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Abstract

Iron-57 resonant absorption Mössbauer spectroscopy was used to describe the redox relations and structural roles of Fe3+ and Fe2+ in
meta-aluminosilicate glasses. Melts were formed at 1500 �C in equilibrium with air and quenched to glass in liquid H2O with quenching
rates exceeding 200 �C/s. The aluminosilicate compositions were NaAlSi2O6, Ca0.5AlSi2O6, and Mg0.5AlSi2O6. Iron oxide was added in
the form of Fe2O3, NaFeO2, CaFe2O4, and MgFe2O4 with total iron oxide content in the range �0.9 to �5.6 mol% as Fe2O3. The Möss-
bauer spectra, which were deconvoluted by assuming Gaussian distributions of the hyperfine field, are consistent with one absorption
doublet of Fe2+ and one of Fe3+. From the area ratios of the Fe2+ and Fe3+ absorption doublets, with corrections for differences in
recoil-fractions of Fe3+ and Fe2+, the Fe3+/RFe is positively correlated with increasing total iron content and with decreasing ionization
potential of the alkali and alkaline earth cation. There is a distribution of hyperfine parameters from the Mössbauer spectra of these
glasses. The maximum in the isomer shift distribution function of Fe3+, dFe3+, ranges from about 0.25 to 0.49 mm/s (at 298 K relative
to Fe metal) with the quadrupole splitting maximum, DFe3+, ranging from �1.2 to �1.6 mm/s. Both dFe3+ and dFe2+ are negatively cor-
related with total iron oxide content and Fe3+/RFe. The dominant oxygen coordination number Fe3+ changes from 4 to 6 with decreas-
ing Fe3+/RFe. The distortion of the Fe3+–O polyhedra of the quenched melts (glasses) decreases as the Fe3+/RFe increases. These
polyhedra do, however, coexist with lesser proportions of polyhedra with different oxygen coordination numbers. The dFe2+ and DFe2+

distribution maxima at 298 K range from �0.95 to 1.15 mm/s and 1.9 to 2.0 mm/s, respectively, and decrease with increasing Fe3+/
RFe. We suggest that these hyperfine parameter values for the most part are more consistent with Fe2+ in a range of coordination states
from 4- to 6-fold. The lower dFe2+-values for the most oxidized melts are consistent with a larger proportion of Fe2+ in 4-fold coordi-
nation compared with more reduced glasses and melts.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Iron usually is the third-most abundant oxide in natural
magmatic liquids (after SiO2 and Al2O3). It occurs in two
oxidation states, Fe3+ and Fe2+ with their redox ratio,
Fe3+/RFe, depending on silicate composition, pressure,
temperature, and oxygen fugacity.

Equilibrium between ferric and ferrous iron in silicate
melt involves oxygen. Thus, the redox ratio of iron also af-
fects the silicate melt structure (e.g., Mysen et al., 1984,
1985a; Dingwell and Virgo, 1987). Any silicate melt prop-
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erty that depends on melt structure, therefore, also depends
on the redox ratio of iron whether or not this property is
tied directly to iron content (see Mysen and Richet, 2005,
Chapters 10 and 11, for recent review).

Whether in melts or minerals, the structural roles of
Fe2+ and Fe3+ are often suggested to be different. In min-
erals, Fe2+ usually is in 6-fold coordination with oxygen.
Only a few exceptions are known. The structural behavior
of Fe2+ in silicate melts and glasses, on the other hand, is
subject to debate with 4-, 5-, and 6-fold coordination with
oxygen and a distribution of oxygen coordination numbers
in proposed models (Calas and Petiau, 1983; Waychunas
et al., 1988; Keppler, 1992; Wang et al., 1993; Burkhard,
2000; Rossano et al., 2000; Farges et al., 2004; Jackson
et al., 2005).
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Ferric iron in minerals normally also is in 6-fold coordi-
nation with oxygen, but a few examples of 4-fold coordi-
nated Fe3+ exist (e.g., KFeSi3O8; see Henderson et al.,
1984). In silicate melts and glasses, suggested coordination
numbers of Fe3+ range from 4 to 6, as for Fe2+. Available
data suggest that 4-fold coordinated Fe3+ is more common,
but a distribution of oxygen coordination is also possible
(Mysen et al., 1980, 1985a; Virgo and Mysen, 1985; Alber-
to et al., 1996; Holland et al., 1999; Burkhard, 2000; Wilke
et al., 2002; Farges et al., 2004).

The coordination state of Fe3+, proportions of possible
coexisting coordination states, and distortion of Fe3+–O
polyhedra may depend on the redox ratio as well as on
other chemical factors (Virgo and Mysen, 1985; Dingwell
and Virgo, 1987; Burkhard, 2000; Nagata and Hayashi,
2001; Jayasuriya et al., 2004). For example, variations of
Fe3+/RFe can cause the coordination state of Fe3+ to
change (Virgo and Mysen, 1985; Dingwell and Virgo,
1987; Alberto, 1995). Thus, changes in parameters that af-
fect Fe3+/RFe can also result in coordination changes of
ferric iron (Mysen and Virgo, 1989). This, in turn, affects
the silicate melt structure. It has also been suggested that
the Z/r2 (ionization potential) of metal cations may affect
the local iron–oxygen polyhedral geometry. This effect
has been related to steric factors associated with charge-
balance of tetrahedrally coordinated Fe3+ (Mysen et al.,
1984, 1985a,b; Spiering and Seifert, 1985; Hannoyer
et al., 1992; Nagata and Hayashi, 2001).

Less data exist for Fe2+. It has been suggested that its
coordination state may depend on silicate composition
(Farges et al., 2004; Jackson et al., 2005). Whether these
variations reflect changes in silicate composition and struc-
ture or variations in Fe3+/RFe controlled by the melt and
glass compositions is not known.

Substitution of Al3+ for Si4+ can also affect the structur-
al environment around iron, in particular in oxidized alkali
aluminosilicate melts (Mysen and Virgo, 1989). This effect
could in part reflect competition for charge-balancing met-
al cations between tetrahedrally coordinated Fe3+ and Al3+

(typically alkalis and alkaline earths). In aluminosilicate
melts, the relative stability of aluminate complexes and
their activity–composition relations in aluminosilicate
melts are related to the ionization potential of the charge-
balancing cation (Roy and Navrotsky, 1984; Ryerson,
1985). Analogous relationships could exist for Fe3+.

In order to shed further light on how ferric and ferrous
iron dissolve in aluminosilicate melts and glasses, an experi-
mental protocol with meta-aluminous melts was developed.
Na-, Ca-, and Mg-meta-aluminosilicate melts were em-
ployed to address whether the form of charge-balance of tet-
rahedrally coordinated Al3+ affects the solubility behavior of
Fe3+ and Fe2+. In order to assess whether there may be com-
petition between Fe3+ and Al3+ for potential charge-balanc-
ing cations with different electronic properties, in addition to
adding iron simply as an oxide, it was also added in the nom-
inal form of alkali- or alkaline earth-charge-balanced Fe3+

(NaFeO2, CaFe2O4, and MgFe2O4).
2. Experimental methods

2.1. Starting compositions

To (i) address how Al3+ may affect the solubility mech-
anisms of ferrous and ferric iron, and (ii) to avoid complex-
ity that may arise from a significant abundance of
nonbridging oxygen, the Fe-free compositions were on
the meta-aluminosilicate join with Al/(Al + Si) near that
of jadeite stoichiometry. The charge-balancing cations,
Na+, Ca2+, and Mg2+, were used to form NaAlSi2O6,
Ca0.5AlSi2O6, and Mg0.5AlSi2O6 compositions. In the ab-
sence of iron these melts would nominally be considered
nearly fully polymerized as charge-balanced Al3+ common-
ly is in tetrahedral coordination in substitution for Si4+

(e.g., Taylor and Brown, 1979; Matson et al., 1986; Neu-
ville and Mysen, 1996). However, some recent data suggest
that meta-aluminosilicate glasses may contain several per-
cent nonbridging oxygen resulting from formation of Al-
triclusters in the structure (Stebbins and Xue, 1997; Toplis
et al., 2000; Neuville et al., 2004).

