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abstraCt

Germanium (Ge) is a critical raw material for emerging high-tech and green industries, resulting in 
considerable recent interest in understanding its distribution and geochemical behavior in ore deposits. 
In this contribution, the distribution of Ge and related trace elements in the Fule Pb-Zn(-Ge) deposit, 
South China, is investigated to reveal the distribution of Ge in the hydrothermal ores and during sulfide 
weathering, using multiple microanalytical techniques, including scanning electron microscopy, electron 
probe microanalysis and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). 
In the Fule MVT deposit, sphalerite (ZnS) is the most significant Ge-carrier relative to other sulfides, 
though the five recognized textural types of sphalerite display progressive depletion in Ge from the 
first sphalerite generation to the late one. In the early stage, sphalerite with fine-grained chalcopyrite 
inclusions has the highest Ge concentrations, probably accounting for a significant proportion of the 
total Ge. We interpret that high Ge concentrations in the early sphalerite may be attributable to high Cu 
activity in the mineralizing fluids. During oxidative weathering, Ge was redistributed from its original 
host, sphalerite, to the weathering product willemite (Zn2SiO4) rather than smithsonite (ZnCO3), with 
high levels of Ge (up to 448 μg/g) present in the willemite. The formation of abundant willemite 
largely prevents the dispersion of Ge during weathering. In principle, willemite-hosted Ge should be 
fully recoverable, and the Zn-silicate ores may, therefore, be a potential target to meet future demand. 
This study provides new information on how Ge behaves from sulfide- to weathering-stage in MVT 
systems, which directly impacts Ge mobility and deportment changes and the development of metal-
lurgical strategies for Ge recovery.
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introduCtion

Germanium (Ge) is used in a wide variety of modern high-
tech applications (e.g., electronics, infrared instruments, solar 
panels, fiber optics, etc.) and is widely regarded as a strategic 
or critical raw material (European Commission 2023; U.S. Geo-
logical Survey 2023; Li et al. 2023a and references therein). The 
growing use of Ge in electric and optoelectronic devices provides 
a strong motivation to better understand Ge geochemistry and, 
specifically the factors controlling its behavior in nature. Ger-
manium is largely incorporated into silicate minerals by direct 
substitution for Si4+ despite its occurrence in relatively low 
concentrations (e.g., Bernstein 1985; Höll et al. 2007). In certain 
environments, Ge exhibits chalcophile, siderophile, and organo-
phile behaviors and is thus preferentially enriched in some types 
of hydrothermal base-metal deposits, in iron-nickel meteorites, 
and in lignite coal. Currently, Ge is commercially extracted from 

certain Ge-rich coal and from Zn-/Cu-concentrates, in which Ge 
is hosted in common sulfides, notably sphalerite and sometimes 
chalcopyrite (Reiser et al. 2011; Frenzel et al. 2017; Belissont et 
al. 2019), and to a far lesser extent, in enargite and bornite (Cook 
et al. 2011). Trace element data, including Ge concentrations, 
have been published on sphalerite, chalcopyrite, pyrite, galena, 
and bornite (Cook et al. 2009, 2011; Ye et al. 2011; Belissont et 
al. 2014, 2019; Hu et al. 2019; Frenzel et al. 2022; Li et al. 2023b 
and references therein). However, data on the Ge distribution 
between various minerals in low-temperature (low-T) hydro-
thermal systems remains relatively sparse (e.g., Hu et al. 2019).

Ge and other elements, such as Mn, Fe, Co, Ga, In, and 
Cd, can be incorporated into sphalerite at concentration levels 
of tenths of μg/g to wt% (Cook et al. 2009; Ye et al. 2011; 
Murakami and Ishihara 2013; Belissont et al. 2014; Wei et al. 
2019; Cugerone et al. 2021; Torró et al. 2023 and reference 
therein). The relative concentrations of these elements can be 
an indicator for the origin of ore deposits (Ye et al. 2011; Belis-
sont et al. 2014; Frenzel et al. 2016; Wei et al. 2018; Li et al. 
2020a) and the evolution of the mineralizing fluids in different 
hydrothermal systems (Pfaff et al. 2011; Gagnevin et al. 2012; 
Wei et al. 2021). Specifically, formation temperature appears to 
control the occurrence of some elements in sphalerite (Möller 
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