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Structure and redox equilibria of iron-bearing silicate melts
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Abstract

Redox equilibria and coordination states of iron in silicate melts have been determined
with Mrissbauer spectroscopy. The anionic structure of the silicate network of the melts has

been determined with laser Raman spectroscopy.
Mcissbauer spectroscopic data indicate that in all quenched melts in the system NazO-

FeO-FerOr-SiO, at I atm pressure, ferric iron is in tetrahedral coordination, probably as an

NaFeOz complex. For example, melt of NaFe3*SirOu composition quenched from 1400'C

has a three-dimensional network structure. In all melts, the Fe2* is octahedrally coordinated
with oxygen.

Both Fe3* and Fe2* are network modifiers in the system CaO-MgO-FeO-FerO:-SiOz,
probably because CaFerOo and MgFe2Oo complexes are not stable in molten silicates. Only

alkali metals can stabilize ferric iron in tetrahedral coordination.

Quenched melts along joins such as NarSiOr-NaFeSirOu become progressively more po-

lymerized as the acmite content of the system increases. Underl(Or) conditions more reduc-

ing than that of air, Fe2*/)Fe of the melts also increases with increasing acmite content (in-

creasing degree of polymerization) of the melt. At fxed bulk composition iron-bearing melts

of alkali silicates become depolymerized with decreasingl(O) because NaFeO2 complexes in

the silicate network are transformed to Fe2*O:o- octahedra, whereby ferrous iron becomes a

network modi-fier.
The Raman spectra are interpreted to suggest that the anionic structure of quenched meta-

silicate melts on the join CaSiO3-MgSiO3 predominantly consists of three structural units-

separate Siox- tetrahedra, Sirol- and Sirof- units. The proportions of siox- and si'ol-

units increase relative to that of SirO?- units as the Ca/(Ca + Mg) of the melt increases. In

melts on this join with 5 mole 7o FeSiO3 component added, the Fez*/I,Fe decreases with in-

creasing Ca/(Ca + Mg).This decrease is related to the increased degree of proportionation of

the SirO:- units to SiOl- and SirOl- units with increasineCa/(Ca + MC).
Provided that sufficient alkali metal is available in rock-forming silicate melts for local

charge balance of Fe3*, the ferric iron will be in the network. A progressive decrease of M* /
Ivf, of a magma (as a result of fractional crystallization, for example) will result in ferric

iron shifting from IV to VI coordination, thus changing the anionic structure of the melt.

This change will also change some properties of the melt such as viscosity and density and

the activitv coeftcients of trace elements.

Introduction

The redox ratio of iron in rock-forming silicate
melts is often used as an indicator of petrogenetic
history (e.g., Fudali, 1965). Its partitioning behavior
between melts and crystals has also been used to de-
duce the petrogenetic history of basaltic and deriva-
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tive melts (Osborn, 1959, 1962, 1977; Catmichael,
1967; Buddington and Lindsley, 1964; Roeder and
Emslie, 1970).

Recent experimental work has been devoted to de-
termining the influence of both intensive and exten-
sive variables on the redox ratio of iron in silicate
melts (Lauer,1977; Lauer and Morris, 1977; Schrei-
bet et a1.,1978; Mysen and Virgo, 1978). The prob-
lem is complex because iron may not simply respond
to variations in melt structure; rather it may affect
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the melt structure in important ways. Furthermore,
the iron component in a melt can play a dual role be-
cause Fe can be both tetrahedrally and octahedrally
coordinated. The structural role of iron is controlled
by an involved interrelationship between degree of
polymerization of the host, types of cations present,
amount of iron present and its oxidation state (Waff,
1977). ln an attempt to understand these problems, a
study of the anionic structure of quenched Fe-bear-
ing silicate melts has been undertaken. In this report
the structural role of iron as a function of oxygen
fugacity and bulk composition of the melt is empha-
sized.

Experimental techniques

Bulk compositions were chosen to determine the
relations between redox states of iron and the ratio of
nonbridging to bridging oxygen in the melt (NBO/
BO) and the effect of different modifying cations on
the structural role of ferric and ferrous iron. Such an
efect is most conveniently studied in systems like
Na,O-FeO-Fe,O.-SiO,(Nnns) and CaO-MgO-
FeO-FerOr-SiO, (crranns) because structural data on
melts in portions of these systems are already avail-
able (Brawer and White, 1975, 1977; Etchepare,
1972; Brown et al., 1918; Mysen and Virgo, 1978, in
preparation; Seifert et al., l979a,b; Mysen et al.,
1979; Virgo et al., 1980). The NBO/BO varies as a
systematic function of Na content of melts on the
join NarO-SiOr, for example (Brawer and White,
1975). It is also known that the anionic structure of
quenched metasilicate melts is similar for a larger va-
riety of network-modifying cations (Brawer and
White, 1975,1977; Verweij and Konijnendijk, 1976;
Yirgo et al., l98O; Mysen et al., 1980).

The starting materials were prepared from spectro-
scopically pure (Johnson and Matthey) SiOr, FerOr,
MgO, CaCOr, and reagent grade NarCOr.

The mixtures, (10-30 mg) were held at 1400-
1585"C as beads on the Pt-wire loops in air or in a
gas mixing furnace for time periods ranging from 6
to l/2 hr, depending on the temperature of the ex-
periment. Mysen and Virgo (1978) determined redox
ratios of iron in melts on the join NaAlSirOu-
NaFe3*SirO6 as a function of time at 1450"C, and
found that at that temperature a sample of about 50
mg would equilibrate with the surrounding atmo-
sphere in about l/2 hr. The present samples gener-
ally are less viscous than those studied by Mysen and
Virgo. It is likely, therefore, that>l/2 hr run dura-
tions are sufficient to attain equilibrium.

The samples are quenched in air, mercury, or liq-

uid nitrogen to produce glasses of the appropriate
compositions. The compositions given here are nomi-
nal values.

The M<issbauer spectroscopic techniques were
identical with those of Mysen and Virgo (1978). Ex-
cept for the magnetic spectra (see below), a maxi-
mum of three lines were visually resolved when both
ferric and ferrous iron were present in the quenched
glasses, and only up to three lines of Lorentzian
shape were fitted to the spectra. The absence of any
splitting or even significant broadening of the low-
velocity line indicates that the position of the low-
velocity component of the ferric doublet closely
matches that of the low-velocity component of the
ferrous doublet, so that the sum of these two lines
can be treated numerically as a single line. Further
justification for this procedure can be derived from
the position of the low-velocity line in largely ferrous
and completely ferric samples. For instance, in glass
of acmite compogition the velocity changes from
-0.132 mm/sec (relative to metallic iron) in the re-
duced sample to -0.237 mm/sec in the oxidized
sample, a small change compared with the half-width
of these absorption lines (about 0.60 mm/sec).

The Fe'z*/)Fe values have been calculated from
the area ratios ofthe ferrous and ferric doublets (see
also Mysen and Virgo, 1978). When only two lines
(due to the ferrous doublet) can be observed, any de-
viation of the Fe2*/)Fe value from I will be re-
flected in the inequality of peak areas. An example of
this effect is the relation between.,i(Or) and Fe2* /ZFe,
as discussed further below. The Fe'*/)Fe is calcu-
lated from the difference ofthe peak areas. The relia-
bility of Fe3*,/)Fe of glasses determined with Mciss-
bauer spectroscopy was discussed in some detail by
Mysen and Virgo (1978), who also reported com-
parative studies using wet-chemical analysis as an
additional technique. Comparative studies g5ing wet-
chemical and Mcissbausl lsshniques for determina-
tion of Fe3*/)Fe were also conducted by Bancroft
and Burns (1969) and Bancroft et al. (1969). In those
studies, there generally was agreement between the
results with the two methods. Whenever dis-
crepancies arose, the wet-chemical technique gave
higher Fe'*/)Fe. Replicate wet-chemical analysis of
such samples brought the results into agreement. It
should be mentioned in this context that the wet-
chemical techniques used are oxidation techniques.
It is not surprising, therefore, that if there are
discrepancies, they tend to be on the side of too much
ferric iron. Kurkjian (1970) used published redox ra-
tios of iron-bearing glasses on the join NarO-SiOr-



FeO-FerO. based on wet-chemical analysis (where

no report on technique for wet-chemical analysis is
given) and compared the results from those uncha-
racterized samples with Mossbauer results obtained

by him on a new set of samples. In that study, results

with both higher and lower Fe'*/)Fe values were re-
ported. lnasmuch as the samples used in that study

were not described appropriately, one cannot assess
the quality of either the wet-chemical or the Mdss-

bauer results. Therefore, the conclusions drawn by
Kurkjian (1970) are open to question.

