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Experimental methods

Starting materials were spectroscopically pure (Johnson and
Matthey) SiO2, CaCO3, BaCOg, SrCO3, MgO and Fe2O3. Ap-
proximately l0Vo of theFe2O3 was added as isotopically enriched
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Abstract

M<issbauer and Raman spectroscopy have been used to relate redox equilibria of iron to
melt structure in MO-SiO2 systems (M : Ba2+, Sr2*, Ca2*, Mgr*). Log Fe2*/Fe3* is a
linear function of log/e,, although the slope of the lines depends on bulk composition. The
Fe2*/Fe3* is a linear function of NBO/T (nonbridging oxygens per tetrahedral cation) for
each type of divalent metal cation. The ferrous-ferric ratio is also proportionalto Zlf of the
metal cation at constant M/Si (or NBO/Si) of the melts.

With Fe2+/Fe'1 4 1, ferric iron is in tetrahedral coordination. The spectroscopic data
indicate that further reduction may result in a coordination transformation of the remaining
Fe3+, probably to six-fold coord-ination. The Fe2+/Fe3+ of this transformation appears
insensitive to the type of metal cation and the NBO/T of the melt. Its value increases
somewhat as the total iron content of the system is increased.

Liquidus phase equilibria for compositions with Calsi : 0.7 and Me/Si : 0.7'
with l0 wt.Vo iron oxide added were calculated as a function of Fe2*/Fe3*. An increase in
Fe2*/Fe3* results in a decrease of 35'C in the liquidus temperature in the system CaO-
SiO2-Fe2O3-FeO (at Fe2*/Fe3* - 0.25). In the analogous Mg-bearing system, the
maximum temperature decrease is 200"C (at Fe2+/Fe3+ - 4.0). Silica polymorphs (and,
over a limited ferric/ferrous range, two liquids in the Mg-bearing system) occur on the
liquidus until the temperature minimum is reached. With additional increase in Fe2+/Fe3+,
metasilicate minerals (pseudowollastonite and clinoenstatite, respectively) are stable. In
the system MgO-SiO2-Fe2O3-FeO, a silica polymorph (cristobalite) reappears on the
liquidus with Fe2+/Fe3* - 9.0, whereas in the analogous Ca system, pseudowollastonite
remains on the liquidus until all ferric iron has been reduced to ferrous iron.

Introduction type ofmetal cations available for charge-balance ofFe3+
Iron oxide redox equilibria in magmatic liquids are of in tetrahedral coordination and the proportions of coex-

interest because p"z+1p"r+ influences melt structure and isting anionic units (Dickinson and Hess, l98l; Mysen et
derivative properties (Mysen et al., l9g2b) and because al".l982b). These proportions are related to the network-
the distribution of iron oxides between liquidus minerals modifying cations in the melts (Mysen et al., 1982b). In
and melt may be used as an indicator of magmatic history natural magmatic liquids, alkaline earths commonly are
(e.g., Bowen et a1., 1930; Mysen et al., l9g0; Hageerty, the most abundant network-modifying cations and may
1978; Sato and Valenza, l9g0). preliminurv outu iiii.ui" also potentially serve to charge-balance Fe3* in tetrahe-
that ferric iron may be both a network former and a dral coordination in analogy with observations on alka-
network modifier (6.9., Mysen et al., l9g0), whereas l ine-earth-bearingaluminosil icatesystems(e.g.,Seifertet

ferrous iron commonly is considered to be a network al., 1982:Navrotskyetal., 1982). Inordertodescribethe
modifier in silicate melis (e.g., Mao et al., 1973; Nolet et interrelations between redox equilibria of iron oxides and
a1., lg79). Thus melt properties thar depend on melt the structure of magmatic liquids, we decided, therefore,
polymerization may also depend on iron content and to study the efect oftemperature and oxygen fugacity on
Fe3*DFe. the redox equilibria of iron oxide in simple alkaline earth

The redox ratio of iron oxides and the structural silicate melts.
position of Fe3+ and Fe2* in melts may depend on the



57Fe2O3 e0-95% 57Fe1 to enhance the sensitivity of M6ssbauer
spectra for the determination of Fe2*/Fe3*2 and the structural
positions of Fe2* and Fe3*. Batches of 200-300 mg were ground
under alcohol for I hr or more, dried at 400'C and stored at 1 l0"C
until used. The samples (30-70 mg) were suspended on 0.1-mm
Pt loops (Presnall and Brenner, 1974) it vertical Pt- and MoSi2-
heated, quench furnaces. All samples were quenched in either
liquid nitrogen or water. The oxygen fugacity in the furnace was
controlled with CO-CO2 gas mixing and monitored with an
Y2O3-doped ZrO2 oxygen sensor (Sato, 1972). The accuracy of
the sensor was checked periodically against the equilibria 2Ni +
O, = 2NiO and 2Fe + 02 = 2FeO (Chou, 1978; Deines et al.,
1974). The accuracy of the oxygen fugacity, based on this
calibration, is better than 0. I log unit offllrat the temperature of
these experiments (1550'C). The precision is 0.01-0.02 log unit.
The composition of the glasses, within analytical uncertainty
(2%,relative), accords with the nominal values. Electron micro-
probe analyses are available from the authors upon request. The
compositions of the starting materials, as used throughout this
report, are defined with their symbols as described in Table l.

Raman and Mrissbauer soectra were obtained with the auto-

2 It is recalled that Fe3+/)Fe, obtained directly from the
Mossbauer spectra, is related to Fe2*/Fe3* as Fe2*/Fe3* : (l -

Fe3*DFe)/(Fe3*DFe).

