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INTRODUCTION

In most terrestrial magmas, Fe is overwhelmingly the most 
abundant element occurring in more than one oxidation state, 
namely as Fe2+ and Fe3+. The ratio of these oxidation states 
(conveniently described as Fe3+/ΣFe) varies widely in different 
magma types (Carmichael 1991), and is well known to inß uence 
many of the physical and chemical properties of the magma, 
such as melt structure and viscosity. The Fe3+/ΣFe ratio is one 
factor determining the temperature and composition of crystal-
lizing phases. Due to the high abundance of Fe relative to other 
redox-variable elements, the Fe3+/ΣFe ratio should control the 
oxygen fugacity (fO2

) of a magma, and therefore the valencies 
of heterovalent trace elements and the speciation of volatile 
components.

The Fe3+/ΣFe ratio is related to the oxygen fugacity by the 
reaction:

 Fe2+O + 1/4 O2 =  Fe3+O1.5 (1)
 silicate melt silicate melt

The stoichiometry of this relationship predicts that Fe3+/ΣFe 
is proportional to fO2

 to the power of 0.25 (Kennedy 1948); this 
relationship was veriÞ ed experimentally by Johnston (1964) for 
dilute concentrations of FeOT, (where FeOT = Fe2+O + Fe2

3+O3), 
(~2 wt%) in Na2O⋅2SiO2 melts. However, subsequent experi-
mental studies on geologically relevant melt compositions have 
repeatedly returned signiÞ cantly lower values of this exponent. 
Fudali (1965) found exponents that ranged from 0.16 to 0.27 for 
the different melt compositions that he studied, with a tendency 
to cluster around 0.20. Sack et al. (1980) and subsequently Kilinc 
et al. (1983) both reported an exponent of 0.22 from a global Þ t 
to a simpliÞ ed thermodynamic formulation of Equation 1. Their 
input data covered a large range of compositions appropriate to 
natural magmas, including both their own experimental data and 
previous work. Subsequent reÞ tting by Kress and Carmichael 
(1991) with still more data lowered the apparent exponent to 0.20. 
Borisov and Shapkin (1990) reÞ tted essentially the same data as 
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ABSTRACT

Fe3+/ΣFe ratios were determined from Mössbauer spectra recorded for a series of 17 anorthite-
diopside eutectic glasses containing 1 wt% 57Fe2O3 quenched from melts equilibrated over a range of 
oxygen fugacities from fO2

 ~ 105 bars (Fe3+/ΣFe = 1) to 10�13 bars (Fe3+/ΣFe = 0) at 1682 K. Fe3+/Fe2+ 
was found to be proportional to fO2

 to the power of 0.245 ± 0.004, in excellent agreement with the 
theoretical value of 0.25 expected from the stoichiometry of the reaction Fe2+O + 0.25 O2 = Fe3+O1.5. 
The uncertainty in the Fe3+/ΣFe ratios determined by Mössbauer spectroscopy was estimated as ± 
0.01 (1σ) from the Þ t of the data to the theoretical expression, which is signiÞ cantly less than that 
quoted for previous measurements on silicate glasses; this results from Þ tting the spectra of a large 
number of systematically varying samples, which allows many of the ambiguities associated with the 
Þ tting procedure to be minimized. Fe3+/ΣFe ratios were then determined for samples of the anorthite-
diopside eutectic composition equilibrated at selected values of fO2

, to which up to 30 wt% Fe2O3 had 
been added. Fe3+/ΣFe was found to vary with ΣFe (or FeOT), but both the 1 wt% and high FeOT data 
could be satisfactorily Þ t assuming the ideal stoichiometry (i.e., Fe3+/Fe2+ ∝fO2

1/4) by the inclusion of 
a Margules term describing Fe2+-Fe3+ interactions. The large negative value of this term indicates a 
tendency toward the formation of Fe2+-Fe3+ complexes in the melt. The resulting expression, using the 
ideal exponent of 0.25, gave a Þ t to 289 Fe3+/ΣFe values, compiled from various literature sources, 
of similar quality as previous empirical models which found an exponent of ~0.20. Although the em-
pirical models reproduce Fe3+/ΣFe values of glasses with high FeOT reasonably well, they describe 
the data for 1 wt% FeOT poorly. The non-ideal values of the exponent describing the dependence of 
Fe3+/ΣFe on fO2 at high FeOT are an artifact of models that did not include a term explicitly to describe 
the Fe2+-Fe3+ interactions. An alternative model in which Fe in the silicate melt is described in terms 
of three species, Fe2+O, Fe3+O1.5, and the non-integral valence species Fe2.6+O1.3, was also tested with 
promising results. However, at present there is no model that Þ ts the data within the assessed accuracy 
of the experimental measurements.
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Kilinc et al. (1983) to a formulation of the same type as suggested 
by Sack et al. (1980) but with an increased number of terms; this 
only made things worse, as the exponent decreased to 0.18.

The causes of this discrepancy remain controversial. An obvi-
ous possibility is that the formulation introduced by Sack et al. 
(1980) goes too far in its simpliÞ cation of the thermodynamics 
to return a physically meaningful exponent. In particular, in 
melts with high FeOT, if the activity coefÞ cients of either FeO 
or FeO1.5 vary either with their own concentration or with the 
concentration of the other (i.e., Fe2+-Fe3+ interactions), there will 
be a systematic effect on the Fe3+/ΣFe ratio that, because of the 
lack of suitable terms in the Sack et al. (1980) equation, would 
manifest itself in a deviation from the ideal value of the expo-
nent. Kress and Carmichael (1988) later rationalized the use of 
a non-ideal exponent [which was 0.232 in their Þ t to the Sack 
et al. (1980) equation] by introducing the hypothetical species 
FeO1.464 as one of the components in place of FeO1.5, retaining 
FeO as the other component. This enabled them to rewrite the 
reaction as FeO + 0.232 O2 = FeO1.464, thereby achieving mass 
balance. Kress and Carmichael (1988) stated that the FeO1.464 
component corresponds to the formation of a complex with stoi-
chiometry approximately FeO⋅6Fe2O3, but the thermodynamic 
logic of their approach implies that the Fe in this component is 
in a non-integral valence state, i.e., Fe2. 928+. Subsequently Kress 
and Carmichael (1989 and 1991, their Appendix) extended this 
approach by using three Fe-oxide components, FeO, FeO1.5, and 
FeO1+y, with y found empirically to be 0.3 by Þ tting data in the 
CaO-SiO2-Fe-O system.

Here, we reinvestigate the problem of Fe redox equilibria in 
silicate melts by a detailed systematic study of the effects of both 
fO2

 and FeOT concentration, keeping all other variables constant. 
We chose the Fe-free, anorthite-diopside eutectic composition as 
our starting point, and a temperature of 1682 K. We Þ rst studied 
this composition doped with ~1 wt% Fe2O3 and equilibrated over 
a log fO2

 range from �13 (fully reduced) to +4.8 (fully oxidized). 
This establishes the nature of the equilibrium in the low con-
centration region where Fe2+-Fe3+ interactions may be expected 
to be minimal. We then examined the effect of adding FeOT at 
three selected values of fO2

 (log fO2
 = 0, �4, and �7). Fe3+/ΣFe 

was determined by Mössbauer spectroscopy of glasses (i.e., the 
quenched melts) at room temperature (RT), with a few additional 
analyses at liquid He temperature (4.2 K) to check suggestions 
that Mössbauer determinations of Fe3+/ΣFe in silicate glasses 
at RT may be systematically in error due to a difference in the 
recoil-free fraction between Fe2+ and Fe3+. The analysis of a large 
number of closely related samples enables the precision of the 
method to be evaluated.

EXPERIMENTAL METHODS

A composition corresponding to the anorthite-diopside eutectic (=ADeu, 
nominally 42 wt% CaAl2Si2O8 + 58 wt% CaMgSi2O6) was prepared from reagent 
grade MgO, Al2O3, SiO2, and CaCO3. For low Fe concentration samples, 1 wt% 
Fe2O3 containing 93.5 at% 57Fe was added. Samples were also prepared at higher 
Fe concentrations with 2, 4, 7, 10, 20, or 30 wt% Fe2O3 being added to the ADeu 
composition. In these experiments, mixtures of isotopically enriched and isotopi-
cally natural Fe2O3 were used to maintain a constant amount of 57Fe in the sample. 
Samples were equilibrated at 1682 K in a vertical tube furnace (internal diameter 
42 mm) equipped for gas mixing, with values of log fO2

 imposed between ~ 0 and 
�13, using the following gas mixtures (in order of decreasing fO2

): O2, air, CO2-O2, 
CO2, CO2-CO, and CO2-H2. Oxygen fugacity is given here in bars, relative to the 

conventional standard state of O2 at 1 bar and the temperature of interest. Details 
of gas ß ow rates are given in Table 1, together with the uncertainty in log fO2

 for 
each experiment. These were calculated assuming uncertainties of 0.5% in gas 
ß ow rates, ± 2 °C in temperature, and 0.02 bar in total pressure. Oxygen fugacity 
was checked in several runs using a SIRO2 oxygen sensor (accuracy ± 0.02 in log 
fO2

). There was complete agreement between the fO2
 calculated from the gas-mixing 

ratio and that determined by the sensor, within the combined uncertainties, except 
for run FeV10 where the discrepancy was 0.07 in log fO2.

