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INTRODUCTION

The oxidation state of iron indicates the amount of 
oxygen present when a mineral is formed.  If the 
environment was abundant in oxygen, many of the 
minerals in the assemblage will contain oxidized 
iron, Fe3+.  If the environment is reducing, there is 
likely to be more Fe2+.  The amount of oxygen influ-
ences how elements interact in a magma, as well as 
which minerals form; this is known as oxygen fugac-
ity (ƒo2).  The fundamental ƒo2 directly describes the 
potential for multivalent cations to occur in one of 
its valence states and is therefore a direct measure-
ment of the oxidation state.  Due to their differences 
in both size and charge, Fe2+ and Fe3+, can occupy 
different sites in a mineral structure.  This feature 
makes iron one of the most common multivalent 
rock-forming cations. 

Given that oxidation state is important, it is then 
important to have ways of measuring the oxidation 
state.  In the late 1960s, Mössbauer spectroscopy was 
first used to determine Fe2+ and Fe3+.  Mössbauer, 
however, is a bulk technique that requires a large, 
homogenous sample.  Thus, it would be desirable 
to have a method capable of measuring samples at 
microanalytical scale, such as XANES spectroscopy.  
For this study, the results of a suite of 20 garnet 
samples with varying amounts of Fe2+ and Fe3+ 
were compared using Mössbauer spectroscopy and 
XANES.  Many of the samples are from the former 
Barton Mine on Gore Mountain, New York, but 
due to the lack of significant Fe3+, a wider range of 
samples was added from the collections at Mount 
Holyoke College.
	

METHODS

Mössbauer Spectroscopy
	
Each sample was handpicked under a compound 
light microscope to be as inclusion-free as possible.  
Sample amounts varied between 20-40 mg, and an 
occasional 100 mg sample, depending on the avail-
ability of the sample and iron content.  The Möss-
bauer requires a minimum of ~20 mg per sample 
of garnet for the most accurate and visible results.  
Lower sample quantities may result in the gamma 
rays not encountering any Fe atoms, resulting in 
noisy data that may not produce quantitative results. 

Spectra were acquired at 300K and one sample at a 
temperature series, consisting of 17 different tem-
peratures from 4-295K, under low He gas pressure.  
A source of 100-70 mCi 57Co in Rh was used on 
a WEB Research Co. model W100 spectrometer 
equipped with a Janus closed-cycle He refrigerator.  
The time each sample ran ranged from 8-12 hours 
and the results were calibrated against α-Fe foil.  
The typical count rates were between 500,000 and 
900,000 non-resonant counts/hour.    

The garnets were first run through Mexfieldd, a set 
of programs created by Eddy De Grave and Toon 
van Alboom (Gent, Belgium).  Mexfieldd uses 
Lorentzian line shapes to fit doublets, and then 
calculates quadrupole splitting, isomer shift and 
peak widths in each doublet or set of doublets. The 
best fits are then determined by the minimizing chi-
squared (χ2) value.  Some fits were also done using 
an analogous program, Disd3e_dd, that uses velocity 
approximations to obtain values for isomer shift and 
quadrupole splitting, searching for a distribution 
of quadrupole splitting values rather than a single 
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value as in Mexdisdd (Sklute, 2006).  The output val-
ues produced by each of the programs can then be 
used to provide information about the areas of Fe2+ 
and Fe3+ doublets in the Mössbauer spectra.  

XANES

XANES is a microanalytical technique capable of 
analyzing 8x10 μm spots on single crystals.  To 
allow for a selection of possible grains to analyze, 
multiple grains were handpicked for XANES analy-
sis and mounted in a 1” round plexiglass holder 
that was then polished to expose the grains.  All 
of the samples were analyzed using the Mössbauer 
spectrometer at Mount Holyoke College and x-ray 
ring at beamline x26a, National Synchrotron Light 
Source, Brookhaven National Laboratory.  Due to 
time constraints, only two different crystals of each 
sample were analyzed by XANES.  No attention was 
paid to crystallographic orientation of the grains 
because garnet is isometric.