Iron oxide was added so that for each of the aluminosili-
cates, their nominal Fe/(Fe + Al) ranged between 0.05 and
0.266 (Table 1). Increasing Fe/(Fe + Al) is, therefore, also
correlated with increasing total iron oxide content (Fig. 1).
The Al/(Al + Si) is known to affect the structural roles and
redox relations of Fe3+ and Fe2+ (e.g., Mysen et al., 1985a;
Mysen and Virgo, 1989). The Al/(Al + Si) was, therefore,
kept nearly constant [the average Al/(Al + Si)-value of all
samples is 0.36 ± 0.03; see also Table 1].

2.2. Sample preparation

The starting materials were made from oxide (SiO2,
Al2O3, and MgO) and carbonate mixtures (Na2CO3 and
CaCO3). Iron oxide was added as Fe2O3 with some of
the natural iron replaced with 57Fe2O3 to enhance the sen-
sitivity of 57Fe resonant Mössbauer absorption spectrosco-
py of the quenched melts (glasses). These mixtures (about
1 g total) were ground under alcohol for 60 min and kept
at �250 �C until used.

The starting materials were transformed to glass by
melting at 1500 �C in air at ambient pressure and quenched
to a glass in liquid H2O. The samples were suspended on
0.1 mm diameter Pt wire loops (Presnall and Brenner,
1974) and brought to the desired temperature in MoSi2-
heated, vertical furnaces (Deltech Model 31C). The Pt wire
was pre-saturated with iron before use. Approximately 20–
30 mg sample was used for each experiment. All samples
quenched to a clear glass without evidence of quench crys-
tallization based on examination in a petrographic micro-
scope at 500· magnification.

2.3. Mössbauer spectroscopy

The structural roles of Fe2+ and Fe3+ and the redox ra-
tio of iron, Fe3+/RFe, of the quenched melts (glass) were



Table 1
Composition of glasses, wt%

NaAlSi2O6 + Fe2O3 NaAlSi2O6 + NaFeO2

OX1 OX4 OX5 OX6 OX13 OX14 OX15 OX16 OX50

SiO2 57.25 55.23 53.01 50.02 56.84 54.01 50.22 46.24 41.27
Al2O3 24.89 24.21 25.22 25.31 25.04 24.95 24.96 25.34 24.94
Fe2O3 1.98 4.21 6.84 9.71 1.89 4.18 6.95 9.42 13.99
MgO 0 0 0 0 0 0 0 0 0
CaO 0 0 0 0 0 0 0 0 0
Na2O 14.55 14.94 14.34 15.01 15.14 16.22 17.01 17.86 19.02

Total 98.67 98.59 99.41 100.05 98.91 99.36 99.14 98.86 99.22

NaAlSi2O6 + CaFe2O4 NaAlSi2O6 + MgFe2O4

OX17 OX18 OX19 OX20 OX51 OX21 OX22 OX23 OX24

SiO2 56.95 52.99 50.36 47.26 41.01 57.04 53.86 51.31 48.11
Al2O3 24.99 25.24 25.13 25.22 25.18 24.85 24.85 25.14 25.14
Fe2O3 1.91 4.12 6.84 9.46 13.89 1.94 4.12 6.76 9.65
MgO 0 0 0 0 0 0.41 0.79 1.41 2.14
CaO 0.54 1.23 1.86 2.68 3.54 0 0 0 0
Na2O 15.23 15.54 15.24 15.31 14.86 14.84 15.24 15.04 15.05

Total 99.62 99.12 99.43 99.93 98.48 99.08 98.86 99.66 100.09

Ca0.5AlSi2O6 + Fe2O3 Ca0.5AlSi2O6 + NaFeO2

OX2 OX7 OX8 OX9 OX25 OX26 OX27 OX28

SiO2 59.36 55.76 53.47 50.12 57.32 54.38 51.26 46.86
Al2O3 25.86 25.44 25.42 25.64 25.37 25.14 25.67 24.94
Fe2O3 1.99 4.12 6.98 9.87 2.07 4.26 7.02 9.84
MgO 0 0 0 0 0 0 0 0
CaO 12.41 13.88 13.98 14.22 13.83 14.01 14 14.52
Na2O 0 0 0 0 0.56 1.14 1.89 2.68

Total 99.62 99.2 99.85 99.85 99.15 98.93 99.84 98.84

Ca0.5AlSi2O6 + CaFe2O4 Ca0.5AlSi2O6 + MgFe2O4

OX29 OX30 OX31 OX32 OX33 OX34 OX35 OX36

SiO2 58.01 47.51 51.45 47.98 58.13 54.887 43.02 48.21
Al2O3 25.64 22.33 25.47 25.84 25.61 24.96 37.99 25.43
Fe2O3 1.91 3.64 6.89 9.81 1.89 4.26 5.454 9.87
MgO 0 0 0 0 0.56 0.92 1.16 2.12
CaO 14.31 25.61 15.99 16.28 14.22 14.23 11.55 14.22
Na2O 0 0 0 0 0 0 0 0

Total 99.87 99.09 99.8 99.91 100.41 99.257 99.174 99.85

Mg0.5AlSi2O6 + Fe2O3 Mg0.5AlSi2O6 + NaFeO2

OX3 OX10 OX11 OX12 OX37 OX38 OX39 OX40

SiO2 61.04 58.05 55.61 52.38 60.13 56.21 53.31 49.23
Al2O3 26.29 26.47 26.41 26.54 26.83 26.47 26.73 26.47
Fe2O3 1.99 4.53 7.23 10.21 1.95 4.38 6.86 10.12
MgO 10.61 10.42 10.57 10.47 10.56 10.41 10.21 10.32
CaO 0 0 0 0 0 0 0 0
Na2O 0 0 0 0 0.52 1.19 2.04 2.87

Total 99.93 99.47 99.82 99.6 99.99 98.66 99.15 99.01

Mg0.5AlSi2O6 + Fe2O3 Mg0.5AlSi2O6 + NaFeO2

OX41 OX42 OX43 OX44 OX45 OX47 OX48

SiO2 59.86 58.87 55.89 54.26 60.26 53.88 50.24
Al2O3 26.91 25.84 24.78 23.74 26.41 26.14 26.13
Fe2O3 2.14 4.02 6.54 8.87 1.85 6.82 10.22
MgO 10.04 10.41 10.14 9.64 10.79 12.01 12.42
CaO 0.57 1.16 1.85 2.51 0 0 0
Na2O 0 0 0 0 0 0 0

Total 99.52 100.3 99.2 99.02 99.31 98.85 99.01
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Fig. 1. Relationship between total iron oxide added (calculated as mol%
Fe2O3) and Fe/(Fe + Al) of starting materials.
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determined with 57Fe resonant absorption Mössbauer spec-
troscopy. The samples were prepared by crushing a portion
of the glass to a fine powder and mixed with transoptic
powder. This mixture was converted to 12.7-mm diameter
pellets at 350 bar and 120 �C. The resulting pellets, contain-
ing about 10–15 mg sample and about 100 mg transoptic
powder, were about 1 mm thick.

The Mössbauer experiments were conducted with a
�40 mCi 57Co flat source with the drives (Austin Science)
operating in constant acceleration mode between �4 and
4 mm/s. Spectra were obtained at 298 and 77 K. The
drives were calibrated with metallic Fe. The isomer shifts
of Fe3+ and Fe2+, dFe3+ and dFe2+, are reported relative to
Fe metal.

