
B94 1620 1 32 16 2 6 1969 24
B68 980 8 17 20 6 6 1048 22
B80 954 0 12 6 1 8 1859 86
B47 817 2 21 8 3 58 2917 171
B100 780 7 63 16 4 44 12726 160
B78 625 0 34 5 1 22 1247 388
B85 610 1 43 2 1 7 21514 48
B106 535 2 159 20 2 26 20328 104
B88 515 3 310 4 3 13 8195 120
B93 512 1 16 16 2 8 3986 39
B43 476 1 22 6 2 11 3297 117
Bl 425 1 532 18 2 76 35000 118
B79 398 1 33 18 1 64 5056 427
B92 368 5 179 19 3 68 26740 309
B107 319 13 477 12 7 66 35000 306
B77 274 1 103 11 2 19 11082 475
B3 270 13 253 8 7 26 16776 216
B121 240 2 51 10 2 62 16997 162
B109 237 4 15 5 3 5 5012 28
B102 220 3 273 19 3 34 15164 804
B15 220 45 1003 19 26 444 >40000 2329
B90 217 5 97 13 4 20 17246 237
B101 210 1 98 14 1 26 18370 138
B111 148 5 15 5 4 6 9760 21
B86 144 1 33 10 2 186 9196 621
B66 115 1 109 9 2 25 19642 46
B103 102 1 144 14 1 13 17120 65
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Table 2. Elemental correlation coefficient from chip composite samples of the Kaviran prospect area (Correlation
coefficients were calculated using Pearson’s correlation method based on elemental concentration data)

Au Ag As Cu Mo Pb S Zn

Au 1.00
Ag 0.56 1.00
As 0.13 0.28 1.00
Cu 0.41 0.33 0.20 1.00
Mo 0.44 0.90 0.15 0.14 1.00
Pb 0.31 0.39 0.48 0.75 0.17 1.00

S 0.01 0.17 0.29 0.13 0.14 0.25 1.00
Zn 0.24 0.41 0.55 0.62 0.22 0.93 0.27 1.00
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Table 3. Microthermometric data of primary fluid inclusions (P) of quartz and calcite mineral associated with

mineralization in the Kaviran prospect area

Sample No.  Fluid inclusion type ~ Number  Size (um) Tm (C°) Tm (C°) salinity (wt.%0)
P-4-Qz LV-LVS 13 5-15 169-287 -1to-7 1.7-10.3
P-4/1-Qz LV-VL 8 5-10 120-220 -15t0-5 2.1-7.8
P-8-Qz LV 6 4-10 128-171 -1.3t0-3 2.2-4.9
P-13-Qz LV 9 5-18 135-265 -1.6t0-8.2 2.7-11.6
P-21-Qz LV-VL 6 5-15 117-284 -1.3t0-4.9 2.2-7.7
P-22-Qz LV 7 4-10 114-195 -1t0-3.8 1.7-6.1
P-25-Qz LV 9 5-10 124-174 -1.6t0-5.1 2.2-7.9
P-26-Qz LV 8 5-15 117-250 -1t0-4.2 1.0-6.7
P-34-Qz LV 5 5-10 115-164 -1.3t0-3.6 2.2-4.8
P-36-Qz LV 14 5-10 121-291 -1.71t0-6.8 2.2-10.1
P-50-Qz LV 6 5-25 193-320 -2.1t0-6.2 3.5-9.3
P-84-Qz LV 4 5-15 112-155 -1.4t0-2.1 2.4-35
P-87-Qz LV-LVS 4 5-10 123-198 -1.5t0-3.1 2.5-5.1
P-94-Qz LV 5 5-15 135-215 -1.6t0-3.9 2.7-6.3
P-15-Qz LV 10 5-15 210-230 -18t0 -19 21-21.7
P-19-Qz LV 9 5-15 212-230 -20t0-21.1 22.6-23.1
P-14-Cal LV 14 5-10 214-242 -11.2t0 -12.2 15.2-16.3
P-15-Cal LV 15 5-15 214-252 -11.7 to -19.3 15.7-16.1
P-9-Cal LV-VL 16 5-15 194-310 -4t0-11.2 6.4-14.4
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Fig. 8. the microscopic images in the Kaviran prospect area A: Three-phase (LVS) in quartz, B: two—phase vapor (VL)
in calcite, C: single-phase vapor with liquid (LV, V) in quartz, and D: two—phase liquid (LV) in quartz
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curve. Filled dark line shows the three-phase boundary, L+ V + H, for the system NaCIl-KCI-H,0 with Na/K in solution
fixed by equilibration with albite and K-feldspar at the indicated temperatures.
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EXTENDED ABSTRACT

Introduction

In this research, the role some post sulfide ore
structural systems on the formation and development
of some secondary ore formation features at the
Kushk ore deposit is investigated. The relationships
between structural factors and mineralization have
been the subject of debate in the past (Kutina, 1983;
Mirzababaei., 2011; Mirzababaei et al.,, 2016;
Karimpour and Sadeghi., 2018; Karimpour et al.,
2019). The Kushk Zn-Pb ore deposit, located in
central Iranian tectono-magmatic zone, 160 Km east
of Yazd city, is one of the world class base metals ore
systems. There is a general consensus concerning the
typology of the ore system generation, with the
exception of some differences. With this framework,
however, the structural framework of the Kushk ore
deposit is still open to investigate. This research
makes a case for re-examining the structural
reactivations and importance of post mineralization
structural factors in generation of some supergene
mineral phases at the Kushk ore system in the context
of regional tectonics through post-mineralization
deformation history to formation of post
mineralization secondary mineral phases.

Materials and methods

The geological report of the Rio Tinto company
(RTZ, 1972) was the basic structural report of the
Kushk area which is limited to the ore bodies. Since
2020, the stratigraphical and structural investigations
were operated at the department of geology of the
Kushk mine. The investigations discussed carried out
on structural elements of the area as dip and strike
measurements, continuity of fault systems,
intersecting with stratigraphical units. The data
interpretation was carried out in Arc GIS and
Leapfrog software. Following the structural
interpretations, selected samples from the newly
formed mineralogical phases on fault surfaces were
taken to laboratories. 19 Representative samples
were taken to analyze by XRD at the Kansaran
Binaloud research group. XRD methodology was
carried out and the instrument was equipped with a
voltage of 40 kv and a nickel filament. Similarly, 5
representative samples were selected to take SEM
photomicrographs at the geological survey of Iran.
SEM was performed using ZEISS system equipped
with an accelerating voltage of 25 kv. Moreover, we

also used some thin polished sections formerly
prepared for investigation of the ore bodies
occurrences in both layered and massive parts of the
Kushk ore system.

Results and discussion

Structural analysis of the field-based investigation
provides a method of assessing the structural
significance in metallogeny. Structural features (all
groups of pre-, syn-, and post-mineralization faults),
in the Kushk Zn-Pb ore deposit in central Iran, have
not been systematically investigated and the role of
post-sulfide structural reactivation remains poorly
understood. The main aims of this paper are to: 1)
drawing a structural framework for the Kushk ore
deposit; 2) investigate the role of post-sulfide
structural factors in remobilization of elements from
the hypogene ore to the structure bound supergene
environment and 3) characterize the mineralogical
features of the structurally controlled supergene
mineral phases. In general, structural factors of the
Kushk Zn-Pb ore deposit can be classifieds into three
main categories: 1) faults formed prior to the
development of the mineralization basin, 2) deep-
rooted syn-mineralization fault systems, and 3) post
sulfide mineralization fault systems. Except for a few
cases (and just in theoretical models), almost all the
structural factors debated in that Kushk Zn-Pb ore
deposit, fall into the post mineralization category.
The first structural groups are those coincided with
the Pan African compressive tectonic regime. This
orogeny was one of the most important tectonic
processes affected the central Iranian litho-tectonic
zone in the upper Neoproterozoic. On theoretical
map of paleo-tectonics of Iran, Nadimi (2007), offers
a tentative explanation of the large-scale geological
processes responsible for the development of
compressional environments. We believe, based on
this research, that the pre-mineralization faults are
connected to paleo-structural zones formed during
the Pan African orogeny that lately, by contrast,
ruptured and formed syn-mineralization faulted
environment in younger tensional environments. The
second group of faults, formed presumably, a fertile
metallogenic environment for Zn-Pb sulfide
mineralization in the Kushk ore deposit. Sulfide ore
minerals in the Kushk ore deposit, volumetrically,
include pyrite, sphalerite and galena. Theoretical
modelling of these structures is given in Rajabi et al
(2020). The third group of The third group comprises
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fault systems and faulted zones which are
characterized by structural discontinuities within the
layered to massive sulfide ore bodies in the mine
blocks, structural displacement along the
stratigraphic units hosting the ore bodies and in the
overlying horizons, and the development of post-
sulfide mineral phases, including carbonates,
sulfates, phosphates, clays, oxides, and silica. The
formation of these minerals is enhanced with CO:
effervescence and degassing along the fault zones.
Rarely, post-ore sulfide mineralization is also
observed, represented by the formation of sphalerite
hosted by phosphate minerals.

