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Abstract

Oxidative dissolution of arsenopyrite and pyrite from two former mining sites located in the French 
Massif Central has been studied to determine some of the critical parameters controlling the formation 
of secondary phases. Micro-Raman spectroscopy (µRS) and micro-scanning X-ray diffraction (µSXRD) 
were used for mineralogical identification and for mapping the distribution of these alteration products. 
The two mining sites are characterized by different pH conditions and sedimentary environments. 
Enguialès exhibits acidic conditions (pH ~ 3) and consists of coarse-grained tailings on a steep slope, 
which have been leached by meteoric waters and represent an oxidizing environment with a high 
solid/solution ratio. In contrast, the Cheni site shows near neutral conditions (pH ~ 6.3) and consists 
of muddy tailings deposited in a settling basin, which exemplify an oxidizing environment with a 
low solid/solution ratio. Amorphous or poorly crystalline iron arsenate (e.g., amorphous scorodite 
or parasymplesite-like phase) are among the first products precipitated from oxidized arsenopyrites. 
These iron arsenates are highly mobile and are frequently observed in association with non-arsenian 
pyrites, where in some instances they have matured into more crystalline forms. Arsenic may also be 
trapped by amorphous or poorly crystalline iron (oxy)hydroxides, as has been observed for goethite 
or jarosite in the latter stages of sulfide oxidation. This study also shows that rings of elemental sulfur 
are formed around altered sulfides, but only when conditions are near neutral. 

Keywords: Elemental sulfur, sulfides, iron arsenate, µSXRD mineral species map

Introduction

Oxidative dissolution of sulfide minerals has been studied 
extensively over the last two decades using various reactants, 
such as air, air-saturated media, and distilled water and/or aque-
ous solutions (e.g., Buckley and Walker 1988; Murphy and 
Strongin 2009; McGuire et al. 2001a; Nesbitt and Muir 1998), 
and the role of microbial activity has been evaluated by compar-
ing biotic and abiotic oxidation (e.g., Jones et al. 2003; McGuire 
et al. 2001b; Sasaki et al. 1995, 1998). Laboratory-controlled 
oxidation experiments on arsenopyrites conducted in air and 
water have shown that As–1 and Fe2+ are oxidized faster than S–1 
(Buckley and Walker 1988; Costa et al. 2002; Nesbitt et al. 1995; 
Schaufuss et al. 2000). Under acidic conditions, surface oxidation 
is accompanied by the formation of secondary products coating 
the surface of the sulfide. Both arsenopyrite and pyrite oxidation 
are characterized by the formation of S-rich surfaces, which have 
been identified as polysulfides, disulfides, and monosulfides (or 
thiosulfates), along with sulfites and sulfates on water-reacted 
surfaces of arsenopyrite (Buckley and Walker 1988; Costa et al. 
2002; Demoisson et al. 2008; McGuire et al. 2001b; Murphy and 
Strongin 2009; Nesbitt et al. 1995; Nesbitt and Muir 1998). The 
leaching of these sulfides increases the mobility of Fe and As, 

while elemental S remains in situ (Costa et al. 2002; Demoisson 
et al. 2008; McGuire et al. 2001b; Sasaki et al. 1995). McGuire 
et al. (2001a) suggest that further nucleation reactions lead to 
the precipitation of stable rings of S8, which were also identified 
by Toniazzo et al. (1999). 

The end-products of sulfide oxidation have been studied by 
characterizing the surface of arsenopyrite and pyrite using X-ray 
photoelectron spectroscopy (XPS), auger electron spectroscopy 
(AES), and Raman or FTIR spectroscopies (e.g., Costa et al. 
2002; Eggleston et al. 1996; Murphy and Strongin 2009; Nes-
bitt et al. 1995; Richardson and Vaughan 1989; Schaufuss et al. 
2000). These techniques reveal a complex mineralogy of second-
ary products including various Fe3+ oxy-hydroxides (their nature 
being pH dependent; Murphy and Strongin 2009), As3+/As5+ 
oxides, and Fe3+-rich arsenates or arsenites developed over the 
arsenopyrite surface at the interface between the aqueous and/or 
atmospheric media (e.g., Richardson and Vaughan 1989; Nesbitt 
et al. 1995; Nesbitt and Muir 1998). However, few studies have 
focused on the mineralogy of the very first alteration products of 
sulfides (Filippi 2004; Jeong and Lee 2003), especially at mineral 
interfaces using direct in situ observations at the micrometer-
scale (Flemming et al. 2005; McGuire et al. 2001c). 

Understanding the conditions that control the formation of 
secondary products during the oxidative dissolution of sulfides 
is also important for the successful remediation of mining sites. * E-mail: alexandra.courtin@unilim.fr