The Fe3+/RFe ratio can be obtained from the relative
areas of the ferrous and ferric absorption doublets in the
Mössbauer spectra. If we use only the 298 K Mössbauer
data, the redox ratio thus derived relies on the assumption
that the recoil-free fraction of Fe2+ and Fe3+ in the glasses
is the same. A comparison of redox ratios obtained in this
manner (spectra taken at 298 K) with redox ratios from wet
chemical methods (Mysen et al., 1985c; Dingwell, 1991;
Jayasuriya et al., 2004; Partzsch et al., 2004; see also Mysen
and Richet, 2005, Fig. 10.3) indicates close correspondence
between results with the two methods. There are, however,
also data in the literature suggesting that this conclusion
may not be entirely valid. From cryogenic Mössbauer mea-
surements (77 K), Virgo and Mysen (1985) concluded that
by using 298 K spectra only, Fe3+/Fe2+ is over-estimated
by about 5% (relative), a number similar to that reported
by Mysen and Dubinsky (2004). In contrast, Jayasuriya
et al. (2004) did not observe any effect of temperature on
the redox ratio obtained with Mössbauer spectroscopy.
These somewhat conflicting data, nevertheless, suggest that
there may be a small effect on glass composition on the ra-
tio of recoil-free fractions of Fe3+ and Fe2+. For this rea-
son, Mössbauer spectra, therefore, were recorded both at
298 K and 77 K.
2.4. Attainment of equilibrium

In these experiments, we used small samples (20–30 mg),
which were inserted in the furnaces in the form of a fine
powder (1–5 lm grain size). These pellets were kept in
the CO–CO2 gas flow at �250 �C for about 10 min to en-
sure that air trapped between the grains was replaced with
the gas mixture before the sample was inserted into the hot
zone of the furnace. With this sample configuration, it has
been found that 30 min is sufficient to reach equilibrium at
temperatures comparable to those of the present experi-
ments (Mysen et al., 1985a). The present experiments, all
of which were at 1500 �C, were run for 60 min in order
to ensure that equilibrium was reached.

2.5. Effect of quenching

The structure of a glass is that frozen in at its glass tran-
sition. The glass transition temperature depends on melt
composition and quenching rate (e.g., Dingwell and Webb,
1990). Whether or not the redox ratio and structural state
of ferric and ferrous iron reflect the state at the glass tran-
sition or that at the equilibration temperature of the melts
has been the subject of several studies (e.g., Dyar et al.,
1987; Wilke et al., 2002). Dyar et al. (1987) and Wilke
et al. (2002) assessed the Mössbauer spectra of glasses as
a function of quenching rate from high-temperature melt.
With quenching rates in excess of 100–150 �C/s, the redox
ratio of iron and the hyperfine parameters of ferric and fer-
rous iron were not affected by quenching. The quenching
rate of the present samples is in excess of 200 �C/s. Thus,
we conclude that the redox ratio of iron and the structural
state of Fe2+ and Fe3+ in the quenched melts (glass) do not
differ significantly from those in the melts. That conclusion
is consistent with abundant data on systematic relations
redox behavior of iron recorded for glass quenched from
melt as a function of temperature and oxygen fugacity
(see Chapters 10 and 11 in Mysen and Richet, 2005; for re-
view of such data). Those relationships would not exist if
they reflected conditions quenched in at the glass transition.

3. Experimental results

Iron-57 resonant absorption Mössbauer spectroscopy
was employed to determine the redox ratio of ferric and
ferrous iron (expressed as Fe3+/RFe and Fe3+/Fe2+

throughout this paper) and to provide information on the
structural roles of Fe3+ and Fe2+ in the melts and glasses.
All spectra recorded at 298 K exhibit absorption maxima
near �0.5, 0.7, and 2 mm/s (Fig. 2). These features are typ-
ical for Mössbauer spectra of silicate glasses containing
both Fe3+ and Fe2+ (e.g., Mysen and Virgo, 1978, 1989;
Dyar et al., 1987; Alberto et al., 1993; Wang et al., 1993;
Burkhard, 2000; Wilke et al., 2002: Jayasuriya et al.,
2004; Farges et al., 2004). In these spectra, the low-velocity
absorption maximum incorporates the low-velocity com-
ponent of both the Fe3+ and the Fe2+ absorption doublet.



 
  

Fig. 2. 57Fe resonant absorption Mössbauer spectra (recorded at 298 K) of compositions indicated in individual panels. The Fe/(Fe + Al) are approximate
values. Exact values are reported in Table 1.
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The maximum near 0.7 mm/s is due to the high-velocity
component of the Fe3+ doublet, and that near 2 mm/s
due to the high-velocity component of the Fe2+ doublet.

The relative intensities of the absorption maxima in
Fig. 2 depend on the composition of the aluminosilicate,
and the Fe/(Fe + Al) (and, therefore, total iron oxide con-
tent, see Fig. 1). The 0.7 mm/s maximum becomes stronger
with increasing Fe/(Fe + Al), whereas the �2 mm/s
intensity decreases. A similar, though less pronounced,
trend can be discerned as the aluminosilicate is changed
from alkaline earth (Ca and Mg) to alkali (Na)
aluminosilicate.



Table 2
Mössbauer data

Sample Spectral
temperature (K)

Fe3+/RFe dFe3+

(mm/s)
DFe3+

(mm/s)
dFe2+

(mm/s)
DFe2+

(mm/s)
wd

Fe3þ

(mm/s)
wD

Fe3þ

(mm/s)
wd

Fe2þ

(mm/s)
wD

Fe2þ

(mm/s)

NaAlSi2O6 + Fe2O3

OX1 298 0.48(2)a 0.301(5) 1.26(2) 0.994(8) 1.83(1) 0.31(1) 0.50(4) 0.411(7) 0.21(8)
OX1 77 0.468(2) 0.428(2) 1.207(6) 0.11(4) 2.057(8) 0.30(2) 0.49(5) 0.437(5) 0.25(3)

OX4 298 0.59(1) 0.281(1) 1.238(8) 0.982(5) 1.85(1) 0.21(3) 0.57(5) 0.36(1) 0.34(7)
OX4 77 0.565(4) 0.394(3) 1.219(3) 1.071(4) 2.055(4) 0.25(3) 0.24(2) 0.35(2) 0.45(5)

OX5 298 0.64(2) 0.266(4) 1.17(1) 0.972(9) 1.91(3) 0.24(1) 0.34(3) 0.34(4) 0.5(1)
OX5 77 0.615(4) 0.359(7) 1.237(3) 1.093(3) 2.073(3) 0.300(4) 0.34(5) 0.30(2) 0.571(6)

OX6 298 0.64(3) 0.253(9) 1.15(2) 0.95(7) 1.97(4) 0.21(5) 0.49(8) 0.38(3) 0.5(1)
OX6 77 0.615(7) 0.356(1) 1.163(3) 1.00(3) 2.19(6) 0.22(1) 0.40(3) 0.48(4) 0.58(4)

NaAlSi2O6 + NaFeO2

OX13 298 0.58(6) 0.33(2) 1.22(1) 1.080(6) 1.90(2) 0.29(3) 0.20(6) 0.23(2) 0.44(5)
OX13 77 0.55(2) 0.430(5) 1.321(8) 1.180(6) 1.931(6) 0.35(1) 0.15(4) 0.25(4) 0.448(4)

OX14 298 0.64(2) 0.290(9) 1.384(7) 1.082(4) 1.98(1) 0.348(7) 0.12(3) 0.25(2) 0.47(4)
OX15 298 0.713(3) 0.254(1) 1.092(2) 0.980(3) 1.701(3) 0.263(2) 0.18(2) 0.25 (1) 0.53(3)
OX16 298 0.71(1) 0.282(1) 1.071(4) 0.940(6) 1.900(9) 0.252(5) 0.11(4) 0.26(2) 0.45(5)
OX16 77 0.705(6) 0.348(1) 1.101(2) 1.017(4) 2.100(7) 0.18(3) 0.25(6) 0.29(1) 0.38(5)