Conclusion
The mechanisms involved in appearing and
formation of the post-mineralization faults in the

Kushk ore deposit are investigated in the context of
the regional structural geology of the study area.
These structures mainly comprise fault systems that
formed following the reactivation of stratigraphic
blocks during the main post-mineralization phase of
folding in the area. These structural forms resulted in
remobilization of the former mineral mass along
fault planes and the subsequent precipitation of
newly formed post-sulfide mineral phases including
carbonates, sulfates, phosphates, clays, oxides, silica
and locally, post-ore sulfide mineralization, within
low-pressure zones as veins, veinlets and open space
fillings. The structural assessment and mineral
chemistry of the newly formed minerals indicate that
CO: effervescence and degassing within low-
pressure zones along faults played a critical role in
the formation of post-sulfide mineral phases.
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Fig. 1. A: Location of the Posht e Badam block on the structural map on Iran (Aghanabati, 2004), B: Location of the
Kushk Zn-Pb ore deposit on the Posht e Badam block of the Central Iranian tectonomagmatic zone (Mirzababaei et al.,
2021), C: geological map of the area of the Kushk ore deposit (Mirzababaei, 2026), and D: the geological cross section
of the Keel-Kuh e Bozorg adjacent to the Kushk ore deposit (Mirzababaei, 2026)
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Fig. 2. A general view of the geology and hypogene mineralogical aspects of the Kushk ore deposit (Pahnu and north of
Zardu) including the volcano-sedimentary rock units and layered to massive sulfide mineralization (view to the southeast);
A: stratigraphy of the Kushk ore deposit including the host shale, siltstone, acidic tuff and the Rizu series dolomite, B:
Layered ore in underground mine tunnels, C: Pyrite bands of the layered ore, D: microscopic image of sulfide thin layers
in a calcareous shale host, E: general view of the massive ore overlaying the layered ore in open pit outcroppings (view

to the east), F: occurrence of pyritic and massive ore in open pit outcroppings (view to the east), and G: microscopic
image of irregular occurrences of sulfide minerals including pyrite and sphalerite in a shaly to calcareous host
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Fig. 3. A. Crustal scale geological framework of central Iranian tectono-magmatic zone from 610 Ma to 510 Ma (Nadimi,
2007), and B: Formation and development of the rift structure and development of the late Precambrian-Cambrian

stratigraphy in the Kushk volcano-sedimentary basin and formation of the normal faults as the primary structural factors
in the host mineralization basin

DOI: 10.22067/econg.2026.1169 Y oslad VA oy53 VB bl kit e

VFY


https://doi.org/10.22067/econg.2026.1169

6;,#6‘;1“&;“;“}6}))\“‘{)3L“M)&ftﬁ“%bﬁfﬂ)vﬁf@bgl{

OLen 5 SLLL e

(S S 8 Glalaome p Glate pulid e el Ko
g Ol b e Gladis, Lab o Sl oo b
23 s GBS @ T bs 5 () O it Gl B
ek 35 gm ge S0 sy 53 S (VL a5 Lol
(B-F JS8) (o0 56 5,508 s O35 4 s slao 5 25,5
-F JS8) ol T ol3alS slas, (C-F s olw S
3 E-F JS2) Sl S gl s ol aT el s D
o SB35 e adils 55 o 5 55 Loesdss edels
31 it 53 Oas w8 (YL s s 5 (F-F i)
S ol L) wlibaia Ot YU LG 55 5505 Canslss
Mirzababaei and ) 5 5" o ,Lsl (G-F JSCa (Kl 331 1
S S cpomen dalpd ol 2> (Hayatolgheyb, 2025
93 S g SKilS” S5 Sl gl S sl Il o35

ol e a0l b s O e oK

28 GolsLu (souss™ S gus™ s 50 adol 134l
g5 Ul Olwe (Sgw) 409>

055 6 eSa S LS 5o adgl sladd yun 15408 550 55
RTZ, 1972; Rajabi et ) ! sddplanil 6oL sla i
23 S dw g Y Lol iy L1560l (al, 2020
3 e Gaabis b Sl S Jd g ol o Ol S
Gl p3ens 4 dS ol o) Sl U e Sl ) I S
S35 LYL S Caw a9 3508 o0 0ud Sdao 03Ls
©s3lasl o188 ol 56 (o Sl b oo il S
A{U’_?.\Maab&:liﬂf).soji}gafg;_.a\&i;)ulsz
A e Sl )l 2eS Gl b at g glayl 5 &y s
03le (YL aS" 55 S pl 5 sd oo odalin e Sl Ve 5l i
S S i) 3 DL oy L e
BRI YOOI § g (A L) U PRS- K G5
b S p3ensa les g Sypo 4 ea s laY b oa
D oo odalin Sdae ol

Sy CoaSl s 0154871 Ol jen S slabs L
rn 33 BN e 5 S5 0lej 53 VL gl
Ole) dsb 5o LT 5l s sla 25 5 slhesS slajls
s plelis B AT 5 s S o 4 Bl e
ol el T PN PRy TSR LS;:fU"-U‘
FB 5L 5 o15415 03 guoen 53 3 93 g0 ol fpaa § Al 5
23 21508 Olejan slabst L ) o ol Bzl LG
Wile Lol oL (g, sty i S (505 51 QLS ol
53 T o a0 5 a sl o Sballs Glacy o 5l
Geoe bl L a0 ) opl Gllail ol jan 4y jase i slasluzl
S Sl S e )las s S ohs 4 s sy
I e 5 EilS O S e i s il
ol 0 0313 a5 Sy 5 JE Gl SIS s 5 e
3 () b g G Sl i e S (el ulie s
Ol a4l ol bl ) 5 (owlidiaia LUl vy G b
e (s gty 5 xE il L0 eSS LGl
Gl ol 6l 35 ey lro 8 53 Sl S 5
Sle Ltdu 3 Ladsly opl ol o)l 5 )5 sladls
b ddl ad o Gros i Gilate b o0 i 4 &S 40
5 33) Condss 5 53 sy Ll Ssline S LS
SLiS) glaldS 5 S Ol g a4 508 55 a5 (o)l
o) KL (Dehghani Tafti et al., 2023) Coul odi b ne
O 93 S Gl d g3 OT bl 5 &S Conl e
4o Al 55 6o 3, e s g el Sl
bodiial wlidaia oty Gllal Wlous LSCis 2
Caalbes 3zt ) 457 (6145 S ) ol 5 pgn 4 g nllidu
i Calinss (o 5 (635 KdlS Olizn Job SVU
Sl 53 5105 pimmas 5 SKuilS Oljae Jodi 0l g
53 5 ik calbain sladsly e 5l SSE BB o5 S
L e T

3 e (AT JS2) WL (fhe ) 45 Gros i 2 Gl

DOI: 10.22067/econg.2026.1169

VFY

Y a)L..i: AA 093 AF 0 cLSJL.a;;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1169

S5 01l oS S s 5y Sl 3 ba Ko 5 LS (slasigy b o o 5505 2155 OLSer 5 UL e

2
g

A 5
. N
¥
!

