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Abstract
Multiple factors may downgrade the mineralization potential of an intermediate-felsic intrusion, 

such as the commonly invoked inefficient fluid exsolution and lack of ore-forming species (metals and 
their ligands) in magmas. However, other factors may affect the mineralization potential of a magma 
body but have poorly understood roles in the formation of magmatic-hydrothermal ore deposits. Here, 
we present a comparison between two Cu mineralizing plutons and a Cu-poor, Fe mineralizing pluton 
in the Edong district. Efficient fluid exsolution and extraction occurred during the solidification of all 
three plutons, as evidenced by extensive skarn alteration around them. The results show that the oxida-
tion state of the three plutons is similar (within a range of ~ΔNNO+0.9 to ΔNNO+2.5). A systematic 
comparison of the Cu contents of a certain suite of minerals of the three plutons shows that the Cu 
concentrations of all minerals in the Cu mineralizing plutons are lower than those of the Cu-poor Fe 
mineralizing pluton. This indicates that the Cu mineralizing plutons underwent more efficient copper 
extraction. Thus, igneous crystals with anomalously low Cu contents may potentially be used as a tool 
to identify Cu mineralizing magmatic units in a deposit with multiphase intrusions. We suggest that 
the inefficient copper extraction from plutons may be ascribed to the lack of reduced S species during 
fluid exsolution or different evolution paths of Cu and Cl during magma crystallization.
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Introduction
Magmatic-hydrothermal ore deposits, including porphyry 

(Cooke et al. 2005; Seedorff et al. 2005; Sillitoe 2010), skarn 
(Meinert et al. 2005; Chang et al. 2019), and epithermal type 
deposits (Hedenquist et al. 1998; Simmons et al. 2005), are the 
primary source of copper for our society (Arndt et al. 2017). 
There is a consensus that intermediate-felsic intrusions provide 
most of the copper, chlorine, and water that are necessary to 
produce hydrothermal alteration and ore bodies in porphyry 
copper systems and associated skarns (Hedenquist and Lowen-
stern 1994; Candela 1997; Meinert et al. 2003; Richards 2003; 
Williams-Jones and Heinrich 2005; Sillitoe 2010; Audétat and 
Simon 2012). The formation of porphyry Cu deposits and asso-
ciated skarns potentially involves multiple processes (Richards 
2013; Wilkinson 2013), such as a contribution from oxidized 
mantle (e.g., Mungall 2002; Wang et al. 2006), pre-enrichment 
in the lower crust (e.g., Lee et al. 2012; Chiaradia 2014; Hou 
et al. 2015; Chiaradia and Caricchi 2017; Zheng et al. 2019), 
sulfide saturation in shallow magma bodies (e.g., Wilkinson 
2013), injection of mafic magmas (e.g., Blundy et al. 2015; Yang 
et al. 2015; Cao et al. 2018), focused fluid flow, and repetitive 
fluid injections (e.g., Mercer et al. 2015; Li et al. 2017). There 
is growing evidence supporting the view that magma bodies 

with typical concentrations of metals (e.g., ~50–100 ppm Cu) 
may sustain the formation of economic ore deposits (Cline and 
Bodnar 1991; Chelle-Michou et al. 2017; Zhang and Audétat 
2017, 2018), because most metals have high fluid/melt parti-
tion coefficients, leading to significant enrichment of them in 
exsolved fluids (Zajacz et al. 2008; Audétat 2019). On the basis 
of this hypothesis, if efficient fluid exsolution occurs, many 
intermediate-felsic intrusions should have the ability to form 
economic Cu deposits. Nevertheless, many plutons showing ef-
ficient fluid exsolution also lack Cu mineralization, indicating 
that other factors may suppress the mineralization potential of 
intrusions. Whole-rock analyses may not be sufficient to provide 
a better understanding of this question because some fraction of 
the metals and volatiles in an intrusion are commonly lost after 
solidification. Comparison of melt inclusion compositions from 
barren and mineralized plutons could provide important insights 
into this question, but available data sets show that there is no 
obvious difference in metal concentrations between barren and 
mineralizing melts (e.g., Audétat 2015; Zhang and Audétat 2017, 
2018). It is noteworthy that the studied barren plutons contain 
abundant miarolitic cavities that represent fluid pockets, implying 
inefficient extraction of the fluids out of the magma (e.g., Audétat 
and Pettke 2003; Zhang and Audétat 2018). It is thus difficult 
to distinguish whether the lack of mineralization is ascribed to 
inefficient fluid extraction or other factors.

Here, we present a study of minerals (clinopyroxene, feldspar, 
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