E35

mated Raman and Mtissbauer systems at the Geophysical Labo-

ratory (e.g., Mysen et al., 1982a)' The Raman data were obtained

by excitation of the sample with the 514-nm line of an Ar*-ion

laser with 2-4 watts at the sample with the same configurations

as in Seifert et al. (1982). The samples were examined optically

before and after exposure to the laser to evaluate possible

radiation damage. On occasion, discoloration and sometimes
precipitation of an iron oxide were observed. In such cases, the

Raman spectrum was discarded. Mtissbauer spectra were ob-

tained on the same samples, occasionally both before and after

exposure to the laser beam. In optically clear glasses, no effects

of laser exposure could be observed in the Mossbauer spectra'

All other aspects of the Raman methods have been described

elsewhere (Mysen et al., 1982a Virgo et al.' 1981, 1982; Seifert

et al.. 1982). Curves of Lorentzian and Gaussian line shapes

were fitted to the digitized output from the Mtissbauer and

Raman spectrometers, respectively, as summarized elsewhere
(Mysen and Virgo, 1978; Virgo et al., 1981, 1982, 1983a; Mysen

et al. ,  1980, 1982a).
Alternative fitting methods of the Mossbauer spectra with

different lines-shapes (e.g., Eibschutz, et al., 1980; Eibschutz

and Lines, 1982), or with least-squares fitting of an assumed

correlation of hyperfine parameters of a large number of elemen-

tary doublets (e.g., Wivel and Morup, l98l) were attempted'

These methods did not yield results for Fe3*/)Fe or hyperfine
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Table l .  Mossbauer results

Conposltion - los  f ^ F e -  ( I ) Fe-  ( I I )

IS  QS IS QS

cs2E2.1
cs2E4.6
cs2F9. 1
cs2F5
cs2F5
cs1.  4F5
csl .  4F5
cs1 .4F5
cs l . 4F5
csl .  2F5
cs1 .  2F5
csF5
csF5
csF5
cs .8F5
cs .  8F5
cs.  7F5
cs1.4Fl_0
cs1.  4F10
cs1.  4Fl0

MS1 .4F5
MS1. 4F5
MSl.  4F5
MSl.  4F5
MS l .2F5
MS1 .2F5

SrSF5

BS4F5
BS3F5
BS2F5
BS1. 5F5
BS1. 2F5
BS1. 1F5
BSF5

L7  25
t725
L725
I  ) ) U

1550
1550
1550
1550
1550
1550
1550
1550
1  q q n

1550
1550
1550
1550
1550
1550
1550

1550
1550
1550
1 550
I )  ) U

1550

1550

1550
1550
1550
1550
1550
1550
1550

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

4 . 0 0
6 . 0 0
0 .  6 8
2 . 5 0
0 .  6 8
2 . 5 0
4 . 0 0
0 .  6 8
2 . 5 0
0 . 6 8
0 . 6 8
2 . 5 0
4 . 0 0

0 .  6 8
2 . 5 0
4 . 0 0
6 , 0 0
0 .  6 8
2 . 5 0

0 . 6 8

0 . 6 8
0 .  6 8
0 . 6 8
0 . 6 8
0  . 6 8
0 , 6 8
0 . 6 8

0 . 7 0  0 . 7 1
0 . 5 6  0 . 7 8
0 . 3 1  r . L 7
o . 3 2  L , L 1
0 .  5 3  0 .  8 5
0 . 3 2  1 . 1 3
0 . 5 7  0 . 7 7
0 . 5 7  0 . 5 5

o . 3 2  1 . 1 4
Q . 5 2  0 . 7 9
0 . 3 1  1 . 1 5
0 . 4 5  0 . 9 1
0 . 5 5  0 . 6 9
0 . 3 2  1 . 1 9
0 . 3 4  1 . 1 6
o . 3 2  1 . 2 0
o . 3 2  1 . 1 6
0 . 3 3  r . l 2
0 . 5 5  0 . 7 1

0 . 3 4  1 , 2 4
0 .  7 0  0 . 7 1
0 . 8 5  r . 0 2

0 .  3 7  1 .  3 3
0 . 7 0  0 . 9 0

0 . 3 0  1 . 0 9

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

1 . 0 5  2 . L 9
1 . 0 1  2 . 2 6
1 . 1 0  2 . o 2
1 . 0 8  2 . O 2
1 . 0 7  2 . L 6
1 . 1 1  2 . l O
L . 0 7  2 . 1 8
1 .05  2  .O3
1 .04  2 .21 ,
1 . 0 6  2 . 0 s
0 . 9 6  2 . 2 7
1  1 1  ?  1 5

1 . 0 5  2 . 2 0
1 . 0 0  2 . 2 9
1 , 0 0  t , 9 9
1 . 0 8  2 . 1 2
1 . 0 0  2 . o 8
1 . 0 0  2 . o o
1 .  1 1  2  . 0 5
1 . 1 1  2 , 0 6

1 . 1 5  2 . L 3
1  1 '  7  t 1

1 . 1 - 3  2 . L 4
1 . 0 5  2 . ! 8
1 .  t  6  2 . r O
1 . 1 1  2 . L 9

1 . 0 0  L . 8 2

0 . 9 4  2 . 0 0
0 . 9 5  1 . 9 6
0 . 9 7  L . 9 7
0 . 9 5  1 . 9 3
0 . 9 5  1 . 9 r
0 . 9 3  1 . 9 3
0 , 7 5  2 . L 8

0 . 8 5  l - . 8 7
0 . 8 5  1 . 9 3
o . 9 2  1 . 6 s
0 . 9 1  L . 6 7
0 . 9 3  1 . 8 8
0 . 9 5  1 . 7 8
o . 9 2  1 . 8 9
0 . 8 6  L . 6 5
1 , 0 1  1 . 6 5
0 . 9 1  L . 1 6
0 .  7 5  1 .  6 8
0 . 9 6  1 . 8 5
0 . 8 9  1 . 8 8
o . 9 7  l . 7 r

0 . 9 1  1 . 7 1

: : : : : :
0 . 9 s  L . 7  5
0 . 9 5  1 . 9 1

o .99  1 .81 -
0 . 9 5  1 , 8 6
0 . 9 6  1 . 8 0
o . 9 2  L . 5 2
1 . 0 0  r . 7 7
0 . 9 5  r . 8 9

0 .249
0 .  396
0 .443
0 .  584
o . 2 4 7
0 .  614
0 . 2 8 8
0 . 1 1 7
0 .000
0 . 6 3 8
0 .  356
0 . 6 7 5
0 .4L7
0 .228
0 .  710
0 . 4 7 2
0 . 8 2 3
o , 6 7 7
0 .397
0 . 2 3 1

0 .523
0 .  188
0  . 065
0 .000
0 . 4 8 2
0 . 2 2 2

o . 7 4 6

0  . 684
0 . 6 8 4
0 . 6 9 9
0 .  731
4 . 7 7 L
0 . 7 8 4
0 .833

*Isomer shlft (IS) and quadrupole splitt lng (QS) (m/sec) relative to Fe oetal'

Abbrev ia t lons :  c ,  Cao;  l . { ,  MgO;  Sr '  s ro i  B ,  Bao;  S '  S iO2;  F '  fe2o3.  CS2 '  e tc . ,

CS2F5,  e tc . ,  re fe r  to  v t .7 .  Ee2O3 added to  € ta r t lng  mter ia l .
refeE to nolar Sio2/netal oxlde.
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MS1.4F5 CSt.4Fs

Vd@ity, [n/s

Fig. l. Comparison of Mdssbauer spectra of melts (obtained at 298 K) with composition CSl.4F5 (SiO2/CaO : l.4,with5 wt.%
FezOr added) and MSl.4F5 (SiOr/MgO : 1.4, with 5 wt.Vo Fe2Os added) at 1550"C as a funcrion of oxygen fugacity.

