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Abstract

In this study, zircon trace-element geochemistry was investigated to evaluate the oxidation state and
magmatic evolution of the quartz-dioritic intrusion associated with the Kuh-e-Esfand porphyry Cu deposit,
southern Jiroft, southeastern Iran. Following cathodoluminescence, transmitted- and reflected-light
imaging, and selection of suitable analytical spots, LA-ICP-MS analyses were conducted on 18 zircon
grains. Zircon Eu/Eu* ratios (>0.4) and 10*(Eu/Eu*)/YbN values (5—24) suggest that the parental magma
was relatively hydrous and oxidized, exhibiting geochemical characteristics comparable to those of
economically fertile porphyry Cu systems. The zircon compositional trends are consistent with the
evolution of the quartz-dioritic magma through amphibole and apatite fractional crystallization, followed
by an increasing contribution of apatite crystallization. This interpretation is consistent with the hydrous
nature of the parental melt. Zircon-based estimates of the magma oxidation state suggest an increase in
oxygen fugacity from AFMQ = 0.24 to 1.64 during the evolution of the silicate system. This range is
consistent with the oxidation conditions required for the stability of oxidized sulfur and efficient metal
transport in porphyry systems. The progressive increase in oxygen fugacity may be related to several
processes, including amphibole crystallization, hydrothermal fluid exsolution, and degassing of SO--
bearing volatile phases. Zircon geochemical indices, particularly Eu/Eu* (>0.4) and 10*Eu/Eu*)/YbN,
show potential for assessing magma fertility, whereas Hf concentrations should be interpreted with caution.
These results support the mineralization potential of the Kuh-e-Esfand deposit and highlight the southern
KMCB as a prospective region for future porphyry Cu exploration.

Keywords: Zircon Geochemistry, Magma Evolution, Oxygen Fugacity, Kuh-e-Esfand Porphyry Copper
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1-Introduction

The formation of porphyry Cu deposits requires highly oxidized (AFMQ > +1), hydrous (>4 wt% H-0),
and strongly fractionated magmas. Although whole-rock and silicate mineral chemistry can be used to
assess magma redox state, water content, and degree of evolution, these signatures are often modified by
hydrothermal alteration. In contrast, zircon is highly resistant to alteration and reliably records magmatic
processes through trace-element systematics. Zircon geochemical indicators—such as Ce and Eu
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anomalies, Eu/Eu*, Ce/\/(UXTi), (10* x Eu/Eu*)/Y, (Eu/Eu*)/Yby, and Hf, Zr/Hf, and Th/U ratios—
provide robust constraints on magma oxidation state, water content, and fractionation. The Kuh-e-Esfand
deposit, located in the southern Kerman Magmatic Copper Belt (KMCB), is associated with I-type, calc-
alkaline, hydrous, and oxidized magma. Progressive magma evolution enhanced fluid salinity and chlorine
partitioning, facilitating efficient Cu transport and contributing to deposit formation. This study presents
LA-ICP-MS trace and REE analyses of zircon to constrain magma evolution and redox changes during
quartz-diorite emplacement, highlighting zircon geochemistry as an effective tool for evaluating porphyry
fertility. By comparing the geochemical characteristics of zircons from Kuh-e-Esfand with previous studies,
the most effective zircon-based indicators of magma fertility will be evaluated.

2-Materials and methods

With attention to hydrothermal effects, Quartz diorite samples were collected from least altered sections.
The samples were crushed, sieved, and washed. Zircon grains were separated under a binocular microscope,
mounted in epoxy, polished to reveal internal structures and inclusions, and imaged using reflected,
cathodoluminescence, and transmitted-light microscopy. Zircons were analyzed by LA—ICP-MS using a
193 nm Resolution SE laser coupled to an Agilent 7900 ICP—MS at the Lithosphere Evolution Lab, Chinese
Academy of Geological Sciences. Analyses used a 30 pm laser beam, 6 Hz repetition rate, and 20 J/cm?
energy density, with 20 s gas-background collection followed by up to 40 s laser ablation. Zircon 91500
(1.062 Ga) served as an external standard for elemental fractionation, with NIST SRM 610 as the external
reference for trace elements and Si as the internal standard. Calibration was repeated after every 10
analyses.

