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The major and trace element content in hydrothermal pyrite was analyzed,
as the most abundant sulfide mineral associated with quartz veins, to reveal
ore-forming processes in the Mamuniyeh deposite, central Urumieh-
Dokhtar Magmatic Arc. The Co—Ni—As signatures in pyrite is closely linked
to the genetic model and geological processes of the deposits. Cobalt,
nickel, and arsenic data from the Mamuniyeh pyrites indicate a
predominance towards the cobalt region, consistent with hydrothermal and
epithermal magmatic ore deposits. Data shows fluid evolution from primary
magmatic water to later meteoric waters, with magmatic water dominating
the early stages and meteoric waters added later. The reduction in arsenic
content in pyrites, due to the mixing of the ore-forming fluid with oxygen-
rich meteoric waters, leads to an increase in arsenic concentration in the
system. Under oxidizing conditions, arsenic with an oxidation state of As!~
substitutes for sulfur, and in combination with Fe?', it incorporates into the
pyrite structure as As®" and As®*. Vertical zoning of elements in epithermal
systems suggests that most Mamuniyeh samples exhibit characteristics of
the middle part of the mineralization system and somewhat deeper zones.
Copper contents in the Mamuniyeh pyrites, up to 1.1 wt.%, indicate pyrite
can act as a significant copper absorber. Nickel contents in the Mamuniyeh
pyrites (up to 0.34 wt.%) are higher than continental crust nickel, indicating
a mantle origin of them. Variations in Ni/Co ratios in pyrite for classifying
hydrothermal deposit origins show a dominant range between 1 and 10,
consistent with magmatic-hydrothermal origin, likely formed by fluid-rock
interactions between magmatic-hydrothermal fluids and volcanic host
rocks.
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EXTENDED ABSTRACT

Introduction

Pyrite as the most common sulfide mineral in the
Earth's crust, widely exists in magmatic-
hydrothermal systems (Reich et al., 2013; Deditius et
al., 2014; Dubosq et al., 2018). The rare element
content in pyrite can reflect the conditions of the
mineralizing fluid, such as temperature, pH, and
oxygen fugacity, as well as the mechanisms of
element formation and deposition during fluid
evolution and ore formation (Agangi et al., 2014;
Sykora et al., 2018). Pyrite commonly plays a vital
role in determining the distribution of rare elements
and heavy metals in these systems and can
effectively control the distribution of economically
valuable elements such as silver, arsenic, gold, and
heavy metals (Large et al., 2009; Cook et al., 2013;
Agangi et al., 2014). Given pyrite's ubiquity and its
capacity to host many rare elements (e.g., Co, Ni, Cu,
As, Se, Ag, Sb, Te, Pb, Bi, and Au), its chemistry has
been successfully used to trace the physicochemical
evolution of hydrothermal fluids and to reveal
formation processes in various mineral deposits (e.g.,
Carlin-type gold, Cline, 2001; Large et al., 2009;
epithermal gold, Deditius et al., 2008; Kouhestani et
al., 2017; orogenic gold, Wu et al., 2019;
volcanogenic massive sulfide, Martin et al., 2022;
porphyry copper (gold), Reich et al., 2013, Keith et
al.,, 2022). The aim of this studyis to analyze
chemistry of pyrite in the low-sulfidation epithermal
copper mineralization system in  southern
Mamuniyeh. The findings will enhance the
understanding of the epithermal mineralization
processes and magmatic evolution in this region. The
results provide insights into the fluid evolution and
ore formation processes within the epithermal
system, contributing to a broader understanding of
mineral deposit formation.

Geology and Petrography

Mamuniyeh epithermal system includes significant
rock outcrops composed of intrusive rocks such as
gabbro, diorite, and monzodiorite, along with a series
of acidic to basic volcanic rocks. These include
andesite tuff, pyroxene andesite-andesite porphyry,
dacite-rhyodacite tuff, acidic lava, basaltic andesite,
diabase, and basalt-diabase (Goudarzi et al., 2024a).
According to the 1:100,000 scale geological map of
Zaviyeh (Amidi et al.,, 2004), the volcanic and

pyroclastic units are of Eocene age, while the
intrusive units likely intruded during the Oligocene
to Early Miocene periods. Geochemical
characteristics show that these magmatic series are
calc-alkaline, significantly influenced by mantle
metasomatism (Rezaei Kahkhaei et al., 2014).
Features like LILE enrichment over HFSE, negative
Nb and Ti anomalies, and highly positive lead
anomalies indicate calc-alkaline  magmatism
associated with a subduction zone, with crustal
contamination during the ascent of the parent magma
in this region (Goudarzi et al., 2024a).

Mineralization and Mineralography

The main copper mineralization in the Mamuniyeh
epithermal system features veins and veinlets aligned
with regional structures. Primary mineralization
includes quartz with sulfide minerals like
chalcopyrite, pyrite, and bornite, and oxide minerals
such as specularite. Pyrite, the most abundant
sulfide, appears in two generations. The first
generation consists of framboidal and semi-euhedral
pyrite, which can be fine- to coarse-grained and
sometimes altered to hematite and goethite
(Goudarzi et al.,, 2024c). The second-generation
forms vein and veinlet fillings and occasionally
include inclusions within chalcopyrite. Pyrite occurs
in various assemblages: quartz + pyrite (Qz+Py);
quartz + chalcopyrite + pyrite (Qz+Ccp+Py); quartz
+ specular hematite + pyrite (Qz+Py+Hem); and
quartz + chalcopyrite + specular hematite + pyrite +
bornite  (Qz+Ccp+HemzPy+Bn), found in
replacement, breccia, disseminated, and colloform
textures.

Vein/Veinlet Pyrite

1. Quartz + Pyrite (Qz+Py): Oldest veins, 1-20 mm
thick, with coarse, euhedral pyrite grains

2. Quartz + Chalcopyrite + Pyrite (Qz+Ccp+Py):
Veins contain chalcopyrite (50%), pyrite (30%), and
quartz (20%), 1 mm to 5 cm thick

3. Quartz + Chalcopyrite + Specular Hematite £
Pyrite + Bornite (Qz+Ccp+HemzPy+Bor): Most
common, 0.5-5 cm thick, with chalcopyrite (40%),
specular hematite (30%), pyrite (10%), bornite (5%),
and quartz (15%)

4. Quartz + Specular Hematite + Pyrite
(Qz+Py+Hem): Veins, 0.5-10 cm thick, contain
specular hematite (60%), pyrite (10%), and quartz
(20%)
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Other types of Pyrite mineralization

1. Disseminated type: Euhedral to anhedral pyrite
crystals spread within intrusive and volcanic rocks
and quartz veins

2. Colloform type: Rapid, low-temperature quartz
deposition in shallow epithermal systems, forming
alternating ore-bearing and ore-free bands

3. Crustiform type: Periodic temperature
fluctuations and fluid changes during boiling,
forming colloform banding with iron oxides,
hematite, pyrite, and secondary copper minerals

4. Hydrothermal Breccia Mineralization:
Hydraulic fracturing from fluid pressure increases,
creating breccia with ore mineral fragments like
pyrite, indicative of boiling processes

Research Methodology

After thorough field examinations of surface
outcrops and drill cores, 70 polished sections from
mineralized zones and veins containing sulfide and
oxide minerals were collected for ore and
mineralogical studies. Suitable sulfide samples from
8 polished sections were re-examined using an
electron microscope and BSE images. Following
carbon coating, the samples were analysed using a
CAMECA SX Five Electron Microprobe equipped
with a field emission cathode and energy-dispersive
X-ray (EDX) system. This setup, with a 20 kV
accelerating potential, 25 nA probe current, and 60
pm beam diameter, enabled rapid semi-quantitative
elemental analysis in the Department of Lithospheric
Research laboratory at the University of Vienna.

Results and Discussion

EPMA analysis on 58 points in pyrite shows no gold
presence and very low silver concentration, up to
0.05 wt.%. Maximum concentrations of elements
measured are arsenic (0.20 wt.%), lead (0.26 wt.%),
copper (0.95 wt.%), antimony (0.23 wt.%), tin (0.04
wt.%), zinc (0.018 wt.%), nickel (0.34 wt.%), and
cobalt (1.12 wt.%). Strong element correlations in
pyrite include tin with zinc, arsenic with lead,
manganese with zinc, and manganese with silver.
BSE images show pyrite in oxide-sulfide veins as
individual grains, often with chalcopyrite at the
edges or as inclusions within chalcopyrite. Element
variation diagrams for the Mamuniyeh pyrites
indicate no significant changes in iron and sulfur

with increasing arsenic. Cobalt content increases,
while copper decreases with more iron. Cobalt and
nickel show a stable relationship. Copper increases
with zinc, while silver decreases with increasing
arsenic and antimony but increases with tin. Previous
studies indicate that the composition of trace
elements in sulfides is controlled by the
physicochemical conditions of hydrothermal fluids,
such as temperature, pH, and redox conditions,
revealing ore-forming processes in hydrothermal
environments (Reich et al., 2013; Large et al., 2014;
Gregory et al., 2016; Sykora et al., 2018; Saravanan
Chinnasamy et al., 2021). For example, Te content in
pyrite is mainly influenced by oxygen fugacity and
pH, whereas As and Se are likely controlled by
temperature (Huston et al., 1995; Deditius et al.,
2008; Keith et al., 2018). The Co—Ni-As ratio in
pyrite correlates closely with the deposit's genetic
model and geological processes (Loftus-Hills and
Solomon, 1967; Yan et al., 2012). Co, Ni, and As
data plots for the Mamuniyeh pyrites indicate
samples skewed towards the cobalt region, typical of
magmatic-hydrothermal and epithermal deposits
(Yan et al., 2012; Niu et al., 2016) (Fig. 7A). S-As
substitution degree in pyrite is a temperature
indicator, showing arsenic enrichment at lower
temperatures (Kusebauch et al., 2018). Co and Ni are
mantle-derived elements; Ni is usually concentrated
in early-stage magmatic minerals, decreasing
gradually with magmatic evolution, while Co
increases (Kusebauch et al., 2018; Niu et al., 2016).
Arsenic content depends on meteoric and magmatic
water ratios, with higher arsenic content indicating a
meteoric  water role. If magmatic water
predominates, samples plot towards Co; with
meteoric water dominance, samples plot closer to
arsenic (Yan et al., 2012). The plotted data suggests
fluid evolution from initial magmatic water to later
meteoric water. Reduction of arsenic content in
pyrites, due to the mixing of hydrothermal vein fluid
with high-oxygen-fugacity meteoric water, may
increase arsenic content. Under oxidizing conditions,
arsenic content decreases as arsenic replaces S in the
pyrite structure (Cook and Chryssoulis, 1990; Liang
et al.,, 2013). Geochemical studies have shown
vertical zoning in epithermal systems (Boyle, 1979),
with As, Sh, Hg, Ba, and Ag dominant in the upper
parts; Cu, Pb, Zn, and Bi in the middle parts; and Co,
Ni, Ti, and Cr in deeper parts. Mamuniyeh's system
mainly shows middle to deep characteristics. Studies
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indicate that copper can significantly incorporate
into pyrite's structure, sometimes reaching notable
weight percentages (Einaudi, 1968; Clark, 1970;
Pacevski et al., 2008). In Mamuniyeh, copper
concentrations in pyrite reach up to 1.1 wt.%,
showing pyrite as a substantial copper host. Due to
large ionic size, lead rarely enters pyrite's lattice and
typically deposits as galena (Huerta-Diaz and Morse,
1992; Koglin et al., 2010). Pyrite can also trap
elements like silver, antimony, and tin when
remobilized, though their contents in the Mamuniyeh
pyrites are minimal (0.05 wt.%, 0.02 wt.%, and 0.002
wt.%, respectively). Nickel, easily incorporated into
pyrite, remains even during recrystallization
(Huerta-Diaz and Morse, 1992). High nickel content

in the Mamuniyeh pyrites (0.34 wt.%) suggests a
mafic-ultramafic mantle source (Palme and O'Neill,
2003; Zhao et al., 2011), exceeding continental crust
levels (Rudnick and Gao, 2014). Nickel’s solubility
limit is around 10 mol% NiS: in pyrite while cobalt
can fully mix into pyrite at temperatures above 700
°C (Abraitis et al., 2004), making Co concentration
in pyrite a useful geothermometer (Zhao et al.,
2011). Co/Ni ratios in pyrite, unaffected by slight
differences in Co and Ni affinities for chloride
ligands, reflect hydrothermal deposit conditions
(Bralia et al., 1979; Bajwah et al., 1987). In
Mamuniyeh, Co/Ni ratios between 1 and 10 indicate
a magmatic-hydrothermal origin (Reich et al., 2016),
consistent with previously defined characteristics.
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Fig. 1. A) Location of study area at the Urumieh Dokhtar Magmmatic Arc (UDMA). B) 1:20000 geological map of
Mamoniyeh area (Goudarzi et al., 2024a
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Fig. 2. Photographs of vein mineralization at Mamuniyeh area. A: Quartz + pyrite vein (Qz+Py), B: Quartz + chalcopyrite
+ pyrite vein (Qz+Ccp+Py), C: Quartz + chalcopyrite + specular hematite + pyrite + bornite vein
(Qz+Ccp+HemzPy+Bor), and D: Quartz + pyrite + specular hematite vein (Qz+Py+Hem). Abbreviations after Whitney
and Evans (2010) (Hem: hematite, Py: pyrite, Ccp: chalcopyrite, Qz: Quartz, Bm: Bornite).
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the rhyodacite unit, B: Pyrite and chalcopyrite disseminated in the matrix of a silica vein, C: Disseminated pyrite
mineralization, which has been altered to goethite at the rims due to weathering, D: Specular hematite and bornite
mineralization in colloform and crustiform textures in the drill core, and E: Brecciated quartz + chalcopyrite + pyrite +

specular hematite mineralization. Abbreviations after Whitney and Evans (2010) (Hem: hematite, Py: pyrite, Ccp:
chalcopyrite, Qz: Quartz, Bn: Bornite, Gth: Geothite, Mal: Malachite).
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Fig. 4. BSE images of hydrothermal pyrites associated with other oxide-sulfide minerals from the Mamuniyeh deposit.
A: Subhedral pyrite crystals alongside second-generation chalcopyrite, B: Euhedral first-generation pyrite crystal, C:
Disseminated pyrite mineralization altered to iron oxides/hydroxides due to weathering, D: Third-generation pyrites
within a chalcopyrite matrix, E: Second-generation well-faceted pyrites associated with chalcopyrite, covellite, and
specularite, and F: Second- and third-generation pyrites embedded within a chalcopyrite matrix. Abbreviations afer
Whitney and Evans (2010) (Ccp: chalcopyrite, Py: pyrite, Cv: Covellite, Mal: Malachite).
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Table 1. EPMA results of pyrite in the Mamuniyeh deposit (wt.%)

Point
No

37 4718 0.00 000 019 0.06 000 017 542 000 0.00 0.02 nd 0.01 1017

Fe Mn Co Ni Cu Zn As S Pb Ag Sb Sn Si Total

38 4636 001 001 034 012 001 0.12 534 002 001 0.00 0.01 0.01 1004
39 4793 001 001 002 007 000 0.02 537 000 000 000 001 0.00 1017
40 4732 nd. 004 000 015 002 024 539 002 001 0.02 004 0.01 1018
41 4773 nd. 001 005 012 000 0.05 541 002 000 001 nd 0.02 1022
42 4732 0.00 0.03 000 025 000 0.01 537 000 0.00 002 001 nd 1013
43 4732 nd. 000 001 013 000 019 537 003 0.03 0.00 0.00 0.00 1014
44 4717 001 000 000 014 000 023 536 000 000 000 001 000 1011
45 4724 nd. 001 002 019 001 0.01 538 000 0.01 0.00 0.03 0.01 1012
46 4711 nd. 003 001 026 000 0.01 537 001 0.00 0.01 002 001 1011
47 4776 nd. 000 000 020 000 0.00 537 001 000 001 nd 0.00 1017
48 4712 001 0.03 001 019 000 0.00 536 000 0.01 0.00 nd 0.00 1009
49 46.18 001 112 000 022 0.00 0.03 538 000 0.00 0.00 000 0.01 1014
50 4643 0.00 094 000 042 000 003 537 002 000 0.00 nd nd 1016
51 47.78 0.00 000 000 012 0.00 0.00 539 000 0.00 001 001 0.01 1016
52 46.94 001 015 006 004 000 001 538 000 0.00 001 001 0.00 1010
53 4728 000 002 001 038 000 0.02 535 000 001 000 001 nd 1011
54 4736 0.00 0.00 0.00 0.04 000 0.00 539 002 0.02 000 nd 0.00 1013
55 4723 nd. 002 001 0.00 000 0.00 536 001 0.00 0.01 0.02 0.01 1009
56 4711 000 003 001 026 000 001 542 000 003 000 0.01 o0.00 1017
57 4730 001 002 000 076 000 0.03 534 001 005 000 001 0.01 1016
58 4679 nd. 001 000 053 000 0.00 538 000 0.02 000 nd nd 1011
59 4692 001 030 000 071 001 003 536 001 005 001 0.02 0.00 1017
60 4725 0.00 0.01 0.00 017 000 0.01 540 000 001 002 nd 0.01 1014
61 4702 nd. 036 000 095 000 002 536 000 001 002 001 nd 1020
62 4688 001 020 002 042 001 001 536 000 002 000 0.01 0.02 1011

63 4739 000 000 001 nd. 000 0.00 538 000 0.00 002 nd 0.01 1012
n.d. = Not detected
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Table 1 (Continued). EPMA results of pyrite in the Mamuniyeh deposit (wt.%)

Point
No

64 4732 nd. 001 001 001 000 000 538 0.00 001 000 nd 000 1010

Fe Mn Co Ni Cu Zn As S Pb Ag Sb Sn Si Total

65 4693 nd. 000 001 000 000 0.01 540 000 0.02 0.02 0.03 0.00 1009
66 4742 nd. 001 0.00 0.00 0.0 0.00 539 001 000 001 nd 001 1013
67 47.06 0.00 0.00 0.00 0.00 000 0.0 538 000 0.02 001 nd 0.02 100.8
68 4731 000 001 000 002 000 000 538 0.00 002 000 0.02 000 1011
69 4715 0.00 001 001 020 001 0.00 542 000 0.00 001 002 0.01 1015
70 46.92 0.00 0.01 0.0 0.04 000 0.00 541 000 0.01 0.00 0.03 0.01 1011
71 4723 nd. 000 000 003 000 002 541 001 000 000 nd nd 1014
72 4681 nd. 001 001 0.02 000 001 541 0.00 0.04 001 0.01 0.01 1010
73 4702 nd. 005 001 004 001 001 538 000 0.00 000 nd 0.08 1010
74 46.77 nd. 0.06 002 008 000 000 535 000 001 000 nd 012 1005
75 4729 nd. 003 003 0.09 000 003 534 001 001 001 0.01 0.01 100.9
76 4722 002 073 000 033 000 001 536 000 005 000 nd 001 1019
7 4686 0.00 084 000 035 000 001 539 000 002 001 003 nd 1019
78 4749 nd. 064 002 022 000 0.00 534 000 002 000 nd 000 101.7

79 46.46 0 099 0.00 0.44 0 0.01 537 0 0 0 0.03 0.01 101.6
n.d. = Not detected

S gele Gy 1 55 0dd (6, S 0jIl jolie (6l Oy (Simad s slo Y Jeio>
Table 2. Pearson's correlation matrix for elements measured in Mamuniyeh pyrites

Fe Mn  Co Ni Cu Zn As S Pb Ag Sb Sn Si

Fe 1.0

Mn -02 @ 1.0

Co | 05 0.2 1.0

Ni -02 03 -01 1.0

Cu -02 03 04 -02 10

Zn 0.0 01 | 04 00 -01 10

As 0.0 01 -01 04 -02 05 1.0

S 00 ' 05 -01 -01 -04 02 0.1 1.0

Pb  -01 06 0.1 0.4 0.0 0.5 08 -02 | 1.0

Ag 0.1 0.5 00 -02 03 -02 -01 -02 -02 10

Sh 00 -03 01 0.2 0.1 0.3 0.0 03 -02 -02 1.0

Sn 01 -03 01 -01 -01 ' 038 0.2 0.3 01 -02 02 1.0
Si -02 -01 -01 00 -01 00 -02 -01 00 -01 -01 0.0 1.0
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Fig. 5. Binary plots of the variations of trace elements in the Mamuniyeh pyrites (ppm). A: Asvs. S B: Asvs Fe C: Asvs,
Co,D: Cuvs Fe E: Covs Ni, F: Cuvs. Zn, G: As vs. Ag, H: Sb vs. Ag, ana. I: SN vs. Ag
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Fig. 8. Diagram of Co variations versus Ni and the Co/Ni ratio in Mamuniyeh pyrites. The Co/Ni ratio of pyrite for most
samples have a ratio between 1 and 10, which corresponds to pyrites of Igneous-hydrothermal origin (Reich et al., 2016).
Samples with a Co/Ni ratio of ~100 reflect pyrite grains with very low nickel concentrations, formed at shallower

stratigraphic levels.
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EXTENDED ABSTRACT

Introduction

Studies of the alteration of host rocks are one of the
appropriate guides in the exploration of
hydrothermal deposits, including porphyry deposits.
In porphyry systems, alterations are usually
observed that can be referred to as potassic, phyllic,
advanced argillic and propylitic alterations. These
alterations provide a very suitable exploration
prospect for determining the location of the deposit.
Potassic alteration is usually accompanied by
mineralization. Therefore, by separating potassic
alteration, areas with high mineralization potential
can be distinguished. In this study, alteration zones
are predicted using data obtained from ASTER
satellite images and intelligent support vector
machine modeling. The Zaglic region, as the study
area of this study, is located in the Arasbaran
metallogenic zone in northwest Iran. This area is
located at coordinates 20'26°38'N and 59'20°47'E,
25 km southeast of Ahar city and 5 km north of
Nagduz Village in East Azerbaijan Province.

Materials and methods

In this study, satellite data obtained from the ASTER
and the alteration map of the area were used to build
an intelligent model. ASTER provides high-
resolution satellite images of the Earth in 14
different bands of the electromagnetic spectrum in
the visible to thermal infrared range. The resolution
of ASTER images is ranges from 15 to 90 meters.
ASTER bands were downloaded in the desired area
through the relevant website
(https://earthexplorer.usgs.gov).  This  website
provides ASTER images in different areas for free.
Of course, the downloaded data format is HDF, but
we need the bands in numerical form to use the data.
For this reason, the data were corrected and
processed using ENVI version 5.6 software.
Initially, radiometric and atmospheric corrections
were made to the data. Then, the band data were
obtained digitally through ENVI software and the
file was extracted through the desired area tool and
saved in Excel format. The resulting Excel file was
such that 90-meter square grids were defined on the
ground and the numerical value of each band was
represented the numerical intensity of the absorbed
reflection of the desired band at that point (center of

the square). Therefore, the input to the model was
the numerical ASTER bands and the output of the
model was the type of alteration at that point. The
type of alteration was extracted from the alteration
map of the desired area.

Results

The most important parameter among the parameters
of a support vector machine is the choice of kernel.
Here we use the RBF kernel function in modeling
because this function has a good ability to analyze
high-dimensional data. On the other hand, for
implementation, it requires setting two parameters;
one is C (penalty parameter) and the other is A which
determines the width of the kernel function. The
division of the number of training and test data is
such that 80% of the data is considered for the
training dataset and the remaining data is considered
as the test dataset. This ratio was also optimized by
keeping other parameters constant and changing the
percentage of data in the training and test datasets
and the value was determined to be 80%. After
dividing the dataset into two sets of training and
testing data, it is time to determine the two
parameters A and C. By considering the value of A as
a constant, we find the optimal value of C.
According to the obtained values, the value of the
parameter C was considered to be 2. The value of
epsilon was also determined by trial and error to be
107. The value of A was optimized by using different
values and running the model, and its value was
determined to be 1. Finally, by optimizing the
required parameters, the best value obtained for
modeling was an accuracy of 90.24%. After
determining the optimized parameters of the support
vector machine, modeling was performed using the
data and the output map was drawn based on the
prediction of the type of alteration in the study area.
Also additionally, in order to compare with the
existing alteration map of the study area, the
predicted map was implemented on the alteration
map of the area.

Discussion

As mentioned above, by optimizing the model, we
achieved a resolution accuracy of 90.24%, which is
adequate for modeling that only uses satellite images
to separate alterations. Finally, the alteration map of
the region was drawn using the model output based
on the prediction of the alteration type of each point.
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According to the results obtained, the following are
suggested:

- The obtained model is capable of separating
alterations and rock units and it is recommended to
use it in similar studies.

- It is recommended to use data from other satellites
and compare it with the results obtained from the
ASTER data.

- In order to conduct comparative research,
classification should be performed with other
intelligent methods.

- In addition to the alteration type, the amount of
elements using geochemical data can also be
considered as an output and modeling can be
performed.
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Fig. 1. Geological map of the Arasbaran metallogenic zone and the location of the important known deposits located
there. The location of the study area is marked as a rectangle on the map (Rajabpour et al., 2022).
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Table 1. Determining the optimal percentage of dividing the dataset into training and testing data for the Zaglic area

training dataset

test dataset

Model accuracy for the test

dataset
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75 25 78.48 %
80 20 81.12 %
85 15 80.76 %
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Table 2. Determining the optimal value of the C parameter for the data of the Zaglic area

Model accuracy for the test

C value dataset
0.5 80.52 %

1 88.74 %
15 88.82 %

2 89.93 %
25 89.63 %
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Table 3. Determining the optimal value of A
A value Model accuracy for the test
dataset
0.001 74.64 %
0.01 81.12 %
0.1 83.16 %
1 90.24 %
1.5 85.20 %
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EXTENDED ABSTRACT

Introduction

Lithium is a soft, silvery-white alkali metal. It has an
atomic mass of 6.941 g/mol, and atomic number 3
which is khnown as the least dense metal, highest
electrochemical potential, and highly reactive. In
addition, lithium is flammable and tends to reacts
with water (form hydroxides) nitrogen, oxygen, and
carbon dioxide in the air (Balaram et al., 2024,
International Lithium Association, 2023). Lithium
can replace magnesium due to its similar ionic and
atomic radius. Lithium is found in a variety of
geological environments and in the crust and can be
extracted through various mining methods,
depending on the location and composition of the
deposit.

Pegmatites, brines, and sedimentary deposits are the
most important sources of lithium. Over the past
decade, lithium demand has increased due to its use
in the lithium-ion batteries industry. Global
consumption of lithium in 2024, a 29% increase from
consumption in 2023. Global lithium demand is
expected to reach nearly 1.8 million tonnes by 2030,
almost six times the demand in 2020. Global lithium
demand is expected to reach 1.8 million tonnes by
2030, almost six times the demand in 2020.

In this study, given the increasing demand for lithium
and its extensive applications, an attempt has been
made to present an up-to-date global perspective on
various aspects of lithium, including its applications,
geology, mineralogy, different types of lithium
reserves, exploration indicators, analysis methods,
extraction of lithium reserves, and finally its position
and impact in the global market.

