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The Masjeddaghi porphyry Cu-Au deposit is situated in the Alborz-Azarbaijan
structural zone of northwest Iran. Chemical compositions of rock-forming
(biotite, amphibole) and accessory minerals (magnetite, apatite) in the potassic
to propylitic altered diorite porphyry of Masjeddaghi serve as key indicators
of magmatic-hydrothermal mineralization. In situ LA-ICP-MS was conducted
to analyze trace element contents of selected magnetite-bearing samples,
while EMPA analyzed biotite, amphibole, and apatite compositions. The
mineral compositions show a parental magma with calc-alkaline features,
suggesting a source comprised of both subduction mantle-derived and crust-
derived materials, and the Masjeddaghi mineralizing magmas have a relatively
elevated ƒO2 and are classified as oxidized I-type magmas. The calculated
temperature ranges are constrained by Al-in-amphibole geothermometry,
saturation temperature of apatite, and the Ti-in-biotite geothermometer
(830°C–877°C) (845°C-918°C) and (723°C–782°C), respectively, whereas the Al-
in-amphibole geobarometry exhibits formation pressure (120–186 MPa; relating
to depths ranging from 4 to 10 km) and H2Omelt content at time of crystallization
(4.10–4.46 wt%), indicating formation of a hydrous calc-alkaline magma from
a deep magmatic reservoir. The intrusion of oxidized hydrous mafic magma
from a deeper magma source likely promoted wide magma mixing and
prolonged fractional crystallization within the evolved dioritic magma chamber,
resulting in exsolution of the ore-forming fluids and the formation of the
Masjeddaghi deposit.
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1 Introduction

Porphyry-related Cu (Mo-Au) deposits are magmatic-
hydrothermal systems that predominantly develop in subduction
settings along continental margins and island arcs (Sun et al.,
2015; Rahnama et al., 2021; Shah et al., 2025). Studying chemical
compositions of igneous rock-forming minerals equilibrated with
magma is an effective approach to understanding ore-forming
conditions (Pan et al., 2019).

Biotite is a widely occurring mineral in igneous rocks used
as a geothermometer and geothermobarometer in magmatic-
hydrothermal systems (Pan et al., 2019). Its chemical composition
serves in the estimation of intrinsic thermodynamic parameters,
including temperature (T), oxygen fugacity in the parent
magmas (ƒO2), magmatic rock water fugacity (ƒH2O), and the
contents of halogens, such as F and Cl, enabling reconstruction
of granitoid petrogenesis and tectonic setting. Amphibole
indicates the physicochemical conditions of the melt during
crystallization. Its chemical composition can be utilized as a
petrogenetic index for pressure estimation (P), temperature
(T), and H2O amount, defining the melt composition in the
magmatic chambers (Ridolfi and Renzulli, 2012). Apatite is
a porphyry indicator mineral (Piccoli and Candela, 2002). It
can be used to quantify the parental magma oxidation state,
determine the magma chemistry, distinguish the difference
between barren and fertile host rocks, and estimate the oxygen
fugacity (Zhong et al., 2021). Magnetite is the predominant oxide
mineral found in the Earth’s crust and commonly appears as an
accessory mineral in various ore deposits (Dare et al., 2014).
Depending on the various mineralizing systems, magnetite can
accommodate a diverse range of trace elements in its crystal
structure (Dupuis and Beaudoin, 2011). Magnetite trace element
compositions can reflect the crystallization conditions across
various geodynamic settings (Dare et al., 2014).

The Masjeddaghi porphyry Cu-Au deposit is situated 35 km
east of the Jolfa area in the East Azarbaijan Province, near the
Aras River (Figure 1a,b). The exploration region covers around
8 km2. Based on drill hole data, the deposit comprises ore reserves
of 272 Mt with an average grade of copper 0.31 wt% and grade
of gold 0.6 ppm (Hassanpour and Alirezaei, 2016). However, due
to a lack of data, there is little knowledge about associated
magmatic evolution and ore-forming mechanisms. To acquire
a deeper comprehension of the physico-chemical parameters
affecting magmatic development and ore-forming mechanisms,
we have studied the chemical characteristics of rock-forming
and accessory indicator minerals in the porphyry intrusion of
Masjeddaghi.

In this study, element compositions of biotite, amphibole,
and apatite were investigated by electron microprobe analysis
(EMPA), while the trace element contents of Mn, Al, V, Si, Ti,
Mg, Ni, Zn, Co., and Cr in magnetite were analyzed by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-
MS) associated with the Cu-Au mineralization in Masjeddaghi.
The primary objective of this paper is to utilize mineral chemistry
of biotite, amphibole, magnetite, and apatite to determine key
parameters of hydrothermalmineralization andmagmatic processes
linked to the deposit formation.

2 The Masjeddaghi Cu-Au porphyry
deposit

2.1 Geological setting of the Masjeddaghi
deposit

Based on the structural-sedimentary division of Iran (Nabavi,
1976), the Masjeddaghi deposit is situated in the Alborz-Azarbaijan
structural zone (Figure 1a). Nabavi (1976) states that the Alborz-
Azarbaijan zone is framed in the south by the Semnan Fault,
the west by the Tabriz-Urumiyeh Fault, and the north by the
Alborz Fault. There are different views about the geological position
of the Masjeddaghi deposit. Some researchers who worked on
Masjeddaghi consider that this deposit is in theArasbaranMagmatic
Belt (AMB) based on geological, mineralogical, and petrological
studies (Aghazadeh et al., 2015), but Hassanpour and Alirezaei
(2016) suggested that Masjeddaghi was formed in a subduction-
related arc and is situated in themargin ofAMB, and it is geologically
different from this belt. Accordingly, we favor the Masjeddaghi
intrusion with its high-K calc-alkaline and meta-aluminous affinity
to have formed in an island arc subduction/collision setting
(Hassanpour and Alirezaei, 2016; Rajabpour et al., 2023).

The dominant rock formations are the Cretaceous flysch-type
sediment series that crop out in the southern and northeastern
sections of the region (Figure 1b). These sedimentary sequences
are overlain by Eocene volcanic complexes with andesitic to
trachyandesitic compositions. The unit, with a relatively lighter
color than diorite porphyry intrusion, is widespread in the area.
The andesitic to trachyandesite rocks consist mostly of phenocryst
assemblages of plagioclase and amphibole in a microlithic
to glassy groundmass (Figures 2a,b). Finally, the ore-hosting
diorite porphyry occurred within the Early Eocene andesitic
to trachyandesitic host rock. Diorite has a porphyritic texture
distinguished primarily by plagioclase, biotite, magnetite, K-
feldspar, and phenocrysts of quartz (Figures 3a–f). The primary
K-feldspar and biotite are altered to sericite, muscovite, opaque
minerals, and secondary biotite (Figures 2c,d).The diorite porphyry
is the main host of Cu-Au mineralization. Late post-ore dikes of
andesitic composition intersected all these rocks.

2.2 Petrography and mineral assemblages

According to petrographic observations and field investigation,
the hydrothermal alteration zones in the Masjeddaghi deposit
primarily consist of potassic and propylitic alteration. Cu-Au
mineralization is found in sulfide-bearing veins/veinlets and as
disseminations formed during the primary ore-forming phase
(Figure 2e), that are linked to the potassic alteration zone located in
the center of the deposit. Oreminerals consist of pyrite, chalcopyrite,
chalcocite, magnetite, and covellite, with small occurrences of
tetrahedrite (Figures 2f–h). Potassic alteration occurs at depths of
500–700 m and extends into the western and eastern boundaries of
the seasonal Arpachaei River. The potassic alteration is composed
of secondary biotite and secondary K-feldspar, with localized
occurrences of magnetite, quartz, and plagioclase (Figures 3d–f).
The diorite porphyry stock underwent potassic alteration. Propylitic
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FIGURE 1
(a) Simplified geology map of Iran (Nabavi, 1976), illustrating the Masjeddaghi Cu-Au porphyry within the Alborz-Azarbaijan structural zone, northwest
Iran; (b) Simplified geological map of the Masjeddaghi deposit (Hassanpour and Alirezaei, 2016).

alteration spreads horizontally and is present throughout the
deposit’s margins. Sulfide minerals of this alteration include
chalcopyrite and pyrite. The propylitic alteration is characterized
by the occurrence of chlorite and calcite that partially replace
phenocrysts (Figure 3g).

