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magmatic arc within the Cenozoic magmatic belt of Kerman, Iran. Due to the widespread occurrence of
magnetite as a minor phase in potassic and phyllic alteration zones, this deposit provides a suitable
context for geochemical investigations. In this study samples were analyzed using Electron Probe Micro-
Analyzer (EPMA) to assess the physicochemical conditions of magnetite formation. Elemental data
indicate that the magnetites are predominantly of hydrothermal origin, characterized by high Ti and V
and relatively low Al and Mn contents. These compositions suggest formation temperatures of 200—
300°C. The chemical composition, especially Ti/V ratios and trace element distributions such as Co, Ni,
and Cr, effectively distinguishes between magmatic and hydrothermal magnetites. Geochemical plots
confirm that the studied magnetites fall within the porphyry field. Petrographic evidence, including the
occurrence of magnetite in association with sulfide minerals such as chalcopyrite and pyrite, strongly
supports the geochemical findings. This study highlights the potential of magnetite chemistry as a
powerful tool for deciphering ore-forming processes in porphyry systems and demonstrates its
applicability in exploration and modeling of concealed or deep-seated mineral deposits.

Introduction

Porphyry Cu-Mo deposits are among the most significant
sources of base metals, particularly copper, molybdenum,
and gold. These deposits are typically formed through
magmatic-hydrothermal ~ processes  under  specific
physicochemical conditions. They are characterized by
widespread hydrothermal alterations and complex mineral
assemblages, making their exploration a scientific and
practical challenge. Magnetite is one of the key minerals in
these systems, and due to its high stability and ability to host
a wide range of trace and rare elements, it provides valuable
insights into geochemical processes and ore-forming
conditions (Sillitoe, 2010; Meinert et al., 2005). The
chemistry of magnetite, particularly the concentration of trace
elements such as Ti, V, Mn, Cr, and rare earth elements,

reflects parameters such as temperature, pressure, fluid
composition, and redox conditions (Zarasvandi et al., 2023;
Nadoll et al., 2014).

Recent advances in microanalytical techniques have
significantly enhanced the use of magnetite chemistry as a
reliable tool for distinguishing between different types of
mineral deposits and identifying alteration stages (Grigsby,
1990; Wen et al., 2017). The elemental composition of
magnetite is not only useful for reconstructing magmatic and
hydrothermal environments but also plays a role in
evaluating the economic potential of mineralized zones. In
porphyry systems, magnetite occurs in various forms
including vein-type, disseminated, and as part of potassic
alteration assemblages, all of which can reveal critical
information about ore-forming processes.
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In the present study, the porphyry Cu - Mo deposit of
the Miduk area is investigated with a focus on magnetite
geochemistry. The aim is to reconstruct the
physicochemical conditions during mineralization and
assess the role of magnetite chemistry in exploration
targeting of similar deposits in other regions of Iran.

Materials and Methods

During fieldwork, 50 igneous rock samples were
collected from the Meiduk deposit. From these, 10
magnetite-bearing samples were selected for detailed
analysis using Electron Probe Micro-Analyzer (EPMA).
The analyses were carried out using a JEOL JXA-8200
instrument at Montanuniversitdt Leoben, Austria.
Various geochemical diagrams—including Ti vs. V, Fe
vs. VITi, Al+Mn vs. Ti+V, and Ni vs. V—were used to
interpret the origin, crystallization environment, and
physicochemical formation conditions of the studied
magnetites.

Results and Discussion
Results

The chemical compositions of the analyzed
magnetites are characterized by high Ti and V
concentrations and relatively low Al and Mn contents.
Over 90% of the samples fall within the hydrothermal
field typical of porphyry deposits, with only a few
showing magmatic or re-equilibrated characteristics
(Dupuis and Beaudoin, 2011). Based on elemental data
and diagrammatic interpretation, the magnetites
crystallized under low oxygen fugacity and temperatures
ranging between 200 and 300°C. The Ni-V trends further
support a progressive decrease in fO, during magnetite
formation (Wu et al., 2019; Wang et al., 2014).

