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The low-sulfidation epithermal copper mineralization in the
Mamouniyeh area occurs as silica-sulfide-oxide veins hosted by
monzonitic, gabbroic intrusions, and andesite. Magnetite and
titanomagnetite are the primary hypogene oxide ore minerals in this
system, present as titanomagnetite in intrusions and mainly as magnetite
in silica veins. The chemical composition of Mamouniyeh magnetites in
the FeO-Fe,05-TiO; system indicates a tendency towards wistite (FeO).
Increased Al,O3 and TiO; content in silica vein magnetites compared to
monzonitic intrusions is characteristic of hydrothermal magnetites. The
decreased Cr.O3; and V:0; content in re-equilibrated silica vein
magnetites suggests their formation at higher oxygen fugacity than
monzonitic titanomagnetites. The Al+Mn vs. Ti+V diagram shows that
intrusive titanomagnetites formed at temperatures above 500°C, while
silica vein magnetites formed at 200-300°C. The temperature drops in
the system, influenced by atmospheric fluid mixing during hydrothermal
fluid intrusion, led to magnetite deposition in silica veins at lower
temperatures. The Ti vs. Mg+AI+Si diagram indicates the crystallization
of intrusive titanomagnetites under conditions of limited hydrothermal
fluid-wall rock interaction. An increase in oxygen fugacity from the
parent magma towards the mineralized veins is observed, with intrusive
magnetites forming at higher temperatures and lower fOo.
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EXTENDED ABSTRACT

Introduction

Iron oxides are present in many magmatic-
hydrothermal mineral deposits, either as primary
minerals (e.g., IOCG deposits and banded iron
formations) or as secondary minerals (e.g., massive
sulphide deposits). The chemical composition of
magnetite provides insights into the characteristics of
ore-forming fluids during magmatic or hydrothermal
processes. Unique features of magnetite, such as its
formation under various geological conditions and
its ability to host numerous trace elements, have led
to its use as an important petrogenetic indicator in
recent years. This study investigates the composition
of magnetite - titanomagnetite as the main hypogene
oxide minerals associated with the low-sulfidation
epithermal copper mineralization system in southern
Mamuniyeh, within the central part of the Urumieh-
Dokhtar magmatic arc (UDMA). The findings offer
a better understanding of the evolution of the
epithermal mineralization system and magmatic
evolution in this area for the first-time using
magnetite-titanomagnetite compositions. Despite
numerous signs of ancient mining, mineral indices,
and copper-gold-silver deposits associated with
Eocene magmatism in this region, it has received less
attention from researchers compared to other areas of
the UDMA.

Petrography, Mineralogy and Mineralization

The study area features a series of intrusive and
volcanic rocks ranging from acidic to basic,
including andesite tuff, pyroxene andesite-
porphyritic andesite, dacitic-rhyodacitic tuff, acidic
lava, basaltic andesite, diabase, gabbro, diorite,
monzonite, granodiorite, monzodiorite, and basalt-
diabase. Geochemical characteristics show calc-
alkaline magmatism related to a subduction zone,
with crustal contamination during magma ascent
(Goudarzi et al.,, 2024a). Copper mineralization
appears as veins, primarily aligned NW and N40W.
Six main types of veins/veinlets exist: quartz + pyrite
(Qz+Py); quartz + chalcopyrite + pyrite
(Qz+Ccp+Py); quartz + chalcopyrite (Qz+Ccp);
quartz + specular hematite + pyrite (Qz+Py+Hem);
quartz + chalcopyrite + specular hematite + pyrite +
bornite (Qz+Ccp+HemzPy+Bor), and quartz +
secondary copper minerals, with magnetite =

titanomagnetite as minor accessory minerals (Fig.
2). During main mineralization, quartz formed with
sulfides like chalcopyrite, pyrite, and bornite, and
oxides  like  magnetite-titanomagnetite  and
specularite (Goudarzi et al., 2024c). In the supergene
stage, chalcocite, covellite, minor native copper, and
limited magnetite were observed. The oxidation
stage saw minerals like malachite, cuprite, azurite,
chrysocolla, hematite, goethite, and limonite
forming. Syngenetic iron oxide ores include
magnetite, titanomagnetite, specular hematite, and
ilmenite  exsolution lamellae. Magnetite and
titanomagnetite, as primary hypogene oxide ores, are
found in hypabyssal monzodioritic bodies and silica
veins, sometimes associated with copper sulfides.
Magnetite occurs as scattered grains, while
titanomagnetite forms micro-grains in mineralized
veins. Some titanomagnetite crystals intergrow with
ilmenite, and hematite blades form during final
cooling stages. The transformation of magnetite to
hematite due to Fe2+ leaching in acidic
environments results in martitic textures. The
association of iron and titanium oxides suggests non-
equilibrium conditions. Replacement of magnetite
and titanomagnetite by hematite indicates alteration
under higher oxygen fugacity, likely due to
weathering or hydrothermal alteration (Klein, 2005;
Makvandi et al., 2016; Riegler et al., 2014).

Research methodology

After detailed field examinations, 70 polished
sections from various ore-bearing sections and veins
were prepared for mineralogical studies. The study
of oxide minerals in 8 polished sections was
conducted using an electronic microscope and SEM-
BSE analyses. The samples were analyzed using the
CAMECA SX Five Electron Microprobe at the
University of Vienna. The analysis was performed
on 48 points of primary titanomagnetite-magnetite in
intrusive units and 45 points of magnetite associated
with mineralized veins.

Results and discussion

The results show that the FeO and TiO; contents vary
significantly. In intrusive rocks Fe,O3 ranges from 60
to 80 wt.% and TiO, from 0 to 16.57 wt.%. In
mineralized veins Fe,O3 ranges from 80.6 to 91.4
wt.% and TiO; from 0 to 0.12 wt.%. Al,O3 and TiO>
contents decrease towards siliceous veins, indicating
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minimal spinel formation, characteristic of
hydrothermal magnetites. Fe,Os in intrusive masses
correlates with Cr.Os and V.03, whereas in
mineralized veins it correlates with MnO and Cr,0s.
TiOz in intrusive masses correlates with Al,O3, V205,
and MnO, but not in mineralized veins. SiO; content
is generally less than 1 wt.%. Variation diagrams
show that in intrusive samples, Al, Cr, and V oxides
increase with TiO,, while Fe and Mg decrease. In
mineralized veins, Al and Fe oxides decrease with
TiO, while Cr increases slightly, and V, Mn, and Mg
initially increase then decrease.

Chemical Composition

Titanomagnetite (TixFes-xOs) is a significant Fe-Ti
phase in orthomagmatic rocks and oxide deposits
(Spencer and Lindsley, 1981). It can undergo
reduction or oxidation (O’Reilly, 1984), forming
ilmenite lamellae or intergrowths (Saito et al., 2004).
Ideal titanomagnetite forms through deuteric
oxidation along the magnetite-ulvospinel line.
Mamouniyeh titanomagnetites trend towards wustite
(FeO) (Fig. 9). Martitic hematites indicate final
oxidation stages with decreasing temperature and
increasing oxygen fugacity (Mondal and Baidya,
2015). With rising temperatures, titanomagnetite
separates into ulvospinel and magnetite, forming a
Widmanstétten texture (Mondal and Baidya, 2015).
limenite forms wupon cooling and ulvospinel
instability, reacting with oxygen and TiO,. Thick
ilmenite blades are formed under advanced oxidation
conditions and thin ilmenite blades are formed under
early oxidation conditions. Martitization intensity
varies, with high oxygen fugacity leading to heavily
martitized crystals. Hematite lamellae in ilmenites
may result from final oxidation and cooling.
Petrographic analysis shows disrupted cubic
structures in titanomagnetite, with thin lamellae
forming due to oxidation and titanium enrichment,
and thicker lamellae forming under advanced
oxidation (Pasteris, 1985).

Origin

Comparing magnetite-titanomagnetites ~ from
intrusive rocks and mineralized zones reveals
element  redistribution  during iron  oxide

transformation. Intrusive bodies are enriched in Ti,
Al, and V, while mineralized veins are depleted.
Higher V and Cr in magnetite from intrusive bodies
align with the mafic nature of host rocks (Curtis,

1964). Reduced Cr and V in mineralized veins
indicate high oxygen fugacity during formation. In
Mamuniyeh, vanadium  oxide content in
titanomagnetites of intrusive rocks ranges from
0.016 to 1.28 wt.% (average 0.88 wt.%) and in
magnetites of mineralized veins from 0.012 to 0.39
wt.% (average 0.12 wt.%). Vanadium content in
magnetite reflects oxygen fugacity conditions of the
environment, with higher oxygen fugacity leading to
less vanadium in magnetite (Canil and Lacourse,
2020). V3" incorporates into magnetite under low
oxygen fugacity, while V** is incompatible with iron
oxide structures at higher oxygen fugacity. Titanium
content in magnetite is temperature dependent, with
higher crystallization temperatures resulting in
higher titanium contents (Tian et al., 2021).
Magnetite appears in  primary, secondary
replacement, and solid solution forms. Primary
magnetite shows no elemental substitution in
fractures. Hematite replaces magnetite in fractures,
starting from cracks and spreading across the crystal.
Magnetite forms solid solutions with ilmenite,
indicating limited Ti solubility at low temperatures.
In tholeiitic magma, high-temperature liquidus
minerals form first, while in calc-alkaline magma,
elevated oxygen fugacity leads to earlier
crystallization of iron oxide minerals (Mason and
Moore, 1966). As magma approaches the surface,
increased oxygen fugacity results in fine-grained
magnetite and titanomagnetite crystals, with
titanomagnetite forming first, followed by magnetite
and ilmenite (Wechsler et al., 1984). In Mamuniyeh
samples, ilmenite as a solid solution with magnetite
indicates similar formation conditions. The V/Ti
ratio in magmatic magnetite is generally 1 (Dupuis
and Beaudoin, 2011). Vanadium is mobile in low-
temperature hydrothermal fluids, while Ti s
immobile (Oliveretal., 2004). A V/Ti vs. Fe diagram
is used to study re-equilibration in magnetite (Wen et
al.,, 2017). EPMA analysis shows magmatic
magnetite in intrusive rocks and re-equilibrated
magnetite  in  mineralized veins, indicating
hydrothermal fluid influence during crystallization
and re-equilibration.

Temperature and Oxygen Fugacity
Titanomagnetites formed in high-temperature
intrusive bodies, while magnetites in siliceous veins
formed at moderate temperatures (200-300°C),
consistent with fluid inclusion data in quartz veins.
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This indicates a temperature decrease due to
atmospheric equilibrated meteoric fluid mixing
during hydrothermal fluid intrusion and magnetite
deposition at lower temperatures. The Ti vs.
Mg+Al+Si diagram shows that titanomagnetites in
Mamunieh intrusions crystallized under limited
hydrothermal  fluid-wall rock reaction, while
magnetites formed under extensive reaction
conditions. Petrographic evidence shows primary
magnetites in intrusive bodies have a magmatic
origin, partially replacing primary crystallized
sulfides and silicates. A Ti vs. V diagram
distinguishes  hydrothermal ~ from  magmatic
magnetites, showing clear separation between
titanomagnetite-magnetite  crystals in intrusive
bodies and mineralized veins. Magnetites from semi-
deep rocks are found at temperatures above 500°C,
while those from siliceous veins are at 200-300°C.
Sun et al. (2017) showed magnetite in the early
retrograde stage has high levels of cobalt, vanadium,
titanium, aluminium, and manganese, indicating low
oxygen pressure (fO2) and high temperature. High
TiO2 and V203 levels in intrusive magnetites indicate

high temperature and relatively low fO> magma.
According to Toplis and Corgne (2002), increased
vanadium in magnetite indicates reduced oxygen
fugacity. Wang et al. (2018) showed changes in
vanadium content reflect changes in fluid oxygen
fugacity during metallogenic processes. V.03 oxide
content indicates increasing oxygen fugacity from
the parent magma to mineralized veins, with higher
oxygen fugacity in siliceous veins. It appears crustal
contamination occurred with decreasing
temperature, evolving magnetite composition from
porphyry to skarn-porphyry type.
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Fig. 2. Photographs of A: General view of the Mamuniyeh area and intrusive-volcanic outcrops, B: Mineralized silica
vein containing Cu ore and magnetite, C: Disseminated mineralization of pyrite and titanomagnetite in the monzonite, D:
Pyrite vein and Fe oxide in a core drilling sample, E: A close view of the mineralized silica vein, and F: Core drilling
sample containing chalcopyrite and Fe oxide (magnetite-hematite) veins. Abbreviations after Whitney and Evans (2010)
(Py: Pyrite, Ccp: Chalcopyrite, Hem: hematite, Mal: malachite, Mag: magnetite, Qtz: Quartz, Pl: Plagioclase, Ca:
Carbonate, Cpx: Clinopyroxene, Ser: Sericite, Chl: Chlorite).

DOI: 10.22067/econg.2025.1125 Voosled AV o905 NP F oalasl wlis


https://doi.org/10.22067/econg.2025.1125

...‘_;s)fGw)ﬁ:)'LudlféuJ;i\Jéef):):q:.id}st::—gﬁzia&:;:ﬁ)\f

OLSas 5 65505

. o
Texture [Gangue Ore Minerals S
o — &
A w = <1 = A
2EFTFEE 2 | 00|59 070r0z2E8 20 0wan |&
o = 0 5 wu g r =S e o | 5 6 v = o = = o = &
o B = = v & = 8 3 & 5 a T 5 8 B g8 3 82 2 8 2 B % |@ )
6 9 8 = 2 5 I » [ e 5 6 & 2 68 68 <€ E B 8 ® g = 8 B = a
5 2 8 S E § & 2 F 8 |8 E8:£8 2 g 2 28828 322 8 2 g & o
2 5 =~ aeE e ¢ 5 < > =S g2 9 g g% a0 =8 7 90
=1 =~ g8 o 3z @ g o = B 2 o o = 0| = o= O =] (7.}
g_a m‘nés o(:__;.n =3 8%5“’? Lf, &
5 2 @ B = @ b =3
~05:,Q.g S =2 =
=
o
7|
dE
o| ®
o
| O
®w | B
2 0
[¢]
=%
=)
w5 Q
569
A2
o&:w
23 g
¢]
—
(1)}
Ol o
wXH | B
&8|°
c 8
=
o
=

(Goudarzi et al., 2024C) «3 gole ailate y5 1551 Blea g ¥ S
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Fig. 4. Photomicrographs of oxide minerals from the hypogene stage at Mamuniyeh. A: Titanomagnetite and Pyrite
disseminated Mineralization in the Monzonite matrix, B: Bladed specular hematite in the silica vein, C: Euhedral
martitized magnetite crystals that are replaced by hematite due to alteration, D: Euhedral magnetite crystals in the silica
vein, E: A titanomagnetite crystal with stockwork texture that contains solid solution blades of ilmenite, and F: Euhedral
martitized magnetite crystals that are replaced by hematite due to alteration. Abbreviations after Whitney and Evans
(2010) (Hem: hematite, Mal: malachite, Py: pyrite, Mag: magnetite, IIm: ilmenite, Spc: Specularite).
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Fig. 5. Petrography of magnetite and titanomagnetite at the Mamouniyeh area. A: BSE image of subhedral magnetite
along with bladed specularite, B: BSE image of magnetite along with solid solution blades of ilmenite, C: BSE image of
bladed specularite, D: BSE image of subhedral homogenous titanomagnetite crystals, E: BSE image of titanomagnetite
crystal with stockwork texture that contains solid solution blades of ilmenite, and F: Photomicrograph in reflected light
image of ilmenite exsolution in magnetite crystal. Abbreviations after Whitney and Evans (2010) (Ccp: chalcopyrite,
Hem: hematite, Py: pyrite, Mag: magnetite, lim: IImenite, Spc: Specularite).
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Table 1. EPMA results of main iron oxide ores with titanomagnetite (Ti-Mag) and magnetite (Mag) composition in the
Mamuniyeh intrusive rocks (wt.%), n.d. = Not detected

P,Sli()rft Mineral MgO ALO: TiO; Cr:0: Fe0: V203 MnO ZnO SiO; CaO P;0s Total
T19-1 Ti-Mag 0024 183 984 005 8481 072 056 031 029 011 nd 9854
T19-2 Ti-Mag 0037 440 1268 005 8L71 090 068 089 017 002 nd. 10153
T19-3 Ti-Mag 0044 317 1479 003 7960 047 217 147 011 004 nd. 101.88
T19-4 Ti-Mag 0058 305 1490 003 7983 050 173 123 012 001 nd. 10146
T19-5 Ti-Mag 0041 278 1650 007 7705 091 247 131 015 003 nd.  101.32
T19-6 Ti-Mag 0043 293 1600 006 7772 084 224 132 016 008 nd.  101.39
T20-1 Ti-Mag 0080 317 1446 023 80.89 104 004 010 015 001 nd.  100.16
T20-2 Ti-Mag 0229 275 1272 022 8369 079 007 012 031 002 nd 10092
T20-3 Ti-Mag 0328 346 1255 029 8150 103 015 005 017 nd nd.  99.53
T20-4 Ti-Mag 0298 345 1254 030 8189 104 012 009 017 002 nd 9991
T8-1 Ti-Mag 0072 319 1298 010 8299 119 013 065 019 002 nd. 10152
T8-2 Ti-Mag 0086 321 11.89 010 8421 120 059 021 019 002 nd. 10170
T8-3 Ti-Mag 0086 318 1261 009 8267 119 009 067 021 006 nd.  100.87
T8-4 Ti-Mag 0052 277 1363 008 8316 123 038 063 031 003 nd 10227
T8-5 Ti-Mag 0098 257 1321 009 8239 117 026 065 023 005 nd 10071
T8-6 Ti-Mag 0027 231 1658 011 7955 127 036 099 016 005 nd. 10140
T8-7 Ti-Mag 0058 224 1623 009 8051 128 019 081 024 005 nd. 10168
T8-8 Ti-Mag 0045 262 1529 010 8069 129 017 091 012 012 nd. 10134
T8-9 Ti-Mag 0059 365 1181 015 8365 113 027 040 019 004 nd. 10133
T8-10 Ti-Mag 0035 377 1170 014 8417 115 032 042 016 003 nd.  101.90
T8-11 Ti-Mag 0013 375 1144 015 8260 111 008 008 017 012 nd. 9951
T8-12 Ti-Mag 0024 336 1237 009 8317 122 039 057 017 001 nd. 10137
T8-13 Ti-Mag 0035 319 1233 009 8379 120 011 052 023 002 nd 101.21
T8-14 Ti-Mag 0081 385 1264 010 8182 121 011 115 018 000 nd. 10113
T8-15 Ti-Mag 0357 381 1125 010 8459 116 032 006 014 003 nd 10171
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Table 1 (Continued). EPMA results of main iron oxide ores with titanomagnetite (Ti-Mag) and magnetite (Mag)
composition in the Mamuniyeh intrusive rocks (wt.%), n.d. = Not detected

Point
No.