The Raman spectra were taken on small chips of
quenched melts (- 0.5-1.0 mm cubes) that were free

of bubbles. The spectra were recorded with a Jobin-

Yvon optical system, holographic grating, double
monochromator (HG25), and a photon-counting de-

tection system. The spectra were recorded at about 3

cm-',/sec. The iron-free samples were excited with

the 488.0 nm line of an Ar* laser, using a laser power

of 200-400 mW at the sample with a 90o scattering
geometry. The iron-bearing samples were excited
with the 647.1 nm line of the Kr* ion laser also oper-
ated at 200-400 mW. Polarized spectra were ob-
tained with the focused exciting beam parallel to the
horizontal spectrometer slit and with the electric vec-

tor of the exciting radiation in a vertical orientation.
A sheet of polarizer disk in front of an optical scram-
bler was used to record separately the parallel and
perpendicular components of the scattered radiation.

As a matter of routine, replicate spectra from the

same chips, from different chips of the same experi-
mental run product, and from replicate experimental
run products were also taken.

Results and discussion

M'o s sb aue r sp e c tr o s c o p y

The hyperfine parameters calculated from the
Mdssbauer data on quenched melts in the system
NarO-FeO-FerO.-SiO, are shown in Table l.
Spectra of  crysta l l ine acmite,  composi t ion
NarFe'*SLO,, (Bowen et al., 1930) and a ferrous-

bearing akermanite (50 mole percent FeAk-50 rrole
percent Ak) were also taken (Table 2), in order to
determine the hyperfine parameters for ferric iron in
octahedral coordination and ferrous iron in tetrahe-
dral coordination.

In all quenched melts on the join NarSiOr-
NaFe'*SirO" (NS-Ac) in air, the absence of any ab-
sorption peak at about 1.8 mm,/sec and the equal in-
tensity and half-width of the two-component peaks

of the doublet indicate that more than 95 percent of

Table l. Hyperfine parameters of ferric iron of quenched melts on

the join Na2Si03-NaFe3+Si2O6 at 1400'C in air (mm/sec)

Compos i t ion
1+

I s  ( F e '  )
?+

Q S  ( F e - '  )
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NS85Ac15
N S 7 5 A c 2 5
NS50Ac50
N S 2 5 A c 7 5
Ac100

0 . 2 6 4
0 , 2 3 2
0  . 2 2 7
0 . 2 4 9
0 . 2 4 9

o . 8 4 7
o . 8 3 2
0 . 7 3 2
0.  906
0 . 9 7 L

ts1t,e3+1, isomer shift of Fe3+ telative to metaLTic

i ron .  Qs(Fe3+) ,  quadrupoTe sp l - i t t ing  o f  Fer+ .

the iron is in the ferric state (Fig. l). In quenched
melts with 6 mole percent or less Ac (NS94Ac6), an
additional line is observed at about 1.5 mm/sec (Fig.
2) and the tail region of the envelope extends to at
least 7.5 mm,/sec. In spectra taken at 77K (Fig. 28)
individual lines appear in this tail region, which con-
stitutes a broadened magnetic sextet pattern superim-
posed on a doublet. The magnetic splitting suppos-
edly arises from long relaxation times of spin-spin
interactions of Fe3* at these low iron concentrations
(Bhargava et al., 1979).

The quenched melts on the join NS-Ac with more
than 6 mole percent acmite component but with
NarO < SiOr, quenched in air, show similar features.
We conclude, therefore, that all iron is in the ferric
state (within the detection lirnit, <95Vo) in the melts
in the system NarO-FerOr-SiO, when equilibrated in
air.

The M<issbauer spectra of the melts in the system
NarO-FerO3-SiO, show a visually resolved doublet
(Fig. l) with isomer shifts in the range between 0.23
andO.26 mm,/sec and quadrupole splitting from 0.79
to 0.97 mm/sec (Table l). These values compare with
isomer shift values of 0.38-0.40 mm/sec and quad-
rupole splitting of 0.30 mm/sec, respectively, for the
two crystalline phases with Fe'* in octahedral coordi-
nation (Fig. l; see also Table 2).

Only compositions with small amounts of sodium
metasilicate component have been investigated at
low oxygen fugacity because of excessive sodium loss
from the depolymerized melts close to the NarSiO,
composition (Seifert et al., 1979a). Even in the more
Si- and Fe-rich compositions some loss of sodium to
the COrlCO vapor phase of the furnace may have
taken place, and the compositions studied may there-
fore not lie exactly on the join.

As the oxygen fugacity is lowered, the ferric dou-
blet in the Mdssbauer spectra becomes asymmetric,
and eventually a new line at -l.8mm/sec is ob-
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Table 2. Hyperfine parameters of iron-bearing crystalline materials (mm/sec)

Compos i t ion
?!

I S  ( F e - '  )
)+

I S  ( F e -  '  
)

?I t +
Q S  ( F e -  

'  
)

N a F e -  S i - O ,
n ,  Z  o

Na.FeJ -s i ,  o ,  
"- ) t

(caEei '  sizoz)so *or" y.(c^M]2sizoz)so mole %

0 . 3 9 9

0 . 3 7 7

0 . 9 5 8

0 .  3 0 1

0 .  3 0 0

2 . 3 9 4

rs (Fe3+) ,  i somer  sh i f t  o f  Fe3+ re la t i ve  to  Fe  meta f .  rs (Fe2+) ,  i somer  sh i f t  o f  Fe2+ re fa t i ve  to  Fe  meta f

Q5(Fe3+) ,  quadrupoTe sp l i x t ing  o f  Fe3+.  eS(Fe2+) ,  quac t rupoTe sp f i t t ing  o f  Fe2+.

served. The intensity of this new line increases as the
oxygen fugacity decreases (Fig. 3). Concomitantly,
the intensity of the high-velocity component of the
ferric doublet decreases until only two lines of nearly
equal area are observed (Fig. 3, Table 3), as also dis-
cussed above. The low-velocity component of this
doublet is more intense and has smaller line width
than the high-velocity component. The isomer shift
of the latter doublet (-0.95 mm/sec) is typical of fer-
rous iron, and the Fe'*/)Fe values could be deter-
mined from its area, as described in the section on
experimental techniques. The Fe'z*/)Fe values thus
derived show systematic relationships to both bulk

composition and oxygen fugacity (Fig. a). At con-
stant oxygen fugacity the Fe'z*/)Fe increases as the
acmite content of the quenched melt is increased
from 50 mole percent Ac toward pure acmite. At
constant bulk composition the Fe2*,/)Fe increases
with decreasing oxygen fugacity.

The M0ssbauer spectra of quenched melts in the
system CaO-MgO-FeO-FerOr-SiO, are shown in
Figures 5 and 6 (see also Table 4). In all samples, ex-
cept the two at MgSiO, * 5 mole percent FeSiO, at
1585'C and CaMgSirOu + I mole percent FeSiO, at
1425"C, a ferric iron doublet is visually resolved. The
line widths of the component peaks of the Mdssbauer

o
o

(!
c
o
o
q)

E

o

o
o
TT

Velocity mm/sec
0.0

Velocity mm/sec

Fig. l. 57Fe Mtissbauer spectra of the composition NFS5I8 (50 mole perccnt Na2SiOr-50 mole percent NaFes+$i2O6) in air. (A)
Quenched melt. (B) Crystalline.
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spectra of quenched metasilicate melts of the alkaline
earths are generally greater (0.8-0.9 mm/sec) than
those of alkali metasilicate melts with similar
amounts of iron present (0.5-0.6 mm/sec).

The isomer shift of ferric iron [IS(Fe3*)] of melts in
the system CMFFS is greater than 0.37 mm,/sec and
generally greater than 0.45 mm,/sec (Table 4). That
of ferrous iron [IS(Fe'?*)] is about I mm,/sec for all
compositions studied. The quadrupole splitting of
ferric iron is about I mm/sec and that of ferrous iron
is about 2 mm/sec.

0.0

Velocity mm/sec

The Fe'z*/lFe of quenched melts of alkaline earth
metasilicate melts as a function of temperature and
Ca/(Ca + Mg) and FeSiO, content of the starting
material in air is shown in Figures 7-9. No evidence
for a magnetic component was found in the Mdss-
bauer spectra of metasilicate melts of the alkaline
earths with low iron content. The Fe'z*/)Fe of melts
with 5 mole percent FeSiO: component added to the
starting material increases with decreasng Ca/(Ca +
Mg) in air at 1585oC (Fig. 8). Even the most oxidized
sample, however, contains about 50 percent ferrous

7 6. 7 6

Fig. 2. 57Fe Mcissbauer spectra of quenched melt of Na2SiO3 composition with I mole percent NaFe3*Si2O5. (A) 298K' (B) 77K.

