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ABSTRACT

This paper describes a preliminary study that attempts to determine the oxidation state of Fe
(Fe**/ZFe) with the electron microprobe (EMP) by measuring the self-absorption induced shift of
the FeLa peak emitted from minerals and glasses. In transition metals of thefirst row, the L-spectra
exhibit common distortions, namely peak position shifts, peak shape alterations, and changesin the
LB/La ratios, caused by the large difference in the self-absorption coefficients (u/p) on either sides
of the L; absorption edges that are in close proximity to the La peak maxima. Measurements per-
formed on a-Fe,0; and Fe,O oxides have shown that self-absorption effects are stronger for the
later oxide, leading to enhanced Fe**La peak shift toward longer wavelengths as the beam energy
increases. First measurements performed on silicates have confirmed that enhanced self-absorption
of FeLa occurs on Fe** sites. The measurements consisted of plotting the FeLa peak position at a
fixed beam energy (15 keV) against the total Fe concentration for two series of Fe?*- and Fe*-
bearing silicates. In a first step, these data have shown that both Fe**La and Fe**La peaks shift
continuously toward longer wavel engths as the Fe concentration increases, with enhanced shiftsfor
Fe**La. For silicates containing only Fe** or Fe**, no effects of the site geometry were detected on
the variations of the FeLa peak position. A second set of plots has shown the variations of the peak
position relative to the previous Fe?*-Fe** curves of step 1, asafunction of the nominal Fe**/ZFe, for
a series of reference minerals (hydrated and non-hydrated) and basaltic glasses. Data from chain
and sheet silicates (e.g., pyroxenes, amphiboles, micas) exhibited strong deviations compared to
other phases (e.g., garnets, Al-rich spinels, glasses), due to reduced self-absorption of Fela.
Intervalence-charge transfer (1VCT) mechanisms between Fe?* and Fe** sites may be the origin of
these deviations. These crystal-structure effects limit the accuracy of the method for mixed
Fe**-Fe** valence silicates. Precisions achieved for further Fe**/~Fe measurements strongly depend
on the total Fe concentration. For basaltic glasses containing an average of 8 wt% Fe and 10%
Fe**/ZFe, the precision is about +2% (absolute). For low Fe concentrations (below 3.5 wt%), the
uncertainty in the peak position measured by the EMP spectrometers leads to error bars that are
similar to with the separation of the curves fitted to the Fe?* and Fe** plots, which is propagated as
prohibitive lack of precision for Fe**/ZFe (>70% relative). A major limitation of microbeam meth-
odsin general dealswith beam damage. This aspect has been carefully studied for basaltic glasses,
and optimal beam conditions have been established (in general, electron doses higher than those
corresponding to 130 nA and 30 um beam diameter should be avoided to prevent large beam in-
duced oxidation phenomena). Additional work, in progress, concerns: (1) other beam-sensitive phases
such as hydrated glasses; and (2) mineralsin which FeLa is affected by large matrix effect correc-
tions (e.g., Cr- and Ti-rich oxides where FeLa is strongly absorbed), for which the self-absorption-
induced shift of FeLa is different from that of common silicates and glasses.

INTRODUCTION physical properties of mantle rocks, core-mantle interactions,

The redox state of Earth’s mantle is a critical parameter to  and the atmospheric chemistry through time (Kadik and
constrain models on the origin and the evolution of the Earth.  Lukanin 1985; Kasting et al. 1993). The redox state of the up-
Oxygen fugacity plays an important rolein volatile speciation,  per mantle is commonly estimated through values of oxygen
fugacity calculated on the basis of Fe**/Fe* equilibrium among
— — mineral assemblages such as olivine-orthopyroxene-spinel
* E-mail: fialin@ccr.jussieu.fr (Ballhaus et al. 1990; O'Neill et al. 1993) or determined by
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wet chemical analyses on minerals or glasses (Christie et al.
1986). For example, systematic rel ationships have been pointed
out between upper mantl e oxidation states and tectonic regimes
(e.g., Wood et al. 1990; Canil et al. 1994). However, the effects
of different processes on mantle redox conditions are still de-
bated: are the large variationsin the redox state linked to C-O-
H fluids (Mattioli et al. 1989) or do they result only from
magmatic processes, partial melting, and melt infiltration
(Amundsen and Neumann 1992; McGuire et al. 1991)? Many
of the controversies about this subject ultimately relate to the
paucity and irrelevance of the available data. Thislack of data
may bethe magjor justification for continuing to search for tech-
niques of determining Fe*/>Fe.

Iron commonly occursin two different oxidation states. The
redox state of Feis strongly dependent on the interaction with
C-O-H fluids in natural magmas. These fluids play quite dif-
ferent structural roles (Waychunas et al. 1988; Cooney and
Sharman 1990; Jackson et al. 1990) and have considerable in-
fluence on properties of silicate melts such as density or vis-
cosity. The effect of the oxidation state of Fe and oxygen, the
changes in Fe*/ZFe, and interactions of Fe and O in silicate
melts have been widely debated (e.g., Dyar 1985; Mysen 1988).
The determination of Fe**/ZFe along with the sites occupied
by Fe** and Fe?*cations and their relationships with the silicate
framework provide abasisfrom which the thermal history, and
hence the melting processes by which a particular natural glass
has formed, may be deduced.

Different methods are commonly used to measure Fe**/ZFe
in silicates and glasses and will be briefly reviewed in the next
section. Extracting quantitative Fe**/>Fe values from the
FeLa,B emission spectra measured with the EMP has been a
long-term subject of study in geological applications (see Hofer
et al. 1994 for a history of the related works over the past 35
years). Actually three ways have been investigated to process
the Fe-La,B spectra: (1) measurement of the La peak shifts;
(2) measurement of the change in Lp/La intensity ratios; and
(3) ahybrid of 1 and 2 (Hofer et al. 1994, 2000).