Geology and classification of lithium deposits

Lithium is enriched in the continental crust with an
average crustal value of ~25 ppm. The most
important sources of lithium include pegmatites,
sedimentary deposits, and brines. Pegmatites are
coarse-grained igneous rocks enriched in trace
elements, including lithium. Pegmatite deposits are
one of the primary sources of the lithium, particularly
spodumene. The source granitic magma must be rich
in lithium and also undergo extreme fractional
crystallisation to form pegmatite deposits (London,
2018; Sykes et al., 2019). Lithium accumulates in the
latest differentiates of granitic complexes at their
final stage of consolidation and thus gets

concentrated in significant amounts in pegmatites.
Lithium can also be found in sedimentary deposits,
where it is usually associated with clay minerals or
evaporites. The sedimentary lithium deposits can be
divided into two categories: (1) land-based
sedimentary deposits, and (2) deep-sea sedimentary
deposits.

Lithium can be found in brine deposits, which are
formed by the evaporation of saline water in arid
regions. These deposits are rich in lithium salts such
as lithium chloride, lithium carbonate, and lithium
hydroxide. Lithium brine deposits are formed over
millions of years through a complex combination of
geological and hydrological processes involving
evaporation, mixing, halite, and hectorite
dissolution, and precipitation (Munk and Jochens,
2011; Munk et al., 2016). These deposits are
typically found in regions with arid or semi-arid
climates, where the rate of evaporation is higher than
the rate of precipitation.

Discussion and Result

Based on the lithium demand, especially in the
manufacture of various types of batteries, research to
further explore lithium reserves is so important. The
largest amount of lithium reserves is in the brine type
in Bolivia and Argentina (21 and 20 million tons,
respectively), and the smallest amount is in the
pegmatite type reserve (0.1 million tons) in
Australia. Australia and Chile also have the highest
levels of lithium mining. The highest level of
processing and production of electrochemical
products and batteries is in China (Stringer,
and Millan, 2019).

The potential supply gap looms large. Projections
indicate that by 2034, global demand for lithium
could be 6.5 times greater than in 2023, further
widening the supply-demand imbalance. By 2029,
the industry could face a tipping point where demand
far outstrips supply, creating significant challenges
for the global energy transition. This impending
shortage highlights the critical need for innovative,
scalable, and environmentally responsible methods
to extract lithium to meet future demand.

The electric vehicles need is increasing year by year.
Using these types of vehicles will help reduce air
pollution and protect the environment. Lithium-ion
battery demand is expected to grow by about 27
percent annually to reach around 4700 GWh by
2030. In 2024, the global electric vehicle market had
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significant changes. Chinese car company BYD
took the top spot as the largest electric vehicle
manufacturer, followed by Tesla in second place.

In Iran, the presence of brines and playas located in
the Zagros and Central Iran zones, especially in
desert areas, has high potential for lithium deposits.
Hectorite in clay deposits should be prioritized for
lithium exploration. Exploration of lithium deposits
in Iran and development of appropriate technologies
can transform the country into a regional producer of

this strategic metal.

Acknowledgements

With utmost respect and gratitude, we would like to
thank Mr. Ali Abedi, the management of Atametal
industrial and mining holding, for his valuable
support in advancing this research project.

Journal of Economic Geology, 2025, Vol. 17, No. 2

51

DOI: 10.22067/econg.2025.1146


https://doi.org/10.22067/econg.2025.1146

YEYY-oAs  Sog SUILLE Yoo AV 9 Ll L Qe 1P aomis I F Y oyl (VY 650

J,L;:lg’t:c{;

KA Ao https://econg.um.ac.ir

@ 10.22067/econg.2025.1146

6&5}65})3‘;{5}?3lgfwé)g)lrggs)jbé‘cbﬁ‘u‘dUJ‘ cgsag.&chﬁlébﬁé)j}o
2

szjjﬁ oyle ¢ *’)%M;wmn

Ol e cdgie gy ,3 oS5 cp sl oSl D1l G ke 3 LS gy 09 8 5 ol 05 8 calial
b‘}i“v\.@a:ﬂﬂ awwjéjéa@b ge;l&a&d‘;cwu&:ﬁjo};‘gjfédﬁbv

o Al Wledb!
(LS g asls 2l g 5 B b (‘J‘-J Ll Sl slajls 6l p LBl o) 5 ! VEAYNS isl s b
cLag_,dJL’:uC\y‘ ccb— L Cﬂ‘ BE ol a-L.:Z:ﬁs‘w thb a!jl,;:ﬁnu.:d,c\;a.w\ Y/ Y/YY 36;5}\{'@)\3
.mﬁéw )‘}gi_ﬁ:u'))}a B) oT LQLAJ_X)LS} Lg)J\_):B ‘C‘J’ﬁ—‘”‘ el _iS| ‘Lndlf 6(‘5—:225 AARAZARTARY :di‘fl“.\’.@)u

. =
Lgmﬂtfa;wj\usi.M(,xgy\cuu%,_@w_wﬁu“uqug

Oilja.au:._w\.g;__wlé,-ﬁtdujﬁ?&jg,“i,4{6)'\_*6;1{;;,;_4:,;(”:;

Sl seosly

2ol el Sl o std o3 iy aor pa OLESTHIAD cadl 51530 555 4 555 s 5L "

q | o Pl E . e . e X £

oz 51 BLESTOSES Sl sy 6,508 aipsd Sl GLolE 5 O juan Oljee ol s L

slalsd s

Sllas OT 51 e 593 51 Shaww 5 (glaadipn ) (ol SIS 00K 58 55 ¢ ol s S S s s

5558 SO 5 baaly 5 el L& ol (555 5 pad At b3 8L sl (6ol i slas it
ST s S5 51l b el glabate OB WS A 5 51 SS w1y 535S L5 s ol

J e o g

DRSS e hase

karimpur@um.ac.ir &

Qo oyl 4 dbaw!
qu&fj.gﬁéu})}}ﬁ-ﬁLsi'ﬁl{(a}:::.‘:ﬁ)l;)é)ﬂjétc‘ﬁa‘g.}w"tﬁ:wj‘ﬁB-Sﬁd)}f.\F'f‘b)%tﬁééj}ﬂjww‘)ﬁﬂ;
https://doi.org/10.22067/econg.2025.1146 4+-¥4 :(Y)\V (gLl


https://doi.org/10.22067/econg.2025.1146
https://doi.org/10.22067/econg.2025.1146
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://www.um.ac.ir
https://econg.um.ac.ir
https://econg.um.ac.ir
https://doi.org/10.22067/econg.2025.1146
https://doi.org/10.22067/econg.2025.1146
mailto:karimpur@um.ac.ir
https://doi.org/10.22067/econg.2025.1146
https://doi.org/10.22067/econg.2025.1146
https://orcid.org/0000-0002-8708-562X
https://orcid.org/0009-0007-7345-6972

...}6)}‘,3‘Cb&r.'.ﬂ‘g.}w“kﬁiwj‘x\ﬁ-s‘ﬂé)}f

ST EETIS

Jaskula, ) coul aals Yo YV Jlo & G 2ol 531 s 5 Y4
S35 oo Sler LB Yor JL by, o sl (2024
55 Loli s ia L& e ) a5 sl o5 Oskes VA &
(Statista Available online, 2025) ¢ Y+ Y. J_u
0555 (S S s iy 5 (g S 5 SLas Sl
(olicd ol jor sla 58 Wb SGs S filws 5 55,0
Cpomatt LS o Wl Jlioe s (la oy 93 9 i pa slac sl
b e s e d b gl b 2B s 4 e L 0l
05350y Sl T4 paad a3 )8 At r © gma 3L 5
e o e Olgr el 53 OT Sl 5 p ot wlie
sk 4o T sladlw 55 p sl sl p Lol 5 5 b o Sty
IR a5 L e ol el 1A St
S Sl ol g 0T 03 28 (slas 1,187 5 p st (sLslis
dha Sl pgnd Caliiee laacr 5,550 53 555 4 Sl St
283 Cales g1l anlis SIS (ol e (0T (slos )
263 il GIUT (gla gy (oLasST) (gla ot Ls ¢ g0 5]

35360 Sl Sk 0T 15 ol ol 53 5 52

4oddo
05 a5 (sl st &G 03 8) oL 5 o5 pad
ol o 3T ol e Glols el il (glo G dd
554 e gla S xals s a8 () JSa) el /4
3 b3 S Joeilsy YL G 5ES alar
B p s copl oo sl ol b L5 VL (g 5y 25T
(S gy LS OTL 28T 4 bles 5 Sl Jlal
Sl Igp o me 53 O md 5 ST (63 p S OS]
2024, Lithium )
0SS (o3l 5 G2 gl I @ ¢ 52 (Association, 2023

Balaram et al., International

2 psad (Y JS8) 50y e e il Al5 e
534 o 3L ) gy 53 5 oolid ) O S LS (Glalasms
4 A (S Ok alies gl gy b 1 OT Ol o0
5 bl oL 5 S ol il JLlS S 5 5 b e
u;djbjb.mrﬁgcbajﬁd#ﬂ&}__wﬁlss
sl b Cas s o7 3 eslazl J:b 4 (.}:::j sl EALY

XXF Il 55 o) Sler O e Sl a2 31 o g2

Lithium

Atomic
number

Symbol

Electron
configuration

[He]2s"
Alkali metals

Type

Atomic weight

Strongly basic of
higher-valance oxides

Body-centered
cubic structure

Solid state
at 20°C (68°F)

poid pate Slasie.) SO
Fig. 1. Properties of lithium element

DOI: 10.22067/econg.2025.1146

oy

Y oyled MY 6555 OFF (oslabl owlis e


https://doi.org/10.22067/econg.2025.1146

...}5)}‘;79‘Cb%»‘g}whwwjeﬁu-s‘ﬂd)}f

R EITEERT TS

SIZES OF ATOMS AND THEIR IONS IN PM
GROUP 1 GROUP 2| | GROUP 13| |GROUP 16 GROUP 17
Li* Li B* B o o* | F F-
oo z]| @) o 4 | P
Q0 134 41 82 |73 1226 | 71 119
Na* Na AL’ AL | s s* | €i cr
116 154 102 170 | 99 167
g K Ga®* Ga | Se Se? | Br Br-
— @ @ @
152 196 76 126 |116 184 | 114 182
Rb* Rb In** In Te Te? | | I”
PERIOD 5 ®
166 211| 132 192 | 94 144|135 207 | 133 206

(Boole, 2024) o e (sl p gt (dilr Jiolad ¥ S
Fig. 2. Replacement of lithium with magnesium (Boole, 2024)

o 1 il glay 558 53 SOl 3 Ll agd el
Gl s o il i) g etoute SYLI LS (L
e A 3k Lo e 5 ABL o5 Sl (i L Lt il S
London, ) s s LSt <l b3 63,5 15 gbds
LSl 3 &5 4 55 0520 (2018; Sykes et al., 2019
@b s b sl s ks ole ol s (8
53 sl e (Balaram et al., 2024) s, 5 o S e
A 5 p s cp ISl (B 51 (glas gooma (ol U il 5528
O 3 i) 3 i i o WA,

(Sykes etal., 2019) wzus (Li2O 55 4oy

DOI: 10.22067/econg.2025.1146

P s S Ll (s 9 (wlid o)
sk 0T e 5505 Su b b (slo)ls ay 53 ppd
Jlie (Balaram et al., 2024) <l o5 55 ¢ Y0 SiLa
Caliee Sladame 5 LOT a8 3 o g —ate sl 8
o) b o5 pn 31l o B g 53 (ol e
JS8) 5 STo Ll baaly g 5 g gny b3 b SLE 4 017 e

K\
ol 5l s s &l 5T sl besll&
{Benson at al., 2025) Wled & 2 p s e jl SlaS
o35 4 o) ke o3le gl mlis S (S LS s

Y n‘)Lu.'I: AL\ 093 AFF ‘Lgsl.aﬁ‘ ‘-;wuu:ﬂj


https://doi.org/10.22067/econg.2025.1146

...)‘5)3\)3Lc|ﬁu|g}w‘s6mri&fj‘xlﬁ-5ﬂ‘£)jf

R EITEERT TS

((Balaram et al., 2024) ol, 1K 5 ¢,V 51 8 8 ) (ol o5 Calibe (gladammn 5 T ae&in 53 ot e chile ) Jauer
Table 1. Lithium concentrations in different types of rocks, water, and other geological materials (modified after Balaram

et al., 2024)

Type of geological material

Concentration

Reference

Upper continental crust 35+ 11 ppm Teng et al., 2004
Continental crust 17 ppm Rudnick and Gao, 2005
Igneous rocks 29 ppm Horstman, 1957
Sedimentary rocks 53-60 ppm Evans, 2014
Hydrothermal waters (general) 8.2 ug/mL Shaw et al., 1977
Marine sediments (manganese 139 ppm Heller et al., 2018
nodules)
Brines 200 — 1400 ppm Gruber et al., 2011
Lietal., 2021a; Lietal.,
Sea water 0.1-0.2 ppm 2021b
Groundwater 0.9 161 ppb (average Sharma et al., 2022
13.9 pph)
Surface water <0.5 10 130 ppb Sharma et al., 2022
(average 3.9 ppb)

Geothermal waters

77.31 - 99.40 ppm

Suud et al., 2023

Brines associated with oilfield

7.56 — 150 ppm

Yuetal., 2023a; Yuetal.,
2023b
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Fig. 4. Schematic diagram of S-type granitoids in continental collision zone, source of Li-bearing pegmatites (Trueman
and C’erny’, 1982; Serri et al., 1993; Galeschuk and Vanstone, 2007).
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Table 2. Li concentration in some important lithium minerals (modified after Peiro et al., 2013; Gourcerol et al., 2019;
Bowell et al., 2020; Balaram et al., 2023; Zhao et al., 2023a)

Li-mineral Mineral group Formula Li concentration (%)
Spodumene Inosilicate LiAISi;0s 3.73
Lepidolite Phyllosilicate  K(Li,Al)3(Al,Si,Rb)4010(F,0H), 3.58
Hectorite Phyllosilicate (Mg, Li)3Si4010(OH), 0.16-0.74
Jadarite Neosilicate LiNaB3SiO7(OH) 3.39
Petalite Tectosilicate LiAISisO10 2.26
Amblygonite Phosphate (Li,Na)AIPO4(F,OH) 4.69
Cookeite Phyllosilicate LiAl4(SizAl)O19(OH)s 1.34
Taeniolite Phyllosilicate KLiMg,Sis010F> 1.71
Lithiophorite Oxide (Al Li) Mn**O,(0H) 0.57
Eucryptite Feldspathoid LiAISiO, 5.51
Zinnwaldite Mica group K(LiFeAl)(AlSiz)O19(FOH), 2-4 (Li20)
Muscovite Mica group [SisAlO10F2(OH),] KAl 0.23 (Li,0O)
Ilite Phyllosilicate Ko.7Al[(Si,Al)4010](OH), 1.8
Montebrasite Phosphate LiAI(PO4)(OH) 7.4 (Li,0)
Triphylite Phosphate Li(Fe,Mn)PO4 9.47 (Li,0O)
Zabuyelite Carbonate group Li,COs 18.79
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Jaskula, 2024) Calses gla; 528 )3 psid Dol A5 5 5103 e W Jgaer
Table 3. Lithium reserves and mine production in different countries (Jaskula, 2024)

Mine Production (Metric Tons)

Countries 2023 2024 Reserves
United States 1,800,000
Argentina 8,630 18,000 4,000,000
Australia 91,700 88,000 7,000,000
Brazil 5,260 10,000 390,000
Canada 3,240 4,300 1,200,000
Chile 41,400 49,000 9,300,000
China 35,700 41,000 3,000,000
Namibia 2,700 2,700 14,000
Portugal 380 380 60,000
Zimbabwe 14,900 22,000 480,000
Other countries 2,800,000
World total (rounded) 204,000 240,000 30,000,000
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Table 4. Indicator minerals, pathfinder elements for identifying various lithium deposits (modified after Balaram and

Sawant, 2022).

Deposits of interest Type of seposit

Main pathfinder
minerals

Main pathfinder
elements

Lithium Sedimentary

Hard rock

B, Be, K, Ca, Cs, Rb, Sr,
Y, Nb, Sn, Cs, Ta, Sh, W,
Bi, As, Ga, Tl, and the
REE

Smectites, illites, jadarite,
searlesite, zeolite, beryl,
diaspor, boehmite,
kaolinite, illite and
anatase, clinochlore and
lithophosphate

Spodumene, petalite,
amblygonite, quartz, K-
feldspar, albite, or
montebrasite, lepidolite,
zinnwaldite, eucryptite,
cassiterite, lithiophilite,
holmaquisite, triphylite,
muscovite, apatite,
tourmaline, tantalite-
columbite, scheelite
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Fig. 13. X-ray graph obtained by XRD analysis of petalite, spodumene and lepidolite minerals
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Fig. 14. X-ray graph obtained by XRD analysis of hectorite mineral
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Fig. 15. Flow chart showing the lithium extraction using the salt gradient solar pool process (Ding et al., 2023)
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Fig. 16. Processes for extracting lithium from clay-type lithium deposits (Zheng et al., 2023a)
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Lithium: Mine To Market

Deposit Type  Mine Type Product Type Battery Type End Use
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Geology Hard Rock Minerals Ceramics Electronics
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eography Clay Hydroxide AI'::;S: Storage
Other Other Other el Battery
Geography —>

Part 4
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Fig. 17. Stages of lithium reserve exploration to its uses (Sykes et al., 2019)

Global Lithium Market Share, By Application, 2023
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Fig. 18. Pie chart showing the various major applications of lithium as a percentage of global consumption in 2023
(Fortune Business Insights, 2025)
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(Ufine, 2025) (s sd slacs 5l 15l i .0 Jour

Table 5. History of lithium battery types (Ufine, 2025)

Year Name Description
1980 JB. Goodenough He discovered that lithium cobalt %X|de f:ould be used as a cathode material in
atteries.
1970 Whittingham Development of lithium-ion batteries
. . Yoshino developed the first practical Commercially Viable Battery, lithium-ion
1985 Akira Y oshino battery using Goodenough’s lithium cobalt oxide cathode and a carbon anode
1991 Japan’s Sony Sony’s Commercial Release, Sony’s first lithium-ion battery product was launched.
The 2000s saw significant advances in battery technology, leading to the
2000 - . o .
development of high-capacity and safer lithium-ion batteries
, In 1987, “the era of mobile phones is coming,” mobile phone batteries using nickel-
1987 Japan’s Sony chromium batteries needed to be charged once a day.
1988 Japan’s Sony Sony applied for the first lithium battebry patent and named the new product Li-ion
attery
1992 Japan’s Sony Japan’s Sony Corporation 1nvenFed_ a lithium _ba_lttery using carbon material as the
cathode and lithium-containing compounds

1994 lithium-ion batteries became available to the public.
1996 Goodenough lithium iron phosphate was successfully developed.
1999 Japan Eight Japanese companies led by Panasonic launched their first polylithium products.
1999 South Korea South Korea entered the lithium-ion battery market

. China’s lithium battery industry emerged. China’s annual output of lithium-ion
2004 China g - .

batteries is 800 million units.
2006 BYD launched its first electric car, the F3e.
2011 China China’s megawatt energy storage stations were connected to the grid
2012 Tesla The Tesla Model S was launched.
2014 Drone production exploded. Global sales
2019 Three people who contributed significantly to lithium ions won the Nobel Prize in
Chemistry.
Global lithium battery shipments will be 1,192Gwh, a year-on-year increase of
2023
24.9%.

2025 Current development

Improved Energy Density, Faster Charging, Enhanced Safety, Environmental Considerations, Solid-

State Batteries
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(Lithium Harvest, 2025) sz (slacs 5l Calises ¢151.0 J9ur
Table 6. Different lithium battery types (Lithium Harvest, 2025)

Type Main application Materials used Advantages

Lithium Nickel  EV batteries, consumer Lithium hydroxide/Lithium

Higher energy density and
Manganese Cobalt  electronics, energy

carbonate nickel, manganese, faster charging performance in

(LNMC) storage and cobalt cold climates
Lithium Nickel - . .
Cobalt Aluminum EV batteries L|thlgg€);3t/d£ﬁjxr|ndiﬁhmckel, Higher energy density
oxides (LNCA) '
Lithium Iron EV and mobility Lithium carbonate, iron,  Longer life cycle, less thermal
Phosphate (LFP) batteries, energy storage phosphorus runaway risk and lower cost
Lithium Cobalt ?martphones, tablets, " | _ High _energyldelr_]:ny,
Oxide (LCO) aptops, cameras a_nd Lithium carbonate, cobalt impressive cycle life, and
other handheld devices reliability
Lithium Lower internal resistance and
. Power tools, e-bikes, Lithium carbonate, improved current handling.
Manganese Oxide . - | EV applicati High th | stabili q
(LMO) minima applications manganese igh thermal stability an

enhanced safety

. . Energy storage, -,
Lithium titanate . . . o - Good thermal stability under
(LTO) industrial tools, electrical Lithium carbonate, titanium high temperature

power trains

(Lithium Harvest, 2025) p p2d S5 ¢l 5l 5 2,5 Y Jour
Table 7. The application of lithium compounds (Lithium Harvest, 2025)

Type Usage
Lithium carbonate Widely used in lithium-ion batteries and pharmaceuticals.
Lithium hydroxide Important for battery production, ceramics, and lubricants.
Lithium chloride Utilized in air conditioning systems and as a catalyst in organic
synthesis.
- An organolithium compound used in chemical reactions and as a
Butyllithium T
polymerization initiator.
Lithium metal Valuable for specialized appllcz;tlllcz)r;/sé including lithium batteries and
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China in Charge

China accounts for majorty of refined Lithium Chemicals

B China [ Chile [ Australia

Lithium Carbonate (2018)

Lithium Hydroxide (2018) ‘
0

Lithium Hydroxide (2019) -
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Fig. 19. The global production of lithium carbonate and hydroxide in 2018 and 2019 (Stringer, and Millan, 2019)

Lithium Consumption Pattern
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Fig. 20. Lithium consumption pattern of batteries and other application from 2016 to 2030 (Lithium Harvest, 2025)
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Fig. 21. Lithium batteries production of different countries in 2022 and anticipation until 2027 (Visual Capitalist, 2025)
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Fig. 22. Global battery gigafactory capacity (Lithium Harvest, 2025)
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1 ton of battery-grade Lithium can come from:

I
250 tons
Used Lithium-ion batteries

28 tons

1 ton of battery-grade Cobalt can come from:

300 tons

¥ Used Cobalt-ion batteries
28 tons

Brine
750 tons

Using recycled materials* from spent batteries
has potential to decrease:

(9 Costs by 40%

& Energy use by 82%
@ Water use by 77%

@ S0, emissions by 91%

*Assumes a direct recycling method

(U.S. Department of Energy, 2021) suzee oslizul g1 5 0 5d bacs b gbaralbl Cab 50 & 50 TV CH
Fig. 23. The benefits of recycling spent Li-batteries to reuse (U.S. Department of Energy, 2021)
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Fig. 24. Specific energy and energy density of lithium-based batteries (Itani and Bernardinis, 2023)
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Fig. 25. Processing of lithium compounds and their major end-use applications (Yaksic and Tilton, 2009; Ebensperger et

al., 2005
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Fig. 26. Lithium amount of electric vehicle and electronic tools (Visual Capitalist, 2025)
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Table 8. Approximate amounts of lithium in different types of batteries (data from the websites of different lithiumion

battery making firms)

Product Quantity of Li
A rechargeable AA battery 0.1g
Mobile phone 39
iPad 20-30g
Laptop 309
Power tool 40-60 ¢
Hybrid vehicle 0.8-2.0 kg
A typical EV battery 8 kg
Typical power storage system 10 kg
Tesla EV 50 kg
An average EV 10-63 kg
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Fig. 27. Global lithium price chart (Trading Economics, 2025)
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Fig. 28. Global distribution of Li deposits, categorized by deposit type (Benson at al., 2025)
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Fig. 29. Lithium mining and consumption in different products of countries (Stringer, and Millan, 2019)
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Lithium Supply-Demand Forecast
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Fig. 30. Global lithium supply and demand forecast (Lithium Harvest, 2025)
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Fig. 31. Global lithium supply and demand forecast (Stringer, and Millan, 2019)
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Fig. 32. Lithium hydroxide and carbonate consumption forecast in batteries (Stringer, and Millan, 2019)
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Fig. 33. Global demand for electric vehicles (Motherjones, 2025)
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Fig. 35. Global top car brands based on electric vehicle sales in 2024 (Alcott Global, 2025)
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EXTENDED ABSTRACT

Introduction

Zircon is a highly durable and chemically resistant
mineral that is commonly found in a variety of rock
types. Its ability to retain detailed records of
geological events makes it an invaluable tool for
geologists (e.g., Hoskin and Schaltegger, 2003). In
this study, we focus on the petrogenesis of the
Almogholagh intrusive rocks and assess their
mineralization potential by examining the chemistry
of zircon.

The crystallization of zircon is influenced by several
factors, including temperature, the chemical
composition of the magma, water content, the rate of
crystallization, and the degree of zircon saturation
within the magma. Due to these dependencies, zircon
serves as an excellent mineral for extracting critical
information about the origin of rocks, magmatic
processes, and the age of crystallization.
Additionally, zircon can provide insights into the
composition of the initial melt and reflect the
oxidation state of the parent magma (Hoskin and
Schaltegger, 2003; Trail et al., 2011, Trail et al.,
2012; Watson et al., 2006; Hofmann et al., 2014;
Geisler et al., 2007; Li et al., 2014). By analyzing
zircon chemistry, we aim to unravel the geological
history of the Almogholagh intrusive rocks,
understand the magmatic processes that led to their
formation, and evaluate their potential for
mineralization. This approach will help us to better
understand the conditions under which these rocks
formed and the potential resources they may contain.

Materials and methods

After field works and collecting samples from the
Almogholagh intrusive rocks, suitable samples were
selected for thin section preparation and microscopic
studies. The samples were selected from diorite,
quartz monzonite granite, and zircon crystals were
separated from the host rocks. The LA-ICP-MS
method has been used to study the chemical
composition of zircon in the diorite, quartz
monzonite, and granite of Almogholagh. LA-ICP-
MS analysis is one of the most important analytical
method for geochemistry studies.

Field and petrography studies
Based on field observations, this intrusion is divided
into three main groups: (1) diorite-gabbro; (2)

syenite-quartz monzonite; and (3) granite.

The first group is mainly located in the northeastern
part of the Almogholagh intrusion, which is
characterized by a rough morphology. The second
and third groups have a mild morphology, cover a
wide range, in the southeast, west and center of the
area. The results of the U-Pb analysis of zircon grains
of the samples show that the studied rocks
crystallized in the Late Jurassic-Early Cretaceous
(Sarjoughian et al., 2023).

Gabbro-diorite is mostly coarse-grained to medium-
grained granular and it is the main host of the Baba
Ali iron deposit. These rocks contain the main
minerals plagioclase, amphibole, and minor
pyroxene. Syenite and quartz-monzonite has a
granular and microgranular texture and contain
orthoclase, amphibole, plagioclase and minor quartz
biotite, and pyroxene. Granite has a microgranular
and porphyritic texture. Its  mineralogical
composition is quartz, orthoclase, plagioclase,
biotite, and hornblende in medium to fine grain size.