Fig. 3. 5?Fe Mcissbauer spectra of quenched melts of composition NFS5I8 (see Fig. l) as a function of/(OJ at l400oC. (A)flOJ :

lO-a atm. (B)lor) : 10-6 atm. (c)./(or) : l0-8 atm.
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Table 3. Hyperfine parameters and area ratios of glasses in the system sodium metasilicate-acmite-Na2O'2Feo'4sio2 under reducing

condrtrons

?+
r e

?+
F e -

Compos i t ion ,
mole Z acmite

L o g  f ( 0 2 ) ,
F e -  / I F er s ,  Q S  ,

m/sec  m/sec
FWHHL FWHHH rs, QSI Fh'rrHl

m/ sec m/ sec
FhItH,,

n

- 4
- 6
- 8

- 6
- 8

- 1 0

0 . 2 5 3  0 . 8 3 3
0 . 2 6 4  0 . 1  4 4
0 . 1 8 2  0 . 4 6 8

0 . 2 6 0  0 . 8 7 9
0 . 2 8 3  0 . 1 5 9

0 . 2 4 9  0 . 8 8 4
0 . 3 0 2  0 . 6 9 1

0 . 5 5 6  0 . 6 0 3
0 . 5 6 8  0 . 7 3 2
0 .  s 3 4  0 . 8 9 8

0 . 5 8 3  0 . 5 9 1
0 . 6 0 9  0 . 1 2 0

0 .  5 9 3  0 .  6 1 1
0 . 6 1 8  0 . 6 9 9

0 .  9 3 8  2  . r 9 4
0 . 9 3 8  2 . 0 9 1
0 .  9 5 6  2 . 0 4 4

0 . 9 2 5  2 . 2 0 9
0 . 9 4 0  2 . 0 6 0
0 . 9 9 1  1 . 9 5 5
0 . 9 9 3  r . 9 4 J

0 . 8 8 8  2 . L 4 8
0 . 9 5 6  2 . 0 3 3
0 . 9 3 7  r . 9 3 7

0 . 5 3 9  0 . L 2 6
0 . 6 2 8  0 . 4 3 5
0 . 6 9 9  0 . 7 5 0

0 . 5 9 2  0 .  l l 7
o . 6 9 6  0 . 5 0 5

0 . 7 5 5  0 . 7 5 4  0 . 8 8 9
0 . 6 8 1  0 . 7 4 6  0 . 9 L 6

0 . 8 1 1  0 . 2 2 8
0 . 1 2 2  0 . 6 5 6

0 . 6 8 2  0 . 7 8 7  0 . 9 2 7

- 4
- 6
- 8

The conpositions are given in terms of the oxidized sgstem.
IS ,  i somer  sh i f t  re la t i ve  xo  mexaTf ic  i ron .  Qs,  quadrupoTe sp f i t t ing .  FWHH,  fu71 w id th  a t  ha l f  he igh t .

Indices H and L, high- and 7ow-veTocitg conponent peaks.

iron. The Fe'?*/)Fe also increases with increasing
temperature (Fig.9). We also noted that at similar
temperature, oxygen fugacity, and iron content,
about 50 percent of the iron is ferrous in quenched
matasilicate melts of the alkaline earths whereas all
the iron is ferric in sodium metasilicate melts (Figs. 4
and 9).

The structural role of iron in the quenched melts
can be determined to a large extent from its coordi-
nation to oxygen, which is reflected by the hyperfine
parameters of the Mcissbauer spectra. Tetrahedral
and octahedral Fe3* show well-defined ranges of iso-
mer shifts in crystalline phases (0.19-0.30 mm/sec
and 0.36-0.50 mm/sec, respectively; Annersten and
Hdlenius, 1976; Kurkjian, 1970; Taneja et al., 1973;
Annersten and Olesch, 1978). The isomer shifts ob-
served for Fe3* in the quenched melts of sodium

. 0  1 3  . O 1 2  . O 2 3

, 0 4 4  . O S l  . 0 6 6

.0  75  .0 .89  .0  93

.0  92

50 75 100

mole per cent  acmite

Fig. 4. Fe2+,/)Fe of melts on the join Na2SiO3-NaFe3*Si2O5 at
l400oC as a function offio2) and acmite componcnt.

metasilicate-acmite composition (about 0.25 mm/
sec) are therefore typical of ferric iron in tetrahedral
coordination. In addition, the rather sharp lines and
the absence of any distinct asymmetry preclude the
existence of significant amounts of octahedral Fe'*.
Further support for this interpretation is found in the
large difference in IS(Fe3*) of melts and crystals of
NaFe3*SirO6 and Na5Fe'*StoO,, compositions (0.23-
0.26 mm/sec and 0.38-0.40 mm,/sec, respectively;
Tables I arrd 2). Note that Brown et al. (1978) con-
cluded that the Fe3* is in tetrahedral coordination,
based on EXAFS analysis.

The isomer shifts of alkaline-earth metasilicate
melts for ferric iron are generally in the range of
0.45-0.50 mm/sec (Table 4), which is well within the
range of IS(Fe3*) of ferric iron in octahedral coordi-
nation in crystalline materials (Annersten and Hi-
lenius, 1976; Annersten and Olesch, 1978; see also
Mysen and Virgo, 1978). We conclude, therefore,
that tetrahedrally-coordinated ferric iron is unstable
relative to octahedrally-coordinated ferric iron in
quenched alkaline-earth metasilicate melts.

The hyperfine parameters of ferrous-iron
quenched melts apparently are less sensitive to oxy-
gen coordination number than those of ferric iron. In
crystalline ferrous akermanite (50 mole percent)-
akermanite (50 mole percent), the IS(Fe'z*) is about
0.95 mm/sec and the quadrupole splitting is about
2.35 mm/sec.

The isomer shifts of ferrous iron in the present
quenched melts are between that of octahedral (gen-
erally greater than l.l0 mmlsec) and tetrahedral
(about 0.90 mm/sec) ferrous iron in crystalline com-

-2

N

o) 
'o

_9
-8
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Fig. 5. s?Fe M<issbauer spectra of quenched melts on the join CaSiOs-MgSiO, with 5 mole percent FeSiO3 component at l585oC and

I atm in air. (A) CaSiO3. (B) CaMeSizOu. (C) MgSiOr.

0 0
Veloclty mm/sec

pounds. Octahedral ferrous iron seems to exhibit sys-
tematically lower isomer shifts in quenched melts
compared with crystals, however, as exemplified by
the isomer shift of Fe'* in synthetic quenched melts
(1.04-1.07 mm/sec) where Fe'* is known to occupy
octahedral positions from optical absorption studies
(Mao et al., 19731' Bell and Mao, 1974).

These low values might be related to the decrease
of the IS(Fe'?*) with increasing distortion of the oc-
tahedron (Seifert and Olesch, 1977). The quad-
rupole splitting of Fe2* also indicates distorted sites.

We conclude, therefore, that at least a major frac-

tion of ferrous iron in the quenched melts we studied
is incorporated into octahedral positions. Ferric iron
is in tetrahedral coordination in quenched melts with

alkali metals. In quenched melts in which alkaline
earths are the dominant modifying components, fer-
ric iron is in octahedral coordination. Ferrous iron is
in octahedral coordination in both types of melts.

Raman spectroscopy

In order to provide a framework for band-assign-
ments in the melts under consideration, the Raman

o

G

- 4 2  - 2 1  0  2 1  1 2

Fig.6.57Fe Mcissbauer spectra of quenched melts on the join CaMgSi2O5-FeSiO3 at 1425'C and I atm in air. (A) I mole percent

FeSiO3. @) 5 mole percent FeSiO3. (C) l0 mole percent FeSiO3.