We present in this study a technique based on method (1)
that is applicable to minerals and glasses for which the total Fe
concentration (in wt%) has been previously established. The
limitations of the method are discussed.

EXISTING METHODS FOR THE DETERMINATION OF
Fe*/>ZFe

Bulk methods

Several bulk methods have been developed to determine
Fe?* insilicate minerals. (1) Volumetric and colorimetric meth-
ods were proposed by Wilson (1960). Decomposition of the
sampleiscarried out at room temperature by hydrofluoric acid
containing V*®* to oxidize Fe** as it passes into solution. Be-
tween 50 and 200 mg of carefully hand-picked glassisrequired
for this method. (2) Electrochemical cells (e.g., Sato 1970;
Kadik 1997) also may be used for measuring oxygen fugaci-
ties, but reduction of the Fe** during experiments with C-bear-
ing samples provides low fo, values (Virgo et a. 1988). (3) In
M bssbauer spectroscopic analysis, Fe*/ZFe can be determined
directly from therelative areas of the Fe** and Fe?* quadrupole
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split doublets. A major advantage of the technique is that any
uncertainty in thetotal Fe content of the sample does not affect
the Fe**/ZFe, because the Mdssbauer spectroscopy involves
only deconvolution of the spectral data. In contrast, large un-
certainties occur when Fe**/ZFeis so low that the high-veloc-
ity component of the Fe** doublet is no longer discernible in
the spectral data. Thisis usualy the case for phases with less
than 10% Fe** (i.e., Fe**/ZFe < 0.1). In addition, the spectra of
amorphous solids are lesswell defined than those of their crys-
talline analogs (e.g., Mao et al. 1973; Eibschutz and Lines
1982), which introduces some uncertaintiesin the least-squares
fitting used for the deconvolution procedure. (4) Millimetric
X-ray beams, and related X -ray photoel ectron spectroscopy or
XPS, can be used by analyzing the Fe** and Fe** photopeaks
emitted from the sample (Raeburn et al. 1997a, 1997b). Owing
to the low escape depth of the photoelectrons (typically 5 nm)
the method is very surface sensitive, which requires enhanced
sample preparation to prevent surface contamination. Very low
Fe**/>Fe (down to 2%) can be measured by this method with
uncertainties below +10% relative. (5) Crystal field absorption
spectroscopy with millimetric near-IR-visible-UV sourcesgives
information on the oxidation state, coordination number, and
geometry of the cation sites by processing the d — d transi-
tionsin the UV-visibleregion (200 nm) (Burns1993). In theory,
the intensity of the absorption bands allows the researcher to
determine the concentration of the cation in its various oxida-
tion states using the Beer-Lambert relationship (e.g., Bingham
et al. 1999). For Fe, however, measurement of the Fe** band,
of low intensity compared to Fe*, is rendered difficult by the
presence of an intense absorption background due to
intervalence charge transfer (1VCT) between Fe?** and Fe* cat-
ions (Fe** 3d — Fe* 3d transitions, below for more comments
on IVCT mechanisms).

The major criticism against bulk methods concerns the pu-
rity of the samples. Even carefully hand-picked glasses or min-
eralsmay contain traces of some other material that significantly
changes the Fe**/ZFe value.

Microbeam methods

To avoid contributions from undesirabl e phases, micro-beam
techniques are particularly useful. Selection of surfaces from
natural glassesor mineralsthat are free of any alteration, crack-
ing, or secondary veins can be made by optical examination
even at a scale of about 5 um. Furthermore, these techniques
are also useful for experimental materials, with dimensions
ranging from few hundred micrometers to few millimeters,
which cannot be processed by the common bulk methods cited
above. Finaly, it is important to emphasize that, unlike bulk
methods, a quantity of about 1 pg can in theory be processed
using microbeams. The M6ssbauer method has been adapted
to the study of sampleswith an area as small as 100 pm? with
the development of the milliprobe (McCammon et al. 1991).
The main disadvantage of the later method is the long time
exposures required to balance the weak intensity of the beam.

The local determination of the oxidation states of Fe using
both electron and X-ray spectroscopies has become more and
more popular as a consequence of the development of modern
micro-beam sources (electrons or X-rays). Active research on
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synchrotron-based, high-resolution micro-X ANES (X-ray near
edge absorption structure) at FeK- and L-edges is in progress
in connection with computer simulations to provide informa-
tion on chemical bonding and oxidation states (Cressey et al.
1993; de Groot 1994; Brown et a. 1995; Westre et a. 1997,
Delaney et a. 1998). This method promises to provide infor-
mation on oxidation states and site occupancy of Fein mag-
maswheredatafor both remain controversial. Dramatic increase
of the spatial resolution has been achieved by the devel opment
in the transmission electron microscope of ELNES (energy-
loss near-edge structure spectroscopy), the equivalent of
XANES for electrons, which allows the determination of
Fe*/2Fe at the 10 nm scale by probing the FelL- and M-edges
(vanAken et al. 1998, 1999; Garvie and Buseck 1998). For the
EMP, Fe**/ZFe can be determined by Héfer's technique (cited
above) using calibration curves constructed from precise mea-
surements on reference materials. Using separate calibration
curves for each mineral group, the precision and accuracy of
Fe**/ZFe with this later method is 2% (absolute).

EXPERIMENTAL METHODS

I nstrumentation

Measurements were carried out with a Cameca Camebax
EMP, operating at 15 keV, using TAP monochromator crystals
(2d = 2.575 nm). The FeLa peak maximum was located by
using the regular automatic routine of the Cameca EMP soft-
ware. Thetimerequired for asingle peak search was60 s, |ead-
ing to an uncertainty of about +8 Bragg sin angle (sinB)
increments (1 increment = 1.107° sinB) in the FeLa peak posi-
tion for Fe concentrations ranging 5 to 30 wt% with a beam
current of 40 nA. The pulse height analyzer was set to avoid
theinterference of FeLa with the high-energy ninth-order FeKa
peak.

