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AbstrACt

The miniaturized Mössbauer spectrometer (MIMOS II) was used to monitor in situ the mineralogi-
cal transformation of lepidocrocite (γ-FeOOH) in a Shewanella putrefaciens culture under anaerobic 
conditions using methanoate as the electron source. Magnetite was the only biogenic mineral formed 
during the course of the incubation. The analysis of the biogenic mineral by transmission electron 
microscopy (TEM) revealed cubic-shaped crystals with a relatively homogeneous grain size of about 
50 nm. After one day of incubation, the departure from stoichiometry, δ, of the biogenerated magnetite 
was very low (δ ~ 0.025) and rapidly reached values close to zero. Such low values of δ were not 
obtained for magnetite synthesized inorganically when Fe3+ in the form of γ-FeOOH was reacted with 
stoichiometric quantities of soluble Fe2+ and OH–. The experimental setup used in this study could 
be replicated in field experiments when assessing the formation of magnetite in modern geological 
settings as its formation is suspected to be caused by a strong bacterial activity.

Keywords: MIMOS, magnetite, stoichiometry, biomineralization

introduCtion

Magnetite, a mixed valence Fe(II–III) oxide (Fe3–δO4), is a 
commonly occurring mineral on Earth usually found in soils 
and sediments (Cornell and Schwertmann 1996). Under non-
sulfidic reducing conditions, dissimilatory iron-reducing bacteria 
(DIRB) can play an important role in the biogeochemistry of 
iron by coupling the oxidation of an electron source (organic 
matter or H2) to the external reduction of iron oxyhydroxides 
(Nealson and Saffarini 1994). Thus, Dos Santos and Stumm 
(1992) and Lovley et al. (1991) suggested that most of the Fe3+ 
reduction occurring in such environments is due to bacterial 
activity. Depending on the geochemical environments in which 
Fe3+ bioreduction takes place, DIRB activity can lead to diverse 
biogenic minerals such as magnetite, the discovery of which at 
a depth of 6.7 km below the surface has been used as a marker 
for DIRB activity (Gold 1992; Lovley et al. 1987). Moreover, 
the quantity of DIRB-induced extracellular magnetite per unit 
of biomass could be several thousand times more than magnetite 
formed by magnetotactic bacteria (Frankel 1987; Lovley 1991). 
Whereas many reports have focused on magnetite precipitated by 
magnetotactic bacteria (Kim et al. 2005; Kopp and Kirschvink 
2008), very few reports (Gibbs-Eggar et al. 1999) have been 
able to demonstrate the unequivocal existence of extracellularly 
precipitated magnetite. This could be explained by the higher 
reactivity of magnetite formed by DIRB leading to the paucity 
of magnetite in the natural environment (Kukkadapu et al. 2005; 
Li et al. 2009). Indeed, the reactivity and stability of magnetite 
is dictated partly by its stoichiometry defined by x = Fe3+/{Fe2+ 
+ Fe3+} where 0.67 ≤ x ≤ 1, with stoichiometric magnetite (x = 
0.67 or δ = 0) being the most reactive composition (Cutting et 

al. 2010; Gorski and Scherer 2009). It was shown that stoichio-
metric magnetite had a lower reduction potential than that of 
non-stoichiometric magnetite, consistent with higher reactivity 
toward pollutants such as nitrobenzene compounds (Gorski et 
al. 2010).

Numerous laboratory studies have pointed out that geochemi-
cal parameters such as the nature of the iron oxide, the concen-
tration of dissolved Fe2+, the bacteria/iron oxide ratio, and the 
physiochemical characteristics of the culture media could have 
an impact on the subsequent mineralization of magnetite (Fred-
rickson et al. 1998; Roh et al. 2003; Zachara et al. 1998; Zegeye 
et al. 2010). These studies mainly focused on gaining a better 
understanding of the bioreduction processes by characterizing 
the secondary mineral. While the stoichiometry of the magnetite 
as a secondary mineral has widely been investigated at the end 
of the bioreduction reaction (Kukkadapu et al. 2005; Li et al. 
2009), the evolution of the stoichiometry of magnetite during its 
formation has not yet been fully studied. Indeed, to understand 
the stability of a biogenic magnetite and its persistence in soils 
and sediments a thorough investigation of the evolution of its 
stoichiometry during bioreduction is needed.

experiMentAL Methods

Bioreduction experiments
To investigate the fluctuation of magnetite stoichiometry during iron bioreduc-

tion, we examined microbially induced lepidocrocite reduction using Shewanella 
putrefaciens CIP 8040, a facultative DIRB. The lepidocrocite was prepared by 
aerobic oxidation of FeCl2 in sodium hydroxide solution (Schwertmann and Cornell 
2000). An anaerobic cell suspension (106 CFU mL–1) was used to inoculate a non-
growth-supporting medium containing sodium methanoate (1 mM) as the electron 
source and lepidocrocite (3 mM) as the electron acceptor under strict anaerobic 
conditions as described in a recent study (Zegeye et al. 2007). The control experi-
ment was cell-free and otherwise identical to the biotic sample.* E-mail: asfaw.zegeye@lcpme.cnrs-nancy.fr


