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INTRODUCTION

Manganese 2+ oxidation occurs primarily through biological 
mediation in the oxic and oxic/anoxic transition zone of aqueous 
environments (Tipping et al. 1984; Nealson et al. 1988; Tebo 
1991; Ghiorse and Ehrlich 1992; Bartlett and James 1993; Wehrli 
et al. 1995; Tebo et al. 1997; Harvey and Fuller 1998; Tebo and 
He 1999; Marble et al. 1999; Morgan 2000; Kay et al. 2001). 
The oxidation products are mainly insoluble Mn4+ oxides of the 
birnessite family (i.e., hydrous phyllomanganates) comprising 
edge-sharing MnO6 octahedra with high negative permanent 
structural charge, due principally to vacant cation layer sites, 
and correspondingly high cation sorption capacities (Chukhrov 
et al. 1985; Strobel et al. 1987; Drits et al. 1997; Silvester et al. 
1997; Lanson et al. 2000; Bilinski et al. 2002). Todorokite, a Mn 
oxide with tunnel structure, has also been found associated with 
birnessites in natural settings, but, since the latter are believed 
to be precursors to formation of the former (Golden et al. 1987; 
Shen et al. 1993; Tian et al. 1997; Ching et al. 1999; Luo et 
al. 1999; Feng et al. 2001), todorokite is probably not a direct 
product of microbial oxidation.

Natural Mn oxides often are poorly crystalline solids (Tipping 

et al. 1984; Friedl et al. 1997; McKeown and Post 2001; Bilinski 
et al. 2002; Manceau et al. 2003, 2004), and few structural inves-
tigations of them have been performed (Chukhrov et al. 1985, 
1989; Manceau et al. 1992; Gorshkov et al. 1992). Mineralogical 
techniques that rely on the presence of long-range order, such as 
X-ray and electron diffraction, have been applied mainly to syn-
thetic analogs of natural birnessites, most often with an enhanced 
three-dimensional (3D) ordering (Holland and Walker 1996; Drits 
et al. 1997; Silvester et al. 1997; Lanson et al. 2000, 2002a; Post et 
al. 2002; Jurgensen et al. 2004). These techniques have revealed 
the presence of two layer symmetries, orthogonal (a > b√3) as 
in triclinic Na-bearing birnessite (Lanson et al. 2002), hereafter 
referred to as NaBi, and hexagonal (a = b√3) as in H-bearing 
birnessite (Lanson et al. 2000), hereafter referred to as HBi, 
depending on the predominant origin of the layer charge (Mn3+ 
for Mn4+ substitution, or vacant Mn4+ sites within the octahedral 
sheet, respectively). HBi is formed under acidic pH conditions 
(Silvester et al. 1997). It has the hexagonal unit-cell parameters a 
= 4.940 Å, b = a/√3 = 2.852 Å, c = 7.235 Å, α = β = γ = 90°, with 
0.833 Mn ions and 0.167 cation vacancies per layer octahedron, 
and 0.167 interlayer Mn2+,3+ ions located above or below layer 
vacancies in a triple-corner sharing conÞ guration. The vacancies 
are long-range ordered, in that they appear in every third row of 
Mn cations along [100], with half of the Mn sites along these rows * E-mail: marvilla@igg.unam.mx 
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ABSTRACT

X-ray diffraction (XRD) and Mn K-edge extended X-ray absorption Þ ne structure (EXAFS) spec-
troscopy were combined to elaborate a structural model for phyllomanganates (layer-type Mn oxides) 
lacking 3D ordering (turbostratic stacking). These techniques were applied to a sample produced 
by a common soil and freshwater bacterium (Pseudomonas putida), and to two synthetic analogs, 
δ-MnO2 and acid birnessite, obtained by the reduction of potassium permanganate with MnCl2 and 
HCl, respectively. To interpret the diffraction and spectroscopic data, we applied an XRD simulation 
technique utilized previously for well-crystallized birnessite varieties, complementing this approach 
with single-scattering-path simulations of the Mn K-edge EXAFS spectra. Our structural analyses 
revealed that all three Mn oxides have an hexagonal layer symmetry with layers comprising edge-
sharing Mn4+O6 octahedra and cation vacancies, but no layer Mn3+O6 octahedra. The proportion of 
cation vacancies in the layers ranged from 6 to 17%, these vacancies being charge-compensated in the 
interlayer by protons, alkali metals, and Mn atoms, in amounts that vary with the phyllomanganate 
species and synthesis medium. Both vacancies and interlayer Mn were most abundant in the biogenic 
oxide. The diffracting crystallites contained three to six randomly stacked layers and have coherent 
scattering domains of 19�42 Å in the c* direction, and of 60�85 Å in the a-b plane. Thus, the Mn 
oxides investigated here are nanoparticles that bear signiÞ cant permanent structural charge resulting 
from cation layer vacancies and variable surface charge from unsaturated O atoms at layer edges.
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