OX50 298 0.809(5) 0.232(1) 1.063(2) 0.980(6) 1.64(2) 0.213(3) 0.16(1) 0.29(1) 0.22(8)

NaAlSi2O6 + CaFe2O4

OX17 298 0.56(3) 0.280(4) 1.27(2) 0.98(2) 1.84(2) 0.25(3) 0.40(7) 0.45(2) 0.20(9)
OX18 298 0.607(9) 0.288(9) 1.156(4) 1.02(3) 2.00(3) 0.242(6) 0.26(1) 0.324(9) 0.11(3)
OX19 298 0.69(1) 0.251(1) 1.110(5) 0.98(1) 1.77(2) 0.25(2) 0.1(2) 0.38(2) 0.2(1)
OX19 77 0.653(7) 0.336(1) 1.137(3) 1.080(6) 1.91(1) 0.19(6) 0.3(1) 0.43(1) 0.23(6)

OX20 298 0.713(7) 0.266(9) 1.134(3) 0.985(9) 1.79(2) 0.22(1) 0.25(5) 0.37(1) 0.20(8)
OX51 298 0.79(2) 0.245(2) 1.135(4) 0.98(2) 1.64(2) 0.20(4) 0.3(1) 0.35(2) 0.2(1)

NaAlSi2O6 + MgFe2O4

OX21 298 0.52(3) 0.276(2) 1.269(6) 0.995(5) 1.729(7) 0.34(2) 0.2(1) 0.25(5) 0.45(9)
OX22 298 0.62(2) 0.277(5) 1.214(7) 0.97(1) 1.80(1) 0.30(1) 0.12(1) 0.28(1) 0.24(5)
OX23 298 0.69(1) 0.253(3) 1.180(6) 0.998(8) 1.91(1) 0.285(6) 0.16(4) 0.28(6) 0.3(2)
OX24 298 0.68(1) 0.264(6) 1.098(4) 0.910(9) 1.85(1) 0.265(6) 0.11(5) 0.30(2) 0.2(1)

Ca0.5AlSi2O6 + Fe2O3

OX2 298 0.39(3) 0.34(4) 1.46(9) 1.074(3) 1.881(4) 0.22(1) 0.72(4) 0.17(5) 0.51(7)
OX2 77 0.41(3) 0.530(3) 1.58(5) 1.224(3) 2.138(7) 0.26(7) 0.9(1) 0.27(3) 0.56(6)

OX7 298 0.43(2) 0.30(4) 1.49(9) 1.074(3) 1.952(5) 0.21(2) 0.66(4) 0.17(8) 0.5(1)
OX7 77 0.42(1) 0.457(7) 1.518(9) 1.194(2) 2.186(6) 0.25(4) 0.70(6) 0.16(1) 0.34(3)

OX8 298 0.48(2) 0.29(2) 1.46(4) 1.063(3) 1.923(5) 0.20(5) 0.54(5) 0.19(6) 0.51(9)
OX8 77 0.462(5) 0.429(3) 1.461(5) 1.19(1) 2.160(3) 0.29(2) 0.55(3) 0.23(2) 0.37(1)

OX9 298 0.49(2) 0.28(2) 1.46(2) 1.061(3) 1.949(4) 0.21(5) 0.52(5) 0.20(5) 0.51(7)
OX9 77 0.48(1) 0.424(7) 1.45(1) 1.182(4) 2.19(1) 0.31(4) 0.54(7) 0.26(1) 0.41(4)

Ca0.5AlSi2O6 + NaFeO2

OX25 298 0.48(2) 0.276(7) 1.549(5) 1.069(3) 1.908(4) 0.365(7) 0.64(4) 0.17(5) 0.49(8)
OX26 298 0.54(1) 0.258(2) 1.454(2) 1.045(2) 1.923(3) 0.292(2) 0.60(1) 0.19(1) 0.44(2)
OX27 298 0.62(1) 0.292(6) 1.364(8) 1.04(1) 1.960(5) 0.314(5) 0.61(2) 0.22(4) 0.55(8)
OX28 298 0.66(2) 0.29(1) 1.27(1) 1.02(4) 2.03(2) 0.27(1) 0.57(6) 0.24(8) 0.6(2)

Ca0.5AlSi2O6 + CaFe2O4

OX29 298 0.48(2) 0.292(7) 1.555(3) 1.074(3) 1.912(5) 0.382(5) 0.61(2) 0.14(6) 0.48(2)
OX30 298 0.514(7) 0.296(2) 1.432(2) 1.041(1) 2.080(3) 0.37(1) 0.74(2) 0.259(9) 0.47(2)
OX31 298 0.571(7) 0.267(2) 1.436(2) 1.051(2) 1.899(2) 0.281(4) 0.63(3) 0.17(3) 0.49(4)
OX32 298 0.61(1) 0.270(3) 1.400(3) 1.040(3) 1.891(5) 0.257(9) 0.62(7) 0.21(5) 0.46(5)

Ca0.5AlSi2O6 + MgFe2O4

OX33 298 0.46(1) 0.303(6) 1.566(4) 1.088(2) 1.964(4) 0.395(6) 0.63(2) 0.16(2) 0.51(3)
OX34 298 0.51(1) 0.295(4) 1.488(3) 1.055(3) 1.927(3) 0.308(6) 0.60(5) 0.18(3) 0.48(5)
OX35 298 0.52(1) 0.269(3) 1.463(3) 1.063(2) 1.972(3) 0.305(6) 0.66(4) 0.15(2) 0.50(2)
OX36 298 0.60(1) 0.283(4) 1.424(4) 1.056(3) 1.904(5) 0.261(7) 0.62(5) 0.15(3) 0.46(1)

Mg0.5AlSi2O6 + Fe2O3

OX3 298 0.30(1) 0.41(3) 1.58(6) 1.136(1) 1.979(1) 0.145(9) 0.68(2) 0.22(1) 0.47(2)
OX3 77 0.28(3) 0.539(8) 1.547(5) 1.197(2) 2.163(4) 0.24(5) 0.77(6) 0.26(3) 0.50(6)

OX10 298 0.36(1) 0.37(4) 1.57(6) 1.101(1) 1.968(1) 0.14(1) 0.58(4) 0.22(3) 0.45(5)
OX10 77 0.346(9) 0.48(5) 1.63(9) 1.253(1) 2.162(2) 0.152(8) 0.65(4) 0.26(3) 0.52(6)

OX11 298 0.410(8) 0.36(2) 1.55(3) 1.108(1) 2.011(2) 0.16(2) 0.56(4) 0.22(1) 0.47(2)
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Table 2 (continued)

Sample Spectral
temperature (K)

Fe3+/RFe dFe3+

(mm/s)
DFe3+

(mm/s)
dFe2+

(mm/s)
DFe2+

(mm/s)
wd

Fe3þ

(mm/s)
wD

Fe3þ

(mm/s)
wd

Fe2þ

(mm/s)
wD

Fe2þ

(mm/s)

OX11 77 0.376(7) 0.4(2) 1.5(4) 1.234(9) 2.21(2) 0.17(3) 0.60(4) 0.25(1) 0.49(2)

OX12 298 0.42(1) 0.36(3) 1.48(7) 1.094(2) 1.998(3) 0.12(1) 0.56(3) 0.17(6) 0.54(7)
OX12 77 0.40(1) 0.44(2) 1.56(4) 1.260(2) 2.205(5) 0.17(6) 0.56(8) 0.26(3) 0.49(6)