Discussion

The chemical signatures of magnetite, along with
petrographic observations—such as its association with
sulfide minerals (e.g., chalcopyrite and pyrite) and
alteration minerals (e.g., chlorite and sericite)—highlight
the dominant role of hydrothermal fluids in the ore-
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forming processes at Meiduk . The Ti/V and Al+Mn
ratios serve as robust geochemical indicators for
distinguishing porphyry-related magnetite from those in
other mineralization types, such as IOCG or skarn
(Nadoll et al., 2015; Wen et al., 2017). These results
suggest that magnetite precipitation occurred alongside a
temperature drop and decreasing oxygen fugacity, both
of which are key factors initiating  sulfide
mineralization (Simon et al., 2008; Singoyi et al., 2006;
Balan et al., 2006).

in

Conclusions

The study confirms that magnetite chemistry is a
reliable and sensitive indicator for reconstructing
physicochemical conditions in porphyry-style systems.
The findings enhance our understanding of magmatic—
hydrothermal  processes and  demonstrate  the
applicability of magnetite geochemistry in targeted
exploration of concealed or deep-seated porphyry
deposits (Sinclair, 2007; Cooke et al., 2014).
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Fig. 1. a) Structural zone map of Iran (Ghasemi and Talbot, 2006); b) Geological position of the Meiduk porphyry intrusion (Mclnnes

et al., 2003).
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Table 1. EMPA results (wt. %) of magnetite analysis from the potassic alteration zone of Meiduk deposit

