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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).
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Fig. 3. Paragenetic sequence of the three stages of mineralization in the Mamouniyeh area (Goudarzi et al., 2024c)
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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
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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

525 or S8 Sa 5 Jrwl I S 55 4 xS gl
b bzl s el I laais Ol s SIS Ol e 4 o 2K
Mondal and ) was oo JSii 1) plisl el s S3L (1Y)

LU 5 Lo 28 51,5 Cuabl e 5 (Baidya, 2015

Ly g oy g S s S sblin )3 &7 255l e sl

il 0313 5 O3Sl w8 il gl JralS Lo
Lol gk Loy 21530 L .(Mondal and Baidya, 2015)

DOI: 10.22067/econg.2025.1125

Yooyl VWV 90 NP F (ol wug:.a)


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

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

OLSas 5 65505

DSy b bl 4 e 5 (il SIS Alelw les Q.\_:avf
"L‘;L[ GJ‘DCJ J.'.)

FeTiOz+0;, = 4TiO,+2Fes04

&;)t&u&)rﬁﬁaﬂéuuéj‘il&_ww)ﬁ

EST3L sladas 45ty o i 4 g ol K ks sla SIS
23 538 (S b 5 xSl o> LS bk )
St s o Jlo s e § S o ol sl
(00) 5 NN sl slitzel 53 frcwl 1 Glatis (2LST o
ﬁ,xongob_ﬁ@mm,;wugjudgj
S boles Llas 5 S8 05nSTarwlE 5 21530 L ol jan
Coiadsl o5 slaars 2 S0l (Pasteris, 1985) u zwly
Lyl by Gkl oS50 laars g as i ALlST bl b s

e S5 gl ST

::}.ﬁ:@

FesTiO4+1/205 = Fes04+3FeTiOs
FEQTiO4+TiOz = 2F6Ti03

S ST ol sl gl al o 53 cla 2S5l ol
laais o> 2alS 5 05| a1 51N 5 bls s
e ST et ol 45 S e i 53 el
i 5 CmKe gl G UL Jyame CxKa sl s
O VP L B N RTINS P Fp—2

.(Dunn and Dey, 1937) wzua
33 Sl gl 45 gele (e glas 53 O 2 le Sids
Sdb 4 S olaysl U.Alfcb}:_m§| O [EPE g S
2> Cslen 5l oladss s g s S o odes clilod b 25 5b

5 e LS Shees ol (Ses atab) 1 —m

FeTi O,

Ferropeseudo brookite

FeTiO;,

TiO,

Fe, li0,

Pseudobrookite

FeO FeO - Fe O, Fe,O,
Waustite Magnetite Hematite

5 oSa S S SIEPMA 4 2w s &S 513 Js 5 (Buddington and Lindsley, 1964) FeO-Fe,03-TiO2 b aw ls 505 .4 S5

OT 63 » 4ssole o S Wl 5 (63585 slaes 5 o ylis

Fig. 9. FeO-Fe.0s-TiO: ternary diagram (Buddington and Lindsley, 1964) showing the locations of EPMA analysis results
of magnetite and titanomagnetite from intrusive rocks and hydrothermal veins
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