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Abstract
The results of investigations into enrichment of precious metals in sphalerite and pyrite from the 

Maluntou epithermal gold deposit, China, are reported. The obtained data suggest intimate associations 
of Au- and Ag-bearing nanoparticles with chalcopyrite inclusions in sphalerite and pyrite. The origins 
of chalcopyrite inclusions involved different hydrothermal processes, including recrystallization-driven 
phase separation from parent chalcopyrite-sphalerite solid solutions and replacement of pre-existing 
pyrite in the presence of Cu-bearing fluids. The chalcopyrite blebs/lamellae follow sphalerite {111} 
planes, which define a shared sulfur layer for both chalcopyrite and sphalerite. This study indicates 
that mixing and boiling during the evolution of ore-forming fluids for the Maluntou deposit are key 
processes for the abnormal enrichment of precious metals in sphalerite and pyrite. The chalcopyrite 
micro/nano inclusions enhanced enrichment of precious metals in sphalerite provides new insights 
into the controls on the enrichment of precious metals in sulfides.
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Introduction
Of the major precious metals recovered from sulfide ore 

deposits, gold and silver show natural affinities with different 
sulfide minerals. Gold is unique in that it occurs as both “visible” 
grains (>1000 Å; under aided optical magnification) and “invis-
ible” (<1000 Å) Au in pyrite, with the latter either entrapped into 
the lattice defects as nanoparticles (Au0) or incorporated into the 
pyrite structure in solid solutions (Au1+; Cook and Chryssoulis 
1990; Palenik et al. 2004; Reich et al. 2005; Hastie et al. 2021). 
In contrast, Ag is usually recovered as a by-product in Pb and 
Zn mining of hydrothermal Pb-Zn deposits (Slack et al. 2020; 
Belokonov et al. 2021), as Ag has an affinity with galena and 
sphalerite (Huston et al. 1996; Wu et al. 2016, 2018); although 
high concentrations of Ag are more likely related to micrometer/ 
sub-micrometer sized inclusions of discrete argentiferous sul-
fosalts, such as diaphorite (Sharp and Buseck 1993; Giuli et al. 
2005) and tetrahedrite (Gasparrini and Lowell 1985; Wang et al. 
2018; Zhai et al. 2019) in galena.

Several mechanisms are thought to control the incorporation 
of Au and Ag as solid solutions in sulfides. Arsenic-induced 
defects have been proposed to facilitate the incorporation of Au 
in arsenian pyrite (Gopon et al. 2019; Zhang et al. 2022), with 
substitution of Au1+ for Fe2+ (Merkulova et al. 2019; Filimonova 
et al. 2020; Meng et al. 2022). Galena can host significant quanti-
ties of Ag1+, through the following coupled substitutions of Ag1+ 
+ Sb3+ ↔ 2Pb2+ or Ag1+ + Bi3+ ↔ 2Pb2+ (Lueth et al. 2000; Chutas 
et al. 2008; Grant et al. 2015). Silver(I) can enter the chalcopyrite 
structure via a co-substitution mechanism: (x + 2y)(Ge,Sn)4+ + 

x(Zn,Pb)2+ + y(Cu,Ag)1+ ↔ (2x + 3y)Fe3+ (Belissont et al. 2019) 
and can also be incorporated into the sphalerite structure through 
limited coupled substitutions via 2Ag1+ + Sn4+ ↔ 3Zn2+ (Cook 
et al. 2009) or Ag1+ + Cu1+ + Sn4+ ↔ 3Zn2+ (Pring et al. 2020). 
Furthermore, geochemical factors likely influence the distribu-
tion of Ag in sulfides. For example, higher temperatures and 
more reduced conditions favor preferential partitioning of Ag 
into chalcopyrite over galena and sphalerite in hydrothermal 
systems (Huston et al. 1996; Wu et al. 2016).

In recent years, there has been a growing interest in the role of 
submicrometer- to nanometer-sized mineral particles in control-
ling the mobility of precious metals in geological settings (e.g., 
Reich et al. 2006; Deditius et al. 2011; Wu et al. 2016, 2018). 
The disseminated chalcopyrite in sphalerite crystals has been 
extensively documented from natural ores of sulfide deposits 
(e.g., Bortnikov et al. 1991; Xu et al. 2021). Here, we document 
the enhanced enrichment of precious metals in sphalerites by 
chalcopyrite micro/nano inclusions relative to those chalcopyrite-
free sphalerites from the Maluntou epithermal gold deposit, 
which provides new insights into the controls on the enrichment 
of precious metals in sulfides.

Materials and methods
Materials

Maluntou deposit is an intermediate-sulfidation epithermal Au deposit (>5.0 t 
Au at 3.70 g/t) in the Dongkeng Volcanic Basin in Fujian Province, southeastern 
China, where ore-forming fluids evolved from higher-temperature magmatic-
hydrothermal fluids (up to 377 °C) due to mixing with meteoric water (Chen et al. 
2021). The orebodies are hosted by hydrothermally altered volcanic breccias and 
dacitic-rhyolitic pyroclastic rocks of the Huangkeng Formation and are spatially 
controlled by the northwest and northeast (NW and NE) striking faults and fractures 
(Chen et al. 2021). Ore samples used in this study (Fig. 1) were collected from the 
altered dacitic volcanic tuff at 360 m above sea level.
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