Sample description

The method for determining Fe**/ZFe is based on two cali-
bration stages, for which two specific groups of both hydrous
and anhydrous mineral s have been sel ected, together with natu-
ral and synthetic glasses. For thefirst calibration stage, the fol-
lowing anhydrous minerals containing either Fe?* or Fe** were
selected: (1) clinopyroxenes (diopside and hedenbergite, with
3 and 16 wt% Fe** respectively, and acmite with 19 wt% Fe*);
(2) orthopyroxenewith 9 wt% Fe?*, (3) olivineswith 3-17 wt%
Fe**; (4) garnets (andradite with 22 wt% Fe** and almandine
with 17 wt% Fe?*); (5) K-feldspar with 4 wt% Fe**; (6) epidote
with 7 wt% Fe*; and (7) staurolite with 9.9 wt% Fe*.

For the second calibration stage, samples with varying
Fe**/ZFe have been selected. Mineral species were (1)
clinopyroxenes (six minerals) with 5-23 wt% Fe and 15-96%
Fe*/ZFe; (2) garnets (four minerals) with 5-20 wt% Fe and
47-90% Fe**/ZFe; (3) Al-rich spinels (seven minerals) with 9—
17 wt% Fe and 14-75% Fe**/ZFe; (4) amphiboles (two miner-
als) with 7-10 wt% Fe and 95-98% Fe*/>Fe; (5) micas (four
minerals) with 8-18 wt% Fe and 15-33 Fe*/ZFe. The follow-
ing 25 glass samples also were studied: (1) tholeiitic (16 natu-
ral samples) with 7-10 wt% Fe and 10-17% Fe**/ZFe; (2)
basaltic lava (six samples obtained by fusion of powdered natu-
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ral glasses at 1270-1300 °C under controlled air fluxes to ob-
tain the required Fe*/2Fe) with 6-8 wt% Fe and 30-85%
Fe*/>Fe; and (3) andesitic (three synthetic samples, sametreat-
ment as for the basaltic glasses) with 5-16 wt% Fe and 50—
64% Fe**/ZFe. The essential data on mineral and glass
compositions used in this study are presented in Table 1. Val-
ues of Fe**/>Fe were either calculated by common stoichiom-
etry and charge-balance relationships deduced from EMP
analyses of anhydrous minerals, or measured by wet chemistry
and/or M 6sshauer spectroscopy for glasses (Humler et al. 1998;
Neuville et a., unpublished data, 1999) and hydrous silicates
(wet chemistry on separated minerals).

SELF-ABSORPTION OF LOW ENERGY LO PEAKS

The L-series peaks emitted from the first row transition
metalsarethe result of radiative electronic transitions between
the partially filled 3d orbitalsto the 2p (or L, ) corelevels. The
energies of these peaks are below 1 keV. Several papers have
described the L-series of light transition metals, aswell asthose
of Cu and Zn (Parratt 1959; Holliday 1968; Bonnelle 1987),
and point out the large contribution of self-absorption (i.e.,
absorption by its own atoms or ions of X-ray photons emitted
from a chemical species) in misinterpretation of experimental
spectra. Indeed, self-absorption isresponsible for asymmetries
on the high-energy side of the L-peaks, leading to peak posi-
tion shifts and changesin the LB/La ratio (O’ Nions and Smith
1971; Rémond et a. 1996). These spectral distortionsare caused
by the large contrasts in absorption coefficients on either side
of themetal L; edgesthat arein close proximity to the La peak
maxima. The full widths at half maximum (FWHM) of low-
energy L peaksisthe convolution of the natural widths of both
3d and 2p levels. The energy distributions of the 2p levels are
described by Lorentzian curves with widths inversely propor-
tional to thelifetime of the 2p-core holes. The 2p level widthis
~1.5eV in Fe (Bonnelle 1966). In addition, the final state hole
causes the 3d band to broaden. Similar peak broadenings re-
lated to the lifetime of the ionized state affect the 2p absorp-
tion spectra (de Groot et al. 1990). Self-absorption occurs when
lifetime broadenings are large enough to initiate overlap be-
tween both emission and absorption bands. Due to the later
intrinsic loss of resolving power of the method, photons are
generated with the minimal energy required for transitionsfrom
the 2p core level to continuum states (empty states just above
the Fermi level, Eg, for low energy peaks). Empty states at E¢
for transition metal s are composed of admixtures of 3d and 4sp
states. In applying dipole selection rules, transitions of core
electrons (as 2p electrons) to localized empty states (e.g., 3d)
dominate over delocalized conduction states (e.g., 4sp). Both
types of transitions may dramatically change the shape of the
L;-edge with strong effects on the self-absorption. A classical
example is given by the comparison of the CuL; absorption
spectraof Cu,0 and CuO (e.g., Bonnelle 1966). The L; discon-
tinuity of the former is arctangent shaped, which is character-
istic of 2p — 4s transitions (low self-absorption of CuLa),
whereas that of the later consists of a white-line (i.e., is peak
shaped) as a consequence of highly probable transitions to the
3d-hole localized on the g, orbital (high self-absorption of
CuLa). Therefore, the self-absorption intensity of soft La peaks
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TABLE 1. Complete table of the mineral and glass compositions
used in this study; electron microprobe chemical analy-