Samples were mounted in the furnace on wire loops: Re for log fO2
 < �7, Ir 

for log fO2
 = �6, and Pt for log fO2

 ≥ �5. Rhenium strips (manufactured as Þ laments 
for mass spectrometry) provide an answer to the age-old experimental problem 
of Fe loss to Pt under reducing conditions (Borisov and Jones 1999; OʼNeill and 
Mavrogenes 2002); but Re was reported by Borisov and Jones (1999) to volatilize 
by oxidation at log fO2

 > �8 at 1400 °C, which is exactly what we observed: the 
Re was volatilized completely in a few hours where it was not protected by the 
molten sample, and the loop failed. In order to obtain samples at log fO2

 = �7, we 
therefore wrapped Pt wire around the Re wire where it is exposed above the loop 
and hung the sample from the Pt. Iron loss into Pt was found to be excessive at log 
fO2

 = �6 and Ir wire was used for this condition. We eschewed the use of Fe-doped 
Pt alloys due to the risk of contaminating the 57Fe samples from an extraneous 
source of isotopically normal Fe.

Most samples were equilibrated for >30 h (Table 1), which is longer than the 
time required to achieve equilibrium as found by previous similar studies (Thornber 
et al. 1980; Kilinc et al. 1983). Samples were then quenched rapidly by dropping 
into water, producing homogeneous glasses. An additional sample was prepared at 
PO2

 = 11 kbar and 1673 K by equilibration in a sealed Pt capsule containing 20 wt% 
PtO2, using a piston-cylinder apparatus. Under these conditions, PtO2 breaks down 
to Pt and sufÞ cient O2 to produce a partial pressure equal to the conÞ ning pressure. 
The value of log fO2

 at this pressure and temperature is calculated to be +4.8 from 
the equation of state of pure O2 of Belonoshko and Saxena (1991).

The FeOT content of all experiments with FeOT > 1 wt% was checked by electron 
microprobe analysis using the EDS mode. Renormalizing these analyses to an FeO-
free basis gave, in wt%, SiO2 = 50.47(19), Al2O3 = 15.12(10), MgO = 10.46(12), and 
CaO = 23.94(16). The values in parentheses are observed standard deviations from 
95 analyses on 16 samples. Neither magnetite, nor any other crystalline phase, was 
observed by back-scattered electron imaging in any of the samples.

Mössbauer spectra were obtained at room temperature (RT) and 4.2 K using a 

TABLE 1. Sample preparation
Sample log fO2        Gas mix (SCCM)           Time (h)         Wire loop

FeOT ~ 1 wt%
  CO2 H2

FeV19 –12.9 (2) 20.0 × 10 50.0 × 200 8 Re
  CO2 CO
FeV2 –10.90 (2) 60.0 × 10 47.0 × 200 45 Re
FeV20 –9.91 (3) 6.7 × 200 33.4 × 200 69 Re
FeV21 –8.90 (2) 20.0 × 200 31.0 × 200 21 Re
FeV5 –7.88 (2) 27.0 × 200 13.0 × 200 34 Re
FeV22 –6.91 (3) 40.0 × 200 6.3 × 200 22 Re/Pt
FeV12 –5.91 (2) 40.0 × 200 40.0 × 10 43 Ir
FeV6 –4.91 (2) 51.0 × 200 16.0 × 10 34 Pt
FeV15 –3.91 (4)* 51.0 × 200 5.1 × 10 38 Pt
FeV8 –3.01 (5)* 100.0 × 200 – 47 Pt
  CO2 O2

FeV10 –2.42 (2)* 150.0 × 200 10.0 × 10 42 Pt
FeV11 –1.98 (1)* 98.0 × 200 20.0 × 10 44 Pt
FeV13 –1.50 (1)* 95.0 × 200 62.0 × 10 43 Pt
FeV14 –1.01 (1)* 45.0 × 200 100.0 × 10 48 Pt
FeV1 –0.69 (1) air  38 Pt
FeV9 –0.01 (1) – 100.0 × 200 39 Pt
D60 +4.8 (?)  O2 at 11 kbar 4 sealed Pt 
     capsule

FeOT ~ 2, 4, 7, 10, 20 and 30 wt%
  CO2 CO
C27/11/01 –6.91 (3) 40.0 × 200 6.3×200 22 Re/Pt
C14/12/01 –3.91 (4) 51.0 × 200 5.1×10 57 Pt
   O2

D31/7/01 –0.01 (1)  100.0×200 22 Pt

Notes: All samples were equilibrated at 1409 °C, except the high pressure run 
(1400 °C nominal). Gas mix fl ow rates are given in standard cubic centimeters 
per minute (SCCM). The uncertainties in log fO2 are calculated assuming uncer-
tainties of 0.5% in gas fl ow rates, in temperature of ± 2 °C, and in total pressure 
of 0.02 bar. 
* The fO2 was checked directly using a SIRO2 oxygen sensor.
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constant acceleration Mössbauer spectrometer (Jing et al. 1992) with a Rh matrix 
57Co source and a standard α-Fe foil for calibration. Data were collected over 512 
channels, which on folding resulted in 256 channels. Spectra were accumulated to 
a low statistical uncertainty (typically 4−20 × 106 counts per channel) as an aid to 
attaining high-quality Þ ts to the spectra as outlined below. A powdered quantity of 
each glass was distributed evenly in an approximately circular shape of diameter 
~1.2 cm, such that the dimensionless absorber thickness was approximately 2, which 
corresponds to ~5 mg unenriched Fe/cm2. The 4.2 K measurements were carried out 
using a standard tailed He bath cryostat. The isomer shift values are quoted relative 
to the centre of the RT α-Fe spectrum. The fraction of each phase was estimated 
from the area of the established components, assuming the same recoil-free fraction 
for 57Fe in all samples. This assumption is supported by the similarity of results for 
those samples for which spectra were recorded at both RT and 4.2 K. 

RESULTS

A total of 17 samples with 1% Fe2O3 were studied, from fully 
reduced (log fO2

 = �12.9) to fully oxidized (log fO2
 = 4.8). A series 

of Mössbauer-effect measurements were carried out on all of the 
samples at RT, with six samples selected across the full oxygen 
fugacity range (log fO2

 = �12.9 to +4.8) for investigation at 4.2 K. 
The RT and 4.2 K Mössbauer spectra of representative samples 
are shown in Figures 1 and 2 respectively. The 57Fe Mössbauer 
spectra of these disordered silicate samples containing Fe3+ and/or 
Fe2+ are different from the comparable paramagnetic spectra of 
crystalline materials, which generally reveal a more symmetric 
line shape and smaller line widths. As shown in Figure 1a, the 
cumulative absorption envelope of the fully reduced (Fe2+) 
sample is distinctly asymmetric; the low-velocity component is 
more intense and has a smaller half width than the high-veloc-
ity component. As the oxygen fugacity increases, the resonance 
absorption between the asymmetric quadrupole-split doublet 
increases, the intensity of the high-velocity component of the 
asymmetric doublet decreases, and a tail region appears that 
constitutes a broadened magnetic sextet. These features indicate 
that as the oxygen fugacity increases, a second quadrupole-split 
doublet, whose low-velocity component coincides with that of 
the Þ rst doublet, appears in addition to a broadened magnetic 
sextet. The spectra of the fully oxidized sample (Figs. 1f and 2f) 
show only a broadened sextet and a more symmetric doublet with 
smaller isomer shift (IS) and quadrupole splitting (QS) values 
compared with the values of the doublets of the reduced sample. 
The asymmetric quadrupole doublet-like feature, which was the 
main feature in the spectrum of the reduced sample (Fig. 1a), no 
longer occurs in the spectrum of the oxidized sample (Fig. 1f).

A further 15 samples were studied with Fe2O3 > 1 wt%. 
Samples were prepared at log fO2

 = ~0, �4, and �7, with Fe2O3 
contents ranging from 2 to 30 wt%. These values of log fO2

 
provide relatively oxidized, intermediate, and reduced samples 
containing signiÞ cant amounts of both Fe2+ and Fe3+ in order 
to investigate and differentiate between possible Fe-Fe interac-
tions. The spectrum of the sample prepared at log fO2

 ~ 0 with 1 
wt% Fe2O3 shown in Figure 1e is reproduced in Figure 3a. The 
cumulative absorption envelope of this sample consists of two 
broadened doublets and a tail region that constitutes a broadened 
magnetic sextet. As the Fe concentration increases (Figs. 3b�f), 
the area of the tail region decreases while the area of the sym-
metric doublet increases. The broadened sextet is absent from 
the spectra of all samples with ≥10 wt% Fe2O3. Similar spectra 
were obtained (not shown) for the samples prepared at log fO2

 ~ 
�4.0 and �7.0 with Fe2O3 ranging from 2 to 30 wt%.