T8-16

T8-17

T16-1

T16-2

T16-3

T16-4

T16-5

T16-6

T11-1

T11-2

T11-3

T11-4

T11-5

T11-6

T11-7

T11-8

T11-9

T11-10

T11-11

Mineral
Ti-Mag
Ti-Mag
Ti-Mag
Ti-Mag
Mag
Mag
Mag
Mag
Ti-Mag
Ti-Mag
Mag
Mag
Mag
Ti-Mag
Ti-Mag
Ti-Mag
Ti-Mag
Ti-Mag

Ti-Mag

MgO

0.170

0.023

n.d.

0.177

0.027

0.119

0.190

0.214

0.030

0.039

0.207

0.154

0.109

0.050

0.061

0.048

0.032

0.035

0.035

Al203

3.37

3.32

2.27

1.97

0.95

1.54

2.07

191

291

2.90

1.76

1.53

1.39

2.96

2.82

2.74

2.21

2.90

2.95

TiO2

10.98

12.78

9.90

5.32

4.39

3.14

4.03

5.11

12.97

12.96

0.62

0.86

1.30

13.04

12.08

12.73

12.87

12.68

13.09

n.d. = Not detected

Cr203

0.09

0.09

0.20

0.20

0.13

0.17

0.17

0.19

0.08

0.07

0.04

0.03

0.03

0.06

0.05

0.06

0.07

0.08

0.07

Fe203

85.09

83.10

88.07

91.94

93.59

95.66

92.95

92.94

82.19

82.65

92.53

93.23

91.59

82.48

82.11

80.83

83.91

81.72

82.05

V203

1.16

1.17

0.97

1.04

1.18

1.17

1.06

1.06

0.78

0.80

0.40

0.25

0.49

0.77

0.75

0.78

0.66

0.81

0.86

MnO

0.91

0.31

0.09

0.31

0.16

0.10

0.11

0.27

0.32

0.37

0.07

0.03

0.04

0.33

0.28

0.20

0.21

0.31

0.26

Zn0O

0.19

0.57

0.11

0.17

0.14

0.11

0.10

0.14

0.46

0.28

0.02

0.02

n.d.

0.95

1.53

1.32

0.62

1.46

1.69

SiO2

0.17

0.16

0.09

0.11

0.17

0.10

0.12

0.08

0.12

0.13

1.88

1.40

2.36

0.12

0.13

0.13

0.12

0.12

0.15

CaO

0.00

0.00

0.04

0.01

0.10

0.01

n.d.

0.00

0.02

0.01

0.35

0.37

0.27

0.01

0.01

0.06

0.07

0.02

0.02

P20s

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Total

102.10

101.52

101.73

101.25

100.80

102.10

100.80

101.90

99.88

100.22

97.86

97.87

97.57

100.76

99.81

98.90

100.77

100.11

101.17
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Table 2. EPMA results of main iron oxide ores with titanomagnetite (Ti-Mag) and magnetite (Mag) composition in the

mineralized veins (wt.%), n.d. = Not detected

Point

No. Mineral MgO A0z TiOz2 Cr:0s Fe:03 V203 MnO ZnO SiO2 CaO P:0s  Total
PS4-1 Mag 0.00 0212 011 0.00 96.79 013 nd. 000 011 0.02 0.01 97.29
PS4-2 Mag nd. 004 001 000 9837 003 nd 000 007 001 nd 9853
PS4-3 Mag 001 005 001 001 9847 012 002 000 004 nd 002 9874
PS4-4 Mag n.d. 024 000 0.01 9755 0.06 0.08 0.02 044 002 nd. 98.42
PS4-5 Mag n.d. n.d. 0.04 0.01 98.36 0.05 0.00 0.00 0.04 001 o0.01 98.51
PS4-6 Mag 0.02 0.68 0.03 0.00 89.61 0.0 0.02 0.00 306 0.12 0.09 93.73
PS4-7 Mag nd. nd 002 001 9770 012 015 000 119 002 0.01 99.22
PS4-8 Mag 000 001 021 000 9761 0.09 001 0.0 0.5 0.04 000 98.02
PS4-9 Mag 001 000 nd 002 9786 026 007 0.02 004 000 nd 9829
PS4-10 Mag 007 014 001 002 9916 029 010 0.00 066 010 n.d. 100.55
PS4-11 Mag 000 nd. 000 002 9863 023 010 0.00 020 0.01 001 9919
PS4-12 Mag 004 006 nd. 000 9975 0.03 013 0.02 089 010 001 101.02
PS4-13 Mag 0.04 0.08 001 0.02 99.38 0.10 011 0.00 128 050 n.d. 101.52
PS4-14 Mag 002 0.02 003 0.02 10000 034 010 0.00 044 0.26 nd. 101.21
PS7-1 Mag 002 nd. 000 000 10055 0.04 012 0.00 037 0.06 nd  101.16
PS7-2 Mag 000 nd. 002 001 10158 0.03 007 0.0 013 0.03 nd  101.87
PS7-3 Mag 0.14 015 0.02 0.02 99.17 019 011 000 133 027 nd. 101.38
PS7-4 Mag 003 004 002 001 9999 015 009 0.01 0.78 016 nd.  101.26
PS7-5 Mag 0.03 012 o0.01 n.d. 99.77 0.04 0.09 0.00 112 021 0.01 101.40
PS7-6 Mag 0.02 n.d. n.d. 0.00 10099 001 005 000 011 0.06 n.d. 101.24
PS7-7 Mag 0.00 n.d. 0.01 0.01 98.76 0.02 0.05 0.01 0.08 0.09 0.00 99.02
PS7-8 Mag 0.02 n.d. 0.00 nd. 10099 0.03 004 0.00 0.14 0.03 nd. 101.25
PS7-9 Mag 000 nd. 001 002 9747 030 007 0.02 015 0.04 nd 9807
PS7-10 Mag 007 005 001 001 9932 0.5 008 0.02 094 017 000 100.72
PS7-11 Mag 002 nd. 000 001 10147 011 009 0.00 024 010 nd  102.02
PS8-1 Mag 001 nd. 000 nd 9929 002 004 001 0.09 001 nd 9948
PS8-2 Mag 001 nd. 000 000 9876 0.02 004 001 008 0.02 nd 9894
PS8-3 Mag 0.02 001 001 000 10085 0.09 010 0.00 020 0.05 001 101.33
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Table 2 (Continued). EPMA results of main iron oxide ores with titanomagnetite (Ti-Mag) and magnetite (Mag)

composition in the mineralized veins (wt.%), n.d. = Not detected

Pﬁiorft Mineral MgO ALOs TiO; Cr0; Fe0s V:03 MnO ZnO Si0; CaO P:0s Total
PS8-4 Mag 000 nd 001 000 9817 003 005 000 032 004 nd 9862
Psg-5 Mag nd. nd 001 00l 1008 013 013 000 007 002 000 10124
Psg-6  Mag nd. nd 000 nd 10014 nd. 008 000 005 nd nd  100.27
PS8-7 Mag 00l 00l 00l 000 9872 004 011 000 007 002 002 99.00
Pss-8  Mag nd. 000 00l 00l 9829 004 007 001 010 003 nd 9855
PS8-9  Mag nd. nd 00l 00l 9760 006 004 001 007 000 002 97.81
PS2-1  Mag 002 004 nd nd 9835 004 009 000 076 008 nd 9937
PS2-2  Mag 001 nd nd 00l 10076 009 013 000 037 008 000 10144
PS2-3  Mag 001 000 002 002 10123 028 008 000 020 005 001 10189
PS2-4  Mag 002 000 000 003 10000 033 011 003 020 002 000 100.74
PS2-5  Mag 001 nd 000 002 10095 040 010 000 006 nd. 001 10155
PS2-6  Mag 001 nd. 00l 002 9841 020 041 001 035 007 002 99.19
PS2-7  Mag 00l 048 nd 001 9732 016 002 003 008 000 001 9811
PS2-8  Mag 00l 00l 012 002 9762 011 00l 000 005 001 nd 97.96
PS2-9  Mag 002 nd 008 nd 9747 010 003 000 006 nd nd 9775
P2 Mag 001 001 004 001 9815 011 nd 002 004 001 000 9840
27 Mag nd 004 000 000 9768 010 004 001 008 010 nd. 9804

n.d. = Not detected

5 V203 AlLO3 Lesya S358 kos g7 5 TiO, émﬁ
L e Smad (55w SIS slaaS, 53 5wl MNO
e ool 0L 0 dis S oIl 5K 5 aT sladnS]

A apodd (o y S8 05 893 a3 SI02 (ol s
2360 oy gl dao 3 G 5 2aS e 5 5
(T (glos g Al s 553 (g5l T Gladkijle (0, Kl
Slsoe 2 S rdog 25 5 (U Sle 4ty Glal sl
L3 ASTE ki glac e (sl S35 A3 A L SIO2
.(Huberty et al., 2012)

Loz 53 pailas 5 ot IT A ST (gl gome 3Lis
Kot a8 ek (S O b 4y (6355 slacS
e o S5, 51 TiO2 s ALOs ials .aas o 0Lt
Dupuis and Beaudoin, 2011; Nadoll et ) =l L §
Cte Kiwer op pt (@l 2012; Dare et al., 2014
5 (¥ Jod>) sl V203 5 Cra0s3 L (63 585 slaos 55 5 FE203
4 3MNO LFex0s (Sear op i ($5La S slasl s

- (F Jsus) Sb o0l Cr,03 bsjzof Ol e

DOI: 10.22067/econg.2025.1125

Yooyl VWV 90 NP F (ol u“”uw")


https://doi.org/10.22067/econg.2025.1125

...‘_;Ajru.w)ﬁ:}bdl{él&&b_‘j’GS):J:C..:IKA}JLL_;—C,:IKAM:%)K D‘)&.@.&}é}):;

£ . P N
’.\A) Mineralization Vein L B } Intrusive Rocks

T ¢
0.1 5

3 *
-
0.01 4
0001 3 25%~75%
Range within 1 51QR|
— Median Line
o Mean

+ Outiers
1E-4
T T T T T T T

T T T T T 1 I T T T T
MgO Al;03 TiO, Cr04 V,03 MnO ZnO SiO, CaO P,04 MgO Al,05 Ti0, Cr04 V,05 MnO ZnO SiO, Ca0

-
1
-
-k
o
al

*

$

*

o
o
o &
1

Element concentration (wt.%)

o

1

L
Element concentration (wt.%)
d
*n
'—l—l »ee o S0
.

0.001

:Bj‘_gjl_.u&'lf&u«af)q.bﬁf ‘_;LMS‘,AJ:A.@",»L le.bg;::;f.ajl:::)l.hg;::ﬁn $lp (FE03 7 4) ol ole Glasms o051 0

aibats (6358 Glres 5 4 by o o 45l
Fig. 6. Box diagram of major elements (except Fe,O3) magnetites and titanomagnetites from Mamouniyeh. A: Samples
related to mineralized veins, and B: Samples related to intrusive rocks
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Table 3. Pearson Product correlation coefficient matrix for elements measured in magnetites and titanomagnetites in the
Mamouniyeh intrusive rocks

MgO Al2O3 TiO: Cr20s Fe203 V203 MnO ZnO SiO2 CaO

MgO
Al203
TiO:

Crz203

0.286

0.163
Fe.0Os  -0.108 -0.212 -0.320

V203 - 0.505 0.574 0.490

MnO 0.148

-0.205

Zn0O 0.273 -0.348 0.024 0.444

SiO2 0.020 -0.298

CaO  -0.030 0.325 -0.213

-0.124 -0.162 0.032
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Table 4. Pearson Product correlation coefficient matrix for elements measured in magnetites and titanomagnetites in

mineralized veins

MgO

Al203 TiO2 Cr20s Fe203

V203 MnO ZnO Sio2 CaO P20s

0.221

V:0s  0.066 -0.077 -0.049 | 0.825 0.063

MnO 0307 -0.343 -0.468 0.375 0.418 0.265

ZnO  -0.096 0317 -0.136 -0.067 -0.262  0.152

Si02 = 0473 0.651 -0.085 0.052 = -0.499 -0.043 -0.217

CaO = 0.523 0.038 -0.132 0.280 0.089 0.104 0.293  -0.344 0.541
P.0s ~ 0.019 0.766  -0.052  -0.237 - -0.108  -0.314 -0.559  0.797
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Fig. 7. Major oxides (wt.%) vs. TiO (wt.%) and FeO (wt.%) in titanomagnetite related to intrusive rocks in Mamouniyeh.
A: TiO2 vs, Al;O3, B: TiO2 vs, Cr,03, C: TiOz vs, FeO, D: TiO, vs. V203, E: TiOz vs MnO, F: TiO, vs MgO, G: FeO vs.
Al>O3, H: FeO vs. V,03,and I: FeO vs. Cr,03
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Fig. 8. Major oxides (wt.%) versus TiO, (wt.%) and FeO (wt.%) in magnetites related to mineralized veins in
Mamouniyeh. A: TiOzvs Al,O3, B: TiOzvs, Cr,03, C: TiOzvs FeO, D: TiO,vs, V203, E: TiO2vs. MO, F: TiO,vs. MgO,

G: FeO vs. Al,O3, H: FeO vs. V03, and I: FeO vs. Cr,03
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Fig. 11. Bivariate plot of Ti+V (wt.%) versus Al+Mn (wt.%) (Nadoll et al., 2014; Deditius et al., 2018) showing the
temperature range of Mamouniyeh magnetites and titanomagnetites. A: Samples related to intrusive bodies, and B:

Samples related to mineralized veins

Decreasing fluidOrock
® Interaction internsity
) = @ o
L) ®
10000 - ® s
= . L P @
=3 ® @
2 e /
%'/;J @
<:z_ &
) @
210004 © %
= o
?
" 3
@
o ® @ °
. ® Magnetite from intrusive rocks
® Magnetite -Ti ite from mineralized veins
100

P PR L
Ti (ppm)

s gale S 55 05l 3 K 5 Il 2SIy 5 s () (TiAN et al., 2021) Mg+AI+ST (ppm) il s 55 Ti(PPM) s sas N ¥ S

S gale GazSe 53 0)ly s b ST 5 e sl g PPM) il 52 5> THPPM) Hls ga3 AT S5

s o 0L 1 &K 5 Jw 257 a3 5 2l g O

Fig. 12. Ti versus Mg+Al+Si diagram (Tian et al., 2021) for determining the reaction rate between fluid and wall rock in
Mamouniyeh magnetites. The arrow indicates the direction of decreasing fluid-rock interaction rate.

DOI: 10.22067/econg.2025.1125 V oyl WV 653 VF+F (golass] ulid s

Yo


https://doi.org/10.22067/econg.2025.1125

...‘_;s)f@)ﬁ:)'LﬂdlféuJ;i\Jéef):)agtxia}st::—gﬁzia&:i:j)\f

OLSas 5 65505

Sy s by o (sladisa 531 8 Sl amy3 00 5l 5V
Gl 31,8 Sl a3 Yor G slos 53 Lo ® ke
dibte glacaxKe S 5 Lo 5l sdzasolis a5 Wilass §
e Lsls olis (Sun et al., 2017) o, Kas 5 Ol .l
(C0) IS (VU rslin slyls i8Sl i adsl d o 53
el (Al + M) 58 5 0 gn JT (TH) 555 (V) 25Ul
sl 5 (fO2) wly O3St HLid b Jaows odiasolis oS

55 adsl S & das e Ol 55 e dal s
S S gl Aipls oS Ltie 53585 loos g
V' s Ti (pPM) Llsses 51 01y o (oS e 31 o S
G god g 5 .(Nadoll et al., 2015) s " oslizl (Ppm)
M 5 oSS a0l 13 g ol S35 p 45 5aLs aibie
5 558 slaes g Sl xS — xSl 55 (at
il L;u,?, @‘.‘fb ajjf 95 33 Sl S L;me)

‘sibsjg&mougéh&_wg.bﬁféhgﬂ;iﬁ(Ti +V)
10000 -
g s
%
%
®
[ = @ ¢ ¢
1 > &
® g
1000 & , KX
] o . . @"7 ." Magmatic Magnetite
) e @
2 Ry
£ @
-
o ® >\
100 g » Hydrothermal Magnetite
® Magnetite from intrusive rocks
©® Magnetite -Titanomagnetite from mineralized veins
10 S —
1 10 100 1000 10000 100000
Ti (ppm)

ailate (65485 (laos 5 (SlaczKe i 03 gulowe s iaspLis 5" (Nadoll et al., 2015)V (PPM) s 55 Ti (PPM) o pize 55 13 503 N ¥ S

K| u’;lﬁ)f 03 gld>ea yS 6)\..»\5 ‘_QUM?) ‘_g\AC,\:S..i.a 9 &ij 03 gl>es S 4:.’}#1#

Fig. 13. Bivariate diagram of Ti versus V (Nadoll et al., 2015) showing the range of Mamuniyeh titanomagnetites in the
magmatic field and titanomagnetites of mineralized veins in the hydrothermal field.