Result and Discussion

In the diagram of the REE variation of in zircon,
normalized to chondrite (Sun and McDonough
1989), from diorite, quartz monzonite, and granite
show a similar pattern. In this diagram HREE are
higher than LREE and Ce has a positive anomaly and
Eu has a negative anomaly, and it seems that these
rocks are in an oxidation state. Granite have higher
REE than diorite and quartz monzonite, which
maybe due to magmatic fractionation. Using zircons
chemistry we distinguished that most zircons in the
studied rocks have high Sm/La and Th/U ratios and
are magmatic (Hoskin, 2005) and they are mostly
subalkaline and alkaline nature (Mathieu, et al 2022).
Using the element content in zircon chemistry, the
petrogenesis of the study area can be identified, using
the U/Yb to Hf ratio (Kamaunji et al., 2023). As
revealed, magma originating from mantle (NMORB
or enriched OIB), which are contaminated by
continental crustal component, as indicated by high
U/Yb ratio in zircon chemistry (Grimes et al., 2007).
In this samples, Gd/Yb ratio in zircon decreasing but
Hf value in zircon increase, indicating magmatic
fractionation along with contamination.

Intrusions associated with Fe skarn, in contrast to
intrusions associated with Fe-Cu skarn and Cu
porphyry deposits, have lower oxidation states, are
generally less oxidized. Studies have shown that

Journal of Economic Geology, 2025, Vol. 17, No. 2

DOI: 10.22067/econg.2025.1142


https://doi.org/10.22067/econg.2025.1142

Sarjoughian et al.

Petrogenesis and Economic Potential of the Almogholagh Intrusive Body, Using the Zircon Chemistry ...

zircon Eu/Eu* is useful in ore exploration for
assessing the mineral potential of intrusions (Lu et
al., 2016; Ghasemi Siani et al., 2022). Fe skarn-
associated intrusions have zircon Eu/Eu* values less
than 0.45, while these values are greater than 0.65 for
Cu-Mo skarn-associated intrusions. Cu-Au-Fe skarn-
associated intrusions have most zircon Eu/Eu*
values in the range of 0.45 and 0.65.

Using the Yb/Dy and Eu/Eu* ratios of zircon, the
amount of magmatic water can be evaluated. As with
increases of Eu/Eu* and Yb/Dy, the water content
increases, and mineralization type tends from Fe
skarn to Cu-Fe-Au skarn. The studied samples have
Eu/Eu* between 0.1 and 0.3 and Yb/Dy less than 5
and fall in Fe skarn field with lower water (Wen et
al., 2020).

The studied zircons have intermediate Ce/Ce* and
Ce**/Ce® ratios (between 10 and 100) and are in the
range of Fe-bearing deposits. Also, the low Hf
content at temperature 700 to 800°C in the studied
zircons indicates that the magma forming the
Almogholagh intrusive rocks may be susceptible to
Fe mineralization (Wen et al., 2020). It should be
noted that the intermediate Eu/Eu*, Ce/Ce*,
Ce*/Ce®, and Yb/Dy ratios in the Almogholagh
intrusive rocks indicate the Fe mineralization
potential.
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Fig. 1. Geological map of Alamogolagh intrusive rocks (Ashragi and Mahmoudi Garaii, 2003) with slight revision
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Fig. 2. magnetite veins in diorite Almogholagh

DOI: 10.22067/econg.2025.1142

Y oyled MY 6555 OFF (oslabl owlis e


https://doi.org/10.22067/econg.2025.1142

e S 5 oo S ealizal by Y 8 5adT (63585 s 55 o154 el 5 5557

OLHSen 5 0ls o e

sl e 31585 IS aalsl (gl eyl 13 2 V00 GO o5l
do o iz b 55 1) K sladi s 35 s al e 3 .l
o -3 3 Iom OT 31y (AT ad oS 0305 58 9
o&es 5331 8 sl dom 3 Vo glos 53 Celi Y b1 Lad gas
S5 (695 1) i a5 (sbmy l o )3 1358 &K B o3l 13 04T
G S o5 ks slogaT Sl esliul by ase ; Olo mhows
JIQ)&leabLi;,w\J:Sb..uS@|.\?r.aj\|)o_,i:))jeﬁ§
Sl S 4 i syl Caol 6,5 Gl SIS & Cl
e OT Ay 1) K 85 i s i1 (55
@deu\&é\ﬁ@d}fﬁ.w@&ﬂ:}'}m
S39ppssn i Do Sl 5 g S S S 5
CSns S g ST dl ey .Sl 0dld o3lizul Olie gy
sl 0 o oS 5 laalls s Sy s 4 Y S g
52 50305 i g e 5okl oY 5 e L S 55
b oaleT bl gl Colg

358 SO 3 (S 5 et S S e Sl
O gk S35 55 5 el ) s S 4 a3 0 BY 58 5l
iags Cl sBSE i slas oS 505 5l ) .ol st a Lo
LA-ICP- 4 325 5 Ol ulin (glba Joen s 5 (7 JS2)
Csien 5olsS (Cuyg 5o ba o sl .l aucl@'lMS
03,5TY 5 Y Q) sladsdr 130T mls 5 43 SO0 2l 5 5
el ol

Wl (sl 2 S Es) o e 5 (SO LA-ICP-MS 4 s
23 o s el Gl e G118 Olje S 612 S
dom b ol 5 5 or 03linl OLaS G 8 5 SleST S
588 5305 oS Sl p3lis 4 s DGl 5 057 (5L ST
5@ Fan Sl 5 SlaS olie (58Il YL 235
oo S 5,5 6 a8 ol LY b e 31w f5las
Pozebon, ) ceul 03 57 (3L sl ¢SS o> miwiab
(etal., 2017

L g ga0dys wrSa b 5 el,T (S50 s0 Lpsm 5 ps30s 8
S rsop Grhoszr 55 Cwlelilin ) oy ailate oS
by Sy sble s vl odalin LB (3o
Sl b g laeSils 5 o alad S 5,18 5 1S
B ISKT A8 Wlods |5 (6 e e dr b e e ks
3 Al 5 dmn oSy Sy 355 g0 D5 S
L;Uaéi’._.w BIPIL Y- Z TR PP R PHIPN &qub Ll
Gl ool 5 Llad § 15 S T Shoou pwy e
AL odalie b asbige Il L e b
o3 oo OLES Wi sas oS 5 lails U-PD o 5 4 520 s
g b Claiies 51 s VYVEN MA e Ly S
sske VEE/OE AMA o Lcul § 5 VRV V\/FMa
Sarjoughian et ) (ad sl 4wl S — s Sl y 55 53) Llods
35 &Sl seKw 5s =S 25 gldl e @l 2023
sokie 5 s w53 oS s I el gl K
b s Sl 03130085 il 5 o 5 (5501 o 5 0
s gl 085 5o b s 5 gl e DLt
st A I 5 Sl Sletl LB g OV i e
Sl ol ke OLaj ¢S s BY i sall (35 en s
(Sarjoughian et al., 2023)

e 095
35 035 Sl Laaisad 55T aaz 5 (ol oo 5L Sl g
Lk Sl &ST5U shte agh s s S goi (BY 5 5oIT
S 25 b olie ek ped el o Sy S (Sl s 2 9
sk 5 Sl SHI,S 5 Csssise IS (s 5Ol
SIS sl sl 0dd (g3l O e laeKw 51 S 5
35 S0 Sy 4y 035 50 K 4505 Ll
Mo o 5115 &K Gl (sla SIS Ol 4 (5 55k & S5
s aadsfe by b, e o35 (p93 e 55 S

L oS 55 & ook gas s 9 43108 ol I oK

DOI: 10.22067/econg.2025.1142

A

Y ooyled (VW9 NFr ¥ (gslabl u“”uw")


https://doi.org/10.22067/econg.2025.1142

e S 5 oo S ealizal by Y 8 5adT (63585 s 55 o154 el 5 5557 RIBIC CUSPIR{Uprugw

d‘Y}SrJT;ﬂ,ﬁ: F)E‘\:«S}j}ﬁj}‘; D}ch.:;ljfB}A)(gwbw)Cl;(%W)BSE,:}LAJ.VJ&&
Fig. 3. BSE (left) and CI (right) photos from Almohgholagh A and B: granite, C and D: quartz monzonite, E and F: diorite
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Table 1. LA-ICP-MS result of zircon (ppm) in the Almogholagh diorite

Sample Y La Ce Pr Nd Sm Eu Gd Tb Dy
number
Cl2 489 13120 * 219 * 019 * 023 209 093 1223
C13 272 13111 * 240 @ * * 045 020 179 094  12.08

Ci4 3.70  186.39 * 16.46 * 0.43 0.94 090 513 174 17.82
C15 9.43 1802.33 50.16 457.84 20.16 190.89 60.89 434 8182 2270 223.22
Ci6 6.91  865.92 * 8.06 003 0.63 3.23 032 1374 6.96 88.64
C17 9.82 98151 * 716 004 090 3.07 043 18.06 7.78 100.78
C18 9.93 966.37 0.02 787  0.05 1.18 2.88 055 1754 7.47 98.30
C19 830 89043 0.19 933 0.09 111 2.75 035 15.08 6.87 89.93
Cc21 10.71  934.97 * 7.01 1.02 2.84 047 18.05 7.66 94.45
C22 13.84 105691 0.84 13.75 033  3.67 4.09 0.65 1894 839  108.23
C23 9.28 1001.10 4.73 4023 165 12.03 5.38 0.60 1989 832 10252
C24 12.09 1106.20 0.67 1284 0.22 2.10 3.70 051 1975 9.15 11555
C25 1299 1082.83 1838 13471 7.17 5163 1920 098 30.36 10.29 11445
C26 526 14291 * 243  0.02 * 0.52 026 206 1.03 13.25
Cc27 566  143.33 * 2.57 * 0.20 027 267 0091 13.20
C28 512 190.14 * 18.01 * 0.44 1.43 093 612 181 18.99
C29 10.93 101991 084 1443 038 314 411 051 1968 833 107.90
C30 8.78 866.01 560 5066 292 18.10 8.36 048 2039 7.58 90.15
C31 12.25 853.72 * 7.40 0.76 2.80 038 1549 6.68 88.12
C32 13.95 123356 1537 84.73 576 3151 1419 111 3193 1172 136.67
C33 * 1026.40 0.98 15.02 041 3.04 4.04 042 1853 833  108.77
C35 1457 1005.63 0.11 8.88  0.10 1.10 3.50 0.54 1834 813 103.80
C36 12.71 1156.50 8.79  0.08 1.16 4.24 0.62 2322 963 12239
C37 18.89 1088.84 0.04 836 0.11 1.39 4.54 054 2128 915 11434
C38 10.43 164680 0.04 806 026 3.60 8.92 1.00 37.88 1507 179.22
C39 3.92  139.67 * 2.54 * * * 025 199 1.09 13.39
C40 551 14322 * 2.53 * * 0.52 * 186 1.09 13.48
C41 569 229.90 * 19.82 0.06 0.58 1.93 123 836 229 24.34
C42 12.23 987.13 0.16 744  0.12 1.01 431 046 1984 826 10591
C43 10.25 107285 354 1781 133 494 6.13 0.67 2215 9.05 11364
C44 13.98 1061.59 * 8.88  0.13 1.18 4.74 0.48 20.74 932 11052
C45 16.77 1075.71 * 855 0.12 1.09 4.89 0.50 20.08 870  109.79
C47 5.83 202558 96.22 180.83 30.64 63.92 3187 189 6458 21.24 239.18
C48 1441 1623.02 4.78 20.25 2.67 6.82 10.15 112 40.05 1519 18341
C49 9.98 86250 4445 66.30 1221 19.16 8.46 056 1997 753 89.70
C50 17.16 1138.72 64.81 97.68 2511 3778 1916 119 349 11.20 127.73
C51 1423 87855 0.68 1041 045 1.01 3.59 031 1682 6.86 90.51
C55 * 128.51 * 2.37 * * 0.48 025 207 097 11.92
C56 474 18533 0.17 18.74 * 0.58 1.83 097 598 193 18.50
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Table 1 (Continued). LA-ICP-MS result of zircon (ppm) in the Almogholagh diorite

Sample

Ho Er m Yb Lu Hf Th u Ce/Ce* EU/Eu* Ce*Ce®
number
C12 4.93 25.07 7.07 75.50 11.72 5278  28.62 79.47 * 0.78 *
C13 5.18 24.60 7.07 78.64 12.20 5340 28.59 80.08 * 0.59 107.46
Cl14 6.13 24.30 5.62 57.72 8.75 5850 16.39  204.98 * 1.00 119.52

C15 73.92 293.07 63.15 589.25 77.83 6161 84.96 124.95 3.48 0.19 7.28
C16 3429 150.23 34.60 335.01 46.22 7209 4246  87.18 93.86 0.13 24.60
C17 38.74 167.03 37.02 359.44 5248 6882 49.84 87.92 61.94 0.14 27.13
C18 36.99 163.60 37.08 35693 51.01 6861 52.33 102.73  43.29 0.18 33.02
C19 3443 150.63 35.99 347.27 4793 7144 4664 95.24 17.18 0.13 40.80
Cc21 37.38 159.14 36.58 353.67 5095 7100 43.74  86.22 * 0.15 30.28
C22 4179 181.22 40.78 389.58 5750 7260 56.02  97.17 6.32 0.19 33.06
C23 39.72 16998 38.73 36759 5399 7589 4591  90.64 3.48 0.16 54.80
C24 4333 186.15 43,58 423.30 57.63 6827 64.14 11435 8.06 0.15 37.21
C25 4240 18255 4154 39319 5793 8616 58.88 115.88 2.84 0.12 16.55
C26 585 2845 775 8524 1304 5550 31.17 87.84 35.04 0.67 87.16
c27 554 2802 771 8519 1325 5636 32.02 89.29 * 0.71 *

C28 6.44 2488 585 59.03 941 6024 1694 21191 * 0.82 62.31
C29 4049 17469 4118 389.51 5452 7280 59.71 111.26 6.16 0.14 32.47
C30 3417 149.04 3483 336.20 4892 8200 48.89 100.76 3.00 0.11 26.82
C31 33.83 148.06 34.52 330.57 49.28 7611 39.37 79.03  #DIV/0! 0.14 32.10
C32 49.63 204.08 46.31 43551 6242 6873 46.86 86.29 2.18 0.15 19.65
C33 40.65 175.71 41.13 397.73 5497 7225 68.73 119.67 5.73 0.12 35.28
C35 40.38 17259 39.83 37272 5589 7373 5299  94.47 18.79 0.17 27.91
C36 4517 197.14 45.00 42256 60.16 6681 88.90 122.29 33.27 0.15 19.91
C37 4231 184.16 4256 39790 58.94 7348 5840  98.53 20.14 0.14 16.26
C38 65.43 27317 6152 54934 7993 6979 59.82 102.85 8.85 0.14 491
C39 556 2726 758 8333 1269 5561 3111 8548 * 0.89 *

C40 541 2819 784 8526 13.15 5665 31.74 87091 * * 91.37
C41 738 2963 720 6896 1068 6034 19.95 228.18 100.02 0.79 42.27
C42 40.07 166.52 39.33 372.63 54.27 6736 4214  83.72 12.33 0.13 14.72
C43 42.03 17759 4160 38733 5598 7112 50.21  90.36 1.99 0.16 18.65
C44 41.60 180.77 41.30 38390 57.14 7196 58.10 100.20  20.68 0.13 15.42
C45 42.09 181.13 4238 39043 58.69 7256 55.28  97.82 21.57 0.13 14.34
C47 82.65 327.71 7290 63564 90.52 7492 86.76  139.69 0.80 0.12 11.86
C48 65.54 27229 6153 54769 80.13 6767 8207 119.17 1.35 0.15 10.60
C49 33.95 148.04 35.07 329.66 4930 7899 44.14  90.25 0.68 0.13 34.98
C50 4576 191.88 44.49 406.54 60.19 6812 6845 107.41 0.59 0.14 12.04
C51 3457 153.09 36.20 340.10 50.67 7952 53.38 106.11 4.40 0.10 28.71
C55 493 2515 716 7842 1229 5415 29.12 79.47 * 0.65 *

C56 6.10 2506 591 59.16 9.14 5902 1695 207.75 8524 0.81 39.03
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Table 2. LA-ICP-MS result of zircon (ppm) in the Almogholagh Quartz monzonite

BY 5T 5 508 55 OPM) oS 5 55, ICP-MS-LA 325 5 ¥ o

r‘?’jmgéer Ti Y La Ce Pr Nd Sm Eu Gd Tb Dy
C54 * 13643 * 2.44 * 0.28 * 026 217 097 1311
C55 * 13123 * 237 * * 052 025 199 106 1226
C56 501  189.40 * 1875  * 062 192 097 572 211  19.03
C57 1445 117751  * 611 012 157 432 064 2117 973 116.36
C58 1136  874.09 * 1140 007 042 261 032 1194 591 7808
C59 2329 125105 @ * 523 021 225 794 112 2839 1229 136.99
C60 926 1380.84  * 16.71 082 274 051 1866 990 124.54
C6l 1405 69532 * 493 006 055 243 035 1160 527  66.15
C62 1678 116911 004 569 008 169 666 105 2446 1059 12543
C63 1513 105368  * 577 015 169 424 087 2224 945 109.94
C64 898 45306 004 394 121 019 629 314 4157
C65 2464 250549 @ * 1519 012 18 540 129 3288 17.61 231.13
C66 1591 65806 002  6.20 * 078 197 046 1045 535 6502
C67 139.32 * 253 * * * 032 233 103 12.98
C68 653  139.88 * 2.64 * * 045 015 233 091 1324
C69 560 187.55 * 1793 = * 126 093 573 198 1866
C70 1253 57855 * 478 004 187 034 951 451  56.39
C71 1456 114397  * 505 014 193 417 101 2333 970 116.97
C72 1776 284617  * 1221 039 603 1472 352 7387 29.66 329.88
c73 858 71895 002 634 003 060 150 022 10.64 550  68.30
C74 1455 135761 @ * 622 019 284 452 108 27.83 11.80 140.93
C75 766 134961  * 776 007 202 412 091 2530 1152 137.87
C76 1057 55953 * 454 005 043 146 033 893 406 5220
C77 1754 127887 002 499 021 297 514 147 2664 11.09 132.42
c78 879 120667 @ * 617 016 224 421 118 2333 1048 12570
C79 1529 60441 001 410 005 063 175 046 1027 486 5861
C80 1616 123446  * 555 020 312 523 133 2725 1106 132.14
c8l 482 13833 * 252 * * 055 031 200 093 1281
Cc82 612  196.38 * 1866  * 080 106 125 642 200 2056
Cc83 1026 1057.94  * 584 008 133 303 087 2034 876 106.68
C84 1303  786.49 * 374 009 187 274 082 1618 687 8185
Cc85 1747 139975 001 481 014 260 378 153 2953 1271 147.47
C8 1389 124351  * 568 026 337 507 125 2601 1120 13175
c87 1327 101122  * 538 010 247 350 101 2001 870 106.95
c88 929 77491 * 575 004 073 163 052 1177 555 7264
C89 1623 1369.89  * 518 018 351 415 156 2973 1267 147.00
C90 1236 127103  * 624 012 262 408 106 2718 1091 132.32
col 669 175821  * 867 016 322 435 098 3091 1423 173.06
C92 354 13041 * 2.40 * 024 043 025 215 097 12.34
C93 540  139.34 * 2.45 * * * 022 229 109 13.38
C94 383 19158 * 17.48  * 100 113 133 642 190 1938
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BY 35T g5 50 50155 52 (PM) oS 25 555 ICP-MS-LA & 2 e 5. Jguir 4ol
Table 2 (Continued). LA-ICP-MS result of zircon (ppm) in the Almogholagh Quartz monzonite

r?l?rrr?gé?’ Ho Er Tm Yb Lu Hf Th u Ce/Ce* EU/Eu* Ce*/Ce?
C54 5.58 26.48 7.60 81.84 1281 5492 31.64 87.78 * 0.85 *
C55 4.96 26.08 7.30 80.44 1259 5508 29.94  82.59 * 0.65 118.39
C56 6.16 26.01 6.03 60.78 9.37 6015 1745 216.27 * 0.83 52.18

C57 4417 200.80 51.15 500.73 72.16 8129 96.87 140.10 1542 0.17 23.43
C58 31.27 153.43 39.79 39635 62.07 10841 166.66 245.68 49.31 0.15 107.20
C59 48.70 210.37 50.63 47479 6537 7675 85.67 99.47 7.54 0.20 4.74

C60 50.11 24589 63.74 64549 98.85 11227 24541 352.57 * 0.16 219.76
C61 26.21 12222 31.07 31711 49.11 8438 48.88 87.54  24.88 0.17 41.87
C62 4542 199.99 4852 46396 64.74 8265 84.00 10490 18.01 0.22 7.76

C63 40.51 178.34 4443 428.63 59.30 8378 76.44 100.08 11.65 0.22 18.57
Co64 16.96 79.27 2149 21163 3240 9120 3043 59.38 76.16 0.17 88.57
C65 94.87 426.09 103.65 983.72 136.27 6739 346.36 329.01 38.33 0.23 69.21
C66 2464 11233 29.28 29328 42.01 8253 66.79 109.79 239.71 0.25 67.35

C67 554 2705 7.59 82.01 12.89 5583  30.67 82.32 * 0.97 *
C68 568 2741  7.56 8483  12.66 5587 3145 85.76 * 0.37 173.24
C69 6.10 2411 586 59.18 9.10 5820 16.80 210.28 * 0.89 109.56

C70 22.07 100.65 26.89 27425 39.24 8315 50.26 92.03 36.18 0.20 54.33
Cr71 4484 19573 47.71 45403 68.34 8613 9487 119.35 12.87 0.25 23.00
Cr2 117.25 477.45 11228 1034.34 14143 6872 282.07 233.78 9.48 0.27 7.18

C73 27.17 12488 3422 346.78 50.67 8832 67.21 12290 57.03 0.12 141.56
C74 5293 229.47 55.09 52559 7839 8506 107.42 121.92 9091 0.23 23.19
C75 53.03 23285 5822 57019 79.60 9290 136.67 173.64 33.56 0.21 35.74
C76 2159 9738 25.72 26210 39.32 8784 4224 7431 2749 0.21 84.53
cri 50.62 217.34 51.62 488.00 7274 8128 8554 99.32 7.00 0.31 13.15
C78 48.08 210.13 5231 50760 70.87 8584 98.19 12396 11.68 0.29 24.12
C79 23.31 10455 2729 27788 4119 7754 3857 69.59 2253 0.26 55.39
C80 48.60 20549 48.79 467.47 6780 8467 8571 101.24 8.40 0.27 13.13
C81 5.60 26.47 8.04 83.62 13.21 5507 3156 88.80 * 0.80 118.22
C82 6.57 26.27 6.15 61.10 9.62 6166  17.83 222.42 * 1.13 166.31
C83 41.69 178.56 43.69 43833 63.18 9220 8298 113.19 2210 0.25 39.46
C84 3147 12939 3227 31185 4465 8235 4741 6477 1258 0.29 21.60
C85 55.80 228.77 5484 52196 7352 7879 103.87 110.16 10.01 0.31 2341
C86 49.17 206.32 4944 47629 6836 8227 82.86 101.28 6.61 0.27 14.49
Cc87 40.58 170.85 42.27 406,51 56.77 8413 7041 90.13 16.29 0.29 24.24
C88 29.63 13445 3565 37516 55.08 8915 6540 126.63 43.52 0.26 118.42
C89 55.81 225.89 5478 516.08 7149 7638 101.20 10540 8.71 0.31 20.35
C90 51.23 209.44 5324 50584 70.33 8644 96.04 11513 1574 0.23 25.54
Cca1 70.87 297.89 7471 72205 102.65 9721 20241 24566 16.41 0.19 45.84

C92 498 2577 711 7979 1240 5538 29.43  80.72 * 0.65  169.85

C93 5.63 27.27 7.72 82.91 12.89 5507 32.31 88.59 * 0.68 *

C94 6.28 2379 628 6074 914 6022 1750 214.80 * 1.18  131.54
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Table 3. LA-ICP-MS result of zircon (ppm) in the Almogholagh granite

Sample

Ti Y La Ce Pr Nd Sm Eu Gd Tb Dy
number

C92 410 128.87 * 2.38 * 0.18 0.46 0.24 2.13 0.93 12.27

C93 6.36 13791 * 2.44 * * * 0.21 2.28 1.05 13.35

Co4 458  189.92 * 17.49 * 0.72 1.24 1.26 6.40 1.83 19.40

C95 9.60 1686.54 * 16.79 0.10 2.00 3.98 0.52 31.66 1421 18541
C96 573 4589.05 3.37 21.85 0.41 8.16 17.90 1.94 118.06 46.26 567.92
Cc97 1298 6743.18 9.95 21.99 2.28 26.40 36.46 7.66 209.71 7542 857.77
Cc98 17.40 7828.69 0.21 24.03 0.59 11.47 28.41 5.44 198.22 7834 936.14
C99 13.42 422738 0.22 17.07 0.38 6.13 14.31 2.75 103.48 42.02 510.57
D01 11.07 5661.04 0.13 24.64 0.50 8.46 18.78 2.29 138.33 56.53 691.81
D02 7.17 3081.95 * 20.28 0.35 6.28 12.68 1.00 7437 3096 372.05
D03 11.00 2334.46 * 11.77 0.26 4.15 8.92 1.08 56.37 22,74 279.53
D04 15.27 212046 0.15 17.47 0.25 3.02 6.22 0.77 4193 1830 231.09
D05 6.97 3056.74 0.07 17.72 0.44 6.54 11.52 1.52 7272  29.75 364.71
D06 * 141.37 * 2.58 * * * 0.24 2.04 1.02 12.72

D07 * 141.10 * 2.54 * 0.28 0.50 0.31 2.32 0.96 12.76

D08 938 19755 0.01 18.31 * 0.68 1.38 1.28 6.35 1.93 19.91

D09 1350 3504.62 0.13 23.60 0.39 7.28 13.05 1.44 8342 34.03 41312
D10 * 526.63  0.02 7.29 0.03 0.22 0.48 * 4.77 2.28 39.08

D11 6.42 4994.03 0.03 32.36 0.59 9.98 20.99 1.56 12399 50.89 611.06
D12 6.85 824214 039 46.91 1.87 26.09 44.66 6.05 236.39 89.99 1030.66
D13 12.48 8427.60 0.05  46.62 0.89 15.52 33.42 3.34 22598 88.02 105441
D14 6.82 441189 0.02 27.35 0.47 7.53 15.72 1.56 104.99 4339 536.56
D15 16.65 3388.72 * 11.88 0.31 571 12.07 1.35 80.39 3322 410.01
D16 17.96 4490.77 * 20.74 0.47 9.03 17.79 2.63 118.57 46.74 558.45
D17 14.02 3319.08 * 36.65 0.24 5.08 11.22 0.93 78.15 32.67 400.63
D18 11.83 3963.58 0.48 18.09 1.50 18.37 24.12 4.44 123.01 4555 516.53
D19 541  137.76 * 2.58 * 0.31 0.59 0.30 2.43 1.02 13.66