ses in wt%
Px Px Px Px Px Gt
SiO, 52.53 52.06 51.86 48 49.05 28.4
TiO, 4.31 1.15 6.03 1.14 0 12.23
AlLO; 1 0.04 0.65 4.83 0.64 3.16
FeO(total) 23.58 29.52 19.05 13.31 23.98 18.05
MnO 2.73 0.12 0.1 0.46 3.14 0.33
MgO 0.34 0.02 4.07 8.47 0.73 1.26
CaO 0.37 0 4.42 20.7 22.14 32.36
Na,O 13.37 13.99 11.05 1.69 0 0.03
K,O 0 0 0 0 0 0
Total 98.23  96.9 97.23 98.6 99.68 95.82
Fed*/ZFe(%) 97 94 83 36 0 96
Gt Gt Gt Gt ol Ol
SiO, 33.22 38.02 37.89 39.28 42.04 41
TiO, 4.98 0.05 0.05 0 0 0
Al,O4 1.93 18.66 18.37 22.22 0 0.03
FeO(total) 23.6 6.65 8.45 22.05 3.08 7.08
MnO 0.74 13.62 13.78 0.48 0 0.1
MgO 0.26 0.05 0.06 11.38 54.53 51.9
CaOo 31.14 22.48 20.83 4.2 0 0
Na,O 0.14 0 0 0 0 0
K20 0 0 0 0 0 0
Total 98.36 99.5 99.43 99.61 99.65 100.1
Fes*/ZFe(%) 90 63 47 0 0 0
Ol Ol Ol Ol K-fp  epidote
SiO, 40.78 39.8 39.2 38.2 64.52 38.64
TiO, 0 0.03 0.02 0 0.49 0
Al,O, 0 0.07 0.06 0.05 13.51 24.26
FeO(total) 9.57 11.7 135 17.2 4.31 8.96
MnO 0.19 0.14 0.18 0.21 0 0
MgO 49.2 47.9 46.4 43.4 0.09 0
CaOo 0 0.14 0.1 0 0.06 23.93
Na,O 0 0 0 0 0.54 0
K,O 0 0 0 0 15.63 0
Total 99.74  99.78  99.46 99.06 99.15 95.79
Fe*/zFe(%) O 0 0 0 100 100
spinel*  spinel*  spinel* spinel*  spinel* spinel*
SiO, 0 0 0 0 0 0
TiO, 0.19 0.24 0.14 0.31 0.08 0.19
Al,O4 59.99 60.85 60.83 62.78 64.09 59.47
FeO(total) 11.84 1266 22.71 16.96 17.01 21.36
MnO 0.1 0.16 0.14 0.14 0.17 0.11
MgO 24.48 22.84 15.38 18.28 18.22 14.59
CaO 0 0 0 0 0 0
Na,O 0 0 0 0 0 0
K,O 0 0 0 0 0 0
Total 96.6 96.75  99.2 98.47 99.57 95.72
Fe3*/ZFe(%) 75 56 25 19 17 17
spinel* Amp Amp mica mica mica
SiO, 0 38.58 38.43 35.83 345 34.45
TiO, 0.61 4.89 4.85 5.51 2.5 2.02
Al,O4 60.36 14.72 14.64 16.37 17.51 20.39
FeO(total) 19.57 11.54 13.34 10.02 24.12 23.51
MnO 0.13 0.09 0.13 0.06 0.96 0.64
MgO 16.1 12.31 11.36 17.03 6.15 2.1
CaOo 0 11.01 10.85 0.22 0.1 0.01
Na,O 0 2.4 2.38 0.7 0.03 0.06
K,O 0 1.47 1.35 9.04 8.73 8.99
Total 96.77 97.01 97.33 94.78 94.6 93.17
Fes'/ZFe(%) 14 98 90 33 24 15

istightly related to both density and spatial extension of empty
3d at Er and to the rate of 3d-4sp hybridization, or mixing, as
well. In oxides, metal 3d and oxygen 2p states are more or less
mixed, which imparts some p-character to the 3d wave func-
tions, thusreducing the2p — 3d transition probability. In sum-
mary, the lower the density of unmixed 3d states at E, and the
lower their localized character, the lower the self-absorption
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mica St.  tholeiitic tholeiitic tholeiitic tholeiitic
Sio, 36.69  28.67 51.36 50.21 48.62 49.88
TiO, 1.63 0.58 1.89 1.62 0.91 1.27
Al,O4 18.4 55.57 13.86 16.29 17.52 17.37
FeO(total) 15.73 12.75 12.32 8.44 9.06 7.29
MnO 0.04 0.28 0.2 0.16 0.18 0.13
MgO 12.36 1.66 6.69 7.67 9.25 8.1
CaO 0.02 0 10.69 9.92 10.42 9.9
Na,O 0.51 0 2.1 3.87 3.09 3.89
K,O 8.91 0 0.21 0.19 0.05 0.26
Total 94.3 99.51 99.32 98.37 99.05 97.83
Fe¥*/ZFe(%) 15 100 15 15 12 16
tholeiitic  tholeiitic tholeiitic  tholeiitic  tholeiitic tholeiitic
Sio, 50.01 49.5 50.62 49.85 49.44 50.28
TiO, 2.14 1.25 1.8 1.55 1.38 1.63
Al,O4 15.1 15.06 13.92 16.15 16.75 16.13
FeO(total) 10.51  10.66 11.34 8.62 7.88 8.64
MnO 0.2 0.2 0.23 0.17 0.15 0.16
MgO 6.76 7.8 6.49 8.03 8.06 7.79
CaO 9.82 11.28 10.64 10.27 10.26 9.76
Na,O 3.77 2.56 2.92 3.56 3.62 3.82
K,O 0.23 0.05 0.29 0.17 0.2 0.23
Total 98.54  98.36 98.25 98.37 97.74 98.44
Fe**/ZFe(%) 10 12 15 14 14 18
tholeiitic tholeiitic tholeiitic tholeiitic  B-lava B-lava
SiO, 50.06 50.53 48.5 49.64 47.4 49.68
TiO, 1.21 1.33 1.3 1.72 1.6 0.92
Al,Os 17.07  16.77 16.82 13.32 14.9 18.56
FeO(total) 8.66 7.64 9.48 13.49 10.1 7.13
MnO 0.16 0.1 0.13 0.23 0.12 0.16
MgO 7.92 7.7 8.4 6.48 7.4 5.42
CaO 10.09 9.89 9.87 10.52 12.2 10.38
Na,O 3.56 3.89 2.96 2.68 25 2.58
K,O 0.19 0.24 0.03 0.2 1.3 2.2
Total 98.92 98.09 97.49 98.28 97.52 97.04
Fe*/ZFe(%) 16 15 11 15 85 74
B-lava B-lava B-lava B-lava andesitic andesitic
SiO, 47.68 50.18 47.74 47.66 54.06 48.5
TiO, 1.75 0.96 1.76 1.74 0.43 0.5
Al,O4 18.57 17.96 17.89 18.35 17.56 15.76
FeO(total) 9.76 7.42 9.87 9.89 11.79 20.95
MnO 0.19 0.16 0.18 0.2 0 0
MgO 5.26 5.85 5.48 5.41 2.83 2.48
CaO 10.03 1065 10.15 10.08 8.12 7.27
Na,O 3.8 2.58 3.74 3.69 3.12 2.72
K,O 1.84 2.2 1.83 1.79 0.8 0.89
Total 98.88  97.97 98.64 98.8 98.71 99.07
Fe3*/ZFe(%) 56 36 34 24 64 58
andesitic
Sio, 62.75
TiO, 0.44
AlL,O; 19.55
FeO(total) 6.72
MnO 0
MgO 3.06
CaO 3.8
Na,O 1.6
K,O 0.41
Total 98.33