6
A

t
ig

t
A

I

I

6

B

I
I

t
c

6

t

.l

I
5
I
E

T

5
I
a
E

I

o

B

=
I
t
8

2

o

-2

lF.8+/:F.. O tl

-24 O,0



parameters that were significantly ditrerent from those reported
here. Thus, the fitting methods employed in earlier reports (e.g.,
Virgo et al., 1981, 1982, 1983a) were employed. In these fits, the
areas ofthe individual doublets were constrained to be equal, as
well as the line-width of the ferric doublets. The latter constraint
was not imposed on the Fe2*-doublet(s) as Mtissbauer spectra
for highly reduced glasses typical ly indicate that Fe2'-doublets
are asymmetric (e.g., Mao et al., 1973; Mysen and Virgo, 1978;
Nolet et al.. 1979 Levitz et al.. 1980). In the most oxidized
samples, the spectra can be resolved into one ferric doublet and
two high-velocity components of two Fe2* doublets. The two
corresponding low-velocity components nearly coincide and
could not be resolved statistically. With the resultant fiveline fit
(without the area constraints for the Fe2* components), the area
of the single Fe2*-low velocity component is similar to the sum
of the two high-velocity components within 5%o relative. In
reduced samples two asymmetric ferrous doublets result in the
statistically best fit (e.g., Fig. l). These two Fe2*-doublets are
denoted Fe2*(I) and Fe2*(II) in the text. Interested readers may
contact the authors for additional details and program listings for
the alternative and current fittine routines.

Results

Mossbauer data

Relationships between Mossbauer data and bulk melt
composition, temperature and oxygen fugacity are sum-
marized in Table I with selected Mossbauer spectra in
Figure 1. Decreasing/62 results in a rapid decrease in the
intensity of the resonant absorption between 0.5 and 0.8
mrn/sec in the M<issbauer spectra and a slight shift to
higher velocity of the high-velocity component of the
ferric doublet (Fig. l). This spectroscopic change is
associated with an increase in absorption in the highest-
and lowest-velocity portions of the spectra. These spec-
troscopic features result from the increase in Fe2*/Fe3*
of the melts and a slight increase in the velocity of the
low-velocity component of the Fe3* doublet.

At the same oxygen fugacity, temperaturg and degree
of polymerization of the melt, the Fe2+/Fe3+ increases in
the order Ba2* I Sr2+ < Caz* < tlgz* (zlP increases)
(Fie. 2), as also observed by Douglas et al. (1965), Lauer
and Morris (1977) and Mysen et al. (1980). The Fe2*/Fe3*
is linearly correlated with the degree of polymerization of
the melt (NBO/T) at the same temperature and /o. (Fig.
3). The dependence of Fe2*/Fe3* on NBO/T3 (or NBO/Si)

3 The NBO/T may be calculated from bulk chemical composi-
tion after recasting to chemical formula and assignment of
tetrahedrally coordinated cations (from structure determina-
t ions). Two equivalent expressions,

NBO/T:  l /T )  l /nMi .
i : l

or NBO/T = (2O - 4T)/T, can be used. In these expressions n is
the electrical charge of network-modifying cations M1, T is the
total number of tetrahedrally coordinated cations and O is the
number of oxygens. Metal cations required for charge-balance of
tetrahedral cations such as Al3* and Fe3* are subtracted from
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Fe3*/ EFe

1-0 0.9 0.8 0.7 0.6 0.5

mg2'

Fo2+ r6s*=o 44 (L)-ou, at= o ss

ca2'

i r2*

8.2*

0.4 0.6

Fe2*/Fe3+

Fig. 2. Relationship between Fe2*/Fe3* and type of metal
cation (Ba2+, St'*, Ca2*, Mg2*), expressed as Zlr2 (Z :

electrical charge, r = ionic radius for six-fold coordination;
Whittaker and Muntus, 1970) for metasilicate melt compositions
equilibrated at 1550"C in air.

is also a function of the type of network-modifying cation,
the oxygen fugacity and the anionic structure of the melt
(Table 2; Figs. I and 3). The slopes ofthe lines increase as
the metal cation is changed from Ca2* to Ba2+ , and for
the same metal cation, with decreasing/o, (Fig. 3).

As is commonly observed in silicate systems (e'g.,

Fudali, 1965; Lauer and Morris, 1977; Mysen et al., 1980;
Goldman, 1983), there is a nearly linear relationship
between log/s" and log (Fe2*/Fe3*) (Fig. 4). The slope of
the lines decreases, however, from about -0.4 for the
calcium disilicate composition to about -0.25 as the
NBO/T of the melt increases toward that of calcium
metasilicate (Fig. a). The slope is also greater for Mg-
bearing systems than for Ca-bearing systems and may
decrease (in an absolute sense) with increasing iron
content ofthe system (Fig. a). This behavior differs from
that of Fe2*/Fe3* in alkali silicate systems, where the
slope does not deviate significantly from -0'25 (Mysen et
al., 1980; Virgo et al., 1983a). Thus, the activity coeffi-
cient ratio, yFe3* lyFez* , decreases with increasing NBO/
T and with decreasing Zlf of metal cations in alkaline
earth silicate melts, whereas this ratio is independent of
NBO/T in alkali silicate systems.

Regardless of the degree of polymerization of the
silicate solvent (expressed as NBO/Si), the ISo"r+ remains
at about 0.3 mm/sec until Fe3+DFe decreases below 0.5
(Fie. 5). With Fe3*DFe between 0.5 and 0.4, the ISo":+
and QS"-r+ change rapidly as a function of decreasing

their total abundance to obtain M1. In this paper, the NBO/T and

NBO/Si are used as expressions indicating structural and compo-
sitional features of the melts in the sense that, if the tetrahedrally
coordinated cations are known, the value of NBO/T can be
calculated from bulk composition.