The XANES spectra were collected over an energy 
range from -50 to 50 eV; the former to include ener-
gies below and including the pre-edge peak and 
the latter to include the main-edge peak spectra 
of the samples.  Spectra on a standard magnetite 
sample were acquired every fifth sample in order to 
correct the monochromator energy for unknown 
samples run in between, because magnetite has a 
well-resolved pre-edge singlet with a known energy 
of 7113.25 eV.  Each energy interval was counted 
between 5-20 seconds, depending upon the intensity 
of the main-edge energy, for a total acquisition time 
of approximately 25 minutes.  After acquisition, the 
pre-edge peaks of each sample were determined and 
Fe3+ and Fe2+ contents calculated. 

XANES Fitting Procedures

Once spectra were collected, the data were pro-
cessed using the in-house program X26A_Data_
Plotter, where the entire spectrum was displayed 
for fitting.  The program was used to select out the 
pre-edge region of interest, then fit a spline curve to 
the baseline beneath each pre-edge peak, so that the 
baseline could then be subtracted out.  The output 

was evaluated with the PAN: Peak Analysis program 
(another in-house software package).  Prior to fit-
ting, the PAN files were opened in excel and correct-
ed to true energy (on the x axis) using the magnetite 
calibration data.

 PAN allows a user to check to confirm that the 
pre-edge peak to be fit has a relatively flat baseline 
(from the X26A_Data_Plotter program).  Gaussian 
peaks were then used to fit the pre-edge data.   The 
number of peaks that constitute each pre-edge is 
unknown because theory is lacking, so the number 
of peaks to be fit to each pre-edge was determined 
by trial and error.  In the end, two distinct peaks as-
sociated with Fe2+ and two with Fe3+ were identified.  
Each spectrum was modeled with all four of these 
peaks (assuming a mixture of Fe2+ and Fe3+) and 
then the number of peaks was decreased in cases 
where the peak areas were zero.

RESULTS AND DISCUSSION

Mössbauer

Samples containing only Fe2+ or only Fe3+ were fit 
with one doublet.  Samples with mixed Fe2+/ Fe3+ 
contents, such as grossular garnets and samples 
with impurities, were fit with a range of 2-6 separate 
doublets (Fig. 1). 

Figure 1: Example of fit Mössbauer spectra, garnet standard 
mix sample containing a combination of the Fort Wrangell 
almandine and Val Malenko andradite to model a garnet with 
both Fe2+ and Fe3+.
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The garnet standard mix is a combination of the 
Fort Wrangell almandine and Val Malenko an-
dradite to model a garnet with both Fe2+ and Fe3+.  
Spectra of this sample were acquired over a broad 
temperature range to allow calculation of the recoil-
free fractions, ƒ, using the change in isomer shift as 
a function of temperature.  These values were calcu-
lated for both doublets of the garnet standard mix.  
The purpose of this calculation is to correct for the 
area ratios in a mixed mineral spectrum to provide 
the true percentages of Fe2+ and Fe3+ in a sample 
(Sklute, 2006) using the following equation:
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Fe2+ or Fe3+, and N is the corrected amount of each 
species present (Dyar et al., 2007).   The corrected 
areas of Fe3+ and Fe2+ are presented in Table 1. This 
recoil-free fraction correction is important because 
it results in changes of up to 8.2% in the Fe3+ con-
centration.  Doublet areas that are corrected for 
ƒ thus permit a more accurate determination of 
Fe3+/Fe2+ ratios. 

XANES 

The first samples fit were the almandine and andra-
dite samples. These samples were fit first so that I 
would know where to look for the position of Fe2+ 
and Fe3+ peaks in the other samples. The almandine 
was fit at 7111.67 and 7113.43 eV.  The andradite 
was fit at 7112.84 and 7114.34 eV (Fig. 2). The other 
samples were fit and expected to be combinations of 
the peaks found in almandine and andradite, which 
provided to be true. 

The areas of the Fe3+ peaks in all samples in the 
XANES data were then plotted against the ƒ-cor-
rected areas of the Fe3+ doublets from the Mossbauer 

spectra.  It was pretty much a 1:1 line, but there 
were two outliers (Fig. 3). One of them was the 
Kenya melanite and the other was Kb-12-9.  There 
are three possible explanations for these outliers, 1) 
something wrong with the spectra (i.e. a glitch in the 
monochromator, or somewhere in the electronics), 
2) impurity of ilmenite.  Samples AK-97-2b, AK-
97-23 and AK-97-10c contain ilmenite, a titanium 
oxide impurity.  The parameters for a mixed sample 
of Fe2+ and Fe3+ along with parameters for the ad-
dition of the ilmenite were used when fitting the 
Mössbauer data and were therefore detected early 
on.  However, the XANES analyses of these crystals 
must have managed to miss seeing any of the ilmen-
ite, and 3) zoning. Further research at BNL (such 
as a traverse across the grain) would be needed to 
conclude if this sample was in fact zoned, impure or 
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if the spectrum was flawed prior to being fit. SEM 
X-ray analyses are in progress to determine if major 
element composition is zoned in any way. 