3-Results

3-1-Zircon geochemistry:

Chondrite-normalized REE patterns indicate HREE enrichment, LREE depletion, positive Ce and weak
negative Eu anomalies, typical of magmatic arc zircons. Studied zircons have Hf concentrations ranging
from 9702- 12436 ppm and Ti concentrations ranging from 2.05- 7.28 ppm. Hf and Ti exhibit a negative
correlation. Th/U and Yb/Gd ratios demonstrate values ranging from 0.26- 0.59 and 17.26- 30.44,
respectively. Th/U and Yb/Gd ratios display negative and positive correlations with increasing Hf,
respectively. Eu/Eu* ratios range from 0.57-0.74 and display a nearly constant trend with Hf. Ce/N(UixTi)
values vary from 0.3-0.69.

3-2-Zircon thermometer and oxybarometer:

Ti-in-zircon thermometer of Ferry and Watson (2007) was utilized to calculate zircon formation
temperatures, assuming a TiO; activity of 0.5 and SiO; activity of 1. Zircons from quartz-diorite intrusions
have temperature variations from 782425 to 668+21 °C. Oxidation state was calculated using the Loucks
et al. (2020) method, with AFMQ values ranging from 0.24 to 1.64.

4-Discussions

4-1-Zircon geochemistry and magma evolution:

Zircon’s geochemical sensitivity to chemical changes and physicochemical conditions of the melt makes it
an ideal candidate for tracking melt evolution. An increase in Hf concentration within the zircon structure
indicates a progressive melt evolution (Nathwani et al., 2021). A primary factor controlling zircon
chemistry is the crystallization sequence of minerals forming prior to or alongside it. In hydrous mafic-to-
intermediate melts, amphibole is the dominant ferromagnesian phase; its crystallization removes Y from
the system, thereby increasing the zircon Hf/Y ratio (Large et al., 2018). As the melt evolves toward felsic
compositions, amphibole crystallization decreases, while apatite =+ titanite begins to crystallize. This
mineral assemblage not only reduces the Hf/Y ratio but also increases the Yb/Gd ratio and decreases the
Th/U ratio in zircon by preferentially hosting Gd and Th over Yb and U (Nathwani et al., 2021). Zircon
geochemistry in the Kuh-e-Esfand suite reveals a progressive magmatic evolution toward felsic
compositions, evidenced by an increase in Hf content (9702—12436 ppm) as crystallization temperatures
decreased. Systematic trends in Th/U and Yb/Gd ratios suggest a fractionation sequence dominated by
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amphibole+apatite crystallization, followed by an increase in apatite crystallization, as confirmed by apatite
inclusions within zircons. Furthermore, elevated Eu/Eu* ratios (0.57—0.74) signal a fertile magmatic system
with mineralization potential. This geochemical signature is consistent with a highly hydrous melt (5.6-7.9
wt% H:0), where suppressed plagioclase formation prevented strong Eu depletion, maintaining the
observed weak negative Eu anomalies.

4-2-Zircon geochemistry and the evolution of magmatic redox conditions:

The increase in the Ce/N(UxTi) ratio in zircon with magma evolution reflects a progressive increase in the
melt oxygen fugacity (Loucks et al., 2020). Several factors may contribute to the increase in melt £ Oa: 1)
Fractional crystallization of amphibole (Goltz et al., 2022); 2) Exsolution of hydrothermal fluids (Loucks
and Fiorentini, 2023). 3) The reduction of magmatic sulfate to SO, (Dilles et al., 2015). Cooling of an