Petrographic studies of our samples have identified two
distinct biotite varieties: reequilibrated and hydrothermal. The
reequilibrated biotite exhibits a shreddy texture within the potassic
alteration zone of the diorite porphyry (Figures 3a,b). Some appear
as euhedral to subhedral phenocrysts exhibiting ragged textures and
are commonly altered to secondary hydrothermal biotite with a fine-
grained texture (Figures 3c,d). Figure 3c shows the best comparison
between R-biotite and S-biotite. Hydrothermal biotites in diorite
porphyry occur as irregular grains and fine-grained aggregates.They
partially replace plagioclase phenocrysts (Figures 3e,f). Amphibole
grains occur as euhedral to subhedral shapes, with a light rim and
dark core (Figures 3h,i). Apatite is classified into magmatic and
hydrothermal varieties. In backscattered electron (BSE) imaging,
the magmatic apatite (Apm) appears as inclusions in amphibole,
with lesser amounts in biotite, as well as discrete crystals in
the groundmass (Figure 3i). The hydrothermal apatite (Aph)
occurs as an irregular and inhomogeneous grain (Figure 3j).
It seems that Aph partly replaces the magmatic apatite. The
Aph crystals appear darker in color than unaltered apatites
under BSE imaging (Figure 3j). Magnetites are grouped into
magmatic, reequilibrated, and hydrothermal types. Magmatic-
Type 1 (MtT1) forms as euhedral to subhedral grains and is
relatively pristine or homogeneous (Figure 3k), intergrown with

ilmenite, amphibole, biotite, and plagioclase. Reequilibrated-Type
2 (MtT2) magnetite commonly occurs in subhedral to anhedral
grains associated with potassic alteration, consisting of plagioclase,
hydrothermal biotite, and quartz (Figures 3e,f). Hydrothermal-
Type 3 (MtT3) occurs mostly as anhedral grains and is highly
fractured or pitted, containing sulfide inclusions (chalcopyrite
and pyrite) (Figure 3l). The description of selected samples is
summarized in Supplementary Table S1.

3 Samples and analytical methods

In this investigation, samples are selected from a collection of
twenty-one polished thin sections and fifteen polished sections from
various depths of the ore-bearing diorite porphyry intrusion at the
Masjeddaghi deposit (Supplementary Tables).

3.1 EPMA

The key samples, including biotite, amphibole, and apatite, were
selected for geochemical andmineralogical analysis. Before analysis,
each sample was covered with a thin carbon coating. Masaryk
University, Czech Republic, conducted electronmicroprobe analysis
(EMPA) utilizing aCameca SX100®electronmicroprobe tomeasure
the contents of major and minor elements, along with halogens.
The detection limits for major and minor elements are as
follows: 0.01 wt% and 0.001 wt%, respectively. Standard operating
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FIGURE 2
Representative field photographs, a drill core photo, and photomicrographs of ore minerals from the Masjeddaghi Cu-Au porphyry deposit: (a,b)
Phenocryst of plagioclase and amphibole in a microlithic to glassy groundmass from the andesitic to trachyandesite rocks; (c) K-feldspar and biotite
altered to sericite and opaque minerals in diorite porphyry; (d) K-feldspar and biotite altered to sericite, opaque minerals, secondary biotite, and
muscovite in diorite porphyry; (e) Quartz-chalcopyrite-pyrite veins in drill core from diorite porphyry; (f) Chalcopyrite and pyrite in sample M2; (g)
Replacement of chalcocite by chalcopyrite in sample M1; (h) Replacement of chalcocite, covellite, and tetrahedrite by chalcopyrite in sample M4
(reflected light). Abbreviations: Amp, amphibole; Plg, plagioclase; Kfs, K-feldspar; Bt, biotite; Ser, sericite; Mus, muscovite; Py, pyrite; Cpy, chalcopyrite;
Chc, chalcocite; Cov, covellite; Ttr, tetrahedrite; Opa, opaque minerals.

parameters for F, Fe, Cl, and Na included a beam current of 10 nA,
a beam diameter of 3 μm, defined counting times ranging from 20
to 40 s, and an accelerating voltage of 15 kV. For Ba, Ti, Ca, Cr,
Si, Mg, K, Mn, and Al, analytical conditions consisted of a 15 kV
accelerating voltage, a 20 nA beam current, a 3 μm beam diameter,
and a total pulse integration time of up to 10 s.

3.2 LA-ICP-MS

Trace element amounts were measured in fifteen representative
samples containing abundant magnetite grains using the LA-ICP-
MS. Trace elements analyses (n = 54 spots) and distribution maps

(n = 1) for magnetite were conducted at LabMaTer, Université du
Québec à Chicoutimi (UQAC), Canada. The LA-ICP-MS technique
utilized an 193-nm Excimer Resonetics Resolution M-50 laser
ablation system, equipped with a double volume cell S-155 and
coupled with an Agilent 7,900 × mass spectrometer. A stage
movement speed of 10 μm/s, a laser frequency of 15 Hz, and a
fluence of 3 J/cm2 were utilized to examine the grains of magnetite.
The magnetite grain surfaces were scanned using beam diameters
ranging from 11 to 55 µm. According to the grain sizes, line
scans across for large grains and spot analyses were conducted
for small grains. The gas blank was recorded for 30 s prior to
activating the laser for at least 30 s. The ablated material was
transported into the ICP-MS by an argon-helium gas mix at a
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FIGURE 3
Representative photomicrographs, field photographs, and back-scattered electron (BSE) images of apatite and biotite from diorite porphyry of the
Masjeddaghi Cu-Au porphyry deposit: (a,b) reequilibrated biotite in diorite porphyry associated with plagioclase; (c) Reequilibrated biotite and
secondary biotite in diorite porphyry associated with plagioclase; (d) Reequilibrated biotite and secondary biotite associated with sericite, quartz and
K–feldspar; (e) plagioclase phenocrysts replaced by hydrothermal biotite and reequilibrated magnetite in diorite porphyry; (f) plagioclase phenocrysts
replaced by hydrothermal biotite and reequilibrated magnetite in diorite porphyry; (g) amphibole phenocrysts associated with plagioclase; (h)
Back-scattered electron (BSE) image of zoned amphibole (core-rim textures); (i) Back-scattered electron (BSE) image of magmatic apatite (Apm)
appears as inclusions in amphibole, with lesser amounts in biotite, as well as discrete crystals in the groundmass; (j) Back-scattered electron (BSE)
image of hydrothermal apatite (Aph) grains partly replaced by Apm and Apm grains as inclusions within biotite; (k) Back-scattered electron (BSE) image
of Magmatic-Type 1 intergrown with ilmenite, amphibole, biotite, and plagioclase; (l) Hydrothermal-Type 3 containing chalcopyrite inclusions.
Abbreviations: Kfs, K-feldspar; Plg, plagioclase; Bt, biotite; R, Bt-reequilibrated biotite; S-Bt, Secondary biotite; Kfs, K-feldspar; Plg, plagioclase; Qtz,
quartz; Ser, sericite; Amp, amphibole, Apm, magmatic apatite; Aph, hydrothermal apatite; MtT1, Magmatic-Type 1; MtT2, Reequilibrated-Type 2; MtT3,
Hydrothermal-Type 3.
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rate of 0.8–1 L/min for Ar, 350 mL/min for He, and 2 mL/min
of nitrogen. Internal standardization was related to 57Fe based on
stoichiometric iron content of magnetite. The specified isotopes
were analyzed: 28Si, 34S, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 82Se,
95Mo, 101Ru, 103Rh, 105Pd, 107Ag, 111Cd, 118Sn, 121Sb, 126Te, 185Re,
189Os, 193Ir, 195Pt, 197Au, 208Pb, and 209Bi. GSE-1 g is one of
the reference materials (RM) that were taken for standardization.
GSE-1 g, a natural basaltic glass fused and doped with various
elements at 300–500 ppm, was provided by the U.S. Geological
Survey (USGS) and was utilized for element calibration based on
reference data from the GeoReM database (Jochum et al., 2005).
In magnetite, the 90Zr from 50Ti40Ar, 50V40Ar, and 50Cr40Ar; 92Zr
from 52Cr40Ar; and 93Nb from 53Cr40Ar interferences are minimal,
making corrections unnecessary. Element distribution maps were
generated for select magnetite grains, illustrating relative element
concentrations in a semi-quantitative manner. The different beam
diameters and stage translation rates were modified to obtain
an optimal balance of grain size and clarity, enhancing spatial
coverage and analysis efficiency. Data reduction was carried out
using the Iolite package for Igor Pro software (Paton et al., 2011).
Element distribution maps were created with the Iolite software
package, capturing the temporal variation in elemental composition,
with concentration scales presented as internally standardized
absolute ppm.