03 43 s t}"‘fuﬂ’ 3 é.,\}\a.x.i/‘.}.:g.‘dmli sles o 3;;
o o Bleds LS55 5 58 VU g HLis 5 VL les
o35 saexKe 3V 5 Ti oS YL 50 g —y
ol adbate sl 3 1y LELe ol fO2 5 YU les s34

&5 wsls oLz (Valkama et al., 2016) o, 5 LIS
Jsb 3 Yt L8 eV ;3 S 502 g JLb
S 0 4 1wl Ol g slyls Jla y (s, LS 05 STarigs

el S oled 02 YU g Hlis Ll s )s)\a&aT ¢

DOI: 10.22067/econg.2025.1125

\24

Yooyl VWV 90 NP F (ol wuw,


https://doi.org/10.22067/econg.2025.1125

...63)}‘w)ﬁl}bdl{&lﬁ.ﬂi‘}S)Q)JC«:&}SL:;*C»:&&:;}J!)K

OLSas 5 65505

w5 pale a8 55 003y ST (g siomn ol 5055 sle
o JS 5 ()l O3S € o o8 s e OLES
Lisy 55w S slaaS ) o s Al LEL K
e ko G 53 050wl B 5 Sl wisls ol
Sl (53T dlos 28l L Ole s 5 Sl A pn LS |
Sy VL5 Sl Ll e oS OF JS8) ol oalsf

AL 0L K5 e S - LS L U

'MJ@
o S35 035 xS (V203) slily eS| (gl yoma
B 53 Vo005 jislin I iy (abin Syt 41 Groe
Toplis and ) &, 58 5 kil bl 5 .Cal H3alS ke
Sl (8 55 sty e 1531 (Corgne, 2002
5655 ol oman as oo OLE |y 05 S S 5
5> Ul sl iz (Wang et al., 2018) O,
Sladisl b 55 SV 058 el b i sinsolis oxKe

10

0.1 4

Al+Mn (wt. %)

0.01

% | Magmatic magnetite

&
@ ® | Hydrothermal magnetite

0.1 1 10

Ti+V (wt. %)

Nadoll et al., 2014; Nadoll ) 01,en 5 JIsb 51l e 5 oles Glakisy) HLuls C,;tfuc,.;;iﬂ S 5 bli,l edasolis s ges 18

(etal., 2015

Fig. 14. Diagram showing the relationship between magnetite composition and deposit type (temperature trends and
boundaries from Nadoll et al. (2014) and Nadoll et al. (2015)

Ti02 2151 L 5358 slaos 5 (glacwa 55 .o o OLES
L2 MNO 5Fex03 5 2531 V203 5 Cro03 ALO3 o s
L5l 515 slaad ) sladisad 53 OT D Lol sy oo
S 31 Cr0z 5 zals Fe03 5 AlOs ,sslae (TiO2 il 58l

el gl F S mSe S S5 Sl gk S AL
FEO- obaw alolu 53 45 galo athie glacKa il S 5
G 4 bl b sl I —oSs Lo b 5 FE203-TiO2

BL uu\_&‘;'.'.....'\'Jl_a [ b‘}.‘.‘fk;a )‘J'; (FeO) &;—:.'-'—wj

S 5 Aol
3 03 Gl S SIS oy g 51 e sl 5 e
G5 o S 3 s sale 53 e g gl sl SIS Sl L b3l
hod (S35 Slaes g 53 oS dien s — g gyl G LSy oS
L) 53 5 LmKagles Oy o 4 Al (2035550 Goos
Al o 5l (6 28 e 4 5 CmSe D) oo 4 ki
ol b Coeal Lac xS slad la S5 a5l

DOI: 10.22067/econg.2025.1125

Yv

Yooyl VWV 90 NP F (ol wuw,


https://doi.org/10.22067/econg.2025.1125

...63)}‘w)ﬁ:judgéuxi‘}hs.;)})éiarzid}ﬂ:::*iﬁzid&:;}ﬂ)g

OLSas 5 65505

SV 3585 o g SVl LMt dile (6310 LSl
b3 53 65l G ) js CaKe Dl bar iy 5 gb S
o30S )l g3 K 5 Jw 2S5 5 5 gy oDl Sl
03,8 SNy Loyl 555 ek B Slal 2K ks
atia il 5 SIS ol o)l 3 K 5 olo S Il
slaaS ) 5 3585 slaess glaczSe o= slas o
N3 bS5 S boy S 55 55 5355 0 0ts 5L SS
035 sl 13V 5 Ti a1 YL olis i, S o
ol adbte ol 53 1y LELe b fO2 5 YU sles (s34
Ol 4 5els slacxKa s NEEPRUEBEPEPIRT
5o oias LS ((sla) s 0508 | a2l 5 oS s o
il il 31 Kay 65l SIS slad ) S 4 W1y LS L
G 3l iy ks () 55 058 Tl 5 5

) A g0

Ble oo
Wl 2250 OB s 55 Lo 5 blin 5 5la5 48 et

EIEPEY
S Slodi sl slasy 555k 5 BB sl ki sl p s Oyl S
Slosao 3,8 SLLE ¢SS dlis ol CdS el ) 5 500 &
5 balen bl wp e o Sl ren oS 0 S
sl plasil 2l Al p Jsb s WS e gla gl
sl oy 5 (6 387> 4ol OLL 31 (hdm 2 onl ool Sl
sl o 5 o iils 5 Ol J o ils (6,0 L &S ol

ol

1. BSE
2. EPMA
3. EDX
4. VMS

SV el 5 Loyl 1 55 ol gl 4 gl (slas xS i
oes ol 2 2l Db 4 S olaysh a8 O3S
Lacaiedsl 31 mdm 53 Colan 1 gladias S g iy 5 oo
5SS Bhla slos 04805 5 ol LS| PR
sk Sl polie (Sl sime dglie Lol 031355 el 4 2
Sl Sl W pn (5555 sloes g (a2 il ~ S o
O (Gl SIS ek (61055 xS b a5 ol 5
93 s 155 (AT SadnSTT (556 s Jsb ) 4T das e
)JﬂjU‘)M‘é‘j&ﬂ.@-ﬂ\a.l.ATJ‘)q-j‘b.J_..at&?ﬁ
Lo, s VYA G /N8 51 Sans sl glacufa gls
Gl S s glaxKa 53 5 S35 Loy M HSKke
ol e S35 Ao 3 VY 5 Sle b ds s /¥R L /Y
by DA i 4y ol 5 s S s S a3 5 sdeme 55
2303 5 05 (Sl gme S 55 oa J 1S 058 0l b
ol 5 as St 5ln S5 gl sladS ) slacaKa 5s
O JSCes omspliss el a2 4 S (63585 (glaos 5
BV IS A PG CH S SOV} W P SR
éuk;::iﬁ Sy L;L«f\.a L;Lm;::.:ia 03 gden s lASOLES &AT 4
Sl a8l sudaes I3l a8 3 gmn 5 (6358 K
VL 3T 5 el 3l SIS Sy 4 by e slad g
mﬂj.M)@OWbL@JT})JWJJ&S})#&)J@\A;
Ti+V il 53 AIHEMN Gl s o iie 33 15 505 S5 p Wosls
558 G035 53 oy p 3530 SR Slis oS s o 0L
clacaKe 5 Llazals o1 § slw a3 00+ YU gles
a= 3 ¥ee BYer Lsib;o;jvbu)>,b_~}:ﬁb:w:l:.~6ug)
FAS S 53 i ook slaesls b gillas 5 51 Sl

abolw by als sias)lis o5 s Lg)'l_.»d;lf Lg\.as\f)

DOI: 10.22067/econg.2025.1125

YA

Yooyl VWV 90 NP F (ol u“”uw")


https://doi.org/10.22067/econg.2025.1125

Goudarzi et al.

Constraining Ore-Forming Processes Using Magnetite-Titanomagnetite Chemistry: A Case Study of the ...

References

Amidi, S.M., Shahrabi, M. and Navai, I., 2004.
Geological map of Zaviyeh, Geological Survey of
Iran, No. 6160.

Angerer, T., Hagemann, S.G. and Danyushevsky, L.
V., 2012. Geochemical evolution of the banded
iron formation-hosted high-grade iron ore system
in the Koolyanobbing Greenstone Belt, Western
Australia. Economic Geology, 107(4): 599-644.
https://doi.org/10.2113/econgeo.107.4.599

Bédard, "E., de Vazelhes, V.D.B. and Beaudoin, G.,
2022. Performance of predictive supervised
classification models of trace elements in
magnetite for mineral exploration. Journal of
Geochemical  Exploration, 236: 106959.
https://doi.org/10.1016/j.gexplo.2022.106959

Bordage, A., Balan, E., Villiers, J.R., Cromarty, R.,
Juhin, A., Carvallo, C., Calas, G., Raju, S. P.V.
and Glatzel, P., 2011. V oxidation state in Fe-Ti
oxides by high-energy resolution fluorescence-
detected X-ray absorption spectroscopy. Physics
and Chemistry of Minerals, 38: 449-458.
https://doi.org/10.1007/s00269-011-0418-3

Buddington, A. and Lindsley, D., 1964. Iron-
titanium oxide minerals and synthetic
equivalents. Journal of Petrology, 5(2): 310-357.
https://doi.org/10.1093/petrology/5.2.310

Canil, D., Grondahl, C., Lacourse, T. and Pisiak, L.
K., 2016. Trace elements in magnetite from
porphyry Cu-Mo-Au deposits in British
Columbia, Canada. Ore Geology Reviews,
72(Part 1): 1116-1128.
https://doi.org/10.1016/j.oregeorev.2015.10.007

Canil, D. and Lacourse, T., 2020. Geothermometry
using minor and trace elements in igneous and
hydrothermal magnetite. Chemical Geology, 541:
119576.
https://doi.org/10.1016/j.chemge0.2020.119576

Chen, W.T., Zhou, M.F., Li, X., Gao, J.F. and Hou,
K., 2015. In-situ LA-ICP-MS trace elemental
analyses of magnetite: Cu-(Au, Fe) deposits in the
Khetri copper belt in Rajasthan Province, NW
India. Ore Geology Reviews, 65(part 4): 929-
939.
https://doi.org/10.1016/j.oregeorev.2014.09.035

Craig, J.R. and Vaughan, D.., 1994. Ore
Microscopy and Ore Petrography. Mineralogical
Society of America, USA, 434 pp.

Curtis, C.D., 1964. Applications of the crystal-field
theory to the inclusion of trace transition elements

in minerals during magmatic differentiation.
Geochimica et Cosmochimica Acta, 28(3): 389—
403.
https://doi.org/10.1016/0016-7037(64)90112-7
Dare, S.A.S., Barnes, S.J., Beaudoin, G., Meric, J.,
Boutroy, E. and Potvin-Doucet, C., 2014. Trace
elements in magnetite as petrogenetic indicators.

Mineralium Deposita, 49: 785-796.

https://doi.org/10.1007/s00126-014-0529-0

Deditius, A., Reich, M., Simon, A.C., Suvorova, A.,
Knipping, J., Roberts, M.P., Rubanov, S., Dodd,
A. and Saunders, M., 2018. Nanogeochemistry of
hydrothermal magnetite.  Contributions to
Mineralogy and Petrology, 173(46): 1-20.
https://doi.org/10.1007/s00410-018-1474-1

Dunn, J.A. and Dey, A.K., 1937. Vanadium bearing
titaniferous magnetite iron ores in Singh hum and
Mayurbhanj, India. Mining and Geological
Institute of India, Calcutta, 184 pp.

Dupuis, C. and Beaudoin, G., 2011. Discriminant

diagrams for iron oxide trace element
fingerprinting of mineral deposit types.
Mineralium Deposita, 46: 319-335.

http://dx.doi.org/10.1007/s00126-011-0334-y

Ehsani Nasab, P. and Ehya, F., 2019. Mineralogy and
magnetite trace element geochemistry of the
Niyasar iron ore deposit, Esfahan Province, Iran.
Periodico di Mineralogia, 88(1): 59-73.
https://doi.org/10.2451/2019PM838

Fleet, M., 1981. The structure of magnetite. Acta
Crystallography, B37: 917-920.
https://doi.org/10.1107/S0567740881004597

Lindsley, D.H., 1976. The crystal chemistry and
structure of oxide minerals as exemplified by the
Fe—Ti oxides. In: D. Rumble I, (Editor), Oxide
Minerals. REVIEWS IN MINERALOGY.
Mineralogical Society of America's, pp. L1-L60.
https://doi.org/10.1515/9781501508561-006

Goudarzi, M., Zamanian, H. and Klotzli, U., 2024a.
Geochemistry and tectono-magmatic setting of
hypabyssal intrusive rocks in the south of
Mamouniyeh, Urumieh-Dokhtar magmatic arc,
Iran. Scientific Quarterly Journal of Geosciences,
Articles in Press. Retrieved December 11, 2024
from
https://www.gsjournal.ir/article_201644.html?la
ng=en

Goudarzi, M., Zamanian, H. and Klétzli, U. 2024b.
Geochemistry,  petrography, and tectono-

Journal of Economic Geology, 2025, Vol. 17, No. 1

29

DOI: 10.22067/econg.2025.1125


https://doi.org/10.22067/econg.2025.1125
https://doi.org/10.2113/econgeo.107.4.599
https://doi.org/10.1016/j.gexplo.2022.106959
https://doi.org/10.1007/s00269-011-0418-3
https://doi.org/10.1093/petrology/5.2.310
https://doi.org/10.1016/j.oregeorev.2015.10.007
https://doi.org/10.1016/j.chemgeo.2020.119576
https://doi.org/10.1016/j.oregeorev.2014.09.035
https://doi.org/10.1016/0016-7037(64)90112-7
https://doi.org/10.1007/s00126-014-0529-0
https://doi.org/10.1007/s00410-018-1474-1
http://dx.doi.org/10.1007/s00126-011-0334-y
https://doi.org/10.2451/2019PM838
https://doi.org/10.1107/S0567740881004597
https://doi.org/10.1515/9781501508561-006
https://www.gsjournal.ir/article_201644.html?lang=en
https://www.gsjournal.ir/article_201644.html?lang=en

Goudarzi et al. Constraining Ore-Forming Processes Using Magnetite-Titanomagnetite Chemistry: A Case Study of the ...

magmatic setting of Eocene volcanic lavas in the
south of  Mamoniyeh,  Urumieh-Dokhtar
magmatic arc, Markazi Province, Iran.
Petrological Journal, 15(1): 85-116.
https://doi.org/10.22108/ijp.2024.139861.1315
Goudarzi, M., Zamanian, H. and Klotzli, U. 2024c.
Copper mineralization pattern based on
mineralogy, alteration, geochemistry of intrusive
rocks and fluid inclusion in the south of
Mamuoniyeh, middle part of Urumieh-Dokhtar
magmatic arc, Iran. Scientific Quarterly Journal
of Geosciences, 34(3): 35-62.
https://doi.org/10.22071/gsj.2024.424348.2122
Goudarzi, M., Zamanian, H., Klétzli, U., Lentz, D.
and Ullah, M. 2024d. Genesis of the Mamuniyeh
copper deposit in the central Urumieh-Dokhtar
Magmatic Arc, Iran: Constraints from geology,
geochemistry, fluid inclusions, and H-O-S
isotopes. Ore Geology Reviews, 175: 106279.
https://doi.org/10.1016/j.oregeorev.2024.106279
Goudarzi, M., Zamanian, H., Kloétzli, U. and Ullah,
M. 2024e. Evidence of boiling in ore-forming
process based on quartz textures and fluid
inclusions studies, a case study in Mamouniyeh
Cu deposit, Iran, EGU General Assembly 2024,
Vienna, Austria, pp. 14-19.
https://doi.org/10.5194/egusphere-egu24-8552
Hu, H., Lentz, D., Li, J.W., Mccarron, T., Zhao, X.F.
and Hall, D., 2015. Reequilibration processes in
magnetite from iron skarn deposits. Economic
Geology, 110(1): 1-8.
http://dx.doi.org/10.2113/econgeo.110.1.1
Hu, H., Li, JW., Lentz, D., Ren, Z., Zhao, X.F.,
Deng, X.D. and Hall, D., 2014. Dissolution-
reprecipitation process of magnetite from the
Chengchao iron deposit: Insights into ore genesis
and implication for in-situ chemical analysis of
magnetite. Ore Geology Reviews, 57(1): 393—
405.
https://doi.org/10.1016/j.oregeorev.2013.07.008
Huberty, J.M., Konishi, H., Heck, P.R., Fournelle,
J.H., Valley, JW. and Xu, H., 2012. Silician
Magnetite from the Dales Gorge member of the
Brockman Iron Formation, Hamersley Group,
Western  Australia. American Mineralogist,
97(1): 26-37.
https://doi.org/10.2138/am.2012.3864
Klein, C., 2005., Some Precambrian banded iron-
formations (BIFs) from around the world: Their
age, geologic setting, mineralogy,

metamorphism, geochemistry, and origins.
American Mineralogist, 90(10): 1473-1499.
https://doi.org/10.2138/am.2005.1871

Klemme, S., Ginther, D., Hametner, K., Prowatke,
G. and Zack, T., 2006. The partitioning of trace
elements  between ilmenite, ulvospinel,
armalcolite and silicate melts with implications
for the early differentiation of the moon.
Chemical Geology, 234(3-4): 251-263.
https://doi.org/10.1016/j.chemge0.2006.05.005

Knipping, J.L., Bilenker, L.D., Simon, A.C., Reich,
M., Barra, F., Deditius, A.P., Wille, M., Heinrich,
C.A., Holtz, F. and Munizaga, R., 2015. Trace
elements in magnetite from massive iron oxide
apatite deposits indicate a combined formation by
igneous and magmatic-hydrothermal processes.
Geochimica et Cosmochim Acta, 171: 15-38.
https://doi.org/10.1016/j.gca.2015.08.010

Makvandi, S., Ghasemzadeh-Barvarz, M., Beaudoin,
G., Grunsky, E.C., McClenaghan, B.M.,
Duchesne, C. and Boutroy, E., 2016. Partial least
squares-discriminant analysis of trace element
compositions of magnetite from various VMS
deposit  subtypes: application to mineral
exploration. Ore Geology Reviews, 78: 388-408.
https://doi.org/10.1016/j.oregeorev.2016.04.014

Marbouti, Z., Ehya, F., Rostami Paydar, G. and
Maleki, S., 2020, Geochemical,
microthermometric, and  sulfur  isotopic
constraints on the origin of the Sarviyan iron
deposit, Markazi Province, Iran. Journal of
Geochemical  Exploration, 210: 106451.
http://dx.doi.org/10.1016/j.gexplo.2019.106451

Mason, B. and Moore, B., 1966. Principles of
Geochemistry. Wiley, New York, London, 329
Pp.