MYSEN ET AL.: IRON IN ALKALINE EARTH SILICATE MELTS
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Table 2. Average values of hyperfine parameters* (relative to Fe metal)

F"3* F e - '  ( I )
Systm

Qs

0 .318  r  0 .004

0 .57  !  0 . 06

0 . 3 5  f  0 . 0 2

0 . 7 0  t  0 . 0 0

0 .  30

0 .29  t  0 . 01 -

1 . 1 6  I  0 , 0 3

0 . 7 3  r  0 . 0 9

L . 3 2  L  O . 0 7

0 . 8 4  !  0 . 0 9

1 .  09

0 . 9 6  I  0 . 0 3

1 . 0 6  !  0 . 0 5

1 . 0 4  r  0 . 0 5

1 . 1 9  !  0 . 0 6

1 . 1 2  !  0 . 0 1

1 .00

0 . 9 2  !  0 . 0 8

2 . 0 6  r  0 . 0 6

0 . 9 0  I  0 . 1 1

2 . 1 8  r  0 . 1 2

2 . 2 0  !  O . O L

L . 8 2

1 . 9 8  t  0 . 0 9

0 . 9 3  I  0 . 0 2  1 . 7 4  t  0 . 0 8

1 . 8 2  I  0 . 1 1

1 . 0 1  i  0 . 0 2  1 . 8 2  i  0 . 0 6

0 , 9 4  r  0 . 0 2  1 . 8 8  i  0 . 0 2

*Isomer shift (IS) and quadrupole splirt lng (QS) in m/sec.
f(IV) and (VI) refer to lnferred coordLnarlon of Fe$.

redox ratio (oxygen fugacity). This ferric/ferrous range is
insensitive to the type of metal cation (Fig. 5; see also
Virgo et al., 1983a, for data on alkali and alkaline earth
aluminosilicate systems). It is noted, however, that in
CSl.4 melt (NBO/Si of calcium silicate solvent equals
1.4) the change in IS,.l+ and QS"-31 occurs at somewhat
lower values of Fe3+l)Fe for l0' wt.Vo than for 5 wt.Vo
Fe2O3 added (cf. CSl.4F5 and CSl.4Fl0, Fig. 5).

Raman data

Raman spectra were obtained on three compositions
with NBO/Si of the iron-free end-member composition
equal to I (CS2), 1.4 (CSl.4) and 2.38 (CS.8). The spectra
of the end members and other relevant compositions have
been reported and interpreted elsewhere (Verweij, 1979a,
b; Verweij and Konijnendlk, 1976; Brawer and White,
1977; Furukawa et al., l98l; Virgo et al., 1980; Mysen et
al., 1982b; Domine and Periou, 1983) and only one
example is included here for reference (Fig. 6).

The spectra are interpreted on the basis (see Mysen et
al., 1982b; Domine and Piriou, 1983, for reviews; and
Furukawa et al., 1981, for theoretical calcula[ions) that
the anionic structure of melts on binary metal oxide
silicate joins may be described as combinations of struc-
tural units with NBO/Si values corresponding to the
stoichiometric expressions, SiOX-, Si2O9-, SiO3-, SirOS-
and SiO2. For the compositions in the present study, the
assignments of the most important Raman bands associat-
ed with the various structural units are summarized in
Table 3.

For quenched melts equilibrated in air, a distinct difer-
ence between the spectra of iron-bearing and iron-free
samples is the depolarized band near 990 cm-l in the
spectrum of CS2F5. For this melt, as well as those of
CS1.4F5 and CS.8F5, there is also an increase in Raman
scattering intensity near 900 cm-r lTable 3). Further-
more, the relative intensity of the band near llfi) cm-r in
CS2F5 and CSI.4F5 melts (assigned to Si-O- stretch
vibrations in SizO3- units) is lowered as Fe2O3 is added to
the melt and equilibrated with air at 1550"C. There may be
a slight relative increase in intensity near I150 cm-r (Si-
Oo stretching in three-dimensional network units) and a

more pronounced relative increase in the 950-cm-' band
(Si-O- stretching in SiO3- units; Furukawa et al., lgEl).
The addition of l0 wt.Vo Fe2O3 to CSl.4 melts results in
further evolution of these trends (Table 3). AIso, the
asymmetry of the band near 600 cm-r (mixed stretch and
bending mode of Si-O-Si bridging bonds in depolymer-
ized structural units) becomes very pronounced. At oxy-
gen fugacity below about l0-2 5 (and decreasing Fe3"/
)Fe), melts of composition CSl.4F5 (Fie. 6) have Raman
spectra with only those bands observed in the iron-free
system. The intensities of the bands (Table 3), in particu-
lar the ratio between the l100- and 950-cm-r bands, have
changed, however, relative to those of iron-free CaO-
SiO2 melts with similar NBO/Si (Fig. 6; see also Fig. 3 in
Mysen et al., 1982b).

Structural interpretation

The 900- and 990-cm-l bands in the Raman spectra are
generally assigned to stretch vibration of T-O' bonds (T

H

EE
o.7

0.6

0.5

0.4

0.3

o.2

0.1

1550'C

a ELO . SlO2

o C.O - SiO2

NBOIT

Fig. 3. Comparison of relations between Fe2*/Fe3* and
NBO/T for melts on the joins CaO-SiOz and BaO-SiO2 with 5
wt.Vo Fe2Ot added and equilibrated at 1550'C in air and for CaO-
SiO2 also atfoz = l0-2 5. In these compositions, the NBO/T was
calculated with Fe3* as a network former, as discussed further in
text.
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log foz

Fig. 4. Log (Fe2+/Fe3+) vs. log/62 for melrs equilibrated at
1550'C as a function of melt composition, type of metal cation
and amount ofiron added. For the expression, log (Fe2*/Fe3+; =
alogft12 + b,the coefficients a and b are, respectively, CS2F5,
-0.35 and -0.3E; CSl.4F5, -0.33 and -0.42: CSl.4Fl0, -0.26
and -0.48; MSl.4F5. -0.36 and -0.2E: CSl.2F5. -0.28 and
-0.43: CSFS. -0.26 and -0.49: CS.8F5. -0.24 and -0.55.

