
Clays and Clay Minerals, Vol. 51. No. 1, 83-95, 2003.

BIOGEOCHEMICAL AND ENVIRONMENTAL FACTORS IN Fe
BIOMINERALIZATION: MAGNETITE AND SIDERITE FORMATION

Y. R O H ' 1 * , C.-L. ZHANG2 , H. VALI 3 , R. J. LAUF 4 , J. ZHOU1 AND T. J. PHELPS1 f

1 Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
2 Department of Geological Sciences, University of Missouri-Columbia, Columbia, MO 65211, USA

3 Electron Microscopy Center, McGill University, Montreal, Quebec H3A 2B2, Canada
4 Metal and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Abstract—The formation of siderite and magnetite by Fe(III)-reducing bacteria may play an important
role in C and Fe geochemistry in subsurface and ocean sediments. The objective of this study was to
identify environmental factors that control the formation of siderite (FeCO3) and magnetite (Fe3O4) by
Fe(III)-reducing bacteria. Psychrotolerant (<20°C), mesophilic (20-35°C) and thermophilic (>45°C)
Fe(III)-reducing bacteria were used to examine, the reduction of a poorly crystalline iron oxide, akaganeite
(P-FeOOH), without a soluble electron shuttle, anthraquinone disulfuonate (AQDS), in the presence of N2,
N2-CO2(80:20, V:V), H2 and H2-CO2 (80:20, V:V) headspace gases as well as in HCOJ-buffered medium
(30-210 mM) under a N2 atmosphere. Iron biomineralization was also examined under different growth
conditions such as salinity, pH, incubation time, incubation temperature and electron donors. Magnetite
formation was dominant under a N2 and a H2 atmosphere. Siderite formation was dominant under a H2-CO2
atmosphere. A mixture of magnetite and siderite was formed in the presence of a N2-CO2 headspace.
Akaganeite was reduced and transformed to siderite and magnetite in a HCOf-buffered medium
(>120 mM) with lactate as an electron donor in the presence of a N2 atmosphere. Biogeochemical and
environmental factors controlling the phases of the secondary mineral suite include medium pH, salinity,
electron donors, atmospheric composition and incubation time. These results indicate that microbial Fe(III)
reduction may play an important role in Fe and C biogeochemistry as well as C sequestration in natural
environments.
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INTRODUCTION

Microbes participate in a variety of biogeochemical
processes such as weathering and formation of minerals
(Lovley et al., 1987; Ferris et al., 1994; Zhang et al.,
1997, 1998; Fredricksen et al., 1998), formation of iron
ore deposits (Nealson and Myers., 1990; Juniper et al.,
1995), and cycling of organic matter (Lovley, 1991;
Nealson and Saffarini, 1994). Microbial metal reduction
and mineral formation/dissolution not only plays an
important role in cycling of metals, carbon, nitrogen,
phosphate and sulfur in natural and contaminated
subsurface environments (Lovley, 1991, 1993; Nealson
and Saffarini, 1994), but also impacts on the speciation
and the fate of a variety of trace metals and nutrients in
anoxic subsurface environments (Lovley, 1995;
Fredrickson et al., 2001; Roh et al., 2001).

The Fe(II) ion and Fe(II)-containing minerals gener-
ated by the Fe(III)-reducing bacteria can chemically
reduce multivalent metals such as U(VI), Cr(VI) and
Tc(VII). Nitroaromatics and chlorinated solvents can be
abiotically-reduced by microbially formed Fe(II)-con-
taining minerals (Heijman et al., 1993, 1995). The use of
Fe(III) and other metals by certain microbial groups as
terminal electron acceptors for anaerobic respiration is
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of particular relevance to bioremediation and natural
attenuation of heavy metals and radionuclides (Lovley,
1995; Zhang et al., 1996).

Many species of microorganisms, mainly anaerobic
bacteria, are capable of reducing crystalline and
amorphous Fe(III) oxides (Lovley, 1993; Roden and
Zachara, 1996; Zhang et al., 1997, 1998; Roh et al.,
2001). Anaerobic Fe(III)-reducing bacteria precipitate or
transform these iron oxides into crystalline Fe(II)-
containing phases such as magnetite (Fe3O4), siderite
(FeCO3), vivianite [Fe3(PO4)-2H2O], and iron sulfide
(FeS) (Postma, 1981; Zhang et al., 1997, 1998;
Fredrickson et al., 1998). Biogenic Fe minerals may
serve as physical indicators for previous biological
activities in modern and ancient geological settings
(Liu et al., 1997; Zhang et al., 1997, 1998).

Iron biomineralization has been commonly divided
into two modes: biologically controlled mineralization in
which bacteria genetically control the mineralization
process (Frankel and Blakemore, 1990), and biologically
facilitated mineralization in which bacteria facilitate
mineral formation by creating external chemical envir-
onments suitable for precipitation. The formation of
magnetite by magnetotactic bacteria represent biologi-
cally controlled mineralization in which the particles are
formed inside bacterial cells templated by a specific
internal membrane (Blakemore, 1982; Bazylinki et al,
1988; Frankel and Blakemore, 1990). In contrast, the
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