75

&

/
s

aa
Sample Minor Phase(s)
MI-XRD-494 Kaolinite (29-1488)
LAB: 18877 ARSI205(0OHM
te Muscovite - illite  (26-0911)
2 KAI2Si3AI0O10(0OH)2
Dolomite (36-0426)
CaMg(CO3)2

o b pliiatar slaoslust ) b &S S gy = SLiti T 4 g I by 150 41 o 5 (S35 EKdlST Ol jon 03 sukome Lo go 1A L ST
S 55 e 5 835 SdlS SV (255 S 53 oy S S & T Jd 5 (i s) oy s Sl S5 B sles 5 1 S sline
sz E (g5 S dgs 0dels 53 gl oaT slus, D B w,;ouf;@gwg}:;!XRD ans 1€ (O pdlas 4 45) b Ol
C_a:ﬁ}sjb &Yb 6“&‘).} J.iu\...:h Qu&w}KZG)}‘kJ C_‘:ﬁ}‘}}‘)é g_;“".’.}:i 6‘&4’;?‘;} ‘Jhdf) aals F 950 AL.:.&JS}J OJ.FL;‘): dlﬁ;u.h"—

(G Ao sr 443 55
Fig. 4. A: Location of the area hosting Zn-Pb ore as a part of the Kushk volcano-sedimentary basin characterized by
different stratigraphical facies, with respect to surrounding localities, B. Intense alteration of rhyolitic tuff converting to
clay minerals in rhyolitic horizons overlayed the shale hosted Zn-Pb ore (view to the northwest), C: XRD pattern of the
altered rhyolitic tuff in B, D: banded iron formation at the base of the Rizu dolomite, E: hydrothermal iron occurrence at

the base of the Rizu dolomite, F: pyrite grains, veins and veinlets within the Rizu dolomite, and G: intense karstification
in upper horizons of the Rizu dolomite (view to the southeast)
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Fig. 5. NW-SE section of the generalized stratigraphy of the Kushk Zn-Pb ore, as well as different parts of the ore deposit
(compiled from combination of stratigraphical field investigation, tunnel survey and exploratory boreholes)
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Fig. 6. The general appearance of the post-mineralization fault structures in the Kushk ore deposit; A: the location of the
main faults of the Kushk ore deposit, B: northern sector of the Kushk fault in the open pit, LC-dol horizon on the geology
map (view to the south), C: Kushk fault riddles in underground tunnels, UP-sh horizon on the geology map, D: Kushk
fault traces in underground tunnel 890 m, UP-sh horizon on the geology map, E: Zardu fault plane between Zardu and
Pahnu, LC-dol horizon on the geology map (view to the southeast), F: ripple type riddles on the Zardu fault plane, LC-
dol horizon on the geology map, G: a view of the Zardu fault in tunnel 845 level, UP-sh horizon on the geology map, H:
another view of the Zardu fault in the extraction 25 entrance, UP-sh horizon on the geology map, I: the Konj fault on the
Pahnu peak, LC-dol horizon on the geology map (view to the west), J: outcroppings of some parts of the Konj fault in the
Kushk open pit, LC-dol horizon on the geology map, and K: Konj fault riddles in the open pit mine, LC-dol horizon on
the geology map
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Fig. 7. The geometrical and spatial occurrences of the post-mineralization faults as well as the results of the faults
movements in ore bodies in the Kushk ore deposit (locations of the ore bodies mentioned, obtained from stratigraphy of
the ore deposit using drilled holes and tunnel survey, are given on the section of Fig. 5)
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Fig. 8. A: Outcroppings of the structure bound oxide zones in the western wall of the open pit of the Kushk mine (the
northern limit of the Kushk fault) (view to the south), B: a closer view of the oxidized zone adjacent to fault systems
developing in carbonate host rock, AND C: a closer view of jarosite occurrence
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Fig. 9. A. Iron carbonate in the form of siderite in veins related to Zardu fault in the Kushk ore deposit, B: Bladed form
siderite in a closer view, C: XRD pattern of siderite of the representative crystal analyzed, D: Open spaces in fault zones
in the Kushk underground mine, E: A closer view of smitsonite formation on preexisting rock fragments, F: Overgrowth
of smitsonite on separated fragments as cement connecting fragments in joints and fault related open spaces, and G: XRD

pattern of smithsonite of the representative crystal analyzed. Abbreviation after Warr (2021) and Whitney and Evans
(2010) (Sd: siderite, Cal: calcite, Car: carbonate, Py: pyrite, Qz: quartz, Smt: smithsonite).
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Fig. 10. A: Smithsonite occurrence in the shale and pyritic dolomite host in the Kushk ore deposit, B: a closer view of
smithsonite mineralization, C: association of smithsonite and gypsum, D: evident porosity reduction in the smithsonite
mineralization host, E: BSE image of Zn, Fe, and Mn carbonates mineralization, and F: EDS of carbonate minerals
investigated. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Smt: smithsonite; Gp: gypsum).
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Fig. 11. BSE image of cerussite occurrences in oxidized zone as well as sphalerite and galena remnants in the Kushk ore
deposit. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Cer: cerussite, Sp: sphalerite, Gp: galena).
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Fig. 12. A: sulfates (gypsum), Fe and Zn-Pb oxide occurrences at fractured zones and fault planes in the Kushk ore
deposit, B: occurrence of sulfate halotrichite at fault zone, C: melanterite occurrence at fractures and fault planes, and D:
melanterite occurrence at a fault zone formerly filled with silica and carbonate. Abbreviations after Warr (2021) and
Whitney and Evans (2010) (Gp: gypsum, MIn: melanterite, Esm: epsomite, Hth: halotrichite, Car: carbonate, Si: silica).
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Fig. 13. A: jarosite occurrence at structure bound oxidized zones in the Kushk ore deposit, B: XRD pattern of jarosite in
the representative sample analyzed, C: alunite occurrence in pyritic ore affected by faulting, D: XRD pattern of alunite in
the representative sample analyzed, E: Linarite occurrence on surfaces enriched in galena in fractures close to fault
systems, and F: a closer view of linarite. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Jrs: jarosite,
Alu: alunite, Lna: linarite, Py: pyrite, Gn: galena).
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Fig. 14. A: vein type variscite mineralization at the Pahnu fault zone in the Kushk ore deposit, B: open space filling type
variscite mineralization at the Pahnu fault zone in the Kushk mine, C: variscite loss of color as the common aspect of
variscite in localities where the loss of molecular water occurred due to exposing to water, D: XRD pattern of variscite
mineral at the Kushk ore deposit, E: Variscite mineralization in the oxidized carbonate host, F: a closer view of variscite,
G: variscite occurrence with slicken surface in minor fault zones in the carbonate host, and H: occurrence of dehydrated
variscite and alunite in the oxidized zone. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Jrs: jarosite,
Alu: alunite, Var: variscite).
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Fig. 15. A: BSE photomicrographs of Variscite occurrence showing conchoidal fracture associated with gypsum in the
Kushk ore deposit, B: BSE images of Variscite and strengite orthorhombic crystals, and C: Variscite crystal, thin tabular
crandallite crystals and amorphous Fe-Zn oxides. Abbreviations after Warr (2021) and Whitney and Evans (2010) (Gp:
Gypsum, Var: Variscite, Stg: Strengite, Cdl: Crandallite).
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Fig. 16. A: Phosphophyllite in fractures and fault plains hosted in high grade ore in the Kushk mine, B: phosphophyllite
formation in fractures having gypsum, Zn carbonates and oxides and less Fe oxides, and C: association of variscite and
phosphophyllite. Abbreviations after Warr (2021) (Pp: phosphophyllite, Var: Variscite, Smt: smithsonite, Gp: gypsum).
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Fig. 17. A: accumulations of radial needle shaped minerals within the Zn carbonate host in the Kushk ore deposit, and B:
BSE photographs of kleemanite needle-radial mineral centered by Zn and Fe oxides. Abbreviations after Warr (2021)

(Smt: smithsonite, KIlm: kleemanite).
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Fig. 18. A: Silicic veins within the dolomite host rock in the Kushk ore deposit, B: mineralization of sphalerite and galena
within the silisic vein injected to the shale host, C and D: hemimorphite formed on the smithsonite host. Abbreviations
after Warr (2021) (Hmp: hemimorphite, Smt: smithsonite, Sp: sphalerite, Gp: galena).
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Fig. 19. A: Smithsonite formed in open spaces on fault systems in the Kushk ore deposit, B: smithsonite moderately
oxidized to Zn oxides, and C: intensity of Zn oxidation close to fractures related to fault systems. Abbreviations after

Warr (2021) (Smt: smitsonite, Hmp: hemimorphite).

