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Abstract

Olivine/melt partitioning of RFe, Fe2+, Mg2+, Ca2+, Mn2+, Co2+, and Ni2+ has been determined in the systems CaO–MgO–FeO–
Fe2O3–SiO2 (FD) and CaO–MgO–FeO–Fe2O3–Al2O3–SiO2 (FDA3) as a function of oxygen fugacity (fO2

) at 0.1 MPa pressure. Total
iron oxide content of the starting materials was �20 wt%. The fO2

was to used to control the Fe3+/RFe (RFe: total iron) of the melts.
The Fe3+/RFe and structural roles of Fe2+ and Fe3+ were determined with 57Fe resonant absorption Mössbauer spectroscopy. Changes
in melt polymerization, NBO/T, as a function of fO2

was estimated from the Mössbauer data and existing melt structure information. It
varies by �100% in melts coexisting with olivine in the FDA3 system and by about 300% in the FD system in the Fe3+/RFe range of the
experiments (0.805–0.092). The partition coefficients (Di

ol�melt ¼ wt% in olivine/wt% in melt) are systematic functions of fO2
and, there-

fore, NBO/T of the melt. There is a Di
ol�melt-minimum in the FDA3 system at NBO/T-values corresponding to intermediate Fe3+/RFe

(0.34–0.44). In the Al-free system, FD, where the NBO/T values of melts range between �1 and �2.9, the partition coefficients are pos-
itively correlated with NBO/T (decreasing Fe3+/RFe). These relationships are explained by consideration of solution behavior in the
melts governed by Qn-unit distribution and structural changes of the divalent cations in the melts (coordination number, complexing
with Fe3+, and distortion of the polyhedra).
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Iron oxide is a major component in natural magmatic
liquids (typically the third-most abundant after SiO2 and
Al2O3; see http://EarthChem.org). It occurs in two
oxidation states, Fe3+ and Fe2+, with the redox ratio,
Fe3+/Fe2+, on average increasing as magmatic liquids
become more felsic (Mysen, 1988, Fig. 8.19, for summary
of redox ratios of magmatic liquids).

Equilibrium between ferric and ferrous iron in a sili-
cate melts involves oxygen. Thus, the redox ratio of iron
affects silicate melt structure (e.g., Mysen et al., 1984,
1985a; Dingwell and Virgo, 1987). For example, by
assuming similar structural roles of Fe3+ and Fe2+,
decreasing Fe3+/Fe2+ causes silicate melt polymerization.
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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With different structural roles of ferric and ferrous iron,
the situation becomes more complex (e.g., Dingwell and
Virgo, 1987). As a result, any silicate melt property that
depends on polymerization also depends on the redox ra-
tio of iron.

Activity–composition relations of major, minor, and
trace elements in silicate melts are examples of properties
that depend on melt structure (Kushiro, 1975; Ryerson,
1985; Doyle and Naldrett, 1987; Holzheid et al., 1997;
O’Neill and Eggins, 2002; Gaillard et al., 2003). Miner-
al/melt element partition coefficients do, therefore, also
depend on melt structure. Factors that can affect the par-
tition coefficients include the ionization potential of net-
work-modifying major element components (Libourel,
1999; Mysen and Dubinsky, 2004; Toplis, 2004), and
melt polymerization, NBO/T (Watson, 1977; Mysen
and Virgo, 1980; Kohn and Schofield, 1994; Jaeger and
Drake, 2000; Toplis and Corgne, 2002; Mysen and
Dubinsky, 2004).

http://EarthChem.org
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It is possible, therefore, that the redox relations of iron
affect mineral/melt partition coefficients. This is so not only
because redox equilibria involve oxygen, but also because
the structural roles of Fe2+ and Fe3+ in silicate melts often
differ, and also can vary with bulk composition and
Fe3+/Fe2+ (e.g., Virgo and Mysen, 1985; Dyar et al.,
1987; Wang et al., 1993; Burkhard, 2000; Jackson et al.,
2005). In minerals, both Fe3+ and Fe2+ usually are in
6-fold coordination with oxygen. In silicate melts and
glasses, 4-, 5-, and 6-fold coordination of Fe2+ have been
suggested with the coordination number possibly depend-
ing on melt composition (Calas and Petiau, 1983; Virgo
and Mysen, 1985; Waychunas et al., 1988; Wang et al.,
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Fig. 1. Literature data on olivine/melt partition coefficients (wt% oxide in oliv
function of oxygen fugacity (fO2

). Data from: Takahashi (1978), Jurewicz and
1993; Burkhard, 2000; Rossano et al., 2000; Jackson
et al., 2005). For Fe3+, coordination numbers vary between
4 and 6, as for Fe2+. However, available data indicate that
4-fold coordinated Fe3+ is most common (Mysen et al.,
1980, 1985a; Virgo and Mysen, 1985; Alberto et al., 1996;
Holland et al., 1999; Burkhard, 2000; Wilke et al., 2002;
Jayasuriya et al., 2004).

