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Accurate µRaman characterization of reaction products at the surface of (bio)oxidized pyrite
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aBstraCt

Biotic and abiotic oxidation experiments were performed on ground pyrite grains. MicroRaman 
(µRaman) spectroscopy was used to characterize and statistically analyze the reaction products formed 
at the pyrite surface. Reaction compounds consist of iron and sulfur-oxy species for all experiments 
including various amounts of sulfates, iron oxi-hydroxides, polysulfides, and elemental sulfur as well 
as scarce amounts of thiosulfate. These compounds are distributed as micrometric to submicrometric 
bumps. µRaman spectroscopy allowed for clear recognition of four phases of iron oxi-hydroxides 
and, without any correlation, four molecular structures of sulfate groups. Peaks associated with the 
oxidation products were assigned and are discussed according to hydration and to most probable 
chemical bonds with pyrite surfaces. Sulfates formed in solution (Td local symmetry) are distinguished 
from anhydrous sulfates (C3v to 0 local symmetries) formed directly at the surface of pyrite grains. 
Proposed structures are related to the surrounding chemical properties (e.g., local acidity) and to the 
heterogeneous electronic properties of pyrite grains. The distribution and combination of oxidation 
compounds at the surface of pyrite grains provide clues that distinguish bio-oxidized from chemically 
oxidized pyrite surfaces. Bio-oxidized surfaces are characterized by the exclusive presence of C3v sul-
fates that reflect active electronic circulations within the pyrite lattice. In contrast, air-oxidized pyrite 
surfaces exhibit a high proportion of 0 symmetry sulfates adsorbed on hematite bumps indicating a 
strong passivation of the mineral surface. 
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introduCtion

Due to their abundance in nature and their large reactivity 
through oxidation and reduction processes, sulfur and iron are 
involved in various geochemical and biological processes. Py-
rite is the most common iron-sulfur mineral and its oxidation 
has important consequences for the environment due to acid 
mine drainage, metallic pollution (Butler 2007; Druschel et al. 
2004; Mielke et al. 2003), and precious metals recovery (Suzuki 
2001). Pyrite (bio)oxidation is commonly considered as a global 
process, as summarized by the following equation (Ehrlich 
1981; Singer and Stumm 1970): FeS2+14Fe3++8H2O → 2SO4

2– 

+15Fe2++16H+. The oxidation of pyrite has been studied using 
chemical processes (e.g., Aubriet et al. 2006), electrochemical 
techniques, X-ray photoelectron spectroscopy, Raman or infra-
red vibrational spectroscopy and, more recently, synchrotron 
radiation assisted techniques (see references in Murphy and 

Strongin 2009). Such studies have highlighted the presence of 
different iron and sulfur products at the surface of oxidized pyrite 
at neutral pH, as well as on acidic media for biotic and abiotic 
oxidations (for compounds such as ferrous and ferric sulfates, 
iron oxi-hydroxides, polysulfides, or elemental sulfur). Oxidized 
compounds are said to form non-continuous structures, and are 
organized as bumps with nano- to micro-scale lateral extensions, 
as indicated by chemical (Edwards et al. 2003; McGuire et al. 
2001b) and isotopic (Pisapia et al. 2007) maps. The compounds 
formed exhibit highly variable oxygen isotopic compositions, 
even for one type of oxidized species. Some authors have at-
tempted to describe the formation of these surface compounds 
(Blight et al. 2000; McGuire et al. 2001a, 2001b; Rimstidt and 
Vaughan 2003). However, surface mechanisms are still not well 
understood. Thus, a precise description of the molecular configu-
rations for these surface compounds is required.

MicroRaman (µRaman) spectroscopy provides remarkably 
fine chemical and molecular states for sample surfaces at a mi-
crometric spatial resolution (Grausem et al. 1999). The µRaman 
non-destructive method allows us to investigate various mineral 
surfaces such as chemically or bio-oxidized pyrite surfaces. Com-
mon pyrite reaction products have Raman shift wavenumbers 
that are clearly distinguishable from bulk pyrite signals with 
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