Fe¥/sFe(%) 50

Notes: Px = pyroxene; Gt = garnet; K-fp = K-feldspar; St = staurolite; B-
lava = Basaltic lava glasses.

* Al-rich spinel.

intensity. The self-absorption of low energy L peaks is thus
very sensitive to the nature and the arrangement of the lattice
surrounding the absorbing atoms.

The attenuation by self-absorption of the La photons along
their path to the surface of abulk material is described by:

1/, = exp(—C -W/p-pz-cosech) D
where |, is the intensity generated at mass depth pz, | is the
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emerging intensity, C isthe weight fraction (wt%) of the metal,
Wp isthe mass self-absorption coefficient (sensitive to struc-
tural and chemical effects, as discussed above), and 0 is the
take-off angle. Larger self-absorption-induced distortions of La
peaks are produced at high beam energy and high metal abun-
dance, related to parameters pz and C in Equation 1, respec-
tively.

The FeLa peak positions for Fe,O; (hematite) and Fe,q,0
(wustite, referred to as FeO in the text) are plotted against beam
energy in Figure 1 indicating larger self-absorption effectsin
the later. First, the Fe** peak position measured at any fixed
beam energy is systematically shifted toward larger sin@ com-
pared with Fe**. Second, the Fe?*-Fe** peak separation increases
as the beam energy increases to reach the large value of ap-
proximately 100 sinB increments at 15 keV. Extrapolation of
the peak positions to the Fel; edge energy, where self-absorp-
tioniseliminated, showsreduced La peak shift. Figure 2 shows
the self-absorption spectra recorded with the EMP at the Fel ;
edge of Fe,0; and FeO. These spectrawere constructed by tak-
ing point by point ratios of two La peaks, one of which was
measured at 2 keV and thus was weakly distorted by self-ab-
sorption, whereas the other was measured at 10 keV and was
strongly altered by it. This method was described by Liefeld
(1968) as an easy way to extract self-absorption data of low
transition metals from bulk specimens analyzed with an elec-
tron beam. The reduced height together with the shift in energy
(ca. 1.3 eV) of the absorption maximum of Fe,O; compared
with FeO isin good agreement with the calculated L, absorp-
tion spectra closest to Er for Fe** and Fe** in octahedral sym-
metry, the actual coordination of both ions in Fe,O;and FeO,
respectively (Cressey et al. 1993). Also indicated in Figure 2
are the extrapolated positions of the FeLa peak maxima, as
deduced from Figure 1, which shows the enhanced overlap of
both absorption and emission bands for FeO.

SPECIATION OF IRON IN MINERALS AND GLASSES

M ethodology

To evaluate the contribution of Fe concentration to self-ab-
sorption effects, the FeLa peak shift measured at 15 keV (the
common beam energy used in geological applications) was plot-
ted in Figure 3 vs. wt% Fe for a series of almost pure Fe**- and
Fe**-bearing silicates. The continuous peak shift observed to-
ward larger wavelengths for Fe?* is consistent with increasing
self absorption aswt% Feincreases. The few data collected for
Fe** compounds show a trend similar to Figure 1. given the
level of self absorption—fixed by thewt% Fein Figure 3—the
Fe** peak is shifted toward shorter wavel engths compared with
Fe**. The Fe**-Fe?* peak separation is as large as 160 sind in-
crements at 20 wt% Fe and is reduced to 30 sinB increments at
3.5 wt% Fe. It should be noted that, despite the change in the
coordination number of Fe* ions, which ranges from sixfold
(octahedral) in pyroxenes and olivines to eightfold (cubic) in
garnets to fourfold (tetrahedral) in staurolite, no obvious
anomaly is noted on the plots in Figure 3. The same remark
holds for the Fe** curve that has been constructed with miner-
alswhere Fe** is sixfold coordinated, except in feldspar where
itisfourfold coordinated. These results show that no effects of
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for FelL; (708 €V) show reduced peak shift for both oxides: sin =
0.68200 for Fe O and sin = 0.68226 for FeO. Error bars are given for
an uncertainty of £ 8 sinincrementson the FeLa peak position. Dueto
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FIGURE 2. Experimental self-absorption spectra (L;edge) for FeO
and Fe,0O; resulting from the intensity ratio of the FeLa spectra
measured at 2 and 10 keV beam energy, respectively. The shift between
both absorption peaks is ~1.3 eV. Arrows indicate the FeLa peak
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for Fels, as deduced from Figure 1. Fe**L experiences more self-
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FIGURE 3. Variations of the FeLa peak position measured at 15
keV with a TAP monochromator as a function of the total Fe
concentration for a series of Fe?*- and Fe*-bearing silicates. Numbers
next to symbols in the legend indicate coordination numbers of Fe
ions for minerals in which coordination numbers are not six. Error
bars are given for an uncertainty of + 8 sin increments on the FeLa
peak position. Below 5 wt% Fe, plots represent the average of three
peak searchesto fit within the latter uncertainty. All datawere collected
over a few months period. To correct for any deviation due to
mechanical drifts of the spectrometers with time, each measurement
was performed relative to the peak position of Fe,Os. Ln curves have
no physical justification.

the site geometry can be detected from the variations of the
FelL.a peak position, at |least for silicates containing either Fe*
or Fe*.