Spectral analysis

Mössbauer spectroscopy was used in this study to deter-
mine Fe3+/ΣFe ratios, which were calculated from the areas 
of Fe3+ absorption relative to the total area. Corrections due to 
thickness effects are minimal for these samples, and the use of 
spectra collected at 4.2 K removes errors due to differences in 
the recoil-free fractions of Fe2+ and Fe3+. Although there is a wide 
range of methods available for Þ tting distributed and overlapping 
Mössbauer spectra (e.g., Campbell and Aubertin 1989; Murad 
and Cashion 2004), detailed studies have shown that the deter-
mination of Fe3+/ΣFe from relative areas is relatively insensitive 
to the Þ tting method (e.g., Virgo and Mysen 1985; Helgason et 
al. 1992; Wilke et al. 2002). This insensitivity arises primarily 
from the large difference in isomer shift between Fe2+ and Fe3+, 
which enables their spectral contributions to be distinguished, 
even when they partially overlap.

The 57Fe Mössbauer spectrum of the highly reduced sample is 
dominated by an asymmetric broadened doublet (Fig. 1a) corre-

FIGURE 1.  Room-temperature Mössbauer spectra of ADeu + ~ 1wt% 
FeOT glasses quenched from melts equilibrated at 1409 °C and log fO2

 
values of: (a) �12.9, (b) �5.91, (c) �3.91, (d) �1.98, (e) �0.01 and (f) +4.8. 
Fits to the spectra were obtained using a set of symmetric Lorentzian 
doublets either without or with a set of symmetric Lorentzian sextets 
(method A, as discussed in the text; see also Fig. 4a).
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sponding to Fe2+ in a range of different environments. In order to 
develop a Þ tting method for Fe2+ absorption that could be applied 
to all spectra, two approaches were investigated to Þ t a spectrum 
of the same sample collected over a smaller velocity range. In 
the Þ rst method (method A; Fig. 4a), the different Fe2+ environ-
ments were modeled by a set of symmetric Lorentzian doublets 
with equal widths, whereas in the second method (method B; 
Fig. 4b), the different Fe2+ environments were modeled by a 
distribution of QS values using the program developed by Le 
Caër and Dubois (1979). The average value of <QS>B = 1.82 
± 0.02 mm/s obtained from this distribution Þ t (Fig. 4b) agrees 
well with the mean value of <QS>A = 1.84 ± 0.03 mm/s obtained 
from the computationally simpler Þ t using multiple symmetric 
Lorentzian doublets (Fig. 4a) (Table 2); hence, method A was 
chosen to Þ t all the other Mössbauer spectra.

The 57Fe Mössbauer spectrum of the highly oxidized sample 
consists of a relatively symmetric quadrupole doublet combined 
with a highly broadened magnetic sub-spectrum (Fig. 1f). The IS 
of the quadrupole doublet (~0.33 mm/s) is signiÞ cantly less than 

FIGURE 2.  4.2 K Mössbauer spectra of ADeu + ~ 1wt% FeOT glasses 
quenched from melts equilibrated at 1409 °C and log fO2

 values of: (a) 
�10.90, (b) �5.91, (c) �3.91, (d) �1.98, (e) �0.01 and (f) +4.8.

FIGURE 3.  Room-temperature Mössbauer spectra of ADeu glasses 
quenched from melts equilibrated at 1409 °C and log fO2 = �0.01 
containing (a) ~ 1, (b) 1.75, (c) 3.67, (d) 9.81, (e) 18.75, and (f) 27.06, 
wt% FeOT.

TABLE 2.  Parameters estimated from the analysis of the room tem-
perature (RT) 57Fe Mössbauer spectra of the reduced (FeV19) 
and oxidized (D60) samples (Figs. 1a and 1f, respectively)

Sample log fO2 IS (mm/s) QS (mm/s) Bhf (T) Area%

FeV19 –12.9 1.444(5) 1.952(4) – 11.2(1)
(Method A)  1.248(5) 1.923(2) – 21.5(2)
  1.070(4) 1.893(2) – 26.4(3)
  0.900(5) 1.812(4) – 22.2(2)
  0.715(7) 1.697(6) – 12.0(1)
  0.525(7) 1.438(6) – 6.5(1)
  <IS>=1.03(4) <QS>=1.84(3) –

FeV19 –12.9                <IS>=1.02(1) <QS>=1.82(2) –
(Method B)
     
D60 +4.8 0.331(3) 1.266(5) – 27.4(3)
(Method A)  0.354(3) 0.026(5) 51.1(2) 20.7(2)
  0.354(3) 0.026(5) 43.0(2) 10.8(1)
  0.354(3) 0.026(5) 33.1(2) 9.1(1)
  0.354(3) 0.026(5) 25.5(2) 5.0(1)
  0.354(3) 0.026(5) 14.3(2) 26.7(3)
    <Bhf>= 32.3(2)

Notes: Two methods (A and B) were used for the reduced sample, as described in 
the text. IS, QS, and Bhf are isomer shift, quadrupole splitting, and hyperfi ne fi eld, 
respectively. IS is measured relative to the center of the α-Fe spectrum at RT.
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the value for the Fe2+ doublet in Figure 1a (~1.06 mm/s), and falls 
into the range observed for Fe3+ compounds (Burns and Solberg 
1990). The magnetic spectrum arises from spin-spin relaxation 
times for Fe3+ that are slower than the characteristic measurement 
time of the Mössbauer transition (~10�8 s for 57Fe), such that the 
time-averaged hyperÞ ne Þ eld is no longer zero. Such relaxation 
effects are well known for dilute amorphous systems such as 
Fe3+-doped silicate glasses, where Fe3+ atoms are simply too far 
apart to interact appreciably (Wickman 1966). Atomic relaxation 
times can be lengthened further by reducing the temperature, 
which ultimately results in an essentially static magnetic Þ eld at 
the nucleus and partly overlapped six-line magnetic spectra (Fig. 
2f). The spectrum of the oxidized sample was therefore Þ tted 
to a broad symmetric quadrupole doublet (Γ = 1.06 mm/s) and 
a set of broadened magnetic sextets with Lorentzian lineshape, 
where the IS and quadrupole interaction (ε) values of all sextets 
were constrained to be equal, since the ß uctuating relaxation 
times affect primarily the hyperÞ ne Þ eld values. The hyperÞ ne 
parameters of all components Þ tted to the spectrum of the oxi-
dized sample are listed in Table 2.

The spectral analysis of the highly reduced (nearly all Fe2+) 
and highly oxidized (nearly all Fe3+) samples therefore suggested 
the following Þ tting model: paramagnetic Fe2+ = set of symmetric 
Lorentzian doublets with equal linewidths; paramagnetic Fe3+ = 

symmetric Lorentzian doublet; magnetic Fe3+ = set of symmetric 
Lorentzian sextets with equal linewidths, IS, and ε values. All 
of the RT and 4.2 K spectra were Þ tted using the parameters ob-
tained for either the highly reduced or the highly oxidized sample 
as starting values, and the Þ ts obtained for selected spectra are 
shown in Figures 1 and 2. The mean value of each hyperÞ ne pa-
rameter is relatively independent of the Þ tting model (e.g., Virgo 
and Mysen 1985), and was calculated by averaging the parameter 
values weighted by the corresponding subspectral areas of Fe2+ 
or Fe3+ components. The mean hyperÞ ne parameters as well as 
the subspectral area values are listed in Table 3.

The <IS> and <QS> values at RT and 4.2 K for Fe2+ and Fe3+ 
show consistent trends, with values at 4.2 K higher than those 
at RT according to expected behavior (e.g., Murad and Cashion 
2004) (Fig. 5). The consistent variation of both the <IS> and 
<QS> values as a function of Fe3+/ΣFe further supports the correct 
separation and identiÞ cation of the Fe2+ and Fe3+ contributions 
in the spectral Þ tting. The good agreement between the Fe2+ and 
Fe3+ areas determined from the Þ ts to the RT and 4.2 K spectra 
supports the assumption that the recoil-free fractions of Fe2+ and 
Fe3+ are approximately equal.

