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INTRODUCTION

The difference in the geochemical behavior of Fe2+ and Fe3+ 
in conjunction with the Fe2+/Fe3+ ratio is an important indicator 
of the oxygen fugacity during mineral formation. It makes the 
determination of the Fe oxidation state in minerals a highly 
sought after aim in earth sciences. SpeciÞ cally, the in situ specia-
tion of Fe on the microscale is relevant to geology and material 
sciences, since geomaterials and synthetic materials generally are 
of small grain size or zoned. Techniques for the determination of 
Fe oxidation state with micrometer or nanoscale spatial resolution 
have gained new impetus due to recent advances in X-ray spec-
troscopy with either electron beam sources [electron microprobe 
(EPMA) or transmission electron microscopy (TEM)] or with 
X-ray beam sources (synchrotron facilities). 

The best spatial resolution for Fe3+/ΣFe determination is 
currently achieved with TEM using energy-loss spectroscopy 
(EELS) (Garvie and Craven 1994; Golla and Putnis 2001; van 
Aken and Liebscher 2002; van Aken et al. 1998, 1999). EELS 
opens the possibility of qualitative nanometer-scaled valence 
state mapping (Golla and Putnis 2001). For quantitative measure-
ments, a spot size of about 1 μm in the TEM diffraction mode 
is used to avoid electron beam-induced oxidation (van Aken 
and Liebscher 2002). Absolute errors for Fe3+/ΣFe with EELS 
then range between ±0.02 and ±0.04 depending upon which 

evaluation method is used with regard to energy-loss in near-
edge structures. X-ray photoelectron spectroscopy [XPS, e.g., 
Raeburn et al. (1997a, 1997b)] and X-ray absorption near edge 
structure (XANES) spectroscopy (Bajt et al. 1994; Berry et al. 
2003; Cressey et al. 1993; Delaney et al. 1998; Dyar et al. 2002; 
O�Neill et al. 2006; Schmid et al. 2003; Wilke et al. 2001) take 
an intermediate position in terms of the two-dimensional spatial 
resolution for Fe3+/ΣFe determination. XANES now allows Fe 
speciation with a 10 × 15 μm X-ray beam size and a spectrum 
acquisition time of 20�30 min with an error in Fe3+/ΣFe between 
±0.03 and ±0.10 for garnets (Dyar et al. 2002). A very recent 
technique is RIXS (resonant inelastic X-ray scattering), which 
enables a detailed analysis of the FeK pre-edge spectral features 
that are sensitive to the oxidation state in conventional absorption 
spectroscopy (de Groot 2001; Glatzel and Bergmann 2005).

The technique most widely used at present for Fe3+/ΣFe deter-
mination in earth sciences is Mössbauer spectroscopy. Although 
it is a bulk method it has gained importance for micrometer-sized 
areas through the development of the �milliprobe� (McCammon 
et al. 1991, 2001). Nonetheless, a spatial resolution of >50 μm is 
large compared to the resolution of an electron microprobe and 
long acquisition times are restrictive for routine use.

Electron-microprobe techniques with a spatial resolution on 
the order of 1 μm are based either on the change of the intensity 
or on the change of the wavelength of the soft FeLα and FeLβ X-
ray emission lines. Both have been exploited in earlier attempts, 
generally only with semi-quantitative results [for an overview * E-mail: hoefer@em.uni-frankfurt.de
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ABSTRACT

We have established a method to determine the oxidation state of Fe using the electron micro-
probe�the �ß ank method.� This method has the possibility to analyze simultaneously the major-
element chemistry on the same spot. The method is based on FeL X-ray emission spectra that show 
a concomitant change of both the intensity and the wavelength of the soft FeLα and FeLβ emission 
lines. The method has been developed for garnets using well-characterized synthetic samples, and an 
empirical correction scheme has been established for self-absorption of the FeL X-ray emission. This 
enables the unambiguous correlation of measured intensity ratios of FeLα/FeLβ X-ray emission to the 
oxidation state in garnet. The ß ank method can be used with routine microprobe settings (e.g., 15 kV, 
60 nA) and, for garnets, with minimum beam size. This way, Fe3+/ΣFe and major and trace elements 
can be determined within 10 minutes on the microscale. The resulting accuracy of Fe3+/ΣFe is then 
±0.04 for garnets at 10 wt% total Fe. Application to natural garnet megacrysts with 8 wt% total Fe and 
Fe3+ known from Mössbauer spectroscopy yields excellent agreement between the two methods. For 
practical application, the calibration can be achieved by using three natural standards and Þ tting the 
data to Fe2+ and Fe3+ with linear equations. Through repeated measurements on homogeneous samples, 
the error in Fe3+/ΣFe becomes approximately ±0.02 (1σ). Optimization of analytical parameters such 
as beam current, measurement time, and repetition of analyses, will further lower the uncertainty. 
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