4 Results

4.1 Biotite chemistry

The calculation of cations for biotite was calculated based
on 22 oxygen equivalents. Component names, mole fractions,
estimation of ferric and ferrous iron based on stoichiometric
limitations, fluorine and chlorine intercept amounts, and the biotite
geothermometer were determined using the mica recalculation
scheme, and fugacity ratios were calculated using Geo-ƒO2 software
(Li et al., 2019). The XOH, XCl, and XF are the OH, Cl, and
F mole fractions, respectively, in the hydroxyl site, and OH
values were calculated automatically based on (Munoz, 1984).
The results of all the analyses and chemical formula calculations
are illustrated in Supplementary Table S2. Data show that the
values of SiO2 range from 36.01 to 43.07 wt%, Al2O3 contents
are (11.18–14.40 wt%), concentrations of TiO2 are between
2.26 and 4.47 wt%, FeO concentrations are (8.71–13.57 wt%),
and MgO ranges from 16.57 to 21.99 wt%, Na2O, and K2O
contents are 0.11–0.49 wt%, and 4.67 to 9.32 wt%, correspondingly.
According to the Fe/(Fe + Mg) vs. AlIV classification diagram
(Deer et al., 1992), most biotite samples fall within the
field of the Eastonite composition (Figure 4a). In the ternary
diagram of MgO-10×(TiO2)-(FeO + MnO) (Nachit et al., 2005),
all the analyzed samples fall within the reequilibrated field
(Figure 4b), indicating that the reequilibrated biotite likely has
a magmatic source. Magmatic biotites have concentrations of
AlIV <1 (Nachit et al., 2005). The amount of AlIV in most samples of
Masgeddaghi is between 1.85 and 2.50 (mean = 2.27), so the biotite
was probably formed from amagmatic-hydrothermal fluid, possibly
derived from a hydrous magma (Supplementary Table S2).

4.2 Amphibole chemistry

Calculation of amphibole structural formulae was based on
23 oxygen using WinAmptb programs (Yavuz and Döner, 2017).
All analytical results are shown in Supplementary Table S3. Results
show that the SiO2 contents of the diorite porphyry range from
45.70 to 47.33 wt% (6.66–6.89 apfu Si, where apfu refers to atoms
per formula unit). The contents of Al2O3 are from 7.56 to 9.36 wt%
(1.30–1.61 apfu Al). The TiO2 contents are between 1.19 and
1.63 wt% (0.13–0.18 apfu Ti). The amphiboles of diorite porphyry
belong to calcic amphiboles with (Ca + Na)B >1.75, NaB <0.04, and
CaB >1.75 (B means two M4 sites per formula unit, following the
classification scheme of Leake, et al. (1997); Figure 4c). On the Si
+ Na + K (apfu) vs. Ca + AlIV (apfu) diagram, which is presented to
distinguishmagmatic and secondary amphiboles (Giret et al., 1980).
The amphiboles in this study plot in the magmatic amphibole field
with amounts of (Ca + AlIV) >2.5 (Figure 4d).

4.3 Apatite chemistry

The chemical formula calculations, along with the major
and trace element content of apatite, are presented in
Supplementary Table S4. The apatite chemical formula was
determined based on the approach outlined by (Ketcham, 2015).
The CaO and P2O5 concentrations as the major constituents of
apatite in Apm grains range from 53.40 to 54.22 wt% CaO and
40.84 to 41.31 wt% P2O5, while in Aph grains range from 52.61 to
53.52 wt% CaO and 41.34 to 41.89 wt% P2O5. The MgO content
varies from 0.05 to 0.10 wt%, whereas FeO ranges from 0.10 to
0.36 wt% in magmatic apatite types. Al2O3 and K2O are often below
the detection limits in the magmatic apatite. The amounts of FeO,
MgO, and K2O range from 0.15–0.21 wt%, 0.05–0.08 wt%, and
0.01–0.03 wt% in the hydrothermal apatite, respectively, although
Al2O3 concentrations in the Aph grains are generally at or below
the detection limit. Furthermore, BaO measurements are generally
beneath the detection limits in both types of apatites. In the SiO2-
MnOdiagram (Zhao et al., 2020), over half of the apatites are plotted
in the magmatic apatite domain (Figure 4e), hence, the composition
of the apatites often reflects the nature of the parent magma that
has crystallized directly from them. Although the dataset is limited,
the consistency across multiple apatite grains suggests the trend
is reliable and not solely the result of sampling bias. An F-Cl-OH
ternary diagram indicates OH−, Cl−, and F−compositions in the
halogen site of the studied apatites (McCubbin et al., 2015). On the
diagram, the Apm grains plot within the composition range of the
F-Cl-OH domain (Figure 4d), which are classified as OH-bearing F-
rich chlorapatite. In addition, the Aph grains predominantly consist
of fluorapatite with minimal Cl and OH concentrations (Figure 4f).

4.4 Magnetite chemistry

The trace element concentrations in magnetite are provided
in Supplementary Table S5. Concentrations of elements are shown
on box and whisker plots to present an enhanced visualization of
elemental distribution across different types of magnetite (Figure 5).
The yellow boxplots represent a single-phase magnetite population,
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FIGURE 4
Chemical composition of biotite, amphibole, and apatite from the Masjeddaghi porphyry deposit on categorization diagrams: (a) The Fe/(Fe + Mg) vs.
AlIV diagram (Deer et al., 1992); (b) Ternary 10×TiO2-FeO + MnO–MgO diagram (Nachit et al., 2005). Amphibole compositions from the Masjeddaghi
porphyry deposit plotted on: (c) (Ca + Na)B vs. NaB (Leake et al., 1997); (d) Si + Na + K (apfu) vs. Ca + AlIV (apfu) diagram (Giret et al., 1980). Compositions
of major and trace elements in Apm and Aph from the Masjeddaghi deposit: (e) SiO2 vs. MnO plot for apatite occurring in diorite porphyry. Dexing
porphyry Cu deposit and the porphyry Mo deposits of the East Qinling Belt contain magmatic and hydrothermal apatite domains, which are based on
data from (Zhao et al., 2020); (f) Ternary F-Cl-OH diagram (McCubbin et al., 2015). Abbreviations: Apm, magmatic apatite; Aph, hydrothermal apatite.