The mean hyperÞ ne parameter values provide an indication of 
Fe coordination in the glass. The <IS> values of Fe3+ are almost 
constant for Fe3+/ΣFe < 0.65 (ISRT ≈ 0.46 mm/s and IS4.2 K ≈ 0.51 
mm/s), and decrease to <IS>RT ≈ 0.33 mm/s and <IS>4.2 K ≈ 0.42 
mm/s for the fully oxidized sample. This may indicate a change 
from octahedral coordination in reduced glasses to tetrahedral 
coordination in oxidized glasses, similar to the observation of 
Virgo and Mysen (1985) and Mysen et al. (1985b) for CaO-
SiO2-Al2O3-Fe2O3 and MgO-SiO2-Al2O3-Fe2O3 glasses. The IS, 

FIGURE 4.  Room-temperature Mössbauer spectrum of the ~1 wt% 
FeOT glass synthesized at log fO2

 = 12.9 (as in Fig. 1a). The spectrum 
was Þ tted using methods A and B as discussed in the text. (a) Method A 
= a set of elementary doublets of Lorentzian shape with Γ = 0.31 mm/s. 
(b) Method B = Þ t to a distribution of quadrupole splittings using the 
program of Le Caër and Dubois (1979). The corresponding probability 
distribution curve P(QS) is also shown.
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FIGURE 5.  Plot of the (a) average isomer shift (<IS>) and (b) average 
quadrupole splitting (<QS>), of Fe2+ and Fe3+ at RT and 4.2 K as a 
function of Fe3+/ΣFe for melts equilibrated from �12.9 to +4.8. The dotted 
lines indicate the trends of the data and act as a guide to the eye.
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QS, and hyperÞ ne Þ eld (Bhf) values of the Fe3+ sextets are in the 
ranges ISRT = (0.32�0.36) mm/s, IS4.2 K = (0.37�0.49) mm/s, QSRT 
= 0.026 mm/s, QS4.2 K = 0.035 mm/s, Bhf RT = (43.0�52.2) T, and 
Bhf 4.2 K = (50.4�53.6) T, which suggest tetrahedral coordination. 
The average hyperÞ ne parameter values obtained for the Fe2+ 
doublet are in the ranges <IS>RT = (1.02�1.10) mm/s, <QS>RT = 
(1.81�1.95) mm/s, <IS>4.2 K = (1.17�1.26) mm/s, and <QS>4.2 K = 
(2.02�2.07) mm/s. These values are intermediate between those 
values normally attributable to tetrahedrally and octahedrally 
coordinated Fe2+ and may represent a range of coordination 
environments (Burns and Solberg 1990). 

The RT 57Fe Mössbauer spectra of the silicate glasses pre-
pared at fO2

 ~ 0.0, �4.0, and �7.0 with 2�30 wt% Fe2O3 were 
Þ tted using the same Þ tting model as the spectra for the 1 wt% 
Fe2O3 samples. The Þ ts obtained for selected spectra are shown 
in Figure 3, and the values of the hyperÞ ne parameters are sum-
marized in Table 4.

Thermodynamic evaluation

The ratio of Fe2+ to Fe3+ in a silicate melt can be represented 
by the reaction:

Fe2+O + 1/4 O2 = Fe3+O1.5 (1)
silicate melt silicate melt

Therefore, at equilibrium:
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(2)

where ΔGr
0 (1) corresponds to ΔGr

0 of Reaction 1, and γFe3+O1.5
 

and γFe2+O are the activity coefÞ cients of Fe3+O1.5 and Fe2+O in 

the silicate melt, referenced to the standard states of pure liquid 
Fe3+O1.5 and Fe2+O, respectively, at the temperature and pressure 
of interest. 

As the total Fe dissolved in the silicate melt approaches in-
Þ nite dilution, not only should the behavior of both the Fe3+O1.5 
and Fe2+O components obey Henryʼs law (in which the activity 
coefÞ cient of a component becomes independent of its own 
concentration), but also the interaction between the Fe3+O1.5 
and Fe2+O components should approach zero; that is, both 
γFe3+O1.5

 and γFe2+O should be constant (at constant temperature 
and pressure) at all Fe3+/Fe2+ ratios. These Henryʼs law activity 
coefÞ cients (at inÞ nite dilution) will be represented as γ∞Fe 3+O1.5

 
and γ∞Fe2+O, respectively. If we assume that our experiments with 
1 wt% Fe2O3 (nominal) are sufÞ ciently close to the theoretical 
state of inÞ nite dilution, regression of ln(XFe3+O1.5

/XFe2+O) against 
ln fO2 should then give a line of slope 1/4 with an intercept of 
[�ΔGr

0 (1)/RT � ln (γ∞Fe3+O1.5
 and γ∞Fe2+O)].

The data between log fO2
 = �13 and 0 at ~1% FeOT (16 data) 

were Þ tted by weighted non-linear least-squares regression to 
this equation. We used the uncertainties in log fO2

 given in Table 
1. The uncertainty in Fe3+/ΣFe is difÞ cult to estimate a priori, 
as Fe3+ and Fe2+ are each obtained by summing the areas under 
several doublets, the Þ ts to which are highly correlated with each 
other. Consequently, the uncertainty was estimated externally 
from the reproducibility of the data, by requiring the reduced 
chi-squared (χ2

v) for the regression to be near unity. We Þ nd that 
σ(Fe3+/ΣFe) is 0.01. 

To test the model, we Þ rst performed the regression allow-
ing the exponent to vary. As shown in Figure 6, we obtained 
an exponent of 0.245 ± 0.004, with χ2

v = 1.21. The value of the 
exponent is thus conÞ rmed to be insigniÞ cantly different from 
the theoretical expectation of 0.25. If we repeat the regression 

TABLE 3.  Parameters estimated from the analysis of the room temperature (RT) and 4.2 K 57Fe Mössbauer spectra of the silicate glasses using 
fi tting method A

log fO2 Fe3+/∑ Fe Fe2+ 
doublet Fe3+ doublet Fe3+ 

sextet

  <IS> <QS> Area <IS> <QS> Area IS ε Bhf
max Area

  mm/s mm/s % mm/s mm/s % mm/s mm/s T %

Room  Temperature
-12.9 0 1.06(3) 1.81(3) 100   0    0
-10.9 0.025 1.03(3) 1.85(3) 97.5 0.46(1) 1.35(1) 2.5    0
-9.91 0.022 1.02(3) 1.82(3) 97.8 0.41(1) 1.42(1) 2.2    0
-8.90 0.030 1.09(3) 1.84(3) 97.0 0.46(1) 1.35(1) 3.0    0
-7.88 0.043 1.10(3) 1.85(3) 95.7 0.46(1) 1.39(1) 4.3    0
-6.91 0.120 1.03(3) 1.82(3) 88.0 0.43(1) 1.41(1) 2.8 0.36(2) 0.026(5) 43.1(2) 9.2
-5.91 0.171 1.08(3) 1.85(3) 82.9 0.46(1) 1.34(1) 3.1 0.34(2) 0.026(5) 46.6(2) 14.0
-4.91 0.280 1.03(3) 1.86(3) 72.0 0.46(1) 1.34(1) 5.4 0.32(2) 0.026(5) 48.8(2) 22.6
-3.91 0.399 1.04(3) 1.84(3) 60.1 0.46(1) 1.35(1) 9.1 0.34(2) 0.026(5) 47.3(2) 30.8
-3.01 0.558 1.08(3) 1.88(3) 44.2 0.46(1) 1.33(1) 16.5 0.34(2) 0.026(5) 48.2(2) 39.3
-2.42 0.624 1.08(3) 1.90(3) 37.6 0.46(1) 1.33(1) 20.7 0.34(2) 0.026(5) 50.1(2) 41.7
-1.98 0.667 1.09(3) 1.91(3) 33.3 0.45(1) 1.32(1) 24.0 0.33(2) 0.026(5) 50.0(2) 42.7
-1.50 0.717 1.07(3) 1.90(3) 28.3 0.40(1) 1.32(1) 25.6 0.34(2) 0.026(5) 49.0(2) 46.1
-1.01 0.784 1.06(3) 1.90(3) 21.6 0.36(1) 1.34(1) 29.0 0.33(2) 0.026(5) 50.4(2) 49.4
-0.69 0.807 1.06(3) 1.90(3) 19.3 0.36(1) 1.34(1) 28.3 0.32(2) 0.026(5) 52.2(2) 52.5
-0.01 0.851 1.07(3) 1.95(3) 14.9 0.35(1) 1.30(1) 30.9 0.33(2) 0.026(5) 52.0(2) 54.2
+4.8 1.00   0 0.33(1) 1.27(1) 27.4 0.35(2) 0.026(5) 51.1(2) 72.6
4.2 K
-10.90 0.021 1.17(3) 2.02(3) 97.9 0.51(1) 1.43(1) 2.1    0
-5.91 0.182 1.18(3) 2.03(3) 81.8 0.51(1) 1.43(1) 4.3 0.37(2) 0.032(5) 50.4(2) 13.9
-3.91 0.389 1.24(3) 2.03(3) 61.1 0.51(1) 1.49(1) 8.5 0.42(2) 0.032(5) 50.6(2) 30.4
-1.98 0.657 1.23(3) 2.00(3) 34.4 0.52(1) 1.44(1) 13.5 0.49(2) 0.035(5) 52.4(2) 52.1
-0.01 0.849 1.24(3) 2.07(3) 15.1 0.45(1) 1.44(1) 21.5 0.45(2) 0.035(5) 52.5(2) 63.4
+4.8 1.00   0 0.42(1) 1.48(1) 30.5 0.40(2) 0.040(5) 53.6(2) 69.5

Notes: <IS> and <QS> are the average values weighted by areas. IS is relative to the center of the α-Fe spectrum at RT. The estimated error is given in brackets. Bhf
max 

is the maximum value of the hyperfi ne fi eld obtained.
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Þ xing the exponent at 0.25 exactly, then χ2
v = 1.24, with the con-

stant in the regression [�ΔGr
0  (1)/RT � ln (γ∞Fe3+O1.5 and γ∞Fe2+O)] 

= 1.861 ± 0.017.
The experimental precision of σ(Fe3+/ΣFe) = 0.01 is a robust 

result: because σ(Fe3+/ΣFe) >> σ (log fO2
) relatively, doubling 

σ(Fe3+/ΣFe) has the effect of nearly doubling χ2
v. This precision 

is better than that usually quoted for determinations of Fe3+/ΣFe 
by Mössbauer spectroscopy, where the uncertainty is typically 
given as ~3�5% (e.g., Mysen et al. 1985a, 1985b; Dyar et al. 
1987). The consistent variation of Fe3+ concentration with fO2

 is 
also likely to be related to the identical nature of the samples 
in all respects apart from the fO2

 of preparation. For example, 
Dyar et al. (1987) have shown that the method used to quench 
experimental glasses can affect Mössbauer spectra; here, the 
use of the same quenching procedure for all glasses eliminates 
this variable.