Mg0.5AlSi2O6 + NaFeO2

OX37 298 0.32(2) 0.38(2) 1.57(4) 1.098(2) 1.969(2) 0.15(1) 0.68(2) 0.15(2) 0.50(3)
OX38 298 0.43(2) 0.31(2) 1.55(3) 1.08(3) 1.963(4) 0.14(4) 0.54(5) 0.11(5) 0.57(4)
OX39 298 0.47(2) 0.309(3) 1.506(4) 1.084(2) 1.995(4) 0.14(2) 0.53(2) 0.12(1) 0.56(1)
OX40 298 0.54(3) 0.30(1) 1.45(2) 1.055(5) 1.98(1) 0.13(7) 0.48(8) 0.13(3) 0.53(2)

Mg0.5AlSi2O6 + CaFe2O4

OX41 298 0.36(3) 0.32(2) 1.61(6) 1.095(3) 1.972(4) 0.14(2) 0.63(3) 0.13(4) 0.53(4)
OX42 298 0.40(3) 0.32(1) 1.60(2) 1.101(3) 1.971(5) 0.15(4) 0.58(5) 0.16(2) 0.48(1)
OX43 298 0.46(2) 0.285(4) 1.552(4) 1.082(2) 1.983(3) 0.187(6) 0.56(7) 0.16(2) 0.49(3)
OX44 298 0.49(1) 0.284(2) 1.536(2) 1.080(1) 1.979(2) 0.178(2) 0.52(2) 0.17(2) 0.48(3)

Mg0.5AlSi2O6 + MgFe2O4

OX45 298 0.32(4) 0.38(2) 1.56(7) 1.092(3) 1.983(4) 0.12(2) 0.69(3) 0.15(2) 0.49(3)
OX47 298 0.47(2) 0.299(5) 1.532(5) 1.082(3) 1.994(5) 0.12(2) 0.50(4) 0.09(4) 0.53(1)
OX48 298 0.484(8) 0.31(2) 1.51(4) 1.069(2) 1.988(2) 0.13(2) 0.52(4) 0.06(1) 0.597(5)

Symbols: Fe3+/RFe, Ratio of Fe3+ over total iron (Fe3+ + Fe2+); dFe3+, isomer shift of Fe3+ corresponding to maximum of probability function; DFe3+,
quadrupole splitting of Fe3+ corresponding to maximum of probability function; dFe2+, isomer shift of Fe2+ corresponding to maximum of probability
function; DFe2+, quadrupole splitting of Fe2+ corresponding to maximum of probability function; wd

Fe3þ , full width at half height of probability function of
isomer shift of Fe3+; wD

Fe3þ , full width at half height of probability function of quadrupole splitting of Fe3+; wd
Fe2þ , full width at half height of probability

function of isomer shift of Fe2+; wD
Fe2þ , full width at half height of probability function of quadrupole splitting of Fe2+.

Numbers in italics are from spectra recorded at 77 K.
a Number in parentheses denotes uncertainty from spectra deconvolution.
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3.1. Spectral deconvolution

The Mössbauer spectra were deconvoluted to obtain the
redox ratio of iron, the hyperfine parameters (quadrupole
splitting, d, and isomer shift, D), and their distribution.
The deconvolution procedure employed the algorithm of
Alberto et al. (1996), which in principle is similar to the ap-
proach advocated by Lagarec and Rancourt (1997) and
Rossano et al. (1999). Similar deconvolution procedures
were also used in the recent studies by Wilke et al. (2002)
and Jayasuriya et al. (2004).

In this method, the site distribution function, Si (v), is
related to the probability distribution function,
P ðdi;Di; rdi ; rDi ; hiÞ, of the absorption doublet, D (v,di, -
Di,x, Ii), as:

SiðvÞ ¼
Z Z

P ðdi;Di; rdi ; rDi ; hiÞ � Dðv; di;Di;x; I iÞddi dDi.

ð1Þ
Here, v is the velocity, di and Di are the isomer shift and
quadrupole splitting, with respective standard deviations,
rdi and rDi . The intensity is Ii. The fitting is conducted with
the width of the elementary absorption peaks, x, kept con-
stant and equal to that of elemental Fe. The hi is a correla-
tion parameter between isomer shift and quadrupole
splitting.

Briefly, the probability function is:

P ðd;D; rd; dD; hÞ ¼
1

2prddD
� 1

2

d0

wd

� �2

þ D0

wD

� �2
" #( )

; ð2Þ
where d0 and D0 are related to the average isomer shift, d,
isomer shift, d, average quadrupole splitting, D, quadru-
pole splitting, D, and the correlation parameter, h, as:

d0 ¼ ðd� dÞ cos hþ ðD� DÞ sin h ð3Þ
and

D0 ¼ ðd� dÞ sin hþ ðD� DÞ cos h. ð4Þ
The relationship between d (isomer shift) and D (quadru-
pole splitting) can be expressed as an ellipse centered at
the average values of d and D, and the widths are wd and
wD, respectively.

The absorption doublet, D (v,d,D,x, I), then is:

Dðv; d;D;x; IÞ ¼ I
1

1þ ðv�dþD=2Þ
x2=4

" #
þ 1

1þ ðv�d�D=2Þ
x2=4

" #
. ð5Þ

The number of site distributions was determined by
evaluating the v2 from the resulting fit. For all the sam-
ples described here, the spectra were deconvoluted satis-
factorily with one distribution for Fe3+ and one for
Fe2+. The parameters from these fits (redox ratio of iron,
hyperfine parameters, and hyperfine parameter distribu-
tion) are given in Table 2. The hyperfine parameter val-
ues, d and D, are those corresponding to the maximum
in the probability function in Eq. (2). The full width at
half height (FWHH) of the probability functions will be
referred to as wd and wD.

Examples of the total probability function,
P ðdi;Di; rdi ; rDi ; hiÞ (see Eqs. (1) and (2)), from such fits are
shown in Fig. 3 with the deconvolution of the absorption
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envelope shown in Fig. 4. There is a fairly wide distribution
of quadrupole splitting and isomer shift for both Fe3+ and
Fe2+ (Fig. 3). The FWHH of the probability functions of
both isomer shift and quadrupole splitting typically is 0.1–
0.7 mm/s (Table 2). These values are similar to those of Wil-
ke et al. (2002) from Mössbauer spectra of hydrous SiO2–
NaAlSi3O8–CaAl2Si2O8–H2O–Fe–O glass, but differ from
those of Alberto et al. (1996) from spectra of CaO–SiO2–
Fe–O glass. In the latter case, the isomer shift distribution
of Fe3+ was narrower than that of the present study.
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It is not clear why this is so as there is no reason why there
might not be an equally wide distribution of the hyperfine
field of both Fe3+ and Fe2+.

3.2. Temperature of Mössbauer data acquisition

The hyperfine parameters, their distribution, and redox
ratio of iron (area ratio of absorption doublets—Fig. 4) from
the fits to all the Mössbauer spectra recorded both at 298 and
77 K are given in Table 2. The values of the hyperfine param-
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eters and the area ratio of the absorption doublets depend on
temperature during the Mössbauer data acquisition.

The isomer shift values change by between 5 and
10 · 10�4 mm/s K, a value in agreement with other data
(e.g., Virgo and Mysen, 1985; Alberto, 1995). The area ra-
tio of the absorption doublet, AFe3+/AFe2+, is consistently
lower in the 77 K spectra than in the 298 K spectra. This
difference reflects differences in recoil-free fraction of
Fe3+ (fFe3+) and Fe2+ (fFe2+) of these glasses.