Veloclty mm/9oc
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Table 4. Mcissbauer data on quenched melts in the system CaO-MgO-FeO-Fe2O3-SiO2

1+
Fe -

2+
f e

Compos i t ion t  (o2) F e -  / t F e
I S ,  m / s e c Q S ,  m / s e c I S ,  m n / s e c Q S ,  m / s e c

Di  +  12  Fsx
D i  +  2 .57 .  Fs
D i + 5 2 F s
Di + 102 Fs

t425
L425
L q z )
1 / , a <

a a r

a a r

o2

a r r
O 2

aar
a i r
a a r

a i r
aar
aar

0  . 5 2 4
0 . 4 7 9
0 . 3 7 2

o  . 4 4 9
0 . 4 5 3
0 . 4 9 2
0  . 5 3 2
0 . 4 7 3

o  . 4 2 2
0 .  3 8 2
0 . 5 0 0
0 . 4 8 4
o: 

l io

1 . 0 7 3
L . 0 2 1
t .  a a +

1 . 0 2 8
t . 0 6 4
1 . 0 6 0
1 . 0 5 3
r . 0 2 6

0 . 9 6 5
0 ,  9 3 9
1 . 0 0 2
t . 0 2 4
1 . 0 0 1

1 . 0 1 4
0 . 9 9 8
0 . 9 8 2
0 . 9 2 L

0 .  9 8 0
0 . 9 5 6
0 . 9 8 4
0 . 9 8 7
0 . 9 7 7

0 .  9 6 1
1 , 0 4 8
0 . 9 9 9
L . 0 2 4
1 . 0 5 1
o . 9 2 3

1 , 9 1 8
2 . 0 r 1
2 . 0 3 2
2 , 2 L 4

2  . 0 5 7
2 . 0 7 r
2 . 0 4 8
2 . 0 0 3
2 . 0 3 5

2 . 0 4 4
L . 9 0 4
2 . 0 0 2
2 . 0 4 6
2 . 0 3 4
1 . 8 3 5

0 , 8 2
0 . 5 0
0 . 5 8
0 . 3 6

0 . 5 5
o  . 4 7
0 . 6 1
0 . 6 4
0 .  6 0

0 .  5 1
0 .  3 5
0 .  6 0
0 .  6 0
0  . 867
0 .  7 8

DW50 + 5% Fs 1525
Dt{50 + 5% Fs 1525
Di + 52 Fs 1,525
DE50 + 5% Fs 1525
DE50 + 52 Fs 1525

W0 + 5Z Fs 1585
W0 + 102 Fs 1585
Dhr50 + 52 Fs 1585
D i  +  5Z  Fs  1585
DE50  +  52  Fs  1585
En  *  5% Fs *  1585

*Two- l ine  f i t .
IS ,  i somer  sh i f t  re la t i ve  to  Fe  ne ta l ;  QS,  quadrupoTe sp f i t t ing ;  D i ,  CaMgSi2O6;  Dw50,  50  moTe % CaMgSi2A6-

50 no l -e  Z  Ca2Si2O6,  DE50,  50  moLe % CaMgSi2O6-5O mofe  % Mg2Si2O6;  En,  MgSiO3;  Fs ,  FeSiO3 (added as  a  compon-

ent  w i th  Fe2O3 in  the  s ta r t ing  mater ia f ) ,

spectra of quenched melts on various metal oxide-
silica joins as a function of metal oxide/silica ratio
and type of metal oxide must be considered. A con-
siderable amount of data is already available (Bra-
wer and white, 1975, 1977; Furukawa et al., 1978;
Verweij, l979a,b; Yhgo et al., 1980; Mysen et al.,
1980; Virgo and Mysen, in preparation). The data
base provided by these authors includes NBO/Si
(nonbridging oxygen per silicon) from near 4 (ortho-
silicate) to 0 (three-dimensional network), and cat-
ions such as K+, Na*, Li*, Ca2*,Mg'*, and Pb2*. In
summarizing these data, Brawer and white (1977\

Mole % Fs componentadded

Fig. 7. Fe2*/2Fe of quenched melts on the join CaSiOr-
MgSiQ-FeSiQ as a function of Fs content.

and Virgo et al. (1980) concluded that the Raman
spectra of nelts with given metal oxide/sitca ratio
do not depend on the type of metal cation. They in-
ferred from this conclusion that the anionic structure
of binary metal oxide-silicate melts does not depend
on the type of metal cation.

The most accurate spectroscopic information on
the structure of such binarv melts can be obtained

1 0

1585 'C:  a i r

'<)!23'c;^t'

1525"Q; 02

F e 2 '
EFe

Fezr
:FE

0 6

0 5

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0
CaSi03

80 90 100

MgSi03

Fig. 8. Fe2*/lFe of quenched melts on the join CaSiO3-
MgSiO3 with 5 mole percent Fs component added.
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300 400 500 600 700 800 900 1000 1100 1200
Wavenumber.  cm-1

Fig. 10. Rarnan spectra of quenched melts on the join CaO-
MgO-SiO, (Cz/Me: l) at I atm and l650oc. M, D, C, S: band
positions of symmetric stretch bands dcrived from vibrations in
structural units with NBO/Si : 4,3,2, and I, respectively.
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Fig. 9. Fe2+/)Fe of quenched melt of CaMgSirO5 + 5 mole
percent FeSiO3 component as a function of temperature in air.

from alkaline-earth silicate melts, as such melts ar€
not significantly hygroscopic and do not suffer poten-
tial metal-cation volatilization during preparation
(Kracek, 1930). Among the joins of alkaline-earth sil-
icates, the join with the widest range of M/Si is
CaO-MgO-SiO, (CalMg : l) (Virgo et al., 1980;
Mysen et al., 1980). Eight spectra from melts on that
join are reproduced in Figure l0 (see also Table 5).
Compositionally, these melts differ only in (Ca +
Mg)/Si, as indicated in Figure 10.

The dominant feature of each spectrum is the in-
tense, slightly asymmetric band in the region be-
tween 600 and 670 cm-' combined with an intense,
high-frequency envelope in the region between 800
and 1100 cm-r. All these bands are strongly polar-
ized. All the bands, with the exception of that in the
region 600-670 cm-r, remain at the same frequency
as M/Si varies (Fig. l0). The latter bands shift to
higher frequency as a systematic function of increas-
ing M/Si.

In melts with M/Si between 1.9 (DM 95) and l.18
(DM 25), there is a very strong sharp band near 870
cm-' and a less intense band near 900 cm-'. The 870
cm-' band remains in all spectra of melt composi-
tions from DM 95 to SD 40. The 900 cm-' band dis-
appears somewhere between DM 25 and Di composi-
tion (M/Si : l.l8 and 1.0, respectively). It appears
that the intensity of the 900 cm-' band passes
through a maximum for melt compositions near DM
58. The intensity of the 870 cm-' decreases as a con-
tinuous function of decreasing M/Si. Both bands re-
main polarized in the entire compositional range.

The 870 cm-' band is by far the most intense band
in crystalline orthosilicates (Furukawa et al., 1978;
Verweij and Konijnendijk, 1976). Furukawa et al.
(1978), Verweij and Konijnendijk (1976), Verweij
(1979a,b) and Furukawa and White (1980) assigned
this band to symmetric stretch vibrations of non-
bridging oxygen bonds in separate Siooo- tetrahedra
(symbol: Si-O'-). This assignment is retained here.

DM85
( C a + M g Y S i = 1 8 0

DN458
( C a + M g ) / S i  = 1 5 0

I

l c
o

D M 2 5
( C a + M g ) / S r = 1 1 9

+  M g ) / S ,  =  0 8 2

lca + [ ,19)/Sr = 067
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Table 5. Raman data of quenched melts on the join CaO-MgO-SiO 2 (Ca/Mg: l) at I atm and 1650"C

composition
1

wavenurDber, cn

DM95
DM85
DM58
D1140
DM25
D I
SDTO
SD4O

380w,p (bd)
380w, p (bd)
343w, p (bd)
340w, p (bd)
340w,p (bd)
340w, p(bd)

530m,p (bd )  700w ,p
527m,p(bd) 700w,p
513n ,p (bd )  686w 'p
500m,p (bd )  660m 'p

-  655n ,P
- 630n'P
-  6 2 2 s , p

500w, (sh) 610s 'p

-  848s ,p
-  8 4 7 s , p
-  8 6 0 s , p
-  863s ,p
-  860s ,p

770vw(sh) 867n,P
/  l u , w  d / J w , P

- 873w

903n ,p  977w ,p
903n,p 978n'  P
9 I0s ,p  973n 'p
908n,p 973n,p
9 l3w ,p  973s  ' p

-  967s ,p  1060n 'P
-  959s ,P  1063n 'P
-  955s  ' p  1063n 'P

S y n b o l s :  v w -  v e r y w e a k ,  w - w e a k ,  w -  n e d i u m E o w e a k ,  m - n e d i u n ,  n s  -

p  -  po la r ized ,  ( ta ;  -  b road,  (sh)  -  shou lder .