identified as primary igneous magnetite based on consistent
textures and homogeneous backscattered electron images. While
the compositional range appears broad, it reflects natural variability
in magmatic conditions and is within expected limits for magnetite
from similar systems. MtT1 contains the highest concentrations of
Ti (2,232–40886 ppm; mean 15,562.00 ppm; S.D. 19,313.69 ppm),
Cr (1814.53–226046.11 ppm; mean 105,787.32 ppm; S.D.
93,435.62 ppm), Mn (4,509–19051 ppm; mean 11,643.83 ppm;
S.D. 5,428.45 ppm), Co (45.22–305.98 ppm; mean 179.69 ppm;
S.D. 111.17 ppm), Zn (82.66–14509.90 ppm; mean 6,422.07 ppm;

S.D. 5,986.13 ppm), and Ga (11.73–133.93 ppm; mean 77.70 ppm;
S.D. 53.26 ppm) coupled with the lowest Fe (51.77–65.05 wt%;
mean 60.38 wt%; S.D. 5.62 wt%). Distribution of trace elements
in magmatic magnetite compositions may evolve significantly by
solid-state diffusion processes, such as inter-grain geochemical
exchange with ilmenite, mineral exsolution, and oxy-exsolution
of ilmenite (Tian et al., 2021), which is consistent with the
presence of oxy-exsolution ilmenite platelets in MtT1 (Figure 3k).
MtT2 has the highest concentrations of Ni (34.76–359.16 ppm;
mean 215.56 ppm; S.D. 137.99 ppm), Sn (1.50–76.00 ppm; mean
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6.03 ppm; S.D. 3.17 ppm), and Fe (66.07–69.87 wt%; mean
67.50 wt%; S.D. 1.15 wt%) contents are moderate. MtT3 has the
highest concentrations of Sc (0.10–54.60 ppm; mean 14.94 ppm;
S.D. 15.12 ppm); V (1185.94–4,076.50 ppm; mean 2065.88 ppm;
S.D. 940.14 ppm); Pb (1.14–663.88 ppm; mean 147.37 ppm; S.D.
150.49 ppm), and Fe (70.68–78.52 wt%, mean 74.54 wt%; S.D.
2.03 wt%). While certain magnetite grains exhibit elevated levels
of Cu, S, Ca, and Si amounts, the unusually high values of these
elements are probably attributable to the occurrence of other
sulfides and silicates (e.g., chalcopyrite, pyrite) inclusions. The LA-
ICP-MS elemental mapping reveals that magnetite grains contain
micro-inclusions-bearing trace elements, silicates, and sulfide
minerals (Figure 6). Elemental mapping was conducted to illustrate
the element distributions in magnetite, offering comprehensive
insights into elemental variations. Figure 6 explains the LA-ICP-MS
elemental map of a representative magnetite grain (sample MS11).
Elevated concentrations of Co, Cr, and Ni are concentrated more in
the center. Cu, As, Mo, Sb, and Te display increasing concentrations
from the center toward the rim.The Pd contents are low.The Pt, Os,
Ir, Au, Re, Ag, Ru, Bi, and Re concentrations fall below the detection
limits and thus do not show any distribution in this magnetite grain
(Magnetite number 51).

5 Discussion

5.1 Petrogenetic implications

5.1.1 Tectono-magmatic characteristics based on
biotite composition

The biotite composition is utilized to distinguish suites
of alkaline anorogenic (A-type), calc-alkaline orogenic, and
peraluminous (including S-type) settings in productive intrusions of
porphyry systems (Abdel-Rahman, 1994). On the ternary diagram
of MgO-FeOtot-Al2O3 (Abdel-Rahman, 1994), magmatic biotites
from Masjeddaghi are within the calc-alkaline field (Figure 7a). In
the diagram of MgO vs. Al2O3 (Abdel-Rahman, 1994), the biotites
in the diorite porphyry are placed in field (C), that are related
to calc-alkaline suites (Figure 7b). It suggests that the biotite of
Masjeddaghi crystallized from magma with calc-alkaline features,
which is related to the subduction setting. The MgO vs. FeO/(FeO
+ MgO) diagram is presented to determine the source of parental
magma in porphyry systems (Zhou, 1986). Most biotites of the
diorite porphyry are plotted in the field of mantle source. Several
samples are scattered in the boundary between the mantle-crust
and mantle source (Figure 7c). The diagrams suggest that the
parental magma of intrusion in the Masjeddaghi porphyry deposit
was formed through the interaction of subduction-derived mantle
magma and crustal magma within the dioritic magma chamber.

5.1.2 Ti-in-biotite thermometry
Biotite is one of the most important hosts of Ti in igneous rocks.

The concentration of Ti and XMg = Mg/(Mg + Fe) can be plotted on
XMg vs. Ti diagram to show that the Ti concentrations decrease with
an increase in Mg/(Mg + Fe) (Henry et al., 2005). This figure shows
isotherms projected for biotite. The calculated temperatures of
biotites range from 723°C to 782°C (mean = 749°C) in the intrusion
of the Masjeddaghi deposit (Figure 7d; Supplementary Table S2).

5.1.3 Aluminum-in-hornblende geobarometry
Numerous models were proposed based on the total

Al concentration of amphibole to estimate geobarometry
and geothermometry in calc-alkaline granitoid (e.g., Ridolfi
and Renzulli, 2012). Ridolfi et al. (2010) provided new
thermobarometric formulations for determining temperature,
pressure, oxygen fugacity, and hygrometric conditions according
to the phase stability and chemical balance of amphibole for calc-
alkaline magmas, covering a temperature range (550°C–1120°C)
and pressure (<1,200 MPa). The temperature and crystallization
pressure of amphiboles in Masjeddaghi can be calculated by the
subsequent Equations 1, 2 (Ridolfi et al., 2010):

[T]R10 (
°C) = −151.487∗ Si∗ + 2.041 (1)

[P]R10 (MPa) = 19.209e(1.438AlTot) (2)

The obtained temperatures are from 830 to 877°C (mean =
849°C), and also the estimated crystallization pressure of amphiboles
varies between 120 and 186 MPa (mean=144 MPa) forMasjeddaghi
(Supplementary Table S3). If amphibole crystallization occurred
after magma emplacement, a pressure of <200 MPa appears typical
for the Masjeddaghi porphyry deposit. The diagram of T (˚C) vs. P
(MPa) is presented to estimate the P-T condition of amphiboles from
calc-alkaline products in subduction-related systems (Ridolfi et al.,
2010). According to this diagram, selected amphiboles from
Masjeddaghi are plotted mostly within the domain (1) (Figure 8a).

5.1.4 Crystallization conditions of apatite
In order to estimate the crystallization conditions of apatite, it

is necessary to calculate the apatite saturation temperature (AST).
It is assumed that the whole-rock composition represents the
composition of the original melt, from which apatite crystallized,
and AST can be estimated in melts with the composition
of silicate (Harrison and Watson, 1984). In diorite porphyry,
magmatic apatite predominantly appears as euhedral to subhedral
inclusions in minerals (Figure 3i), indicating that the apatites
formed at conditions near the liquidus of these rocks. For whole-
rock analysis, we utilized re-processed whole-rock geochemical
composition data previously published byHassanpour andAlirezaei
(2016), (Whole-rock geochemical composition data are reported
in Supplementary Table S6; the AST was estimated using the
equation proposed by Harrison andWatson (1984), as the following
Equation 3:

In Dapatite/melt
p = [(8400+((SiO2 – 0.5)2.64 ∗ l04))/T]

– [3.1+ (12.4 ⁢ (SiO2 – 0.5))] (3)

here SiO2 corresponds to the weight fraction of silica in the melt,
T represents temperature (K), and DP represents the partition
coefficient of phosphorus between apatite and melt. AST in diorite
porphyry ranges from 845°C to 918°C (mean = 888°C) (results
are listed in Supplementary Table S7).