Whereas the precision of a series of measurements can be as-
sessed by statistical examination, their accuracy is appropriately 
viewed as an hypothesis, whose merits are assessed through its 
survival of tests aimed at its falsiÞ cation (Popper 1963). Here, 
the hypothesis that our Fe3+/ΣFe measurements on the samples 
with 1 wt% FeOT are accurate may be assessed against the fol-
lowing tests:

(1) Results of Fe3+/ΣFe determinations at RT are in good 
agreement with those at 4.2 K on the same sample (Fig. 6), de-
spite the very different appearance of the spectra. These data rule 
out the speculation that there might be a signiÞ cant difference 
in the recoil-free fractions of Fe3+ and Fe2+ in silicate glasses, at 
least for the composition studied here.

(2) The slope of ln(XFe3+O1.5
/XFe2+O) versus ln fO2 is within 

uncertainty of the theoretically expected value of 0.25.
(3) The results conform well with the expectation that 

Fe3+/ΣFe → 0 at very low fO2
 and Fe3+/ΣFe → 1 at very high fO2

.
This last criterion provides a robust test of any method of 

determining Fe3+/ΣFe ratios but has not to the best of our knowl-
edge been used previously, e.g., to test wet-chemical protocols. 
This may be due to the difÞ culty of synthesizing glasses with 
Fe3+/ΣFe = 1, which requires high-pressure methods for geologi-
cally relevant compositions.

We do not suggest that either the precision or accuracy 

claimed here for Fe3+/ΣFe determined by Mössbauer spectros-
copy on this carefully prepared series of experimental samples is 
applicable to natural silicate glasses, where other variables such 
as different cooling rates may complicate the interpretation of 
Mössbauer spectra. An additional beneÞ t of the accuracy with 
which Fe3+/ΣFe has been determined in these samples is that they 
make excellent calibration standards for XANES spectroscopy 
(Berry et al. 2003).

A hypothetical alternative thermodynamic formulation of Re-
action 1 might be to use XFe2

3+
O3 as the mole fraction of the Fe3+ 

component, in which case the reaction would be written as:

2Fe2+O + 1/2 O2 = Fe2
3+O3 (1a)

silicate melt silicate melt

which, since ΔGr
0 (1a) = 2ΔGr

0 (1), leads to the equation:
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TABLE 4.  Parameters estimated from the analysis of the RT 57Fe Mössbauer spectra of the ADeu + FeOtot silicate glasses prepared at log fO2 ~ 0.0, 
–4.0 and –7.0 with FeOT > 1 wt%

 Fe2+ 
doublet Fe3+ doublet Fe3+ 

sextet Fe3+/∑Fe

Sample log fO2 FeOT XFeOT
 <IS> <QS> Area <IS> <QS> Area IS ε Bhf

max Area 
  wt%  mm/s mm/s % mm/s mm/s % mm/s mm/s T %

D31/7/01 –0.01 1.75(3) 0.0134(2) 1.05(3) 1.93(3) 15.3 0.34(2) 1.34(2) 42.6 0.33(2) 0.025(5) 49.7(2) 42.0 0.846
  3.67(7) 0.0282(6) 1.04(3) 1.92(3) 16.8 0.33(2) 1.36(2) 57.9 0.33(2) 0.025(5) 50.0(2) 25.3 0.832
  6.44(13) 0.0494(10) 1.06(3) 1.93(3) 15.8 0.32(2) 1.34(2) 76.3 0.33(2) 0.025(5) 38.0(2) 7.9 0.842
  9.81(6) 0.0766(5) 1.05(3) 1.88(3) 17.4 0.33(2) 1.33(2) 82.6     0.826
  18.75(12) 0.1498(11) 0.98(3) 1.76(3) 18.1 0.32(2) 1.29(2) 81.9     0.819
  27.06(11) 0.2201(9) 0.95(3) 1.68(3) 17.5 0.33(2) 1.25(2) 82.5     0.825
C14/12/01 –3.91 1.49(6) 0.0114(4) 1.04(3) 1.84(2) 61.6 0.42(1) 1.36(1) 14.5 0.32(2) 0.024(5) 49.0(5) 23.9 0.384
  2.79(9) 0.0214(7) 1.02(3) 1.83(2) 62.5 0.34(1) 1.30(1) 20.2 0.32(2) 0.024(5) 50.0(5) 17.4 0.375
  5.36(9) 0.0414(7) 1.03(3) 1.85(2) 64.9 0.33(1) 1.31(1) 30.7 0.32(2) 0.024(5) 43.0(5) 4.4 0.351
  7.96(13) 0.0620(10) 1.03(3) 1.84(2) 65.2 0.30(1) 1.32(1) 33.0 0.32(2) 0.024(5) 39.3(5) 1.8 0.348
  16.36(11) 0.1298(9) 1.02(3) 1.84(2) 62.4 0.29(1) 1.12(1) 37.6     0.376
C27/11/01 –6.91 3.52(10) 0.0271(8) 1.02(3) 1.83(2) 89.8 0.42(1) 1.38(1) 7.2 0.36(2) 0.024(5) 28.2(5) 3.0 0.102
  5.83(7) 0.0451(6) 1.02(3) 1.84(2) 91.0 0.35(1) 1.33(1) 9.1     0.091
  7.96(9) 0.0619(7) 1.02(3) 1.84(2) 91.3 0.33(1) 1.33(1) 8.7     0.087
  26.82(13) 0.2186(11) 1.04(3) 1.85(2) 79.2 0.34(1) 1.36(1) 21.8     0.218

Notes: <IS> and <QS> are the average values weighted by area. IS is relative to the centre of the α-Fe spectrum at RT. The estimated error is given in brackets. Bhf
max 

is the maximum value of the hyperfi ne fi eld. Areas are for the subspectra of Fe2+ and Fe3+ sites.
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FIGURE 6.  The relationship between log (Fe3+/Fe2+) and log fO2
 for the 

~ 1wt% FeOT. The solid line of slope m = 0.245 ± 0.004 is the weighted 
linear Þ t to all the room temperature (RT) data points (except that at 
log fO2

 = +4.8). Error bars, which are shown where they are larger than 
the symbols, are one standard deviation, propagated assuming that the 
uncertainty in Fe3+/ΣFe is ±0.01, as discussed in the text.
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Regression of ln[XFe2
3+

O3/(XFe2+O)2] vs. ln fO2
 should give a line 

of slope 1/2, which may be tested empirically. We Þ nd that the Þ t 
to the data is poor, with χ2

v =3.37 when the input data are weighted 
exactly as for the Þ rst Þ t (which gave χ2

v = 1.21), and the slope 
comes out at 0.350 ± 0.005, which is inconsistent with the start-
ing assumption regarding the stoichiometry of Reaction 1a. Our 
results therefore show unambiguously that the hypothesis that 
Fe3+ occurs in silicate melts as the Fe3+-Fe3+ dimer, as is implied 
by using XFe2

3+
O3 as the mole fraction, is an extremely poor one.

Reaction 1 may be thought of as the difference between the 
two reactions:

Fe + 3/4 O2 =  Fe3+O1.5 (4)
metal  silicate melt

Fe + 1/2 O2 =  Fe2+O (5)
metal  silicate melt

Therefore, ΔGr
0(1) = ΔGr

0(4) � ΔGr
0(5). The Gibbs free energy 

of Reaction 5 has been given as (OʼNeill and Eggins 2002):

ΔGr
0(5) (J/mol) = �244118 + 115.559 T � 8.474 T ln T

and using this expression, OʼNeill and Eggins (2002) obtained, 
by equilibration with Fe metal under controlled fO2, γ∞Fe2+O = 1.37 
± 0.01 for the ADeu composition at 1673 K and 1 bar.