The area ratio, AFe3+/AFe2+, is related to the redox ratio,
Fe3+/Fe2+, as:

Fe3þ=Fe2þ ¼ ðfFe2þ=fFe3þÞðAFe3þ=AFe2þÞ. ð6Þ
The recoil-free fraction, f, at temperature, T, is (Alberto, 1995):

f ¼ exp½ðdðln AÞ=dT ÞT �. ð7Þ
The ratio of recoil-free fractions, fFe2+/fFe3+, ranges from 0.83
to 0.96, with average values of 0.87 ± 0.02, 0.92 ± 0.02, and
0.89 ± 0.03, for Mg0.5AlSi2O6, Ca0.5AlSi2O6, and NaAl-
Si2O6 compositions, respectively (Table 3). Within uncer-
tainty (standard error of the average), the fFe2+/fFe3+-ratio
does not show any systematic relationship to the iron con-
tent [or Fe/(Fe + Al)] or on the form in which iron is added
to the samples. In view of these observations, the actual
Fe3+/Fe2+-ratios of the samples in the three aluminosilicate
systems were corrected from the 298 K Fe3+/RFe-values in
Table 2 with the average fFe3+/fFe2+-values in Table 3 via
Eq. (6).

3.3. Redox relations and hyperfine parameters of ferric and

ferrous iron

The Fe3+/RFe of the glasses increases with total iron
content regardless of silicate composition or the form in
Table 3
Ratio of recoil-free fraction of ferrous and ferric iron, fFe2+/fFe3+, from
Mössbauer measurements at 77 and 298 K (Table 2)

Sample Composition Fe/(Fe + Al) fFe2+/fFe3+

OX1 NaAlSi2O6 + Fe2O3 0.05 0.93
OX4 NaAlSi2O6 + Fe2O3 0.1 0.86
OX5 NaAlSi2O6 + Fe2O3 0.15 0.87
OX6 NaAlSi2O6 + Fe2O3 0.2 0.88
OX13 NaAlSi2O6 + NaFeO2 0.05 0.88
OX16 NaAlSi2O6 + NaFeO2 0.2 0.96
OX19 NaAlSi2O6 + NaFeO2 0.15 0.83
Average 0.89(2)a

OX2 Ca0.5AlSi2O6 + Fe2O3 0.05 0.90
OX7 Ca0.5AlSi2O6 + Fe2O3 0.1 0.93
OX8 Ca0.5AlSi2O6 + Fe2O3 0.15 0.90
OX9 Ca0.5AlSi2O6 + Fe2O3 0.2 0.95
Average 0.92(2)

OX3 Mg0.5AlSi2O6 + Fe2O3 0.05 0.89
OX10 Mg0.5AlSi2O6 + Fe2O3 0.1 0.90
OX11 Mg0.5AlSi2O6 + Fe2O3 0.15 0.83
OX12 Mg0.5AlSi2O6 + Fe2O3 0.2 0.85
Average 0.87(3)

a Number in parentheses denotes standard error of the average.
which iron was added (Fig. 5). An increase of Fe3+/RFe
with total iron content agrees with data for other composi-
tions and iron contents (e.g., Larson and Chipman, 1953;
Mysen et al., 1984; Lange and Carmichael, 1989; Kress
and Carmichael, 1991).

The Fe3+/RFe also depend on the composition of the
silicate and to a much lesser extent the form in which
the iron oxide was added. It decreases in the order NaAl-
Si2O6 > Ca0.5AlSi2O6 > Mg0.5AlSi2O6 (Fig. 5). In other
words, the redox ratio of ion, Fe3+/RFe, decreases with
Z/r2 (ionization potential) of the cation that charge-bal-
ances Al3+ in tetrahedral coordination in the glasses and
melts. This negative correlation is similar to that observed
in other silicate melts whether the charge-balances cation
tetrahedrally coordinated Al3+ or is a network-modifier
in the melt (Paul and Douglas, 1965; Mysen et al., 1984,
1985a; Mysen and Virgo, 1989; Burkhard, 2000). The
Fe3+/RFe-ratio depends slightly on whether iron oxide
as added as Fe2O3 (no charge-balance) or in charge-bal-
anced form (Fig. 5B). The type of charge-balancing cation
does not, however, affect Fe3+/RFe.

The hyperfine parameters corresponding to the maxi-
mum in the probability function (dFe3+, dFe2+, DFe3+, and
DFe2+) and hyperfine parameter distributions themselves
(wd

Fe3þ , wd
Fe2þ , wD

Fe3þ , and wD
Fe2þ ) depend on the composi-

tion of the glass (Table 2; Figs. 6 and 7). For ferric iron,
the dFe3+ in both the NaAlSi2O6 and Ca0.5AlSi2O6 glasses
for the most part is less than 0.3 mm/s at 298 K. For the
Fe-bearing Mg0.5AlSi2O6 melts, the dFe3+ exceeds 0.4 mm/
s for the samples with the lowest iron content. Regardless
of the form in which iron oxide was added (Fe2O3,
NaFeO2, CaFe2O4, and MgFe2O4), the dFe3+ remains
nearly the same for each of the aluminosilicates
(Fig. 6A; Table 4).

The dFe3+ decreases slightly with increasing ferric iron
content (Fig. 6). For a given total iron content dFe3+ decreas-
es in the order Mg0.5AlSi2O6 > Ca0.5AlSi2O6 > NaAlSi2O6.
This relationship of dFe3+ to cation properties is similar to
those seen for other glass systems (Mysen et al., 1984,
1985a; Mysen and Virgo, 1989; Burkhard, 2000).

The full width at half height of the probability function
of dFe3+, wd

Fe3þ , ranges from �0.15 ± 0.05 mm/s for glasses
in the Mg0.5AlSi2O6 system to 0.2–0.4 mm/s for glasses in
the Ca0.5AlSi2O6 and NaAlSi2O6 systems (Fig. 6A). The
latter range diminishes somewhat with increasing Fe2O3

content. In none of the systems does the form in which iron
oxide was added to the melt affect wd

Fe3þ significantly. Only
the aluminosilicate composition has an effect on wd

Fe3þ .
The quadrupole split values of Fe3+, DFe3+ (Fig. 6B),

show a more distinct separation between the three different
aluminosilicate melts than does the isomer shift, dFe3+

(Fig. 6A). The relationship is DFe3+(Mg0.5AlSi2O6) > DFe3+

(Ca0.5AlSi2O6) > DFe3+(NaAlSi2O6) with values near 1.6 mm/s
for Mg0.5AlSi2O6 melts and values near 1.5 and 1.2 mm/s
for Ca0.5AlSi2O6 and NaAlSi2O6 melts, respectively. The
DFe3+-values decrease with increasing Fe2O3 content
(Fig. 6B). There is no apparent effect on DFe3+ of the form



Fig. 5. Redox ratio of iron, Fe3+/RFe, (A) as a function total amount of iron oxide added (calculated as mol% Fe2O3) for the three aluminosilicate
compositions with iron added as indicated in the panels, (B) as a function of the form in which iron oxide was added for the three aluminosilicate
compositions. The redox ratio is that obtained after correction for the ratio of recoil-free fractions, fFe2+/fFe3+, as discussed in the text. These ratios are,
therefore, slightly lower than those given in Table 2 (uncorrected Mössbauer data). Error bars from Mössbauer fitting errors. No error bar shown when
error is smaller than symbol size.
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in which iron oxide was added to the starting materials
(Fe2O3, NaFeO2, CaFe2O4, and MgFe2O4). The wD

Fe3þ

from the alkaline earth systems is tightly constrained near
0.6 mm/s, whereas for glasses in the NaAlSi2O6 system,
the wD

Fe3þ shows a wider range (Fig. 6B). The average value
of wD

Fe3þ from NaAlSi2O6 glass is, however, consistently
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compositions indicated in individual figures. The Fe2O3 content is that obtained after correction for the ratio of recoil-free fractions, fFe2+/fFe3+, as
discussed in the text. Error bars from Mössbauer fitting errors. No error bar shown when error is smaller than symbol size.
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lower than the values from Ca0.5AlSi2O6 and Mg0.5AlSi2O6

glasses (Table 4). As for wd
Fe3þ the wD

Fe3þ decreases slightly
with increasing Fe2O3 content at least in the alkaline earth
systems (Figs. 6A and B).