N 5y il oy e Sl (o s sl LS5
5 @85 s Sl Al sy ke 0556 el (ST
RTZ, 1972;) ol e iplanil WS S HLulS i
Ll s ol 5o ek Jolse o Fage S .(Rajabi et al., 2020
5 Soylal LS slaalble s Slae 4 015 oo b, LuslS” 1SS
s 55 K wilS S5 gladases sdome oL g 40 45
s> Slag paly sloml alaz Sl s Jul s 05 S ol 3
T Je oo i oS sladileln 3 OIS SV
Los oSl gl Ll b S s 3 5 bl Sl SE
sla sl S gl ol slaldb sbowl iomen
b 3 F e gl s e Skl el
i) Gl S e SIS ST gy - Lt T

I eCle HLuil” 50 (2 b g ) — (S LS Law (93 95T
20900 SBIB pslow B (U guw <Ol usCls

sl
oS Ll 55 g e =5l L ks B3l 3550 53
D Bl e Jah g L s s Gl SleMbl (gl 56
CLLEL ;s oS il gl 5w oSS
Gl o SKan 457 5 48 3 gdome (Slo ) 4t g Blasl 45 0ls LS (gl
A sbes S g5l 1y al sl Lsie (25 ke (glaoyss s
cnl 534S Lyls sy SB L ok B3, 53 5 sl JuS
ols LS 85 s Ol K 53 o 5 635 (21305 b
)wg)sé%ﬁﬂ&wdlfw&i\ﬁ:)}n):.wl
3 eis B s 015 or ol (plend e Bl S S
Sl dsens sb 4 8 hal 5 ol Lyl 5 CoaSTl dlesr

DOI: 10.22067/econg.2026.1169

Y A‘)LQ.:I AA 093 AF cé.\l.a:é‘ wuw,


https://doi.org/10.22067/econg.2026.1169

ﬁﬁ;f‘-"ﬁ“&;uﬁ}6}))“““&)3uwﬁﬁéuwbﬁfﬂ)uﬁf@b@l{

OLen 5 SLLL e

S i > i b S ol 4 DY
spbien a3 8l G S o s 0T Jlis 4 5 oS S
S L 9) HLdlS 5 OT 3 sy J—8 6,8 JSs b S
S Dole 4 bl gr s (G Bl e 4 5
Hort oS o bzt s S2s |8 5 €IS
s 53) 3 8y S - Laly s s slbg g 4
Sl (g 5 Ll alip s () pe slalS >
E-Ye S 55 S 55w a0 S0 5S LS (655l (5 ke
Gl i F-ve IS 55 il oo 065 0 0d e ol e

el 0]l S S HLslS wlidey e
IS leza 56 4w 3boos S 55k 4 ey gl 1S
6l et B by 4 T Sl s o e 8
S At 5 5l ) S S o8 S5 4 5
b dales oY K s (ST i Joe daly 4
4>)°455CE5J—“§‘3\};°4€6¢-”\°4—3’J?¢“(&:‘)6))
) 53 (058 U s g0 laesls ulul ) Sdms o3le ol
b o o S5 51y 5) OT (53 5 5 oo 45l 03 5uloms
S o slenl o (il 5B (Lo 54 s s
ol S5 5 36 55 49) &S sST  js 5 Sl jalslul
S Sl ok g g 93,5 s sl ¢, 8 IS 5 (o
Slrs (e 035 dgT Cld b 5 dipls 3 S uly ale 53
J—E ol do) Sl ol s lralr s 5 Jadl
D5 s =8 Shile a0 Gliay Odne Jlocd o 4y S S
Olge g o8 a2 UL 5B s ealg 03 (5,8
sScr J8 S e do el L 0 5 Lol
35 543 9355 s S T b J1 s o8 col b 5 IS
Ao (e o (v JS8) Bledd glrale b e s
ol LW Lol Y S o S Gl 8™ LS
Hoar oS m bltcal 4t £y 50 S S 8 Gl Sl
3305 S sS gla S 5 Sl 5 Shas 5l ey Tos 40T

.C,.w‘d:é;&)‘,ﬁac‘,;ﬁj

S S LS S5 1 ey Y sb Sloj slaosl 53 e gums
Lios 53 gyl le 5 b o S oy sbul 4 &5 ol
OT G55 (ol o3 Slomr (6,8 IS 5 5 5150 SLslS 0L s
Bl cdd oy 3l ol 5l |8 45 6,8 0les sl o i e
(o p 303m Al 53 3 g Sy o b oS (sla sl
Olgie a4y mal (bl i a3 i 3l a5 5 3l g0
o oba b bl oS s S 8 6,8 IS
» S 2SSl K S gy - i ssT
):M)&t_&cﬁ- L;Lab\j):MA{?U o)
3630 el 21545 Ol oS il ol i ) 50 4
3 okt 3 S 93 omar ol i Oln K 55
Ol b sl T sl e ¢ 1548 Ly 8 (sl bt Lu
5 e s T e 5,6 JSC s 5 S
93 &5 Gl 535 go S Sodiila o 4l
23 G gy ¥ S Jke bl ki LS (slaiss;
S s Blate on sl B SilS Ol e Jo ) S8
o S - (AT ) Cl 4 Sy 55,
G (8358 o sl S o Jis 4 S 4 e
ol SETB-Ye S8 )8 Jb 5o gmy— SlidisT JIg o
Cambye 03 s S A 5 Sk i ol
J5 S8 5 S8 JoF ST s S5 4 o5
S Loy ol Dl 0 e b 3 el JI5
G g CoT e S ) s 3 e (Sk S
el s s (1S S (6,8 S 4 e slaS
sD-Ye s 55 0T Lolyan 28 5 S, ST
TS 5 S e gy 0T L bl (L3
J—8 slame 053 gm ediol sl 8 1 5le 4o
onl s &l 0 e S o8 gloma 055 5 S sS
S G s el e S e)ss pa 5 L s eduy
CS o 5 e &S b L T s Bl STebs Se )
JS 53 o8 S heis,; e 5 mb 4 gy (S Ca s

DOI: 10.22067/econg.2026.1169

\oF

Y a)L..i: AA 093 AF 0 cLSJL.a;;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1169

G55 Ol a8 Oy 5 695 HlS 3 b S8l 5 LS slaagy b ks o 51305 2558 0L Sas 5 (JLUL) oo

D

Stage 4: Completion of folding, rotation of the
eastern block along the Konj fault, normal
to dextral (oblique) movement of the Kushk

o 100 200 300 400 500 600 M

Stage 2: Initial stages of folding

Not to scale

' L L L I 1

0 100 200 300 400 500 m

0 100 200 300 400 500 600 m From: X=382744; Y=3513701 To: X=383186; Y=3514145

Konj fault

2050 m

Stage 3: Continuation of folding and rupturing along

intensly deformed parts of the basin, followed by crosion, \
Critical stages of formation of the Kushk fault,
appearing a similar rupturing zone in other side

of the fold system that later formed the Konj fault

2000

1950

1900

0 100 200 300 400 500 600 m

Not to scale

Northern Kushk

0 100 200 300 400 500 600 M
Stratigraphy/Lithology
Dolomite, partle

['v -'« calcareous tuffaceous siltstone, cream to green tuffite, partly acidic tuff
E&ﬁ"%ﬁ Siltstonc, shaly siltstonc
H Black shale hosting the Koshk sulfide ore zone - Mafic to ultramafic rock units/diabase Stratigraphifcal blockiratation

