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crystals. Subsequent work (Vandenberge et al. 2001) has suggested that intermediate
spin states might occur as part of the spin flop.

To address this issue, DeGrave et al. (2005) collected ILEEMS and conventional
Mössbauer spectra of two hematites: one with the endmember α-Fe2O3 composition
and one with a small amount of Al substitution for Fe (α-Fe1.87Al0.13O3). As shown
in Figure 11, each spectrum has been fitted with two sextets corresponding to the
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Figure 11
Mössbauer spectra of hematite, a-Fe2O3 (left top and bottom) and Al-substituted hematite,
a-Fe0.935Al0.065O3 (right top and bottom) acquired using the surface technique of ILEEMS
(top set, emission) and conventional transmission Mössbauer, which samples the bulk mineral.
Adapted from figure 8 in DeGrave et al. (2005). Only the positive velocity half of each
spectrum is shown for simplicity. Each spectrum contains two sextets: one corresponding to an
antiferromagnetic (AF, shaded blue, T < TM, QS > 0) spin state, and one to a weakly
ferromagnetic state (WF, T > TM, QS < 0). In the pure hematite, the spectrum of the surface
is nearly the same as the bulk sample; both contain comparable amounts of WF and AF iron.
In the Al-substituted sample, the WF sextet dominates the ILEEMS (surface emission)
measurement, indicating that the bulk of the Fe at the surface is already above the Morin
transition. In the bulk transmission measurement of the same sample, the WF and AF sextets
are of similar areas. There appear to be two values for TM in the sample, roughly half of the
sample having one value, the other half another value. The temperature of the sample lies
between these two values.
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WF (unshaded red lines, QS < 0) and the AF (shaded blue lines, QS > 0) contri-
butions. In the pure (albeit small crystalline) hematite, the spectrum of the surface
is roughly the same as the bulk sample; both contain comparable amounts of WF
and AF iron, with WF somewhat enhanced in the surface as compared with the bulk
sample.

In the Al-substituted sample, the emission and transmission spectra are dramat-
ically different. In the surface (ILEEMS) measurement, the WF sextet (red) is far
more intense than the AF sextet (shaded blue), while in the transmission data, both
sextets are again comparable in intensity. These and related measurements at varying
temperatures suggest that TM is significantly lowered in the top monolayers of the
hematites. One partial interpretation of this result is that the surface layers may be
richer in Al than the interiors (DeGrave et al. 2005); work is ongoing in that research
group to further explore these results. This study exemplifies the potential of surface
Mössbauer measurements to add greatly to our understanding of redox processes that
occur in the outermost layers of minerals.

PREPARING FOR THE NEXT 50 YEARS

To prepare this field for important geological studies over the next 50 years (and
beyond!), two important issues need to continue to be addressed. The first is the
determination of the fundamental Mössbauer parameters of commonly occurring
rock-forming minerals: the intrinsic isomer shift, δI , the characteristic Mössbauer
temperature, θM, and the recoil-free fraction, f . These factors are analogous to matrix-
correction effects utilized in electron microscopy in that they are used to convert peak
area ratios determined spectroscopically into valid estimates of actual species concen-
trations. Robust application of Mössbauer spectroscopy to geoscience problems will
require that these parameters be known over a broad compositional range in the
major rock-forming mineral groups.

The second task follows from the first: The need to evaluate current physical
models and computer algorithms for fitting Mössbauer data, and to compare their
results to true valence state and site occupancies as determined by wet chemistry
and single crystal X-ray diffraction, respectively. Variations in results from fitting
procedures among different laboratories are as yet largely undocumented, although
our preliminary work suggests significant discrepancies in spectral parameters de-
termined from the commonly employed fitting routines. Mössbauer spectroscopists
need to be able to reliably compare results from different research groups, and also
to make informed choices for using software that that is most appropriate for their
data.

By addressing these issues, we will effectively reduce the error bars on studies
of Fe using Mössbauer spectroscopy, increase understanding of fitting models and
algorithms, and expand the application of Mössbauer spectroscopy to an even larger
range of studies of geologic materials.
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SUMMARY POINTS

1. Since the early 1960s, Mössbauer spectroscopy in the geosciences has been
predominantly used to study the valence state and coordination of Fe atoms.

2. Mössbauer spectroscopy is based on the concept of resonant absorption of
nuclear gamma-rays in solids.

3. Mössbauer parameters include isomer shift (IS), which reflects the s-
electronic charge density at the nucleus; quadrupole splitting (QS), which
arises from a distribution of surrounding charges with less than cubic sym-
metry; and the magnetic hyperfine field (Bhf), which indicates magnetic order
or an externally applied field.

4. IS, QS, and Bhf vary fairly systematically with the valence state (Fe0, Fe2+,
Fe3+) and coordination number (generally 4- to 8-coordination) of Fe. Be-
cause rules for atomic radius ratios predict that Fe3+ will most commonly
occur in 4- or 6-coordination with oxygen, and Fe2+ in 6-coordination,
many minerals have the same or quite similar Mössbauer parameters. Thus,
Mössbauer parameters are generally not sufficiently diagnostic for mineral
identification.

5. Mössbauer instrumentation now includes many variations, such as trans-
mission, backscatter, milliprobe, CEMS, and integral low-energy electron
Mössbauer spectroscopy (ILEEMS). The technique is now routinely used
for the study of very small Fe-rich geological samples (1–10 mg), as well as
larger amounts of low-Fe samples such as feldspar.

6. Interpretation of Mössbauer lineshapes is quite complex, and software avail-
able for analysis uses a variety of physical models. Fits using different models
may produce highly variable results.

7. Recoil-free fraction ( f ), which is a measure of the rigidity of the bonds
surrounding the Fe atom, is the most important factor that must be known
to relate the peak areas in a Mössbauer spectrum to the actual abundances
of the represented species.

8. Future work in this field must address the variation of f with mineral com-
position and structure and resolve differences in interpretation that arise
from use of different fitting models.

ACKNOWLEDGMENTS

This work was supported by NASA grants NAG5-12687 and NNG04GG12G and
NSF grants EAR-0439161 and EAR-0439077. We thank Tom Kent for contributions
to the instrumentation section; Kylie Hanify and Yarrow Rothstein for help with
citations; and Eddy DeGrave for preprints, thoughtful discussions, and use of figures
from works in progress.

www.annualreviews.org • Mössbauer Spectroscopy 117
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in the orthopyroxene series by the Mössbauer effect. Nature (London) 213:1221–
23

Bancroft GM, Burns RG, Maddock AG. 1967b. Determination of cation distribu-
tion in the cummingtonite-grunerite series by Mössbauer spectra. Am. Mineral.
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