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INTRODUCTION

Birnessite and birnessite-like layer structure minerals, such 
as chalcophanite and �buserite,� are common Mn oxides in soils, 
stream deposits, and ocean-ß oor ferromanganese crusts and 
nodules (Taylor et al. 1964; McKenzie 1976; Burns and Burns 
1977; Potter and Rossman 1979a; Post 1999). Birnessite-like 
layer structures are also used as cathode material in rechargeable 
Li batteries and are being developed as ion-exchange materials 
for industrial use (Golden et al. 1986; Bach et al. 1995; Cai et al. 
2002). It has been shown that cations are preferentially adsorbed 
or incorporated into the birnessites in aqueous environments 
and in soils (McKenzie 1976). Birnessites therefore play an 
important role in the sequestration and release of nutrients and 
toxic elements into the environment. 

Despite their importance in geochemical cycles, it has been 
challenging to understand the crystal structure of birnessite 
and birnessite-like minerals due to the extremely small grain 
size of natural and synthetic samples, poor crystalline order 
in many samples, and the strong absorption by Mn of visible 
and infrared radiation. The chemical formula of birnessite, 
Na0.7Ca0.3Mn7O14·2.8H2O, was Þ rst reported by Jones and Milne 

(1956). Natural samples were also found to contain trace amounts 
of a variety of cations, including Co, Ni, and Pb (McKenzie 
1977). Various synthetic birnessite-like structures containing 
almost every alkali and alkali earth element, as well as many of 
the transition metals, have been produced in the laboratory (e.g., 
McKenzie 1971; Golden et al. 1986). 

Careful analysis of X-ray diffraction (XRD) patterns and 
infrared spectroscopic data of the structural modes of natural 
and synthetic birnessites showed that birnessites and �buserite� 
have a layer structure similar to that of chalcophanite (Giovanoli 
et al. 1970a, 1970b; Potter and Rossman 1979b). More recently, 
XRD studies have produced a more detailed understanding of the 
birnessite and birnessite-like structures. These studies revealed 
several variations on the birnessite layer structure (e.g., Post and 
Appleman 1988; Post and Veblen 1990; Kuma et al. 1994; Drits 
et al. 1997; Lanson et al. 2000).

The basic birnessite structure is triclinic (Post et al. 2002; 
Drits et al. 2002a) and consists of sheets of Mn4+ octahedrally 
coordinated by O, separated in the c-direction by layers of cations 
and water molecules arranged in hexagonal close packing (Fig. 
1; Post and Veblen 1990). Natural birnessite samples have a ~7 
Å interlayer spacing (e.g., Jones and Milne 1956). A natural 
phase typically found in hydrous environments that is similar to 
birnessite except for its ~10 Å interlayer spacing is often called by * E-mail: johnsoel@ucla.edu
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ABSTRACT

Birnessite is an important scavenger of trace metals in soils and aqueous environments. The basic 
birnessite-type structure consists of sheets of Mn octahedra separated by ~7 or ~10 Å (�buserite�) 
interlayer regions Þ lled with cations and water. Synthetic birnessite-like structures were produced 
through cation exchange reactions with synthetic Na-birnessite. The unheated, synthetic Mg2+, Ca2+, and 
Ni2+ layer structures have an ~10 Å interlayer spacing, whereas the other cation-exchanged synthetic 
birnessites and the related mineral chalcophanite have an interlayer spacing of ~7 Å. The Li+, Na+, 
K+, Cs+, and Pb2+ synthetic birnessites each contain two to three structurally different water sites, as 
evidenced by multiple H2O bending and stretching modes in the infrared spectra. The complexity of the 
water bands in these spectra is likely related to disordering of cations on the interlayer sites. H-birnes-
site contains structural water and either hydroxyl, hydronium (H3O+), or both. The small difference 
in the width of the water stretching modes between room temperature and �180 °C indicates that the 
water molecules in birnessite-like structures are predominantly structurally, rather than dynamically, 
disordered. Most of the synthetic birnessites, including Na- and K-birnessite, undergo signiÞ cant 
water loss at temperatures below 100 °C. There is a linear relationship between the temperature at 
which most of the water is lost from a given cation-exchanged birnessite and the heat of hydration of 
the interlayer cation. This Þ nding implies that the interlayer water is strongly bound to the interlayer 
cations, and plays an important role in the thermal stability of birnessite-like structures. 
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