= tetrahedral cation) where T is probably predominantly
Fe3* (Fox et al., 1982). In some of the glasses where the
Mrissbauer spectra suggest that tetrahedrally-coordinated
ferric iron is absent, there remains a 900 cm-t band (see
Table 3). Most likely, this band results from the existence
of Si2O?- units in the melts. Whether such units also exist
in Fe3*(Iv)-bearing samples cannot be ascertained. This
interpretation is consistent with that of Virgo et al. (1981,
1983b) for spectra of quenched melts (glasses) in the
system Na2G-SiO1Fe2O3-FeO where Fe3* is in tetrahe-
dral coordination. The values of ISr"3* and QS.":+ (Fig. 5,
Table l) from the Mrissbauer spectra of these samples are
similar to those found for tetrahedrally coordinated Fe3+
in crystalline ferrisilicates (Annersten and Halenius,
1976; Waychunas and Rossman, 19E3; Amthauer et al.,
1977). Thus, both the Mossbauer and the Raman data
from the melts equilibrated in air at 1550"C are consistent
with tetrahedrally coordinated ferric iron. The small but
significant differences in IS..r+ and QS."r+ for tetrahe-
drally coordinated ferric iron with different cations for
electric charge-balance (Table 2) may result from slightly
different Fe3*-O distances in the tetrahedra and possibly
some changes in polyhedral distortion.

The hyperfine parameters for ferric iron of quenched
melts with Fe3*DFe lebs than 0.5 (corresponding to log
fo, : -r.t at 1550"C) change rapidly from ISo.:+ - 0.3
mm/sec and QS..r+ - 1.1 mm/sec at Fe3+DF6'> O.S to
ISr"l+ = 0.5 mm/sec and QSr"r+ = 0.8 mm/sec at FE3+/

)Fe - 0.4 or less (Fig. 5; Table 1). These changes in
ISr.r+ with decreasing Fe3*DFe, as well as the tempera-
ture dependence of the hyperfine parameters for ferric
iron obtained from spectra taken at 298 and 77 K with the
respective low and high values of Fe3*/)Fe (see Virgo et
al., 1982, 1 983a), are consistent with octahedrally coordi-
nated ferric iron with Fe3*DFe < 0.4 and with tetrahe-
drally coordinated ferric iron with Fe3*DFe > 0.5. In the
Fe3*DFe range between 0.5 and 0.4, the Mdssbauer data
are consistent with a transition from tetrahedral to octa-
hedral ferric iron where the two types of Fe3*-O polyhe-
dra may coexist (see also Virgo et al., 1983a, for further
discussion of the Mcissbauer spectra of silicate melts with
coexisting tetrahedral and octahedral ferric iron). Addi-
tional support for this interpretation of the ivlcissbauer
data is the observation that the 900- and 990-cm-' depo-
laized Fe-Oo symmetric stretch bands (generally as-
signed to Fe3+-O" in tetrahedral complexes; see also Fox
et al., 1982) diminish in intensity with decreasing/6, (and
decreasing Fe3*DFe; Table 3, Fig. 6; see also footnote in
Table 3 relating to ambiguities in this interpretation), thus
also indicating the disappearance of Fe3*(IVFO bonds in
the melts as the Fe3+DFe decreases.

The two ferrous doublets (e.g., Fie. I ; Table 1) differ in

QS."z* by more than lUVo,with insignificant differences in
IS,.z+. Such differences in quadrupole splitting for the
two Fe2+-O octahedra may be related to their degree of
distortion (Annersten and Olesch, 1978; Mysen and Vir-
go, 1978; Calas and Petiau, 1983; Waychunas and Ross-
man, 1983). With this interpretation, the Fe2+(ID-O poly-
hedron is the most distorted of the two.

Interaction between anionic units and ferric and

ferrous iron

Some of the structural changes from Fe2+/Fe3* varia-
tions and coordination transformation of Fer* in the
melts may be evaluated with the Raman spectroscopic
data (Fie. 6; Table 3). In the spectra, the relative abun-
dance of anionic units is reflected in the relative intensi-
ties of the Raman bands that result from T-O bonds (T =

tetrahedrally coordinated cation) in these units. Seifert et
al. (1981) (see also Mysen et al., 1982a) devised a method
by which the relative abundance of anionic units in
individual MO-SiO2 or M2G-SiO2 (M : a specific univa-
lent or divalent metal cation) may be calculated as a
function of IvI/Si of each system. This same method is
used here for the system CaO-SiOrFe-O. Results of
these calculations are shown for composition CS1.4F5 as
afunction of its Fe3+DFe (Fig. 7). In Figure 7 the relative
abundance oftetrahedral Fe3* units is omitted because of
their low abundance. For the melt equilibrated in air at
1550'C, approximately 1.0% of the tetrahedral structure
consists of Fe3*1IV;-O polyhedra. For lower values of
Fe3*DFe, Fe3+ is a network modifier, and the anionic
network can be described entirelv in terms of silicate
units.
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There are several features of the data in Figure 7
indicating that Fe3+ and Fe2+ show different structural
behavior than Sia+ and Ca2+ in melts in the system CaO-
SiO2-Fe-O. (Compare Fig. 3 in Mysen et al., 1982b, in
which composition SW40 is equivalent to CSl.4 in the
present study.) The composition CS1.4F5 atlo. : l0-0 68
(air) and 1550"C has NBO/T : 1.36. Compared with melts
with the same NBO/Si on the join CaO-SiO2, the iron-
bearing melt has a larger proportion of three-dimensional
network units, less Si2O3-, less SiO3- and slightly more
SiOX-. The increase in relative abundance of three-
dimensional network units follows from the increased
polymerization of composition CSl.4F5 compared with
iron-free CSl.4 caused by tetrahedrally coordinated
Fe3*. This increase in SiO2 units, coupled with an in-
crease in SiO]- and a decrease in SizO3-, can also be
related to the structural position ofFe2+. The increase in
the proportion of SiO3 units indicates that Fe2*-O
polyhedra are formed with nonbridging oxygens from
SiO]- units rather than from nonbridging oxygens from
Si2O3-. At constant NBO/Si, the SiO2 + SiO3 increases

relative to SizO3 with increasing electronegativity of the
metal cation (Liebau, l98l; Mysen et al., 1982b). Addi-
tional reduction offerric to ferrous iron has only a very
small effect on the overall degree of polymerization.