The hyperfine parameters of Fe2+ are less sensitive to
iron content than those of Fe3+ (Figs. 6 and 7). The values
of both dFe2+ and DFe2+ depend, however, on the aluminosil-
icate composition and increase in the order Mg0.5Al-
Si2O6 > Ca0.5AlSi2O6 > NaAlSi2O6 (Fig. 7), which is
similar to the behavior of DFe3+ (Table 4). As for the isomer
shift distribution of Fe3+, the wd

Fe3þ from the alkaline earth
glasses is more tightly constrained than for the alkali sili-
cate glasses (Figs. 6A and 7A). Their wd

Fe2þ -range and aver-
age values are also smaller than for NaAlSi2O6 glass
(Fig. 7A; Table 4). The wD
Fe2þ -values also resemble the

wD
Fe3þ in that their range is narrower in the alkaline earth

glasses than in NaAlSi2O6 (Fig. 7B). In contrast to wD
Fe3þ ,

the average wD
Fe2þ of NaAlSi2O6 glasses is smaller than

those of Ca0.5AlSi2O6 and Mg0.5AlSi2O6 (Table 4).

4. Discussion

The redox relations and hyperfine parameters of Fe3+

and Fe2+ are not dependent on the nature of Fe3+-charge-
balancing cations of the iron oxide dissolved in the glasses
and melts. It seems, therefore, that for Fe3+ predominantly
in tetrahedral coordination, some of the alkali or alkaline
earth that charge-balance Al3+ in the aluminosilicate glasses



0.6

0.4

0.2

0.0
76543210

0.6

0.4

0.2

0.0
76543210

0.6

0.4

0.2

0.0
76543210

1.6

1.5

1.4

1.3

1.2

1.1

1.0
76543210

1.6

1.5

1.4

1.3

1.2

1.1

1.0
76543210

1.6

1.5

1.4

1.3

1.2

1.1

1.0
76543210

Fe2O3, mol % Fe2O3, mol %

Fe2O3, mol % Fe2O3, mol %

Fe2O3, mol % Fe2O3, mol %

Δ F
e3

+
, m

m
/s

ω
Δ F

e3
+, 

m
m

/s

Δ F
e3

+
, m

m
/s

ω
Δ F

e3
+, 

m
m

/s

Δ F
e3

+
, m

m
/s

ω
Δ F

e3
+, 

m
m

/s

NaFeO2
CaFe2O4
MgFe2O4
Fe2O3

NaFeO2
CaFe2O4
MgFe 2O4
Fe2O3

NaFeO2
CaFe2O4
MgFe2O4
Fe2O3

NaFeO2
CaFe2O4
MgFe2O4
Fe2O3

NaFeO2
CaFe2O4
MgFe2O4
Fe2O3

NaFeO2
CaFe2O4
MgFe2O4
Fe2O3

NaAlSi2O6

Ca0.5AlSi2O6

Mg0.5AlSi2O6

NaAlSi2O6

Ca0.5AlSi2O6

Mg0.5AlSi2O6

B

Fig. 6. (continued)

2348 B.O. Mysen 70 (2006) 2337–2353
may be transferred to Fe3+ or Fe3+ in 4-fold coordination
forms some form of a complex with Fe2+ as proposed, for
example, by Virgo and Mysen (1985) and Kress and Carmi-
chael (1991). There is, therefore, no evidence in the Möss-
bauer spectra that specific alkalis or alkaline earths may
exhibit a preference for charge-balance of Al3+ and Fe3+

in tetrahedral coordination.
There is no single value of the hyperfine parameters of

the Fe3+ and Fe2+ from the Mössbauer spectra of these
glasses. Instead, there is a distribution of the d- and D-val-
ues reflecting a distribution of the oxygen coordination
numbers and the extent of distortion of the Fe3+–O and
Fe2+–O polyhedra. A range in oxygen coordination num-
bers are consistent with other spectroscopic data suggesting
the oxygen coordination numbers between 4 and 6 (Rossa-
no et al., 2000; Wilke et al., 2002; Farges et al., 2004; Jack-
son et al., 2005). These ranges notwithstanding, there are
distinct maxima in the probability functions of the Fe2+
and Fe3+ hyperfine field distributions (Fig. 3). The dFe3+

and dFe2+ maxima correspond to the most probable oxygen
coordination number for Fe3+ and Fe2+. The DFe3+ and
DFe2+ maxima reflect the most probable extent of Fe3+–O
and Fe2+–O polyhedral distortion.

4.1. Ferric iron

The dFe3+-values may be compared with isomer shift val-
ues of Fe3+ in crystalline iron silicates to estimate the most
probable coordination number of Fe3+ in the silicate glass-
es. For iron-bearing crystalline materials, there are system-
atic relations between the isomer shift and the oxygen
coordination number (Burns, 1994). For Fe3+, isomer
shifts near 0.3 mm/s and below (at 298 K) are typical for
Fe3+ in 4-fold coordination with oxygen, whereas values
above about 0.4 mm/s are typical for Fe3+ in 6-fold coordi-
nation with oxygen. From these simple relationships, we
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would conclude that Fe3+ in tetrahedral coordination is the
most probable structure in all samples except some of the
low-Fe Mg0.5AlSi2O6 where the isomer shift exceeds
0.4 mm/s (Fig. 8). The latter values are consistent with
higher oxygen coordination in those melts. Similar conclu-
sions have been reported for other glass samples (Virgo and
Mysen, 1985; Dingwell and Virgo, 1987; Jayasuriya et al.,
2004). The correlation of dFe2+ with the Fe3+/RFe
(Fig. 8A) agrees with earlier suggestions that the structural
role of ferric iron in silicate glasses and melts depends on
the ferric/ferrous ratio (O’Horo and Levy, 1978; Virgo
and Mysen, 1985; Dingwell and Virgo, 1987; Kress and
Carmichael, 1991). There remains, however, a distribution
of dFe3+-values regardless of Fe3+/RFe, which is consistent
with a range of oxygen coordination numbers regardless
of the oxidation state of the melt or glass. As the average
wd

Fe3þ of Mg0.5AlSi2O6 glass is smaller than those of
Ca0.5AlSi2O6 and NaAlSi2O6 (Table 4), the range of oxy-
gen coordination numbers of Fe3+ in the Mg0.5AlSi2O6

glasses is the smallest.
The most probable quadrupole split values are also sen-

sitive to the redox ratio, Fe3+/RFe, and decrease with
increasing Fe3+/RFe (Fig. 8C). Thus, one may suggest that
the extent of distortion of the Fe3+–O polyhedra diminish-
es as the glasses become increasingly oxidized. There re-
mains, however, a range in extent of polyhedral
distortion as seen in the relationship between wD

Fe3þ and
Fe3+/RFe (Fig. 8D). The range of distortion is smaller in
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NaAlSi2O6 glasses than in Ca0.5AlSi2O6 and Mg0.5AlSi2O6

glasses (Fig. 6B; Table 4), which may reflect greater steric
hindrance in the latter two glasses.