D20 * 137.05 * 2.44 0.03 * * 0.22 1.85 1.05 13.09

D21 773  191.67 * 18.56 * 0.65 1.01 1.07 7.24 2.10 19.62

D22 10.93 3747.66 * 21.32 0.38 6.58 15.10 1.29 93.79 38.18 463.77
D23 18.68 7356.02 0.02 29.93 0.63 11.16 26.53 3.15 186.36 74.19 903.59
D24 1589 8164.11 0.02 38.33 0.77 13.52 33.50 3.85 221.64 88.03 1049.72
D25 23.32 3863.53 0.01 51.76 0.29 5.14 12.42 1.14 90.77  38.13 47499
D26 14.44 3085.13 0.01 1191 0.38 5.68 12.18 1.85 77.28 30.58 377.26
D27 16.32  2392.20 * 27.16 0.12 3.34 6.63 0.73 50.16 21.83 276.98
D28 20.34 4106.55 * 43.27 0.29 5.86 11.99 1.70 9148 3859 490.19
D29 20.81 6633.08 0.02 28.14 0.62 10.44 27.87 3.43 178.39 71.20 856.38
D30 16.50 3002.68 * 13.41 0.23 5.74 11.82 1.53 7469 3055 37157
D31 480 138.45 * 2.62 * * 0.54 0.24 2.60 1.00 13.17
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Table 3 (Continued). LA-ICP-MS result of zircon (ppm) in the Almogholagh granite

Sample Er Tm Yb Lu Hf Th U  CelCe* EU/Eu* Ce%/Ce?
number

C92 497 2549 7.5 7844 1231 5401 2942  80.75 * 063 11487
C93 563 2705 778 8162 1283 5381 3235  88.77 * 0.64 *

C94 628 2368 633 5987 912 5895 1755 21561 * 110 8569
C95 7134 29155 7296 69236 8950 7014 450.12 37807 5084 010  70.98
C96 20586 79195 186.31 165155 212.63 6021 42263 457.21 383 010  10.20
C97 30135 1133.31 267.52 2356.67 302.05 6623 59448 56422 108 021  2.95
C98 33568 128261 30301 2705.85 34572 6549 71873 57180 1082  0.16 6.91
C99  187.76 741.89 180.27 164348 214.93 6718 48422 66440 1109 016  12.80
D01  255.68 987.28 23568 2101.99 267.40 6684 60142 62161 1354 010 1327
D02 13684 536.67 131.84 1217.04 153.16 7339 270.89 35741 17.54 008  14.12
D03  102.84 40659 9951 91519 11695 6945 16429 23572 1371 011 1247
D04  89.91 370.81 91.86 857.95 11506 6798 319.22 33244 1713 011 3931
D05 13276 527.78 12872 117481 151.00 7364 28108 36546 1148 012 1468
D06 550 2631 741 8325 1269 5650 3059 8371 * 0.83 *

D07 541  27.09 774 8294 1301 5719 30.75  84.27 * 073 11018
D08 670 2589 628 6153 982 6155 1758 22222 1011.30 110 7873
D09  150.64 603.14 14435 131213 169.81 7611 33335 42505 1621 010  17.29
D10 1888 100.31 3086 327.71 4463 10416 89.65 798.06  54.35 *  1077.60
D11 21819 856.19 199.91 182431 22602 7116 51242 57460 1628 007  11.91
D12  357.31 137337 313.38 2761.07 35414 7392 87701 82375 7.02 014 558
D13 369.61 1426.66 330.03 2947.88 35528 6591 1020.69 858.99 1552  0.09  10.38
D14 19458 776.08 181.62 164580 21096 7657 51895 547.02 17.36 009  16.97
D15 14726 59160 14028 1280.95 168.45 6930 246.13 29152 1160 010 961
D16  199.89 796.41 18751 170385 221.83 6774 37475 41556 1336 013 1028
D17 14643 590.26 14049 129881 16535 7217 993.96 812.30 * * 36.03
D18 17566 691.76 16072 1449.82 18418 6919 286.17 336.14 324 020 357
D19 562 2712 778 8775 1297 5634 3190  87.49 * 066  80.18
D20 567 2808 7.61 8627 1320 5690 3166 8826  27.36  0.84 *

D21 661 2692 625 6246 955 6186 17.72  224.90 * * 141.75
D22  167.31 66925 157.32 142062 186.17 7533 34108 41829 1699 008 1255
D23  317.64 126670 28852 2608.03 338.90 7014 75467 69543 1421 010  10.06
D24  371.32 146133 333.18 2940.27 37551 6866 966.85 77579 1494 010 889
D25 17020 678.81 157.89 1427.55 18523 7128 2059.94 110044 5332 007  46.34
D26 13506 556.38 129.16 1189.15 16040 7223 22360 26885 938 014  9.05
D27 10222 427.94 10061 941.93 12631 7505 84475 66177 6853  0.09 5857
D28  179.95 73598 17044 1570.75 20322 6808 110476 719.01 4518 011 4550
D29 29899 1206.38 272.07 244138 32113 7021 697.26 60497 1359 011 801
D30 13385 54557 12749 1177.06 15512 7644 24309 30567 17.65 012 1059
D31 577 2764 804 8515 1372 5888 3302  90.45 * 051  103.26
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Fig. 4. A and B: Abundance of plagioclase and amphibole in Almogholagh diorite along with zircon, C and D:

Abundance of K-feldspar in Almogholagh syenite along with zircon, E and F: Abundance of K-feldspar, plagioclase, and
quartz in Almogholagh granite along with zircon. Abbravations after Whitney and Evans (2010) (PI: Plagioclase, Or:

Ortoclase, Qz: Quartz, Amp: Amphibole, Zr: Zircon, Ap: Apatite)
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Fig. 5. The REE patterns of zircon of the Almogholagh intrusive rocks that normalized to chondrite (Sun and McDonough
1989). Circle: diorite, diamond: quartz minzonite, and square: granite.
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Fig. 6. A: La vs. Sm/Lan (Hoskin, 2005), B: Th vs. Th/U (Yang et al., 2008), C: U vs. Th (El-Bialy and Ali, 2013), and
D: Hf vs. Lan (El-Bialy and Ali, 2013) diagrams using zircon chemistry of the Almogholagh intrusive rocks indicate that
most of samples located in the igneous field. Circle: diorite, diamond: quartz minzonite, and square: granite.
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Fig. 7. A: Lavs. Th/U and B: U vs. Th/U diagrams using zircon chemistry of the Almogholagh intrusive rocks (Mathieu,
et al 2022) indicate that the studied samples are mostly located in the subalkaline and alkaline magma field. Circle: diorite,

diamond: quartz minzonite, and square: granite.
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Fig. 8. Hf versus U/Yb using zircon chemistry of the Almogholagh intrusive rocks (Kamauniji et al., 2023) the studied
samples are originated from mantle origin, affected by crustal contamination. Circle: diorite, diamond: quartz minzonite,

and square: granite.
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Fig. 9. A: Hf vs. U/Yb, and B: Hf vs. U/Yb diagrams using zircon chemistry of the Almogholagh intrusive rocks (Grimes

et al., 2007). Circle: diorite, diamond: quartz minzonite, and square

: granite.
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Circle: diorite, diamond: quartz minzonite, and square: granite.
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The Garijgan mineral deposit is a classic NW-SE trending, nonparallel
shear zone located 25 km south of Khousf city in South Khorasan
Province, eastern Iran. The distribution pattern of fractures and ore veins
was investigated by combining remote sensing, fractal modeling, and
3D modeling. In the fractal modeling, the study area was divided into a
19-cell grid. After mapping the structural elements, the fractal dimension
was determined using the box-counting method. The results indicate that
the highest fractal dimension (1.8378) occurs in the central part of the
area, suggesting greater tectonic activity in that part. This could
potentially be related to intrusive bodies at depth. Based on fault
structures (57 faults in 246 measurements) and 33 mineral veins
mapping in 19 cells, and the results from the analysis of the latest stress
phase (o1 = 3.05), potential slip zones along the 57 faults were mapped
with values ranging from 0 to 1. The fault surfaces were then converted
into 18,615 points, and the potential slip zones were spatially delineated.
This modeling yielded both the volume of open spaces resulted from
fracturing and the potential volume of fluid-filled spaces. The results
indicate that from the total open spaces (384,588,750 m?, equivalent to
46.11% of total volume), approximately 306,787 m* could have been
filled with fluids. In other words, 0.08% of the total open spaces had the
potential to be filled with fluids (underground water, ore-bearing fluids,
etc.). Therefore, this modeling, by determining both the open space
volumes and potential fluid-filled spaces, can serve as the first step in
mineral exploration planning. The results provide a basis for
determining drilling locations and other exploration activities in
exploration targets.
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EXTENDED ABSTRACT

Introduction

The Garijgan mining area is located 25 km south of
Khousf city in South Khorasan Province in the east
of Iran. Structurally situated in the eastern part of the
Lut Block, the area is bounded by Doroune Fault to
the north, Sistan Suture Zone and Nehbandan Fault
to the east, and Nayband Fault to the west. The
activity of the Nehbandan and Nayband strike-slip
faults, along with their subsidiary branches, has
resulted in numerous shear zones in the region
(Alinia et al., 2023). These tectonic features act as
structural weaknesses, and typically serve as suitable
pathways for the migration and deposition of ore-
forming fluids (Fabricio-Silva et al., 2018). The
study area contains a small, non-parallel shear zone
where mineralization has occurred along some of its
fractures (Khatib et al., 2019).

The aim of this study is to investigate the distribution
of mineralization up to a depth of 300 meters using
fractal and 3D modeling. The primary objectives of
these models are to estimate the volume of open
spaces resulted from fracturing and the proportion of
the spaces probably filled with fluids.

Materials and methods

This research combines field studies and remote
sensing analyses to statistically evaluate fractures.
Landsat 8 and ASTER satellite images were
processed to highlight lincaments. For a more
detailed structural analysis, the study area was
divided into a grid of 19 cells (each one 1 x 1 cubic
kilometers). Structural features were mapped, and
rose diagrams of lineaments were generated for each
cell. Then, using fractal modeling, the distribution
pattern of faults in the region was determined.

In the next step, using Win-Tensor software, the
principal stress direction (o1) was calculated for each
grid, and the focal mechanism resulting from fault
kinematics was plotted, leading to the reconstruction
of the paleostress pattern of the region.

Finally, to assess the distribution of open spaces
resulting from fracturing and the extent of fluid-filled
spaces, based on fault structures (57 faults through
246 measurements) and 33 ore veins mapping across
19 cells, 3D modeling were conducted up to 300
meters depth using Move, Oasis Montaj, and Geosoft
software.

Discussion

Fractal modeling in this study utilized surface and
subsurface litho-geochemical data, applying the box-
counting method for each cell. The results indicate
that Cell I, with a fractal dimension of 1.8378,
exhibits the highest value. Overall, the central part of
the area shows the greatest fractal dimension,
suggesting high tectonic activity in that region. This
may reflect lower tectonic maturity and higher
dynamic processes in that part.

Next, Move and Geosoft software were used to
identify areas prone to sliding on fault surfaces. The
results of the paleo-stress study (Alinia, 2023; Alinia
et al., 2023) indicate the occurrence of at least two
stress phases related to the Eocene period (in the
northeast-southwest direction) and the Quaternary
period (in the north-south direction). Based on the
direction of maximum stress, fault data (strike, dip,
rake, etc.) and mapped ore veins (strike and dip) were
put into Move software and extrapolated to a depth
of 300 meters.

To quantify open spaces along fault surfaces, 18’615
fault-related points (Alinia, 2023) up to 300 meters
deep were analyzed in Oasis Montaj, generation a
zoning map of areas prone to opening.

3D modeling and observational data revealed that
306’787 cubic meters of the total open spaces
(384°588°750 cubic meters; i.e. 11.46 percent, up to
300 meters depth) could have been filled by fluids,
representing 0.08 percents of the total open spaces in
the Garijgan area.

Results

Fractal modeling was applied to assess the
distribution pattern of fractures and ore veins in the
Garijgan area. The results indicate that the highest
fractal dimension is located in the central part of the
area, which coincides with high tectonic activity in
that region.

Additionally, 3D modeling of faults and ore veins (up
to a depth of 300 meters) was done using software in
order to investigate the open spaces resulted from
fracturing and the open spaces filled with the fluids.
The results indicate that 384°588°750 cubic meters
of open spaces created due to fracturing (equivalent
to 11.46% of the total volume within the area up to a
depth of 300 meters). Out of these open spaces,
306’787 cubic meters could have been filled with
fluids. In other words, 0.08% of the total open spaces
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could occupied by fluids (water, ore-bearing fluids, filled with fluids, can serve as the first step in the
2. exploratory program for mining areas, allowing the

Thus, this modeling, by determining the volume of  location of drillings and other exploration activities
open spaces and the volume of spaces potentially  to be determined.
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Fig. 1. Location of the Garijgan mining area. A: in Iran map, B: in South Khorasan province, and C: The satellite photo

map of the study area
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Fig. 2. The structural map of the Garijgan area along with the location of the ore veins. (The red rose diagram corresponds
to faults and the black one corresponds to mineralization veins.) As can be seen, most of the mineral veins are concentrated

along fractures with a northwest- southeast trend.
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Fig. 3. The vein-style mineralization in the Garijgan area. A: Mineralization in association with jasper veins in the shear

zone faults, and B: Copper vein mineralization
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Fig. 4. Structural map of the Garijgan area with the location of ore veins and their cyclographs at the stations measured.
The red rose diagram corresponds to faults and the black one is ore veins.
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Fig. 6. The final image from the PCA processing shows the combination of PC4-, PC4+PC5- and PC5 in red, green and
blue colors, which were used to identify hydrothermal alteration zones. In this image, bright pixels indicate areas with
both hydroxyl and iron oxide alteration, while light to dark blue colors indicate areas with higher hydroxyl concentrations.
Iron oxide-rich areas appear in yellow and orange colors, and black lines indicate the location of lineaments.
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Fig. 7. Fault density map in the 19-cell grid created for the Garijgan area. As can be seen, cells I, O, and S have the highest
density of faults, indicating their higher tectonic activity.
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Fig. 8. Density map of ore veins in the 19-cell grid created for the Garijgan area. As observed, cells I and S exhibit the
highest concentration of ore veins, showing a good correlation with fault densities.
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Fig. 9. Fractal map of the fractures in the Garijgan mining area. As can be seen, cell I in the central part of the area (1.8378

value) has the highest fractal dimension.
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Fig. 10. Faults and ore veins modeling in the Garijgan area up to 300 meters depth (Red colors represent faults; white
colors represent ore veins)
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Table 1. Characteristics of the measured ore veins in the Garijgan area

THICKNESS LENGTH

VEINS XSTART YSTART XEND YEND (€M) o) STRIKE DIP
A% 681904 3614803 681929 3614259 20 487 89 65NE
V2 681939 3613926 682050 3613089 30 722 81 65NE
V3 682070 3612979 682102 3612758 10 198 85 63NE
V4 682154 3612609 682214 3612379 15 207 76 64NE
V5 682249 3612302 682268 3612236 10 61 65 84NE
V6 682268 3612216 682458 3611691 15 454 63 84NE
\'%/ 682441 3611520 682449 3611478 15 39 78 84NE
V8 682616 3611088 682694 3610955 15 105 40 89NE
V9 682768 3610806 682796 3610739 15 69 68 90NE
V10 | 682267 3611010 682470 3610736 15 289 55 85NE
Vi1 682008 3611306 682239 3611078 15 269 55 85NE
V12 | 681857 3612356 681972 3612286 20 105 214 7T4SW
V13 681668 3612166 681668 3612126 20 34 269 69SW
V14 | 681202 3611369 681234 3611330 15 39 50 85NE
V15 | 680760 3614569 681038 3614176 10 409 50 85NE
V16 | 680125 3613300 680183 3613245 15 71 43 SINE
V17 | 680253 3613210 680426 3612905 25 308 75 41NE
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Table 1 (Continued). Characteristics of the measured ore veins in the Garijgan area
VEINS XSTART YSTART XEND YEND THI(CCI;II\;ESS LEl(VN([;)TH STRIKE DIP
V18 680510 3612804 680608 3612657 15 141 245 74SW
V19 680678 3612522 680701 3612458 35 57 245 74SW
V20 680572 3612220 680607 3612110 20 101 85 76NE
V21 680126 3612716 680351 3612571 25 205 30 8INE
V22 679907 3612867 680070 3612744 25 156 30 8INE
V23 679504 3613119 679521 3613112 10 19 30 8INE
V24 679524 3613155 679566 3613122 25 47 35 80NE
V25 679376 3613203 679399 3613173 30 33 45 8INE
V26 679328 3613199 679423 3613154 15 96 30 8INE
V27 679210 3613343 679305 3613253 25 104 250 70SW
V28 679343 3613171 679372 3613062 15 98 250 70SW
V29 679425 3612888 679444 3612830 10 55 250 70SW
V30 679483 3612738 679520 3612650 15 82 250 70SW
V31 679898 3612315 679986 3612139 25 138 235 73SW
V32 679985 3611474 680102 3611319 10 129 239 71SW
V33 680180 3611175 680243 3611081 10 103 239 71SW
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Fig. 11. Areas prone to slip on the fault surfaces under the influence of applied stresses. In this diagram, the red (c1),
green (02), and blue (63) axes represent the principal stress directions, with the red areas indicating the highest slip

potential.
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Fig. 12. Open spaces zoning along with ore vein locations (black color) in Garijgan mining area
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Fig. 13. Potential zones containing open spaces in the Garijgan mining area
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Fig. 14. The positions of the possible open spaces along with faults (red planes) and veins (black planes) locations in the
Garijgan area
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Table 2. The open spaces obtained from the 3D modeling in the Garijgan area

Cell Open spaces volume (m®)  Cell Open spaces volume (m?)
A 8435656 K 6334781
B 0 L 11093906
C 0 M 58470781
D 30259031 N 35446906
E 14234500 0] 30945031
F 300125 P 5048531
G 0 Q 7535281
H 74163031 R 0
I 49552781 S 52768406
J 0 Total 384588750
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Table 3. 3D modeling final results in the Garijgan area

Item value
total volume (up to 300 meters depth) 3356888523 m®
open spaces (resulted from fracturing up to 300 meters depth) 384588750 m*
open spaces (resulted from fracturing) 11.46 %
open spaces filled with fluids (up to 300 meters depth) 306787 m?
open spaces filled with fluids relative to total open spaces 0.08 %
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Tikmehdash 2 gold (Au) deposit is part of the Miyaneh-Bostan Abad
metallogenic subzone. Au mineralization occurs in Mn- and Au-bearing
guartz veins hosted by Eocene and Miocene volcanic-sedimentary
sequences. The ore veins trend northeast-southwest have NE-SW trends
and dip approximately 65-80° northwestward. They range from 30 to
500 meters in length, with thicknesses between 0.1 and 3 meters. Au
grades vary from less than 1 g/t up to 88 g/t. Pyrite, chalcopyrite, galena,
sphalerite (Fe-rich), native gold, arsenopyrite, tennantite-tetrahedrite,
psilomelane, and primary pyrolusite are ore assemblages; quartz, calcite,
and barite are gangue minerals. Supergene minerals include goethite,
malachite, secondary pyrolusite, and braunite. The ores display various
textures, such as vein-veinlets, brecciated, comb, cockade, plumose,
disseminated, crustiform, colloform, bladed, and vug infills. The
mineralization at Tikmehdash 2 can be divided into six stages, with gold
occurring predominantly during the second stage. Hydrothermal
alterations include silicification, carbonate, intermediate argillic, and
propylitic alteration. Geochemical investigations of ore samples show
weak positive correlation between base metals and Au, as well as weak
to moderate positive correlation between Au and As, Sb, and Ag. Fluid
inclusion microthermometry indicates that ore-forming fluids belong to
the high- to moderate-temperature (224-292 °C), and low- to moderate-
salinity (0.7-13.4 wt.% NaCl equiv.) H,O-NaCl system. These data
suggest that boiling and mixing processes played a key role in the
evolution of the ore-forming fluids. The characteristics of the Au
mineralization align with those of low-sulfidation epithermal deposits in
the Tikmehdash 2 deposit.
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EXTENDED ABSTRACT

Introduction

Tikmehdash 2 Au deposit is located in the Western
Alborz-Azerbaijan zone (Nabavi, 1976), forming
part of the Miyaneh-Bostan Abad metallogenic
subzone. This subzone is a prominent regional
metallogenic area in northwest Iran, hosting
numerous deposits of metallic (Cu, Mo, Pb-Zn, Au,
Mn), and non-metallic (pumice and perlite) deposits
and occurrences (see Nabatian et al., 2017; Alizadeh
et al., 2021; Sohbatloo, 2021; Hassani Soughi et al.,
2021; Jafari et al., 2002; Sohbatloo et al., 2023;
Hassani Soughi et al., 2023; Barati et al., 2023;
Jahangiryar et al., 2023). Located approximately 20
km southwest of Bostan Abad, the Tikmehdash 2 Au
deposit, is a relatively recent discovery in this
district. Despite the presence of ancient mining
activities such as filled trenches and collapsed
tunnels on Au-bearing wveins, and ongoing
exploration of Fe skarn mineralization and Au-
bearing veins in the area, the genesis of Tikmehdash
2 Au deposit remains poorly understood. This study
investigated the  geological, mineralization,
alteration, geochemical, and fluid inclusion
characteristics of the Tikmehdash 2 Au deposit to
constrain its ore genesis and mineralization style.
The results are intended to aid regional exploration
programs within the Miyaneh-Bostan Abad
metallogenic subzone and elsewhere in northwest
Iran.

Materials and methods

This research combines fieldwork and laboratory
analyses. During investigations, a geological map, at
a 1:5000 scale of the Tikmehdash 2 area was
prepared. Fifty samples were collected from various
ore veins, host rocks, and intrusive bodies. Among
these, eighteen thin and twenty-five polished-thin
sections were prepared and examined under
transmitted and reflected polarized light microscopes
at the mineralogy laboratory of the University of
Zanjan, Zanjan, lran. Additionally, 105 samples
from ore veins were analyzed for Au and other metal
contents using Fire Assay and ICP—MS techniques at
Zarazma and Novin Shimyar Analytical Laboratories
in Tehran. Fluid inclusion studies were conducted on
four doubly polished thick sections (~150 um)
containing quartz crystals from the second, and

fourth ore stages. Microthermometric measurements
were performed using a Linkam THMS600 heating—
freezing stage attached to an Olympus BX60
microscope in the fluid inclusion laboratory of
Payam-e Noor University, Tabriz, Iran.

Results and Discussion

The geological units in the Tikmehdash 2 area belong
to the Eocene and the Miocene volcano-sedimentary
strata that were intruded by early Miocene
(Kouhestani, 2025) gabbro-gabbro diorite, and
guartz diorite intrusions. The mineralization at the
Tikmehdash 2 Au deposit is predominantly hosted in
NE-SW to NW-SE trending Mn- and Au-bearing
quartz veins, which dip steeply (65-80°) to the
northwest. These veins extend from 30 to 500 meters
in length, with thicknesses ranging from 0.1 to 3
meters, and Au grades ranging from <1 to 88 g/t.
Hydrothermal alterations include silicification,
carbonate, intermediate argillic, and propylitic
alteration; among these, the first three are intimately
associate with the ore veins, whereas propylitic
alterations affect the surrounding host rocks. Mineral
assemblages include pyrite, chalcopyrite, galena, Fe-
rich sphalerite, native gold, arsenopyrite, tennantite-
tetrahedrite, psilomelane, and primary pyrolusite.
Gangue minerals are quartz, calcite, and barite.
Goethite, malachite, secondary pyrolusite, and
braunite are supergene minerals. The ores display a
variety of textures, such as vein-veinlets, brecciated,
comb, cockade, plumose, disseminated, crustiform,
colloform, bladed, and vug infillings.

Ore formation can be divided into six stages. Stage 1
is signified by the silicification of host rocks
containing minor disseminated pyrite. Stage 2 is
considered by Au-bearing quartz veins-veinlets, and
hydrothermal breccias with quartz-sulfide (pyrite,
chalcopyrite, arsenopyrite) cements with minor
barite. Stage 3 is marked by pyrite, galena, sphalerite,
and tennantite-tetrahedrite-bearing calcite veins.
Stage 4 is marked by veinlets or vug infill textures of
manganese ores (pyrolusite and psilomelane) and
quartz. Stage 5 is represented by quartz and calcite
with vein-veinlets and vug infill textures. Stage 6
corresponds to supergene processes, forming
goethite, malachite, secondary pyrolusite, and
braunite with vug infill, replacement, and residual
textures. Geochemical investigations of ore samples
reveal weak positive correlation between base metals
(Pb, Zn, and Cu) and Au, as well as weak to moderate
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positive correlations between Au and As, Sb, and Ag.
Notably, silver correlates moderately with lead,
while cadmium and zinc show positive relationships,
and gold and manganese exhibit weak correlations.

Fluid inclusion microthermometry suggests ore-
forming fluids at Tikmehdash 2 Au deposit belong to
high- to moderate-temperature (224-292 °C), and
low- to moderate-salinity (0.7-13.4 wt.% NaCl
equiv.) HxO-NaCl system. Fluid inclusion data
shows that fluid boiling and mixing were key factors
in the evolution of the ore-forming fluids at
Tikmehdash 2 Au deposit. These data specify that
estimated trapping pressure of the fluids varies from

45 to 71 bars, which corresponds to entrapment
depths of 460 to 730 m beneath the paleowater table.
Characteristics of the Tikmehdash 2 Au deposit are
similar to the low-sulfidation type of epithermal
deposits. The close spatial association between late
Miocene dacite-rhyodacite domes, and epithermal
mineralization in the Miyaneh-Bostan Abad
metallogenic subzone suggests the role of magmatic-
hydrothermal activities during late Miocene
magmatism in providing metals and ore-forming
hydrothermal fluids for this type of mineralization in
NW Iran, which should be considered in exploration
programs.
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Fig. 1. Geologic map, scale: 1:5000 of the Tikmehdash 2 Au deposit (The dimension of the ore veins was exaggerated)
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Fig. 2. Filed photographs of rock units in the Tikmehdash 2 Au deposit. A: A view of the alternation of the tuff, and lava
layers (EY unit), looking northwest, B: A close view of contact metamorphism and skarn unit with magnetite lenses (SK
unit), C: A view of thin-bedded acidic tuff strata (M" unit), looking to the west, D: A view of ash tuff layers (PI' unit),
looking northwest, and E: A view of quartz diorite intrusion (qd unit) in the north part of the area, looking to the north.
Abbreviation after Whitney and Evans (2010) (Mag: magnetite).

