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INTRODUCTION

Manganese-oxide minerals occur in a wide range of geologic 
environments and can exert a considerable inß uence on water 
and sediment quality. One well-known and extensively studied 
characteristic of these Mn minerals is their ability to sequester 
trace metals through adsorption and co-precipitation mechanisms 
(Goldberg 1954; Jenne 1968; Hem et al. 1989; Lind and Hem 
1993; Nicholson and Eley 1997; Post 1999; Davranche and Bol-
linger 2000). The surface-area and surface-charge characteristics 
of the minerals control their sorptive properties (Stroes-Gascoyne 
et al. 1987; Post 1999; Tebo et al. 2004), and these are related 
intimately to the valence of Mn and the mineral structure. Man-
ganese has three common valence states in the natural environ-
ment�Mn2+, Mn3+, and Mn4+�and the geochemical behavior 
of Mn is different in each. In natural systems, the valence of Mn 
is known to cycle through this range, changing as ambient pH 
and reduction-oxidation (redox) conditions change, commonly in 
response to microbiological inß uences (Burdige et al. 1992; Tebo 
et al. 2004; Petrunic et al. 2005). Therefore, knowledge of the 
distribution of Mn valence in minerals may provide insight into 
the redox environment at the time of mineral formation. These 
minerals commonly occur in complex, non-stoichiometric, Þ ne-
grained mixtures that are structurally disordered or amorphous 
(Post 1992; Michailidis et al.1997; McKeown and Post 2001). 
Phases of differing valence (and mineralogy) are likely to be 

intergrown at a small scale in low-temperature, low-pressure, 
kinetically controlled geochemical systems, as suggested by 
the Þ ndings of Lind and Hem (1993). The Þ ne-grained nature of 
these minerals requires valence investigations to be carried out at 
very high spatial resolution while maintaining the spatial context 
of the sample, and this has been the goal of several researchers 
(Banerjee and Nesbitt 1999; Wang et al. 2000a; Pecher et al. 
2003; Buatier et al. 2004). Pecher et al. (2003) were successful 
in producing 2-D quantitative Mn-valence maps in Mn nodules 
and precipitates with a 150 nm spatial resolution as a tool for 
studying mechanisms of Mn biomineral formation. 

There are many methods described in the literature for the 
measurement of Mn valence, but very few (e.g., Pecher et 
al. 2003) are capable of mapping Mn valence quantitatively, 
particularly with high spatial resolution. X-ray photoelectron 
spectroscopy (XPS) is a surface-sensitive technique that uses 
the chemical shift to determine Mn valence (Nesbitt and Ba-
nerjee 1998; Banerjee and Nesbitt 1999). However, the spatial 
resolution across a mineral surface is restricted from 3 to 10 μm, 
depending on instrumentation (BlomÞ eld 2005). XPS techniques 
and X-ray absorption spectroscopy techniques, such as scanning 
transmission X-ray microscopy (STXM) and X-ray absorption 
near edge spectroscopy (XANES), have excellent energy resolu-
tion, ranging from 0.1�1 eV, but currently, the spatial resolution is 
limited to approximately 50�100 nm (Koprinarov and Hitchcock 
2000; McKeown and Post 2001; Pecher et al. 2003; Smith et al. 
2004; Benzerara et al. 2005; Braun et al. 2005). Energy-Filtered * E-mail: tal@unb.ca
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ABSTRACT

Electron energy loss spectroscopy (EELS) was used with scanning transmission electron microscopy 
(STEM) to quantify the average Mn valence in natural minerals at the nanometer scale. A method 
was developed to calibrate the energy-loss scale accurately, providing a comparison between STEM-
EELS and the X-ray absorption spectroscopy methods that investigate the L-edge chemical shift as 
Mn valence changes. The chemical-shift measurements were consistent with data reported by previous 
researchers from both X-ray and electron energy-loss spectroscopy. The L3/L2 white-line intensity ratios 
also were consistent with previous work. A calibration curve for Mn valence was produced using the 
L3/L2 white-line intensity ratios from measurements of synthetic standards. The average Mn valence 
was determined because it is not possible to distinguish Mn3+ from mixtures of Mn2+ and Mn4+ using 
either method. The white-line intensity method was implemented in automated software that allows 
for rapid processing of point spectra, and 1-D and 2-D spectrum images. Point analyses of two natural 
pyrolusite samples indicated a Mn valence of 4.0, and point analyses of romanechite and manganite 
gave values of 3.8 and 3.4, respectively. An interface between braunite and bementite was used to 
illustrate 1-D and 2-D spectrum-imaging capabilities. The measured valence of Mn in the braunite 
and bementite was 2.9 and 2.0, respectively; both consistent with theoretical values. The braunite-
bementite sample demonstrated the heterogeneity of Mn valence common to natural minerals and the 
advantages of acquiring quantitative valence information in a known spatial context.
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