4.2. Ferrous iron

As for Fe3+, a primary guide to the use of isomer shifts
as an indicator of oxygen coordination numbers is the com-
parison with isomer shift values from crystalline Fe-bearing
silicates. In the summary of such data by Burns (1994),
dFe2+ near 0.9 mm/s or less of crystalline Fe2+-silicates is
observed when Fe2+ is in 4-fold coordination. Values
above 1 mm/s are found when Fe2+ is in 6-fold coordina-
tion with oxygen. Jackson et al. (2005) proposed that val-
ues intermediate between these dFe2+-values may reflect
ferrous iron in 5-fold coordination although they did not
document this statement. Other suggestions for the coordi-
nation state of Fe2+ in silicate melts and glasses from other
structural studies are, however, less than clear. For exam-
ple, from an X-ray absorption study of another alkaline
earth silicate glass, 2FeO Æ 4MgO Æ 4CaO Æ SiO2, Calas and
Petiau (1983) concluded that Fe2+ was in 4-fold coordina-
tion. Simulation of the structure of CaFeSi2O6 glass by
Rossano et al. (2000) was interpreted to suggest that
Fe2+ exists in 4- and 5-fold coordination. Waychunas
et al. (1988) and Jackson et al. (1993) concluded similarly
from X-ray absorption studies of Fe2+-silicate glasses and
melts. In contrast, optical absorption spectra of Fe2+-sili-
cate glasses commonly have been reported consistent with
ferrous iron in 6-fold coordination (Bell and Mao, 1974;
Nolet et al., 1979; Keppler, 1992), and, thus, is a net-
work-modifier. Wang et al. (1993), from Raman data on
Na2O Æ SiO2 Æ FeO Æ Fe2O3 melts and glasses, also conclud-
ed that Fe2+ is a network-modifier.

The most probable dFe2+-values from the Mössbauer spec-
tra of the present glasses range from about 0.95 mm/s for the
most Fe-rich NaAlSi2O6 glasses to as much as 1.15 mm/s for
glasses in the Mg0.5AlSi2O6 system (Table 2). There is an



Fig. 8. Hyperfine parameters and their distributions of Fe3+ as a function of redox ratio, Fe3+/R Fe. (A) Isomer shift at maximum of probability function,
dFe3+. (B) Isomer shift distribution, wd

Fe3þ . (C) Quadrupole splitting at maximum of probability function, DFe3+. (D) Quadrupole splitting distribution,
wD

Fe3þ .

Table 4
Average values of hyperfine parameters (d and D) and their distributions (wd and wD) (mm/s)

dFe3+ wd
Fe3þ DFe3+ wD

Fe3þ dFe2+ wd
Fe2þ DFe2+ wD

Fe2þ

NaAlSi2O6 + Fe2O3 0.28(2)a 0.24(5) 1.20(5) 0.5(1) 0.97(2) 0.37(3) 1.89(6) 0.4(1)
Ca0.5AlSi2O6 + Fe2O3 0.30(2) 0.21(1) 1.47(2) 0.6(1) 1.068(7) 0.18(2) 1.93(3) 0.508(5)
Mg0.5AlSi2O6 + Fe2O3 0.38(2) 0.14(2) 1.55(5) 0.59(6) 1.11(2) 0.21(3) 1.99(2) 0.48(4)

NaAlSi2O6 + NaFeO2 0.28(3) 0.27(5) 1.2(1) 0.15(4) 1.01(6) 0.26(2) 1.8(1) 0.4(1)
Ca0.5AlSi2O6 + NaFeO2 0.28(2) 0.31(4) 1.4(1) 0.61(3) 1.04(2) 0.18(6) 1.96(5) 0.52(7)
Mg0.5AlSi2O6 + NaFeO2 0.33(4) 0.14(1) 1.52(5) 0.55(9) 1.08(2) 0.13(2) 1.98(1) 0.54(3)

NaAlSi2O6 + CaFe2O4 0.27(2) 0.23(2) 1.16(6) 0.28(8) 0.99(2) 0.37(5) 1.8(1) 0.18(4)
Ca0.5AlSi2O6 + CaFe2O4 0.28(1) 0.32(6) 1.46(7) 0.65(6) 1.05(2) 0.19(5) 1.95(9) 0.48(1)
Mg0.5AlSi2O6 + CaFe2O4 0.30(2) 0.16(2) 1.57(4) 0.57(5) 1.09(1) 0.16(2) 1.976(6) 0.50(2)

NaAlSi2O6 + MgFe2O4 0.27(1) 0.31(4) 1.19(7) 0.15(4) 0.97(4) 0.28(2) 1.82(8) 0.3(1)
Ca0.5AlSi2O6 + MgFe2O4 0.29(1) 0.32(6) 1.49(6) 0.63(3) 1.07(2) 0.16(1) 1.94(3) 0.49(2)
Mg0.5AlSi2O6 + MgFe2O4 0.33(4) 0.123(6) 1.53(3) 0.57(9) 1.08(1) 0.10(5) 1.988(6) 0.54(5)

a Number in parentheses denotes standard error of the average.
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increase of the most probable average dFe2+-values from
NaAlSi2O6, via Ca0.5AlSi2O6, to Mg0.5AlSi2O6 (Table 4).
On this basis, one might conclude that Fe2+ exists in a
range of coordination states, from something resembling
4 in the Fe-bearing NaAlSi2O6 system to 5- or 6-fold
coordination in alkaline earth aluminosilicates (Ca0.5Al-
Si2O6 and Mg0.5AlSi2O6). Whether these relations are
governed by the electronic properties of Na+, Ca2+, and
Mg2+ in the aluminosilicate glasses or by Fe3+/RFe,
which depends on the same parameters (Fig. 5), is not
clear. We note, however, that there is considerable over-
lap in the dFe2+ vs. Fe3+/RFe relations among the three
aluminosilicate glasses (Fig. 9A). This overlap may sug-
gest that the dFe2+ is controlled by Fe3+/RFe, which, in



Fig. 9. Isomer shift and isomer shift distribution of Fe2+ as a function of redox ratio, Fe3+/RFe. (A) Isomer shift at maximum of probability function,
dFe2+. (B) Isomer shift distribution, wd

Fe2þ .
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turn is governed by the aluminosilicate composition. In
other words, the oxygen coordination number around
Fe2+ appears related to the redox ratio of iron and not
the aluminosilicate composition. Whether the distribution
of the coordination numbers, expressed as wd

Fe2þ , also de-
pends on Fe3+/RFe is less clear (Fig. 9B).

The systematics of the most probable oxygen coordina-
tion numbers of Fe2+ notwithstanding, the present Möss-
bauer data are consistent with suggestions that there is a
range of oxygen coordination numbers around the most
probable value. This conclusion in principle is in accord
with other recent suggestions of Rossano et al. (1999), Far-
ges et al. (2004), and Jackson et al., 2005). The systematic
relationships between the most probable coordination
number, expressed as dFe2+, and Fe3+/RFe lead to the con-
clusion that the increasing Fe3+/RFe is associated with
smaller coordination numbers of Fe2+.

5. Concluding remarks

1. The redox ratio of iron in silicate glasses (and probably
melts), Fe3+/RFe, is a positive function of the total iron
content. Its value in aluminosilicate glasses does, how-
ever, depend on the electronic properties of the cation
serving to charge-balance Al3+ in tetrahedral coordina-
tion. This relationship is qualitatively similar to that of
depolymerized silicate glasses, where electronic proper-
ties of network-modifying cations have similar effect on
Fe3+/RFe.

2. The probability functions of the hyperfine parameters are
consistent with a range of coordination states and extent
of distortion of iron–oxygen polyhedra in glasses. This
range decreases somewhat with increasing iron content
of the glasses. However, the most probable coordination
states (from isomer shifts) of both Fe3+ and Fe2+ are sys-
tematic functions of Fe3+/RFe. Increasing Fe3+/RFe
causes a decrease in the coordination number of both
Fe2+ and Fe3+. The extent of polyhedral distortion (from
quadrupole splitting) appears less sensitive to the redox
state of iron. However, both Fe3+–O and Fe2+–O polyhe-
dra become increasingly distorted as the ionization
potential of alkali and alkaline earths in the system
increases.
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