The calculated L; absorption spectra for Fe** and Fe** ex-
hibit a major peak with one low-energy satellite (often called
pre-peak) and one or more high-energy satellites (Cressey et
al. 1993). Therelative peak energies and heights depend on the
crystal-field splitting termed 10Dq. In silicates, 10Dq is taken
as1.0or 1.5V for fitting experimental spectrawhere Fe?* and
Fe* arein octahedral and tetrahedral sites. For either of these
values of 10Dq, the overall L;absorption bands of Fe** and
Fe* arelittle changed (either in maximum position or in shape)
for both sites. We can reasonably expect that, given the limited
resolution of the EMP, details of the L-absorption edge struc-
ture reflecting cation coordination vanish into the total emis-
sion signal.

Oncethe Fe concentration of asilicate phase has been mea-
sured by classical EMP analyses using the FeKa peak [and not
FeLa, which is not recommended for analyses of the first row
transition metals (Pouchou and Pichoir 1985; Fialin et al.
1993)], Fe*/ZFe can be roughly estimated in Figure 3 by com-
paring the measured FeLa peak position to both Fe?* and Fe**
curves at a given Fe concentration assuming a linear increase
of Fe*/ZFe between both curves. Values of Fe**/ZFe will be
then reduced from plots giving the peak positions relative to
the Fe?*-Fe* curves of Figure 3 as a function of the nominal
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Fe*/ZFe for a series of reference minerals and glasses (Fig.
43). The total Fe concentration of reference samples used in
Figure4aisgivenin Figure4b (using the same x-axisand same
symbolsasin Fig. 4a). In Figures 4a and 4b, full symbols rep-
resent data for glasses, garnets, and Al-rich spinels. Signifi-
cant deviation from alinear relationship existsfor full symbols,
which showsthat the position of the FeLa peak in agiven phase
isnot alinear function of Fe**/ZFe. Open symbolsin Figure 4a
represent pyroxenes, amphiboles, and micas. For a given
Fe**/ZFe, and particularly for values far from the end-mem-
bers, we observe an overall shift of open symbols relative to
full symbolstoward the right-end of the x-axis. Comparison of
Figures 4a and 4b shows that the shifted positions of the open
symbolsis not related to the total Fe concentration of the cor-
responding samples. This deviation for open symbols corre-
sponds to a shift of the peak maximum toward shorter
wavelength, which can beinterpreted as areduction of the self-
absorption for the FeLa peak. In chain and sheet silicates (e.g.,
pyroxenes, amphiboles, and micas), mixing of the Fe-3d orbit-
als occurs between Fe cations of edge- and face-sharing FeOg
polyhedra (to form metal-metal bonding by 1VVCT) with ther-
mally activated transfer of an electron (electron hopping) over
two or more adjacent Fe** and Fe* sites (Sherman 1987a). The
IVCT mechanisms lead to the partial delocalization of the d-
orbitals and thus to the reduction of the self-absorption for the
La peak. Broadening of the experimental Fe?* Ls-absorption
band in amphiboles has been reported by Cressey et al. (1993),
which may reveal such adelocalization for the Fe** d-orhitals.
On the other hand, IVCT isnot described for mineralsinwhich
either Fe?* or Fe** occupy non-sixfold coordinated sites such
as garnets (eightfold coordination of Fe?*) and Al-rich spinels
(fourfold coordination of Fe?). For these minerals, no IVCT
induced peak shift is expected. Similar conclusions hold for
glasses for which recent X ANES spectra obtained from basal-
tic glasses are consistent with mainly fourfold coordination of
Fe, with the possible presence of fivefold coordination (Wu et
al. 1998, 1999; Jackson et al. 1993; Brown et al. 1995).

Accuracy and precision

First, the accuracy of the method strongly depends on the
nominal values of Fe**/>Fe of the standards used. The scatter-
ing of data in Figure 4 may be caused in part by some prob-
lems of aggregating errors due to stoichiometry based
calculation of Fe**/ZFein minerals (Sobolev et al. 1999). Asa
result, calibration curves should be constructed with data col-
lected either from international references or from carefully
selected samples in which Fe*/ZFe was measured by wet
chemical or Mdsshauer methods. Second, accuracy also may
be altered as aresult of the sensitivity of the self-absorption of
FelLa to the extent of d-orbital delocalization for the absorbing
ions. Two major contributionsinfluence self-absorption in this
way: (1) IVCT for mixed valence sheet and chain silicates; and
(2) differences in bonding environment, for glasses in particu-
lar, dueto extremely distorted cation sites and presence of other
anions (OH-, F~ etc.).