5.1.5 Estimation of water contents
The AlVI amount in amphibole is influenced by the melt’s

water abundance, therefore, AlVI can serve as an indicator of
the equilibrium range of amphibole formation (Ridolfi et al.,
2010). The water amount of melt relative to amphibole
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FIGURE 5
The element contents in magnetite were illustrated by Box and whisker plots. For specific elements, the lower whisker, lower quartile, and median
values coincide since the majority of measurements are at or below the detection limit. The top 75% and bottom 25% of the data are represented by
the upper and lower margins of the boxes, respectively.

crystallization is estimated through the subsequent Equation 4
proposed by Ridolfi et al. (2010):

[H2Omelt]R10 (wt%) = 5.215
[6]Al∗ + 12.28 (4)

where [6]Al∗= ([6]Al+[4]Al/13.9 – (Si+[6]Ti)/5 – CFe2+/3 –
Mg/1.7+(BCa + A[])/1.2 + ANa/2.7–1.56 K – (Fe2+/(Fe2++Mg))/1.6.

According to the diagram of H2Omelt (wt%) vs. T
(Ridolfi et al., 2010), H2Omelt of the Masjeddaghi porphyry deposit
ranges from 4.10 to 4.46 wt% (mean = 4.25 wt%) (Figure 8b;
Supplementary Table S3). This amount of magmatic water suggests
that Cu mineralization is linked to hydrous calc-alkaline magma
in Masjeddaghi. The amphibole crystallization depths (km) can
be estimated based on the calculated pressure, assuming standard
density weights of 2.89 g/cm3 for the oceanic crust and 2.70 g/cm3

for the continental crust (Ridolfi et al., 2010). Based on the depth
formula of Ridolfi et al. (2010), the amphibole formation depths
are calculated within the range of 4.2–9.9 km (mean = 6.5 km)

for the oceanic crust, and 3.9–9.3 km (mean = 6.08 km) for the
continental crust (Supplementary Table S3). Based on amphibole
crystallization data, it suggests a deep magmatic reservoir for the
Masjeddaghi deposit.

5.1.6 Origin of the Masjeddaghi magnetite
Based on chemical and textural features of MtT1, MtT2,

and MtT3, different origins are recognized for the three types
of magnetite. MtT1 homogeneous visual textural, suggesting that
it crystallized during the early phase of the cooling magma.
Furthermore, the high amounts of Ti, Ni, Cr, V, Al, Mg, and Mn in
the MtT1, because of high concentrations in silicate melts and/or
significant distribution factors between magnetite and silicate melt
at elevated temperatures (Wen et al., 2017), indicate a magmatic
origin for MtT1 (Wen et al., 2017). MtT2 has lower contents for
trace elements like V, Ti, and Al than the MtT1 phase, indicating
MtT2 was produced by hydrothermal fluid-coupled dissolution
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FIGURE 6
LA-ICP-MS elemental maps (raster) of the distribution of trace elements in magnetite (Mt) grain from the MS11 sample. Note that yellow areas represent
high levels of elements, but purple areas show low concentrations.

and reprecipitation (CDRP) of the precursor magmatic magnetite.
The reequilibrated magnetite in rocks is likely hydrothermal in
origin due to the presence of a fluid phase. The hydrothermal

alteration results in the dissolution and reprecipitation process in
Magnetite MtT2. Dissolution-reprecipitation refers to the process
in which the previous assemblages are substituted by more stable
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FIGURE 7
Biotite chemical composition from the Masjeddaghi deposit on tectonomagmatic discrimination diagrams: (a) Ternary MgO-FeOtot-Al2O3 diagram
(Abdel-Rahman, 1994); (b) MgO vs. Al2O3 diagram (Abdel-Rahman, 1994); (c) MgO vs. FeO/(FeO + MgO) diagram for determining the source of
parental magma in the Masjeddaghi porphyry (Zhou, 1986); (d) Temperature isotherms (°C) calculated from the surface-fit equation on Mg/(Mg + Fe)
vs. Ti diagram (Henry et al., 2005). C-calc-alkaline orogenic suites; P-peraluminous suites (including S-type).

FIGURE 8
Amphibole compositions from the Masjeddaghi porphyry deposit plotted on: (a) Composition of calcic amphiboles on the T(°C) vs. P (MPa) diagram
(Ridolfi et al., 2010); (b) H2Omelt (wt%) vs. T diagram (Ridolfi et al., 2010).
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ones during physicochemical condition changes (Guo et al.,
2020). This is generally triggered by changes in temperature,
salinity, and oxygen fugacity of the fluids (Guo et al., 2020).
MtT3 has low values of Cr, V, Ti, Ni, and Al, consistent with
hydrothermal magnetite in porphyry deposits (e.g., Nadoll et al.,
2014; Guo et al., 2020). Moreover, the trace element geochemistry
in MtT3 may reflect the hydrothermal fluid conditions (Guo et al.,
2020). This observation indicates that the hydrothermal fluid that
precipitated MtT3 is responsible for the hydrothermal alteration
zones. Magnetite is formed in a variety of geological environments,
crystallizing from different types of melts or precipitating from
hydrothermal fluids (Dare et al., 2014). Recent studies have tried
to chemically distinguish magmatic magnetite from hydrothermal
magnetite. On this basis, diverse diagrams were designed to be
used to determine the origin of magnetite (Nadoll et al., 2014).
Dare et al. (2014) have proposed that the behavior of Ni and
Cr is a key indicator for distinguishing magmatic magnetite from
hydrothermal magnetite. For example, magmatic magnetite has
Ni/Cr ratios ≤1 due to both elements’ compatible behavior during
the differentiation of intermediate and felsic melts. In contrast,
hydrothermal magnetite has Ni/Cr ratios ≥1, as Ni has a greater
dissolvability relative to Cr in fluids (Dare et al., 2014). However,
in the Ti vs. Ni/Cr diagram, most of our magnetite types fall within
the “magmatic magnetite” domain. Alternatively, Wen et al. (2017)
have suggested a V/Ti vs. Fe classification diagram to distinguish
magmatic and hydrothermal magnetite, which is divided into three
fields magmatic, reequilibrated, and hydrothermal. A temperature
increase enhances the Fe solubility in magnetite, leading to iron
undersaturation in fluids (Wen et al., 2017), which facilitates the
dissolution of primary magnetite and the crystallization of new
magnetite generations. Therefore, iron concentrations serve as a
key index for differentiating from magmatic and hydrothermal
magnetite. Contents of V, Fe, and Ti, in Masjeddaghi plot
on the Fe vs. V/Ti diagram (Wen et al., 2017) (Figure 9a).
The unaltered MtT1, interpreted to have crystallized primarily
from silicate melt, falls within the magmatic field. However, the
observed spread in Fe content may indicate solid solution behavior
involving other spinel endmembers. The widespread Fe content
and the potential implications for solid solution behavior in MtT1.
MtT2, which formed via coupled dissolution and reprecipitation
of magmatic magnetite, was plotted in the reequilibrated field.
Dissolution-reprecipitation is a fluid-assisted process in which
primary magnetite may have been reequilibrated by dissolution
and reprecipitation during late deformation (Wen et al., 2017).
Throughout the process, trace elements (such as Al, Ga, Ti, Cr, Ca,
Mn, Co, and Mg) are reduced in primary magnetite (Wen et al.,
2017). Dissolution-reprecipitation processes cause an abundance of
micro-porosity in the newly formed magnetite grains (Wen et al.,
2017). These micropores allow hydrothermal penetration at the
contact interface and facilitate the further advancement of the
dissolution-reprecipitation process within the crystal (Wen et al.,
2017). MtT3, which has deposited directly from hydrothermal
fluids, falls in the hydrothermal field. Hydrothermal magnetite
has higher concentrations of iron but lower trace elements. In
the Ti vs. V diagram that is determined based on the contents
of Ti and V in magmatic magnetite and hydrothermal magnetite
(Nadoll et al., 2015), most magnetite samples from Masjeddaghi
fall within the magmatic domain, while some hydrothermal

magnetite plots in the overlapping region between magmatic and
hydrothermal fields (Figure 9b). This distribution may be explained
by the contribution of a Ti-rich melt and subsequent enrichment of
the hydrothermal fluid in Ti, possibly derived from interaction with
or leaching of earlier crystallized phases like MtT1. These patterns
highlight the combined influence of magmatic and hydrothermal
processes on magnetite composition.