Mondal, R. and Baidya, T.K., 2015. Titaniferous
magnetite deposits associated with Archean
greenstone belt in the East Indian Sheild. Earth
Sciences, 4(4-1): 15-30.
http://dx.doi.org/10.11648/j.earth.s.2015040401.
12

Mucke, A. and Cabral A.R., 2005. Redox and
nonredox reactions of magnetite and hematite in
Rocks. Chemie der Erde. 65(3): 271-278.
https://doi.org/10.1016/j.chemer.2005.01.002

Nadoll, P., Angerer, T., Mauk, J.L., French, D. and
Walshe, J., 2014. The chemistry of hydrothermal
magnetite: a review. Ore Geology Reviews, 61:
1-32.

Journal of Economic Geology, 2025, Vol. 17, No. 1

30

DOI: 10.22067/econg.2025.1125


https://doi.org/10.22067/econg.2025.1125
https://doi.org/10.22108/ijp.2024.139861.1315
https://doi.org/10.22108/ijp.2024.139861.1315
https://doi.org/10.22071/gsj.2024.424348.2122
https://doi.org/10.1016/j.oregeorev.2024.106279
https://doi.org/10.5194/egusphere-egu24-8552
http://dx.doi.org/10.2113/econgeo.110.1.1
https://doi.org/10.1016/j.oregeorev.2013.07.008
https://doi.org/10.2138/am.2012.3864
https://doi.org/10.2138/am.2005.1871
https://doi.org/10.1016/j.chemgeo.2006.05.005
https://doi.org/10.1016/j.gca.2015.08.010
https://doi.org/10.1016/j.oregeorev.2016.04.014
http://dx.doi.org/10.1016/j.gexplo.2019.106451
http://dx.doi.org/10.11648/j.earth.s.2015040401.12
http://dx.doi.org/10.11648/j.earth.s.2015040401.12
https://doi.org/10.1016/j.chemer.2005.01.002

Goudarzi et al.

Constraining Ore-Forming Processes Using Magnetite-Titanomagnetite Chemistry: A Case Study of the ...

https://doi.org/10.1016/j.oregeorev.2013.12.013

Nadoll, P., Mauk, J.L., Hayes, T.S., Koenig, A.E. and
Box, S.E., 2012. Geochemistry of magnetite from
hydrothermal ore deposits and host rocks of the
Mesoproterozoic Belt Supergroup, United States.
Economic  Geology, 107(6): 1275-1292.
http://dx.doi.org/10.2113/econge0.107.6.1275

Nadoll, P., Mauk, J.L., Leveille, R.A. and Koenig,
A.E., 2015. Geochemistry of magnetite from
porphyry Cu and skarn deposits in the
southwestern United States. Mineralium Deposita
50(4): 493-515.
http://dx.doi.org/10.1007/s00126-014-0539-y

Navid Farayand Alborz company, 2017. 1:20000
geological map of Mamuniyeh exploration area
(not published). exploration licence No:
102/19288. Tehran, Iran.

O’Reilly, W., 1984, Rock and Mineral Magnetism.
Blackie, Glasgow and London, Chapmann and
Hall, New York, 220 pp.

Ohmoto, H., 2003. Nonredox transformations of
magnetite-hematite in hydrothermal systems.
Economic Geology, 98(1): 157-161.
http://dx.doi.org/10.2113/98.1.157

Oliver, N.H., Cleverley, J.S., Mark, G., Pollard, P.J.,
Fu. B., Marshall, L.J., Rubenach, M.J., Williams,
P.J. and Baker, T., 2004. Modeling the role of
sodic alteration in the genesis of iron oxide-
copper-gold deposits, Eastern Mount Isa block,
Australia. Economic Geology, 99(6): 1145-1176.
http://dx.doi.org/10.2113/gseconge0.99.6.1145

Pasteris, J.D., 1985. Relationships between
temperature and oxygen fugacity among Fe-Ti
oxides in two regions of the Duluth complex.
Canadian Mineralogist, 23: 111-127. Retrieved
December 10, 2024 from
https://pubs.geoscienceworld.org/mac/canmin/ar
ticle-abstract/23/1/111/11756/Relationships-
between-temperature-and-
oxygen?redirectedFrom=PDF

Rezaei Kahkhaei, M., Esmaili, D. and Francisco,
C.G., 2014. Geochemical and isotopic (Nd and
Sr) constraints on elucidating the origin of
intrusions from northwest Saveh, Central Iran.
Geopersia, 4(1): 103-123.
https://doi.org/10.22059/jgeope.2014.51195

Riegler, T., Lescuyer, J.L., Wollenberg, P., Quirt, D.
and Beaufort, D., 2014. Alteration Related to
Uranium Deposits in the Kiggavik-Andrew Lake
Structural Trend, Nunavut, Canada: New Insights

from Petrography and Clay Mineralogy. The
Canadian Mineralogist, 52(1): 27-45.
http://dx.doi.org/10.3749/canmin.52.1.27

Rusk, B., Oliver, N., Brown, A., Lilly, R. and
Jungmann, D., 2009. Barren magnetite breccias in
the Cloncurry region, Australia; comparisons to
IOCG deposits. 10th Biennial SGA Meeting,
Townsville, Australia.

Ryabchikov, D. and Kogarko, L.N., 2006. Magnetite
compositions and oxygen fugacities of the
Khibina magmatic system. Lithos, 91(1-4): 35—
45. https://doi.org/10.1016/j.lithos.2006.03.007

Saito, T., Ishikawa, N., Kamata, H., 2004. Iron—
titanium oxide minerals in block-and-ash-flow
deposits: implications for lava dome oxidation
processes. Journal of Volcanology and
Geothermal Research, 138(3-4): 283-294.
https://doi.org/10.1016/j.jvolgeores.2004.07.006

Spencer, K.J., Lindsley, D.H., 1981. A solution
model for coexisting iron-titanium oxides.
American Mineralogist 66: 1189-1201. Retrieved
December 10, 2024 from
https://msaweb.org/AmMin/AM66/AM66_1189.
pdf

Sun, X, Lin, H., Fu, Y., Li, D., Hollings, P., Yang,
T.and Liu, Z., 2017. Trace element geochemistry
of magnetite from the giant Beiya gold-
polymetallic deposit in Yunnan Province,
Southwest China and its implications for the ore
forming processes. Ore Geology Reviews, 91:
477-490.
https://doi.org/10.1016/j.oregeorev.2017.09.007

Tian, J., Zhang, Y., Gong, L., Francisco, D.G. and
Berador, A., 2021. Genesis, geochemical
evolution and metallogenic implications of
magnetite: Perspective from the giant Cretaceous
Atlas  porphyry Cu-Au deposit (Cebu,
Philippines). Ore Geology Reviews, 133: 104084.
https://doi.org/10.1016/j.oregeorev.2021.104084

Toplis, M.J. and Carroll, M.R.,1995. An
experimental study of the influence of oxygen
fugacity on Fe-Ti oxide stability, phase relations,
and mineral—melt equilibria in ferro-basaltic
systems. Journal of Petrology, 36(5): 1137-1170.
https://doi.org/10.1093/petrology/36.5.1137

Toplis, M.J. and Corgne, A., 2002. An experimental
study of element partitioning between magnetite,
clinopyroxene and iron-bearing silicate liquids
with  particular emphasis on vanadium.
Contributions to Mineralogy and Petrology, 144:

Journal of Economic Geology, 2025, Vol. 17, No. 1

31

DOI: 10.22067/econg.2025.1125


https://doi.org/10.22067/econg.2025.1125
https://doi.org/10.1016/j.oregeorev.2013.12.013
http://dx.doi.org/10.2113/econgeo.107.6.1275
http://dx.doi.org/10.1007/s00126-014-0539-y
http://dx.doi.org/10.2113/98.1.157
http://dx.doi.org/10.2113/gsecongeo.99.6.1145
https://pubs.geoscienceworld.org/mac/canmin/article-abstract/23/1/111/11756/Relationships-between-temperature-and-oxygen?redirectedFrom=PDF
https://pubs.geoscienceworld.org/mac/canmin/article-abstract/23/1/111/11756/Relationships-between-temperature-and-oxygen?redirectedFrom=PDF
https://pubs.geoscienceworld.org/mac/canmin/article-abstract/23/1/111/11756/Relationships-between-temperature-and-oxygen?redirectedFrom=PDF
https://pubs.geoscienceworld.org/mac/canmin/article-abstract/23/1/111/11756/Relationships-between-temperature-and-oxygen?redirectedFrom=PDF
https://doi.org/10.22059/jgeope.2014.51195
http://dx.doi.org/10.3749/canmin.52.1.27
https://doi.org/10.1016/j.lithos.2006.03.007
https://doi.org/10.1016/j.jvolgeores.2004.07.006
https://msaweb.org/AmMin/AM66/AM66_1189.pdf
https://msaweb.org/AmMin/AM66/AM66_1189.pdf
https://doi.org/10.1016/j.oregeorev.2017.09.007
https://doi.org/10.1016/j.oregeorev.2021.104084
https://doi.org/10.1093/petrology/36.5.1137

Goudarzi et al.

Constraining Ore-Forming Processes Using Magnetite-Titanomagnetite Chemistry: A Case Study of the ...

22-37.  http://dx.doi.org/10.1007/s00410-002-
0382-5
Valkama, M., Sundblad, K., Cook, N.J. and

Ivashchenko, V.l., 2016. Geochemistry and
petrology of the indium-bearing polymetallic
skarn ores at Pitkaranta, Ladoga Karelia, Russia.
Mineralium Deposita, 51: 823-839.
https://link.springer.com/article/10.1007/s00126-
016-0641-4

Wang, C., Shao, Y., Zhang, X., Dick, J. and Liu, Z.,
2018. Trace element geochemistry of magnetite:
implications for ore genesis of the
Huanggangliang Sn-Fe deposit, Inner Mongolia,
northeastern China. Minerals, 8(5): 195.
https://doi.org/10.3390/min8050195

Ward, L.A., Holwell, D.A., Barry, T.L., Blanks, D.E.
and Graham, S.D., 2018. The use of magnetite as
a geochemical indicator in the exploration for
magmatic Ni-Cu-PGE sulfide deposits: a case
study from Munali. Zambia Journal of
Geochemical  Exploration, 188: 172-184.
http://dx.doi.org/10.1016/j.gexplo.2018.01.018

Wechsler, B.A., Lindsley, D.H. and Prewitt, C.T.,
1984. Crystal structure and cation distribution in
titanomagnetite. American Mineralogist 69(7-8):
754-770. Retrieved December 10, 2024 from
https://api.semanticscholar.org/CorpusiD:10242
8324

Wen, G., Li, JW., Hofstra, A.H., Koenig, A.E,,
Lowers, H.A. and Adams, D., 2017.
Hydrothermal  reequilibration  of  igneous
magnetite in altered granitic plutons and its
implications  for  magnetite  classification
schemes: Insights from the Handan-Xingtai iron
district, North China Craton. Geochimica et
Cosmochimica Acta, 213: 255-270.
https://doi.org/10.1016/j.gca.2017.06.043

Whitney, D.L. and Evans, B.W., 2010.
Abbreviations for names of rock-forming
minerals. American Mineralogist, 95(1): 185-
187. https://doi.org/10.2138/am.2010.3371

Xiaoxu, Z., Juxing, T., Bin, L., Qin, W., Liang, H.,
Gang, Y., Rui, S., Qiang, W., Qiu, D. and
Pingcuo, Z., 2023. Geochemistry of magnetite
from the Mamupu Cu polymetallic deposit,
Yulong belt, Tibet: implications for magnetite
genesis, stages and mechanism of formation. Ore
Geology Reviews, 154: 105334.
http://dx.doi.org/10.1016/j.oregeorev.2023.1053
34

Yi, J., Shi, X., Ji, G., Zhang, L., Wang, S. and Deng,
H., 2024. The Geochemical Characteristics of
Trace Elements in the Magnetite and Fe Isotope
Geochemistry of the Makeng Iron Deposit in
Southwest Fujian and their significance in Ore
Genesis. Minerals, 14(3): 217.
http://dx.doi.org/10.3390/min14030217

Yin, S., Wirth, R., He, H., Ma, C., Pan, J., Xing, J.,

Xu, J., Fu, J. and Zhang, X.-N., 2022.
Replacement of magnetite by hematite in
hydrothermal systems: A refined redox-

independent model. Earth and Planetary Science
Letters, 577: 117282.
https://doi.org/10.1016/j.epsl.2021.117282
Zarasvandi, A., Rezaei, M., Raith, J., Taheri, M.,
Asadi, S. and Heidari, M., 2023. Magnetite
chemisltry of the Sarkuh Porphyry Cu deposit,
Urumieh—Dokhtar Magmatic Arc (UDMA), Iran:
A record of deviation from the path sulfide
mineralization in the porphyry copper systems.
Journal of Geochemical Exploration, 249:
107213.
https://doi.org/10.1016/j.gexplo.2023.107213

Journal of Economic Geology, 2025, Vol. 17, No. 1

32

DOI: 10.22067/econg.2025.1125


https://doi.org/10.22067/econg.2025.1125
http://dx.doi.org/10.1007/s00410-002-0382-5
http://dx.doi.org/10.1007/s00410-002-0382-5
https://link.springer.com/article/10.1007/s00126-016-0641-4
https://link.springer.com/article/10.1007/s00126-016-0641-4
https://doi.org/10.3390/min8050195
http://dx.doi.org/10.1016/j.gexplo.2018.01.018
https://api.semanticscholar.org/CorpusID:102428324
https://api.semanticscholar.org/CorpusID:102428324
https://doi.org/10.1016/j.gca.2017.06.043
https://doi.org/10.2138/am.2010.3371
http://dx.doi.org/10.1016/j.oregeorev.2023.105334
http://dx.doi.org/10.1016/j.oregeorev.2023.105334
http://dx.doi.org/10.3390/min14030217
https://doi.org/10.1016/j.epsl.2021.117282
https://doi.org/10.1016/j.gexplo.2023.107213

Vol. 17, No. 1, 2025, pp. 33-52 ISSN (Print): 2008-7306  ISSN (Online): 2423-5865

Journal of Economic Geology

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

RESEARCH ARTICLE Q 10.22067/econg.2025.1133

Mineralogy, micromorphology and distribution pattern of major and trace
elements in the Mn-nodules of Nasirabad manganese occurrence, Neyriz, Fars
Province

Mohsen Rezaei!" @, Inana Sadrinejad 2, Alireza Zarasvandi *

! Assistant Professor, Department of Geology, Faculty of Earth Sciences, Shahid Chamran University of Ahvaz, Ahvaz,
Iran

2 M.Sc. Student, Department of Geology, Faculty of Earth Sciences, Shahid Chamran University of Ahvaz, Ahvaz, Iran

3 Professor, Department of Geology, Faculty of Earth Sciences, Shahid Chamran University of Ahvaz, Ahvaz, Iran

ARTICLE INFO ABSTRACT

Article History This study deals with the results of Raman laser spectroscopy, BSE
Received: 03 November 2024 electron images, EPMA and WDS elemental mappings to characterize
Revised: 04 January 2025 the micromorphology, mineral chemistry, and the distribution pattern of
Accepted: 06 January 2025 Mn, Fe, Mg, Al, Cu, Ni, Co, Sr, Ti, P, Si, V, and Pb in the Mn-nodules

of Nasirabad manganese occurrence located to SE of Zagros thrust belt
near the Neyriz ophiolite. The results of micromorphology indicated that
the studied nodules are of multi-core structure dominated by the

Keywords accumulation of siliceous microfossils and spheroidal colloform
Manganese nodule textures. In the core areas, Mn-minerals are fine-grained containing
Mineralogy mostly todorokite, pyrochroite, pyrolusite, and ramsdellite. On the
Geochemistry contrary, to the marginal parts, the Mn-minerals are coarser and consist
m:;'rriibad mainly of pyrolusite, and ramsdellite. Results imply for the depletion of

Fe, Pb with Cu, Ni, and Co, which may indicate the contribution of distal
hydrothermal fluids in the formation of nodular structures. Additionally,
evidences such as the diagenetic replacement of siliceous microfossil
shells with manganese oxide minerals, especially todorokite, shows the
role of diagenetic fluids in the evolution of nodular structures. No
sighting of rhodochrosite along with the absence of enrichment patterns
*Corresponding author in the bio-essential elements (e.g., iron, arsenic, barium, strontium,
cerium and cobalt) imply for the absence or insignificant role of

Mohsen Rezaei - . . . . . -
biological-microbial processes in the formation of studied nodules.