Oxygen fugacity, which governs redox equilibria,
should, therefore, also affect element partitioning even for
cations whose oxidation state does not vary with fO2

. Exist-
ing experimental data are, however, somewhat conflicting
(Fig. 1). For example, Snyder and Carmichael (1992) show
a positive DRFe

ol-melt (wt% oxide ratio, olivine/melt) versus
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Watson (1988), and Snyder and Carmichael (1992).
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fO2
correlation, whereas Takahashi (1978) and Jurewicz

and Watson (1988) reported the opposite relationship
(Fig. 1). The DMg

ol-melt exhibits a similar relationship to
fO2

(Fig. 1). For other elements, such as Ca, Mn, Co,
and Ni, the data show considerable scatter. These differenc-
es and data scatter may at least in part result from the fact
that melt and mineral compositions in the published studies
differ significantly from each other with bulk compositions
ranging from K- and Mg-rich silicate (Takahashi, 1978;
Jurewicz and Watson, 1988) to basic natural melts (Snyder
and Carmichael, 1992).

It is possible, indeed likely, that the features in Fig. 1 can
be related to variations in major element melt composition
as a function of fO2

, and, therefore, redox ratio of iron.
There is, however, little quantitative information on how
redox relations of iron in silicate melts influence the distri-
bution of major, minor, and trace elements between miner-
als and melts. This is the topic of the present report.

The objective was to address how the olivine/melt parti-
tion coefficients of Ca and 1.-row transition elements may
respond to changes of redox relations of iron and possible
consequent changes of the melt structure. Of these metals,
Ni2+ and Mn2+ most likely occupy distorted octahedral,
whereas Co2+ may have a smaller coordination number
(Keppler, 1992; Keppler and Bagdassarov, 1999). The Ca
coordination number likely is 6 or greater, and depends
on whether Ca serves to charge-balance Al3+ in tetrahedral
coordination or is a network-modifying cation (Binsted
et al., 1985). These features may themselves depend on melt
structure and require evaluation.

2. Experimental methods

Starting materials were two compositions, FD and
FDA3, in the systems CaO–MgO–FeO–Fe2O3–SiO2 and
CaO–MgO–FeO–Fe2O3–Al2O3–SiO2 to which were added
MnO, CoO, and NiO. Most experiments were conducted
with 1 wt% of the latter three oxides added. Experiments
were also done with 0.5, 1.5, and 2.0 wt% of these oxides
in order to address whether or not there were deviations
from Henry’s law. The nominal compositions of these
materials are listed in Table 1.

The starting materials were made in batches of about 1
gram from spectroscopically pure oxide mixtures (SiO2,
Al2O3, Fe2O3, MgO, MnO, NiO, and Co3O4) +CaCO3

mixed by grinding under alcohol in an agate mortar for
Table 1
Composition of starting materials

FDA3-0.5 FDA3 FDA3-1.5 FDA3-2.0 FD

SiO2 40.63 40.02 39.56 38.77 39.99
Al2O3 10.15 10.00 9.88 9.69 0.00
FeO 20.32 20.00 19.78 19.38 20.01
MnO 0.50 0.99 1.48 2.01 1.00
MgO 18.28 18.01 17.52 17.45 28.01
CaO 9.13 9.00 8.75 8.72 9.00
CoO 0.49 0.98 1.51 1.99 1.00
NiO 0.50 1.00 1.51 2.00 1.00
about 1 h. CaCO3 is converted to CaO and CO2 during
heating of these mixtures (breakdown temperature if
CaCO3 is near 1200 �C at ambient pressure) to experimen-
tal temperature. CO2 is released to the ambient atmosphere
and does not affect the experiments. These starting materi-
als were stored at 110 �C when not in use.

