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INTRODUCTION

Manganese oxides are abundant as nanoparticulate grains 
and grain coatings in the oxic and suboxic zones of freshwater 
and marine environments (Burns 1976; Burns and Burns 1979; 
Jenne 1967; McKenzie 1980). Oxidation of Mn(II) in these near-
surface environments is believed to be dominated by microbial 
action (Fuller and Harvey 2000; Harvey and Fuller 1998; Marble 
et al. 1999; Tebo 1991; Tebo et al. 1984), and bacteria are thus 
believed to be major drivers of the global Mn cycle. Manganese 
oxides are known to have high sorptive capacities for a wide 
variety of metal ions (see review by Tebo et al. 2004), includ-
ing Fe(II), Co(II), Ni(II), Cu(II), Zn(II), actinides, and P-block 
metals such as Pb(II) (Jenne 1967; McKenzie 1980; Nelson et al. 
1999; OʼReilly and Hochella 2003). The afÞ nity for these metals 
allow Mn oxides to exert considerable inß uence on trace metal 
speciation in aquifers, oceans, and bioÞ lms, even when present 
as minor components of the system (e.g., Duff et al. 1999; Haack 
and Warren 2003). Manganese oxides are among the strongest 
of oxidants in the environment and degrade or oxidize many 
organic and inorganic compounds, including humic and fulvic 

acids, aromatic hydrocarbons, Cr(III), Co(II), and hydrogen 
sulÞ de (Huang 1991; Jenne 1967; Post 1999). In this fashion, 
Mn oxides participate directly in global cycling of micronutri-
ents, contaminants, carbon, nitrogen, and sulfur. The need to 
deepen our understanding of these important biogeochemical 
cycles demands greater knowledge of bacterial Mn(II) oxidation 
processes, their mechanisms, and products. Furthermore, such 
knowledge is requisite to harnessing these natural processes for 
technological applications such as in situ remediation of con-
taminated ground water.

Central to these puzzles are the pathways by which bacteria 
oxidize Mn(II) and precipitate it as a solid, and the reactivity 
and fate of these bacteriogenic Mn oxide products. Aging and 
mineralogic transformations of the bacteriogenic oxides are 
likely to occur, due to the rapid kinetics of Mn(IV) precipitation 
(which may lead to metastable phases) and the complex stability 
relationships that occur between Mn oxide phases at near-neutral 
pH (Mandernack et al. 1995). In addition, autocatalytic (abiotic) 
oxidation of Mn(II) is expected to occur at the surfaces of bac-
teriogenic Mn(III,IV) oxides. All such transformations will be 
important in the environment because they involve the exchange 
of cations and electrons with the local environment. Furthermore, 
such reactions could be utilized by bacteria to indirectly poise *E-mail: bargar@ssrl.slac.stanford.edu
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ABSTRACT

Bacterial Mn(II) oxidization by spores of Bacillus, sp. strain SG-1 has been systematically probed 
over the time scale 0.22 to 77 days under in-situ conditions and at differing Mn(II) concentrations. 
Three complementary techniques, K-edge X-ray absorption near-edge spectroscopy (XANES), X-ray 
emission spectroscopy (XES), and in-situ synchrotron radiation-based X-ray diffraction (SR-XRD), 
have been utilized to examine time-dependent changes in Mn oxidation state, local-, and long-range 
structure in amorphous, crystalline, cell-bound, and solute Mn species. The primary solid biogenic 
product of Mn(II) oxidation is an X-ray amorphous oxide similar to δ-MnO2, which has a Mn oxidation 
state between 3.7 and 4.0. Reaction of Mn(II) with the primary biogenic oxide results in the produc-
tion of abiotic secondary products, feitknechtite or a 10 Å Na phyllomanganate. The identity of the 
secondary product depends upon the Mn(II) concentration as described by thermodynamic relations. 
A decrease in the dissolved Mn(II) concentration is followed by mineralogic transformation of the 
secondary products. Thus, Mn(II) appears to act as a reductant toward the biogenic oxide and to con-
trol the stability of secondary reaction products. Mineralogic changes similar to these are likely to be 
commonplace in natural settings where bacterial Mn(II) oxidation is occurring and may liberate sorbed 
metal ions or alter the rates of important Mn oxide surface-mediated processes such as the degradation 
of organic molecules. It is plausible that microbes may exploit such mineral transformation reactions 
to indirectly control speciÞ c chemical conditions in the vicinity of the cell. 