Inasmuch as Fe(IV)3+-O polyhedra appear to be three-
dimensionally interconnected (Fox et al., 1982; Virgo et
al., 1982, 1983b), this polyhedron may be described as
FeO2 , as also suggested elsewhere (Paul and Douglas,
1965; Douglas et al., 1965; Goldman, 1983). One may then
express a more complete redox equilibrium involving the
silicate anionic structure, ferrous and ferric iron,

4SiO2 + Si2O3 + 4FeOz = 5SiO3
+ siox- + 4Fe2+(vD + 02, (l)

with the equilibrium constant

- .  l re ' -<vt) \4 /s io3-\4 ls io|  s io3-\-
K , - l  l l -' 

\ Feoi / \ sio,-/ ls',o-l'' 
(2)

This expression is also consistent with the relationships
between Fe2*/Fe3*, oxygen fugacity, NBO/T of the melt
and Zlf of the network-modifying cations (Figs. 2-4). In

1.0

1550 oc,5 wg Fe2o3

F e 3 * / l F e

v MSr 4F5
a csl  4F5

1550 "c x cst 4Fto

Fe3+ /zFe



E41MYSEN ET AL,: IRON IN ALKALINE EARTH SILICATE MELTS

|rE.'@tFt'q d'FF4

i . p
t 5
t _
| ( n

''=
' a

o

o
o

i F
I E
I 6
a &
' E

o
. !

c!

(g

o
N

o

i :
l o
l l Lr 4

t

o

q

c)

o
b0

x

: p
6 .  6 n
I  . q i
I E

I  r r t E
l o

\ O -

b ; $

ra i;
(J

4
=

o
6

i
F

i .  ' " 9
|  l o l
i  ; o
t o r|  ; . f i

t >

6 ' .
O E

t
T

R
I. l z

P o i
r d
f , r
i h
i * -

8 E

E
a

: 8 E'L z.
; R

d 0
€ r

dE
i \

ii t

q

!
I

F

i  E8
: . ? z
!  ?e .
I  ! :

rt l+
t . -
6t

o

;
. Fq o -
9 @
2 t 2

; i
d d
9' ,i
E H
t >

5r

E
I

iD

; 8-ti 2

4



842

Table 3. Summary of relative areas (intensities) of Raman bands
and their assisnments

-to8fo, 
ffi r.3+/rr"
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the range of bulk melt compositions of the present study,
increasing NBO/T of the melt results in an increase in the
relative abundance of SiO3- and SiOX- units and a
decrease in SiO2 and Si2O?- (Furukawa et al., 1981;
Mysen et a1., 1982b). The relative increase in SiOX- is

Fe3+/t  Fe

Fig. 7. Relative abundance of coexisting anionic units
(recalculated to l00Va; FeO! units < l%) as a function of Fe3*/
)Fe for composition CSl.4F5. "Fe-free" denotes the relative
abundances for the iron-free end member (compare also with
SW40; Mysen et al., 1982b).

. _. _. _.91F.:ll:.:yll1.

5 4 0.3 0.2 0.1 0.0

Fe3+ | EFa

Fig. 8. Calculated degree of polymerization (NBO/T) of melts
with 5 and l0 wt.Vo Fe2O3 added as a function of their Fe3*DFe.
Compositions CSl.4 and CS have SiO2/CaO : 1.4 and 1.0,
respectively, and MS 1.4 has SiO2/MgO = 1.4. F5 and FlO denote
5 and l0 wt.Vo Fe2O3 added to the starting material. The NBO/T
is calculated from Fe3*DFe (Table l) after structural assignment
of Fe3*. The l ines csF5 [Fe3*(vD], csF5 [Fe3+(IV)],  CSl.4F5
[Fe3*(VD] and CSl.4[Fe3+(IV)] are calculated examples of the
change in bulk melt NBO/T of these compositions as a function
of Fe3*DFe if Fe3* is a network modifier or a network former,
respectively, over the entire Fe3*DFe range from 1.0 to 0.0.

small compared with that of SiO3-. At constant/6., the
(Sio3-/SiOt4 (Sio3-SioX-/Si2o3-) rherefore increases.
For constant Kl this increase requires that Fe2+(VI)/FeOt
decrease. Thus, decreasing melt polymerization results in
oxidation offerrous to ferric iron as observed here (Fig. 4)
and elsewhere (e.g., Douglas et al., 1965; Larson and
Chipman, 1953).

Increasing Zlf of the metal cation is positively corre-
lated with Fe2+/Fe3+ Gig. 2; see also Douglas et al., 1965;
Paul and Douglas, 1965; Mysen et al., 1980). This correla-
tion may be understood by considering equations (l) and
(2) together with the influence of different metal cations
on the proportions ofcoexisting anionic units. Increasing
Zlf results in an increase in the abundance (SiOr +
SiO3-) relative to SizO3- units for melts with similar
metaVsilicon (Mysen et al., 1982b; see also Liebau, 1981).
As a result of this abundance change, the ratio product
(Sio3-/SiOt4 (SioX-Sio3-/Si2o3-) in equation (2) is pos-
itively correlated with increasing Zlf of the metal cation.
In order to maintain the value of K1 in equation (2), the
Fe2*/Fe3* must decrease, in accord with observation.

Redox equilibria, melt structure and properties

Redox equilibria and melt polymerization

The redox ratio of iron oxides and the stmctural
positions of Fe3+ and Fe2+ afect the overall degree of
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Fig. 9. Relative increase (%) in NBO/T of iron-bearing melts
with network-modifying Fe3* [NBO/T(VI)] compared with the
calculated NBO/T of the melt if Fe3* is a network former [NBO/
T(IV)I as a function of total amount of iron, Fe3*DFe, molecular
weight of the metal oxide and degree of polymerization of the
iron-free end member ("NBO/T").

polymerization of silicate melts (NBO/T). The NBO/T of
several calcium silicate and magnesium silicate melts
have been calculated as a function of their iron contents
and Fe3+DFe (Fig. E). For all compositions, the addition
of 5 wt.Vo Fe2O3 or more to the starting materials results
in polymerization relative to the iron-free end members
because ferric iron is tetrahedrally coordinated in samples
equilibrated with air at 1550"C. Under all conditions
ferrous iron is in octahedral coordination (Mao et al.,
1973; Bell and Mao, 1974; Nolet etal.,1979; Seifert et al.,
1979; Mysen et al., 1980).