Behrouzi et al., ) sLTokw VoV o v v v sl bl it ST OS5 ok Sl g oKy Son 5 ol oo Sl om)
Lol ¢l ot 45,8 L3 55 e S Wos 5l e «(1998 53 5 1 (sladols 45" g 40 80l 5,8 b Sy s SIS
S S g el bl Lo i Gy LR s S 3 )50l Sladels 5 et G
03,5yt Cp p) st 1y T o—w (KoUhestani, 2025) Ko JIg b msp5 5,08 ey olad Jous 5o .Lilas
Saad ) szl (63485 slaes g g Lt 3l Ol 4 e g esla ) Sosles G5 S5 EY s
S 35 b o odalin 65585 Slaes g J1s 53 1ML (5l 158 g ed s s SK usly) i) ga SIS

el (83585 Gbor gl dm o34 LS Kl 3l et S IS ide Sy g0 0 T 515 45 0T

DOI: 10.22067/econg.2025.1147 Y skt WV oys AP (oslasl bt

Voo


https://doi.org/10.22067/econg.2025.1147

e ¥ E14aS5 Sl 5 il O gl g & M Jb 5 gl o548 o, 8en Sospsla

5 G bos Gl Gyl by ) 53518 a5 ol ol et s 3ls y sladisal g8y S Glo ) 2 S
OIS 3 layshor s 5l S e g3 s b FoS oS i Sl @bl slaes st Calide gl iiu
NEIVARUR SYONS 5 TSNP U JICUS PRS- 5P g g S PR E Py Hw

2ol a3 5018 5 g5 FOS (Cuym3siise

AT Y o

L §

s ALY G138 M Ll 5 Ko ladsly 3L 5 s S 51 XPL cblize o M 5 5 5) Sy S s slas N K
DL O-L:IOLN;) g_g)j},::‘ Q)lf 6\.&)}\; :B ‘g_g:i)vb-‘- 6[#0)"4?): Lgﬁéjﬁ:}f}lf QQJ:QJ}}:)A;‘) 4~:A) DL J%}:’.).‘}\i 6@)}\%&:‘.&)3
CarndS™ 51 e 53 Sigw 5 My ,uS Gl SIS L el jer gl slay sk :C c,uu,x.:das‘sﬁ,"us;_.,.\sdm,;,@,sfuo,&lu,f

Gl E e iy s SIS 3 oS 31 0 55 Sl (61 L ol jan g 951 55 (sl sb 1D cla i) p8 SISLwesSIST s
45 51 sk et 1 5 skl (Slan 5 53 K 4t 53 5B (U 5510 5 I 30 (oS 31 Lol et ol e sl JSUT
Whitney and ) il 5 sz s 5 b S g slamstl (3 gl L 5 55 gk 5 (ams e Sl Sl pals e s Ko ude S0 4
1S QZ SIS 55 Pl yus” S5:0pg (5,8 Gt sty EP (s Cal i jlwtls JSITAFS) sl oz Ll (Evans, 2010

(S o0 2SET

Fig. 3. Photomicrographs (transmitted crossed-polarized light, XPL) of mineralogy and texture of the rock units in the
Tikmehdash 2 Au deposit. A: Clustering of plagioclase phenocrysts in a fine-grained matrix and formation of glomeroporphyric
texture in andesitic lavas, B: Anisotropic altered garnet crystals in garnet skarns that are cut by late calcite veinlets, C: Epidote
crystals with lamellar and acicular opaque minerals within a calcite matrix in calc-silicate hornfels, D: Anisotropic garnet
crystals with some epidote in a calcite matrix in calc-silicate hornfels, E: Sericitized alkali feldspar crystals with small amounts
of plagioclase and secondary quartzes in matrix in acidic tuffs, and F: Clustering of lenticular secondary quartz crystals in a
sericitic and silicified fine-grained matrix in acidic tuffs. Abbreviations after Whitney and Evans (2010) (Afs: alkali feldspar,
Cal: calcite, Ep: epidote, Grt: garnet, Opqg: opaque mineral, Pl: plagioclase, Qz: quartz, Ser: sericite).
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Fig. 4. Photomicrographs (transmitted crossed-polarized light, XPL) of mineralogy and texture of the intrusions in the
Tikmehdash 2 Au deposit. A-D: Plagioclase and hornblende phenocrysts in a fine-grained matrix of quartz and plagioclase in
quartz diorite. In A, hornblende crystals are altered to actinolite and, in D, fresh hornblende crystals with double twinning are
also observed. E and F: Plagioclase and hornblende phenocrysts in a fine-grained matrix of quartz and alkali feldspar in quartz
diorite. In E, coarse-grained clinopyroxene crystal within hornblende, and in F, alteration of hornblende to epidote is also

observed. Abbreviations after Whitney and Evans (2010) (Act: actinolite, Cpx: clinopyroxene, Ep: epidote, Hbl: hornblende,
PI: plagioclase, Qz: quartz).
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Fig. 5. Photomicrographs (transmitted crossed-polarized light, XPL) of mineralogy and texture of the intrusions in the
Tikmehdash 2 Au deposit. A: Granular texture consisting of plagioclase crystals and hornblendes replaced by calcite in pyroxene
quartz diorite, B: Coarse-grained clinopyroxene crystals among plagioclase crystals and hornblende replaced by calcite in
pyroxene quartz diorite. Quartz crystals are found among other minerals, C: Coarse-grained clinopyroxene crystals altered to
actinolite, along with plagioclase and hornblende crystals that altered to chlorite and calcite in the pyroxene quartz monzodiorite.
Some small quartz and alkali feldspar crystals are also observed, D: Coarse-grained clinopyroxene crystals with plagioclase and
hornblendes that altered to calcite in pyroxene quartz monzodiorite. Some small quartz and alkali feldspar crystals are also
observed, E and F: Granular texture consisting of actinolitic clinopyroxene and plagioclase crystals in pyroxene quartz
monzogabbro. Fine-grained quartz crystals are observed among them. In F, ophitic texture is also observed. Abbreviations after
Whitney and Evans (2010) (Act: actinolite, Afs: alkali feldspar, Cal: calcite, Cpx: clinopyroxene, Hbl: hornblende, PI:
plagioclase, Qz: quartz).
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Fig. 6. Satellite image and field photographs of the location and condition of ore veins in the Tikmehdash 2 Au deposit. A:
Location of Au-bearing silica veins (yellow lines) on the Satellite image, B: A view of Mn- and Au-bearing silica veins and
their intermediate argillic alteration halos within exploration-extraction trenches of iron skarn mineralization of the Block A in
the northern part of the area, looking to the west-northwest, C: A Close view of fragments of Au-bearing silica veins with
manganese oxides of the Block A in the northern part of the area, D and E: Views of ancient mining activities (yellow arrows)
on the number 1 Au-bearing vein in the Block B in the southern part of the area, looking to the south, northeast, respectively,

and F: A view of number 4 Au-bearing vein in the Block B in the southern part of the area, looking to the south. Abbreviations
after Whitney and Evans (2010) (Mn ore: manganese ore, Qz: quartz).

~E,5 il b S O gl C S Gl S 5 Gl S Gl S p s 5 (g5 Sor a2 AL
—S 5BV JSKn) Gl S ez oS 5 lanS s sl g Sl S Sl S sl a s Y iaaaSSs (b LIS
L 36 G518 Ghand ) Vpans (6,5 b S GlaanS ) ol pen o ol LalS S 5 glars glail b glacnlS” Juls
Sl B2 Sl Jol e o 6T S KL o los ST dlad JS8) 5 gm ool S8l oo 8 (sla 2 Ol 53 50157
G ¥ B Sl b bl gt KL 5T Gle S5l b S L (Sevp Byl glu S Gl £ 5l g ol (D 5 C-Y
-7 JS8) Sl b 8 5o 1y salS 5158 S, Sl el e g Gl S Gl S5 ls Sl ko slaatgy

DOI: 10.22067/econg.2025.1147 Y osled OV 53 VP (salasl bt e

VY


https://doi.org/10.22067/econg.2025.1147

¥ 13485 Sl 53 il O gl g 5 b e 5 o] 15415

O 5 5 pesls

o SIS 1 6 sladlsl o8 (C-A JSC8) 355 o 0l
F335 505 Kl a8 555 oaelss Sy Sl 5 I 050
w JE(E 5D-A S i) cl les JIg 53 o SIS
Sl 3 b e sdalie 3l anlS a5 53 1S Ol e
Lol 5 S g b Ll JSChans s sl sk O o 4
Y gonn JE DA JSE) 5 55 oo 0> adisad 53 e Slag
o god 51 Sy 53 el 0l B0l £5 S jg om0 4Bl )
)F-AJ@)Mssﬂom&u)rﬁgd_,su_.a\}g.mpyf
el 5 S SIS pladlsl gl a8 IS (G
Oy gt B o Il (DA JS2) Cal a5
33 (AT 51 28) 0,5 s IS baas b JSi o Lo 520 slay 5
Sy Yl ¢ g S s Son blin 53555 oo 0> S slasS
o8 (H B F-A JS8) 515 goipen Sy 5 JE LY pone
Cal odalie b5 o Jliasl 03555 o SIS 55 sladlsss!
Sog—e s ¢S Gslp byl s —csls (B JSs)
sDA USC8) Wi e ey JE 0sys IS 5 gladlsl
(G

el sl 53 s S iaas b Sl o 55 D3 Oy 5o 4 b
ek GBS 55 05 Sea ¥ Bl 505 S b0 I S
oy st o Sy gy T (B 3 A=A JSE) Cul sdalin LB
CL Ll S e b s S (05,80 Ve B) 55 gl sk
JSC8) 545 e odalive J3slST oSy 1 & 530S s
(C-a

U S sl o smo g O shg 5 ol
5058 b b glodb oSy slacil b s YIS saas
(E 5D-8 JSK8) Lgb o o> 3818 (sla jtdn 45 WIS S
O sk 5 Aol o i b5k il BB & 5o
5 (G 5F-8 ) o oo 4 56 S g o 5 gl p bon
s s Sy sl sk gl ey laeaS o8

Llst ST Sl B3 (gl s a2 ol 2 (B
7 e 0515 (ole )3 50l S8 e S8t oy
L@,&M,,ifdguﬁp.wuuu&w,;uw&,
IS 5 0 il J gz Lol gl oS 5T Sl B
Fla e by gLalid) Sl S o 40 porne L 5
JS8) el S 5 1S S yslin Lol e () 55
1581 sla i S ol s oSty s SLa 85 (G s F-y
S0 gaisy 3 LK Sl £ ) 15 555 olss
Sl $Salys Gl B s o3 o K55 4 ol oo
auﬁbQTJ>u@L§¢éL{)¢_ﬁ|b}hUr§5uQM
S sl Gl S il LY pame L §s
R Loy o 9 D) (LS 0L IS w0 pores Lo 5

il 28l 9 ol 9 (il S

—ewil 3T M o il (IS o o SIS
Gl (Do sk 5 S g ()T (g plal B
SV e S an ¥ 34 b LS 53 50 4
S 31305 sladki] b st 53 Sl 5 4 $B Sl
gl i dbl gla S5 g5l 5 S dST 1S ke
(IS gl o slenS -  els (KilS sl
b oS ) (lars ‘w‘fdf 08 25 oS als sl
Ll glo s i 5 Gl ¢ il o Jl

b St ciys b s sl sk s 4 Y gons S
Ghasl 5 3415 a4 odST ails il b Lls SCoaes
Shadel SISl (AN JSK) 358 o o B ) o ks
£ OT 51 gbokile 3L o 5ol s olw $3 5 8 4 laasl>
A JSs) 35 s e e (lo s 5 g ble 3L glaaL Sy s
s Slash S po a5 S e 4 g SIS LB

‘)‘Jﬂu'lf ‘5LA‘_):«>U B ou\;f‘ﬁﬁﬁ‘.} ALBL L J&&U’J 1 )‘JJ&JD‘\,«:}

DOI: 10.22067/econg.2025.1147

\FY

Y ooyled (VW9 NFr ¥ (gslabl u“”uw")


https://doi.org/10.22067/econg.2025.1147

¥ 13485 Sl 53 il O gl g 5 b e 5 o] 15415

Qb&.«mﬁ)}xr;’u

SsLL oIS B ALY ﬂm{;‘;ybjusﬁu@t_ﬁfaaﬂy(XPL‘Clgu;“ﬁm‘;,,h;)W&.»,,i_.asuﬁ,_&;.vum
S S5 33(D) oIS 8 5 (C) glars 3L b ok D 5C o s L $5 55 (B) b £ sl p Olor 5 (A) glanS ;-5
:I,HLJL.M\,,\,&_.L_,*,T@LMJ?,,;&;__&:,“:G,Fcr,gtjé;;@ujf;ﬁ‘_;\sgguéa.usﬁau.g;,:..“K:E‘Jﬂ@;‘_s:p;
Whitney and Evans, ) 51l 5 s 5l bS5 s L o oSty S S5 (D) S s (H) Sl 4 30 5 5% Sl Bs

(I (6Las VUG (s o ST 5,158 1QZ SIS 55 50 Pl oK ankas 1L ol P oS Cal) ol 0k oLl (2010

Fig. 7. Photomicrographs (transmitted crossed-polarized light, XPL) of hydrothermal alteration types in the Tikmehdash 2 Au
deposit. A and B: Quartz with vein-veinlets (A) and hydrothermal breccia cement (B) textures in silica alteration, C and D:
Calcite with bladed (C), and colloform (D) textures in type 1 carbonate alteration, E: Calcite with vug infill texture in type 2
carbonate alteration, F and G: Sericite in intermediate argillic alteration, H and I: Alteration of plagioclase to epidote (H), and
calcite (1) in propylitic alteration. Abbreviations after Whitney and Evans (2010) (Cal: calcite, Ep: epidote, L: lithic fragment,
PI: plagioclase, Qz: quartz, Ser: sericite, Vug: open space).
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Fig. 8. Photomicrographs (reflected light) of the ore mineralogy and texture in the Tikmehdash 2 Au deposit. A: Subhedral
fine-grained disseminated pyrite crystals, B: Coarse-grained anhedral pyrite crystal altered to goethite, C: Fine-grained
anhedral chalcopyrite crystal, D: Coarse-grained anhedral galena crystal with chalcopyrite, and tennantite-tetrahedrite
inclusions, E: Fine-grained chalcopyrite inclusions within sphalerite, and F—H: Intergrowth of pyrite, galena, and
sphalerite. In G, tennantite-tetrahedrite inclusions within galena are also observed. Abbreviations after Whitney and Evans
(2010) (Ccp: chalcopyrite, Gn: galena, Gth: goethite, Py: pyrite, Sp: sphalerite, Tnt-Ttr: tennantite-tetrahedrite).
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Fig. 9. Photomicrographs (H in transmitted crossed-polarized light, XPL, and the rest in reflected light) of the ore
mineralogy and texture in the Tikmehdash 2 Au deposit. A and B: Free Au inclusions within quartz, C: Fine-grained
arsenopyrite crystals, D and E: Primary pyrolusite and psilomelane with colloform and banded textures. Alteration to
braunite is observed in both photos, F: Alteration of primary pyrolusite and psilomelane crystals into braunite and
secondary pyrolusite, G: Secondary pyrolusite veinlet, and H: Malachite with vug infill texture. Abbreviations after
Whitney and Evans (2010) (Apy: arsenopyrite, Au: free gold, Br: braunite, Mlc: malachite, Ps: psilomelane, Pyrl: primary
pyrolusite, Pyr2: secondary pyrolusite, Qz: quartz, Vug: open space).
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Fig. 10. Photomicrographs (transmitted crossed-polarized light, XPL) of gangue minerals and textures in the Tikmehdash
2 Au deposit. A: Quartz with comb texture, B: Coarse-grained quartz crystals with vug infill and cockade textures, C and
D: Cockade texture of quartz developed around the tuff fragments, E: Colloform texture of quartz, F and G: Plumose
texture of coarse-grained quartz crystals. In F, colloform texture is also observed, H and I: Coarse-grained euhedral barite

crystals. Abbreviations after Whitney and Evans (2010) (Brt: barite, Cal: calcite, L: tuff fragment, Qz: quartz, Vug: open
space).
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Fig. 11. Hand specimen and microscopic (transmitted crossed-polarized light, XPL) photographs of mineralization stages
in the Tikmehdash 2 Au deposit. A and B: Stage 1 mineralization as silicification of the host rock that crosscut by stage 2
quartz-sulfide veinlets. In A, stage 2 quartz-sulfide veinlets are, in turn, cut by stage 4 quartz-Mn oxide veinlets (yellow
arrows), C: Stage 3 sulfide-bearing calcite vein that crosscut the stage 2 quartz-sulfide vein, D-H: Stage 4 quartz-Mn
oxide veinlets that crosscut stage 1 silicified rock, and stage 2 quartz-sulfide veinlets. In E, stage 2 breccia fragments can
be observed within the stage 3 hydrothermal breccia cements, and I: Stage 5 quartz veinlets that crosscut stage 2 quartz-
sulfide veinlets. Abbreviations after Whitney and Evans (2010) (Cal: calcite, Qz: quartz, Sp: sphalerite, \Vug: open space).
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Fig. 12. Mineralization stages and paragenetic sequences of ore and minerals at the Tikmehdash 2 Au deposit

DOI: 10.22067/econg.2025.1147

V74

Y ooyled (VW9 NFr ¥ (gslabl wuw)


https://doi.org/10.22067/econg.2025.1147

e ¥ E14aS5 Sl 5 il O gl g g5 M Jb ol 548 Q‘)&&A)}ﬁr&\.ﬁs

Y i3S O LIS 55 a6l (sladisas (o5 53 p 5 Fire ASSay o ot glaesls ) Jguer
Table 1. Fire-Assay data (ppm) of ore samples from the Tikmehdash 2 Au deposit

Sample Number Au Sample Number Au Sample Number Au
Zarazma Labs Novin Shimyar Labs
TK-01-ZA 0.35 TK-27-ZA 2.48 TK-04-NSH 12.14
TK-02-ZA 3.36 TK-28-ZA 84.98 TK-05-NSH 1.65
TK-03-ZA 0.98 TK-29-ZA 2.20 TK-07-NSH 4.26
TK-04-ZA 18.52 TK-31-ZA 0.94 TK-08-NSH 0.68
TK-05-ZA 2.33 TK-32-ZA 291 TK-10-NSH 0.69
TK-06-ZA 1.79 TK-34-ZA 0.06 TK-11-NSH 0.11
TK-07-ZA 5.40 TK-35-ZA 0.46 TK-12-NSH 0.23
TK-08-ZA 1.06 TK-36-ZA 0.05 TK-13-NSH 9.83
TK-09-ZA 0.26 TK-37-ZA 0.21 TK-21-NSH 0.05
TK-10-ZA 0.66 TK-41-ZA 0.03 TK-25-NSH 0.05
TK-11-ZA 0.16 TK-52-ZA 0.41 TK-26-NSH 1.12
TK-12-ZA 0.28 TK-53-ZA 3.63 TK-28a-NSH 3.51
TK-13-ZA 9.62 TK-51-ZA 0.68 TK-28b-NSH 88.35
TK-21-ZA 0.09 TK-54-ZA 1.53 TK-32-NSH 2.23
TK-23-ZA 2.46 TK-50-ZA 0.56 TK-34-NSH 0.03
TK-25-ZA 0.05 TK-36-NSH 0.09
TK-26-ZA 141 TK-37-NSH 0.19

13485 M HLlS s LsalS e ses (5 s (‘Jf ole sL)ICP-OES ;5 (5 ,» CJ?JT‘ Olb) Fire Assay 4« s gbesls ¥ Jyue
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Table 2. Fire-Assay (Au, ppb), and ICP-OES (other elements, ppm) data of ore samples from the Tikmehdash 2 Au deposit

Au Ag As Ba Cd Cu Mn Mo Pb S Sh Zn
Detection Limit 5 5 0.5 5 010 1 5 0.50 1 50 0.50 1

01-TKD-100 305 195 265 232 036 501 432 4181 2389 832 14 91
01-TKD-D-1 2216 608 58.2 233 357 1970 >20000 17.4 >30000 683 >100 5680
01-TKD-D-2 3624 89.3 96.2 2034 276 514 >20000 236.1 8046 593 >100 6917
01-TKD-D-3 8744 462 60 590 41 280 >20000 16.2 4759 685 >100 6401
01-TKD-D'-1 558 127 829 839 89 104 >20000 13.1 2853 545 657 2187
01-TKD-D”-2 15834 5 193 629 039 34 8716 1.3 230 360 356 118
01-TKD-TRA1-1 180 5 323 426 08 347 5857 9.8 1597 464 46.3 507
01-TKD-TRA1-2 123 5 15 439 048 191 1272 3.2 388 578 123 312
01-TKD-TRA2-1 1688 224 183 409 29.2 3728 >20000 158.9 15887 438 11.2 5793
01-TKD-TRA3-1 1604 31.8 17.2 153 9 4166 >20000 26.7 18924 388 18.1 1412
01-TKD-TRA3-2 6120 117 275 128 15 1120 17303 254 16627 431 21.7 1050
01-TKD-TRA5-1 2131 572 33 529 1.2 1680 4549 331 12606 998 22,5 2048
01-TKD-TRAB-2 3578 339 96.1 3142 19.3 1120 >20000 195 2537 690 >100 4952
01-TKD-TRB2-1 470 134 714 907 88 1920 18814 239 4677 573 >100 3101
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Table 2 (Continued). Fire-Assay (Au, ppb), and ICP-OES (other elements, ppm) data of ore samples from the
Tikmehdash 2 Au deposit
Au  Ag As Ba Cd Cu Mn Mo Pb S Sb Zn
Detection Limit 5 5 0.5 5 01 1 5 0.5 1 50 0.5 1
01-TKD-TRC1-2 896 51 443 193 0.7 309 8017 34. 13029 548 62. 256
01-TKD-TRC3-1 1790 32. 69.3 105 33. 481 >20000 8.8 14855 475 40. 6599
01-TKD-TRC3-1 2422 36. >10 175 23. 509 >20000 9.5 12681 640 36. 5434
01-TKD-TRC4-1 6130 15. >10 118 17. 154 >20000 27. 3943 682 100 4946
01-TKD-TRC4-2 3079 65. >10 128 32. 421 >20000 5.7 3516 519 100 8367
01-TKD-TRC5-2 4281 26. >10 193 19. 184 >20000 31. 9450 818 100 6170
01-TRC6-TKD1 6022 27. >10 992 16. 251 >20000 30 5206 444 100 3646
01-TKD-TRC6-1 663 23 139 796 11 157 5258 4.2 320 420 70. 455
01-TKD-TRC6-3 4461 55. 100 684 13. 258 >20000 29. 6857 660 100 3192
01-TKD-TRC7-2 6098 33. 544 188 34 269 6300 23. 3760 462 100 455
01-TKD-TRC8-2 38 2 26 631 04 103 1815 15 436 238 10. 123
01-TKD-TRC9-1 7579 8 523 115 0.2 182 14371 3.8 19 420 10. 107
01-TKD-TRC9-5 156 24 100 923 0.3 401 15416 2.7 21 456 7.7 139
01-TKD-TR-D1 986 59 259 163 04 87 5056 11 495 664 83. 169
01-TKD-TRD1-3 778 71. >10 366 8.1 656 >20000 13. 1702 514 100 2473
01-TKD-TRD2-2 23 68 197 313 37 372 6330 06 542 287 25. 258
01-TKD-TRD2-5 3173 29 139 696 04 83 6487 0.7 301 351 1.0 306
01-TKD-TRD3-2 213 12. 49 505 04 161 3006 3 284 345 20. 130
01-TKD-TRD4-1 117 36 129 874 04 105 4687 4.1 186 489 57. 200
01-TKD-TRE1-2 737 64. 100 719 17. 831 >20000 20. =>30000 647 100 1889
01-TKD-TRE1-1 7136 10. 100 744 6.1 125 >20000 54 390 410 100 155
01-TK-A1-27.5-28 50 4.9 327 729 18 494 2853 53 441 775 18. 318
01-TK-C5-1-53.3- 1597 15 392 485 05 104 1773 34 5536 2220 32. 291
01-TK-C6-41.8-42 47 48 223 153 5 75 17622 8.9 382 582 1.3 1877
01-TK-C7-235-24.8 9658 71. 747 727 29. 730 >20000 12. 5829 408 100 2230
01-TKD-TRE2-5 4601 14. 100 688 3 139 10757 6.8 6405 434 100 827
01-TKD-TRE3-3/1 4728 38 100 808 3.2 760 12131 15 2638 465 100 583
01-TK-D1-15.2-158 151 46 614 165 49 162 >20000 8.2 4145 625 22. 3000
01-TK-D1-16.9-18.3 4679 61. 83.7 401 12. 792 >20000 34 1082 534 100 5353
01-TK-D1-20.4-20.8 954 6.8 243 545 19 70 8502 54 231 319 35. 1330
01-TK-D2-63.5-64.3 5436 18. 456 446 11 113 4079 49 105 722 54. 421
01-TK-D2-82.7-83.5 232 28 58 919 03 25 14447 93 136 831 11 581
01-TK-D3-41.2-43.7 976 33. 77.7 977 25 247 >20000 14. 514 614 100 471
01-TK-D4-63.8-64.8 1496 59. >10 153 49 502 16522 14. 5794 918 99. 915
01-TK-D4-64.8-65.2 3547 65. >10 188 11. 640 >20000 19. 9373 515 100 2357
01-TK-D1-2-77.1- 121 42 201 117 22 159 1745 1.7 781 19912 36 841
01-TK-D1-2-109.8- 82 27 399 128 93 413 253 25. 1185 >20000 1.0 2213
01-TK-D1-2-151- 377 26. 378 629 40. 416 >20000 1.8 5213 11476 100 1451
01-TK-D2-3-74.1- 209 63 233 789 09 692 1526 5.6 478 3073 1.0 824
01-TK-D2-3-95.5- 931 51. 504 703 55. 493 >20000 4.8 6215 12242 100 1402
01-TKD-TREO0-3 16 07 375 878 03 16 2090 05 5 478 1.0 91
01-TKD-TREO-7 23 05 422 123 03 26 1014 1.3 339 286 09 177
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Table 3. Elemental correlation coefficient (calculated based on Table 2) for ore samples at the Tikmehdash 2 Au deposit

Au Cu Pb Zn As Sh Mn Ba Cd Mo Ag S
Au 1.00
Cu 0.11 1.00
Pb 0.05 0.77 1.00
Zn 0.02 0.28 0.29 1.00
As 0.26 0.35 0.23 0.30 1.00
Sh 0.27 0.17 0.18 0.38 0.70 1.00
Mn 0.18 0.44 0.44 0.59 0.66 0.54 1.00
Ba -0.03 0.03 -0.13  0.25 0.42 0.27 0.35 1.00
Cd 0.08 0.39 0.42 0.91 0.35 0.43 0.64 0.14 1.00
Mo  -0.02 0.04 0.12 0.06 0.02 -0.09 -0.01 -0.02 0.07 1.00
Ag 0.24 0.40 0.47 0.48 0.60 0.65 0.58 027 059 0.19 1.00
S -0.10 -0.12  -0.06 0.40 -0.16 009 -007 -0.01 028 -008 -0.02 1.00
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Fig. 13. Correlation chart of ore-forming elements for ore samples at the Tikmehdash 2 Au deposit
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Fig. 14. Photomicrographs (at room temperature, plane-polarized light) of fluid inclusion types from Tikmehdash 2 Au
deposit. A-C: Elliptical, polyhedral, anhedral, and negative-shaped primary two-phase LV fluid inclusions coexisting
with VL, and one-phase V fluid inclusions in stage 2 quartz as evidence of boiling, and D—F: Anhedral, and polyhedral
primary two-phase LV fluid inclusions in stage 4 quartz. Fluid inclusions enclosed in the rectangles are from different
depths and were brought to focus as insets (L: liquid, V: vapor, S: solid).
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Table 4. Microthermometric data summary for primary LV fluid inclusions from Tikmehdash 2 Au deposit. The digit in
the parenthesis is the mean value of inclusion measured.