Uncertainties: Strong to weak bands - t 5 cn 
-r. Very weak bands - t 10

Compos i t ions  are  de f ined tn  F ig '  10 .

nedlum to strong, s - strong

cm-1. Shoulders - + 15-20 cn-I

The 900 cm-t band is the major band in crystalline
pyrosilicates (Lazarev, 1972; Sharma and Yoder,
1979). Since its frequency is higher than that of the
symmetric Si-O'- stretch band (870 

"--'), 
it is polar-

tzed, and its frequency coincides with the main band
in crystalline pyrosilicates, this band is interpreted as
due to the presence of dimer structural units in the
melt (Si,Of-). Its frequency is independent of the
melt composition. We conclude, therefore, that the
NBO/Si of this structural unit does not change with
changing composition of the melt. Further support
for this interpretation is found in the observation that
the maximum intensity of the 900 cm-' band is found
in melts with a stoichiometry close to that of a dimer
(NBo/S i :3 ) .

The high-frequency envelope (Fig. l0) also con-
tains a band near 970 cm-' (found in all composi-
tions on this join) and one near 1070 cm-' (found in
melt compositions with M/Si equal to or less than
that of metasilicate). Both bands are polarized. The
intensity of the 970 cm-' band increases relative to
the other bands in the high-frequency envelope in
the compositional range between DM 95-Di and de-
creases as the M/Si is decreased further. The in-
tensity of the 1070 cm-' band increases as a function
of decreasing M/Si at M/Si<I. The frequencies of
both bands are independent of M/Si. Note that the
frequency of the band between 600 and 670 cm-' de-
creases from about 650 cm-' in metasilicate melt (M/
Si : l) to near 600 in SD 40 melt (M/Si : 0.67).

On the basis of frequencies, polarization character-
istics, and analogy with crystalline meta- and di-
silicates (Etchepare, 1972; Furukawa and White,
1980), we conclude that the 970 cm-' band is a sym-

metric -O-Si-O- stretch band and the 1070 band is a
symmetric -O-Si-O" stretch band. The associated
deformation bands are those at 650 and 600 cm-', re-
spectively. This conclusion accords with that of Ver-
weij (19?9a,b) and Furukawa and White (1980). The
-O-Si-O- stretch vibration may be derived from
structural units with NBO/Si : 2 (e.g., chain) and
the -O-Si-Oo from structural units with NBO/Si: I
(e.g., sheet). The exact structural assignments will be
discussed below.

The most important observation made from the
above assignments of the Raman spectra is that there
appears to be a unique set of coexisting anionic struc-
tural units in specific ranges of NBO/Si of the melts.
The proportions of the individual structural units
vary as a function of bulk NBO/Si (M/Si), but the
NBO/Si of each unit does not. In Table 6, the an-
ionic units are defined on the basis of the average
NBO/Si, using the data summarized above in con-
junction with the published data summarized by
Virgo et a/. (1980) and Mysen et al. (1980). Several
aspects of these conclusions warrant further com-
ment. In comparison to some models of melt struc-
ture (e.g., Masson, 1977), the model is strikingly
simple. This simplicity should not be surprising,
since when comparing with crystal structures of sili-
cates only a few anionic structures can be found (see
Dent Glasse r, 1979, for review). The same structural
units have been found in silicate melts. In silicate
crystal chemistry, the metal cations are considered
important in controlling the type of polymers that
will occur. Polymer theory as applied to silicates
(e.g., Masson, 1977) does not take the metal cations
into account.
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Table 6. Raman frequencies ofthe stretch vibrations ofspecific Si-
rich anionic structural units in silicate melts (after Yirgo et al.,

1980)

S t r u c E u r a l  u i t  N B O / S I F r e q u e n c y  C h a r a c c e r i s t i c s  o t
(cn- ] )  v ib ra t iona l  mode

cate melts has experimental support in the TMS-de-
rivative work (as summarized by Masson, 1977).
Ring structures have also been suggested in melts on
binary metal oxide-silicate joins on the basis of the
viscous behavior of such melts (e.9., MacKenzie,
1960; Bockris and Reddy, 1970). Spectroscopic evi-
dence relevant to ring structures is scarce. Lazarev
(1972) discussed spectroscopic imprints of ring struc-
tures with up to 6 silicons. In the simple Si.O!- ring,
there is a strong silicon-oxygen deformation band
near 750 cm-'. No such band exists in the data in
Figure l0 and other relevant data discussed else-
where, and therefore this type of ring probably does
not occur. Larger ring structures show stretch bands
slightly above ll00 cm-'. On a spectroscopic basis
alone it is not likely, but not impossible, that the 1070
cm-' band could, in fact, be such a band (e.9., S-band
in Fig. 10). Mass-balance considerations require,
however, that in metasilicate melts, for example, the
existence of structural units with NBO/Si : 4 and 2
also requires the existence of structural units with
NBO/Si < 2. Careful analysis by, in particular, Ver-
weij (1979a,b) and Furukawa and White (1980) re-
sulted in the conclusion that the band between 1070
and I100 in their melts (Na,O-SiO, join) was due to
a band with NBO/Si : l. Inasmuch as this band also
exists in alkaline-earth metasilicates, it is attractive to
assign this band to that structural unit. One might
suggest, however, that the 

-O-Si-Oo vibrational
mode stems from end units in a linear structure. Such
an interpretation does not provide for structural units
in the melt that would satisfy the mass-balance re-
quirements, and neither would the ring-structure as-
signment. It might also be suggested that the pres-
ence of branched chains or multiple chains could
constitute the structural unit(s) with NBO/Si < 2.
The end result of such branching is, of course, a
sheet. Intuitively, it would be expected that branch-
ing would be continuously increasing as the M/Si of
the melt decreased. If the S-band in Figure I I were
such a band, for example, one would expect its fre-
quency to increase. It does not. Furthermore, accord-
ing to survey of silicate mineral structures (Dent
Glasser, 1979), branched chains do not exist, presum-
ably for energetical reasons. There is no reason,
therefore, why one would expect such structures in a
melt. Instead, chains and sheets are formed.

An option that does exist to explain the 1070 cm-'
band is multiple chains (finite sheet). It cannot be es-
tablished from the Raman data whether the S-band
(Fig. l0) is due to such a finite sheet or due to an in-
finite sheet. The simplest interpretation is an infinite

sio4

Sizo  z

t -
s i ^ 0 _ -

s io2

850- 8 80

900-9 20

9 5 0 - 9 8 0

r050-1100

1 0 6 0 , 1 1 9 0

3

2

1

0

S y I @ E r i c  s t r e t c h

S y m e t r i c  s t r e t c h

S y m e E r i c  s t r e r c h

S y m e E r i c  s t r e t c h

a n t i s y m e ! r i c  s t r e E c h

Previous models of melt structure include features
such as trimers, tetramers, pentamers, etc.,'n addi-
tion to rings and branched chains. The experimental
basis for most of these models is from organic chem-
istry. As applied to silicates, the experimental basis
has been chromatographic data derived from tri-
methylsilyl derivatives of the silicates (TMS-deriva-
tives). Limitations and inconsistencies of such data
have been discussed elsewhere (e.g., Masson, 1977;
Kuroda and Kato, 1979) and are not pursued here. It
is merely concluded that structural data of silicate
melts derived from TMS-derivatives are not reliable.

Polymer theory predicts that there is a positive
correlation between the number of silicons in the
polymers and the proportion of various types of poly-
mers and the NBO/Si of the melt. In Raman spectro-
scopic studies, such a correlation would result in a
successive increase of the frequency of Si-O stretch
bands as a function of decreasing NBO/Si (M/Si)
(e.g., Lazarcv, 1972; Brawer and White, 1975; Furu-
kawa and White, 1980; see also Table 6). On this
basis it would be expected that if anionic structural
units with degree of polymerization between chains
and dimers were formed in the melts in the various
binary metal oxide-silicate joins, new bands would
occur betweeh 900 and 970 cm-r or bands such as
that at 900 cm-' would shift to higher frequency as a
function of decreasing M/Si of the melt. No such
spectroscopic evidence is present in our data, nor in
any related published data (Brawer and White, 19i5,
1977; Furukawa et al., 1978; Verweij, l979a,b; Yer-
weij and Konijnendijk, 1976; Furukawa and White,
1980; Mysen et al., 1980). We conclude, therefore,
that structural units with NBO/Si between that of a
dimer and that of a chain (3 and 2, respectively) do
not exist in significant amounts in silicate melts.