In Figure 8 the observed changes in NBOiT are com-
pared with the hypothetical and calculated variations of
NBO/T with Fe3+ as a network modifier [Fe3+(VI)] and
network former [Fe3+(IV)] throughout the Fe3*DFe
range from 1.0 to 0.0. Because Fe3* undergoes a coordi-
nation transformation with Fe3+DFe ( 0.5, there is
an initial continuous increase in NBO/T with decreasing
Fe3+DFe and then a rapid change as Fe3* is transformed
to octahedral coordination (Fig. 8). There is thus a large
diference in the degree of polymerization of iron-bearing
silicate melts depending on Fe3+DFe and on whether
Fe3* is in tetrahedral coordination as illustrated with the
calculated results shown in Figure 9. The extent of this
difference is greater the smaller the NBO/T, the greater
the total iron content and the larger the molecular weight
of the metal cation.

Phase equilibria
In binary metal oxide-silica systems the degree of

polymerization of liquidus minerals can be correlated

with the polymerization of the melt (see, e.g., Greig,
1927; Phillips and Muan, 1959, for relevant phase-equilib-
rium data on alkaline earth silicate systems). Such simple
correlations no longer hold when Sia+ is replaced with a
charge-balanced M3+ cation such as Fe3+ (or Al3+) as
indicated in Figure 10. In this figure the bulk melt NBO/T
of the tridymite-pseudowollastonite liquidus boundary
has been calculated for the system CaO-FeO-FezOr-
SiO2 (Osborn and Muan, 1960a) and compared with the
melt compositions (expressed as NBO/T) for the same
liquidus boundary in the system CaGAl2O3-SiOz (Os-
born and Muan, 1960b). The liquidus phase relations in
the system CaO-FeO-FezOr-SiOz (Osborn and Muan,
1960a) were determined in equilibrium with air, where the
temperatures along the tridymite-pseudowollastonite
boundary increase from 12(X'C at the invariant point
tridymite + pseudowollastonite + hematite + liquid to
1436"C on the binary join CaO-SiO2. Thus, the Fe3*DFe
of the melts is less than 1. The redox ratios of iron used to
compute the NBO/T of the melts on the liquidus bound-
ary shown in Figure 10 were calculated from the present
data (Table 2, Fig. 8). For all compositions, except
perhaps those within l-2 wI.Vo iron oxide, the ferric iron
is tetrahedrally coordinated.

In view of the commonly observed correlation between
liquidus phase equilibria and important features of the
melt structure (see, e.9., Kushiro, 1975; Burnham, 1981;
Fraser et al., 1983), the expansion of the pseudowollas-
tonite liquidus volume to more polymerized compositions
with increasing M3*/1M3*+Si4*) (M3* : Al3* or Fe3+)
indicates diferent structural roles of the tetrahedrally
coordinated Fe3* and Al3* compared with that of Si4*. A
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Fig. 10. Change (Vo) of degree of polymerization of liquids at
the pseudowollastonite-tridymite liquidus boundary in the
systems CaO-Al2O3-SiO2 and CaO-FeO-FezO3-SiO2 as a
function of M3*/(M3* + Sia*) of the liquid (M3* refers to Fe3*
and Al3*). The change is relative to the composition of the
liquidus boundary in the system CaO-SiO2. Phase-equilibrium
data are from Osborn and Muan (1960a,b).
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Fig. ll. Calculated liquidus phase equilibria of compositions
CSl.4Fl0 and MSl.4Fl0 as a function of Fe3*/!Fe.

simple polymerization by increasing Si4+/Ca2+ results in
a contraction of the tridymite liquidus volume.

It can be seen (Fig. l0) that the liquidus volume of
pseudowollastonite has expanded by slightly more than
50% (decrease in NBO/T of the melt relative to the value
at the CaO-SiOz join) by the time hematite replaces the
metasilicate liquidus phase. This expansion indicates that
the activity of SiO]- units in the melts has increased. The
situation is similar in the system CaO-Al2O3-SiOz Gig.
l0). Thus, one may infer similar structural roles of Al3+
and Fe3+ with Ca2+ for charge-balance. Available Raman
data indicate that both Al3* (Mysen et al., 1981, 1982c)
and Fe3+ (Fig. 6; see also Table 3 and Virgo et al., 1981,
1982) occur principally in three-dimensional network
structural units in the melts. Solution of Fe2O3 (or Al2O3),
therefore, tends to enhance the abundance of such units.
This tendency requires, however, an increased abun-
dance of depolymerized structural units in order to main-
tain mass balance, as illustrated by the schematic expres-
sion

si2o3- + M2o?- = 2sio3- + 2Mo2. (3)

In this expression, M could be either Fe3+ or Al3+ with
suitable charge-balance for their tetrahedral coordination

together with Sia+. Available data indicate that expres-
sions such as (3) are shifted strongly to the right, thus
leading to an enhanced proportion of three-dimensional
network units together with depolymerized silicate units
such as SiOS-. With the assumption of ideal mixing of the
M-cations in the MO2 unit, the activity of SiOz will
increase at a slower rate than that of SiO3- because of the
selective substitution of A13* and Fe3* (or both) for Sia*
in the MOz units in the melts. As a result, increasing M3*/
(M3+ +Si4+) (M3+ : Al3* or Fe3*) causes an expansion of
the liquidus volume of depolymerized silicate minerals.

Because the melt structure depends on Fe3*/)Fe,
liquidus phase equilibria of iron-free silicate minerals can
be shown to vary with variable redox ratio of iron. Some
consequences of these relationships can be pursued with
calculated phase equilibria in portions of the systems
CaO-SiOrFe2O3-FeO and MgGSiOrFezOrFeO (Fig.
I l). In Figure I I the liquidus phase equilibria of composi-
tions CS1.4 and MSl.4 (iron-free NBO/Si is 1.4 for both
Ca- and Mg-bearing compositions) with l0 wt.Vo Fe2O3
added have been estimated as a function of Fe3*/)Fe.
The values of Fe3*DFe are, of course, simple functions
of oxygen fugacity (see Fig. 4). Thus, oxygen fugacity
could replace Fe3*/)Fe as the x axis in both figures. The
calculated topologies of the phase diagrams depend solely
on the chosen Fe3+/)Fe and the coordination polyhedra
of Fe3* and Fe2+ in the melts. The data reported above
support these conclusions, but the liquidus phase equilib-
ria shown in Figure I I can be calculated without that
information.