5.1.7 Controlling factors in the chemical
compositions of magnetite

The variation of trace elements across various types of magnetite
is influenced by temperature, salinity, pressure, and oxygen fugacity
( fO2), and fluid-rock interaction in porphyry deposits (Tian et al.,
2021). Temperature plays a major role in controlling the trace
element composition of magnetite, with a positive correlation
observed between formation temperature andTi content (Tian et al.,
2021). In Masjeddaghi samples, the decreasing average Ti contents
in the sequence of MtT1 (15,562 ppm)→ MtT2 (12,121 ppm)→
MtT3 (6,414 ppm), indicates a decreasing trend of Ti concentrations
and magnetite formation temperature in hydrothermal magnetite.
Moreover, the Ti, Al, V, and Mn element contents may also reflect
the magnetite formation temperature (Tian et al., 2021). The Ti
+ V vs. Al + Mn diagram (Figure 9c; Tian et al., 2021) indicates
that most of the magnetite formation of Masjeddaghi extends
the increased-temperature range (i.e., 300°C–500°C, >500°C) and
aligns with the decreasing temperature trend from MtT2 to MtT3.
Vanadium, as another indicator element, can be used to detect
the forming environment in magnetite. Because V exhibits high
reactivity in low-temperature hydrothermal fluids (Wen et al., 2017).
V3+ is more readily incorporated into the magnetite structure in
a reducing environment because of its ionic radius being very
similar to Fe3+, thus, V is an important indicator fluid fO2
evolution (Tian et al., 2021). AtMasjeddaghi, the average V contents
show a slight decreasing trend of MtT1 (2,395 ppm) → MtT2
(2,361 ppm), then increase from MtT2 through MtT3 (2,602 ppm).
The small difference between MtT1 and MtT2 suggests a shared
magmatic origin and fluid fO2. In contrast, V content increases
in MtT3, indicating a shift to more reducing conditions during
late-stage hydrothermal alteration. This trend suggests that while
MtT1 and MtT2 formed from a common magmatic fluid, MtT3
reflects crystallization from a distinct hydrothermal fluid with lower
fO2. Contents of Mg, Al, Si, and V elements can accumulate in
hydrothermal magnetite by wide fluid-rock interactions. For the
Masjeddaghi magnetite, the Mg, Al, Si, and Ti concentrations
are displayed on the Ti vs. Mg + Al + Si diagram (Tian et al.,
2021; Figure 9d) in order to provide a clearer insight into the
effect of the extent of fluid-rock interactions. The higher Mg
and lower Si content in MtT1 (Figure 9d) indicate minimal fluid-
rock interaction, consistent with its magmatic origin. In contrast,
MtT2 and MtT3 exhibit progressively lower Mg and higher Si
contents, reflecting increasing degrees of fluid-rock interaction.
This trend is illustrated by the grey arrow in Figure 9d, which
represents increasing fluid-rock interaction from MtT1 to MtT3.
MtT3 typically shows stronger fluid-rock interaction,whereasMtT1,
formed during the magmatic phase, retains lower concentrations of
fluid-mobile elements.
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FIGURE 9
(a) Fe vs. V/Ti diagram (Wen et al., 2017); (b) Ti vs. V diagram (Nadoll et al., 2014); (c) Ti + V vs. Al + Mn diagram (Tian et al., 2021); (d) Ti vs. Mg + Al + Si
(ppm) diagram (Tian et al., 2021).

5.2 Metallogenic implications

5.2.1 Metallogenic implications based on
magnetite chemistry

In the last decades, various research efforts have indicated that
the trace elements in magnetite may serve to differentiate the origin
and classification of deposits (e.g., Dare et al., 2014; Nadoll et al.,
2014). The content of trace elements such as Ni, Cr, Si, Mg, Al,
Mn, Ti, and V have been used to discriminate the different ore
deposit types, and numerous diagrams were presented based on
their variations between deposits like porphyry, skarn, banded iron
formation (BIF), IOCG, Kiruna, and Fe-Ti-V magmatic deposits
(Dupuis and Beaudoin, 2011; Nadoll et al., 2014). In this study, the
(Ti +V) vs. (Al +Mn) diagram is used (Figure 10) for discriminating
the ore deposit type. Some samples mainly plot in the porphyry

and skarn fields (Figure 10), proposing that the magnetite grains
primarily originated from magmatic-hydrothermal fluids. One of
the reasons that some samples of MtT2 plot in the skarn region
is probably due to intense fluid-rock interactions during MtT3
formation, while the high temperature during MtT2 evolution leads
to elevated Mn and Al concentrations in magnetite (Harrison and
Watson, 1984).

5.2.2 Oxidation conditions of parental magma
Based on investigations of porphyry deposits, oxidized magmas

with elevated oxygen fugacity (ƒO2) are characteristic of most
porphyry copper systems. (Sun et al., 2015). Consequently,
such oxidized magmas are considered favorable for porphyry
mineralization. The ternary Fe3+-Fe2+-Mg2+ diagram (Wones
and Eugster, 1965) shows ƒO2 according to the compositions of
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FIGURE 10
Discrimination plots of Ti + V vs. Al + Mn (ppm) (Nadoll et al., 2014).

biotite. Biotites in the Masjeddaghi are plotted above the Ni–NiO
buffer, which implies they crystallized under conditions of high
ƒO2 (Figure 11a). The biotites of the mineralized Masjeddaghi
indicate ƒO2 measurements vary from 10−14.23 to 10−15.63

(Supplementary Table S2).The T (°C) vs. log ƒO2 diagram is used to
represent the oxygen fugacity levels in oxidized porphyry deposits
[1], biotites of the Masjeddaghi deposit fall within the Ni–NiO
buffer domain (Figure 11b), and selected apatites are plotted in the
I-type oxidized magma curve (Figure 10b). Thus, the Masjeddaghi
intrusion is classified as an oxidized I-type magma system with high
oxygen fugacity.

Redox-sensitive elements like S, Ce, Mn, and Eu in apatite serve
as indexes to evaluate the oxidation state of magma (Miles et al.,
2014). In general, Mn2+ shows a similar ion radius to Ca2+, thus, this
element enters the lattice of apatite (Sun et al., 2019).The variation of
a single-element in apatite is affected by changing physicochemical
conditions during mineral crystallization. For example, the Mn
content in magma can fluctuate during crystallization (Sun et al.,
2019).Therefore, the multi-variance elements likeMnwith opposite
partitioning behaviors in apatite can be efficient in determining
changes in the oxidation state (Sun et al., 2019). The ƒO2 conditions
of apatite in Masjeddaghi intrusion can be estimated using Mn-in-
apatite as an oxybarometer and redox proxy expression based on
Equation 5 (Miles et al., 2014):

log ƒO2 = −0.0022 (±0.0003)Mn (ppm) − 9.75 (±0.46) (5)

The estimated ƒO2 for the diorite porphyry varies between
10–10.3 to 10–11.1, indicating that Masjeddaghi ore-forming magmas
are quite oxidized (Supplementary Table S4).