The level of precision is directly related to the uncertainty
in the absolute peak position (parameter sinBy in Fig. 4a). To
improve the uncertainty in the peak position after a single au-
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FIGURE 4. (a) Variation in rel% of the FeLa peak position for an
unknown X, relative to the separation of the Fe**-Fe** curves for the
corresponding Fe content in Figure 3 (see text), as a function of the
nominal Fe**/ZFe for a series of reference phases. Nominal Fe**/>Fe
values were measured by wet chemistry for glasses, micas, and
amphiboles, and deduced from the EMP analyses for other minerals
(plots for the latter correspond to large full or open symbols). Open
symbols represent mixed valence chain and sheet silicates that are
sensitive to IVCT mechanisms (see text). Error bars (1 standard
deviation) correspond to the precision achieved for the relative peak
position (SinBy-SiNBre.)/(SiNBkes.-SiNOk.), provided a precision of +3
sin increments for the absolute peak position sin x. The size of the
error bars are dependent on the total Fe concentrations of reference
samples, which are given in (b). Following values for the error bar
lengths can be remembered: +5, +3, and +2 for 5, 8, and 15 wt% Fe,
respectively.

tomated peak search (i.e., £8 sinf increments), the current pro-
tocol for measuring the position of the FeLa peak consisted of
averaging 36 peak searches. Three different siteswere selected
on the sample surface for these measurements (to limit both
beam damage and carbon contamination), and six peak searches
were carried out on each site simultaneously by two spectrom-

FIALIN ET AL.: MICROPROBE ESTIMATES OF Fe*/>Fe

eters equipped with TAP monochromators. The beam was set
to 130 nA and 30 pum (see next section for justifications of
these beam parameters). For these conditions, the precision
achieved for sinBy was +3 sinB increments (10 standard devia-
tion). Another source of error for datain Figure 4aisthe uncer-
tainty in the values of sinBg. and sinBe. that are deduced
from the Ln fit curves of Figure 3. The subsequent systematic
error on the relative peak position (SinBy-siNBge.)/(SiNBkcs.-
SiNBe+) IS NOt easy to evaluate but it is assumed to be low
compared to errors due to the lack of statistical accuracy on
sinBy. Finally, the error on (SinBy-SiNBre.)/(SiNBke:-SINBEe,) IS
also dependent on the total Fe content of the sample through
the parameter (SinBgs.-SiNBe.). The higher the Fe content, the
higher the value of (SinBge.-SiNBg.) and, thus, the lower the
error propagated to (SinBx-SiNBge:)/(SiNBkes:-SiNB:.) by the
uncertainty on sinBy. For basaltic glasses containing, on aver-
age, 8 wt% Fe and 10% Fe**/ZFe, aprecision of £3 sin@ incre-
ments for sinBy corresponds to 6% of the separation of the
Fe?*-Fe** curvesfor 8 wt% Fe (90 sinB increments) in Figure 3.
In terms of uncertainty in Fe**/2Fe, +3% (absolute) is an upper
limit corresponding to a 1:1 rel ationship between Fe**/ZFe and
(SiNBx-SiNBrep+ )/ (SINBRes,-SiNOk.) (Fig. 4). For glass databel ow
20% Fe*/ZFe, the more realistic value of 0.70:1 for the
Fe¥*/ZFe - (SiNBy-SiNBre+ )/ (SINBges,-SiNBr.) relationship gives
an uncertainty of about +2% (absolute) for Fe**/ZFe.

LIMITATIONS

Some limitations associated with the method should be ex-
amined. The first one concerns species with low concentra-
tions of iron (<3.5 wt% Fe) for which the method is not
applicable. An uncertainty of + 3 sin® increments represents
20% of the separation of the Fe?*-Fe* curvesfor 3.5 wt% Fein
Figure 3, which is propagated as prohibitively large error bars
for the relative peak position (SinBy-SiNBge: )/ (SiNBres:-SiNBkeo4 )
(+£10% absolute). The second limitation involves self-absorp-
tion-induced deformations of FelLa that also depend on the
absorption by other components of the matrix and mean atomic
number of the sample as well. Indeed the higher both of the
latter parameters are, the lower the escape depth of the mea-
sured FeLa photons and thusthe lower the self-absorption they
experience. Thissituationisillustrated in Figure 5, where data
collected from two Cr-rich spinels (SP1, SP2) and one
pseudobrookite (PSB) are plotted and compared with plots of
Figure 4a representing Al-rich spinels with Fe*/~Fe ranging
from 15 to 25%. Chromium and Ti are very absorbing elements
for FeLa, and plots corresponding to the Cr- and Ti-rich phases
lead to overestimated Fe**/ZFe values as a consequence of the
reduced FelLa peak shift toward longer wavelength for these
minerals.

The total absorption (u/p), experienced by FeLa at 15 keV
in most silicates and glasses—for which the mean atomic num-
ber Z is between 10 and 15—rangesfrom 10000 to 15 000 cm?/g
(corresponding to escape depths ranging from 1 to 3 um for
FelLa). Any phase with (u/p).and/or Z outside these ranges re-
quire specific treatments. This is the case of SP1, SP2, and
PSB for which Z is between 16.5 and 18 and (/p), is between
20000 and 22 000 cm?g (escape depths below 0.5 um for
FelL.a). Simpleiron oxides (e.g., FeO, Fe;0,, Fe,0s) with high-
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FIGURE 5. Deviations observed in the range 15-30% Fe*/>Fe
between Al-rich spinels (filled symbols) and Cr- and Ti-rich oxides
(open symbols): spinels SP1 and SP2 with 56 and 53 wt% Cr,Os,
respectively (to be compared with concentrations below 1 wt% for the
Al-rich spinels); pseudobrookite with 70 wt% TiO,. Dueto the presence
of the highly absorbing and heavy elements Cr and Ti, SP1, SP2 and
PSB exhibit large total absorption coefficients (/p), for FeLa (above
20 000 cm?/g) and large average atomic numbers Z (above 17). Values
of (Wr),and Z for the Al-rich spinels are around 12 500 cm?/g and 12,
respectively. Reduced FeL peak shiftstoward longer wavelengths for
transition-element-rich minerals lead to overestimated Fe**/~Fe. The
solidlinearough fit of thefilled symbol plotsin Figure4a. Thisdiagram
shows the complexity of the relationship between Fe*/2Fe and the
relative peak position (SinBy-sinBge:)/(SiNBres:-SiNBke.), Which is far
from a 1:1 line, and the large descrepancies induced on Fe**/ZFe by
using the latter relationship for high-Z and high (u/p). minerals.