Elemants | TiO; V,0; | Al,O; Cr,04 FeO MnO MgO NiO CuO ZnO CaeO Total
oxides
Sample No
1 1.76 0.42 0.14 0.11 96.36 0.09 0.04 0.00 0.00 0.00 0.00 98.91
2 311 0.35 0.05 0.09 96.11 0.05 0.01 0.00 0.00 0.00 0.00 99.76
3 0.24 0.32 0.25 0.13 96.60 0.06 0.03 0.00 0.00 0.01 0.00 97.63
4 2.86 0.31 1.59 0.11 88.48 0.05 0.51 0.00 0.00 0.02 0.00 93.92
5 1.49 0.37 0.18 0.13 94.66 0.04 0.03 0.00 0.06 0.09 0.00 97.04
6 0.09 0.29 0.14 0.05 96.83 0.02 0.00 0.00 0.04 0.07 0.00 97.53
7 0.22 0.33 0.14 0.09 97.33 0.03 0.00 0.00 0.00 0.00 0.00 98.13
8 0.14 0.35 0.16 0.09 96.98 0.02 0.03 0.01 0.08 0.00 0.00 97.87
9 5.82 0.24 247 0.23 76.72 0.00 0.05 0.05 0.00 0.02 0.00 85.59
10 1.78 0.31 0.52 0.26 92.61 0.04 0.06 0.00 0.00 0.00 0.00 95.58
11 0.02 0.30 0.36 0.47 96.31 0.06 0.06 0.00 0.01 0.00 0.00 97.59
12 0.16 0.35 0.72 0.00 96.69 0.09 0.06 0.00 0.00 0.00 0.00 98.07
13 0.10 0.24 0.40 0.20 97.08 0.08 0.11 0.00 0.00 0.00 0.00 98.22
14 0.07 0.36 0.27 0.05 97.45 0.01 0.02 0.00 0.01 0.00 0.00 98.24
15 0.17 0.31 0.80 0.12 94.38 0.12 0.25 0.00 0.07 0.04 0.00 96.25
16 0.11 0.28 0.25 0.14 95.85 0.00 0.16 0.00 0.00 0.03 0.00 96.81
17 0.06 0.29 0.23 0.09 97.05 0.09 0.03 0.00 0.00 0.02 0.00 97.86
18 0.12 0.24 0.96 0.23 93.47 0.04 0.71 0.00 0.00 0.00 0.00 95.76
19 0.12 0.30 0.40 0.21 95.61 0.00 0.11 0.00 0.00 0.05 0.00 96.79
20 0.07 0.31 0.34 0.19 96.48 0.07 0.03 0.00 0.00 0.00 0.00 97.49
21 12.02 0.46 0.14 0.33 84.54 242 0.02 0.00 0.00 0.00 0.00 99.93
22 19.94 0.56 0.29 0.29 76.82 1.66 0.05 0.00 0.00 0.00 0.00 99.61
23 0.22 0.34 0.22 0.18 96.28 0.06 0.03 0.00 0.00 0.00 0.00 97.31
24 0.16 0.35 0.34 0.04 98.40 0.08 0.00 0.00 0.05 0.00 0.00 99.41
25 0.18 0.38 0.35 0.37 95.64 0.05 0.09 0.00 0.00 0.05 0.03 97.14
26 0.45 0.28 0.26 0.10 95.62 0.06 0.02 0.00 0.00 0.00 0.00 96.79
27 8.34 0.39 0.52 0.33 89.54 0.50 0.17 0.00 0.00 0.07 0.00 99.84
28 0.14 0.31 0.33 0.23 97.05 0.00 0.04 0.00 0.12 0.06 0.00 98.29
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29 009 [ 026 [ 1.07 0.06 93.94 007 [ 029 [ 000 [ 002 [ 003 [ 002 95.83
30 121 | 029 | 064 0.34 93.57 003 | 005 | 000 | 000 | 000 | 0.00 96.12
31 006 | 030 [ 025 0.36 96.48 003 | 002 | 000 | 000 | 000 | 0.00 97.49
32 007 | 028 [ 023 0.40 97.63 007 | 000 [ 000 | 000 | 000 | 0.00 98.68
33 011 | 037 [ 036 033 96.66 003 | 012 | 000 | 000 | 006 | 0.00 98.03
34 008 | 035 [ 0.30 0.37 96.76 007 | 009 [ 000 | 005 | 000 [ 0.00 98.06
35 041 | 034 [ 055 028 94.29 003 | 009 [ 000 | 003 | 000 | 008 96.10
36 014 | 027 [ 049 0.08 95.21 005 | 006 | 000 | 000 | 002 | 0.00 96.32
37 009 | 028 [ 0.16 018 96.73 002 | 003 | 000 | 000 | 000 | 002 97.51
38 011 | 033 [ o011 018 96.93 002 | 003 | 001 | 000 | 000 | 0.00 97.72
39 005 | 024 [ 051 015 96.72 003 | 002 [ 000 | 000 | 006 | 0.00 97.78
40 011 | 031 [ 036 022 96.57 005 | 006 | 000 | 000 | 000 [ 008 97.75
Accuracy (W%) | 0.019 | 0.027 | 001 | 0.024 0.023 0.012
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Fig. 2. Microscopic images of silicate minerals in Meiduk granites: a—b) Quartz with plumose texture, orthoclase altered to sericite,
biotite replaced by chlorite, accessory sphene and pyrite, and euhedral magnetite crystals indicating potassic alteration (a: XPL, b:
PPL); c—d) Quartz with plumose texture altered biotite to chlorite, subhedral magnetite, intense sericitization of K-feldspar (c: XPL,
d: PPL); e-f) Aphanitic quartz, scarce biotite, orthoclase altered to sericite, high-relief sphene (e: XPL, f: PPL); g-h) Altered
amphiboles in granite (g: XPL, h: PPL); 1-J) Secondary biotite at chlorite margins due to granite alteration (i: XPL, j: PPL); k-I)
Phyllic alteration with formation of muscovite and chlorite (k: XPL, I: PPL); m) Zoned plagioclase and sericitized orthoclase
indicating phyllic zone (XPL); n—0) Euhedral altered amphibole and orthoclase altered to sericite (phyllic zone) (n: XPL, o: PPL).
Abbreviations: Mag: Magnetite, PIl: Plagioclase, Or: Orthoclase, Bt: Biotite, Chl: Chlorite, Ser: Sericite, Spn: Sphene, Amp:
Amphibole, Qz: Quartz, Kfs: K-feldspar, Ms: Muscovite (Whitney and Evans, 2010)
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Fig. 3. Microscopic images of silicate minerals in Meiduk granodiorites: potassic zone; Sericitized orthoclase, dispersed secondary
biotite and magnetite, magnetite veinlets (Figure a,b), and biotite replaced by plagioclase. a) PPL, b) XPL, c) PPL, d)
XPL.Abbreviations: Mag: Magnetite, PI: Plagioclase, Or: Orthoclase, Bt: Biotite, Chl: Chlorite, Ser: Sericite (Whitney and Evans,
2010)
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Fig. 4. Microscopic Reflection pictures of ore minerals in the Meiduk deposit: a) Dispersed subhedral second-generation magnetite;b)

Intergrowth of pyrite and secondary magnetite; c) Anhedral chalcopyrite and second-generation magnetite;d) Intergrowth of
magnetite and chalcopyrite; e) Subhedral second-generation magnetite and anhedral chalcopyrite;f—g) Anhedral
chalcopyrite.Abbreviations: Ccp: Chalcopyrite, Mag: Magnetite (Whitney and Evans, 2010)