Unfortunately, equivalent thermodynamic data for Reaction 4 
are less certain, as little is known of the thermodynamic proper-
ties of molten Fe2O3. The reason for this lack of knowledge is 
that Fe2O3 reduces to Fe3O4 at 1730 K in pure O2 at 1.013 bars 
(Wriedt 1991). Consequently, studying the melting behavior of 
Fe2O3 would require fO2 >> 1 bar, which is difÞ cult experimen-
tally. Nevertheless, thermodynamic data of useful accuracy may 
be estimated as follows. The free energy of the reaction:

Fe + 1/2O2 = Fe3+O1.5 (4a)
metal  corundum

is taken from Robie and Hemingway (1995) as:

ΔGr
0 (4a) (J/mol) = �411565 + 167.095 T � 5.350 T lnT

Phillips and Muan (1960) studied melting relations in the 
system Fe3O4-Fe2O3 to 45 atm O2. Extrapolation of their rather 
limited data on the liquidus at the Fe2O3-rich side of the phase 
diagram suggests a melting point for Fe2O3 that is at least greater 
than 1900 K. We adopt 2100 K, with a likely error of ±200 K. The 
entropies of melting (ΔSm

0) of some other corundum-structured 
oxides are 24.9 J/(K⋅mol) for CrO1.5 and 23.9 J/(K⋅mol) for AlO1.5 
(Barin et al. 1989). We therefore adopt 24.5 J/(K⋅mol) for ΔSm

0 
of Fe3+O1.5. With this value and TM = 2100 K, the free energy of 
melting is approximately:

ΔGm
0 (Fe3+O1.5) (J/mol) = 24.5(T � 2100)

Therefore:

ΔGr
0 (4) (J/mol) = �360115 + 142.595 T � 5.350 T lnT

Hence:

ΔGr
0 (1) (J/mol) = �115997 + 27.036 T + 3.124 T ln T

The uncertainty in ΔGr
0 (1) is about ±5 kJ/mol, based on 

quoted uncertainties for ΔGr
0 (5) of ±0.3 kJ/mol (OʼNeill and 

Eggins 2002), in ΔGrr
0 (4a) of 0.7 kJ/mol (Robie and Hemingway 

1995), and reasonable uncertainties in ΔSm
0 and Tm for Fe3+O1.5 of 

5 J/(K⋅mol) and 200 K, respectively. It is the latter that predomi-
nates. At 1682 K, ΔGrr

0 (1)/RT = �2.25 ± 0.36. Combining this 
with the result of the regression analysis of our data and γ∞Fe2+O 
= 1.37, we obtain γ∞Fe3+O1.5

 = 1.08 ± 0.33, implying that solution 
of Fe3+O1.5 in ADeu melt is close to ideal.

Effects of adding FeOT

Because both γ∞Fe2+Oand γ∞Fe3+O1.5 differ from unity, adding 
FeOT to the system must change Fe3+/ΣFe slightly, because, by 
deÞ nition, both γFe2+O and γFe3+O1.5 → 1 as XFe2+O and XFe3+O1.5 → 
1, respectively. However, a potentially larger effect might be 
obtained if there are signiÞ cant Fe3+-Fe2+ interactions in silicate 
melts, as suggested by Kress and Carmichael (1988) to explain 
the non-ideal value of the exponent. To test this hypothesis, we 
investigated the effect of adding increasing amounts of FeOT 
to the ADeu composition. The results are presented in Table 4 
and plotted in Figure 7. The uncertainties in Fe3+/ΣFe for these 
higher FeOT samples are somewhat larger than for the 1% FeOT 
samples, as the change in the nature of the Mössbauer spectra 
with increasing FeOT means that the Þ ts to the 1% FeOT series 
do not serve as good guides to the Þ tting procedure. Also, we 
have no means of obtaining an independent external estimate of 
σ(Fe3+/ΣFe) for these samples in the way that we estimated the 
uncertainty in the 1% FeOT samples from their scatter about the 
Þ t to Equation 2. Accordingly, we estimated that σ(Fe3+/ΣFe) = 
0.02 for all samples with FeOT > 1%, based on the statistics of 
the Þ tting procedure. Clearly, Fe3+/ΣFe changes with increasing 
FeOT by amounts substantially greater than this uncertainty, in 
all three compositions.

The variation of Fe3+/ΣFe with FeOT may be explained by 
non-ideal interactions in the silicate melt, as follows. Following 
the approach suggested by Sack et al. (1980), but not actually 
used by them (see discussion in later section), we used the sim-
plest way to describe deviations from ideality in a multi-compo-
nent solution, namely, the regular solution model. In this model, 
the excess free energy of mixing, Gex, is given by:

G X X W
nn

ex i
j>ii=1

j i�j= ∑∑
−1

 (6)

where Xi and Xj are the mole fractions of the oxide components, 
here deÞ ned on the single-cation basis (e.g., XSiO2

, XAlO1.5
, XFe2+O, 

XFe3+O1.5
, etc., and Wi-j is the interaction or Margules parameter. 

Hence, activity coefÞ cients are given by:

ln /γi j
j≠i

i-j exRT= −∑X W G
n

 (7)

When the ratio of two activity coefÞ cients is taken, a rela-
tively simple expression results:

ln(γFe3+O1.5
/γFe2+O) =

X W W X X
n

j
j

Fe -j Fe -j Fe O Fe O3+ 2+ 2+ 3+
1.5

RT∑ − + −( ) / ( )) /W
Fe -Fe2+ 3+ RT

 

(8)
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The term in WFe2+-Fe3+ describes the interactions between Fe2+O 
and Fe3+O1.5. For very low amounts of FeOT, where XFe2+O and 
XFe3+O1.5

 are both near zero, this term is obviously negligible. 
Now, when FeOT is added to an FeOT-free composition, the mole 
fractions Xj are given by:

Xj  = Xo
j (1 � XFe2+O- XFe3+O1.5

) (9)

where XO
j are the mole fractions in the FeOT-free composition. 

Substituting Equations 8 and 9 into 2 gives:

ln
RT

Fe O

Fe O

3+
1.5

2+

X

X

Gr
⎛

⎝
⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟
=
−∆

 
( )

 
0 1
−− − −∞ ∞ln( / )(γ γ

Fe O Fe O Fe O Fe O3+
1.5

2+ 2+ 3+
1.5

1 X X ))

( ) / ln+ − + X X W f
Fe O Fe O Fe -Fe O2+ 3+

1.5
2+ 3+ RT

1

4 2

 
(10)

This simple theory describes the effect of adding FeOT us-
ing just one additional parameter (namely, WFe2+-Fe3+/RT) to that 
required to describe the system at low FeOT values, although we 
also need to know the ratio (γ∞Fe3+O1.5

/γ∞Fe2+O), as this is not obtained 
independently of ∆Grº(1) from Þ tting the 1% FeOT data. 

Accordingly, we Þ tted simultaneously both the data at 1% 
FeOT (Table 2) and at higher FeOT concentrations (Table 4) to 
Equation 10, Þ rst constraining ΔGr

0(1)/RT = �2.25. This proce-
dure gives a reasonable Þ t to the data, with WFe2+-Fe3+/RT = �3.36 
± 0.67, ln(γ∞Fe3+O1.5

/γ∞Fe2+O) = 0.97 ± 0.04, and χ2
v = 2.01. Allowing 

ΔGr
0(1)/RT to vary does not improve the Þ t at all (χ2

v = 2.03); the 
value of ΔGr

0 (1)/RT reÞ ned by the regression becomes �1.79 ± 
0.39, with ln(γ∞Fe3+O1.5

/γ∞Fe2+O) = �0.11 ± 0.88, whileWFe2+-Fe3+/RT 
remains unchanged at �3.35 ± 0.67. The WFe2+-Fe3+ value of �47.0 
± 9.4 kJ/mol (at 1682 K) represents a signiÞ cant interaction, with 
the negative sign indicating a tendency toward the formation of a 
Fe2+-Fe3+ complex in the melt. The magnitude of the term further 
allows us to test the assumption that we made initially in the Þ t-
ting of our 1% FeOT data, that both γFe3+O1.5

 and γFe2+O should be 
constant (at constant temperature and pressure) at all Fe3+/Fe2+ 
ratios. Now, 1% FeOT corresponds to a combined mole fraction 
(XFe2+O +XFe3+O1.5

) of 0.0076. With WFe2+-Fe3+/RT = �3.36, it is easy 
to conÞ rm that the magnitude of the term (XFe2+O � XFe3+O1.5

)WFe2+-

Fe3+/RT (cf., Eq. 8) then remains very much smaller than the 

uncertainty in  ln (XFe3+O1.5
)/(XFe2+O) at all values of Fe3+/ΣFe, 

assuming σ(Fe3+) is 0.01.
This model, being based on the regular solution formalism, 

necessarily assumes that the interactions between Fe3+ and Fe2+ 
are symmetric as regards to composition (i.e., the interaction 
effects reach a maximum when XFe2+O/XFe3+O1.5

 = 1). This re-
striction means that the model cannot adequately describe, for 
example, magnetite-like complexes where the interaction would 
be expected to reach a maximum at the magnetite stoichiometry, 
XFe2+O/XFe3+O1.5

= 0.5. However, incorporating asymmetric mixing 
terms greatly increases the complexity of the model, and we have 
not explored that possibility.

