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ABSTRACT

Porphyry Cu deposits are genetically associated with oxidized, hydrous, and volatile-rich (e.g., Cl, S)
magmas. Magmatic volatiles play a crucial role in the fertility of magmas associated with porphyry Cu
mineralization. A continuous, volatile record from volatile undersaturation to fluid saturation in the
magma reservoir is significant for understanding the genesis of porphyry Cu deposits. Apatite serves
as a reliable recorder of the magmatic-hydrothermal history in porphyry Cu systems, with its volatile
evolution providing an effective method for identifying the occurrence of volatile saturation. In this study,
wemeasure the compositions of apatites occurring as inclusions in various minerals, including zircons, in
both fresh and altered pre-mineralization monzogranite and inter-mineralization monzogranite porphyry
from the Zhunuo porphyry Cu deposit in the Gangdese belt, southern Tibet. Cathodoluminescence and
composition reveal significant differences between unaltered and hydrothermally altered apatites. Primary
magmatic apatites exhibit homogeneous yellow to brown luminescence, whereas hydrothermally altered
apatites display a wide range of distinctive luminescence colors (e.g., dull yellow-green, green, and gray).
Furthermore, primary magmatic apatites show a significantly higher Mn/Fe ratio (>1.5) and rare earth
element (REE) plus Y contents (>4500 ppm) compared to hydrothermally altered apatites (Mn/Fe< 1.5,
REE�Y< 4500 ppm). Zircon-hosted apatite inclusions demonstrate decreasing XCl/XOH ratios
(∼1.0–0.2)with increasingXF/XOH (2–11) andXF/XCl (4–48) ratios, indicating volatile exsolution during
or prior to zircon crystallization in the magma chamber. Phenocryst-hosted apatite inclusions and ground-
mass apatite crystals have comparable volatile compositions, characterized by higher XF/XOH (5–25) and
XF/XCl (15–75) but lower XCl/XOH (mostly <0.3) compared to zircon-hosted apatites. We infer that the
phenocryst-hosted apatite inclusions may have formed during/after fluid exsolution or may not escape
re-equilibration with the residual melt due to the less robust nature of their silicate hosts. The calculated
melt Cl contents, derived from low-XF/XCl zircon-hosted apatites in the monzogranite porphyry are
0.17 ± 0.06 wt%, overlapping with those of the monzogranite (0.12 ± 0.04 wt%). The relatively
high Cl contents of primary ore-forming magmas likely facilitate the effective extraction of Cu from
the melt into the hydrothermal fluid. Our study highlights that apatite-in-zircon is more valuable
than non-zircon-hosted apatite grains for reconstructing melt volatile evolution and could be a better
Cu-fertility indicator for porphyry Cu mineralization than other forms of apatite.
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INTRODUCTION

Porphyry Cu deposits are the most important type of Cu
deposit and supply about 75% of the world’s Cu (Sillitoe 2010).
They form in both oceanic subduction (Cooke et al. 2005; Sillitoe
2010; Richards 2011) and continental collisional settings
(Hou et al. 2004, 2015; Yang et al. 2016; Holwell et al. 2019;
Yang and Cao 2024). The ore-forming magmas, which exsolve
metal-, S-, and Cl-bearing hydrothermal fluids from underlying
magma chambers, are considered to be oxidized, highly hydrous,
and volatile-rich (Sillitoe 2010; Richards 2011; Audétat and

Simon 2012; Chiaradia 2021). Magmatic volatiles (e.g., H2O,
S, and Cl) are critical factors that control the fertility of magmas
associated with porphyry Cu mineralization (Nadeau et al. 2010;
Blundy et al. 2015; Richards et al. 2017). These volatiles act as
key ligands to form metal complexes, facilitating the extraction
of metals from the magma into the exsolving hydrothermal fluid
and participating in sulfide precipitation (Shinohara 1994; Can-
dela and Holland 1986; Zajacz et al. 2011). A continuous record
of volatile components throughout the prolonged high-tempera-
ture magmatic-hydrothermal history of a porphyry system is cru-
cial for understanding the genesis of porphyry Cu deposits
(Tattitch et al. 2021; Nathwani et al. 2023; Huang et al. 2024a).* Co-corresponding author E-mails: sunxiang@cugb.edu.cn, djun@cugb.edu.cn
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