YYY



ohlen 5 Slo

Fe= .Al=2356 ( wt%) .Ti= 0.93 (ppm) Mg= 0.04 (ppm)
Lyls bl 4 oy b Co= 0.006 (ppm).73 (Wt%)
a3 VI g VI VAT 000wy ctiSe (0 055 (Sslipnges
Coife Jslo yo )b FEM L as g glad LS s a4 wo)ls
clle (Balan et al., 2006) coul o555 5yt Slglys
53 weolly LYt el fO2 g Lo 4 atsly oS [0 wa0lily
Ol sbales ;o (Jg wsdoe Sy Vb slod jo b lawg CiiSe
S ) caiiSe jo molly DS (g joazey kulyl 0 /02
S92 50 pelis 5 mably olme elul (WU et al., 2019) wiS
3 0 30Ul sladiges (@ - O JK8) S gune (slacaiiKe oS 5 o
Orzeed Lol 485 13 Sl S SleSle el iiSe eogase
slcaiSe saee (-0 JS5) VITI Llis ;o ool lages ulal
mo39ute ;0 diged 0 Lol 9 4185 )18 (oS edguona )3 aalllas 8 )9e
Sl slacainSe sosgume 10 diges K g a8l saze Jolss (s
2wl OVlw o3l pE geaims Glis cpl 45 syls 8

el adllan 3,50 LK (605 S

10
L~ - N
- R
e ?’ ~“‘-‘ i N7 p‘l\lugm ati
12 - .“ A \ magnetite
\'z_} o - ~a-’
s, [} o
10' N} /
5 :’ L 7
~ __// H > e ¢
it e
g. ¥ = - A
S I e
- i ;
10 Hydrothermal
magnetite
. Hydrothermal magnetite
"""" AMugululic magnetite|
10°
1 10 100 1000 10000 100000
Ti (ppm)

- u“. s 6 . “

Gashlgas G138 5 Il SLS 5 0 YL &l o 55l 5l esiie

) b Setin

o=l ol g, oYl b

4 (Canil et al., 2016; Zhao et al., 2018; Wen et al., 2017
Ol on oeiiSe o 50l g (2B polie 5l (VL Al (62Nl o
o3k 5o alises Loyl yds el § S5 g Colie (g pais S |
Lulps Cot IS pl eizpad 2,5 opp Soife S5 s
oo S ! pglie oloon sla Slo $o o SlSo Cilisea
33,5 o0 wgee olierlish 5 (omlid S slatagh el
Al, Ti, Mg, Mn, Zn, Cr, .l s,ole (Wen etal., 2017)
|, cutife oLlS Ll o Se>ge pate o e CO 5 V, Ni
Carew et al., 2006; Rusk et al., 2009;) wgs oo Jols
-4iges ,o (Dupuis and Beaudoin, 2011; Nadoll et al., 2015
V=0.22 (ppm) Ni= 0 (ppmM) ;) e o 55 0 anlllas 5,90 slo
Mn= 1212.65 (Wt%) .Zn= 0.004 (ppm) .Cr= 0.045 (ppm)

1004 b . Hydrothermal magnetite
A.\'I:lgmulic magnetite
10+ Reequilibrated :
—_ magnetite ,'v
=\= ¢" f.‘
§ I  eeeeessaggs ’o"
= “Sag R m
- — . g
= Y a"® 7
> 0.1 '¢' %
- L d b ~ “
Magmatic ,+* AL Ilydrolhujnal
i . ' magnetite
, magnetite 5
0.014 \
0.001 y — :
55 60 65 70 75
Fe (Wt%)

Jlsses (B «(Nadoll et al., 2015) sl suis solatul Sgane Lils ;o sbo)S 5 oldle slaceiSe ples jolae 4 a5V filis ;o Ti loges @ -0 S

Wenetal., 2017) ol 3 5 auil sae Joles o oSl glacouSe SSa5 jslate 4 VITI Jilas o Fe
Fig. 5. a) Ti vs. V diagram distinct magmatic and hydrothermal magnetites from the Meiduk deposit (Nadoll et al., 2015); b) Fe vs.
V/Ti diagram used to classify magmatic, re-equilibrated, and hydrothermal magnetites (Wen et al., 2017)
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Fig. 6. a) Al+Mn vs. Ti+V diagram showing the classification of Meiduk magnetite samples (Nadoll et al., 2015); b) Al+Mn vs.
Ti+V plot indicating the geochemical affinity of magnetites with porphyry systems (Nadoll et al., 2014)
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