™ m.rezaei@scu.ac.ir

How to cite this article

Rezaei, M., Sadrinejad, I. and Zarasvandi, A., 2025. Mineralogy, micromorphology and distribution pattern of major and trace elements
in the Mn-nodules of Nasirabad manganese occurrence, Neyriz, Fars Province. Journal of Economic Geology, 17(1): 33-52. (in Persian
with English abstract) https://doi.org/10.22067/econg.2025.1133

©2025 The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as long as the original
e authors and source are cited. No permission is required from the authors or the publishers.


https://doi.org/10.22067/econg.2025.1133
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir
https://www.um.ac.ir
https://doi.org/10.22067/econg.2025.1133
https://doi.org/10.22067/econg.2025.1133
mailto:m.rezaei@scu.ac.ir
https://doi.org/10.22067/econg.2025.1133
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/econg.2025.1133
https://orcid.org/0000-0002-3380-0632
https://orcid.org/0000-0001-9821-6747
https://creativecommons.org/licenses/by/4.0/

Rezaei et al.

Mineralogy, micromorphology and distribution pattern of major and trace elements in the Mn-nodules of ...

EXTENDED ABSTRACT

Introduction

The main processes involved in the formation of
marine  Mn deposits include hydrothermal,
hydrogenous, diagenetic, and biogenetic - bacterial
(e.g., Zarasvandi et al., 2013a). It is important to note
these processes could act solely, however, in many
cases a combination of these processes is involved in
the formation of marine manganese mineralizations
(Polgaéri et al., 2012; Kim et al., 2023). The main
structural zones hosting the Mn-deposits in Iran
include: (1) Urumieh-Dokhtar volcano-plutonic belt,
(2) Central Iran, (3) Sabzevar zone, (4) Alborz
magmatic belt, and (5) Cretaceous ophiolites
(Maghfouri et al., 2019). Along with some of the
Iran's Mn-deposits, especially those associated with
ophiolitic belts, i.e., the Abadeh Tashk manganese
deposit and the Nasirabad manganese occurrence,
nodular Mn-mineralizations have also been reported
(e.g., Zarasvandi et al., 2013a). However, it should
be noted that this is not a general feature, as no
nodular Mn-mineralization has been reported in the
Sorkhvand manganese deposit, which is related to
the radiolaritic mudstones of the Kermanshah
ophiolite (Zarasvandi et al.,, 2016b). In general,
manganese nodules may have various mineralogical
phases (Kim et al., 2023). Generally, iron and
manganese  oxide/hydroxides  have  various
mineralogical phases, depending on the geochemical
conditions of the sedimentary environment (Kim et
al., 2023). This is due to their sensitivity to the redox
conditions of the sedimentary environment (Ling et
al., 2018). The occurrence of Mn-bearing nodular
structures in the Nasirabad manganese occurrence
was previously reported in Zarasvandi et al. (2013a).
The present study tried to characterize the
mineralogy, micromorphology and the geochemistry
of these nodules using Raman laser spectroscopy,
BSE electron images, EPMA analyses, and WDS
elemental maps.

Geological setting

The Nasirabad manganese occurrence is located to
the southwest of Neyriz city in the Fars Province.
Structurally and lithologically the studied area is
located in the southeastern part of Zagros thrust belt
close to the exposure of Neyriz ophiolite. In this area,
Mn-mineralization occurred as nodular and layered
forms in interlayers with the chert successions of the

Pichakan radiolarite zone. This zone represents the
abyssal facies of Neotethys from the Late Triassic to
Cretaceous (Tangestani et al., 2011). The Neyriz
ophiolite is thrust over the Pichakan radiolarite zone
(Babaie et al., 2001). This zone in the lower parts
contains the Upper Triassic limestone turbidites,
dark marl and serpentinite diapirs (Zarasvandi et al.,
2013a). This changes upward to <5 cm bedded cherty
radiolarites, alternating with up to 5m bedded green
siliceous shale and detrital limestone. To the upper
parts this overlies by a thick (~ 500 m) sequence of
radiolarites. The radiolarites of the upper parts
hosting the Mn-mineralization are younger than
Middle Jurassic (Zarasvandi et al., 2013a).

Materials and methods

In this study, the preparation of thin-polished
sections and all analysis steps were carried out in the
Montanuniversitat Leoben, Austria. In order to
correctly determine the type and paragenesis of
manganese ore minerals, BSE electron images and
EDX spectra of samples were obtained. Also, all
Raman spectra were taken by a Jobin Yvon LabRAM
instrument. An electron probe micro-analyzer
(EPMA) instrument, Jeol JXA 8200 superprobe
model, was used to prepare the elemental maps using
the X-ray wavelength dispersion (WDS) method via
overnight running of instrument.

Results and discussion

The studied nodules represent multi-core structure
dominated by the accumulation of siliceous
microfossils and spheroidal colloform textures. BSE
electron images accompanied by Raman laser
spectroscopy analysis confirmed that in the core
areas, Mn-minerals are fine-grained containing
mostly todorokite [(Na, Ca, K, Ba, Sr)i.x(Mn, Mg,
ADsO12]¢, pyrochroite  [Mn(OH);], pyrolusite
[Mn*0,], and ramsdellite [Mn**0;]. On the
contrary, to the marginal parts, the Mn-minerals are
coarser and consist mainly of pyrolusite, and
ramsdellite. The patterns of major and trace elements
(i.e., Mn, Fe, Mg, Al, Cu, Ni, Co, Sr, Ti, P, Si, V, and
Pb) imply for the depletion of Fe, Pb with Cu, Ni,
and Co, providing insight into the contribution of
distal hydrothermal fluids in the formation of nodular
structures. Additionally, diagenetic replacement of
siliceous microfossil shells with manganese oxide
minerals, especially todorokite, shows the role of
diagenetic pore-fluids in the evolution of nodular
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structures. No sighting of Mn-carbonate ore minerals
(i.e., rhodochrosite) along with the absence of
enrichment patterns in the bio-essential elements
(e.g., iron, arsenic, barium, strontium, cerium and
cobalt) imply for the absence or insignificant role of
biological-microbial processes in the formation of
studied nodules.

Conclusion

This study deals with the micromorphology, in situ
mineralogy, and the distribution pattern of major and
trace elements in the Mn-nodules of Nasirabad
manganese occurrence, Neyriz, Fars Province. The
analysis of the presented data implies that distal
hydrothermal fluids accompanied with diagenetic
pore-fluids were involved in the formation of multi-

core nodular structures. Compared with modern Mn-
bearing nodules, the studied nodules have no Fe-Mn-
bearing hydroxide minerals (i.e., vernadite)
highlighting the role of diagenetic fluids.
Additionally, the ubiquitous occurrence of stable and
unstable polymorphs of Mn oxides (i.e., pyrolusite
and ramsdellite, respectively) is attributed to the
local changes in the crystallization conditions during
the slow growth rate of Mn-nodules.
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Fig. 3. A: Thin — polished section representing the vertical section of Mn-nodule Nasirabad manganese occurrence.
Numbers refer to the focus points of Raman laser spectroscopy analysis, and B: BSE electron image showing the
accumulation of siliceous microfossils as the nucleus of manganese nodule. The image is related to part 1 in Figure A.
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Fig. 4. Raman spectrum obtained from the Mn-bearing ore minerals in the areas of siliceous microfossils accumulation
in the nodular sample of Nasirabad manganese occurrence. A: Todorokite, B: Ramsdellite, C: Pyrochroite, and D:

Pyrolusite.
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Fig. 5. Raman spectrum related to the analytical points belonging to section 2 of nodular sample from the Nasirabad
manganese occurrence shown in Figure 3A. A: Ramsdellite, and B: Quartz
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Fig. 6. BSE electron microscope image showing circular colloform texture in the Nodular sample of Nasirabad manganese
occurrence; manganese ore-minerals are fine-grained in the areas of colloform texture, but they are coarser-grained

towards the marginal parts.
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occurrence shown in Figure 6; A: Pyrochroite and B: Ramsdellite.
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Table 1. Average of EPMA results (wt. %) from the core parts (dominated by the accumulation of siliceous microfossils)

and marginal parts of Mn nodule in the Nasirabad manganese occurrence
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Fig. 8 A: Box plot showing the concentration of Mn and other major and trace elements in the B: Outer and C: Central

parts of nodular sample from the Nasirabad manganese occurrence
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ARTICLE INFO ABSTRACT

Manto-type copper mines in the Bardaskan-Doruneh metallogenic belt
) are located in the northwest and west of Bardaskan, Razavi Khorasan
Received: 15 January 2025 . . . . . . .
Revised: 25 March 2025 province. Hydrothermal solution has a special chemistry, including rich
Accepted: 07 May 2025 of copper and poor of gold, silver, lead, zinc, iron and silica compared
to porphyry copper, IOCG and massive sulphide deposits.
Misunderstanding of solution chemistry and paragenesis is lead to
challenging the origin of elements. Majority of the units from the belt
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Origin of elements units such as conglomerate, limestone, siltstone and gypsiferous marls.
Solution chemistry Also, some intrusive units are sometimes visible as dyke and stock.
Alteration There are more than ten active mines in the region. The main host-rock
Bardaskan of mineralization is conglomerate. The conglomerate is a database and a

treasure, containing information about rock units, alteration and
mineralization pre-formation, and provides a suitable environment for
mineralization post-formation due to porosity. The conglomerate unit is
different in size, material and cement. The most important sulphide
mineral is chalcocite. Various alterations have been formed during
different times and can be investigated in two groups and at least three

*Corresponding author stages in the region: the first group occurred pre-formation of the

Ali Sheykhi conglomerate, the second group occurred post-formation of the

= ali.sheykhi20222@gmail.com conglomerate and especially alterations created syn- and related to
mineralization.
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EXTENDED ABSTRACT

Introduction

The Bardaskan-Doruneh copper belt that is located
on the volcanic belt related with subduction zone
includes numbers of Manto-type copper mines such
as Zangalu, Zarmehr, Kooh-Siah, Kimia, Mehr-Ajin,
Mes-e-Sorkh, Cheshme Hadi, Nasim, Cheshme
Marzieh and many cases of mineral areas with the
northeast-southwest ~ direction. Host rock is
conglomerate. According to the studies on different
types of Manto-type copper deposits, mineralization
is younger than volcanic activities, conglomerate and
limestone units. Mineralization is controlled by
lithology and the thickness and grade of ore increase
in fault boundaries.

Materials and Methods

This study was done in two parts: field studies and
laboratory works. During 60 km, field operations
were carried out in the region. Works include field
surveying and searching in the study area that
important indicators for mineralization were
controlled and tectonic structures were investigated.
Samples were taken from rock wunits and
mineralization for microscopic studies. Drilling
cores in different mines were visited and studied.
Mineralization, grade changes and host rock were
investigated in the mining pits of the region.

Discussion and Results

There are two types of conglomerate with two
different ages in the area: The Pliocene-Pleistocene
conglomerate is the extensive sedimentary unit in the
study area. Paleocene-Eocene conglomerate is the
most important rock unit related to Manto-type

copper deposits in the Bardaskan as the host rock for
mineralization. Volcanic activities and rocks in the
study area were formed in non-marine conditions
because no sedimentary units were formed in the
sequence of volcanic rocks and also volcanic rocks
did not show the structure and texture of formation
in sea environment. During formation of
Conglomerate, environment was erosive and water
erosion (rivers) was lead to the formation of
conglomerate. lithological units are eroded and
transported by water, and finally the conglomerate
rock unit is formed, and the environment gradually
turns into the sea and nomulitic limestone is formed.
Conglomerate is a database that show information
and evidences of rock units and alterations before the
erosion period and this unit had been the best choice
for circulation of ore solution for mineralization due
to its porosity. The conglomerate contains rounded
fragments of andesite, pyroxene andesite,
trachyandesite, basalt and basaltic andesite, and also
fragments of intrusive and sedimentary units. At the
base, the conglomerate cement is made of volcanic
units, and it becomes carbonate cement towards the
upper parts.

All phenomena in the conglomerate, especially

alteration, are not related to the time of
mineralization.
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Fig. 1. Location map of the Bardaskan-Doruneh mining belt with the access roads and its position in the geological index
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Fig. 2. Google Earth image of the Bardaskan Manto type copper belt location along with the placement of mines and dip

of lithological and mineralization units
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E-OL: Congl ale, coarse i with minor marly beds

E* Alternation of green marl, sandstone, conglomerate and tuff (Flysch type deposits)
¢: Conglomerate
g: Gypsum with minor marl
¢: Conglomerate and sandstone
sm
E: Tuffaccous sandstone and marl
i Altered tuff
mt : Marl and detrital medium grained tuff

N E
N

v.m
| E: Volcanics, highly altered , minor marl and gypsum intercalations

Ep: White grey weathered, white color marls
E: Pyroxen andesite

 §
B

va
E : Porphyritic andesite

0 G

A 3 2 2
E: Volcanic rocks mainly andesite and trachy andesite

g: Gypsum
e
E : Green and white grey marls

E

ms
| E: Alternation of light green marl and sandstone
I: Limestone

mi, "
2. Greenish grey, and light colour marl

csm
E : Alternation of conglomerate, sandstone and green marl

d: Dacite and dacitic dykes
Py, Conglomerate and coarse sandstone, red massive KERMAN
CONGLOMERATE

PALEOC,

Kl,- Limestone, grey to dark-grey weathered, thick bedded, orbitolina bearing

K Conglomerate and sandstone

CRETAC.
EARLY
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gig. 3: A part of geological map 1:100000 Bardaskan (Shahrabi et al., 2006) with changes -the location of Cu Manto type
eposits
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E": Dark red to dark green,andesite,thrachy andesite and andesite basalt,

E” :Black to dark green basalt and andesite basalt, E':Agylomerate,
E™ :Andesite , pyroxene andesite and andesite porphyry.

PALEOGENE

E" :Alternations of light green to cream,sandstone siltstone,silty marl and thin bedded limestone.
E* :Alternations of green to red Agylomerate,tufflapilli wff and andesite.
E" :Black to dark green.andesite,pyroxene andesite,basaltic andesite and basalt. E' :Cream nummulitic limestone and sandy limestone;

E" :Alternnations of green to grey,sandstone,tffaceous sandstone,marl and siltstone interbedded with limestone.