Experiments were conducted at ambient (0.1 MPa) pres-
sure in vertical MoSi2-heated furnaces with CO–CO2 gas
mixtures to control the oxygen fugacity. The fO2

was mon-
itored with an Y-stabilized ZrO2 electrochemical cell
(Tretyakov and Muan, 1969; Sato, 1972). The fO2

is precise
to better than 1%. The accuracy, measured against the Ni–
NiO and Fe–FeO reactions, is better than 0.1 log unit. The
temperature was measured with a Pt–Pt90Rh10 thermocou-
ple located within 1 cm of the sample. The hot zone
(±1 �C) is �3 cm long in these furnaces. Temperature pre-
cision is ±1 �C. Its accuracy, measured against the melting
point of Au, is ±3 �C.

The starting materials were suspended on 0.1 mm, iron-
saturated Pt-wires to minimize loss of transition metals to
the sample containers (Presnall and Brenner, 1974). Fe-sat-
uration was carried out with Pt-wire suspended in melts of
the two starting compositions, held at 1450 �C for 24 h.
The sample/wire wt ratio was approximately 100/1. The
experiments were terminated by quenching in liquid water
with a quenching rate of approximately 500 �C/s.

The experimental charges, consisting of 50–100 lm
euhedral olivine crystals, glass, and sometimes magnesio-
ferrite or Al–spinel,1 were analyzes with a JEOL 8900 elec-
tron microprobe operating at 15 kV with 10 nA beam
current. Counting time on both peak and background
was 30 s. For these analytical conditions, the peak-to-back-
ground even for the lowest Ni contents (Ni in melt equili-
brated at fO2

¼ 10�8) is about 5/1. By defining detection
limit as that of a peak-to-background of 2/1, this converts
to about 100 ppm NiO (0.01 wt% NiO) For olivine crystals,
the analyses were typically carried out by randomly select-
ing at least 20 analytical points. Glass was analyzed by
rastering the electron beam over 10 · 10 lm squares typi-
cally with about 10 squares per experimental charge. The
average of these analyses together with the standard error
of the average was used to represent the chemical composi-
tions of the coexisting olivine and melts (Table 2).

The CaO content of olivine from electron microprobe
analysis near olivine/glass interfaces may be affected by
the CaO in glass adjacent to olivine (e.g., Jurewicz and
Watson, 1988) because of the low CaO concentration in
olivine (<1 wt% CaO; Table 2) compared with that of the
glass (wt% CaOolivine/wt% CaOglass typically is less than
0.05—see also Table 2). The extent to which this could
be a problem was assessed by analytical traverses across
olivine grains as reported in more detail by Mysen and
Dubinsky (2004). No analytical points of olivine less than
1 Magnesioferrite coexists with olivine and melt in experimental charges
from the FD composition at fO2

near that of air. Al–spinel coexists with
olivine and melt in experimental charges from FDA3 at fO2

6 10�4.



Table 2
Experimental results

Comp FDA3 FDA3 FDA3 FDA3
Temperature (�C) 1300 1300 1300 1300
log fO2 �0.68 �0.68 �0.68 �0.68
Time (min) 400 945 1380 3570

Glass Olivine Glass Olivine Glass Olivine Glass Olivine

SiO2 46.33(61)b 41.79(85) 46.49(42) 41.24(20) 46.54(37) 41.16(22) 45.81(21) 41.25(27)
Al2O3 11.89(15) 0.19(19) 11.71(14) 0.16(17) 11.70(7) 0.089(9) 11.90(10) 0.073(8)
FeO 12.97(45) 3.20(24) 13.25(11) 3.21(10) 13.11(13) 3.16(11) 12.78(12) 2.95(6)
MgO 15.12(19) 52.93(184) 15.02(19) 52.66(57) 14.93(8) 52.53(10) 14.60(7) 51.68(146)
CaO 11.078(25) 0.39(14) 10.88(19) 0.29(3) 11.19(12) 0.24(2) 11.36(8) 0.32(7)
MnO 0.84(4) 0.66(6) 0.94(3) 0.68(2) 0.94(2) 0.68(1) 0.95(2) 0.67(2)
CoO 0.63(3) 1.26(13) 0.65(3) 1.34(4) 0.62(3) 1.26(5) 0.60(3) 1.30(4)
NiO 0.33(3) 2.16(15) 0.30(2) 2.35(3) 0.32(2) 2.29(3) 0.31(2) 2.28(4)