oxidized, sulfur-rich magma can cause anhydrite crystallization due to CaSOs saturation. Continued cooling
leads to fluid saturation and anhydrite breakdown, releasing SO: into hydrothermal fluids and CaO into the
melt. This process supplies sulfur to porphyry systems and is coupled with Fe oxidation, resulting in an
overall increase in melt oxygen fugacity. Petrographic observations from Kuh-e-Esfand quartz-diorite
intrusions support this scenario. However, SO, exsolution cannot be the only mechanism controlling fO2
increases in quartz-diorite intrusions. Loucks and Fiorentini (2023) discussed Hydrothermal fluid
exsolution as an effective mechanism for increasing the oxidation state of magma. Data from the
10%(Eu/Eu*)/Ybx versus Ce/N(UxTi) diagram suggest that Kuh-e-Esfand’s zircons crystallized before,
during, and after fluid saturation.

4-3-Application of zircon geochemistry as an exploration tool in the Southern KMCB:

A fundamental characteristic of fertile melts is their capacity to retain and transport sulfur, a feature directly
controlled by magmatic oxygen fugacity (Richards, 2015). Redox conditions prevailing around AFMQ ~ 1
provide the sulfur necessary for the formation of porphyry systems and ultimately contribute to higher
mineralization grades. The AFMQ values of the Kuh-e-Esfand quartz-diorite (0.24 to 1.64) show good
agreement with the sulfur oxidation threshold. Magmatic oxygen fugacity increases significantly with the
exsolution of hydrothermal fluids, as observed in the Kuh-e-Esfand quartz-diorite. The early occurrence of
fluid saturation and exsolution, followed by an increase in magmatic oxidizing conditions at low pressures,
significantly enhances the potential for forming an economic deposit. A magmatic water content of 2—6
wt.% provides potentially favorable conditions for economic mineralization (Chiaradia, 2020). The
10*(Ew/Eu*)/Yby ratio in the Kuh-e-Esfand zircons ranges from 5 to 24. This interval is comparable to the
Jiama deposit and overlaps well with values recorded for other fertile suites (these values range between
5-44 for Sarcheshmeh, 8-37 for Sungun, 5-24 for Jiama, and 3-36 for Batu Hijau; in contrast, the barren
Kadoona dacite shows values between 0.41 and 3). This pattern suggests that the parent magma of the Kuh-
e-Esfand quartz-diorite possessed a relatively high water content. Additionally, the Eu/Eu* ratios in the
Kuh-e-Esfand zircons—which serve as indicators of both redox conditions and magmatic water content—
are consistent with the ranges observed in the mentioned deposits. Zircon Hf concentrations > 8750 ppm
have been proposed as a factor for discriminating fertile suites from barren ones. However, the lack of a
systematic trend between fertility and the range of Hf variation in the current data presented suggests that
caution is required when using zircon hafnium values to determine fertility potential. The investigation of
Kuh-e-Esfand zircons demonstrates that the parent magma was a hydrous and oxidized melt with favorable
potential for forming economic mineralization. These results, while supporting the practical application of
zircon as a pointer mineral for porphyry Cu systems, point to the exploration significance of the southern
sector of the KMCB and warrant further exploration activities in this region.

5-Conclusion
1. High zircon Eu/Eu* ratios (>0.4) indicate a water-rich magma that suppressed early plagioclase

fractionation. The magmatic evolution was primarily dominated by 40-60% fractional
crystallization of an amphibole and apatite assemblage.
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2. Magmatic oxygen fugacity increased by approximately 1.5 log units (from delta FMQ 0.24 to 1.64)
during zircon growth. This oxidation trend was driven by the exsolution of hydrothermal fluids and
SO, volatiles, which is also manifested in the distinct oscillatory zoning of the zircon rims.

3. The hydrous and oxidized nature of the Kuh-e-Esfand quartz-diorite is consistent with the
geochemical signatures of fertile porphyry Cu systems, suggesting favorable exploration potential
within the southern sector of the KMCB.