PE™ :Red 1o green conglomerate and sandstone interbedded with yellow limestone.
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Fig. 4. A part of geological map 1:100000 Doruneh (Qaemi and Mousavi Harami, 2006) with changes - the location of
Cu Manto type deposits
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Fig. 5. Lithological units, mineralization and tectonic structures in the Nasim mine
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Fig. 6. Images of conglomerate in the Zarmehr deposit A: quartz mineral, volcanic rock fragment with plagioclase (green
line) and nummulite fossil (red arrow), B: Various rock fragments, C: Image of hornblende minerals, a veinlet containing
calcium carbonate, a lithic fragment (orange line) and a nummulite fossil (pink arrow), and D: a view of plagioclase and
opaque minerals with nummulite fossil. Abbreviations after Whitney and Evans (2010) (P1: plagioclase, Hbl: hornblende,

Qz: quartz, Opq: opaque, Cal: calcite).
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Fig. 7. Images of conglomerate with different volcanic and intrusive fragments in the Nasim copper deposit. A: (A):
Monzonite with propylitic alteration (Epidote), (B): andesite, (C): shale, (D): Volcanic cement, B: image of conglomerate
fragments, (B): andesite, (E): porphyritic diorite with propylitic alteration (Epidote), (F): pyroxene andesite with
amygdaloidal texture filled with silica and carbonate, (G): andesite, and C: conglomerate with carbonate cement (F):
andesite, (E): pyroxene andesite, (H): carbonate cement. (Ramezaniabbakhsh et al., 2023)
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Fig. 8. the Nasim area A: Mineralized conglomerate, and B: contact of conglomerate and andesite
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Fig. 9. A: Core Box containing limestone and conglomerate -the Nasim copper deposit, B and C: view of conglomerate
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Fig. 10. A: Core Box containing limestone and conglomerate -the Nasim copper deposit, B: conglomerate
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Fig. 11. A and B: Mineralization host rock (conglomerate)- the Mes-e-Sorkh deposit
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Fig. 12. A: lithological sequence and display of host rock in the Kimia copper deposit, and B: view of limestone unit

(hanging wall) and mineralized host rock (conglomerate)
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Fig. 13. A view of zeolite alteration in Mega porphyritic andesite in the Nasim area
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Fig. 14. A view of chlorite alteration in porphyritic pyroxene andesite
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C: plagioclase with chlorite cavity (XPL), and D: plagioclase minerals and chlorite secondary mineral (XPL).
Abbreviations after Whitney and Evans (2010) (P1: plagioclase, Chl: chlorite, Opq: opague).
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Fig. 16. A view of carbonate-clay mineral alteration in limestone unit in the Nasim mine
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Fig. 17. Samples of outcrops with Fe-oxide alteration in the Mes-e-sorkh

Pyroxene Andesite
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Fig. 18. A view of silica alteration in pyroxene andesite in southern of the Nasim copper deposit
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Fig. 19. the Nasim area, images of chlorite alteration A: pyroxene macrocrystals, plagioclase with opaque mineral and
secondary chlorite mineral and feox veinlet (XPL), B: plagioclase, pyroxene, hornblende and veinlet with opaque
minerals (XPL), C: pyroxene, plagioclase and hornblende crystals replacing into chlorite from the margin (XPL), and D:
a view of the secondary mineral chlorite and malachite with andesite fragment (XPL). Abbreviations after Whitney and
Evans (2010) (PI: plagioclase, Hbl: hornblende, Px: pyroxene, Chl: chlorite, Mlc: malachite, Opq: opaque).
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Fig. 20. the Zarmehr area, A view of chlorite alteration in conglomerate unit, mineralization zone
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Table 1. Comparison of copper minerals in terms of Cu, S, Fe, O and CO; contents
Mineral Cu% S% Fe% 0% CO2%
Cu:S 79.85 20.15 - - - Chalcocite
CuS 66.46 35.50 - - - Covellite
CusFeS4 63.31 25.56 11.13 - - Bornite
CuFeS: 34.5 35 30.4 - - Chalcopyrite
Cu20 88.82 - - 11.18 - Cuprite
CuO 79.89 - - 20.11 - Tenorite
Cu2CO3(0OH): 57.50 - - 36.18 20 Malachite
Cuz(Co3)2(OH): 553 - - 37.1 25.5 Azurite
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DOI: 10.22067/econg.2025.1137

\ UL.: Vo9 AFF c&b@‘ ‘f»uwﬁj

\44


https://doi.org/10.22067/econg.2025.1137

b Dl (S 5 gl 3 le e LIS S e

OLSan 5 Sl

6uu:sqom@?\j,;,‘5;muu&ﬂ5nw1§5
ol Js 53 a8 ol SlaassT clacKan glaaakss s oduls
.JJ‘JJ‘}?'}&:‘:&@L{OW

yls CxSe Ao ys O b Y SlaissT laeKan Sl 4 4 5 L
Glaanlss (ol s fox 513 Olemw )3 39 g0 Coiiia
Ol J513 5351 Do) s 1o IS S5 o Ltd25T
L o5 5 4 S SIS il 53,8 e 13
25 o S8 SAT e 5 S8 Dl 055 0 0102
Pl 28 31355 S g Jed SLS Ole S5 55
Sl tdu 55 .l 03 a1 5o JKST LS5 Oloj o OT
el 0 sl s sl SIS 3 ST Ko oYU

by o o 355 o odalin o J8S 13 la L 85 5105 5 K
33 5l o138 1 S Gl s 5 ol K glatabss o,
th_.xj\t},éh?uﬂgg‘eﬁ:;iagbfsjuubﬁdléb
(s et e sl B cpldas oo DLt | | lSS7
bl S 05505 8 ol &Sy 5 S S o 25530
LSS 5 A oo 4 a8 Cal o1l L Ol jen
55 gn ol G3a8 05 Lol en Lo sia oS Slaus
Loy o dil g oo (omabiw 5 aTaST gla Sl S5 (VY JSC2)
Bl 588 A b s S

Jelos 5 o5 350 J o i (Sl 5 5 3L sl
ailate GlayLuilS” )3 G oy Sage S S peo py 3 505
2> AT 555 5 pea Ol 032 Y @ a5 ool o SIS
Jolows cbaiblw ol 53 48 b Fams Ol 55 o (SIS
@l 8 Jglous SVl 8T 51 b 5 e 5l (8 03WIG 58
pedhe i Copm s S SIS L g el sl
58 Lol jen Sl a5 L b o St S SIS
3,5 6 78 s O 5 0 0 35 b otalilin 5185 e SIS
3555 T alse sy 5 Sl ook 51 o 5 o o
Wl J e 03 g2 gl Sy o SIS Lo o gyl SIS

g5 ot LS 53 (oo 5 sl ol e g ar s L
Lwcagrﬁqgjij,ﬂwymﬁﬁu

*5)‘3‘_;""Jﬁ4fj\':s)“L“”\°“L:J°3‘>M@”)>4fﬂt&

S 5 4o

g5 e e Gyl 555 S g w S L
@58 elndl (Ss 0 5 el Ll s e
K 51,0 887 SLaassT sl 5 b 51 sl s
el Ol g AT

5 S K sl Kby dal s (s ol bl s
iiS Gadass pl .l OLSEis L Og)s Sl
2 a s p gy i e flloysn ST 55 SlS ety
Aokl ay JalS b @ e T 0555 53 5 Ll ST 01y 5 dmies
bt GLad i3l e gama Ry (R 8 0l Jol
Gadly) SLad T gladly bl pl 5 a8 ol o SCus
Ghelichkhani et al., ) das o 8l o 5115 (5T
2021

wbod s Ll s s dabte s Jlaa s e 5 ol
RO PRS-

SRS (555 51 o8 (kb 5 (335 Hly Sla s Sl
SISl S ailate 3 1,0 JKS o A aietia cAiplon]
}LSQ—“LSL"“-’}*?“JLSM‘}—&V-“&C‘—“‘“:’F?&Q.}
Jbss bl aen g Cwlpls |y b o) |8 bl g
il 03 51 gima 03le (511 oomilin O joe S (5 u3 5
s oy 5T e ST o (laaalad Ao ys 8 Ly
S S Cope 45 Grestas Gles g 5 SIL I g laanks
Slaaskss 355 o odalin OT )3 gy (slaanks 55 3 umee 5
Ay o adbte Jl i glbcaud js Clbea il s sl
23 YO o) e J8UST a5 s o ity e 8S
] IS 0ol o 5l Wndadad o3Il g Sl it adbate

o&u)ﬁksugku):dw}}-&@&?;YLw

DOI: 10.22067/econg.2025.1137

\a%

Yooyl AV oo 90 NP F (ool u“”uw")


https://doi.org/10.22067/econg.2025.1137

b Ol ((Ss 5 et 53 gle e Sl 55 Jlee O Kan 5 et
Alteration Time Alteration Type Mineral Type Rock Type
After the Conglomerate Carbonate = Chalcocite, Conglomerate
Formation Chlorite + Clay Calcite, Clay
Simultaneously with Mineral Minerals and
Mineralization ] Bitumen
s | |
Silicified Silica Fragments of
Before The Conglomerate Andesite and
Formation Monzonite
Fe-Oxide Goethite, Volcanic Rocks
Limonite, Sedimentary
: = Fragments inside the Hematite Rocks
Conglomerate Celadonite Celadonite Fragments of
Andesite
Carbonate Calcite All Type of
Fragments
Epidote-Chlorite | Epidote, Chlorite | Fragments of
= Sericite Andesite and
Monzonite
Zeolite Natrolite Mega
Porphyritic
Andesite

el G SIS 5 0l a5 b g,3- o SCus e 5 (slas LS 3 Gl Ss gl Y U
Fig. 22. Types of alteration in manto-type mines of Bardaskan-Dorouneh according to time and indicator minerals
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Article History The Tangedozdan zinc and lead deposit is located 25 km northeast of
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Revised: 18 January 2025 rock units from old to new include greenish volcanics, calcareous
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the Holocene time. The limestone to dolomitic limestone unit with
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Ggochemlstry amounts of zinc, smaller amounts of lead and, cadmium in its structure.
Mineralogy In the studied area, a set of formed zinc and fewer lead ores, the most
gmﬁﬁsrggﬁéom'te important in the exogenous part are smithsonite, hemimorphite, and
Tangedozdan cerussite, and in the endogenous part are sphalerite and, pyrite.

Performing XRD analysis with the conventional method shows the
presence of dolomite, smithsonite, and sphalerite. By changing the
decomposition conditions, the structure parameters in Zincian-
dolomites increased simultaneously with the amount of zinc, based on
of this, there is a direct relationship between the zinc amount in the
dolomite and the structure parameters. The study of the Zincian-
dolomite sample by differential thermometry method shows the
reduction of endothermic point and the zinc effect substitution in the
dolomite structure. EPMA analysis of Zincian-dolomite samples show

Sanandaj-Sirjan zone
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dolomitization, it eventually leads to the formation of non-sulfide zinc
minerals such as smithsonite.
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EXTENDED ABSTRACT

Introduction

Based on reproductive indices, the nonsulfide zinc
and lead deposits are divided into two main groups,
endogenous and  exogenous,  mineralogical
characteristics, and geological characteristics
(Hitzman et al., 2003). Non-sulfide zinc minerals,
known as calamine, combine of exogenous zinc
minerals with lead non-sulfide minerals, hydroxide
cherts, and silicates (Boni and Mondillo, 2015; Luke
et al., 2015; Newton, 2013). According to previous
studies, the Tangedozdan zinc and lead deposit with
carbonate host rock of the Mississippi Valley-type
(Delavar et al., 2014) consists of exogenous non-
sulfide zinc minerals (Amiri and Shahrokhi, 2023).
The identification and study of zinc dolomites,
considering their close relationship with non-sulfide
minerals, in addition to the introduction of this
collection, can be effective in broadening the
exploration work and lead to an increase in accuracy
Tangedozdan area in the west of Isfahan province,
10km from Fereydounshahr city and, in the vicinity
of Tangedozdan between longitudes 49°56'30" to
49°57'30" east and latitudes 32°02' to 32°03' north
and, is located in the middle part of the Sanandaj-
Sirjan zone. Rocks in 1/20000 geological map
include volcanic (JKY), sandstone (JK®), crystalline
limestone (C.L.S), limestone to dolomitic limestone
(JK"® and limestone (K*) belonging to the Jurassic-
Cretaceous and the sediments of the Holocene time
(Q*and Q*) the JK" unit is the oldest rock, consisting
of Trachyandesite to andesite volcanic rocks. The
JK'" unit hosts mineral matter and consists of
limestone to thick dolomitic limestone. It is located
east of Tangedozdan with normal contact on the JK"
unit and hosts zinc carbonate mineralization.

Materials and methods

Chemical analysis has been done for 30 samples
taken by ICP-MS method in the laboratory of the Iran
Minerals Research and Processing Center. 10
samples were also analyzed by XRD in the Zarazma
and Binaloud laboratory. Thermal analysis was done
by DTA/TGA in the Iran Minerals Research and
Processing Center laboratory.

To investigate the chemistry of the samples, 36
points were subjected to EPMA analysis in the
Potsdam University Laboratory, Germany.

Result

In the Tangedozdan area, the most important zinc
and lead minerals in the exogenous part are
smithsonite, hemimorphite, and cerussite, and in the
endogenous part sphalerite and to a lesser extent
galena and pyrite.

In the study area, three types of dolomites can be
distinguished based on the color visible in the field.
The first type is dark-colored dolomite. The second
type is yellow to brown, which can be due to the
exogenous oxidation of Fe** in the dolomite structure
(Zabinski, 1980; Motavali et al., 2019; Yang et al.,
2019).

Discussion
Based on these analyses, the main minerals are
dolomite, smithsonite, sphalerite, and pyrite,

secondary minerals are cerusite, hematite, quartz,
barite, calcite, and rare minerals are galena, and
muscovite, illite. Standard dolomite was checked and
identified with cart number 036-0426 and with the
help of Xpert high surplus software. Based on the
Rietveld method in Maud software, two samples
were analyzed and were calculated by the structure a
and c¢ parameters (Monecke et al., 2001). The
selected samples have different amounts of zinc.
Based on this, the lattice parameters a and ¢ in TBA-
14 sample with 2.10% zinc value are respectively
a=4.8092A and c=16.0200A for the TBA-14 sample
with 3.05% zinc value a=4.8130A and ¢=16.0233 A,
and for the TBA-19 sample with 3.56% zinc,
a=4.8170 A and c=16.0310 A were determined,
respectively. The results related to pure calcite and
pure dolomite. The results of differential calorimetry
of two dolomite samples TBA-14 and TBA-19 from
the Tangedozdan area are compared. Sample No.
TBA-14 with 10.2 ppm of zinc element and the
endothermic peak occurred at the approximate
temperature of 503 °C and 595 °C, and a slight
decrease of about 15% can be seen at the beginning
of the peak at the temperature of 126 °C. Also, in the
TBA-19 sample, which mostly contains zinc
dolomite, there are two reactive peaks at 447°C and
509°C, followed by two other reactive peaks at 584°C
and 674°C. Accordingly, increasing the amount of
zinc in the dolomite structure causes a decrease in the
reaction point in the form of a non-linear curve, while
in iron-containing samples such as Ankerite, most of
the reaction curves are linear (Kulp et al., 1951). In
this way and based on this test, the presence of zinc
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in dolomites and the formation of zincian dolomite
in the Tangedozdan area can be seen. To determine
the composition, type, and origin of zinc in the
Tangedozdan area, three samples were selected in
such a way that based on the ICP-MS analysis
performed on the samples, the first type of dolomite
(TBA-15) a zinc content of 82 The second type
dolomite sample (TBA-14) contains 2.10 ppm, and
the third type dolomite zinc sample (TBA-19)
contains 3.56 ppm. The results of the EPMA analysis
show that in the TBA-19 (Zincian-dolomite), in
addition to calcite and dolomite, the amount of zinc
element is higher than the background limit and
indicates the presence of zinc in the dolomite mineral
structure. Based on these studies, three types of
dolomites were detected, according to which the

highest amount is related to Zincian-dolomite in the
TBA-19 sample, followed by TBA-14 and TBA-15
dolomite. In the TBA-16, the ratio of Zn:Mg is from
0.4 to 0.16, while in the TBA-19 Zincian-dolomite
sample, this value varies from 0.39 to 1.04. Based on
the studies, Zincian-dolomite can be identified in the
carbonate part along with zinc and lead non-sulfide
mineralization in the Tangedozdan area. Zincian-
dolomite shows the most distribution along with red
to orange phase 3 dolomites. Based on this, Zincian-
dolomite can be seen in the exogenous phase of the
oxidation zone of the Tangedozdan area. Based on
this, conducting different experiments in this area
indicates the presence of zinc in the dolomite
structure and the formation of zincian dolomite.
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Fig. 2. A: Outcrope of the JKY unit in the near of the Tangedozdan village (Image width 60cm), B : Outcrope of the JK®
unit in the east of the Study area, C: The expansion perspective of JK'¥, C.L.S and K;' units in the east of Tangedozdan
village (view towards the southeast), D: Outcrope of the K" unit in the near of the Tangedozdan village, E: Mining chest
created in JK"' unit, and F: Outcrop of JK"' and K;' units in the east of the studied area
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Fig. 3. Field and microscope photographs of Tangedozdan area. A: Disruption of sphalerite masive mineralization by
pyrite and galena veins (Reflected light), B: Presence of dolomite with dissolution veins (V) and carbonate veins with
opaque minerals, C: Field identification of non-sulfide zinc ores using two-component zinc-zap reagent, and D:
transformation of primary dolomite to iron-bearing dolomite and the presence of zincian-dolomite around Zn
mineralization. Abbreviations after Siivola and Schmid (2007) (Gn: Galene, Sp: Sphalerite, Py: Pyrite, Dol: Dolomite,
Op: Opac, Carb: Carbonate).
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Fig. 4. The XRD pattern of one of Tangedozdan area samples
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Table 1. Minerals in the Tangedozdan samples analyzed by XRD method. Abbreviations after Siivola and Schmid (2007).

