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abstract

In this work, we present an improved method for the semi-quantitative determination of sulfur 
species in S-bearing minerals by electron microprobe analysis. For calibration, we analyzed several 
sulfate and sulfide standard minerals such as baryte, celestine, chalcopyrite, and pyrite, and correlated 
the results with theoretical calculations retrieved from density functional theory (DFT). We applied 
this method to natural sodalite-group minerals from various localities. In addition, we applied the 
more common Raman spectroscopy to some samples and show that this method cannot be applied to 
sodalite-group minerals to determine their sulfur speciation. We show that even though sodalite-group 
minerals have a complex crystal structure and are sensitive to the electron beam, electron micro-
probe analysis is a reliable tool for the analysis of their sulfur speciation. The natural sodalite-group 
minerals show systematic variations in sulfur speciation. These variations can be correlated with the 
independently determined oxidation state of the parental magmas thus making S-bearing sodalite-
group minerals good redox proxies, although we show that the electron microprobe analysis of the 
sulfur speciation is matrix-dependent, and the sulfur speciation itself depends on crystal chemistry 
and structure, and not only on fO2.
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introduction

The analysis of redox-sensitive elements attracts much at-
tention in geosciences because the redox state is an important 
intensive parameter. In addition to iron and carbon, sulfur is one 
of the most common redox-sensitive elements in nature (Behrens 
and Webster 2011).

Carroll and Rutherford (1988) used an electron microprobe 
(EMP)-based method to determine the sulfur speciation in 
basaltic glasses, but did not consider systematical errors due 
to standardization. Mori et al. (2009) used X-ray emission 
spectroscopy to study the oxidation state of sulfur in synthetic 
materials and showed a good correlation between the energy 
of the Kα1,2 X-ray line and the charge of natural and synthetic 
sulfur-bearing solids calculated by density functional theory. 
Several studies using a broad range of methods have been 
utilized to investigate the sulfur speciation of sodalite-group 
minerals (SGM) and synthetic equivalents (Di Muro et al. 2004; 
Gobeltz-Hautecoeur et al. 2002; Lede et al. 2007; Bellatreccia et 
al. 2009; Hassan 2000; Fleet 2005; Fleet et al. 2005; Goslar et al. 
2009). However, the methods used are mostly time-consuming 
and not easily accessible, whereas EMP analysis is commonly 
used in geosciences, and offers a very good spatial resolution 
of a few cubic micrometers. Here, we present an approach to 
determine sulfur speciation in SGMs using EMP analysis (cf. 
Carroll and Rutherford 1988). We combine these analyses with 

DFT calculations because good correlations between calculated 
atomic charges and bonding properties and related changes in 
the X-ray emission spectra are seen in these calculations (Segall 
et al. 1996; Mori et al. 2009). Furthermore, we compare Raman 
spectra of natural samples with theoretically predicted spectra 
to assign the observed Raman bands to specific vibration modes 
of different anions. This allows us to explore the possibilities 
of quantification of the content of sulfur species in SGM by 
Raman spectroscopy.

Density functional theory allows the prediction of the elec-
tronic structure of theoretical compounds (Giannozzi et al. 2009). 
The electronic structure with the lowest energy is calculated 
iteratively by solving the Schrödinger equation for the electrons, 
using the electron density to approximate the electron-electron 
interactions. The resulting electronic structure can be used to 
calculate other properties like atomic charges of the constituting 
atoms and vibrational energies.

Sodalite-group minerals are common in alkaline magmatic, 
hydrothermal, and some rare meta-evaporitic rocks (e.g., Hogarth 
and Griffin 1976; Di Muro et al. 2004; Suk et al. 2007; Markl 
et al. 2010). They have a zeolite-like cubic structure with two 
structural cavities per unit cell (van Peteghem and Burley 1963; 
Merlino 1984; Fischer and Bauer 2009). The structural frame-
work is made up by silica-, alumina-, or beryllium-tetrahedra 
with inter-framework sites either occupied by Na and Ca or 
by Fe, Mn, and Zn (see Fig. 1; for an overview on SGM end-
members see Table 1). Solid solutions are known to be common 
between the Na- and Ca-bearing end-members (van Peteghem * E-mail: kai.hettmann@uni-tuebingen.de 