Mineral Size (um)  Tfm (°C) Tm-ice (°C) wt.% NaCl Th(tota) (°C) Density (g/cm?®)
Stage 2 Qz (n =57) 5-25 -21t0-30 -7.0t0-4.3 6.9-13.4(9.1) 227-292 (269) 0.75-0.91
Stage 4 Qz (n =73) 1-43 -21t0-30 -3.7t0-04 0.7-6.0(4.6) 153-250 (224) 0.81-0.96
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Fig. 15. Total homogenization temperatures vs. equivalent salinity diagram for primary LV fluid inclusions from
Tikmehdash 2 Au deposit. Typical ranges of fluid inclusions in porphyry, epithermal, and MVT deposits worldwide are
modified after Wilkinson (2001). Diagonal contours show fluid densities of H,O—-NaCl fluids in g/cm? for pressures along

the L-V curve (Haas, 1971).
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Table 5. Comparison of main characteristics of the Tikmehdash 2 Au deposit with different types of epithermal deposits

Tikmehdash 2

Epithermal deposits

Low-sulfidation

Intermediate-

sulfidation

High-sulfidation

Host rock

Ore controls

Key ore
minerals

Gangue
minerals

Hydrothermal
alteration

Ore textures

Metal
associations
Ag/Au ratio

Temperature
and salinity

Depth of
formation

Fluid
characteristics

References

Volcano-sedimentary
units

Faults and fractures

Py, Ccp, Gn, Fe-rich
Sp, Au, Apy, Tnt-Ttr

Qz, Cal, Brt

Silicification,
intermediate argillic,
carbonatization,
propylitic

Vein-veinlet,
brecciated, comb,
cockade, crustiform,
plumose, colloform,
bladed, vug infill

Pb, Zn, Cu (Ag, As,
Sbh)

0.1-5

153-292 °C, 0.13-74
wt.% NaCl equ.

460-730 m

Meteoric > magmatic

Hashempour (2025),
This study

Basalt-rhyolite

Andesite-rhyodacite

Extensional to strike-slip faults

Sp, Gn, Tnt-Ttr, Cep,
Apy, Prg, Acn

Qz, Adl, non-Mn
bladed Cal, Brt, Clt,
Fl

Anrgillic,
silicification,
carbonatization

Vein-veinlet, comb,

bladed, replacement,

colloform, crustiform
brecciated

Au, Ag (Zn, Pb, Cu,
Mo, As, Sh, Hg)

0.2-5

150-300 °C, < 2 wt.%
NaCl equ.

<300 m

Meteoric > magmatic

Fe-poor Sp, Gn, Tnt-Ttr,

Ccp, Stb

Qz, Mn Cal, Brt

Sericitization,
intermediate, argillic,

silicification, propylitic

Vein-veinlet, comb,
crustiform, vug infill,
cockade

Au, Ag, Pb, Zn, Cu (Mo,

As, Sb)

10-1500

200-300 °C, 0-23 wt.%

NaCl equ.

300-800 m, rarely >1000

m

Magmatic-meteoric

Arc parallel faults,
diatreme,
hydrothermal
breccias

Eng, Lzn, Fmt, Cv,
Dg

Qz, Alu, Anh, Brt

Sericitization,
advanced argillic,
silicification,
propylitic
Vuggy Qz, vein-
veinlet, cockade, vug

infill, brecciated,
comb, replacement

Au, Ag, Cu, As, Sb
(Zn, Pb, Bi, W, Mo,
Sn, Hg)

1-10 (often > 20)

180-320 °C, <5to
~10 wt.% NaCl equ.

< 500-1000 m

Magmatic > meteoric

White and Hedenquist (1990); Cooke and Simmons (2000); Hedenquist et
al. (2000); Albinson et al. (2001); Sillitoe and Hedenquist (2005);
Simmons et al. (2005); Saunders et al. (2014); Wang et al. (2019)

Abbreviations: Acn: acanthite, Adl: adularia, Alu: alunite, Anh: anhydrite, Apy: arsenopyrite, Brt: barite, Cal: calcite,
Ccp: chalcopyrite, Clt: celestine, Cv: covellite, Dg: digenite, Eng: enargite, Fl: fluorite, Fmt: famatinite, Gn: galena, IlI:
illite, Lzn: luzonite, Prg: pyrargyrite, Py: pyrite, Qz: quartz, Sd: siderite, Ser: sericite, Sp: sphalerite, Stb: stibnite, Tnt:
tennantite, Ttr: tetrahedrite. Abbreviations after Whitney and Evans (2010).
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Fig. 16. Schematic representation of the genetic model of Au mineralization in the Tikmehdash 2 deposit and adjacent
areas. The model shows ore-forming fluids that originated from late Miocene dacite-rhyodacite domes, transported via

faults, mixed with deeply circulating meteoric water, and formed epithermal quartz-sulfide veins in the shallow epithermal
mineralization system.

ol Syl 5 LoedST 1SS Do shooy s g 0Ly ybal 5 S 5 Aoy
b5 o34l Goe GlowdlS SV w b 5 LlS oyl ko S8 g 4 Y 3130085 (I LS s 15418
O et g £ 5 el S LS L la Sl S5 s S g3 TS I (o cslinS 5 =85 sl LI 5 S
ol g ol G Ol e oK 5 Ll il e g sl oSy 5 (lars ¢l S 008 25 oSyl cotile
Lol or o 5 o (VU jpalie) (36 bt (S ullS il s 5033 e 5 Gl gy - ST I 050 S
it GIT L) Mo slist ¢ 5 5 (sl sl b s polie ed B 8 50 o lsile &S 5HT Sl 5 ladls Lo
3513 el O gl 6 5 o gl Sl Ly Cals o SN oy ol ST ) 53 a5 Gidae 3l se ol

Qhéh}gwwwﬁggﬁwéhw)f —sL.:’;:Ucg:.ijﬁ'}_m‘).\/ub.\/dwc(&-\/)‘Gﬁ)@_)b‘cujg

DOI: 10.22067/econg.2025.1147 Y osled OV 53 VP (salasl bt e

AY


https://doi.org/10.22067/econg.2025.1147

¥ 13485 Sl 53 il O gl g 5 b e 5 o] 15415

O 5 5 pesls

SLEST glaaal 55 b o8 ol Ol 1 3l e ol s W gl 4187

2,8 Mg

Ble (ool
Wl oSOl O iy 5 o g il o505 6 S

EIEPEY
23l 3 Bles 5 0l otils Jbo glacylas 1 08 i
o i p e Oygls 5 s Sl 5 gy ol el Gl
e 4 &S e s glanly blra ool abl b i )

dled o a5 ol ok e ol e i

b ga b G e (Soan 53 b (n 5 535 00 )
Y eSS (M Ll 3 0,8 5 Ol e T oS )T L
Sl ¢S5 @ laze HLSIS opl 53 0154187 J ges SVl .l
(31 % o 45> YAY G YYF) Laww e b YL slos L H20-NaCl
¢S Jalas S35 deo 3 WF B0 /Y) ol b b i 6555
@Eolﬁjquu}uwa,swt&u,uﬁ(cw
LUyl o g OV i b s Ll (glads! 3 0T
gt Sl 25 = s Skt Taod S S s L
TO g —ailen (21536 gy 25 03 Jb gl Sl 2l 5 (VL
s oSS b glo 8= LSl (slac Jleb 25 eiaspls

e ol sl ate S SV 5 5Ly LudlS olie ol 3 oYL

DOI: 10.22067/econg.2025.1147

VAV

Y ooyled (VW9 NFr ¥ (gslabl wuw)


https://doi.org/10.22067/econg.2025.1147

Hashempour et al.

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit ...

References

Albinson, T.F., 1988. Geologic reconstruction of
paleosurfaces in the Sombrerete, Colorado, and
Fresnillo districts, Zacatecas State, Mexico.
Economic Geology, 83(8): 1647-1667.
https://doi.org/10.2113/gsecongeo.83.8.1647

Albinson, T., Norman, D.l., Cole, D. and Chomiak,
B., 2001. Controls on formation of low-
sulfidation epithermal deposits in Mexico:
Constraints from fluid inclusion and stable
isotope data. In: T. Albinson and C.E. Nelson
(Editors), New Mines and Discoveries in Mexico
and Central America. Society of Economic
Geologists, Littleton, pp. 1-32.
https://doi.org/10.5382/SP.08.01

Alizadeh, R., Sohrabi, Gh., Ahmadzadeh, G.R. and
Ravaghi, A., 2021. Textural, alteration, and
mineralization studies of gold and silver
mineralization in the Ghezel Ahmad area. South of
Tikmehdash, (East Azarbaijan Province). 6"
National Conference on Mining Engineering and
Earth Sciences, Eshragh Institute for Science and
Technology Studies, Kish Island, Iran. (in Persian)

Asadian, A., Amini Fazl., A. and Khodabandeh, A.,

1993. Geological map of Torkamanchay-
Qarachaman, scale 1:100000. Geological Survey of
Iran.

Bakker, R.J., 2003. Package FLUIDS 1, Computer
programs for analysis of fluid inclusions data and for
modeling bulk fluid properties. Chemical Geology,

194(1-3): 3-23. https://doi.org/10.1016/S0009-
2541(02)00268-1
Barati, M., Molaei, F. and Yousefi, T. 2023.

Determining primary geochemical halos for copper
exploration in Bashmagq copper deposit, northeast of
Hashtroud, northwest of Iran. 26" Conference of
Geological Society of Iran, Urmia University, Urmia,
Iran. (in Persian)

Behrouzi A., Amini Fazl, A. and Amini Azar, R., 1998.
Geological map of Bostanabad, scale 1:100000.
Geological Survey of Iran.

Bodnar, R.J., 1993. Revised equation and table for
determining the freezing point depression of
H,O-NaCl solutions. Geochimica et
Cosmochimica Acta, 57(3): 683-684.
https://doi.org/10.1016/0016-7037(93)90378-A

Bodnar, R.J., Burnham, C.W. and Sterner, S.M., 1985a.
Synthetic fluid inclusions in natural quartz. IlI.
Determination of phase equilibrium properties in
the system H,O-NaCl to 1000 °C and 1500 bars.

Geochimica et Cosmochimica Acta, 49(9): 1861
1873. https://doi.org/10.1016/0016-
7037(85)90081-X

Bodnar, R.J., Reynolds, T.J. and Kuehn, C.A., 1985b.
Fluid-inclusion systematics in epithermal systems.
In: B.R. Berger, P.M. Bethke and J.M. Robertson
(Editors), Geology and Geochemistry of
Epithermal Systems. Society of Economic
Geologists, Littleton, pp. 73-97.
https://doi.org/10.5382/Rev.02.05

Camprubi, A. and Albinson, T., 2007. Epithermal
deposits in Mexico, update of current knowledge,
and an empirical re-classification. In: S.A.
Alaniz-Alvarez  and A.F. Nieto-Samaniego
(Editors), Geology of Mexico: Celebrating the
Centenary of the Geological Society of Mexico.
Geological Society of America, McLean, pp. 14—
39. https://doi.org/10.1130/2007.2422(14)

Canet, C., Franco, S.l., Prol-Ledesma, R.M.,
Gonzélez-Partida, E. and Villanueva-Estrada,
R.E., 2011. A model of boiling for fluid inclusion
studies: Application to the Bolafios Ag—Au-Pb-
Zn epithermal deposit, Western Mexico. Journal
of Geochemical Exploration, 110(2): 118-125.
https://doi.org/10.1016/j.gexplo.2011.04.005

Cole, D.R. and Drummond, S.E., 1986. The effect of
transport and boiling on Ag/Au ratios in
hydrothermal  solutions: A preliminary
assessment and possible implications for the
formation of epithermal precious metal ore
deposits. Journal of Geochemical Exploration,
25(1-2): 45-79. https://doi.org/10.1016/0375-
6742(86)90007-5

Cooke, D.R. and McPhail, D.C., 2001. Epithermal
Au-Ag-Te mineralization, Acupan, Baguio
district, Philippines: Numerical simulations of
mineral deposition. Economic Geology, 96(1):
109-131.
https://doi.org/10.2113/gseconge0.96.1.109

Cooke, D.R. and Simmons, S.F., 2000. Characteristics
and genesis of epithermal gold deposits. In: S.G.
Hagemann and P.E. Brown (Editors), Gold in 2000.
Saciety of Economic Geologists, Littleton. pp. 221
244, https://doi.org/10.5382/Rev.13.06

Corral, 1., Cardellach, E., Corbella, M., Canals, A.,
Griera, A., Gomez-Gras, D. and Johnson, C.A.,
2017. Origin and evolution of mineralizing fluids
and exploration of the Cerro Quema Au-Cu
deposit (Azuero Peninsula, Panama) from a fluid
inclusion and stable isotope perspective. Ore

Journal of Economic Geology, 2025, Vol. 17, No. 2

184

DOI: 10.22067/econg.2025.1147


https://doi.org/10.22067/econg.2025.1147
https://doi.org/10.2113/gsecongeo.83.8.1647
javascript:;
https://doi.org/10.5382/SP.08.01
https://doi.org/10.1016/S0009-2541(02)00268-1
https://doi.org/10.1016/S0009-2541(02)00268-1
https://doi.org/10.1016/0016-7037(93)90378-A
https://doi.org/10.1016/0016-7037(85)90081-X
https://doi.org/10.1016/0016-7037(85)90081-X
https://doi.org/10.5382/Rev.02.05
javascript:;
javascript:;
javascript:;
https://doi.org/10.1130/2007.2422(14)
https://doi.org/10.1016/j.gexplo.2011.04.005
https://doi.org/10.1016/0375-6742(86)90007-5
https://doi.org/10.1016/0375-6742(86)90007-5
https://doi.org/10.2113/gsecongeo.96.1.109
https://doi.org/10.5382/Rev.13.06

Hashempour et al.

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit ...

Geology Reviews, 80: 947-960.
https://doi.org/10.1016/j.oregeorev.2016.09.008
Davis, D.W., Lowenstein, T.K. and Spencer, R.J.,
1990. Melting behavior of fluid inclusions in
laboratory-grown halite crystals in the systems
NaCl-H,0, NaCIl-KCI-H;0, NaCl-MgCl,-H-0,
and  NaCl-CaCl>-H.0.  Geochimica et
Cosmochimica  Acta, 54(3): 591-601.
https://doi.org/10.1016/0016-7037(90)90355-0O
Einaudi, M.T., Hedenquist, JW. and Inan, E.E.,
2003. Sulfidation state of fluids in active and
extinct hydrothermal systems: Transitions from
porphyry to epithermal environments. In: S.F.
Simmons and I. Graham (Editors.), Volcanic,
geothermal, and ore-forming fluids: rulers and
witnesses of processes within the earth. Society of
Economic Geologists, Littleton, pp. 285-313.
https://doi.org/10.5382/SP.10.15
Fan, H.R., Hu, F.F., Wilde, S.A., Yang, K.F. and Jin,
C.W.,, 2011. The Qiyugou gold-bearing breccia
pipes, Xiong’ershan region, central China: fluid-
inclusion and stable-isotope evidence for an origin
from magmatic fluids. International Geology
Review, 53(1): 25-45.
https://doi.org/10.1080/00206810902875370
Federico, C., Aiuppa, A., Allard, P., Bellomo, S,
Jean-Baptiste, P., Parello, F. and Valenza, M.,
2002. Magma-derived gas influx and water-rock
interactions in the volcanic aquifer of Mt.
Vesuvius, Italy. Geochimica et Cosmochimica
Acta, 66(6): 963-981.
https://doi.org/10.1016/S0016-7037(01)00813-4
Fournier, R.O., 1985. The behavior of silica in
hydrothermal solutions. In: B.R. Berger and P.M.
Bethke (Editors), Geology and Geochemistry of
Epithermal Systems. Society of Economic
Geologists, Littleton, pp. 45-61.
https://doi.org/10.5382/Rev.02.03
Gamarra, D., Camara, A.L., Monte, M., Rasmussen,
S.B., Chinchilla, L.E., Hungria, A.B. and
Martinez-Arias, A., 2013. Preferential oxidation
of CO in excess H, over CuO/CeO; catalysts:
Characterization and performance as a function of
the exposed face present in the CeO, support.
Applied Catalysis B: Environmental, 130-131:
224-238.
https://doi.org/10.1016/j.apcath.2012.11.008
Giggenbach, W.F., 1992. Isotopic shifts in waters from
geothermal and volcanic systems along convergent
plate boundaries and their origin. Earth and Planetary

Science Letters, 113(4): 495-510.
https://doi.org/10.1016/0012-821X(92)90127-H

Goldstein, R.H., 2003. Petrographic analysis of fluid
inclusions. In: 1. Samson, A. Anderson and D.
Marshall (Editors), Fluid Inclusions: Analysis
and Interpretation. Mineralogical Associated of
Canada, Vancouver, pp. 9-53.
https://doi.org/10.3749/9780921294672.ch02

Haas, J.L., 1971. The effect of salinity on the
maximum thermal gradient of a hydrothermal
system at hydrostatic pressure. Economic
Geology, 66(6): 940-946.
https://doi.org/10.2113/gseconge0.66.6.940

Hashempour, H., 2025. Geology, geochemistry, and
genesis of Tikmehdash 2 Au mineralization,
southeast of Bostan Abad. Unpublished MSc.
Thesis, University of Zanjan, Zanjan, Iran, 93 pp.
(in Persian with English abstract)

Hassani Soughi, Z., Calagari, A.A., Sohrabi, Gh., 2021.
Investigations of gold-sulfide mineralization and
microthermometry within quartz veins/veinlets in
the Gharehchay area, south of Tikmehdash, East-
Azarbaidjan province, NW Iran. Iranian journal of
Crystallography and Mineralogy, 29(1): 97-110. (in
Persian with English abstract)
https://doi.org/doi:10.52547/ijcm.29.1.97

Hassani Soughi, Z., Calagari, A.A., Sohrabi, Gh., 2023.
The genesis of base and precious metals-bearing
epithermal veins in the Gharehchay-Kurmolla area,
south of Tikmehdash, NW Iran. Geological
Quarterly, 67: 43. Retrieved May 26, 2025, from
https://bibliotekanauki.pl/articles/58907083

Hayba, D.O., 1997. Environment of ore deposition in the
Creede mining district, San Juan Mountains,
Colorado; Part V, Epithermal mineralization from
fluid mixing in the OH Vein. Economic Geology,
92(1): 29-44.
https://doi.org/10.2113/gseconge0.92.1.29

Hedenquist, J.W., Arribas, A. and Gonzalez-Urien, E.,
2000. Exploration for epithermal gold deposits. In:
S.G. Hagemann and P.E. Brown (Editors), Gold in
2000. Society of Economic Geologists, Littleton, pp.
245-277. https://doi.org/10.5382/Rev.13.07

Hedenquist, J.W. and Arribas, A. and Reynolds, T.J.,
1998. Evolution of an intrusion-centered
hydrothermal system: Far southeast Lepanto
porphyry and epithermal Cu-Au deposits,
Philippines. Economic Geology, 93(4): 373-404.
https://doi.org/10.2113/gseconge0.93.4.373

Journal of Economic Geology, 2025, Vol. 17, No. 2

185

DOI: 10.22067/econg.2025.1147


https://doi.org/10.22067/econg.2025.1147
https://doi.org/10.1016/j.oregeorev.2016.09.008
https://doi.org/10.1016/0016-7037(90)90355-O
https://doi.org/10.5382/SP.10.15
https://doi.org/10.1080/00206810902875370
https://doi.org/10.1016/S0016-7037(01)00813-4
javascript:;
javascript:;
javascript:;
https://doi.org/10.5382/Rev.02.03
https://doi.org/10.1016/j.apcatb.2012.11.008
https://doi.org/10.1016/0012-821X(92)90127-H
https://doi.org/10.3749/9780921294672.ch02
https://doi.org/10.2113/gsecongeo.66.6.940
https://doi.org/doi:10.52547/ijcm.29.1.97
https://bibliotekanauki.pl/articles/58907083
https://doi.org/10.2113/gsecongeo.92.1.29
https://doi.org/10.5382/Rev.13.07
https://doi.org/10.2113/gsecongeo.93.4.373

Hashempour et al.

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit ...

Hedenquist, J.W. and Lowenstern, J.B., 1994. The
role of magmas in the formation of hydrothermal
ore deposits. Nature, 370 (6490): 519-527.
https://doi.org/10.1038/370519a0

Hemley, J.J. and Hunt, J.P., 1992. Hydrothermal ore-
forming processes in the light of studies in rock-
buffered systems; 1I, Some general geologic
applications. Economic Geology, 87(1): 23-43.
https://doi.org/10.2113/gseconge0.87.1.23

Hemley, R.J., Bell, P.M. and Mao, H.K., 1987. Laser
techniques in high-pressure geophysics. Science,
237(4815): 605-612.
https://doi.org/10.1126/science.237.4815.605

Henley, R.W. and Hughes, G.O., 2000. Underground
fumaroles: “Excess heat” effects in vein
formation. Economic Geology, 95(3): 453-466.
https://doi.org/10.2113/gseconge0.95.3.453

Jafari, F., Moayyed, M. and Karimzadeh Somarin, AR.,
2002. Petrological studies of intrusive bodies in
Qebchag and Tikmehdash regions with special
consideration on the economic potential of the area.
5" Conference of Geological Society of Iran, Tehran
University, Tehran, Iran. (in Persian)

Jahangiryar, F., Alipour, S, Simmonds, V.
Tovalcherlidze, A., 2023. Geochemistry and gold
mineralization in Miyardan area, west of Bostan
Abad. 26" Conference of Geological Society of Iran,
Urmia University, Urmia, Iran (in Persian)

Jébrak, M., 1997. Hydrothermal breccias in vein-
type ore deposits: a review of mechanisms,
morphology, and size distribution. Ore Geology
Reviews, 12(3): 111-134.
https://doi.org/10.1016/S0169-1368(97)00009-7

Jobson, D.H., Boulter, C.A. and Foster, R.P., 1994.
Structural controls and genesis of epithermal
gold-bearing breccias at the Lebong Tandai mine,
Western  Sumatra, Indonesia. Journal of
Geochemical Exploration, 50(1-3): 409-428.
https://doi.org/10.1016/0375-6742(94)90034-5

John, D.A., 2001. Miocene and early Pliocene
epithermal gold-silver deposits in the northern Great
Basin, western USA: Characteristics, distribution,
and relationship to magmatism. Economic Geology,
96(8): 1827-1853.
https://doi.org/10.2113/gsecongeo.96.8.1827

John, D.A., Hofstra, A.H., Fleck, R.J., Brummer, J.E.
and Saderholm, E.C., 2003. Geologic setting and
genesis of the Mule Canyon low-sulfidation
epithermal gold-silver deposit, north-central Nevada.
Economic Geology, 98(2): 425-463.

https://doi.org/10.2113/gseconge0.98.2.425

Khaleghi, F., Hosseinzadeh, Gh., Rasa, I. and Moayyed,
M., 2013. Geological and  geochemical
characteristics of the Syah Kamar porphyry
molybdenum deposit, west of Mianeh, NW Iran.
Scientific Quarterly Journal of Geosciences, 22(88):
187-196. (in Persian with English abstract)
https://doi.org/10.22071/gs}.2013.53692

Klemm, L.M., Pettke, T., Heinrich, C.A. and Campos,
E., 2007. Hydrothermal evolution of the El Teniente
deposit, Chile: Porphyry Cu-Mo ore deposition
from low-salinity magmatic fluids. Economic
Geology, 102(6): 1021-1045.
https://doi.org/10.2113/gsecongeo.102.6.1021

Kodéra, P., Lexa, J., Rankin, A.H. and Fallick, A.E.,
2005. Epithermal gold veins in a caldera setting:
Banska Hodrusa, Slovakia. Mineralium Deposita,
39: 921-943. https://doi.org/10.1007/s00126-
004-0449-5

Kouhestani, H., 2025. Temporal-spatial relationships
between epithermal mineralization and dacite-
rhyodacite subvolcanic domes at the Miyaneh—
Bostan Abad subzone, northwestern Iran.
Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, Unpublished
Report, 40 pp.

Kouhestani, H., Ghaderi, M., Chang, Z. and Zaw, K.,
2015. Constraints on the ore fluids in the Chah Zard
breccia-hosted epithermal Au-Ag deposit, Iran: fluid
inclusions and stable isotope studies. Ore Geology
Reviews, 65(Part 2): 512-521.
https://doi.org/10.1016/j.oregeorev.2013.06.003

Kouhestani, H., Mokhtari, M.A.A., Chang, Z, Qin, K.Z.
and Aghajani Marsa, S., 2022. Fluid inclusion, zircon
U-Pb geochronology, and O-S isotopic constraints on
the origin and evolution of ore-forming fluids of the
Tashvir and Varmazyar epithermal base metal
deposits, NW lIran. Frontiers in Earth Science, 10:
990761. https://doi.org/10.3389/feart.2022.990761

Lesage, G., Richards, J.P., Muehlenbachs, K. and
Spell, T.L., 2013. Geochronology, geochemistry,
and fluid characterization of the late Miocene
BuriticA gold deposit, Antioquia department,
Colombia. Economic Geology, 108(5): 1067—
1097.
https://doi.org/10.2113/econgeo.108.5.1067

Li, H., Tang, J., Hu, G., Ding, S., Li, Z., Xie, F.,
Teng, L. and Cui, S., 2019. Fluid inclusions,
isotopic characteristics and geochronology of the
Sinongduo epithermal Ag-Pb-Zn deposit, Tibet,

Journal of Economic Geology, 2025, Vol. 17, No. 2

186

DOI: 10.22067/econg.2025.1147


https://doi.org/10.22067/econg.2025.1147
https://doi.org/10.1038/370519a0
https://doi.org/10.2113/gsecongeo.87.1.23
https://doi.org/10.1126/science.237.4815.605
https://doi.org/10.2113/gsecongeo.95.3.453
https://doi.org/10.1016/S0169-1368(97)00009-7
https://doi.org/10.1016/0375-6742(94)90034-5
https://doi.org/10.2113/gsecongeo.96.8.1827
https://doi.org/10.2113/gsecongeo.98.2.425
https://doi.org/10.22071/gsj.2013.53692
https://doi.org/10.2113/gsecongeo.102.6.1021
https://doi.org/10.1007/s00126-004-0449-5
https://doi.org/10.1007/s00126-004-0449-5
https://doi.org/10.1016/j.oregeorev.2013.06.003
https://doi.org/10.3389/feart.2022.990761
https://doi.org/10.2113/econgeo.108.5.1067

Hashempour et al.