Z (typically around 20) and a low absorbing matrix for FeLa
[(W/p), < 10 000 cm?(g] represent specific materials that ex-
hibit reduced escape depths for FeLa (around 0.7 pum).

Beam damageisthelast but essential point to be discussed.
Glasses are generally more beam sensitive than minerals, and
they are known to be affected by oxygen as well as alkali ion
migration under electron bombardment (see review by Mor-
gan and London 1996). This phenomenon is illustrated for a
tholeiitic glass in Figure 6 where plots for O and Na were ac-
quired simulteanously on two spectrometers with 60 s count-
ing time. The enrichment in oxygen of the surface layers causes
the FeLa peak to shift toward shorter wavelength. This shift
was revealed by completing six consecutive peak searches on
asingle surface site of the basaltic glassat 15 keV, 130 nA, and
with varying beam diameter. Results are presented in Figure 7
where linear fitsto experimental plots are shown. Theincrease
in slope as the beam diameter is reduced from 20 to 10 um
reflects enhanced surface oxidation kinetics. For 30 and 5 um,
the peak position varies slowly, which would indicate weak
beam damage for both operating conditions. Actually for 5 um,
the time constant of the surface oxidation kinetics is so short
that the peak is shifted rapidly (probably far before the first
peak search run was completed), which provides unexpected
high valuesfor Fe*/ZFe. For 30 um, the primary electron dose
is not large enough to produce noticeabl e effects. Surface oxi-
dation kinetics are accompanied by common glass alterations
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automatic peak search with the Cameca EMP. Beam conditions. 15
keV 130nA, 10 m. (b) Concurrent increase of OK in accordance with
the model of Lineweaver (1963).

such as electron browning and surface displacement in the di-
rection of bombarding electrons (Lineweaver 1963). To pre-
vent beam damage, measurements on most glasses studied here
were performed at 15 keV, 130 nA, and 30 um for which no
significant peak shifts were measured with increasing irradia-
tion time, at least over the total time required for six peak
searches (i.e., 360 ).

PERSPECTIVES AND CONCLUSIONS

The technique described in this paper holds promise for
Fe*/2Fe measurements at the micrometer scale with the EMP
using the self-absorption-induced shift of the FeLa peak. The
technique is applicable to silicates and glasses with total Fe
concentration above 3.5 wt%. The next step in the study isthe
construction of calibration curves, which necessitates further
wet-chemical and Mdsshauer analyses to increase the number
of data points in Figure 4. The technique can be applied to
oxides and especially those with large concentrations of Ti, Cr,
and Mn (all elements that are strong absorbers of FelLa), for
which other sets of calibration curves should be established.
Furthermore, for transition-element-rich minerals, we expect
serious difficulties with IVCT mechanisms, especially for Fe-
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FIGURE 7. Beamirradiationinduced FeLa peak shift for the basaltic
glass of Figure 6. Beam conditions: 15 keV, 130 nA, varying beam
diameter (given in micrometers above curves). Values on the x-axis
arethe same as Figure 6. Experimental plots are omitted for the clarity
of the figure. Curvesrepresent linear fitsto plots. Extrapolation to run
0 shows the theoretical unaltered position of the FeLa peak. For a5
pum beam diameter, the linear fit cannot account for the rapid surface
oxidation process, which leadsto prohibitively large discrepanciesfor
the estimated peak position.

and Ti-bearing (Sherman 1987b), and Fe- and Mn-bearing
(Sherman 1990) minerals. The technique can also be applied
to hydrated glasses (e.g., volcanic inclusion glasses) for which
primary experiments have shown that beam damage is a cru-
cial question to be studied carefully. Beam damage for hydrated
glasses was already reported by application of amethod based
on the SKa peak shift for determining oxygen fugacity in indi-
vidual S-bearing glasses (Métrich and Clocchiatti 1996;
Clémente 1998).

The accuracy of the method is strongly dependent on (1)
the sensitivity of the self-absorption of FeLa to the nature and
arrangement of the lattice surrounding Fe ions (matrix correc-
tions for strong absorbers of FeL.a present in a sample, correc-
tion for IVCT, other currently unidentified sample-specific
factors), and (2) beam damage. It is thus premature to suggest
that the determination of Fe*/ZFeis precise enough to be fully
guantitative considering an uncertainty of about +10% relative
as an appropriate value for an analytical technique (the actual
precision is +20% relative for 10% Fe*/>Fe). The question
remains open about the number of calibration curves needed to
cover the different mineral groups and glasses.

From the instrumental point of view, the need should be
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stressed for high-performance, wavelength-dispersive spec-
trometers that measure, with good accuracy and as rapidly as
possible, the position of the FeLa peak emitted from phases
with rather low Fe concentrations, typically below 10 wt%
(which includes most silicates). Improvements need to address
mainly two competing properties of the monochromator crys-
tals, namely the reflectivity and the resolution. The TAP mono-
chromator exhibits poor reflectivity (leading to low count rates)
and would be replaced preferably by metallic multilayer mono-
chromators (MMM). The great advantage of MMM isthe pos-
sibility to adjust parameters such as the d-spacing, the surface
size, and the couple of deposited material, to optimize the de-
tection of a given X-ray. The fixed d-spacing of TAP (2.575
nm) in connection with Bragg's law force this crystal to be
positionned in the spectrometer far from the X-ray source to
detect Fel.a. Selecting enhanced d-spacing for the MMM would
produce a reduction of the source-crystal distance with a sub-
sequent increase of theincoming X-ray flux intercepted by the
crystal. The disadvantage of this operation is the loss of reso-
lution of the monochromator (good resolution remains essen-
tial to keep the separation large enough between both the Fe?*
and Fe* La peak positions). To overcome this drawback, a
new type of MMM has been described (Sammar et al. 1993;
Fiain et a. 1996). New MMM consist of lamellar gratings
etched in the multilayer structure to produce the desired band-
width reduction by lightening the diffractive medium. The de-
sign of an MMM for improved detection of Fel.a isin progress.
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