DISCUSSION

Over the last forty years, a substantial experimental effort 
has been put into measuring Fe3+/ΣFe in silicate melts, both in 
simple systems and in more compositionally complex systems 
approximating natural magmas, with Fe3+/ΣFe analyzed either 
by wet chemistry or Mössbauer spectroscopy, and occasionally 
by both methods. An important result of this effort has been the 
development of empirical equations relating Fe3+/ΣFe to fO2

 and 
melt composition, such as those of Sack et al. (1980), Kilinc et 
al. (1983), and Kress and Carmichael (1991). These equations 
provide the means by which fO2

 in a natural magma is estimated 
if Fe3+/ΣFe can be determined (e.g., Christie et al. 1986), or, if 
fO2

 is known or assumed, Fe3+/ΣFe can be calculated where it has 
not been measured. The database underpinning these equations 
potentially comprises well over Þ ve hundred experiments (see 
below). However, with the exception of the early work of John-
ston (1964) and Paul and Douglas (1965) on the simple system 
Na2O-SiO2-Fe-O, it contains only compositions with high FeOT, 
for which Fe2+-Fe3+ interactions are expected to be signiÞ cant.

The results for the ~1% FeOT composition are compared to the 
predictions from the equations of Kilinc et al. (1983) and Kress 
and Carmichael (1991) in Figure 8. Not only do these empiri-
cal equations fail to reproduce the shape of the Fe3+/ΣFe curve 
(because of their non-ideal exponents), but also the positions of 
the curves are considerably in error.

In order to understand why this is so, it is necessary to reca-
pitulate brieß y the history of these equations. Sack et al. (1980) 
discussed the formulation of a thermodynamically based model 
to describe the Fe3+/Fe2+ equilibrium in silicate melts. They began 
by writing the reaction as:

2Fe2+O + 1/2 O2 = Fe2
3+O3 (1a)

silicate melt silicate melt

(our Reaction 1a above). They then wrote the equation for the 
equilibrium for this reaction (as for our Eq. 3):
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The critical point to note about this latter equation is the use 
of XFe2

3+
O3

 rather than XFe3+O1.5
 for the mole fraction of the Fe3+ 

species in the melt. This has two effects:
(1) The mole fraction part of the equilibrium constant for 
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FIGURE 7.  Fe3+/ΣFe as a function of XFeOT
 in the system ADeu-FeOT. 

The curves are the best Þ ts to Equation 10, with ΔGr
o(1)/RT constrained 

at �2.25. Error bars are ±0.02 in Fe3+/ΣFe.
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the reaction is (XFe2
3+

O3
/XFe2+O)2. There is no simple proportional-

ity between this ratio and the equilibrium constant used in this 
work, in which the mole fraction of the Fe3+ species is taken as 
XFe3+O1.5

.
(2) The ratio [γFe2

3+
O3

/(γFe2+O)2] does not reduce down to the 
simple expression of Equation 8 in the regular solution formula-
tion. Sack et al. noted that this gave rise to an inordinate number 
of coefÞ cients (they quote �approximately� 66 coefÞ cients for 
a 12-component system).

Sack et al. (1980, p. 373) therefore stated that they had �cho-
sen, at the present time, to delay the thermodynamic analysis of 
the ferric-ferrous data presented here in favor of developing a 
simpler empirical regression equation, the structure of which, 
though reminiscent of the thermodynamic form, should not be 
confused with it.� Their equation was:

ln Fe O

Fe O
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X

X
a f
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T
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⎠
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= + +  ln

2
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Comparison with our Equation 10 shows that the differences, 
real and apparent, are:

(1) The term ln(XFe2
3+

O3
/XFe2+O) differs from ln(XFe3+O1.5

/XFe2+O) 
simply by a constant (ln 2), hence this is not a real difference. 
(Note that XFe2

3+
O3

 is nearly half XFe3+O1.5
).

(2) The terms di correspond to the WFe2+-j � WFe3+-j terms in 
Equation 8, except that the latter are divided by T, implying 
that they are enthalpy terms. The form of Equation 11 implies 
entropy terms. It seems to us more likely that the interactions 
between species in the melt would be dominated by enthalpy 
terms. Empirically, though, it turns out that this makes no 
practical difference in how well the experimental data are Þ t 
(we tried both approaches to our own Þ tting of the data, and 
also the combination of both approaches, but the changes in the 
quality of the Þ t were only marginal). This is not, therefore, a 

signiÞ cant difference.
(3) The all-important term in WFe2+-Fe3+ is missing from Equa-

tion 11. We have shown that this term is required to describe the 
large interactions between Fe3+ and Fe2+ in the melt that our data 
demonstrate. What should be done if this term is not included? 
The answer adopted by Sack et al. (1980) was to allow the coef-
Þ cient of the reaction (0.25) to vary in the regression (their a term 
in Eq. 11). The best Þ t to their data plus the previous work co-
opted into their regression gave an exponent of 0.218 ± 0.007.

We now see that the probable reason for the non-ideal ex-
ponent (i.e., a ≠ 0.25 in Eq. 11) is the omission of the term in 
WFe2+-Fe3+. This omission leaves no way to account for the interac-
tion between Fe3+ and Fe2+ in the terms equivalent to non-ideal 
mixing of components (i.e., the di terms in Eq. 11); hence the 
slack has to be taken up by changing the exponent. This conÞ rms 
what previous workers have suspected (e.g., Toplis and Corgne 
2002, p. 29).

Kilinc et al. (1983) adopted the equation used by Sack et al. 
(1980), noting that it was �purely empirical.� Kress and Carmi-
chael (1988) subsequently pointed out that the non-stoichiometric 
exponent could be rationalized by invoking what they referred 
to as �ferric-ferrous clusters� in the melt. They found that the 
best Þ t to the experimental data was obtained when the Fe3+-
containing component had the stoichiometry FeO1.464, implying 
the reaction:  FeO + 0.232 O2 = FeO1.464.  Kress and Carmichael 
(1988) stated that the species FeO1.464 corresponded to a complex 
of FeO⋅6Fe2O3 composition, but actually it implies instead an 
interesting and novel concept, which is that part of the total Fe 
in the melt exists in a non-integral valence state, namely Fe2.928+. 
Kress and Carmichael (1989), in their treatment of their data in 
the simple system CaO-SiO2-Fe-O, then extended this approach 
by allowing for equilibrium between three species in the melt, 
FeO, FeO1.5, and FeO1+y, with y found empirically to be 0.3.  This 
model therefore treats Fe in silicate melts as existing in the usual 
valencies of Fe2+ and Fe3+, together with the non-integral valence 
state Fe2.6. Although for practical reasons Kress and Carmichael 
reverted to the use of the Sack et al. (1980) empirical equation in 
their 1991 paper, they also discussed the application of this model 
to natural compositions in an Appendix (Kress and Carmichael 
1991). Here we have tested their model (i.e., their equation A-6) 
against the results from our ~1% FeOT composition in Figure 
8. The agreement is much better than for the models with the 
non-ideal exponent (Kilinc et al. 1983; Kress and Carmichael 
1991, their Eq. 6), although not as good as the simple model with 
the WFe2+-Fe3+ term used in this paper. The term in WFe2+-Fe3+ was 
used by Lange and Carmichael (1989) to model their results in 
the Na2O-SiO2-Fe-O system, with satisfactory results, thereby 
further conÞ rming that the need for more complex models with 
adjustable exponents or non-integral valence states is largely due 
to the omission of this term.