):4.:!3\5)|.,\f~_;‘,_.~J.A‘&J’;G}MJ—@MTM?);‘;“I)ML{L%M) ;:J?ﬁwiab“ﬂ)g)b’udﬁ.f' JL::)
(G (53555 ) adsl okl S o B sy 6 m  Bhate (i 53 331 b SKilS Oljn o 51 8587 gy — Sl T
)M}eﬂ‘;«-ﬁM\{f&;‘}jdﬁjf”}bvﬁw&ﬂj);3)}5-@2:()‘-‘31(: ca.l.'»:lié‘j‘s’fcdli):%bfm
f’-iﬁ«L;\m),;):c‘f‘}.‘fd;b&.ﬁQ.;_L@J)sja.\.&:l.ié\jdéﬁg]liﬁ‘_,ﬂmf@q:a.é;g)ﬁ-dﬁw.wla&dp;ﬁu}lf
MJB;}U%(W))J}W6&(_,5?M}uﬂ.,.‘f(a_glv\}44:.5;:,{()}))}&@});:)}5&:?(&5|IDcs:,.w\a.l_@ﬂ:;a
S35 o 1S5 S o8 (6,8 S b (S pladl oo 5 ol 0sidlin 5 Sy Sl b o (i) 0I5 S S
4 68 SLlS (55 0l (orlid i s 1F 5 &858 b (550l (ol B 0T 3 5 o S o 55 plowil o 5 87 |5

sl ke fous o yon
Fig. 20. Structural development and the relationship between folding and post-mineralization faulting in the Kushk
volcano-sedimentary basin. A: initial sedimentation in the Kushk volcano-sedimentary basin from the host shale to the
dolomite horizon of the Rizu series, B: initial structural movements (weak folding) resulting in faulting in the western
limb of the sequence mentioned, C: continuation in folding and reverse faulting in area hosting the Kushk fault associated
with rupturing and followed by erosion, and moreover, the weak folding resulted in faulting in the eastern limb of the
sequence mentioned and finally appearing the Konj fault, onwardly, D: cessation of folding, erosion within the ruptured
zone, continuation in faulting and the initial limited (and weak) normal dip slip movements of the Kushk fault (orange
arow) followed by dextral movements and also cessation of rupturing in the area hosting the Konj fault, the recent

appearance of the Konj fault and finally initiation of its sinistral movements, E: the recent geology of the Kushk basin,
and F: the recent morphology of the Kushk ore deposit marked by the direction of the section selected
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Assessment of gold mineralization potential in metamorphic terrains
requires the application of effective analytical approaches because
geochemical patterns are simultaneously influenced by lithological
variability, hydrothermal alteration, and structural complexity. In this
study, the gold mineralization potential along the Khonsar-Aligudarz
belt was evaluated by integrating factor analysis with geological
evidence. For this purpose, stream-sediment data from the Golpayegan
and Aligudarz 1:100000 geochemical sheets were processed, and inter-
element relationships were investigated. The results indicate that factor
analysis successfully separated the component related to gold
mineralization from the regional lithological background and delineated
areas with the highest mineralization potential. Validation of the results
through field investigations, petrographic studies, and mineralogical
examinations in the Darreh Sari area confirmed the presence of NW-SE
trending quartz—hematite—bearing vein-veinlets containing pyrite,
pyrrhotite, arsenopyrite, marcasite, chalcopyrite, sphalerite, and galena,
as well as iron-, manganese-, and copper-oxide minerals, including
hematite, goethite, and, less commonly, magnetite, pyrolusite, and
malachite, within Triassic—Jurassic schists and metapelites. The close
correspondence between the geochemical anomalies and shear zones
and quartz veins indicates that these structures played a major role in
channeling mineralizing fluids and concentrating gold. The results of
this study indicate that integrating factor analysis with geological
information provides an effective approach for reducing uncertainty in
regional exploration and prioritizing gold exploration targets in the
central Sanandaj—Sirjan Zone and other comparable metamorphic
environments.
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EXTENDED ABSTRACT

Introduction

Gold, as one of the most important strategic and
economic metals, forms within a wide range of
hydrothermal and orogenic systems, and delineating
prospective zones for its occurrence remains a
central objective of mineral exploration. In the
central Sanandaj—Sirjan Zone, between Khonsar and
Aligudarz, several gold occurrences (e.g., Darreh
Sari, Hasan Abad, Reza Abad, Hossein Abad,
Koucheri, and Sefidsang) have been documented
within Triassic—Jurassic schists and metapelites,
typically as quartz vein-veinlets with iron and base-
metal sulfides and associated silicification,
chloritization, carbonatization, and oxidation.
Structural control by brittle—ductile shear zones,
combined with hydrothermal fluid—rock interaction,
has played a fundamental role in concentrating gold
and base metals in this belt. Despite reasonable
knowledge of these occurrences' geology and
mineralogy, regional evaluation of geochemical
dispersion patterns remains challenging, since
differential element behavior during weathering and
transport produces complex, overlapping anomalies
that single-element interpretation cannot reliably
resolve.

Stream sediment geochemistry is among the most
effective, economical regional exploration methods
for detecting concealed mineralization, though its
performance depends heavily on data processing.
Conventional univariate threshold methods generally
fail to reveal complex inter-element relationships or
separate signals from different mineralizing systems,
whereas multivariate statistics, particularly factor
analysis, overcome this limitation by extracting
independent geochemical factors and hidden
correlations, distinguishing gold-related components
from lithological background or polymetallic
systems and improving the accuracy of potential
maps. Within this framework, the Darreh Sari area,
southwest of Golpayegan and southeast of
Aligudarz, was delineated as a gold anomaly from
stream sediment data; subsequent field work
confirmed quartz—hematite veins- veinlets within
Triassic—Jurassic schists accompanied by iron and
base-metal sulfides, indicating a gold-bearing
hydrothermal system. This study integrates stream
sediment geochemistry, factor analysis, and field,
petrographic, and mineragraphic evidence to

evaluate gold potential along the Khonsar—Aligudarz
axis, providing a practical framework for targeted
exploration in comparable metamorphic terrains.

Geological setting

The study area lies in the central Sanandaj—Sirjan
metamorphic-structural zone, one of Iran's principal
metamorphic-magmatic and metallogenic belts,
whose evolution is generally attributed to Paleo-
Tethys closure and prolonged Neo-Tethyan
subduction beneath Central Iran from the Late
Triassic to the Cenozoic, accompanied by
magmatism, regional metamorphism, and polyphase
deformation; an alternative model instead links part
of the Mesozoic magmatism to intracontinental
rifting. The belt mainly comprises Mesozoic
sedimentary—volcanic sequences metamorphosed
under greenschist- to amphibolite-facies conditions,
producing slate, phyllite, quartzite, schist,
amphibolite, and gneiss. In the central sector,
Triassic—Jurassic phyllite—schist sequences are cut
by numerous shear zones and faults that, with
hydrothermal circulation and quartz veining,
principally control mineralization.

Materials and methods

Geochemical data from 947 stream sediment
samples covering ~1,419 km?* across the Golpayegan
and Aligudarz 1:100000 sheets (Mohajjel and
Eftekhar Nezhad, 1992; Soheili et al., 1992),
previously analyzed by inductively coupled plasma
spectrometry and archived by the Geological Survey
and Mineral Exploration Organization of Iran, were
used. Concentrations of Cu, Pb, Zn, Ba, B, Co, Cr,
Mn, Ni, Sc, Sr, V, and Y were evaluated via
descriptive statistics, frequency and box plots, and
factor analysis with varimax rotation on standardized
data to extract mineralization-related factors and
construct factor-score maps. The previously
undocumented Darreh  Sari anomaly was
investigated over two field campaigns documenting
mineralized outcrops, and alteration zones, sampled
for petrographic and mineragraphic study; five rock-
chip samples from two gold-bearing veins were
analyzed for gold grade by Fire Assay.

Results

Stream Sediment Geochemistry Results

Stream sediment concentrations show wide ranges
reflecting catchment-scale geochemical
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heterogeneity. Co and Ni display the most uniform
distributions, consistent with lithological control,
whereas B (CV = 73.4%) and Mn (CV = 94.1%)
show the greatest dispersion, reflecting hydrothermal
alteration or oxide concentration; Pb shows the
highest variability among base metals (CV =59.3%)),
suggesting local sulfide enrichment. Factor analysis
extracted six factors: lithological (Sc—Y-V), mafic
(Ni—Cr—Co), mineralization (Pb—Zn—Mn), alteration
(B—Ba), carbonate (Sr), and magmatic-hydrothermal
(Cu). The mineralization factor-score map shows
pronounced anomalies at the Reza Abad, Hasan
Abad, and Takht-e Khosrow occurrences, plus a
distinct NW—-SE-trending anomaly at Darreh Sari
matching the vein orientation; all anomalies are
confined to the Triassic—Jurassic greenschist unit,
confirming its role in mineralization.