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit ...

China. Ore Geology Reviews, 107: 692-706.
https://doi.org/10.1016/j.oregeorev.2019.02.033

Liu, J., Mao, JW., Wu, G., Wang, F., Luo, D.F., Hu,
Y.Q. and Li, T.G., 2014. Fluid inclusions and H-
0-S-Pb isotope systematics of the Chalukou giant
porphyry Mo deposit, Heilongjiang Province,
China. Ore Geology Reviews, 59: 83-96.
https://doi.org/10.1016/j.oregeorev.2013.12.006

Maghsoudi, A., Rahmani, M. and Rashidi, B., 2005.
Gold deposits and occurrences in Iran. Pars Arian
Zamin, Tehran, 388 pp.

Marquez-Zavalia, M.F. and Heinrich, C.A., 2016.
Fluid evolution in a volcanic-hosted epithermal
carbonate—base metal-gold vein system: Alto de
la Blenda, Farallon Negro, Argentina.
Mineralium Deposita, 51: 873-902.
https://doi.org/10.1007/s00126-016-0639-y

Mokhtari, M.A.A., 2022. Report of Au exploitation in
the Tikmehdash iron mine. Industry, Mine and
Trade Organization of East Azerbaijan, Tabriz, 220
pp. (in Persian)

Moncada, D., Baker. D. and Bodnar, R.J., 2017.
Mineralogical, petrographic, and fluid inclusion
evidence for the link between boiling and
epithermal Ag-Au mineralization in the La Luz
area, Guanajuato Mining District, México. Ore
Geology Reviews, 89: 143-170.
https://doi.org/10.1016/j.oregeorev.2017.05.024

Moncada, D., Mutchler, S., Nieto, A., Reynolds, T.J.,
Rimstidt, J.D. and Bodnar, R.J., 2012. Mineral
textures and fluid inclusion petrography of the
epithermal Ag-Au deposits at Guanajuato,
Mexico: Application to exploration. Journal of
Geochemical  Exploration,  114:  20-35.
https://doi.org/10.1016/j.gexplo.2011.12.001

Muntean, J.L. and Einaudi, M.T., 2001. Porphyry-
epithermal transition, Maricunga Belt, northern
Chile. Economic Geology, 96(4): 743-772.
https://doi.org/10.2113/gseconge0.96.4.743

Nabatian, G., Wan, B. and Honarmand, M., 2017.
Whole rock geochemistry, molybdenite Re-Os
geochronology, stable isotope and fluid inclusion
investigations of the Siah-Kamar deposit, western
Alborz-Azarbayjan: New constrains on the
porphyry Mo deposit in Iran. Ore Geology
Reviews, 91: 638-659.
https://doi.org/10.1016/j.oregeorev.2017.08.030

Nabavi, M.H., 1976. An introduction to geology of
Iran. Geological Survey of Iran, Tehran, 109 pp.
(in Persian)

Ouyang, H., Wu, X., Mao, J.W., Su, H., Santosh, M.,
Zhou, Z. and Li, C., 2014. The nature and timing
of ore formation in the Budunhua copper deposit,
southern Great Xing'an Range: Evidence from
geology, fluid inclusions, and U-Pb and Re-Os
geochronology. Ore Geology Reviews, 63: 238—
251.
https://doi.org/10.1016/j.oregeorev.2014.05.016

Pirajno, F., 2009. Hydrothermal processes and
mineral systems. Springer, Berlin, 1250 pp.

Rabiei, M., Chi, G., Normand, C., Davis, W.J.,
Fayek, M. and Blamey, N.J.F., 2017.
Hydrothermal rare earth element (Xenotime)
mineralization at Maw Zone, Athabasca Basin,
Canada, and its relationship to unconformity-
related uranium deposits. Economic Geology,
112(6): 1483-1507.
https://doi.org/10.5382/econge0.2017.4518

Ramboz, C., Pichavant, M. and Weisbrod, A., 1982.
Fluid immiscibility in natural processes: Use and
misuse of fluid inclusion data: Il. Interpretation of
fluid inclusion data in terms of immiscibility.
Chemical Geology, 37(1-2): 29-48.
https://doi.org/10.1016/0009-2541(82)90065-1

Roedder, E., 1984. Fluid inclusions. Mineralogical
Society of America, Virginia, 644 pp.

Roedder, E. and Bodnar, R.J., 1980. Geologic
pressure determinations from fluid inclusion
studies. Annual Review of Earth and Planetary
Sciences, 8(1): 263-301.
https://doi.org/10.1146/annurev.ea.08.050180.00
1403

Ronacher, E., Richards, J.P. and Johnston, M.D.,
2000. Evidence for fluid phase separation in high-
grade ore zones at the Porgera gold deposit, Papua
New Guinea. Mineralium Deposita, 35(7): 683—
688. https://doi.org/10.1007/s001260050271

Rossetti, P. and Colombo, F., 1999. Adularia-sericite
gold deposits of Marmato (Caldas, Colombia):
Field and petrographical data. Geological
Society, London, Special Publications, 155(1):
167-182.
https://doi.org/10.1144/GSL.SP.1999.155.01.13

Rusk, B.G., Reed, M.H. and Dilles, J.H., 2008. Fluid
inclusion evidence for magmatic-hydrothermal

fluid evolution in the porphyry copper-
molybdenum deposit at Butte, Montana.
Economic  Geology, 103(2):  307-334.

https://doi.org/10.2113/gsecongeo.103.2.307

Journal of Economic Geology, 2025, Vol. 17, No. 2

187

DOI: 10.22067/econg.2025.1147


https://doi.org/10.22067/econg.2025.1147
https://doi.org/10.1016/j.oregeorev.2019.02.033
https://doi.org/10.1016/j.oregeorev.2013.12.006
https://doi.org/10.1007/s00126-016-0639-y
https://doi.org/10.1016/j.oregeorev.2017.05.024
https://doi.org/10.1016/j.gexplo.2011.12.001
https://doi.org/10.2113/gsecongeo.96.4.743
https://doi.org/10.1016/j.oregeorev.2017.08.030
https://doi.org/10.1016/j.oregeorev.2014.05.016
https://doi.org/10.5382/econgeo.2017.4518
https://doi.org/10.1016/0009-2541(82)90065-1
https://doi.org/10.1146/annurev.ea.08.050180.001403
https://doi.org/10.1146/annurev.ea.08.050180.001403
https://doi.org/10.1007/s001260050271
https://doi.org/10.1144/GSL.SP.1999.155.01.13
https://doi.org/10.2113/gsecongeo.103.2.307

Hashempour et al.

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit ...

Saunders, J.A., Hofstra, A.H., Goldfarb, R.J. and Reed,
M.H., 2014. Geochemistry of hydrothermal gold
deposits. In: H.D. Holland and K.K. Turekian
(Editors) Treatise on Geochemistry. Elsevier-
Pergamon, Oxford, England, pp. 33-424.
http://dx.doi.org/10.1016/B978-0-08-095975-
7.01117-7

Scott, A.M. and Watanabe, Y., 1998. Extreme boiling
model for variable salinity of the Hokko low-
sulfidation epithermal Au prospect, southwestern
Hokkaido, Japan. Mineralium Deposita, 33(6):
568-578.
https://doi.org/10.1007/s001260050173

Shepherd, T.J., Ranbin, A.H. and Alderton, D.H.M.,
1985. A practical guide to fluid inclusion studies.
Blackie, Glasgow, 223 pp.

Sherlock, R.L., Tosdal, R.M., Lehrman, N.J., Graney,
J.R., Losh, S., Jowett, E.C. and Kesler, S.E., 1995.
Origin of the McLaughlin mine sheeted vein
complex: metal zoning, fluid inclusion and isotopic
evidence. Economic Geology, 90(8): 2156-2181.
https://doi.org/10.2113/gseconge0.90.8.2156

Sillitoe, R.H., 2010. Porphyry copper systems.
Economic Geology, 105(1): 3-41.
https://doi.org/10.2113/gsecongeo.105.1.3

Sillitoe, R.H. and Hedenquist, J.W., 2005. Linkages
between  volcano-tectonic  settings,  ore-fluid
compositions, and epithermal precious-metal
deposits. In: S.F. Simmons and I. Graham (Editors),
Volcanic, Geothermal, and Ore-Forming Fluids:
Rulers and Witnesses of Processes within the Earth.
Society of Economic Geologists, Littleton, pp. 315—
343. https://doi.org/10.5382/SP.10.16

Simmons, S.F. and Brown, K.L., 2006. Gold in
magmatic hydrothermal solutions and the rapid
formation of a Giant ore deposit. Science,
314(5797): 288-291.
https://doi.org/10.1126/science.1132866

Simmons, S.F. and Browne, P.R.L., 2000.
Hydrothermal minerals and precious metals in the
Broadlands-Ohaaki geothermal system:
implications for understanding low-sulfidation
epithermal environments. Economic Geology,
95(5): 971-1000.
https://doi.org/10.2113/gsecongeo.95.5.971

Simmons, S.F., White, N.C. and John, D.A., 2005.
Geological characteristics of epithermal precious and
base metal deposits. In: J.W. Hedenquist, J.F.H.
Thompson, R.J. Goldfarb and J.P. Richards (Editors),
One Hundredth Anniversary Volume. Society of

Economic Geologists, Littleton,
https://doi.org/10.5382/AV100.16

Simpson, M.P., Mauk, J.L. and Simmons, S.F., 2001.
Hydrothermal alteration and hydrologic evolution
of the Golden Cross epithermal Au-Ag deposit,
New Zealand. Economic Geology, 96(4): 773-796.
https://doi.org/10.2113/gseconge0.96.4.773

Sohbatloo, M., 2021. Geology, geochemistry, and
genesis of Qebchaq base and precious metals
mineralization, NW Qarehchaman. Unpublished
M.Sc. Thesis, University of Zanjan, Zanjan, Iran, 95
pp. (in Persian with English abstract)

Sohbatloo, M., Kouhestani, H. and Mokhtari, M.A.A.,
2023. Intermediate-sulfidation epithermal base and
precious metals mineralization in the Qebchag
deposit (NW Qarachaman, East Azerbaijan):
Geology, mineralization, and geochemical evidence.
Journal of Economic Geology, 15(1): 53-85. (in
Persian  with  extended English  abstract)
https://doi.org/10.22067/econg.2022.75340.1041

Spycher, N.F. and Reed, M.H., 1989. Evolution of a
Broadlands-type epithermal ore fluid along
alternative PT paths; implications for the transport
and deposition of base, precious, and volatile metals.
Economic Geology, 84(2): 328-359.
https://doi.org/10.2113/gseconge0.84.2.328

Takécs, A., Molnér, F., Turi, J., Mogessie, A. and
Menzies, J.C., 2017. Ore mineralogy and fluid
inclusion constraints on the temporal and spatial
evolution of a high-sulfidation epithermal Cu—Au—
Ag deposit in the Recsk ore complex. Hungary.
Economic  Geology, 112(6): 1461-1481.
https://doi.org/10.5382/econge0.2017.4517

Taylor, R., 2009. Ore textures: Recognition and
interpretation. Springer-Verlag, Berlin, 287 pp.

Thiersch, P.C., Williams-Jones, A.E. and Clark, J.R.,
1997. Epithermal mineralization and ore controls
of the Shasta Au-Ag deposit, Toodoggone
District, British Columbia, Canada. Mineralium
Deposita, 32(1): 44-57.
https://doi.org/10.1007/s001260050071

Tindell, T., Watanabe, K., Imai, A., Takahashi, R.,
Boyce, AJ., Yonezu, K. and Ogata, T., 2018. The
Kago low-sulfidation gold and silver deposit: A
peripheral mineralisation to the Nansatsu high-
sulfidation system, southern Kyushu, Japan. Ore
Geology Reviews, 102: 951-966.
https://doi.org/10.1016/j.oregeorev.2017.10.027

Wang, L., Qin, K.Z., Song, G.Y. and Li, G.M., 2019. A
review of intermediate sulfidation epithermal

pp. 485522,

Journal of Economic Geology, 2025, Vol. 17, No. 2

188

DOI: 10.22067/econg.2025.1147


https://doi.org/10.22067/econg.2025.1147
http://dx.doi.org/10.1016/B978-0-08-095975-7.01117-7
http://dx.doi.org/10.1016/B978-0-08-095975-7.01117-7
https://doi.org/10.1007/s001260050173
https://doi.org/10.2113/gsecongeo.90.8.2156
https://doi.org/10.2113/gsecongeo.105.1.3
javascript:;
javascript:;
https://doi.org/10.5382/SP.10.16
https://doi.org/10.1126/science.1132866
https://doi.org/10.2113/gsecongeo.95.5.971
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.5382/AV100.16
https://doi.org/10.2113/gsecongeo.96.4.773
https://doi.org/10.22067/econg.2022.75340.1041
https://doi.org/10.2113/gsecongeo.84.2.328
https://doi.org/10.5382/econgeo.2017.4517
https://doi.org/10.1007/s001260050071
https://doi.org/10.1016/j.oregeorev.2017.10.027

Hashempour et al.

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit ...

deposits and subclassification.
Reviews, 107: 434-456.
https://doi.org/10.1016/j.oregeorev.2019.02.023

White, N.C. and Hedenquist, J.W., 1990. Epithermal
environments and styles of mineralization:
Variations and their causes, and guidelines for
exploration. Journal of Geochemical Exploration,
36(1-3): 445-474. https://doi.org/10.1016/0375-
6742(90)90063-G

White, N.C. and Hedenquist, J.W., 1995. Epithermal
gold deposits: Styles, characteristics and
exploration. SEG Newsletters, 23(1): 9-13.
https://doi.org/10.5382/SEGnews.1995-23.fea

Whitney, D.L. and Evans, B.W., 2010. Abbreviations for

Ore Geology

names of rock-forming minerals. American
Mineralogist, 95(1): 185-187.
https://doi.org/10.2138/am.2010.3371

Wilkinson, J.J., 2001. Fluid inclusions in

hydrothermal ore deposits. Lithos, 55(1-4): 229—
272. https://doi.org/10.1016/S0024-4937(00)00047-
5

Yardley, B.W.D., 2005. Metal concentrations in
crustal fluids and their relationship to ore
formation. Economic Geology, 100(4): 613-632.
https://doi.org/10.2113/gsecongeo.100.4.613

Yilmaz, H., Oyman, O., Arehart, G.B., Colakoglu,
A.R. and Billor, Z., 2007. Low-sulfidation type
Au-Ag mineralization at Bergama, Izmir, Turkey.
Ore Geology Reviews, 32(1-2): 81-124.
https://doi.org/10.1016/j.oregeorev.2006.10.007

Yilmaz, H., Oyman, T., Sonmez, F.N., Arehart, G.B.
and Billor, Z., 2010. Intermediate sulfidation

epithermal gold-base metal deposits in Tertiary
subaerial volcanic rocks, Sahinli/Tespih Dere
(Lapseki/Western Turkey). Ore Geology Reviews,
37(3-4): 236-258.
https://doi.org/10.1016/j.oregeorev.2010.04.001
Zhai, D., Liu, J., Wang, J., Yao, M., Wu, S,, Fu, C.,
Liu, Z., Wang, S. and Li, Y., 2013. Fluid
evolution of the Jiawula Ag—Pb—Zn deposit, Inner
Mongolia: Mineralogical, fluid inclusion, and
stable isotopic evidence. International Geology
Review, 55(2): 204-224.
https://doi.org/10.1080/00206814.2012.692905
Zhai, W., Sun, X., Sun, W., Su, L., He, X. and Wu,
Y., 2009. Geology, geochemistry, and genesis of
Axi: a Paleozoic low-sulfidation type epithermal
gold deposit in Xinjiang, China. Ore Geology
Reviews, 36(4): 265-281.
https://doi.org/10.1016/j.oregeorev.2009.04.003
Zhang, Y. and Frantz, J.D., 1987. Determination of
the homogenization temperatures and densities of
supercritical fluids in the system NaCl-KCI-
CaCl,—H,0 using synthetic fluid inclusions.
Chemical  Geology, 64(3-4): 335-350.
https://doi.org/10.1016/0009-2541(87)90012-X
Zhu, Y.F., Zeng, Y.S. and Jiang, N., 2001.
Geochemistry of the ore-forming fluids in gold
deposits from the Taihang Mountains, northern
China. International Geology Review, 43(5):
457-473.
https://doi.org/10.1080/00206810109465026

Journal of Economic Geology, 2025, Vol. 17, No. 2

189

DOI: 10.22067/econg.2025.1147


https://doi.org/10.22067/econg.2025.1147
https://doi.org/10.1016/j.oregeorev.2019.02.023
https://doi.org/10.1016/0375-6742(90)90063-G
https://doi.org/10.1016/0375-6742(90)90063-G
https://doi.org/10.5382/SEGnews.1995-23.fea
https://doi.org/10.2138/am.2010.3371
https://doi.org/10.1016/S0024-4937(00)00047-5
https://doi.org/10.1016/S0024-4937(00)00047-5
https://doi.org/10.2113/gsecongeo.100.4.613
https://doi.org/10.1016/j.oregeorev.2006.10.007
https://doi.org/10.1016/j.oregeorev.2010.04.001
https://doi.org/10.1080/00206814.2012.692905
https://doi.org/10.1016/j.oregeorev.2009.04.003
https://doi.org/10.1016/0009-2541(87)90012-X
https://doi.org/10.1080/00206810109465026




o Jloyl tulao § Lyl

e il ooy Ol 6 805 (b 5 ot 4,25 53 S8 b s e Jlsl 4R 4 Ol 5 ) 81 oS Sl 0
mﬁs,;a,\,:m)mmwwq%.;,udu,t@#b&bﬁwuqﬁ@(@ﬁw&wﬁfw\t;);,u;ra
Sy s gdome ol () 5 (s (sla a5 Lap g5 g

b 83 55l 5 Letaly dilel cobud (ol ozl Sl (6 2573 b iyl aabObl 514 pladllie )5 @

301,85 bl il ol Sliions ST e (s b b oS Cpmae (s b b 8 dlhe S Shp0 53 @
5h 53 g ol o

el 35T Ao (ol g 5 Jsd ey s 4,0 @

el L O Dttps://econg.um.ac.ir L sT a4 cgolaml ol e 4 i Coluas &b 5l Lais dllie Sib,s @

Sl osbeT (glaallin S gs 53 cllin o 5 ol o)y gam )3 5 g oo S315 (Esb 0 Olaaiuie o Ladlie @
Lyb aools jolamt| ol glojled 4 o g 4 o)y Tamins 5 okl g 3l dmy 5 0,8 o 515 4 05 Cule

(s dal s wllae SouSy ool 5108 s 5 5 Olsls callie oy 2 Jorl o 47 93) ol (Wil vy llin (g sl> @

Ssto 85 Syl g g3 3L 53 (1) ol (ol I O iy 5 Slaie s 5 il (55105 caslidgd o3 dlal 5 oSG @
(3 gt o p b (S50 5 5 O i 5

b Sl Jeasl OSYI o J s ok 35 Juas] @

s otalicn (lie Jluyl Ll 5 sl 13 (5520 5 5 O i 55 (5520) @ 25 Caln 3 1y 5 JolS 5 i DSl @

O3T g Cowlws
23 458 09k 5 305T cw 2ws & e 40 5 ol Creative Commons Attribution (CC BY 4.0) ol 5 soee S 4,55 o

3 phig oal A g3 b o> Lo 5 4y 5 Sladiyj plad 3,8 o 513 O i 55 5 OB Wl e e

vy BB dlo glgif
62..&)}3} Il o
Sospdlis @

g Cblasl, e

e i e

https://econg.um.ac.ir Yooyl (\WVWoe g3 VP ¥ (ooladl wlid

14y


https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/page_13.html
https://econg.um.ac.ir/page_13.html
https://econg.um.ac.ir/page_13.html
https://econg.um.ac.ir/page_14.html
https://creativecommons.org/licenses/by/4.0/

o Jloyl tulao § Lyl

Yo Sy gz
(Lzaly g2 25 5 OB A 55 (g 320 et 5 o) 3555 (slazaly 531y Lt o)lbys JolST Sledbl il 5 sl jide Juls dlas
uLiLwoMLZA

(oSl 5 s Ol @

(eSSl 5 o s8) Sl Sy 5 O A s g @
(oSl 5 gsB) 0a S @

(Sl 5 (o s) S (slac3ls @

wdee @

axlze Sy
sorsem @
Sz o
ple ool e
REIE PRI

cl;.« °

https://econg.um.ac.ir Yooyl (\WVWoe g3 VP ¥ (ooladl wlid

14y


https://econg.um.ac.ir/
https://econg.um.ac.ir/page_15.html
https://econg.um.ac.ir/page_15.html

o Q‘S)lﬁ Sl

dlo 99N

Qb)}.}ﬁjﬂj}&d“b)ﬁb4.“.&.0L};)&G)LIJ.)JAKQ&%‘.J}-@@O}J}TJL&AJJV\;L;L&Abj‘gg“\_.ﬁ%'jijjb

Lol odaline (Laaly (g gt 5 9 Ot 8 (5 9%0) 4,25

AL B Ol 4 Allde e @
il (350 sl s as aseine 5l le 3b) pndSl b s 0S5 o) 0lSr slyls dlie @
B O
LSS G glo (ple 5 s S e Jold) domis YO 5l Allis laaomis sl @
(L51NeS) 1,0 s low alols s A4 amis il il o la Y o 5 Comily 5 Y/B b 5170 YUl ladomins 4ll> @
-E.Lub-uuw@‘ﬁug‘b)})ﬁyuﬂjgaémbJ.LLQJD‘JJ}.&‘SGajw‘dwﬁyjégdh&\;}sja)‘ub‘ (]
.;p5,13>f¢>,|>w,u)’,\ﬁ6&\1051}0;){,&4{5\4&@(&» .
55 6ol e SIS 5305 Lot g sde o;,ﬂj\jxﬁr;:(Hanging)ﬁj,J;ﬂdsuﬁwu‘ Sl ple @
Al sl ojled o5y ol gl 25 @
Qﬁjd}&))bﬁébu\;)bﬁ&3}3(/)&)}@Qwsbaﬁé)u&‘&)}pjbjMbwjusdmwjahéwcw [
(sl K0
. - F. . . Z. .. . K o . . 5 e
(3l op Gollae SO 5 )6 53) il Sl 5 () 0L 93 4 (o $YL) Sl el 5 5 () JSo s @
255 0Ll gy p 30 dilaie bt Jpdr 5 JSE 5 s @
ol sdalie 4,8 Cole 350 clealy 4o 1) oS Sl o
P 9 dsb bl sh w03l 6 5SS i b Olil (Ol pl s dibkate Ll e Cond e O30S gl p ST S @
s o oS 43l 5 adds cax )3 4 (Gl g 8 e 5 Usb) Lo g 5 AaLadls ot alde 5 Jled L o LS
.Uscﬁu,.\ik@ﬁ.\s;\j@du»\,@%;wlﬂs,upwbwbmg .
spdag Cllan gl CAS L5 Ky ppe a0
il S 0L 0 Jai S s 3wy J e g3 (2 aadST @
.(c;,,;sg)xj;ag\;@gjspoij;ﬁj,;Ji.:d)w,u‘;w .
ol sdalie 4,8 Cole 350 clealy 4o 1) oS Sl o
https://econg.um.ac.ir Yool WV ooyes VPP (oolal wlid

\4y


https://econg.um.ac.ir/
https://econg.um.ac.ir/page_15.html
https://econg.um.ac.ir/page_15.html
https://econg.um.ac.ir/page_15.html
https://econg.um.ac.ir/page_15.html
https://econg.um.ac.ir/page_15.html
https://econg.um.ac.ir/page_15.html

o Q‘:’a)lfa' Sl

Jow
553 25 WORD il 55 @
Portrait) » oo sl (63 508 amiwo j3 ol @
Db Sl gaidscar bl i @
Sy 53 5 4sb (Times New Roman i 5V L b) (eedSS1 0L 4 Jad Jot1s j3 4, 84 (5 = 5 4adS” @
Dsd ath g () del O o 4 geen Il 05 5 (g lisl
55 ool Sy 4 o 5l L O3 IS s 4 Jglr
A3l (63 gae lals 56 @
.b}i;sg))k;l.p‘dl.&.,\:..s|Lg;oj'&‘bbc(ij\g)d)v\?cyﬁlj‘)b .
b glard Cd b g S s sda 3 edd eslizal ST ol wle 5 o wolie (ol cbanSTC s @
ol odalie 4,8 Cole 5,5 claaly jo 1y S Sledbl @
Jge P
Beb e dpp s dile @
5,8 3503 5 YL e 6K (U g p 1B o sles @
&b
oo g5 Lo 5 o ns BB 503 g 5 40bOLL ¢ ke 48 (DS D g 0 oS Bl mbie Sl i 3 0l eslil s @
.:}.i.sa:l.&.:,.c\o})‘?cml:...«):Muﬂ;ﬁbcw}wps&léﬂbctﬁjl.u@\{
53 SN dipd g Sl L (0 03.2) i (5lgst mwlio coman 5 (20 0955 slaslanh) dlis e 53 e sl @
55 0l 8y S 0L & e DML ol il 0 o3lizal oy i 51 llin
o 45e) 0T Dol pls b ¢l 4y OT (5Lt S ook (51 68 (s l6 callin 3 o3lial 3550 e ST @
ol b (el Ol i a1 Gz g0 AN L 5 (18 S 0ty -5 L) e O g2 (O iy 50) i 5
el (1335 s mlie AN et e 5 51058 4B 8 ae 5 |
(520 050 mlie 5 (520 0905 Slaslawl 3) ish hdS (630 4 (nh sladle @
s e 53 dS aie a5 5d 03T e (slgml js (edd 573 sladised 3b) s 093 Slaskiwl den oS SleMbl @
3365 ria p oman 5355 ST dlie sl s il Lo 0T i8S Sledbl b oaT LT b5 5 Jgier 5 S5
AL ol bzl OT @ 50 o2e 095 53 L il oaT dlas sl
.g:.mlem\,;ng;aow&u;m\,d;ugmcuyjsaﬁ .
ol odalie 4,8 Cole 3,50 slealy j3 1) JolST Sledbl o
https://econg.um.ac.ir Yool WV ooyes VPP (oolal wlid

\a¥


https://econg.um.ac.ir/
https://econg.um.ac.ir/page_15.html
https://econg.um.ac.ir/page_15.html

o Q‘?a)lﬁ Sl

(0 0990 dlawl) Jiegyd £l
mﬂwjbcbwuj):tl;-Jl;,_m\r)chHexlaijﬂﬁlmqtd&)aw)Jme)bcuafuingsm

Bl 2535l se b Alie (e s Pyl iph ST S

(Sheikhi, 1995) 1usle 13,8 o )13 S8 s 5 dlo s ok 5 Salsile pl o todim 5SS L e gyl @

S5 i old S s 5l dm 53,8 o 51 3AN0 walS ot 5 53 (Sal gl pb o todi 5 g3 b e gl )l @
(Salavati and Fahim Guilani, 2014) :uSle .5 44

T o ;25 Lo I8 55 5l dmy s st AL QJt,;‘J,u.u_.wsj;lj;uCu;t.x,.{:a,x;_ﬂ;,;;tu:ﬁgw@aw J
(Ghourchi et al., 2014) :a5L

L 3,8 o Oy so Y sladigas 3L C@)\‘ﬁaﬁg,\@x{%}mgg,; {.:Al};u.f\ :@&,‘tﬁg@ﬂ .
Al bl 6T 03)5T 5 5 Lipd o o o 51U o5 a5 6,8 o 13 535 &S5 o e 48 Solis
(Bardossy and Aleva, 1990; Arehart, 1996; Habibzadeh et al., 2014) :usle .ol b 4 025

P 1l ol e 55 o) LSl (Glodimy 5 5 ko 4 s s & (o 5V 5 oy 325) dsder 5 JSb b 0 03 o6 0
OSar 5 s oS e L (639hn JL) (eSSl 4 25 i ol o 515 513 53 s 5 ()b 4 e ok 5
(Karimpour et al., 2012)

(o sles! @lv) (Stoyg p gl

3l (533 Jlw 5 (oSN 05 4 Lo lin S 53 0 oslical e @

oS Ol gt a3 5l 3590 LS DI L 5 O Ay 5 26 Ol g2 Syl ladllin a4 slaal g1 @
ol (5513355 0T (paimd dar 5 51 5 48 o3l e Syl (el tmiio by (oSl 008

N L L PET PPN P H PR RPN PN P

ol dn e e Sty S Slatniin 5 (SN O s s 0 (I p Tt S o 4y bzl (5l @

ob o 3355 573 31 ol Ol b eSSl 0 g2 5 (K53 08 iy 5 6l ()b 4 0 a5 il T szl 6l @
555 03,81 S 0L 4 0 tazr i prte LS SIS L ey 5 L (Translated by) &be 51w oo 2o
(el 18 5 ks o dam 5 1L QLS 30 5 155 oes Sl p5Y)

5 gn 03,37 OBty 55 L Ll U5 o bl y e @

e O e 5 L ol 03,57 sl «; Others , "et al.” Q,L;QJ),TJ'UJ,;:;SQI_?MJ;M(\; .