It is standard practice in solution chemistry to investigate 
the stoichiometry of a dissolved species by thermodynamic 
methods, for example, by studying solubility as a function of 
ligand concentration. The same principles also apply to species 
in silicate melts. In much of the previous work on silicate melts, 
a recurring feature has been an assumption that cations with odd-
numbered valencies (i.e., the cations Na1+, K1+, Al3+, Fe3+, and 
P5+) form oxide components with two cations (i.e., Na2O, K2O, 
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FIGURE 8.  Comparison of the observed Fe3+/ΣFe for compositions 
with 1 wt% FeOT versus predictions from the empirical equations 
of Kilinc et al. (1983), their Equation 1, and Kress and Carmichael 
(1991), their Equation 6, both of which use a non-ideal exponent. The 
predicted curve obtained from the non-integral valence model of Kress 
and Carmichael (1991), their Equation A-6, which postulates mixing of 
FeO, FeO1.5, and FeO1.3 species, is a considerably better match to the 
data. However, Equation 14 of this work, with an ideal exponent of 0.25 
and a term in WFe2+-Fe3+ to account for interactions in compositions with 
high FeOT, Þ ts the data perfectly.
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Al2O3, Fe2O3, and P2O5). This implies that such cations exist as 
dimers in silicate melts, whereas cations with even-numbered 
valencies (Mg2+, Fe2+, Ca2+, Si4+) exist as monomers. This would 
seem unlikely and there is no independent evidence for this view. 
This raises the question whether or not simply using single-cation 
components, plus the WFe2+-Fe3+ term to take care of Fe2+-Fe3+ 
interactions, can achieve a Þ t to the high FeOT experimental 
database as good as that of the empirical equations, while also 
describing adequately our low FeOT data. To address this issue, 
we have revisited the Þ tting of the data to the empirical equa-
tions of the type introduced by Sack et al. (1980). As input data, 
we used the following experimental results: Sack et al. (1980) 
= 57 data; Thornber et al. (1980) = 62 data; Kilinc et al. (1983) 
= 46 data; Kress and Carmichael (1988) = 46 data; Kress and 
Carmichael (1991) = 51 data; and Moore et al. (1995) = 31 data. 
This makes a total of 293 data, all at atmospheric pressure (hence 
anhydrous), most approximating natural aluminosilicate magmas 
in compositions, and, importantly, nearly all with high FeOT (only 
three data have FeOT <3%). All Fe3+/ΣFe ratios were determined 
by wet-chemistry, with FeOT being analyzed by electron micro-
probe. For the purposes of the regression analysis, we assumed 
that the experimental uncertainties (1σ) were 2% for all elements 
in the electron microprobe analyses, and (0.02[FeO] + 0.1) wt% 
in the wet-chemical determination of FeO. The uncertainty in 
FeO was estimated from the discussions in Lange and Carmichael 
(1989) and Gaillard et al. (2001), plus examination of replicate 
analyses (e.g., in Kilinc et al. 1983, their Table 2). Experimental 
temperature was assigned an uncertainty of ±2 K, and log fO2 
of ±0.01 for those experiments run in air (i.e., log fO2

 = 0.68 ± 
0.01), and ±0.05 for other conditions. Only the uncertainties in 
FeOT and FeO have a signiÞ cant effect. The propagation of these 
uncertainties gives uncertainties in Fe3+/ΣFe that are displayed 
in Figure 9 for the data set. Unlike Mössbauer spectroscopy, 
wet-chemical analysis produces a correlation between the un-
certainty in Fe3+/ΣFe and the value of Fe3+/ΣFe itself; also, the 

uncertainty obviously becomes large as FeOT becomes small 
(explaining why there are few wet-chemical data on very low 
FeOT compositions).

During the course of the data Þ tting, we found that four 
samples gave conspicuously aberrant results for all models, and 
these four were eliminated (Ca3/123 from Thornber et al. 1980; 
no. 14 from Sack et al. 1980; and the duplicate experiments no. 
37 and no. 38 from Kilinc et al. 1983). This leaves 289 samples 
in the database.

We Þ rst Þ tted the data to the Sack et al. (1980) model, using 
non-linear multiple least squares, to obtain:
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where XFeOt
 = XFe2+O + 2XFe2

3+
O3

. The value of χ2
v is 3.1, and the 

quality of the Þ t is illustrated in Figure 10a by plotting Fe3+/ΣFe 
calculated versus observed for the 289 data. By contrast, Þ tting 
the same data using the same uncertainties to Equation 13, ob-
tained by substituting 8 into 2, 
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produced:
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with χ2
v = 3.8. The Þ t is therefore somewhat poorer than that 

obtained using the empirical Sack et al. (1980) model, which  
seems to be largely due to a few samples at low Fe3+/ΣFe (Fig. 
10b), where the wet-chemical data are least precise (see Fig. 9). 
However, unlike the Sack et al. (1980) models, this equation Þ ts 
the 1% FeOT data (as it happens, perfectly, see Fig. 8).

The magnitude of the WFe2+-Fe3+ parameter (WFe2+-Fe3+ = �57.2 kJ 
mol) is close to what we found for the ADeu-FeOT system (�47.0 
± 9.4), but the terms equivalent to ΔGr

0(1) (i.e., 16201/T-8.031) 
imply ΔGr

0 (1)/RT = �1.60 at 1682 K, somewhat less negative 
than calculated for the ADeu-FeOT system, or expected from ther-
modynamic data (�2.25 ± 0.36). To reconcile these values, the 
melting point of Fe2O3 would have to be even higher than that of 
2100 K assumed in deriving the thermodynamic value.

The extraordinarily high value of the coefÞ cient for the term 
in XPO2.5

 (or XP2O5
 in Eq. 12) is worthy of note. The huge effect 

that P2O5 has on stabilizing Fe2+ relative to Fe3+ in silicate melts 
was discovered by Mysen (1992) and conÞ rmed by Toplis et al. 
(1994). The magnitude of this parameter seems unrealistic for 
a regular solution type of mixing model, and points toward the 
type of reciprocal solution model used for molten salts (Wood 
and Nicholls 1978).

The reason for the non-ideal exponent in the equation of Sack 
et al. (1980) is conÞ rmed to arise from Fe2+-Fe3+ interactions, as 
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FIGURE 9.  Experimental uncertainty in Fe3+/ΣFe [σ(Fe3+/ΣFe)] of 
literature results obtained from wet-chemical analyses, assuming an 
uncertainty in FeOT from electron microprobe analyses of 2% relative, 
and in the wet-chemical determination of FeO of (0.02[FeO] + 0.1) wt%. 
The size of σ(Fe3+/ΣFe) increases with decreasing FeOT and decreases 
with Fe3+/ΣFe. By contrast, the uncertainty in Fe3+/ΣFe from Mössbauer 
spectroscopy is approximately independent of both these variables.
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suggested by Kress and Carmichael (1988). However, the non-
ideal exponent is an empirical Þ x, appearing only because there 
is no other term to describe these interactions in the Sack et al. 
(1980) equation. These interactions tend to disappear as FeOT 
goes to zero, hence the ad-hoc Þ x does not work for low FeOT 
compositions. A simple alternative model in which the regular 
solution formulation is carried through to its logical conclusion, 
and in which all cations are assumed to dissolve in the silicate 
melts as single-cation components (e.g., XFe3+O1.5

, rather than 

XFe2
3+

O3
), provides an alternative description in which the Fe2+-Fe3+ 

interactions are described with the customary regular solution 
parameter, WFe2+-Fe3+. This equation describes the low FeOT data 
well. We emphasize, however, that this equation still does not 
provide a truly adequate model for estimating Fe redox ratios 
in silicate melts. Apart from not describing the input data within 
their expected uncertainties (indeed, it performs less well than 
the Sack et al. equation in this respect), it also fails to describe 
adequately the experimental results from simple, alumina-free 
systems such as Na2O-SiO2-Fe-O (Lange and Carmichael 1989), 
and, especially, CaO-SiO2-Fe-O (Kress and Carmichael 1989). 
This should not be surprising, as the regular solution model has 
long been known to be inadequate for silicate melts.

Following the suggestions of reviewers, we also tested some 
other models in the literature using the same input data, although 
due to the complexity of these models we have not attempted to 
optimize them by least-squares Þ tting, which we consider to be 
beyond the scope of the present work. The result for the model 
of Kress and Carmichael (1991) with the non-integral valency 
species (i.e., using the three species Fe2+O, Fe3+O1.5, and Fe2.6+O1.3; 
their Eq. A-6) is shown in Figure 10c. There is a systematic bias 
to lower calculated Fe3+/Fe2+, meaning that optimization of this 
model would certainly improve the Þ t. To quantify the good-
ness of Þ t, we have calculated the root mean square deviation, 
sqrt{[log(Fe3+/Fe2+)calculated � log(Fe3+/Fe2+)measured]2/N}, where N 
= 289. The value of this RMSD for this model is 0.25, which 
compares to RMSD values of 0.14 and 0.18 for Equations 12 
and 14 of the present work, respectively. Clearly this equation 
performs less well than the simpler models, but it remains to be 
seen whether this innovative theory can provide a better Þ t after 
optimization, and with the inclusion of a full set of compositional 
parameters like those used in our Equations 12 and 14. The idea 
that the thermodynamic properties of heterovalent elements in 
silicate melts may require modeling using non-integral valence 
states could have interesting implications for such geochemically 
important elements as Cr, V, Nb, and U. By comparison with the 
models considered here, Ottonello et al. (2001) reported a RMSD 
of 0.20 for N = 488 for their model (see Ottonello et al., 2001 
their Fig. 4). An assessment of earlier models has been provided 
by Nikolaev et al. (1996), who make the points that all models 
perform relatively poorly for intermediate and felsic melt compo-
sitions, and at low Fe3+/ΣFe ratios (which is, of course, the region 
most relevant for most magma types). This latter factor may be 
due to systematic errors in wet-chemical analyses at these ratios, 
for which there is some circumstantial evidence (e.g., Rossano 
et al. 1999). The important conclusion to be emphasized here 
is that no model Þ ts the data within the purported accuracy of 
the experimental measurements; this should provide a stimulus 
for further theoretical work, but also for the investigation of the 
accuracy of these measurements.
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