The structural units with NBO/Si : 2 have been
referred to as a chain. Simple rings have, however,
the same NBO/Si. The idea of ring structures in sili-
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500 1000
Wavenumb"r, 

"t '1
Fig. I l. Unpolarized Raman spectra of quenched melts on the

jo in Na2SiO3-NaFe3*Si2O6 in a i r  at  1400"C. (A) NS. (B)

NS94Ac6. (C) NS85Acl5. (D) NS7sAc25. (E) NS50Ac50. (F)

Acl00. (Kr+ ion laser c.ith 20H00 mW power.)

sheet (NBO/Si : l) and this interpretation is ad-
hered to here. This conclusion is not absolutely cer-
tain, however.

Iron was added to metasilicate melts of Na*(NS),
Ca'* (Wo), (Ca,Mg)'* (Di) and Mg'?* (En). The Ra-
man spectra of these melts will be discussed first (Fig.
llA, 121' see also Tables 7 and 8). The high-fre-
quency envelopes of these spectra were deconvoluted
into individual bands (Fig. l3), in order to get an im-
pression of the relative intensities of the bands in the
high-frequency envelopes. In the deconvolution pro-
cedure. we assumed that the bands were Gaussian.
were symmetric,'and that the background was hori-

MYSEN ET AL: STRUCTURE OF SILICATE MELTS

zontal. The Gaussian line-shape was derived from se-
lected portions of the high- and low- frequency limf5
of the high-frequency envelopes. Extrapolation of the
Rayleigh tail from frequencies less than 500 cm-',
using exponential functions, to the spectral region of
the high-frequency envelope indicates that the as-
sumption of horizontal background is appropriate.
Finally, bands were only fitted when indicated by the
form of the raw Raman, high-frequency envelope.

With the exception of the broad, weak band near
350 cm-' in quenched Wo melt (Fig. l2), the same
Raman bands are found in all four metasilicate
melts. The spectra consist of a strong, somewhat
asymmetric band in the region between 620 and 650
cm-', a distinct band or,shoulder near 870 cm-', a
strong band near 970 cm-' and a shoulder between
1050 and ll00 cm-'. These bands are polarized. All
the bands were discussed under Figure 10 (see also
Tables 5 and 6), and no further discussion is neces-
sary. The additional band near 350 cm-' in quenched
Wo melt was also noted by Brawer'and White (1977)

1 100

1000

- o - o  C

F

G
"-\"---'/-

0 20 40 60 80 100

Ac content, mole 70

Fig. t2. Frequency shift of unpolarized Raman bands as a

function of Ac content [(Fe)Si]Oo on the join Na2SiO3-NaFeSi2O5

at l400oC in air. (A) (Si, Fe)-Oo stretch mode. (B) (Si, Fe)r-O-

stretch mode; dashed line denotes inferred extension (see

discussion in text). (C) Mixed (Fe,Si)-O- and (Fe,Si)-Oo stretch

modes (see discussion in text). (D) Mixed (Fe, Si)-Oo and (Fe,Si)-

O- stretch modes (see discussion in text). (E) (Fe,Si)-O- stretch

mode; dashed line denotes inferred extension (see discussion in

text). (F) Si-O2- stretch mode. (G) (Si,Fe)-Oo rocking mode.

r '- 900
E()
j

! aoo
o
=
g

E 700
Ll-



MYSEN ET AL: STRTICTURE OF SILICATE MELTS E79

Table 7. Vibrational frequencies and band assignments of quenched melts on the join Na2SiO3-NaFe3*Si2O6 at 1400'C in air

Compos l t ion i,Iavenumber, cm-l

NS
NS94Ac6
NS85Ac15
NS75Ac25
NS5OAc50
NS25Ac75
Ac100

8 8 7 , m , p

8 8 2 , m , p
"4,.i,,
8 9 7 , n ,  p
9 2 5 , s , p

9 7 0 , s , p
9 6 2 , s , p
9 7 8 , m , p
9 4  0 , n ,  p
a ? l  m  n

: : :

1 0 7 0 , m ( s h ) , p
1 0 3 2 , m ( s h ) , p
1065  ,  m ,  p
1 0 5 2 , m ,  p
1 0 5 3 , s , p
1 0 4 7 , n , p
1 0 4 7 , m , p

: : :  s s l , ; : ;
4 8 0 , w , p  5 4 0 , s , p
4 7 7  , s , p  5 4 0 , n ( s h ) , p
4 5 1 , s , ' p  5 4 1 , n ( s h ) , p

6 1 9 , s , p  8 4 7 , w , p
5 9 1 , s , p  8 4 7 , w , p
5 7 7 , s , p
5 9 0 , s , p
605  ( sh )  , p

Sgnbo ls :  w ,  weak;  m,  med ium;  s ,  s t rong;  (sh) ,  shou lder ;  p ,  po far ized .
The uncertaintq is t0 cm-f for weak bands, 5-6 cn-f for medium bands and 3-4 cn-f for strong bands- For

shouTder  add 100% to  uncer ta in tL t .

and is probably due to vibrations within Ca-O poly-
hedra.

The Raman data for metasilicate melts indicate,
therefore, that the anionic structural units are SiOf-
(NBO/Si : 4), Si,Of- (NBO/Si : 2), and Si,O3-
(NBO/Si : l). Our interpretation suggests, therefore,
that in metasilicate melts the chain units are partially
disproportionated into monomers (SiOX-) and sheets
(Si,o3-):

3Si,O:- = 2SiO2- + 2Si,O?- (t)

Raman spectroscopic measurements have been
carried out on quenched melts on the join NarSiOr-
NaFe3*SirOu (NS-Ac) (Table 7) where the M6ss-
bauer data indicated that within the detection limit
of the Mdssbauer technique all iron was present in
the ferric state. No spectra could be taken on samples
with ferrous iron because of oxidation of Fe2* to Fe3*
due to surface heating by the laser, photo-oxidation,
or both. Consequently, Raman data for iron-bearing
alkaline-earth metasilicate melts could not be ac-
quired.

The Raman spectrum of acmite melt formed in air
and quenched from 1400'C is shown in Figure I I
and band assignments are shown in Table 7. The
spectrum consists of four bands. The strongest band
is at 925 cm-' and a weaker one is at 1047 cm-'. In
addition, there is a shoulder near 540 cm-' and an-
other one near 450 cm-'.

The results of Mossbauer (Table l), rxars, and

Table 8. Vibrational frequencies and band assignments of melts
on the join CaSiO3-MgSiO3

C o m p o s i  t i o n Wavenumber ,  cm- l

radial distribution analysis (Brown et al., 1978) have
shown that Fe3* is in tetrahedral coordination in
melts of NaFe'*Si2Ou composition when quenched in
air. This conclusion implies that in the absence of
Fe'* quenched Ac melt has a three-dimensional net-
work structure. In compositions analogous to those
on the joins NaAlOr-SiOr, CaAlrOo-SiOr, NaFeOr-
SiO,, and NaGaO,-SiO, (Virgo et al., 1979} it was
shown that at least two high-frequency (Si,Al)-Oo,
(Si,Fe)-Oo, and (Si,Ga)-Oo stretch bands occur.
Their frequencies and intensities shift systematically
with Si/(Si + T), where T: Al, Fe, or Ga. In light of
these observations, we suggest that the two high-fre-
quency bands in quenched Ac melt are due to anti-
symmetric (Si,Fe)-Oo and (Fe,Si)-Oo stretching.2

In addition to the two characteristic high-fre-
quency bands, a distinct shoulder occurs near 450
cm-r. This shoulder is probably an (Si,Fe)-Oo rock-
ing mode. The band characteristically occurs in the
spectral region between 450 and 500 cm-' in all
three-dimensional melts in the system NarO-CaO-
GarOr-AlrO3-SiO, (Bates et al., 1974; Yirgo et al.,
re7e).

The Raman spectra of quenched melts of composi-
tions on the join NarSiOr-NaFe'*SirOu are also
shown in Figure ll, and the band assignments are
given in Table 7. The frequency shifts of the impor-
tant bands as a function of bulk composition of the
quenched melt are shown in Figure 14.

Mixing of NarSiO, and NaFe3*SirO. components
constitutes combining a three-dimensional network
unit with characteristic bands at 1047, 925, 540, and
451 cm-' and a less polymerized melt that consists of

C a S i O 3
CaMgS i2O6
M g S i 0 j

2The notations (Si,Fe)-Oo and (Fe,Si)-Oo, respectively, imply
Si-rich and Fe-rich (Si,Fe)-O-(Si,Fe) stretch vibrations. The anal-
ogous rotations for nonbridging oxygen bands are (Si,Fe)-O- and
(Fe,Si)-O-.