.:‘,,Lo:)}'\"’}.atf)‘,ba\{}eriqbufi»l})(...}ghfsq,id)CA»(U o

2355 03Lazul IN Press i i Jlo slr s cbilodis Jizie o oS sbadllie aslzal gl ;@

Jol 534S S5m0 53 (& 503 3b) Sl ol Il o jlacs 5 (ISSUR) s i o ylacs 03557 ety i p5 0l izia dllie (51,5 @

J;C‘ﬁm‘QJ.&;QTQL.»)H)@)WQ‘juﬂa@‘owc)l.&‘@‘f;ac)wA;ﬂdu.ﬁ

https://econg.um.ac.ir Yool WV ooyes VPP (oolal wlid

V40


https://econg.um.ac.ir/

o Q‘S)lf} Sl

in Persian ) & ke 55 b ¢ el 4 061 8 51 ey ks S 08 (115 5 ()b 0L 4 Jo) 53 S e @
gl asia gzl s (With English abstract

(in Persian) & ke =53 b ¢ eSSl 4 015 81 51 oy 0ciyI eSSl 0S5 s ()b 05 4 Jood 53 o8 mile @
g aiia gl s

g5 53385 y3TLDOD) ool (ol mte o 0Lk 55 DOI 03,57 ckiyls DOI 8 ot Jizia gladllin o1 @
https://doi.org/10.22067/econg.v12i3.80951 Jla

Wl 45 Sy g o b yslo |y (5 il domio 3T (LI DOI 5 Wl a5 § 5 ol glaculu j1 a8 abie plu s, @

wly Sl ol sl bl ol e 1 (B0 T 0Ll 55 503,57 min g i iz 5 L1 el ol das b s

sl ) IS

Retrieved September 26, 2018 from http//: ..........

Karimpour, M.H. and Malekzadeh Shafaroudi, A., 2013. Geochemistry of stream sediments, waters and
Uranium and Thorium anomalies on Nyshabour turquoise mine and its environmental impacts in the lives
of rural areas. Iranian Journal of Mineralogy and Crystallography, 21(1): 3-18. (in Persian with English
abstract) Retrieved April 22, 2021 from http://ijcm.ir/article-1-326-fa.html

Slkisd S5 g sad 55 0l d et i ;\}g-‘m.:}_&sﬁ_&)&ﬂjL;LAM;;.J.UJL»’LE.:.S:‘C;AC}JA{A;-}H{@JAQbWI o
) Al S Gb 5 s 55 K e S B el aiia Gl 3 35 el 55 g lss 5 BLSH sl 03,57

(oph g adigad 3 e 2 03,5515 5 b 5 ko (5,5 o3l sl !

NG el 5 Sdiged Gab (ol DleMbI L) (e 09 2 e
el ok dlae) glize SlaSS) b wlin 3565 @M g el ¢z D3150LE

Journal Article) 4 i 38 60l siiin dlae
“}od ool

(L5 s Uu.aéL@b'\j;sil.)\:{\wo)La.._.iacmn‘)‘iJc)\.a_fac(-\.lq-)qj.ﬁdajj.\LQF(UgdL&»Q\};;L L(Q\fv\%};)bu\.&m{f

5 ) 3T DOI

Jol 53 85 G g 3l ol (ISSUE) 25 o jla 50555 0 leds ey i 5o Wllie o lgnl 5 ol ojless 05T cdlan 61 e 5

J;C‘f&u‘@'r’uu-‘-g&’b)‘bajwQ\jwc&w‘a&a‘)u|4ﬂfba)w4;4.“.5.4

Ghourchi, N., Karimpour, M.H., Farmer, G.L. and Stern, S., . Geology, alteration, age dating and
petrogenesis of intrusive bodies in Halak Abad prospect area, NE Iran. Journal of Economic Geology, 6(1):
23-48. (in Persian with English abstract) https://doi.org/10.22067/ECONG.V611.23015

https://econg.um.ac.ir Yooyl WV s VPP (oolabl wlid

\hYd


https://econg.um.ac.ir/
https://doi.org/10.22067/econg.v12i3.80951
http://ijcm.ir/article-1-326-fa.html
https://doi.org/10.22067/ECONG.V6I1.23015

o Q’Z’a)lf.i Sl

(Conference Article) ode ... § <Kiwian 0 555 (P g3 Joaw) suslodd 58 ol 51 Ao

L DOI (5,15 2 Jomo 5558 oL |5 2 Jon it ol el 5 1 Jomn e islon pb cdllin Ol i ¢ (Ot ) ok 58
SISO
Majidifar, M., Malekzadeh Shafaroudi, A. and Karimpour, M.H., . Geology, mineralization and

geochemistry of Koli prospect area, northeast of Ghaen, South Khorasan province. 5" Symposium of
Iranian Society of Economic Geology, Ferdowsi University of Mashhad, Mashhad, Iran. Retrieved
September 26, 2018 from
https://lwww.researchgate.net/publication/273575902_Geology_mineralization_and_geochemistry_of Ko
li_prospect_area_northeast_of Ghaen_South_Khorasan_province

(Book Section) abl Al v s g (S1510 pdu & 45 (Siab 41) 659 OHLDI (oS I ( ad)  asu

Side el g gl amas o ple i e AL (OLST Ol g Gl g (OUST (Jurd) e Ol g ¢ Q(O[fu\lwu_}})ou\lwu_}}
t_';:';}:'.".’-‘ w))TL:DOl c;.)\.“.f

Jsl O o sl Cad o 5323 55 oo 03Ul (EItOF) 51 (EDItOrs) (sl 4 casl axils Jool jlial 5 &K oS ) g0 53 ]

.@ljl:;;,f_f\:sysu“g;.sq&wj&\.u{\W%w).\ﬁ@j;uuruwwbuﬂ&;Cu
Lentz, D.R., . Exchange reactions in hydrothermally altered rocks: examples from biotite-bearing
assemblages. In: D.R. Lentz (Editor), Alteration and alteration processes associated with ore-forming
systems. Geological Association of Canada, Canada, pp. 69-99. https://doi.org/10.1007/3-540-27946-

6 128

(Book) wls
bmeo)LJ‘JﬁFcﬁU¢g\:§Qb&¢ ‘(Qlfv\*w—l}d)ﬁv\n—am—lf

sl ol 3 ggdhwyo)w ().U)Tcg:)\:f&‘ﬁ C.:.oj
Bardossy, G. and Aleva, G.J.J., . Lateritic bauxite. Elsevier, Amsterdam, 624 pp.

(Book Translated) wbs™ 4> ¢
MWJfo)LMZchJJzAchNchL‘SQ\};&G c(ubp)r},:u(glfwy)ewy
s ool S50 5 oo 4 656 5 by OS5 OB b ol 5 55 Jous 615 il 5

Mason, B. and Moore, K.B. (translated by Moore, F. and Sharafi, A.A.), . Principles of Geochemistry.
Shiraz University Press, Shiraz, 566 pp.

https://econg.um.ac.ir Yooked Vo) A F oalaBl pwlide

\av


https://econg.um.ac.ir/
https://www.researchgate.net/publication/273575902_Geology_mineralization_and_geochemistry_of_Koli_prospect_area_northeast_of_Ghaen_South_Khorasan_province
https://www.researchgate.net/publication/273575902_Geology_mineralization_and_geochemistry_of_Koli_prospect_area_northeast_of_Ghaen_South_Khorasan_province
https://doi.org/10.1007/3-540-27946-6_128
https://doi.org/10.1007/3-540-27946-6_128

o Q’Z’a)lf.i Sl

(Thesis) bbb
bamio S0 5led 5538 g ol o8l b canbiobl 4o y5 casbOll Of s ¢ Cokins 5
354 o 03lizw PRD. 5IMLSC. (gl & (6 575 dlly (61 Nt

Sheikhi, R., . Study of economic geology of Shahrak fe deposit, east of Takab. M.Sc. Thesis, Shahid
Beheshti University, Tehran, Iran, 161 pp.

(Workshop) olke ol 315"
céj‘fﬂh)}_xrl}cdﬂjfﬁwwrULé)‘;jL}’;acoL?JKcULQ‘PG G(Qlfu\.v{)b?j’) e-ﬁf}‘}?ﬁ
@R‘JMJQTEDOI 3

Calvin, W.M., Kratt, C. and Faulds, J.E., . Infrared spectroscopy for drillhole lithology and mineralogy.

Thirtieth Workshop on Geothermal Reservoir Engineering, Stanford University, , United States

. Retrieved September 26, 2018 from
https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2005/calvin.pdf

(Map) 4ia
ol Olge ¢ c(g\f.k..wi}:) okiws ¢
sl SEG 3 An 1) OT Wil 5 g 5 Jome (2815 S50 53 1l 5

Karimpour, M.H., Ashouri, A. and Saadat, A., . Geological map of Taherabad, scale 1:100,000.
Geological Surver of Iran.

(Report) gyl
baasmio S o5led ¢ il 58 ojlad ¢ 25 Jows ¢ 50 e 318 Ol sie ¢ (O A 59) okin
Hirayama, K., Samimi, M., Zahedi, M. and Hushmandzadeh, A.M., . Geology of Tarom district western

part (Zanjan area, northwest Iran). Geological Survey of Iran, Tehran, Report 8, 40 pp.

(Internet Resources) 5 g aslbe

Gl{)l{@JU)‘MC""UTL_;"J:":‘,‘WJJJT‘UE‘{)55°3))TJJJ1§°M;J&L“J&:‘“G“tf“,“’.'jl{b@ﬂ‘c"‘ﬁ
Retrieved September 26, 2018 from https://......... WJle 39 sy sT

https://econg.um.ac.ir Yooked Vo) A F oalaBl pwlide

ARV


https://econg.um.ac.ir/
https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2005/calvin.pdf

Qo HLi  SYUS1 J g

ke ST s i b ablie 5 6,8t 056 ol 2l a0l T 515 ol (COPE) jLtl ys M Ml pm 4aS” 5o 4 25

4:.15)“5\;.“‘ °'L‘;'g5‘>"j]9 (COPE))L&L\ ‘5)&9-‘4:.:.‘5@}: a.l_&:ﬁ‘)‘ 6&3}“) LSL""}"LS"LA:';‘ wuu:.dj Aif:“" LBM"‘Jj;*‘"
duﬁdv\}-Mé%‘ﬁéh)b)ﬂb&&dﬁk}?ﬁw‘ﬁkMLML&:M;J‘;%-‘JV‘%})J@)Lﬁb‘d‘j}‘.{

RGO I A
b g Ll

u\a-.:a\_gbjh\id}i.mﬁﬂu\.agﬁsﬁd_,}#)‘6@1—5QL.»L.&)K}Q‘)}‘)J?A&:w}m&)}b%‘f}b&.&jﬁﬁ)‘yuﬁ o
s o 2Ll el 5 Wl e D)ok (L

g 35 b g By OV g o 4S5 Ol el el 0

355 o il a8 el ol r ol (S ana 5 W5l b g e 4 T aS 0SS @

'bj“:“@LS)“‘&‘HJ;“@LC'W‘AiiHJb“M-’)Qyu‘ °

(oale S 5 Ealy(oS 0 g (58 5y Jols) O Ay 5 a0l @l 5 G50 DLl Ao 0 bgie s 50y 0
s g 03l Siuled T &) geots 5 4 S 15 Ll 1t Ve S gh 55 okl 4 s lie Ol gieas OT 51 ey 5 o

358 I e g 3550 Gy 3 U8 0T ilize gl 5 ol 55 G 055 dhwsas ode 3w

OB A 65
S 5y (AE AL e 0355 o ke (S0 S D g0 4 lie Jlf o8 3 OB iy 5 Lo 5 lis LIl 28 @
s Dl (61 g s 3y el e il (6,805 4 435 55 ekl | Jlis
38l a.sbt\q-)! 4 ph dji.mﬁﬂw\.ﬁi:‘ij{‘ @Juj‘jﬁ)r' Sods o6 O gl anaS” (onlgiiny L;ualf.\i;,;)\’;ul °
;3uoujug}ot?v\;ﬂiy'dﬁcéuoﬁw45,?,»,;}_;oa),wa)zotfwj@uju;—_.ﬁ\”ﬁ_x,ﬁw .

..5}.04
3 53 on il S o S DV oS g o ek e BT oozttt 51551 e

LI Ty Ol ol et G cllie bl Anl b eSS Sl 08 A 5

Olels
(L?U'\ (Uu.g)«il:.&&u Sy da OV (g 0ls Al 2 s i Cule)y s awn o dlas SleMbl 05 pdilb s 5 (golo50, @
5,8 o S5 sl 5 Ve Il e oSl 3 6355 o

35 ¢l de 3 ) g0 53 Waslgiiy 51 s o lie SIlol 4 by e slao s Sphplail S8y p el 53 Lbgosls sl 2 @

https://econg.um.ac.ir Yooked Vo) AP F oolaBl cwlide

144


https://econg.um.ac.ir/
https://publicationethics.org/members/journal-economic-geology
https://publicationethics.org/
https://publicationethics.org/

Qo HLi  SYUS1 J g

yesbud s e acdllie Sndi L
ja.x;_wws4{Joﬁjagsuolf.\is‘_,ig):)é)jb‘gba(zjé;..ﬂé)zub_b.oufw&‘ﬁlisup}_.aé)zg\)jbduzwi °
D}&Aj‘)‘L@JT‘\JLJ:JJJ.w
v,ua:x\ﬁqﬁﬁwﬁé)}bgev\_ﬁf.@wq%pceuggovuﬁﬁagduﬁ@uxﬁJsl_.z@.l.ccﬁs,.w o
JS)%‘ASL&AJX‘;\{_EJ)J)}A)JD&@
AJCw\ Lyls étﬁ slas &S SYle gygls Il Olysls @

Ol 528 g
e OV ST S 5 axals dlie pa Jpd Lo, 53 el oLt (4 o S 5 s ke s ) s Ol o dan @
@L@T odge p ol

STl g enls slgiiy (Ve CodS 05 VU ateas |y g las Bl b adan Ol s 0

258 Uil AL e gy Sl S odkis 5 e 4l (d g S 0

b SV s, L B0 6l S i e b Sl ae b 0s g Lo e 5 ediailyl Clas S cllin CliS 5 Lol @

35 B @ Some s 05 L o aeas @

s B L ool 0t 3Bl Wlie 3558 55 el 45 Sloj b OB A g 5 Olsls Cusa 3 WLEL @

AT odtisle bodsole SV b byl s 08t 3 b5 Jud 3 oS s 5 SV Jilas (510 o o, Okl g @
Sy

s g O B g bl Ve s, e

(COPE) 5 Gl a8 Joally gins (ol y 5 e 530 ol O ysls 5 OB Ay 5 0ty o5 Com (sLsol Ols s sLs @

55 Juab 5 J

SBT ode o g 4l
)y&d‘f‘dgw‘y}g}b}bcﬁﬁﬁwLQL&\JQ.»}'QD(COPE)ﬁé%‘ﬁ#bjo&u{‘ﬁm\}éw o

3 Ol ail 63,8 a5 3 6 sls Al b 55 oS Slas Lol 658 5l Wiy 51 il § gn (s pon (o2 sl 3) sl Al o 3 Alie @
@|Qﬂfé'¢iﬁkﬂwj>¢>‘éﬂdjw6)j‘édu))

C;.w‘Cbult};uéd.}‘ﬁ‘)‘baMwﬂ%duA)Jaw‘ﬂfﬁﬁ o

wﬁl}éQmuq‘;&wQlfwygéﬁuﬁgr:-jﬁglaféha:‘}43‘)‘%)&19&;-;}“})JQLGJASLL)J%LJ.&:LEN" °
“-LJLJ—"'JC—M‘:‘“““‘-@—"jp-:“-‘:-’"’5‘45-’;)‘}4%*;@,‘°‘:—‘\:~*’;€3J-’L€JT(L')-"-'_9-7"k;‘w(COPE)J—:"(JTM’"“;:“S

|

https://econg.um.ac.ir Yooked Vo) AP F oolaBl cwlide


https://econg.um.ac.ir/
https://publicationethics.org/
https://publicationethics.org/
https://publicationethics.org/




Contents
|

Chemical Composition of Hydrothermal Pyrite as an Indicator for Deciphering Ore-Forming
Processes: A Case Study from the Mamuniyeh Copper Deposit, UDMA .................ooivin 1
Mohammad Goudarzi, Hassan Zamanian, Urs Klo6tzli, Matee Ullah

Separation of alteration zones using remote sensing images and support vector machines, case
study: Zaglic area, Arasbaran metallogenic zong, NW Iran ..........cccoveveieviiiieieneneeieie e 27
Habibollah Bazdar, Ali Imamalipour

An overview of lithium resources, geochemistry, exploration, extraction, processing, and
applications with a focus on electric VENICIES ..............coooiiuiiiii e, 49
Mohammad Hassan Karimpour, Bahareh Borouzi Niyat

Petrogenesis and Economic Potential of the Almogholagh Intrusive Body, Using the Zircon
Chemistry; Central Sanandaj-Sirjan Zone ..........ccciiiiriiiiiii e 91
Fatemeh Sarjoughian, Kosar Allahvaisi, Hossein Azizi

Fractal and 3D Modeling of the Mineralization in the Garijgan Mining Area, Eastern Iran ..... 123
Hadi Alinia, Mohammad Mahdi Khatib, Mohammad Hossein Zarrinkoub, Majid Kouhestanian

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit (southeast of
Bostan Abad): Constraints on geology, mineralization, geochemistry, and fluid inclusions ...... 147
Hamid Hashempour, Hossein Kouhestani, Mir Ali Asghar Mokhtari, Ghafour Alavi






Journal of Economic Geology as Quaterly in the field of
economic geology and related sciences is published in
Persian with English abstract.

Aims
[ ]

The publication of Scientific- Research papers;
Development of research and promotion of
knowledge geological and geochemical exploration;
Dissemination of latest scientific achievements of
universities and academic institutions.

Economic Geology

Geochemical Exploration

Geophysical Exploration

Remote Sensing and Mineral Exploration
Environmental Geology

Petrology

Mining Engineering Sciences

-

\_

Indexing and Abstracting

—_———— DIRECTORY OF %
Scopus GeoRef DOA s ULRICHSWES

#® EBSCOhost

Google

roroid | SIDZakseses| | Mmagiran

~

& ?



https://dx.doi.org/10.22067/ECONG.2021.51673.84923
https://creativecommons.org/licenses/by/4.0/
https://www.scopus.com/sourceid/21100890620
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=10.22067%2FECONG&btnG=
https://ulrich1.giga-lib.com/title/1641883764655/786989
https://doaj.org/toc/2008-7306?source=%7B%22query%22%3A%7B%22bool%22%3A%7B%22must%22%3A%5B%7B%22terms%22%3A%7B%22index.issn.exact%22%3A%5B%222008-7306%22%5D%7D%7D%5D%7D%7D%2C%22size%22%3A100%2C%22sort%22%3A%5B%7B%22created_date%22%3A%7B%22order%22%3A%22desc%22%7D%7D%5D%2C%22_source%22%3A%7B%7D%2C%22track_total_hits%22%3Atrue%7D
https://www.americangeosciences.org/information/georef/open-access-journals#internet
https://www.magiran.com/magazine/5921
https://www.sid.ir/fa/journal/JournalList.aspx?ID=4419
https://ecc.isc.ac/showJournal/21983
https://www.ebsco.com/m/ee/Marketing/titleLists/awr-coverage.htm

Journal of Economic Geology

Journal Information
Print ISSN: 2008-7306
Online ISSN: 2423-5865
Publication: Quarterly

Publication authorization
(Ministry of Culture and Islamic
Guidance)

No. 21124, 23 November 2009

Scientific- Research grade

(Ministry of Science, Research and
Technology)

No. 4143, 31 July 2010

Contact Us

Mailing Address: Ferdowsi University of
Mashhad (FUM) campus, Azadi Sq.,
Mashhad, Khorasan Razavi, Iran

P.O. Box: 9177948973

Email: econg@um.ac.ir
Website: https://econg.um.ac.ir
Phone: +98 (51) 38804050
Fax: +98(51) 38807352

Publisher
Ferdowsi University of Mashhad

Director-in-Charge

Editor-in-Chief

Mohammad Hassan Karimpour

Professor, Ferdowsi University of Mashhad
karimpur@um.ac.ir

Editorial Board

Dr. Mohammad Hassan Karimpour
(Prof., Ferdowsi University of Mashhad)

Dr. Charles R. Estern

(Prof., University of Colorado, U.S.A.)

Dr. Mohammad Hossein Adabi

(Prof., Shahid Beheshti University)

Dr. Ebrahim Rastad

(Associate Prof., Tarbiat Modares University)
Dr. Gholam Reza Lashkaripour

(Prof., Ferdowsi University of Mashhad)

Dr. Abbas Moradian

(Associate Prof., Shahid Bahonar University)
Dr. Seyed Reza Moussavi Harami

(Prof., Ferdowsi University of Mashhad)

Dr. Seyed Ahmad Mazaheri

(Prof., Ferdowsi University of Mashhad)

Dr. Majid Ghaderi

(Prof., Tarbiat Modares University)

Dr. Farhad Bouzari

(Research Associate, The University of British
Columbia)

Dr. Amir Morteza Azim Zadeh

(Senior Researcher, Lulea University of
Technology)

Executive Director
Sara Habibi (Ferdowsi University of Mashhad)

Consultant
Dr. Azadeh Malekzadeh Shafaroudi (Ferdowsi
University of Mashhad)

Persian Editor
Sara Habibi (Ferdowsi University of Mashhad)

Page Designer
Sara Habibi (Ferdowsi University of Mashhad)


https://www.um.ac.ir/
https://econg.um.ac.ir/journal/editorial.board?lang=en#edb270
https://econg.um.ac.ir/journal/editorial.board?lang=en#edb270
mailto:karimpur@um.ac.ir
https://econg.um.ac.ir/journal/editorial.board?lang=en#edb270
https://karimpur.profcms.um.ac.ir/
https://www.colorado.edu/geologicalsciences/charles-stern
https://earth.sbu.ac.ir/~m-adabi
https://lashkaripour.profcms.um.ac.ir/
https://geo.uk.ac.ir/~moradian
https://moussavi.profcms.um.ac.ir/
https://mazaheri.profcms.um.ac.ir/
https://www.modares.ac.ir/pro/academic_staff/mghaderi
https://www.eoas.ubc.ca/people/farhadbouzari
http://www.ltu.se/staff/a/amiazi-1.202945?l=en
https://econg.um.ac.ir/journal/editorial.board?lang=en#edb270
https://portal.issn.org/resource/ISSN/2008-7306
https://portal.issn.org/resource/ISSN/2423-5865
https://econg.um.ac.ir/journal/contact.us?lang=en
mailto:econg@um.ac.ir
https://econg.um.ac.ir/

A

D

ISSN (P): 2008-7306
ISSN (E): 2423-5865

JOURNAL OF

ECONOMIC GEOLOGY

Vol. 17, No. 2, 2025, Serial No. 45

CONTENTS

Chemical Composition of Hydrothermal Pyrite as an Indicator for Deciphering Ore-Forming Processes: A Case
Study from the Mamuniyeh Copper Deposit, UDMA
Mohammad Goudarzi, Hassan Zamanian, Urs Klotzli, Matee Ullah

Separation of alteration zones using remote sensing images and support vector machines, case study: Zaglic area,
Arasbaran metallogenic zone, NW Iran
Habibollah Bazdar, Ali Imamalipour

An overview of lithium resources, geochemistry, exploration, extraction, processing, and applications with a focus
on electric vehicles
Mohammad Hassan Karimpour, Bahareh Borouzi Niyat

Petrogenesis and Economic Potential of the Almogholagh Intrusive Body, Using the Zircon Chemistry; Central
Sanandaj-Sirjan Zone
Fatemeh Sarjoughian, Kosar Allahvaisi, Hossein Azizi

Fractal and 3D Modeling of the Mineralization in the Garijgan Mining Area, Eastern Iran
Hadi Alinia, Mohammad Mahdi Khatib, Mohammad Hossein Zarrinkoub, Majid Kouhestanian

Low-sulfidation epithermal Au mineralization in the Tikmehdash 2 deposit (southeast of Bostan Abad): Constraints
on geology, mineralization, geochemistry, and fluid inclusions
Hamid Hashempour, Hossein Kouhestani, Mir Ali Asghar Mokhtari, Ghafour Alavi

49

91

123

147



	Cover (Front)-  Vol. 17, No. 2, 2025
	01- Inside, Indexing, Editor's Note, Contents
	1-1131- Goudarzi
	2-1138-Imamalipour
	3-1146-Karimpour
	4-1142-Sarjoughian
	صفحه خالی 1
	5-1140-Alinia
	صفحه خالی 2
	6-1147-Kouhestani
	صفحه خالی 3
	03- Guide, publication ethics, content, outside
	Cover (Back)-  Vol. 17, No. 2, 2025