Sample Major Minor Trace
No.
TD-01 Dol, Sm, Br Cer, Hem, Cal
TD-02 Dol Cer, Hem, Br, Sm Cal, Qtz
TD-03 Dol, Sm Cer, Hem, Br, Cal Ms, Qtz
TD-04 Dol, Sm Cer, Hem, Br Cal, Qtz
TD-05 Dol, Sm, Cer, Hem,Br Cal
TBA-11 Dol, Sph, Cer Gn, Qtz Cal, Qtz, Br
TBA-15 Dol, Gn,Sph Br, Qtz Ms
TBA-14 Dol, Py, Gn, Qtz Sph, Br Ms, 1l
TBA-16 Gn, Dol, Cer, Sph Br, Qtz Py, 1l
TBA-19 Dol, Sm Sph, Qtz, Hem Br
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Table 2. Lattice parameters of dolomite for the Tangdedozdan samples
Crystallographic parameters
Sample No.  Zn (%)
a(A) c(A)
TBA-15 0.55 4.7900 15.8111
TBA-14 2.10 4.8092 16.0200
TBA-16 3.05 4.8130 16.0233
TBA-19 3.56 4.8170 16.0310
TBA-11 5.00 4.8200 16.0388
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Fig. 6. A: Differential calorimetry curve for pure dolomite, B: Differential calorimetry curve for pure dolomite, C:
Differential calorimetry curve for TBA-14 sample, and D: Differential calorimetry curve for TBA-19 sample
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Table 3. Results of chemical analysis of three samples performed by EPMA method in the Tangedozdan area
(T1=TBA15, T2=TBA14, T3=TBA19)

Point

No. Type Zn Pb Ca Mg Mn Fe Cu Ba Ni Sr Zn/Mg Si  Total
1 T1 0 0 2249 1211 0.10 0 013 012 004 O - 012 3511
2 T1 0 041 2167 1273 0 035 010 0 0.07 0.03 - 0.02 35.38
3 T1 0 0 2327 1226 O 026 012 055 0 0.04 - 0.12 36.62
4 T1 0 0.29 2299 13.07 0.04 0 011 0 010 O -- 0.03 36.63
5 T1 0 0 2244 1234 O 052 0.16 046 0 0.09 -- 0.07 36.07
6 Tl 0 0 2106 1350 024 005 025 O 0 0 - 0.08 35.18
7 T1 0 0.65 2254 1208 008 075 021 O 0 0 - 0.04 36.30
8 T1 0 0 2107 1349 022 066 018 022 0.11 0.12 - 0.02 36.74
9 T2 0.48 0.07 2234 1201 O 051 015 O 0 001 004 001 3562
10 T2 052 025 2005 1301 059 079 012 O 0 0 0.04 003 35.36
11 T2 0.68 0 2129 1271 0.09 041 009 002 © 0 0.05 002 3531
12 T2 075 012 2110 1270 O 113 007 O 0 0 0.06 0.02 35.89
13 T2 089 015 2085 1339 055 .09 011 0 008 O 0.06 0.03 37.00
14 T2 099 0.01 2250 1310 O 035 012 002 0 002 0.07 0.03 3714
15 T2 110 041 2130 1250 009 114 015 O 012 O 0.07 0.06 36.87
16 T2 122 001 2240 1231 O 088 012 0 0 0 0.09 005 36.99
17 T2 142 022 2112 1270 012 0.66 007 O 0 0 010 0.03 36.26
18 T2 165 018 21.01 1341 O 099 008 0 007 O 012 0.09 37.48
19 T2 190 013 2222 1211 O 121 006 O 0 0 0.16 0.04 37.67
20 T3 311 015 2265 8.01 004 005 0 0 0 003 0.39 0 3404
21 T3 351 055 2201 851 001 0 002 O 0 001 041 0.1 3472
22 T3 429 231 2099 749 0.18 0.19 0 001 O 0 060 0.05 3551
23 T3 508 020 2235 892 001 021 0 001 o0 001 060 015 3694
24 T3 532 031 2200 769 0.04 051 0 0 001 001 069 0.04 3593
25 T3 589 239 1965 795 007 049 010 O 0 0 0.74 0 3654
26 T3 6.05 309 208 735 022 007 011 O 0 0 082 0.06 37.80
27 T3 6.65 271 2001 781 001 0.09 0 001 O 0 085 0.01 37.30
28 T3 6.90 249 2065 7.09 008 0.11 0 0 0 001 097 009 3742
29 T3 722 221 2006 748 0.04 0.12 0 0 001 O 096 007 3721
30 T3 765 239 1979 6.89 005 0.07 0 001 o0 001 111 005 3691
31 T3 780 215 2085 636 001 008 010 O 0 0 1.23 0 3725
32 T3 795 259 2001 681 006 011 0 0 0 001 117 0.01 3754
33 T3 799 261 2060 7.08 0.16 0.09 0 0 0 0 1.13 0.1 39.59
34 T3 810 321 19.06 851 0.04 0.10 0 001 O 0 095 018 39.21
35 T3 880 351 1955 811 008 0.13 0 0 0 0 1.08 011 39.74
36 T3 801 277 2098 771 0.09 0.08 O 0 0 0 1.04 014 38.78

Mr* - 2023 0 1232 754 041 207 0 0 0 0 0.19 42.76

DL. - 450 220 289 310 250 250 170 340 300 270 340 ------
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Fig. 7. The diagram for the results of point analysis and separation of three types of dolomites with the help of zinc assay

in the Tangedozdan area
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Fig. 8. A: EDS spectrum of a dolomite mineral sample in the Tangedozdan area, and B: Electron microscope image of
hemimorphite (Hm) and smithsonite (Sm) minerals (Mandarino and Back, 2004) in the Tangedozdan area. Abbreviations
after Siivola and Schmid (2007) (Hm: Hemimorphite, Sm:Smithsonite).
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Fig. 9. Different compositions of dolomite of Tangedozdan area in the triangular diagram of CaZn(COs3),, CaMg(COs3)a,

Ca(Fe,Mn)(CO3),. (Boni et al., 2011)
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1. XRD: X-ray diffraction

2. EPMA: Electron probe micro-analyzer

3. EDS: Energy-dispersive X-ray spectroscopy
4. BSE: Back-scattered Electron Detector

5. ICP-MS: Inductively coupled plasma mass spectrometry
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6. DTA-TGA: Differential Thermal Analysis-Thermal Gravimetric Analysis
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The Dogan copper-molybdenum deposit is located in the northern Central
Iranian magmatic arc, south of Shahrood. Mineralization in this area is
caused by the injection of a microdioritic subvolcanic intrusion into Eocene
volcanic rocks. Mineralization occurs frequently as veins, veinlets, and
disseminated ores and is mineralogically composed of primary minerals like
pyrite, chalcopyrite, bornite, and molybdenite as well as secondary minerals
like chalcocite, iron oxides and hydroxides, and malachite. The alteration
zoning in the Dogan deposit is circular and concentric and changes from
potassic in the central part to phyllic alteration and then propylitic alteration
in the margins. Some parts of argillic alteration are observed in the upper
and surface parts of the phyllic zone. The fluids producing potassic
alteration were rich in liquid and a small amount of steam (L + V), had a
high temperature (398 to 513°C), and a high salinity (50 wt% NacCl),
according to fluid inclusions studies. These fluids were most likely
magmatic in origin and were responsible for the formation of the V1 and
V2 veins. The activity of meteoric fluids containing liquid vapor phases (V
+ L) with lower temperature (210 to 360°C) and salinity less than 10 wt %
NaCl causes phyllic alteration (V3 veins). In terms of geochemistry, the
studied igneous samples are adakititc in nature and are located in the domain
of calc-alkaline magmas of the active continental margin. The presence of
potassic alteration in surface and deep cores, the high salinity and
temperature of hydrothermal fluids, the type of mineralization
(disseminated and vein-veinlet), the high potential of copper and
molybdenum, and the zonation of existing alterations are all indicative of a
porphyry system. The Dogan mining area is similar to copper-molybdenum
porphyry deposits in terms of tectonic environment of formation, host rock
type, texture and structure, mineralogy, and alteration zonation.
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EXTENDED ABSTRACT

Introduction

One of the ore-bearing magmatic arcs in the northern
structural zone of Central Iran is the Toroud-Chah-
Shirin magmatic arc (TCMA) (Fig. 1A). It hosts a
significant volume of Eocene volcanic and
pyroclastic rocks and equivalent subvolcanic and
intrusive bodies. According to the distribution of
mineralized systems in the aforementioned
magmatic arc, the majority of the ore deposits under
investigation are epithermal (see, for instance, Sheibi
and Mousivand, 2018; Mehrabi and Ghasemi Siani,
2012; Tale Fazel et al., 2019). This study has shown
the geological proof of a typical Cu-Mo porphyry ore
deposit at Dogan, which is 130 km southeast of
Shahrood (in the province of Semnan) and 18 km
north of the village of Toroud.

Materials and methods

Precise microscopic investigations of mineralogy,
texture, and mineralography were made on 10 thin
and 27 thin-polished sections. In the Vancouver
(ACME) laboratory in Canada and the TU Clausthal
laboratory (IELF) in Germany, whole rock
geochemistry of microdioritic samples with the least
alteration was examined by XRF, ICP-OES and ICP-
MS methods. Fluid inclusion thermometry is
measured using the Linkham MDSG600
heating/freezing stage at the economic geology
laboratory of the Shahrood University of
Technology. At the Clausthal Laboratory (IELF) in
Germany, the Linkham MDSG600 heating/freezing
stage and the XRD methods have been used to
identify some very fine fluid inclusion analyses and
clay minerals, respectively.

Results

A subvolcanic intrusion was introduced into Eocene
volcanic rocks, resulting in the development of the
Dogan Cu-Mo deposit. The microdiorites have a
distinct LREE/HREE fractionation and are enriched
in large ion lithophile elements (LILE) and depleted
in high field-strength elements (HFSE). In addition,
the Nb and Ti negative anomalies indicate
a magmatic arc signature. However, they differ from
typical volcanic arc magmas geochemically due to
having SiO; >40 wt.%, Al;0s>10 wt%, 1<MgO<5
wt%, Sr>200 and Y>18 ppm, along with the

depletion of HREE have adakititc affinities. Based
on field and laboratory studies, potassic alteration,
propylitic, phyllic, argillic alterations have been
detected in the Dogan deposit. Potassic alteration is
located in the central part of the system and varies
from abundant potassium feldspar veins in the
superficial parts to microdiorite containing abundant
hydrothermal biotites and potassium feldspar in
boreholes. For the samples that have undergone
potassic  alteration, the  fluid inclusion
homogenization temperature is greater than 590°C
and is similar to values found in other porphyry
deposits. This alteration also led to the formation of
two known mineralized veins, namely Vi: quartz +
potassium feldspar + biotite + pyrite + magnetite +
chalcopyrite, and Vj: potassium feldspar +
anhydrite/gypsum + pyrite + molybdenite +
chalcopyrite. Sericitic (phyllic) alteration in Dogan
is frequently restricted to the fractures where quartz,
sericite, and pyrite have been produced as a result of
hydrolysis of the potassic- altered rocks.

In phyllic altered rocks, the majority of third type
veins (V3) containing quartz and trace amounts of
pyrite + chalcopyrite + bornite have been observed.
Like many copper and copper-molybdenum
porphyry systems (for example: Lepanto Far
Southeast deposit in Hedenquist et al., 1998),
advanced argillic alteration is observed exactly in the
upper part of the Dogan deposit. Significant amounts
of Na, Ca, and Mg are removed from the structure of
pre-existing minerals during this process due to the
low pH (Clark et al., 2003). Propylitic alteration is
found at the periphery, from the surface to medium
depths, and close to phyllic and argillic alteration in
the Dogan deposit.

Discussion

The microdirotic intrusion has formed at an active
continental margin with an adakitic nature. The
hypogene sulfide mineralization occurs mainly as
disseminated chalcopyrite and pyrite, typically in the
matrix or associated stockworks containing
potassium feldspar-gypsum/anhydrite, especially in
the rocks affected by potassic and phylic processes.
The fluids producing potassic alteration are rich in
liquid and less vapor (LV); they have high
temperatures (398 to 513°C) and high salinity (more
than 50 wt% NaCl). These fluids have a magmatic
origin and are considered to be the cause of
mineralized veins. Phyllic alteration is caused by the
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activity of fluids containing vapor and liquid phases
at lower temperatures (210 to 360°C) and less than
10 wt% NaCl salinity.

The low temperature homogenization of the fluid
inclusions in phyllic altered rocks (210°C) indicates
that the thermal gradients have decreased and the
meteoric fluids have flowed. In the next stage with
decreasing temperature, the addition of significant
amounts of meteoric fluids causes Na-Mg-Ca
metasomatism and a mineral assemblage of
propylitic alteration, i.e., epidote, chlorite and

calcite. The subvolcanic nature of the host rocks

(microdiorite) and their formation in the magmatic
arc, the presence of potassic alteration evidence in

surface and drilled cores, the salinity and high
temperature of hydrothermal fluids, the type of
mineralization (disseminate and vein-veinlet), the
high potential of copper and molybdenum, and
zonation of existing alterations all indicate the
occurrence of a porphyry system. Geologists should
be motivated by the supplied information to look for
undiscovered porphyry systems in the Toroud-Chah-
Shirin and other Iranian magmatic arcs.
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Fig. 1. A: The location of the Dogan ore deposit in the structural zone map of Iran, B: Location of the Toroud-Chah Shirin
magmatic arc and the Dogan and Chah -Musa deposits, and C: A geological map prepared from the Dogan copper deposit.
Structural data are adapted from Tadayon and Katal (2020). The locations of the collected samples and drilling holes are

shown.
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Fig. 3. Field and microscopic evidences from potassic and phyllic alterations in the Dogan deposit. A and B: Close views
of K-feldspar veins in the outcrop and boreholes, respectively, C: Microdiorite affected by potassic alteration containing
abundant K-feldspar and magmatic biotites, D: Photomicrograph of magmatic biotite adjacent to the secondary ones in
XPL (BH17-267), E: Photomicrograph of K-feldspar vein in microdiorite (BH17-88), F: Photomicrograph of a vein
resulting from potassic alteration in which K-feldspar, gypsum, anhydrite, and some calcite are present from margin to
center (BH17-188), G and H: Photomicrographs of magnetite, pyrite, chalcopyrite and molybdenite in reflected light, I:
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Fig. 4. Field and microscopic evidences from phyllic and argillic alterations in the Dogan deposit. A: Development of
phyllic alteration in brecciate microdiorite associated with supergene copper sulfide and iron oxides, B: Photomicrograph
of sericitization of plagioclases, C: A gypsum vein resulting from potassic alteration overprinted by phyllic alteration
(quartz-sericite). The quartz vein contains pyrite mineralization, D and E: Photomicrograph of clay minerals the argillic
zone, and F: X-ray diffraction results of SK161 affected by argillic alteration. Abbreviations after Warr (2021) (Kfs: K-
felspar, Gp: Gypsum, Ser: Sericite, Qz: Quartz, Cly: Clay minerals and Py: Pyrite).
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Table 1. A variety of vein types in the Dogan deposit
Group Minerals Alteration Other
First group . . . . . . . L
(V1) Orthoclase+anhydrite/gypsum-+pyritexchalcopyritetmagnetite Potassic With Cu mineralization
Second QuartztK- Potassic With Cu-Mo
group (V2) feldspare+pyrite+molybdenitetchalcopyritexmagnetite mineralization
gr(-)ruhplr((ils) Quartz+pyrite+chalcopyrite+bornite Phyllic With Cu mineralization
Fourth None mineralization and
group (V) Quartztgypsumzcalcite - produced by tectonic
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Fig. 5. The hand specimens and photomicrographs of the identified vein types in Dogan. A: Closed view of V1 containing
K-feldspar and secondary biotite, B: Photomicrograph of V; consisting of K-feldspar and quartz, C: Photomicrograph of
magnetite at V1 in reflected light, D: Closed view of the mineralized anhydrite vein (V) which is subsequently cut by
later veins (V.), E: Photomicrograph of V, vein containing K-feldspar and anhydrite, F and G: Photomicrographs of K-
feldspar veins containing magnetite, chalcopyrite, pyrite and molybdenite, respectively, H: V3 vein is developed around
strongly modified V1; the remnant K-feldspars can be seen in these veins, I: Photomicrograph of a quartz vein containing
chalcopyrite, pyrite and magnetite, J: Photomicrograph of quartz veins without mineralization, K: Late calcite veins (V4)
cut the previous veins, L: Photomicrograph of quartz veins without ore in transmitted light M: Late calcite veins (V4) cut
the gypsum and quartz veins. Abbreviations after Warr (2021) (Bt: Biotite, Kfs: K-felspar, Qz: Quartz, Gp: Gypsum, Cal:
Calcite, Py: Pyrite, Mag: Magnetite, Hem: Hematite, Mol: Molybdenite).
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Table 2. Geochemical analyses data of the of the Dogan deposit. The oxides of the major elements are reported as wt.%
and trace and REEs in ppm.

No. BH4-120 BH17-188 BH17-249 BHI8-62

Long. 312654 312655 312655 312757
Lat. 3938709 3939043 3939043 3939249
Rb 61.1 42.2 41.6 138

Cs 1.1 <0.1 1.6 -
Sr 415.6 404.1 881.5 273
Ba 279 347 294 337
Y 18.9 8.1 14.4 -
La 12.1 11.7 19.1 -
Zr 7.7 50 95 92
Ce 26.1 21.3 355 -
Th 3.4 2.2 4.6 -
Nb 3.6 2.6 3.7 -
Ta 0.4 1.5 1 -
Pr 3.41 2.7 4.52 -
Nd 16.4 11.1 20.2 -

U 0.9 0.4 1.1 -
Sm 3.65 2.19 3.76 -
Eu 1.18 0.77 1.19 -
Gd 3.91 2.17 3.57 -
Th 0.54 0.29 0.45 -
Dy 3.18 1.8 2.54 -
Er 1.86 0.89 1.48 -
Tm 0.27 0.13 0.19 -
Yb 1.69 0.74 1.32 -
Lu 0.22 0.1 0.2

SiO02 47.87 51.87 56.08 39.54
TiO2 0.69 0.31 0.59 0.64
Al2O3 16.78 10.7 18.57 19.91
MgO 5.01 1.35 3.2 4.2
Na.O 242 1.99 4.31 1.57
K20 2.51 2.37 1.71 4.33
LOI 0.18 0.54 0.35 8.529
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Fig. 7. Geochemistry of subvolcanic microdiorite intrusion of the Dogan deposit and the Chah-Musa subvolcanic
intrusion (Sheibi and Mousivand, 2018). A: Zr/TiO, versus Nb/Yb diagram from Winchester and Floyd (1977) to
determine the lithological composition, B: Th/Yb versus Ta/Yb diagram (Pearce, 1983) to determine the magmatic series;
N-MORB and OIB values from Sun and McDonough (1989) and continental crust (CC) from Rudnick and Gao (2003),
C and D: Chondrite normalized REE pattern (Boynton, 1984) and Primitive mantle-normalized trace element spider
diagrams (Sun and McDonough, 1989), E: AFM diagram to determine the Magmatic Series (Irvine and Baragar, 1971),
F: Sr/Y versus Y plot (Martin, 1999), and G: Nb versus Y plot to determine tectonic setting of the igneous rocks (Pearce
etal., 1984)
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Table 3. Microthermometric Data for 57 fluid inclusions in the Dogan deposit. N represents the number of measured

fluid inclusions. Fluid salinity was calculated based on Bodnar (1993).