The phase equilibria have been obtained by calculating
CaO/SiOz and MgO/SiO2 of iron-free melts with NBO/Si
corresponding to the NBO/T values obtained from the
various values of Fe3*DFe and the structural position of
Fe3+ in the melts. In these calculations, it is assumed,
therefore, that Fe3+(IV) occurs in separate complexes
whose composition is not affected by the extensive and
intensive variables. The abundance of these complexes
merely affects the Si/O of the silicate network. It is also
assumed that iron oxide minerals or solid solution of iron
in the liquidus minerals is negligible, as indicated by the
available phase-equilibrium data on the systems CaO-
SiO2-Fe-O and MgO-SiO2-Fe-O (Muan and Osborn,
1965). Finally, it is assumed that the indicated preference
of Fe2+(VD for SiOl- and Fe3*1V9 for SiOX- units (see
above) does not greatly affect the liquidus equilibria in the
iron-concentration ranges of interest. For Fe2*(VD, this
assumption is probably justified for the Mg-bearing sys-
tem in view of the crystal-chemical similarities of Fe2*
and Mg2*. For the Ca-bearing system, the assumption
probably leads to an underestimation of the activity of
SiO]- units. Thus, it is possible that the compositional
range calculated as the liquidus stability field of metasili-
cate (a-CaSiOl) may be too narrow.

Octahedrally coordinated Fe3+ enhances the SiOX-
abundance in melts compared with both MgO-SiO2 and
CaO-SiO2. The maximum Fe3*/(M2*+Fe3*) is, howev-
er, so small (0.049 at Fe3*DFe = 0.3 in CSl.4Fl0) that a
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possible affinity of Fe3* for specific anionic units such as
SiOf- has a negligible effect on the activities of other
units in the melt. Inasmuch as the units of particular
interest are meta- and tectosilicates, the neglect of the
Fer'(VI) association with SiOf is justif ied.

In the system CaO-SiO2 @hillips and Muan, 1959), the
melt polymerization (decrease in NBO/Si) resulting from
addition of l0 wt.Vo Fe2O3 results in a change from
pseudowollastonite at 1500'C to tridymite on the liquidus
at 1470"C (Fig. I l). The tridymite liquidus field extends to
Fe3*/)Fe - 0.8 at the minimum liquidus temperature in
the system (-1435"C). Additional reduction of ferric to
ferrous iron is associated with pseudowollastonite on the
liquidus and an increase in liquidus temperatures. These
phase equilibria result from the increased liquidus tem-
perature along the join CaO-SiO2 in the CalSi range (or
NBO/Si : 2calsi) corresponding to the increased NBO/
Si resulting from decreasing Fe3*DFe. A maximum liqui-
dus temperature occurs between Fel*DFe = 0.2 and 0.1.

With less than l0 wt.%oFe2O3 added to CS1.4 composi-
tion, reduction of ferric to ferrous iron may not result in a
sufficient NBO/Si increase (to 1.7) to reach the thermal
maximum. For end-member CaO-SiO2 compositions
with higher CalSi than that of CSl.4, the maximum
liquidus temperature occurs with higher values of Fe3+/
)Fe, or for the same Fe3*/)Fe, with lower total iron
contents. Finally, there is a narrow Fe3*/)Fe range with
discontinuous changes in the slope of the pseudowollas-
tonite liquidus curve. This Fel*DFe range corresponds
to that where Fe3* undergoes transformation from net-
work former to network modifier. For lower iron con-
tents, this behavior of the liquidus curves will occur at
higher Fe3+DFe (higher oxygen fugacity).

The composition MSl.4 has the same M/Si (and, there-
fore, similar NBO/Si in the molten form) in the system
MgO-SiO2 as CSl.4 in the system CaO-SiO2. The phase
equilibria in MgO-SiO2 are, however, considerably dif-
ferent from those of CaO-SiO2 (Greig, 1927; Phillips and
Muan, 1959). First, MSl.4 has cristobalite on the liqui-
dus, whereas the l iquidus phase of the CSl.4 composition
is a metasilicate (pseudowollastonite). This difference
transcends into the system MgO-SiO2-Fe2O3-FeO
(Muan and Osborn, 1956; see also Muan and Osborn,
1965, for summaries of relevant phase-equilibrium data).
In equil ibrium with air, MSl.4 + l0 wt.To Fe2O3
(MSl.4Fl0) has two immiscible l iquids coexisting at
1780'C, whereas for CS1.4FI0, tridymite is a l iquidus
phase at l470"C.In the magnesium-bearing system, as in
the calcium-bearing system, decreasing Fe3+/>Fe 1de-
creasing/6) results in a rapid calculated decrease in the
liquidus temperature to a minimum near 1570'C for Fe3+/
)Fe - 0.3 where cristobalite coexists with clinoenstatite
(Fig. ll). The coexisting tectosilicate and metasilicate at
the temperature minimum were also observed for
CSl.4Fl0 but at higher values of Fe3+DFe (-0.8). Fur-
thermore, the lowering of the liquidus temperature by
reduction of ferric to ferrous iron is much greater in the
system MgO-SiOz-Fe2O3-FeO (-200'C) than in the sys-
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tem CaO-SiO2-Fe2O3-FeO (-35"C). For the MSl.4Fl0
composition, a further decrease in Fe3*DFe results in a
temperature increase along which liquidus clinoenstatite
remains over only a narrow composition interval before
cristobalite again becomes a liquidus phase. This trend
differs from that of CSl.4Fl0, where the metasilicate
liquidus mineral remains unti l Fe3*/)Fe : 0 (Fig. l l).

Summary

From the Raman and Mossbauer spectroscopic data
coupled with published phase equilibria it is concluded
that:

l. The Fe3* is tetrahedrally coordinated in silicate
melts with alkaline earths for charge-balance and Fe3*/
)Fe > 0.4-0.5, whereas for melts with lower Fer*/)Fe,
ferric iron is a network modifier. Ferrous iron is always a
network modifier.

2. The polymerization (NBO/T) of silicate melts is a
function of Fe3*DFe. All melt properties that depend on
NBO/T are therefore dependent on Fe3'/)Fe.

3. The Fe3*/)Fe of alkaline earth silicate melts has
simple functional relations to oxygen fugacity, tempera-
ture and the type of alkaline earth metal. Thus, the NBO/
T of the melts depend on the same intensive and exten-
sive variables.

4. Liquidus volumes of iron-free silicate minerals (e.g.,
meta- and tectosilicate minerals) can then be estimated as
a function of iron contents and Fe3*/)Fe of the liquid.
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