Total 99.17 102.57 99.17 101.94 99.34 101.41 98.29 100.51

Fo 96.72 96.69 96.73 96.9
Fe3+/RFe 0.80a 0.80a 0.805 0.80a

NBO/T 0.65 0.64 0.64 0.64

D
Fe2þ

ol-melt 1.17(1)c 1.156(1) 1.187(2) 1.10(10)
DMg

ol-melt 3.32(12) 3.35(6) 3.38(2) 3.39(9)
DCa

ol-melt 0.03(1) 0.0256(2) 0.021(1) 0.0267(6)
DMn

ol-melt 0.75(7) 0.68(3) 0.69(2) 0.68(3)
DCo

ol-melt 1.90(21) 1.97(10) 1.95(12) 2.09(12)
DNi

ol-melt 6.32(74) 7.38(47) 6.83(41) 7.08(52)

Comp FDA3-0.5 FDA3-1.5 FDA3-2 FDA3
Temperature (�C) 1300 1300 1300 1300
log fO2

�0.68 �0.68 �0.68 �3
Time (min) 1500 1625 1340 1370

Glass Olivine Glass Olivine Glass Olivine Glass Olivine

SiO2 45.56(15) 40.58(84) 46.51(4) 40.36(18) 45.07(19) 39.95(40) 43.50(35) 39.78(43)
Al2O3 11.55(3) 0.09(1) 11.69(4) 0.17(2) 11.52(5) 0.18(18) 12.01(9) 0.12(30
FeO 14.15(9) 3.27(9) 12.06(7) 3.90(11) 12.13(13) 3.12(22) 15.94(14) 6.86(11)
MgO 15.82(7) 53.55(34) 14.00(11) 48.71(166) 14.26(8) 48.80(60) 14.14(9) 48.16(24)
CaO 10.90(7) 0.24(2) 11.48(8) 0.60(7) 11.39(7) 0.36(19) 10.84(7) 0.36(4)
MnO 0.5292) 0.34(2) 1.45(2) 1.06(2) 2.04(3) 1.46(2) 0.99(1) 0.73(2)
CoO 0.34(2) 0.70(2) 0.90(4) 1.97(3) 1.30(3) 2.62(4) 0.75(20) 1.43(20)
NiO 0.18(2) 1.27(2) 0.45(3) 3.18(11) 0.68(2) 4.28(7) 0.41(2) 2.67(5)

Total 99.03 100.05 98.52 99.95 98.40 100.77 98.58 100.12

Fo 96.68 95.7 96.54 92.59
Fe3+/RFe 0.80a 0.80a 0.80a 0.575
NBO/T 0.65 0.66 0.72 0.81

D
Fe2þ

ol-melt 1.112(1) 1.582(2) 1.243(3) 0.978(3)
DMg

ol-melt 3.25(3) 3.41(12) 3.31(4) 3.29(3)
DCa

ol-melt 0.021(2) 0.052(6) 0.03(2) 0.032(4)
DMn

ol-melt 0.63(4) 0.71(2) 0.69(1) 0.72(2)
DCo

ol-melt 1.98(11) 2.15(9) 1.95(5) 1.84(5)
DNi

ol-melt 6.77(64) 7.00(48) 6.09(19) 6.33(28)

Comp FDA3 FDA3 FDA3 FDA3
Temperature (�C) 1300 1300 1300 1300
log fO2

�4 �5 �6 �7
Time (min) 1380 4240 1410 1400

Glass Olivine Glass Olivine Glass Olivine Glass Olivine

SiO2 40.98(25) 39.39(31) 41.14(11) 39.29(35) 41.02(10) 38.86(27) 40.51(50) 38.28(47)
Al2O3 12.32(8) 0.13(3) 12.54(6) 0.13(2) 13.31(19) 0.17(6) 13.50(10) 0.14(8)
FeO 19.54(7) 9.87(15) 19.39(32) 11.37(14) 19.69(12) 14.96(8) 18.91(10) 16.89(11)
MgO 13.34(8) 43.78(18) 12.85(16) 44.46(37) 12.19(10) 42.17(24) 11.93(24) 41.26(19)
CaO 12.06(4) 0.36(2) 10.59(11) 0.36(3) 10.96(12) 0.43(2) 11.93(6) 0.50(3)
MnO 0.99(2) 0.71(1) 0.97(20 0.76(2) 0.97(2) 0.81(1) 1.02(3) 0.87(2)
CoO 0.77(4) 1.47(4) 0.76(3) 1.54(4) 0.77(3) 1.49(3) 0.65(2) 1.33(4)
NiO 0.46(2) 2.60(3) 0.49(2) 2.85(9) 0.38(2) 2.36(4) 0.23(2) 1.39(3)