5.2.3 Halogen fugacity of fluids based on apatite
chemical composition

It seems the volatile diffusions in apatite appear during the
prolonged cooling of magmatic rock (Zhao et al., 2020). A model

presented by Piccoli et al. (1999) is used to determine the halogen
fugacity ratios. This model estimates the fugacity of HCl and HF in
the magmatic volatile phase (MVP) based on Cl and F contents in
apatite chemical composition based on Equations 6, 7:

log ⁢ fH2O/ fHClfluid = log (X (Hap)/X (Clap))

+ 0.04661+ (2535.8–0.0303

∗(P (bar) − 1))/T (K) (6)

log ⁢ fH2O/ fHFfluid = log (X (Hap)/X (Fap))

+ 0.18219+ (5301.1–0.00360

∗(P (bar) − 1))/T (K) (7)

here T represents temperature (K), P is given in bar, and
X(Clap), X(Fap), and X(Hap) correspond to mole fractions of
hydroxylapatite, chlorapatite, and fluorapatite (Piccoli et al., 1999).
Piccoli et al. (1999) proposed that amphibole geobarometry can
serve to determine pressure in calculations. The concentrations of
log(ƒH2O)/(ƒHCl) and log(ƒH2O)/(ƒHF) ratios were calculated in
fluids associated with apatite. We took into account the estimated
AST (Supplementary Table S7) and the amphibole crystallization
pressure (120–186 MPa, mean = 144 MPa) as T and P in these
equations. The concentrations of log(ƒH2O)/(ƒHCl) in fluids
associated with apatite range from 1.67 to 1.84 (mean = 1.74).
The log(ƒH2O/ƒHF) values in fluids associated with apatite
vary from 4.34 to 4.48 (mean = 4.44) (data are presented in
Supplementary Table S4), which indicates apatite was in equilibrium
with Cl-rich fluids. The concentrations of log(ƒH2O)/(ƒHCl) in
fluids of apatite are from 1.67 to 1.84 (mean = 1.74). The
log(ƒH2O/ƒHF) contents in fluids of apatite vary between 4.34 and
4.48 (mean = 4.44) (data are presented in Supplementary Table S4),
which implies apatites equilibrated with Cl-rich fluids.
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FIGURE 11
Compositions of biotites, and apatites from the Masjeddaghi deposit on Oxygen fugacity diagrams: (a) Ternary Fe3+-Fe2+-Mg2+ diagram in biotites
(Wones and Eugster, 1965); (b) The oxygen fugacities of oxidized porphyry deposits on T(°C) vs. log ƒO2 diagram (Sun et al., 2015). Abbreviations: MH,
Magnetite-Hematite buffer curve; NNO, Nickel-Nickel Oxide buffer curve; FMQ, Fayalite-Magnetite-Quartz buffer curve; IW, Iron- Wüstite.

5.2.4 Comparison of hydrothermal fluid fugacity
ratios in biotite with other porphyry Cu deposits

The halogen fugacity values for hydrothermal fluids associated
with mineralization and alteration phenomena at the Masjeddaghi
porphyry Cu-Au deposit have been contrasted with those fluids
linked to other porphyry copper systems (Figures 12a,b). Various
factors affect the combination of fluids related to types of porphyry
deposits; the most important of them is the composition of the
source and the volatile composition (especially F/Cl and F/H2O
ratios of the reservoir and magma) (Afshooni et al., 2013). The
log(ƒH2O/ƒHCl) and log(ƒHF/ƒHCl) values for the Masjeddaghi
plot in the domain of those of Bingham, Santa Rita, and Babine
Lake porphyry deposits (Figure 12a). On the log(ƒH2O/ƒHCl) vs.
log(ƒH2O/ƒHF) diagram (Figure 12b), the halogen fugacity ratios
of biotite do not overlap with other deposits. The Masjeddaghi
porphyry deposit, characterized by its negative log(ƒHF/ƒHCl)
fugacity ratios, have similarities with those observed in other
porphyryCu systems, such as Bingham, Santa Rita, andBabine Lake,
where negative values of log(ƒHF/ƒHCl) imply a comparatively
Cl-rich hydrothermal system (Figure 12a). Chloride is the most
abundant ligand in aqueous solutions that form strong complexes
with Cu and Au (Xiao et al., 1998). Therefore, it seems that Cu and
Au are carried by Cl-rich fluids asmetal-chloride ligands to form the
Masjeddaghi porphyry deposit.

5.2.5 Thermodynamic modeling of the evolution
of volatile elements in apatite

H2O, S, Cl, and F as volatile elements in silicate melts play a key
role in volcanic eruptions and themagmatic evolution (Li andCosta,
2020). Additionally, volatile elements influence the transportation

and metal deposition and determine the development of porphyry
copper deposits (Li, et al., 2020). The crystal structure of apatite
contains various volatile elements, including CO2, S, Cl, F, and
H2O (OH) (Li and Costa, 2020), and apatite commonly appears
as inclusions within other igneous minerals. In this research, to
examine the distribution behavior of the F, OH, and Cl in apatite
and its associated melt and to estimate volatile values in the melt, we
utilize thermodynamic modeling of apatite chemical compositions
following the approach suggested by (Li and Costa, 2020). Li and
Costa (2020) introduced equations to estimate the Cl, F, and OH
(KD) exchange coefficients between silicate melts and apatite as
follows Equations 8–10:

ln (KD
Ap−melt

OH−Cl) = −
1
RT
× [72900⁢ (±2900) − 34⁢ (±0.3) ×T

− 1000× (5 (±2) × (XAp
Cl– X

Ap
OH) − 10⁢ (±8)

×XAp
F)] (8)

ln (KD
Ap−melt

OH−F) = −
1
RT
× [94600⁢ (±5600) − 40⁢ (±0.1) ×T

− 1000× (7 (±4) × (XAp
F– X

Ap
OH) − 11⁢ (±7)

×XAp
Cl)] (9)

ln (KD
Ap−melt

Cl−F) = −
1
RT
× [21700 (±6300) − 6 (±0.3) ×T

− 1000× (16⁢ (±6) × (XAp
F– X

Ap
Cl) − 2 (±5)

×XAp
OH)] (10)

here, apatite chemical compositions are given as mole fractions
of OH, F, and Cl in apatite. (XAp

i), T denotes temperature in
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FIGURE 12
Comparison of the Masjeddaghi porphyry Cu-Au deposit with other porphyry systems: (a) log(ƒH2O/ƒHCl) vs. log(ƒHF/ƒHCl) and (b) log(ƒH2O/ƒHCl)
vs. log(ƒH2O/ƒHF) ratios. The fugacity ratios for the Santa Rita, Los Pelambres, Bakircay, Hanover, Bingham, Babine Lake, Casino, and Deboullie
porphyry Cu deposits are from Afshooni et al. (2013).