At Darreh Sari, local geology comprises
Precambrian mica schists with metarhyolite
intercalations, Triassic—Jurassic units (marble, black
shale, slate, phyllite, schist), granodioritic intrusions,
and Quaternary deposits. The intensely fractured,
thrust-bounded metamorphic units favored quartz-
vein emplacement, while carbonaceous black shales
likely supplied sulfur and gold. Gold occurs mainly
as two NW-SE-trending silicic veins (~990 m long,
~2 m wide) parallel to host-rock schistosity, locally
cut by younger veinlets indicating post-
mineralization reactivation. Fire Assay of five
samples yielded gold grades of 87, 1051, 2591, and
5256 mg/t east to west along the main vein and 557
mg/t in a subsidiary vein, with the highest grades in
the west matching the strongest anomaly and
confirming economic mineralization. Mineragraphic
study shows abundant multi-generation pyrite and
pyrrhotite, accessory arsenopyrite, marcasite,
chalcopyrite, sphalerite, and galena as intergrowths
and cavity fillings, subordinate early-stage
magnetite, and colloform marcasite, consistent with
a hydrothermal quartz-vein system corroborating the
geochemical model.

Discussion

Gold mineralization at Darreh Sari developed within
a Sanandaj—Sirjan segment shaped by Neo-Tethyan
convergence, regional metamorphism, and crustal-
scale shear zones. Factor analysis effectively
separated lithological background (Factors 1, 2) from
mineralization-related components (Factors 3, 6),
which form discrete anomalies independent of

lithological boundaries and spatially linked to
alteration, confirming the superiority of multivariate
over single-element interpretation in structurally
complex terrains. The close correspondence between
anomalies, shear zones, and quartz veins indicates
that brittle—ductile structures were the primary
conduits for mineralizing fluids, consistent with
structural controls documented for the Muteh gold
belt and other orogenic systems of the zone. The
paragenetic sequence, pyrite and pyrrhotite followed
by base-metal sulfides, reflects progressive evolution
of a multistage hydrothermal system consistent with
orogenic gold models. Carbon-rich host rocks likely
contributed sulfur, CO,, and metals through
devolatilization, consistent with models in which
organic matter scavenges, transports, and helps
precipitate gold via fluid reduction. Surface
hematitic ~ staining likely reflects supergene
oxidation, yet the coherent anomalies indicate the
primary hydrothermal signal survived weathering.
These results confirm that multivariate analysis of
stream sediment data reveals hydrothermal signals in
complex terrains, and that integrating it with
structural and remote-sensing data effectively
reduces exploration uncertainty and prioritizes
drilling targets.

Conclusion

This study demonstrates that factor analysis of
stream sediment geochemical data, integrated with
geological and mineragraphic evidence, effectively
identifies gold-related anomalies in the Darreh Sari
area and along the Khonsar—Aligudarz belt.
Separating lithological components  from
hydrothermal signals enabled recognition of genuine
mineralization-related anomalies, whose strong
correspondence with NW-SE-trending shear zones,
guartz veins, and Triassic—Jurassic metamorphic
units confirm the key role of structural controls in

channeling  fluids and concentrating  gold.
Consistency between geochemical and
field/mineragraphic  observations validates a

structurally controlled hydrothermal model, offering
an efficient framework for prioritizing exploration
targets and reducing uncertainty in early-stage gold
exploration across comparable settings of the
Sanandaj—Sirjan Zone.
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Table 1. Descriptive statistical parameters of stream sediment geochemical data in the Khonsar—Aligudarz belt. Element

concentrations are reported in ppm.

Variable Ba B Co Cr Cu Mn Pb Zn Ni Sc Sr \4 Y
Minimum 30.0 8.0 9.0 220 200 0.0 11.0 42.0 26.0 2.0 16.0 19.5 2.5
Maximum 1000.0 1000.0 52.0 540.0 186.0 1690.0 417.0 721.0 209.0 90.0 1000.0 620.0 124.0

Mean 3334 763 239 184.1 389 403.6 352 89.6 742 21.1 1612 136.7 362

S.td'. 123.8 56.0 47 785 13.1 380.0 209 412 219 104 759 531 164
deviation

CV % 37.1 734 195 426 337 941 593 46.0 296 49.1 47.1 38.8 452

CV- Coefficient of Variation values

DOI: 10.22067/econg.2026.1182

va

Y a)L..i: AA 093 AF 0 chAL.a;;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1182

e ST 5 S = il g 53 M 54187 Jeuiley o5 Ol San 5 ol

&;-385}.0 led g.)l_',r.'b‘ (SOhelll et al., 1992) )J:ji:ﬂ BE) CJ.A JI.A‘}.l:; YFI4 Sgd Coaw g @ Ls‘a:j-\m )\ Lbsu}.u u-i‘
JJCUSJ‘@}SJJJJ&))}A.A‘jTu}_wJLsLhﬂu}ud&A MOhaijI )O@L_K\Z\""' ‘fﬂuw)gj‘jfgf:&u
Ll ol )Y s Ve & $ o5 s 5 (and Eftekhar Nezhad, 1992

50°0'0"E 50°8'0"E

33°28'0"N

akht-e Khosrow.

-

33°20'0"N

| Darreh Sar{ 4

33°12'0"N

Low: 931 m

@ Sample location
Mineralization: (D Au @ Pb-Cu
@Pozn  GRCy

2 (eds 5 Call ans) 58 55 K Lol jon Sdan (slaslis ) Cond a5 (g1anl )T (Sacs sy (5,15 p5 503 bl SuST|, ¥ IS

503 SN =il e 53 Bl o by e 425 53,
Fig. 2. Distribution of stream sediment sampling locations and mineral occurrences, along with the extent of metamorphic
rocks (schist, slate and phylites), overlaid on the Digital Elevation Model in the Khonsar—Aligudarz belt

DOI: 10.22067/econg.2026.1182 Y oslad VA oy53 VB bl kit e

\LY


https://doi.org/10.22067/econg.2026.1182

e ASTTL 555 S Ll g 3 M S 561ST Jomily 55

Q‘)&»A\j U:A\.&

Slr S Sn 5 gl e Gy p e T Sz 4 s
Al bl gLkl olein g (1 Bkl Oljs 515
Jly statg 55 el o Sl T 5 o541 815
S5 93 51 moman ol 4 851 5 ol wl 350 Db 154018
M&\ﬁju\:ﬁﬁo:ﬁjjjgdﬁb sl s
5 Iy OlLwils oKty 3T aFire Assay s, b e

(F Jgde) wadla

Bl Gbogu) (i) @b

yolis J1915 @39 3 Aoy ST

slaal T glas gy e ) Slaesls Ao s ST @l:.i
als () p 5y 50 yolie Chale Ll ol B, Jgd s
bt SsReal Kby &8 das o O 1y g glie ol i
ool W15 o 55Kl ) ool dilate LT (glaas s o
Lo Gladoly i S5 5 mliseRiw oS 5 s Sl
5 ey S 5 5 T ladnl 32l 3 5 (Sa5l e s
Sl a a5 b Asl o134 5 Sl S 5T Jowe ulie 5o
~ ol S 55 Gl 5l adbite 5 T glaa >
w5l S gladey ekl 5 Cabd (b ol (Sl 55
NSC PN P PN L P PV AP TP NG WK PSPy
S oy Jeole Ol oo ) lanl 1T o sy (o )
P T 5 s sl slaunl by S sladats oyl (—
SR

sdas ide &S A o O Glas 5 Slol 2 sba,ls g g
66\4;@em¢;¢ﬂﬁjaju;ﬁuc_j}:@)\gﬂu
S daasa b oply GBE o3 55 bai s ol Cad
SAYL Sl polie l)ls adigai 51 (63 guome Sliad 5 0l
G ol —ole 5 Sna ol (F5F Gla S 5) d s
03 (F S8 ol 58T (6950509 4 9 p bl cp gl !
) oS d5l5 o0 55 s 53 YU pslie e olam 5 oo