4. Zircon-based indices, particularly Eu/Eu* and 10*(Eu/Eu*)/Yby, appear to be effective tools for
assessing magmatic water content and redox states, providing a useful framework for evaluating

porphyry fertility.
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Fig 1. Geological map of the Kerman Cenozoic Copper Belt, adopted from (Moghadam et al., 2022).
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Fig 2. Simplified geological map (modified after (Taghipour et al., 2020)) and cross-section (along line AA’) of
the Kuh-e-Esfand porphyry copper deposit (Zarasvandi et al., 2025b). Black dots indicate drill hole locations.
Samples were collected from the boreholes at depths of 275, 495, and 735m.
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Fig. 3. (a) Hand specimen view of the Kuh-e Esfand quartz diorite, in which plagioclase and biotite crystals are
clearly recognizable, (b) Photomicrograph (XPL) showing a porphyritic texture with coarse biotite and plagioclase
phenocrysts; pseudomorphs of hornblende altered to re-equilibrated biotite are also observed, (¢c) Hand specimen
view of andesite units, plagioclase, biotite, amphibole and chlorite after amphibole and biotite are recognizable,
and (d) photomicrograph of andesite unit, showing fine grained groundmass with plagioclase, pyroxene, K-

feldspar, quartz and biotite. P1 = plagioclase, Bt = biotite, Am = amphibole, Hbl = hornblende, Chl = chlorite,
Qtz = quartz, Kfs = K-feldspar, Py = pyrite, Ahn = anhydrite, Mag = magnetite (Siivola and Schmid, 2007).
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Fig.4. (a) photomicrograph (XPL) showing potassic alteration with quartz-K-feldsar-anhydrite-biotite vein and
re-equilibrated and secondary biotite, anhydrite, secondary K-feldspar, hydrothermal quartz and plagioclase which
is replacing by sericite, (b) Formation of pyrite around an anhydrite crystal, although, anhydrite crystal with
corroded margins, and magnetite formed as a result of biotite alteration, (c) deep zone quartz-sericite-K-feldspar-
chlorite-anhydrite alteration, (d) mineralization and disseminated chalcopyrite, and (e) hand specimen of Kuh-e-

Esfand quartz-diorite, demonstrating quartz-K-feldspar-pyrite-chalcopyrite vein and transition from potassic to
phyllic alteration. abbreviations are similar to Fig 3.
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Fig 5. (a) Zircon rare earth element (REE) spider diagram for the Kuh-e-Esfand zircons, normalized to Chondrite
(McDonough and Sun, 1995), (b) Plot of Hf versus Ti in zircon, (c) Plot of Hf versus Th/U in zircon, (d) Plot of
Hf versus Yb/Gd in zircon, and (e) Plot of Hf versus Eu/Eu* in zircon.
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Table 1. LA-ICP-MS REE and trace elements data (ppm) of zircons from quartz-diorite intrusion
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same crystal, showing apatite inclusions, (c) CL image of a zircon crystal. The red circle indicates the analysis
spot, and (d) Transmitted light image of the same crystal with inclusions of apatite and fluid inclusions.
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and Fiorentini, 2023), illustrating saturation and consequence degassing of Ku-e-Esfand quartz-diorite intrusions.
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Table 2. Comparison of zircon geochemical indices (AFMQ, 10%(Eu/Eu)/Yby, Hf, and Ew/Eu*) in the Kuh-e-
Esfand quartz-diorite with Sarcheshmeh, Sungun, Jiama, Batu Hijau and barren Kadoona dacite (Sarcheshmeh,
Sungun, Jiama, Batu Hijau and Kadoona data from (Lu et al., 2016))

Kuh-e-Esfand

deposit Sarcheshmeh
AFMQ 0.24-1.64 0.67-3.78
104 Ew/Eu*)/Ybn 5-24 5-44
Hf 9702-12436 8973-11590
Eu/Eu* 0.57-0.74 0.41-0.92

Kadoona
. . .. Dacite
Sungun Jiama deposit Batu Hijau I-type
(barren)
0.88-3.45 0.44-3.63 0.62-1.44 -2.22 -0.68
8-37 5-24 3-36 0.14-3
8860-9980 7320-12590 7424-9530 8411-11730
0.52-0.98 0.4-0.8 0.43-0.82 0.01-0.22
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