Kelvin, while R stands for the constant of the universal gas. Thus,
using this model, we estimate the melt H2O content, the OH,
F, and Cl activity coefficients of apatite (γApi), the OH, F, and
Cl exchange coefficients (KD) between melts and apatite, the OH
content in the melt, and OH, F, and Cl the mole fractions in
apatite at equilibriumwith themelt chemistry composition (data are
reported in Supplementary Table S9). According to data, in diorite
porphyry, apatite reveals F melt values between 700 and 900 ppm
(mean = 780 ppm) and Clmelt contents vary from 5,000–5,900 ppm
(mean = 5,360 ppm) (Supplementary Table S8). The XF/XCl and
XCl/XOH ratios in the diorite porphyry of Masjeddaghi are
evaluated in comparison to measurements of these proportions
in ore-bodies of the Duolong porphyry system (Li et al., 2020;
Figure 13a).TheXF/XCl andXCl/XOHconcentrations in the apatite
of Masjeddaghi reveal a trend indicative of magmatic evolution.
This indicates a trend of volatile-undersaturated crystallization,
suggesting that the apatite crystallized from the magma before it
reached vapor saturation (Figure 13a) (Li et al., 2020). Therefore,
the apatite grains formed from a melt with diorite composition
at elevated temperatures. The SO3 and XF/XCl concentrations
in apatite of Masjeddaghi are plotted on the XF/XCl and SO3
diagram. A significant resemblance is observed within apatite grains
in the diorite porphyry of Masjeddaghi and apatite inclusions in
amphibole from the diorite intrusion of Duolong (Figure 13b).
The trend of SO3 variations, along with a relatively increasing
XF/XCl ratio, suggests that volatile separation likely took place at
temperatures ranging from 880°C to 890°C (Figure 13b). Therefore,
the variations in volatile elements observed in magmatic apatite
from diorite porphyry likely indicate the crystallization of apatite
from volatile-undersaturated melts and magmatic evolution in ore-
forming magmas.

5.3 Implications for the formation of the
Masjeddaghi porphyry Cu-Au deposit

According to the data presented, we suggest the following
model for magmatic evolution linking the formation of the
Masjeddaghi porphyry Cu-Au deposit to the sequences of mineral
crystallization within a dioritic magma chamber (Figure 14).
Magmatic apatite grains began crystallizing from the early stage
of Masjeddaghi dioritic magmas at ∼918°C (Figure 14a). Based
onmineral thermometry and petrography that magmatic magnetite
crystallized coeval or nearly coeval withmagmatic apatite at ∼918°C
in the early stages of the Masjeddaghi dioritic magma evolution
(Figure 14a). Magmatic magnetite is often found intergrown
with magmatic apatite (Figures 3i,k), indicating that it formed
during the same magmatic pulse. It is also characterized by high
Ti, Cr, Mn, and Co contents, which are compatible elements
in high-temperature melts. The presence of zoned amphibole
(Figure 3h) suggests that mafic magma was injected into the
dioritic magma chamber, with mixing possibly taking place
across several phases of amphibole crystallization at a depth
of approximately ∼10 km (Figure 14b). Subsequently, magmatic
biotite formed at shallower depths and lower temperatures (∼4 km
and ∼782°C) as the mixed magma continued to rise; it may
have intruded into the surrounding wall rocks (Figure 14b).
During this ascent and magma-hydrothermal transition, partial
reequilibrated magnetite occurred via fluid-coupled dissolution-
reprecipitation, resulting in subhedral magnetite with reduced
trace element contents. The mineral thermometer, based on
the established empirical equation, confirmed the mineral
crystallization sequences, where the calculated apatite saturation
temperature (∼845°C-918°C) falls within the range of Al-amphibole
(∼830°C-877°C) and above that of biotite temperature (∼723°C
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FIGURE 13
A comparison of apatite volatile elements variations between diorite porphyry of Masjeddaghi and the intrusions of the Duolong porphyry deposit.
These figures illustrate the compositional variations in apatite volatile elements during their evolution from volatile-undersaturated to volatile-saturated
magma. (a) XF/XCl vs. XCl/XOH in apatite; (b) XF/XCl vs. SO3 in apatite. The blue solid curves in (a,b), derived from the Rayleigh fractionation model,
depict the variation of volatile elements in apatite during fluid exsolution. Each yellow star represents calculated apatite composition corresponding to
the fraction of the remaining melt (ƒ shown as %) and temperature (°C) in the Rayleigh fractionation model. Gray solid curve in (b) represents the
variation of apatite SO3 contents that were estimated by the empirical equation (Li et al., 2020). The ore-bearing granodiorite porphyries of the
Duolong porphyry system contain biotite phenocrysts with apatite inclusions, as documented by (Li et al., 2020). Abbreviations: GP, granodiorite
porphyry; QDP, quartz diorite porphyry.

to 782°C). At a depth of 4–10 km, an oxidized and hydrous
mafic magma derived from a deeper source intruded into the
dioritic magma chamber (Figure 14b). The introduction of
oxidized and hydrous mafic magma from the resource into the
evolved dioritic magma chamber led to significant magma mixing
and continuous fractional crystallization of apatite, magnetite,
amphibole, and biotite, causing the formation of the Masjeddaghi
deposit with ore-forming fluid exsolution (Figure 14b). Thus,
the continued fractional crystallization of apatite, magnetite,
amphibole, and biotite, associated with high oxygen fugacity,
enhanced water amount, and metal concentrations in the mafic
magma, is crucial for the formation of ore-forming porphyry in the
Masjeddaghi deposit.

6 Conclusion

According to the analysis and discussions, we derived the
subsequent conclusions:

1. Biotite and amphibole compositions show a parental magma
with calc-alkaline features, suggesting a source comprised of
subduction-related mantle and crustal materials.

2. The Al-in-amphibole geothermometer, the apatite saturation
temperature, and the Ti-in-biotite geothermometer show
ranges of calculated temperatures (830°C–877°C) (845°C-
918°C) and (723°C–782°C), respectively, whereas the Al-in-
amphibole geobarometer exhibits pressures (120–186 MPa;

equating to depths of 4–10 km), indicating the existence
of a deep magmatic origin beneath the deposit. The
H2Omelt contents of amphibole (4.10–4.46 wt%) display
that the mineralization is associated with a hydrous calc-
alkaline magma.

3. According to concentrations of trace elements and mineral
associations, magnetites are classified into magmatic,
reequilibrated, and hydrothermal types in the Masjeddaghi
porphyry deposit. Some Masjeddaghi magnetite samples
overlap between the porphyry and skarn fields in the Ti +
V vs. Al + Mn (ppm) diagram, suggesting that the diagram
may not be reliable for distinguishing porphyry-related
deposits.

4. The estimated log ƒO2 for biotites ranges from 10–14.23 to
10–15.63 and for apatites ranges from 10–10.3 to 10–11.1,
suggesting that the ore-forming magmas are consistent with
characteristics of oxidized I-type magmas.

5. The Masjeddaghi porphyry system, with its negative
log(ƒHF/ƒHCl) fugacity ratios, has similarities with those of
the other porphyry systems, such as Bingham, Santa Rita, and
Babine Lake, where negative values of log(ƒHF/ƒHCl) imply a
relatively Cl-rich hydrothermal system. It seems that Cu and
Au are transported by Cl-rich fluids as metal-chloride ligands
to form the Masjeddaghi porphyry deposit.

6. The observed trends in the XF/XCl and XCl/XOH ratios of
apatite from the Masjeddaghi deposit display a pattern of
magmatic evolution characterized by volatile-undersaturated
crystallization. The variation in volatile elements in apatite
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FIGURE 14
Conceptual model depicting the stages of mineral formation in the Masjeddaghi mature dioritic magma chamber (Rahnama, 2021): (a) Simultaneously,
magmatic apatite and magnetite grains were formed in a reduced dioritic magma chamber at ∼918°C; (b) The intrusion of oxidized and hydrous mafic
magma from a deeper magma source introduced significant magma interaction and sustained fractional crystallization of apatite, magnetite,
amphibole, and biotite in an evolved dioritic magma chamber with fluid exsolution, leading to the formation of the Masjeddaghi deposit.

suggests that primary volatile exsolution likely took place at
temperatures ranging from ∼880°C to 890°C.

7. The intrusion of oxidized hydrous maficmagma from a deeper
magma source likely promoted wide magma mixing and
prolonged fractional crystallization within the evolved dioritic
magma chamber, resulting in the exsolution of ore-forming
fluids and the formation of the Masjeddaghi deposit.
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