Ozl (S 6o i gee ol LI (o) ol 53
3 p 23603 il il (i LSl ¢SS5 ¢80 g ST IS
b 5 3 eslimal 3550 Mo 256187 Joily 2551 sl 0 2]
WS Jals o 5 ST (slaadl 3o 0 i )3 .
T Sl Dl s 5 slne O3l il ¢ S0s ity
S S Ol se 5 laesls (5T (gl 55 b dbdnlos ,olie
5 SN (@35 JSb e G e 355 15 T
(men Kk e § S5l Sla s gai 55 Alis (S asS
(S ol o aels il dlie gl sl (slals e
Slpalolg ya b eoslanal O glaesls HLalld ;.\Jflﬁ
Sloae sazn | il 5 olie Olo (Soan gLl b
S35 p ele Jebosd (058 o) 3L b e gland e
Jolse gl gl 31 g sl odbplonil oh 351l (glaesls
Sl ol Jolge ( wShassls 2o 4 T i 2 5 ol
Mo 54l b Las o Jolse b Jole 5 dilotd ;i ale
i o Jole (gla ol 1 o3litul b s sl 0ud gLl
Sl i s g g g GaolS Jule [2ST1,
(O S8 ol skis jateitin Mo 1548

3 le Jolow 5l Jool il s (SL5)) g lzel
LS ailate ¢ 5 13aT Lol gduaig 53 0T 5 Shes U5
) mitia gy lyls ol (slajlaal i )3 457 (g5 Lueys
S azbaie Ol ge 4 gl Glag sl g
sl

w5 S )15 sy 390 o) o 3l dl e 53 Lo o3 gdous oyl
daly s g Sl B slads) cgilw S5 Gl sais ) 5 Sl
Shtlodd (g3 ladiias 5 Cils p o345 L oS e g ks L
S sladi g I 5 55 3l 55 5 e Ls Slad sait
,SJuéauﬁ%L;\juuﬁdljtu_;sq.a_m_;bﬂ
S5 P 5SS Sl eslimal b 5 s Sl Jis —eST5L
6T 655 2 KA 5 KK o o) shin 5

pl]

DOI: 10.22067/econg.2026.1182

AN

Y UL‘*.:’ AA 093 AF 0 cLSJL.a;;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1182

e ST 553 S =l g 5 gme 53 b 58187 Jeily S5

L)‘)&aﬁ} ol

0.004 0.008 0.124 0.
0.004 0.007 &
0.0035 0.006 5
0.003 0.08|
£ 0.0025 g0 £
?, — £ 0.004 £ 0.06
& & | &
0.0015 y 0.04
0.001) 0.0024
0.0004 0.001 .
O 3 S 0 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 10 20 30 40 50 60 200 400 600 800 1000 1200
Ba (ppm) B (ppm) Co (ppm) Cr (ppm)
. 0.0024 0.025 .02
0.03/
0.003 0.02 0.02
0.025]
Z 0.0 20.0015 Z0.015 2 0.014
2 z z H
3 0.015 s : z
= = 0.001 = 0.01 = 001
0.0
0.004 0.000§ 0.00: 0.003)
0 N 0 < 0
0 50 100 150 200 [ T 1500 0 50 100 150 200 250
Cu (ppm) Mn (ppm) Ni (ppm)
0.009
0.008
0.007]
0.006
.‘é’ 0.003]
5 0.004
0.003]
0.002]
0.001]
0
200 400 600 800 1000 1200 0 300 400 600
Sr (ppm) V (ppm) Y (ppm)
0.012,
0.01
0.008
&
2 0.006
s
a
0.004
0.002
0
) 200 400 600 800
Zn (ppm)

emlrosls J&s 55 edmsoles gy ot )3 S =Ll 5 g 53 (G1anl )T (Gl gy 55 juolie Chale Jlsl 3 @5 Sopes ¥ JSS
Fig. 3. Histograms showing frequency distribution diagrams of element concentrations in stream sediments in the
Khonsar—Aligudarz belt. The continuous curve represents the density distribution of the data.
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Fig. 4. Box and whisker plots of the concentration of 13 elements in stream sediments in the Khonsar—Aligudarz belt (all

numbers are in ppm).
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Table 2. Factor loading matrix applied to stream sediment geochemical data in the Khonsar—Aligudarz belt

D1 D2 D3 D4 D5 D6
Ba 0.575 0.034 0.233 0.400 0.279 0.060
B 0.138 -0.056 0.119 0.687 0.016 0.061
Co 0.094 0.653 0.068 -0.136 -0.073 0.365
Cr 0.437 0.694 -0.144 0.239 0.208 -0.086
Cu 0.031 0.206 0.115 0.085 -0.013 0.649
Mn 0.082 -0.171 0.460 0.210 -0.195 -0.013
Ni 0.153 0.852 -0.054 -0.086 -0.131 0.165
Pb -0.071 -0.020 0.759 0.018 0.125 -0.010
Sc 0.904 0.239 0.016 -0.115 0.068 0.027
Sr 0.196 -0.067 -0.061 0.034 0.657 -0.029
\% 0.733 0.302 0.035 0.307 0.152 0.141
Y 0.909 0.049 0.019 0.140 0.069 -0.017
Zn 0.139 0.104 0.688 0.050 -0.119 0.295
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Fig. 5. Spatial distribution map of factor scores for the mineralization factor extracted from factor analysis of stream

sediment geochemical data in the Khonsar—Aligudarz belt. This map delineates zones with higher potential for gold
mineralization based on the combination of indicator elements associated with the respective factor.
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Table 3. Comparison of mineralization anomalies in stream sediments with the occurrence of mineralization in the

1:100000 Golpayegan and Aligudarz map sheets

Mineral
Anomaly Location mineralization Reference
occurrence
1 49°55722"'E, 33°25°33"'N Reza Abad Au-Cu-W Soheili et al., 1992
2 49°56°03"'E, 33°23"12"'N  Takht-e Khosrow Pb-Zn-Au Soheili et al., 1992
3 50°05°21"E, 33°23'20"'N Hasan Abad Au Fazeli Oladi and Zamanian, 2024
4 49°57°08"'E, 33°16"'10"'N Darreh Sari Au-Cu This study
e oy o3l w45 S1.(Thatabaei Manesh, 2016 b g melS  lac e 50 cailaie Koty o 5 ol

RS TSI P N PYCUE- J7 T oddiplwil
0315 iy UU; &Y\g e 4 8|S PWWRELE SVAT
Ole 53 bty ol (Rashidnejad-Omran, 2002) Wled—s
4345 Sl o S5 Jeol ol L by sl 5 gy 93
Lils 513 el ey Gl b s S lees cus
S5 5356 5l hls il =550 Sl st () JSs)
3B 5 (85 G5 55 5 (Serlas (ol Ui selin)
33 Gl (63585 glaes 5. owID3 s D2 D1 i,
s 3 ol lacablie )3 S yslaee 558 S5 Eobiailate
LB S E Sals G55 Sloas b Ll
Karimi and Thatabaei ) Wles s i 2 she clacsl §
5 5SS Gl adis s, ool (Manesh, 2016
aibae 55 edbodalin 1) S 5 okl dalpi b IS 85
Glply omlie s slgz 5 ails oS Sialen (g5 lmoys
55T on ol b ailain pl (6Ll L pns s SU s
w5 IS 540 Ol b SenSs ol 1 i 4 5|
NalS 5S slaanS, -a8,5 6, S 6l @l by s
okl dal i Jy «(Hemmati et al, 2018) Wles 57 ol 5
o s sl 5 b S pl 3l (6 lew 457 s e OLES

i SAST 5 olrale G e g Llodd Jlas ol 34187

3 Sz ( Sos8 p NT & Col 2 le saaYola
Aas o s 1y Sl gles 5 oS wM sl il
IS Glassha oo L b, L s Lo s e
S S en g ek Sln} 53 Ly Sn 5 S 550
S slads s ol a5 BB IS s sdanOl i s SIS
G35 2 UPb vy gy il slajiangsy ol
OIS adbate s s, glac 5 (5T oS 5
gy,uuﬁg&u;@owbw;\s\u;_ﬁf@
Shakerardakani et al., ) ol,Sen 5 S5, SLs .CulgT

a3l @ 303 a5 5w YR ) 5 L (2025
Comazr 0 FON515 48 Al yn OIS — i g 4l sy
3 i 5035 0L Loy s3 4 Glhate (65157 SlacS 5
Shakerardakani et ) aas e 0Lz |y Jlw O gukas 74+ 5 50
S eSSy s5 — el S e sladls @l 2025
gl 5 S el ol sl o pn o 31 e ¢S
S (8 3t~ g (o o S JalS)
(G FICH KGO P ER [P PG PR S EC S G CR 1L
Kwtals 5 ST K 51 sbaYole b &8 Wlod LS a5
S edbsste B8 50 Comi (Ml ol st e (8]
Karimi and ) wlas § 51 3 C snieT 6 s S o, Lust