6 3 7 , s , p  9 7 9 , s , p
6 4 0 , s , p  8 7 7 , m ( s h ) , p
6 4 0 , s , p  8 8 2 , m ( s h ) , p

9 8 1 , s , p  1 0 7 0 , s ( s h ) , p
9 8 0 , s , p  1 0 7 0 , s ( s h ) , p
9 7 5 ,  s ,  p  1 0 5 8 , m ( s h )  ,  p

Sgmbofs  and uncer ta in tg  as  in  Tabfe  5



880 MYSEN ET AL: STRUCTURE OF SILICATE MELTS

500 1000
Frequency, cm-1

Fig. 13. Unpolarized Raman spectra of quenched (1585"C)
melts on the join CaSiO3-MgSiO3. Wo, CaSiO3; Di, CaMgSi2O6;
En, MgSiO:. (Al+ ion laser with 200-400 mW power.)

monomer, chain, and sheet units with characteristic

bands at 10'70,970,850, and 618 cm-'(Fig. 11, Table
7). Addition of 25 mole percent NS component to Ac
results in resolved bands at lVl, 897, 540, and 477
cm-'. The band at 897 cm-r is asymmetric and much
broader than the 925 cm-' band in quenched Ac
melt. The asymmetry of this band may indicate that
it. in fact. consists of two unresolved bands. One
band may be the 925 cm-'band of quenched Ac melt
[(Fe,Si)-Oo stretch]. The other band is new and oc-
curs at a wave number between 800 and 900 cm-'. If
this interpretation of the asymmetric 897 cm-' band
is correct, this latter band may be due to nonbridging
oxygen in the melt and could be either an -O-

(Fe,Si)-Oo or an -O-(Fe,Si)-O- stretch vibration.
The 1047 cm-' band in NS25Ac75 is more intense
relative to the rest of the high-frequency envelope
than in quenched Ac melt. lnasmuch as the propor-
tion of Ac component is decreased in NS25Ac75 melt
relative to that of pure Ac composition, probably the
1047 cm-' band in quenched NS25Ac75 melt either
reflects a new vibrational mode or is a combination
of two modes. In the latter case, one mode may be
the (Si,Fe)-Oo stretch vibration of Ac melt and the
other vibration may reflect a nonbridging oxygen.
We suggest that the increased intensity of the 1047
cm-' band is due to -O-(Si,Fe)-Oo stretching. Its fre-

Fig. 14. High-frequency envelope of Raman spectra of

quenched metasilicate melts with Gaussian curves fitted inside the

envelope to match positions and total area of high-frequency

envelope.

quency is lower than that for pure NS quenched melt

$ig. la) because of (Si,Fe) coupling. As a result of
this band assignment, it must be concluded that the
unresolved low-frequency component of the 894
cm-' band is a highly coupled -O-(Fe,Si)-O- stretch
vibrat ion. In conclusion, quenched melt  of
NS25Ac75 composition consists of a combination of
structural units with NBO/T (where T : Si + Fe) :

O, l, and 2.
In quenched NS50Ac50 melt, the two low-fre-

quency bands suggested for NS25Ac75 melt (as a re-
sult of the asymmetric 897 cm-' band) are partially
resolved (Fig. I l). One band is found at 882 cm-'
and the other near 930 cm-'. In this melt composi-
tion, the 1047 cm-' band is shifted to 1053 cm-r, and
its intensity relative to the rest of the high-frequency
envelope has increased further compared with that of
quenched NS25Ac75 melt. The intensity increase is a
result of more sheet units in the more NS-rich
quenched melt. The location of the 882 cm-' band in
the spectrum is probably still somewhat influenced
by the weakened (Fe,Si)-Oo stretch vibration at 925
cm-'. The shoulder on this band also indicates the
presence of a second band near 930 cm-'. This band
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could be the (Fe,Si)-Oo stretch vibration with a
slightly lowered Fe content. Alternatively, it could be
another band that has appeared. Ifthe latter sugges-
tion is correct the frequency of this band might shift
to a higher wave number as the NS content of the
quenched melt is increased, as indicated by the data
in Figure 14. This feature will be discussed below. A
shoulder occurs near 600 cm-' in quenched melt of
NS50Ac50 composition. Its frequency is near the 620
cm-r band, corresponding to the deformation mode
of pure metasilicate melt (Figs. ll and l2), and may
be due to a similar vibration. In conclusion,
quenched melt of NS50Ac50 composition consists of
the same structural units as quenched NS25Ac75
melt (3D: NBO/T:0, sheet: NBO/T: I and chain:
NBO/T : 2). The chain and sheet units are more
pronounced and the 3D unit less pronounced in this
melt than in quenched melt of NS25Ac75 composi-
tion, as would also be expected because of the higher
NS content of this quenched melt.

The high-frequency envelope of quenched
NS75Ac25 melt shows the same bands as quenched
NS50Ac50 melt except that their frequencies and in-
tensities are slightly different (Figs. I I and l4). The
highest frequency band (1052 cm-') is at the same
position as in quenched NS50Ac50 melt, but it has
become more intense (Fig. I l). The 931 cm-' band in
quenched NS50Ac50 melt has shifted to 940 cm-'
and is now clearly resolved. We suggest that this
band is a combination of the 925 cm ' band of
(Fe,Si)-Oo stretching and a new band at higher fre-
quency, which probably is the 970 cm-' band found
in pure NS melt, a band assigned to 

-O-Si-O-

stretching. The higher frequency of this band com-
pared with the O-(Fe,Si)-O- stretch band below
900 cm-' indicates much less extensive (Fe,Si) cou-
pling. With the exception of this conclusion, the band
lrssignments of the high-frequency envelope of the
Raman spectrum of quenched NS75Ac25 melt are
the same as for quenched NS50Ac50 melt. The
greater intensities of the bands assigned to depolyme-
rized units are due to the greater proportion of NS
component in this quenched melt. In fact, except for
the above discussion concerning the 925 cm ' band,
no clear evidence exists for the presence of a 3D unit
in quenched melt of NS75Ac25 composition.

In quenched melt of NS85Acl5 composition the
band at 940 cm-r in NS75Ac25 occurs at 978 cm-'
and is clearly resolved. We conclude, therefore, that
the band that first occurs at 931 cm-' in NS50Ac50
composition now is at 978 cm-'. It is not clear
whether this evolution is a result of diminished inter-

ference from the 925 cm-'band as the Ac content de-
creases and increased intensity as the NS content in-
creases, or a result of diminished (Si,Fe) coupling of
this vibration as the Fe content of the quenched
melts decreases. Note, however, that the other band
assigned to -O-(Si,Fe)-O- 

stretch vibration (880
cm-') does not change its frequency significantly as a
function of Ac content of the melt; only its intensity
decreases. We suggest that the same behavior takes
place for the 970 cm-' band. Its frequency remains
constant as the bulk composition changes, but the in-
tensity increases at the expense of the more (Si,Fe)-
coupled vibrations.

The dirninished influence of Fe on the band fre-
quencies of quenched NS85Ac15 melt is also in-
dicated by the increased frequency of the 1050 cm-'
band, now found at 1065 cm-'. The 1065 cm-' fre-
quency is nearly the same as for pure NS melt (Fig.
I l, Table 7). This band is probably due to 

-O-Si-Oo

stretching with insignificant (Si,Fe) coupling.
The spectrum of quenched NS94Ac6 melt closely

resembles that of quenched melt of NSl00 composi-
tion (Fig. ll) and differs substantially from the
spectra of more Fe-rich compositions. The same
bands are observed in the spectra of quenched
NSl00 and NS94Ac6 melts, although there are sys-
tematic frequency shifts (Fig. l4). The 1070 cm-'
band in pure NS occurs at 1032 cm-', and the strong
band at 970 cm-' is found at 962 cm-'. The weak
band at 847 cm ' in quenched NS melt is at 847 cm-'
in NS94Ac6 melt as well. The 619 cm-'band in pure
NS melt is at slightly lower frequency in NS94Ac6
melt, probably reflecting a slightly higher degree of
polymerization (Brawer, 1975). The 1032 cm-' band
in quenched NS94Ac6 melt is assigned to 

-O-

(Si,Fe)-Oo stretching (sheet), and the 962 cm-' band
to 

-O-(Si,Fe)-O 
stretching (chain). The 847 cm-'

band reflects the presence of isolated SiOX- tetra-
hedra in the quenched melt. There is no evidence for
additional Raman bands that may be ascribed to iso-
lated NaFeOX- tetrahedra. The intensity of the 1032
cm-r band relative to that at962 cm-'is greater than
the intensity ratio of the analogous bands in pure
quenched NS melt. We conclude, therefore, that
even though monomers, chains, and sheets are present
in both quenched melts, the proportion of sheet units
is greater in NS94Ac6 quenched melt than in NS
melt.