. Vapour ..
Sample Host  Alteration L o Salinity (Wt% .
code Mineral type Fltype FIA Type N l;(;ltlil(zl Tmice("C) NaCl) TH(C)
FIA -17.22 to - 185.20 to
4 Vo320 1520 2.95t0 16.50 24187
FIA 195.62 to
b2 T 5, LV o4 30 -2.8310-9.32  4.64t013.17 222 81
- uartz (V) 1tic rima
e A L4V 2 25  -185t0-491 32510774 12224t
-3 o o : ' 200.23
FIA 198.74 to
4 VIL 4 80 -155t0-11.73 25210 15.67 950,12
FIA 169.20 to
4 VAL 8 20 -157t0-13.16 2541016.98 360,16
BH17- Quartz propylitic . FIA 225.38 to
960  +Pyrite - phyllic Primary ~ 5" V4L 3 10 -482t0-798  7.52t011.5 35074
F_If V+HL 1 30 -3.77 6.30 222.10
FIA 195.30 to
4 LV 510 30410-13.54 49710 17.39 23110
BHI747 Quartz propyliic Primary o' L+V 2 20 22610420 3.70t0 6.4 235'5032“’
FIA
5 Lvo2 30 2.87t0-5.69 4.65t08.62 225.06to 226
Gypsu
7o F_If* LtV 7 20  -356t0-16.34 42%37%0 322';;2“)
ydrite FIA 10.81 47 51 " 299 | 5t
BH17- uartz . . -l 1o - <110 -0 1o
280 fpyme potassic ~ Primary o LTV 3 30 15.32 55.95 438.97
+
FIA 15.73 to 204.53 to
Cha?co 3 V+L 2 60 -7.47 t0 -9.63 5376 450 80
pyrite
FIA -12.35 to - 57.82 to 450.32 to
g Vo2 12.90 59.40 480.42
Gypsu
BHI17- . . FIA -10.62 to - 485.15 to
330 m/Aph potassic ~ Primary 5 L+V 6 20 13.53 50.67 to 59.4 58029
ydrite
FIA 58.35 to 502.36 to
5 LHVo2 30 -99710-1048 5255 562.47
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Fig. 8. A-D) Microscopic images of different fluid inclusions

Q\f)é

studied in quartz, gypsum, and anhydrite minerals; A:

Liquid-rich (L+V) and gas-rich (V+L) two-phase fluid inclusions in the gypsum vein, B: Liquid single-phase inclusions
(L) in the anhydrite vein, C: Individual and primary fluid-rich two-phase inclusions in the quartz, and D: Secondary fluid
inclusions in the quartz; E) Graph of homogenization temperature versus salinity of fluid inclusions in the Dogan deposit
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Table 4. Comparison of Dogan deposit with the major porphyry Cu-Mo deposits of Iran and the world

Escondida, Los

Dogan Songoun Sarcheshmeh Pelambres (Chile)
Tsi?c:?r?g;c Magmatic arc Magmatic arc Magmatic arc Magmatic arc
. . Diorite- Quartz monzodiorite- Trachyandesite- L .
Host intrusion Microdiorite Granodiorite Granodiorite Diorite-Dacite
Wall rock Po;assw-_P_h_yllc- Potassic- Phyllic- Potassic- Phyllic- Potassic-Phylic-
- rophilitic- A A o
alteration Argilic Silicification Silicification Prophilitic- Argilic
Ore textures Stockwork Stockwork Stockwork Stockwork
Comudities Cu+Mo Cu+Mo+Au+Ag Cu+Mo+Au+Ag Cu+Mo
Cu=0.6%
' Cu=95 Mt
- = Y = 0 = 0 = !
Ore grade Cu=0.75%, M0=0.01% M0=0.02%, Au=0.27 Mo=14 Mt

gr/t, Ag=3.9 g/t

Structural zone

North Central
Iran

Urumieh- Dokhtar

Urumieh- Dokhtar

References

Present study

Zarasvandi et al.,
2005; Calagari, 1997

Zarasvandi et al.,
2005; Waterman and
Hamilton., 1975;
Aghazadeh et al.,

Perell6 et al., 2012;
Richards et al.,
2001

2015

(ol SIS i 5l 503 g 0kiST &ils 5 (5l anS -8y o) g
3 g (e SIS sl sla LS 51 Sils
oS 5 pubop —enS (o SIS 56 (a1 5 Ciild 5
4 Qlfj: LGS s db;; sl ovL.i:J.:g.iJ S YL Q.AT
Sl BB 555 o idm 53 Sl Sl 03 S a0n S5
e ol (Bl 3 alus p my (Lo S5 e 5 S
5 e es 18 S LT Sl B 5l gl i adl . aS o
ablw bw g oYU ol i ;5 Jlab LgLAJ_Mf s Shas

& 5 dom
S s a0 08 55 (255035 S 5 Gad Ao 035
— ot 25U Sy e 5 Gau P e s e — ST
3 e gl ol SLadnsT saeKun ol ot 04 5
o JKS™ (0 b 5 K ale I olaaYole L1 ,e 8T
s 4 Sy 5590 0 53T SR & ) o S 4y A
s o e Ll oS a8 5 Shee

M@‘JMK&J\)UW)&)&»)J}GJ_Q;’_‘ABJI

DOI: 10.22067/econg.2025.1063

VYO

Yooyl AV oo 90 NP F (ool u“”uw")


https://doi.org/10.22067/econg.2025.1063

)b&ﬂ)xd-@f*&&bhl{(:}JAUQJ})‘_}@}JW

Q‘)&a&j 6)-)&»:‘

s o DL (6 585 5 O 5

8o ool
el 0230l O M a5 s )5 &6 S n

EIEPEY
41wﬁ;,@\ﬂowrwbaaxu&g;@éb}\

sh g 15,08 LalS

1. Toroud- Chah Shirin Magmatic Arc (TCMA)
2. Applied Conservation Macro Ecology (ACME)
3. Institut fir Endlagerforschung (IELF)

4, X-Ray Diffraction

5. Heavy rare earth elements (HREE)

6. Large ion lithophile elements (LILE)

7. Lepanto Far Southeast
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system of the Changarzeh deposit using fractal analysis and field
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. has led to the formation of duplex structures.

*Corresponding author

Reza Alipoor

(2 r.alipoor@basu.ac.ir

How to cite this article

Hajiloo, S.Z., Alipoor, R. and Hosseinkhani, A., 2025. Fracture Analysis of the Changarzeh Pb-Ag Deposit in the Malayer-Isfahan
Metallogenic Belt, Northeastern Isfahan. Journal of Economic Geology, 17(1): 129-151. (in Persian with English abstract)
https://doi.org/10.22067/econg.2025.1126

©2025 The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution
@ ® (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as long as the original
= authors and source are cited. No permission is required from the authors or the publishers.


https://doi.org/10.22067/econg.2025.1126
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir
https://www.um.ac.ir
https://doi.org/10.22067/econg.2025.1126
https://doi.org/10.22067/econg.2025.1126
mailto:r.alipoor@basu.ac.ir
https://doi.org/10.22067/econg.2025.1126
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/econg.2025.1126
https://orcid.org/0009-0003-1430-6684
https://orcid.org/0000-0003-0596-6296
https://orcid.org/0009-0001-0315-481x
https://creativecommons.org/licenses/by/4.0/

Hajiloo et al.

Fracture Analysis of the Changarzeh Pb-Ag Deposit in the Malayer-1sfahan Metallogenic Belt ...

EXTENDED ABSTRACT

Introduction

The Malayer-Isfahan metallogenic belt is one of the
most important Pb-Zn (Ag) mineralization zones in
Iran, trending northwest-southeast and located
within  the  Sanandaj-Sirjan  structural  zone
(Karimpour and Sadeghi, 2018; Rajabi et al., 2012).
Most of these deposits are formed in siltstones and
carbonate rocks from the Lower to Upper
Cretaceous, as well as sandstones and shales of
Jurassic age. The tectonic setting for the formation of
sediment-hosted Pb-Zn deposits in the Malayer-
Isfahan metallogenic belt was a back-arc extensional
basin between the Central Iran and Sanandaj-Sirjan
zones during the Early Cretaceous (Niroomand et al.,
2019). The oblique convergence between the
Arabian and Eurasian plates, which led to the closure
of the Neo-Tethys Ocean, resulted in significant
shortening, ductile and brittle deformation,
accompanied by the formation of deep basement
faults within an extensional setting (Mohajjel and
Fergusson, 2014). These faults were later reactivated
during subsequent compressional phases, forming
imbricate thrust systems and duplex structures,
leading to further deformation (Agard et al., 2005).
The Changarzeh deposit is structurally located in the
central part of the Zagros orogen and within the
Sanandaj-Sirjan zone. The Triassic rock units are the
most prevalent in the Changarzeh deposit area,
primarily consisting of the yellow and brown
dolomites of the Shotori Formation and the
calcareous shale-siltstone of the Nayband Formation.
Olive and gray shales of the Early Jurassic Shemshak
Formation overlie the Triassic seguences.
Geographically, the Changarzeh Pb-Ag deposit is
located in the southeastern part of the Malayer-
Isfahan metallogenic  belt, approximately 75
kilometers northeast of Isfahan city and about 26
kilometers southeast of Natanz city. Therefore, in
this study, the fault and fracture system of the
Changarzeh deposit has been investigated through
fractal analysis and field surveys.

Materials and methods

In this study, to accurately investigate the fractures
of the Changarzeh Pb-Ag deposit, fault maps of the
mining area were initially prepared using existing
geological maps and Google Earth satellite images.
Subsequently, fractal analysis was conducted using

the box-counting method (Log-Log), where the study
area was divided into smaller boxes, and the fractal
dimension was calculated for each box. The results
of the fractal dimension calculations for the faults
and their density were then compared with Pb grade
data from exploratory trenches. Additionally, field
surveys were carried out in multiple stages to
examine the geometry and kinematics of the faults.
In this context, the mine tunnels and the trenches
significantly contributed to identifying faults
geometry.

Result

Fractal analysis results indicate that the highest
frequency of fault trends in the study area is observed
for the NW-SE (N30W to N35W) and NE-SW (N25
to N30E and N70E to N75E) trends. The plotted
diagrams for the fractal dimensions of the faults in
six boxes of the study area indicate that F and E
boxes have the highest fractal dimensions.
Comparing the fractal dimensions and the
distribution of Pb content across different sections of
the study area reveals that zones F, E, and D, which
have the highest fractal dimensions for the faults,
also exhibit high Pb percent grades. In fact, the
southern half of the study area shows the highest Pb
percent, while the northern half, which has the lowest
fractal dimensions for the faults, displays lower Pb
percent grades. The most important fault structure
influencing the Changarzeh deposit is the
Changarzeh fault with NE-SW trend. This fault
divides the study area into the Abanbar and
Takhtchal zones. The attitude of the Changarzeh
fault is N30E/75SE and a 30° rake angle, exhibiting
a left-lateral strike-slip movement.

Discussion

The most important mineralized faults in the
Abanbar zone have a trend ranging from N10W to
N65W and exhibit a steep dip of 70 to 80 degrees
toward the NE. In this zone, some faults also have
the same trend but with a gentler dip of
approximately 40 to 65 degrees toward the SW and
do not exhibit mineralization. In the Takhtchal zone,
the faults with a NW-SE trend are the primary
structures controlling mineralization. These faults
generally have a strike between N70W and N8OW
and, similar to the Abanbar zone, exhibit a dip
toward the NE. It seems that in both zones, the NW-
SE trending faults are the primary structures
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controlling mineralization, and these have been
displaced by NE-SW trending faults. Additionally,
the NW-SE trending joints have been displaced by
joints with a NE-SW trend. The fault system in the
study area is generally related to secondary or lateral
fractures of the main strike-slip Changarzeh fault,
which exhibits a left-lateral shear mechanism. In the
study area, most of the NW-SE trending faults are R-
type fractures related to the Changarzeh fault zone,
which likely formed during the final phase of the
deformation of this fault. X-type fractures related to
the Changarzeh fault zone have also formed, leading
to main structural complexities. Additionally, T-type

fractures have developed in some parts of the study
area. Also, along the Changarzeh main fault, duplex
structures have formed in the T2 dolostone unit.
These compressional structures developed at the
bend of the main resulted from the left-lateral shear
movement.
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Table 1. Pb Concentration in 43 samples from trenches in Changarzeh deposit

SampleNo. Pb (%) SampleNo. Pb(%) SampleNo. Pb(%) SampleNo. Pb (%)
Ch-Ab-21 20.12 Ch-Ab-34 3.85 Ch-Tkh-9 1.10 Ch-Tkh-20 3.21
Ch-Ab-22 20.41 Ch-Ab-35 2.46 Ch-Tkh-10 17.02 Ch-Tkh-32 6.45
Ch-Ab-23 2.84 Ch-Ab-45 1.10 Ch-Tkh-11 16.41 Ch-Tkh-33 4.25

Ch-Ab-24 18.02 Ch-Tkh-1 8.25 Ch-Tkh-12 1.16 Ch-Tkh-36 6.82
Ch-Ab-25 19.68 Ch-Tkh-2 7.08 Ch-Tkh-13 1.45 Ch-Tkh-37 11.19
Ch-Ab-26 16.37 Ch-Tkh-3 9.45 Ch-Tkh-14 20.03 Ch-Tkh-38 5.39
Ch-Ab-27 7.65 Ch-Tkh-4 6.74 Ch-Tkh-15 19.32 Ch-Tkh-39 7.45

Ch-Ab-28 18.21 Ch-Tkh-5 15.32 Ch-Tkh-16 18.62 Ch-Tkh-40 3.35
Ch-Ab-29 14.51 Ch-Tkh-6 14.62 Ch-Tkh-17 6.74 Ch-Tkh-41 11.12
Ch-Ab-30 12.32 Ch-Tkh-7 15.52 Ch-Tkh-18 512 Ch-Tkh-42 1.17
Ch-Ab-31 8.06 Ch-Tkh-8 17.15 Ch-Tkh-19 1.18 Ch-Tkh-43 1.87
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Fig. 4. Pb Distribution map with faults in the six boxes of the Changarzeh deposit
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Fig. 5. A: Outcrop of the left-lateral Changarzeh fault with duplex structures, B: The outcrop of the Changarzeh fault
zone, C: The Changarzeh fault plane with a 35° rake angle and fault plane stereonet, and D: Outcrop of the Changarzeh

fault plane in the T2 dolostone unit

DOI: 10.22067/econg.2025.1126

VFY

\ BJLQ.:' Vo9 NFF ‘6bm| ‘f»uw)


https://doi.org/10.22067/econg.2025.1126

e Olgionl = Me G155 A0S 5305 Ko 0,8 5y HLilS” (sla KauSls Julows

Slabio b Juf wg B o) Koo JLuilS 55 |8 sl 55 il 58 St s NBOW/TONE Sloas s b L8 agy :A 1 S
5 o sSae S 55l bax p3 Ve K w55 s NAOW/BESW olasein b LS aomis :1C UICT gy 55 (5o 557 Lol s s N1ISW/BONE

DBIOT gy 55 S ambn g ol b el jad o s 5187 5500 5 a2 53 90 &S5 5 w515 2515 b S amio D 5 JuF amis i g il
Fig. 6. A: Fault zone with N30W/70NE attitude and mineralization along the fault in the Changarzeh deposit, B: Fault
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a 70° rake angle, displaying reverse faulting mechanism and fault plane stereonet, and D: Fault plane with a 65°rake angle
and reverse faulting mechanism with fault plane stereonet in the Abanbar zone
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Fig. 7. A: SC fabric represents a fault zone with a reverse mechanism and no mineralization mineralization in the
Changarzeh deposit, B: The thrusting of the T2 dolostone unit over Jurassic shales due to the activity of a thrust fault with
N20W/60SW attitude, C: A fault zone with N50W/80NE attitude and a 60° rake angle, accompanied by mineralization
along the fault plane, and D: A fault with N30W/70NE attitude and 80° rake angle, exhibiting a reverse mechanism
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Fig. 8. A: Fault plane with N65W/85NE attitude and a left-lateral strike-slip mechanism in the Takhtchal zone, B: Fault
zone with N70W/80NE attitude, with a 10° rake angle and a left-lateral strike-slip mechanism. Cu carbonate silicates
have formed on the fault surface, C: Fault with N8OW/78NE attitude and a 30° rake angle, with no mineralization in the
Takhtchal zone, and D: Thrusting of the T2 dolostone unit over the J1 shale unit due to the activity of a fault zone with

N74W/50NE attitude
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Fig. 9. A: Fault outcrop with a NE-SW trend in the T2 dolostone unit, B: Close-up view of the fault with a 70° rake angle,
C: Two fracture systems with NW-SE and NE-SW trends in the Takhtchal zone, and D: Fracture set oriented between
N10E and N30E and dip between 48° and 60° toward the NW, and lacking mineralization
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secondary fractures related to the Changarzeh fault zone in the Changarzeh deposit. Colors represent different types of
fractures.
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