DOI: 10.22067/econg.2026.1182

VAA

Y a)L..i: AA 093 AF 0 chAL.a;;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1182

e ASTTL 555 S Ll g 3 M S 561ST Jomily 55

Q‘)&»A\j U:A\.&

odaliin 5 42y ) s 0l wad Ui L (65155 b
34 St 5 pbline gla bl 3t il o 5 o

S5 15 By slas s Shoew ol &, ol
.\;»(:LEJQ)}JQLS;JMJ;AS}AJG sl b Hle ons 6l
(5 JS8) Cl adsiisls ool Lol & (lgml b 1wl
o 48 ,—d 3l w5 4 Fire Assayu:j)«.gs_.ﬂ)ﬁ@u
o s rfdt,a OYDF 5 YOAY )+ 0) AV cla,le sdiasolis
FAEH M 5550 8 (e B0V sle 5 Jol 5 53
Coail S5 o8 Sidu 53V glajle op i (F Jsds) dims
ol 0 S8 syl o e ceds olulis ghlen o L oS
(03 g 53 (63 al ol3ailS 4 e Al a5 Laesls
Jole i j5 0l s oLl s jlia o 15 VU Sl gan
S 2 5 S e Sy ol s ol b o541
S5l a5 M S5 Jewily dvag 53 1) Jele o

.u\;.asu.a

SHIELL by wy g
a5 A o0 Ol (g 5lwoys adbie 53 ol o S )
bty (ke (sl Sy o L 1541
~b S G S S e 5 (sl
Gl p (B s AV S 8) ol oslaz; <Sulys
45 a0 DL i o —ST5U Al R Ly
5 Sy 5 0 Sl s (5w SIS Jol 5518 e
waS CaladS ) il s iy dlS o 0l 5 s e
o s 53 Slos 5 5 SIS o bl JSbans sla) sk &) 40
3BV JSK8) Wk e sdalie (5,158 gl (e )3 Calides
W o SIS (5L e sy iy T 0T s o3 (C
g £ Sy SIS Ol e 4 5 JE 5 oy Jli
Slalad oS 5 5 il (Gl Dy e 4 IS 45T Wl
(FSE-V S 2) Wsi go odss Sl pm 5 S b (4l

oL 5 swyls COL L Cles v g Ly o il

6l odsatl )| (6 S Loty cpl ol Ll5ailS” gladS
e e, b gable )3 o30S (Db sla,Luils”
315 Gl gpman (55 B3 5l oy o Sy A oy
(Groves et al., 2020)

Sl Sl ) sua Ol jor (Slacancd 55 g oSns Sin (Sla o
S SIS 5 s oS (lanlls 55158 (g or 0y S
PRGN P SPAPIC SR, W I g NG I IR PRV
5 ol (sla i o Sl 55 tas e 0L ¢Sl sl
V| oSy (ol 4w 5 (D-V JS2) s S IT 315
g adlate oL S Wbl 3 Mo 55 58wl 51 S
aible o8 Edw yd u:.;_)ﬁz}ﬂ;:jw&u:jojﬁ.xﬁ@
=S 5 5 o U OYSE 5 S S5 s s5lmeys
(D S 3 S5 Sn SIS 3N 1S et i SIS
LS ol i o8 5 5 S lige 55 polie Lol s
S Sl S g =515 o S G B S
Los 5 ol 6, Ki gl S35 K5 g I Ll S 15
190 i 03 b Ol 5 550 SN Sl 55 sl 231 5L
Y oy, JSITSIS T 55 Canlo 5 S 0s WY 5
Tabatabaei Manesh et al., 2011; Esna- Ashari etal., )
LU, Kb il e wlis pl 5,05 g 5 6 Cnlid (2012
o et (ol bl oS 2t LS sl g, oS L LT
s slaosls dinjl (s 5lnoys (63 585 Slaos 5 oSmls 5 o
el g lead a5 (i

g)}bQJH PUREN o R SR T SV P SYHL Y
3l LB B S3lsm 5 B s~ p e digy b ok
ESilyi =S S5 S e s S b
b e el 03 S5 ol B 5 A-p JSC8) ol ailiann
Coosa s ilen lo SatsT ol s o5 (slo 5gi b ol 5,
5 20080 s s a8, ol 51T a b das e LS
ol e o ja il o5 5Ty 2 ¥ T da e (sl

—S 55T Ol bl s Lol 6yl 13 a5 i b (65l g0 oiiinly

DOI: 10.22067/econg.2026.1182

A4

Y a)L..i: AA 093 AF 0 cLSJL.a;;‘ wuwﬁ)


https://doi.org/10.22067/econg.2026.1182

e ST 555 S = 5Ll g e 53 M L5687 ity L5

O o ol

daly b ol Bl .ol 65158 slaaS L bas e b S
Joons Sl eds ol pal (slagsslomia g b 6,6 5 ol e
5l 03 ST 1 ot syl lans ey o lael ¢ ule
Ul (ole o 1 ol 156157 Jule o8 das o LS
aibate ;3 M G154 Lol glyls 1y glulis )3 ulio

.:)‘:gﬂ)ﬁb)‘,ﬁ

G ewSe (Gov i) cl Gl3alS sl30s, Jise
o)y 4 gy Sgloma 53 Ll S S sl sk oy s
sl Jorla L 0T Silon Kby o Cal o s odalte o 3
il ¢lyls S35k S8 (H-Y JS) ol 1548
Lulgy 5 oL ae saze ol Q5 1=V ST 2) Gl o 358
Blolu &S5 s 15818 LSCas etiasolis b s Ol 5L

-Calcschisl. calcareous shale -Orebody
& Slate and phylite Quartz vein

—Fault
——River, drainage

© Sample location

é—é‘gjj‘dg::u‘)ié B)6)\..«10):@)‘%wbﬂ#}bdﬁgy-gf;ju.L}JLJ‘A)U@}J‘;G\?)&MA.‘p

(\—O)L;)LMGJAMJJWJL_& u“")f.L;‘Jf dJ‘:ﬂAJ}a} LthJ"" a|J¢.a 4;;)‘;
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Fig. 7. A: General view of a gold-bearing quartz vein in the Darreh Sari area, with a northwest- southeast trend, developed
parallel to the foliation of the host rocks, B: Close-up view of the mineralized quartz vein, showing a sharp contact with
the surrounding metamorphic rocks and cut by a later-generation quartz veinlet, C: Hand specimen of sulfide veinlets,
including pyrite and pyrrhotite, which cross-cut the quartz vein, D: Organic-rich shales. Reflected-light photomicrographs
(E-J), E: Euhedral to subhedral arsenopyrite crystals with a disseminated texture, occurring alongside pyrite and
pyrrhotite, F: Hematitization and chalcocite surrounding chalcopyrite, together with replacement of pyrite by hematite
and goethite, as well as sericitization of galena, indicating oxidation and supergene alteration processes, G: Replacement
of pyrite by hematite, exhibiting a dendritic texture, H: Assemblage of metallic minerals including pyrite, magnetite,
pyrrhotite, and sphalerite, present as a paragenetic association within the mineralized veinlet, I: Pyrrhotite surrounding
marcasite, and J: Colloform texture of marcasite. Abbreviations after Whitney and Evans (2010) (Apy: arsenopyrite, Cc:
chalcocite, Cpﬁ: chalcopyrite, Gn: galena, Hem: hematite, Mag: magnetite, Mrc: marcasite, Po: pyrrhotite, Py: pyrite, Qz:
quartz, and Sph: sphalerite).
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