CONCLUSIONS

The goal of this study was to measure the oxidation 
states of garnets using the Mössbauer and XANES 
techniques.  Table 2 displays the percentages of 
Fe3+ and Fe2+ according to Mössbauer and XANES, 
revealing that both techniques agree well within ± 
8%, with the exception of samples Kb-12-9 and the 
Kenyan melanite.  This conclusion suggests that 
XANES studies of anisotropic minerals might be 
successful if, as in the case for this this study, the 
optical orientation of the crystals is the same as the 
optical orientation of the standards.

In conclusion, the Mössbauer spectroscopy and 
XANES results complement each other.  Mössbauer 
and XANES data measure approximately the same 
percentage of Fe3+ content. These two techniques are 
useful for determining the iron oxidation state of 
minerals.  The combination of Mössbauer spectros-
copy and XANES provides a promising outlook for 
microanalytical techniques in the near future. 

Table 2: Percentage of Fe3+ and Fe2+ for Mössbauer and XANES. 
The percentages of Fe3+ and Fe2+ were calculated for each 
XANES spectrum and then averaged together for the table 
above to be compared against the Mössbauer Fe3+ and Fe2+ 
peaks.

Figure 2: Example of XANES Spectra a) Fort Wrangell alman-
dine, spectra alm.017, b) Valmalenco andradite, spectra 
and3.009

Figure 3: Percentages of Fe3+ in Mössbauer and XANES



144

21st Annual Keck Symposium: 2008

REFERENCES

Bajt, S., Sutton, S.R., Delaney, J.S., 1994, X-ray mi-
croprobe analysis of iron oxidation 

states in silicates and oxides using X-ray absorption 
near edge structure (XANES): Geochimica et 
Cosmochimica Acta. 58:23, 5209-5214.

Bianconi, A., 1980, “Surface X-ray Absorption Spec-
troscopy: Surface EXAFS and Surface XANES” 
Appl. Surf. Sci. Vol. 6 pag. 392-418 

Blackwell, M., 2000, Temperature Dependence of 
Grunerite Mössbauer. Undergraduate Thesis, 
Mount Holyoke College.

Brown, Jr., G.E.; Calas, G.; Waychunas, G.A.; Petiau, 
J. X-ray absorption spectroscopy and its appli-
cations in mineralogy and geochemistry. Chp. 
11, 432-512

Calas, G., Brown, Jr., G.E., Waychunas, G.A., Petiau, 
J., 1987, X-ray Absorption Spectroscopic Stud-
ies of Silicate Glasses and Minerals: Physics and 
Chemistry of Minerals, 15:19-29.

Delaney, J.S.; Dyar, M.D.; Sutton, S.R.; Bajt, S., 1998, 
Redox ratios with relevant resolution: Solving 
an old problem by using the synchrotron mi-
croXANES probe: Geology. 26;2, 139-142. 

Dyar, M.D.; Gunter, M.E., Delaney, J.S., Lanzarotti, 
A., Sutton, S.R., 2002,  Systematics in the struc-
ture and XANES spectra of pyroxenes, am-
phiboles, and micas as derived from oriented 
single crystals: The Canadian Mineralogist, 40, 
1375-1393.

Dyar, M.D., Klima, R., Lindsley, D., Pieters, C.M., 
2007, Effects of differential recoil-free fraction 
on ordering and site occupancies in Mössbauer 
spectroscopy of orthopyroxenes: American 
Mineralogist, v. 92, p. 424-428. 

Lustig, H., 1961, The Mössbauer Effect: American 

Journal of Physics, 29 (1), 1-18. 

Sklute, E., 2006, Undergraduate Thesis, Mount Holy-
oke College.


	TitlePagec.pdf
	AdirondacksSummary.pdf
	Emerson.pdf

