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INTRODUCTION 
Bacterially generated Mn oxides are ubiquitous in natural 

waters as reactive nanoparticles and grain coatings and have 
profound impacts on contaminant degradation and nutrient and 
carbon cycling in the environment. They have high sorptive ca-
pacities for metal ions, can degrade toxic organic contaminants, 
including aromatic hydrocarbons, and oxidize a variety of inor-
ganics (e.g., Cr3+, Co2+), and hydrogen sulÞ de. Sequestration of 
dissolved heavy metals during Mn oxide biogenesis is believed 
to be a key mechanism for attenuation of contaminants in pol-
luted waters. The most important pathway for environmental 
Mn oxidation is believed to be catalytic oxidation of Mn2+ by 
freshwater and marine bacteria (Tebo et al. 1984; Nealson et al. 
1988; Tebo 1991; Tebo et al. 1997; Marble et al. 1999; Tebo et 
al. 2004). 

Manganese oxides of likely biogenic origin have been 
described as important reactive components of oceanic water 
columns (Menard and Shipek 1958; Crerar and Barnes 1974; 
Murray 1975; Murray et al. 1984; Lewis and Luther 2000; Luther 
and Popp 2002) and even have been termed the �scavengers of the 
sea� (Goldberg 1954). Understanding the chemical mechanism(s) 
by which Mn2+ oxidation occurs and how environmental solutes, 
such as those found in freshwater vs. seawater, affect Mn2+ oxida-
tion is crucial to understanding the cycling of essential and toxic 

trace constituents in the environment. In spite of their importance, 
relatively little is known about the mechanisms and products of 
bacterial Mn oxide biogenesis. Manganese oxides exist in the 
environment in over 30 known oxide/hydroxide minerals (Post 
1999). These oxides are found in a wide variety of geological 
settings and are ubiquitous throughout terrestrial and marine 
environments. As Mn occurs in three different valence states 
(Mn2+, Mn3+, and Mn4+) in natural systems, Mn oxides display a 
wide array of multivalent and atomic arrangements. The basic 
building block of the Mn oxides is the MnO6 octahedron.  These 
octahedra can be joined together by sharing corners or edges into 
a wide variety of structures that fall into two basic categories: (1) 
chain and tunnel structures (also referred to as tectomanganates) 
and (2) layer structures (or phyllomanganates), as illustrated in 
Figure 1. The tunnel oxides have series of chains of edge-sharing 
octahedra that are hinged by sharing corners with each other to 
produce tunnels with square or rectangular cross-sections. Larger 
tunnels, e.g., as in todorokite with a 3 × 3 tunnel structure, may 
incorporate water molecules or cations into these vacant spaces. 
Layer Mn oxides consist of planar sheets or layers of edge-shar-
ing octahedra that are stacked along the c-axis. The spacing 
between octahedral sheets (from ~7 to 10.2 Å) is dependent on 
the hydration of the mineral and the presence of cations in the 
interlayer regions (Post 1999). 

Synthetic and natural crystalline Mn-oxide structures have 
been studied extensively in the past with various methods. Prob-
ably the best studied of these oxides is birnessite. A detailed * E-mail: samwebb@slac.stanford.edu
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ABSTRACT  
Natural Mn-oxide nanoparticles and grain coatings are ubiquitous in the environment and profoundly 

impact the water quality and quality of sediments through their ability to degrade and sequester con-
taminants. These oxides, which are believed to form dominantly via oxidation of Mn2+ by marine and 
freshwater bacteria, have extremely high sorptive capacities for heavy metals. We have used XANES, 
EXAFS, and synchrotron (SR)-XRD techniques to study biogenic Mn oxides produced by spores of 
the marine Bacillus sp. strain SG-1 in seawater as a function of reaction time under in-situ conditions. 
An EXAFS model was developed to fully account for the structure and features in the data, providing 
realistic structural information. The Þ rst observed biogenic solid-phase Mn-oxide product is a layered 
phyllomanganate with hexagonal sheet symmetry and an Mn-oxidation state similar to that in δ-MnO2, 
between 3.7 and 4.0. XRD and SEM-EDS data show the biooxides to have a phyllomanganate 10 
Å basal plane spacing and an interlayer containing Ca. With time, a phyllomanganate oxide with 
pseudo-orthogonal sheet symmetry appears. Fits to these EXAFS spectra suggest the octahedral layers 
have relatively few Mn octahedral site vacancies in the lattice and the layers bend to accommodate 
Jahn-Teller distortions creating the change in symmetry. A reaction mechanism is proposed to account 
for the observed products. The phyllomanganate oxides observed in this study may be the same as 
the most abundant Mn-oxide phases suspended in the oxic and sub-oxic zones of the oceanic water 
column that are of global importance in trace metal and nutrient cycling.