In  summary,  mix ing of  NarSiO,  (NS) and
NaFe'*SirOu (Ac) compon€nts results in a melt that
to a first approximation resembles mixing of SiO,
and NarSiO, when the NS melt becomes more po-
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lymerized as the Ac content of the melt is increased.
Ferric iron is distributed among all structural units in
the melts, with the possible exception of isolated tet-
rahedra. The latter structural unit has a limited sta-
bility field, however, as it is not observed in melts
with more than 15 mole 7o Ac component.

The spectra are also interpreted to indicate that the
stretch vibrations of the various structural units occur
in pairs-one indicates greater Si(Fe)-coupling than
the other. This observation may indicate that both
Fe-rich and Si-rich structural units occur in these
melts.

The anionic structures of these melts differ in the
extent of disproportionation, which can be expressed
with the intensity ratios (970)/(I(870) and I(910)/
/(1070) (Table 9). The larger the extent of dis-
proportionation, the smaller the intensity ratios. Ta-
bles 9 and l0 show that the extent of dis-
proportionation of metasilicate melts increases in the
order NS < En < Di < Wo.

Redox equilibria

Despite the similarity of the anionic silicate units
in metasilicate melts. ferric iron enters tetrahedral
coordination only in the presence of Na*. Metasili-
cate melts of the alkaline earths have ferric iron in
octahedral coordination. In all other alkali silicate
melts investigated so far (Mysen and Virgo, 1978;
Brown et al., 1978: Seifert et al., 1979b), ferric iron
enters tetrahedral coordination, probably as an
NaFeO, complex, in analogy with the NaAlO, com-
plex found in Al-bearing melts (Virgo et al., 1979;
Brawer and White, 1977). It may be inferred, there-
fore, that in alkali-bearing melts, Fe3* and Al'* often
play similar structural roles.

Solution of Ac.component in NS melt in air (no
detcctable ferrous iron) results in the formation of
structural units with NBO/Fe3* : I and 2 (FerO1-
and FerO[-, respectively), in addition to the struc-
tural units expressed with equation l. Asl(Or) is low-
ered below that of air, ferrous iron is formed in these
melts. Our data and published information (Mao et
al.,1973; Bell and Mao,1974; Boon and Fyfe,19721'

Table 9. Intensity rutios I(970)/\870) and I(970)/I(1070), \n
quenched silicate melts

Compos i t ion r ( 970 ) l r ( 870 ) r  (97  o)  /  r  (Lo7 o)

Table 10. Percentage change of I(970)/I(87O) and I(970)/I(IU0)
of quenched melts on the join CaSiO3-MgSiO3 relative to

quenched melt of Na2SiO3 composition

Compos i t ion r (97o) / r (870) r(97o)/r(ro7o)

CaSiO3
CaMgSi206
MgSiO3

Mysen and Virgo, 1978) indicate that Fe'?* is a net-
work modifier. The redox equilibrium involving fer-
ric iron in tetrahedral coordination and ferrous iron
in octahedral coordination may be expressed with the
equation:

4Fe(IV)O; + 36O-(NBO)a 4Fe(VI)Olo- + O, (2)

The nonbridging oxygen (NBO) required to form the
octahedral ferrous ion complex, FeOlo-, may be de-
rived from the anionic silicate structural units. Equa-
tion I may be combined with equation 2, therefore,
in order to describe the interaction between redox
equilibria of iron and the anionic structure of silicate
melts:

72Si,O2- + 4Fc(IV)O; e
54Si,O3- + 36SiO1- + 4Fe(VI)Olo- * O, (3)

The Fe3*/)Fe of such melts depends, therefore, not
only on/(Or), but also on the NBO/T of the melt, a
conclusion also made by Lauer (197'7) and Lauer and
Morris (1977).

We concluded above, on the basis of the isomer
shifts of ferric iron, that Fe3* will not be a network
former in melts where there is only alkaline-earth
metal network modifier for local charge balance. The
redox equilibria of network modifiers in such melts
do, however, also depend on the anionic structure of
the silicate melts, as also shown by Lauer and Morris
(1977). Those authors concluded, for example, that
the redox equilibrium for a network-modifying cat-
ion shifts to a more reduced state as the size of the
network-modifying cations in the melt decreases.
This conclusion accords with our observation for iron
oxides in melts on the join MgSiO,-CaSiO, (Fig. 8),
where the Fe3*/)Fe decreases asCa/(Ca + Mg) de-
creases. Lauer and Morris (197'7) expressed such
relationships with a O-function that could be deter-
mined experimentally without further consideration
for the structure of the silicate melts. We may discuss
this dependence in terms of the disproportionation of
anionic polymers such as shown in equation l Ac-
cording to the results summarized in Table 8, equa-
tion I shifts to the left as Ca/(Ca + Me) of the melt

- 67
-56
-52

-65

- J a

I"1gSio3
CaSt03
CaMgSi2O5
Na2Si03

3 , 9 5
2 . 5 9
3 . 5 7
8 .  l 7

3  . 5 3
r . 7  7
?  5 ?

5 . 1 5
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decreases. Whether this is because both the monomer
and the sheet unit are affected by the decreasing size
of the cation or only one of these units are afected
cannot be ascertained from our data. Dent Glasser
(1979') noted, however, that in silicate minerals the
stability of highly polymerized silicate polymers is
lowered as the network modifer becomes smaller. It
is tempting to suggest, therefore, that similar rela-
tionships may apply to melts.

The redox equilibrium in alkaline-earth metasit-
cates can be expressed by combining equation I with
one that describes the redox equilibrium of iron
oxides as network modifiers.

2Fe(VI)Oi- + 2O-(NBO) s= 2Fe(VI)Olo- + O, (4)

to give:

8Si,Of- + 4Fe(VI)O3- s
4SiOi + 6Si,O3- + 4Fe(VI)Olo- + O, (5)

Equation 5 shows that as the degree of proportion-
ation of the metasilicate chains increases at constant
f(Or), Fe'* /)Fe will increase.

The equihbrium constants from equations 3 and 5
are:

K, : CnlFe(VI)Olo-/Fe(IV)Ot1y(O)

and

(6)

K,: ClFe(VI)Ol"-/Fe(VDo:-1y(o) (7)

where

c: [(si,o3-f(sioi).1/si,o:-). (8)
Equations 6 and'l demonstrate that the redox ratio

of iron is much less sensitive to the extent of dis-
proportionation when ferric iron is a network modi-
fier than when it is a network former.

The value of C (eq. 8) for a given alkali metal or
alkaline earth increases with increasing temperature
and with decreasing pressure (Mysen et al., 1980).
Consequently, at constant f(Or), Fel* /)Fe will in-
crease with increasing temperature and will decrease
with increasing pressure. The pressure and temper-
ature dependence of the redox ratio is more pro-
nounced in melts with ferric iron as a network former
than in melts with ferric iron as a network modifier.
The lOr) dependence of Fe3*/)Fe is the same re-
gardless of whether ferric iron is an network former
or a network modifier.

Petrological applications

The above summary shows that changes of exten-
sive and intensive variables affect physical and chemi-

cal properties of iron-bearing, rock-forrring silicate
melts because of the complex structural role of iron
in the melts. Acidic melts such as andesite, dacite,
and granite (rhyolite) will have a large excess of M*
over M2* melt modifiers. As a result, variations of re-
dox ratios of iron will alter the degree of polymeriza-
tion of the melt and therefore the viscosity and cation
diffusion coefficients. It is expected, for example, that
increasing flOr) will result in increasing viscosity of
the melt. Cation diffusion coefficients in silica-rich,
iron-bearing melt will most likely decrease with in-
creasing oxygen fugacity. Notably, the experimental
data (Seifert et al., 1979b) indicate that the activity
coefficients of the Fe3* and Fe2* complexes do not
change with oxygen fugacity. As a result, partition
coefficients of ferrous and ferric iron between acidic
melts and minerals in equilibrium with the melt will
not be affected by the oxygen fugacity.

Physical properties of basaltic melts will be af-
fected less by changing redox ration ofiron than sil-
ica-rich melts because alteration of redox states re-
sults in smaller changes of NBO/BO. It is notable,
however, that as a result of fractional crystallization
of a basaltic melt to more silicic compositions, the
physical properties of the magma will gradually
change as the influence ofredox ratios ofiron on the
degree of polymerization of the melt increases with
increasing M* /IN.d'*.
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