Total 100.46 98.31 98.72 100.74 99.30 101.24 98.67 100.67
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Table 2 (continued)

Glass Olivine Glass Olivine Glass Olivine Glass Olivine

Fo 88.72 87.45 81.32 81.32
Fe3+/RFe 0.447 0.436a 0.232 0.172a

NBO/T 1.044 0.902 1.282 1.417

D
Fe2þ

ol-melt 0.915(4) 0.863(8) 0.965(5) 1.058(6)
DMg

ol-melt 3.27(2) 3.33(5) 3.37(3) 3.39(7)
DCa

ol-melt 0.030(2) 0.032(2) 0.039(2) 0.041(3)
DMn

ol-melt 0.72(2) 0.75(3) 0.81(2) 0.84(3)
DCo

ol-melt 1.91(10) 1.95(9) 1.87(9) 2.01(9)
DNi

ol-melt 5.67(25) 5.59(31) 6.01(28) 5.91(61)

Comp FDA3 FD FD FD
Temperature (�C) 1300 1375 1375 1375
log fO2

�8 �0.68 �0.68 �0.68
Time (min) 1425 440 1320 5320

Glass Olivine Glass Olivine Glass Olivine Glass Olivine

SiO2 42.52(17) 38.40(21) 41.58(28) 40.25(62) 43.96(32) 40.53(52) 43.26(82) 40.62(23)
Al2O3 14.05(8) 0.079(6) 0.041(5) 0.001(2) 0.11(13) 0.44(55) 0.044(7) 0.001(2)
FeO 16.98(17) 16.73(5) 23.55(47) 4.52(112) 22.15(35) 3.78(12) 22.26(43) 3.69(7)
MgO 12.25(6) 42.19(20) 18.47(64) 50.20a(86) 17.85(28) 49.67(88) 16.91(62) 50.61(32)
CaO 12.17(5) 0.47(1) 12.73(26) 0.51(4) 12.85(17) 0.57(6) 13.15(16) 0.45(1)
MnO 1.03(1) 0.92(2) 1.07(2) 0.65(3) 1.04(3) 0.65(2) 1.03(2) 0.64(2)
CoO 0.48(2) 1.05(4) 0.77(2) 1.18(3) 0.73(4) 1.15(3) 0.73(3) 1.14(4)
NiO 0.08(2) 0.54(2) 0.49(4) 1.69(4) 0.46(3) 1.69(3) 0.51(3) 1.76(4)

Total 99.55 100.39 98.700 99.00 99.15 98.47 97.72 98.90

Fo 81.79 95.19 95.91 96.08
Fe3+/RFe 0.118 0.827a 0.792 0.827a

NBO/T 1.304 1.039 1.028 0.981

D
Fe2þ

ol-meltþ 1.120(9) 0.998(7) 0.719(1) 0.859(1)
DMg

ol-melt 3.45(2) 2.44(9) 2.65(5) 2.68(10)
DCa

ol-melt 0.0389(1) 0.036(3) 0.039(4) 0.030(7)
DMn

ol-melt 0.90(2) 0.55(2) 0.55(2) 0.56(2)
DCo

ol-melt 2.20(12) 1.38(5) 1.36(8) 1.40(7)
DNi

ol-melt 6.64(156) 3.09(25) 3.27(21) 3.12(18)

Comp FD FD FD FD
Temperature (�C) 1375 1375 1375 1375
log fO2

�2.65 �4 �6.5 �8
Time (min) 1395 1430 1625 1350

Glass Olivine Glass Olivine Glass Olivine Glass Olivine

SiO2 39.73(33) 39.02(57) 37.72(12) 39.33(14) 41.04(44) 36.86(39) 44.06(27) 37.90(22)
Al2O3 0.06(1) 0.001(2) 0.013(8) 0.01(2) 0.019(3) 0.005(7) 0.02(2) 0.01(4)
FeO 26.08(53) 8.98(10) 27.19(15) 11.46(9) 23.00(20) 15.85(11) 20.05(14) 16.05(16)
MgO 16.32(125) 47.23(22) 13.72(38) 44.66(31) 13.32(74) 41.77(16) 15.09(48) 42.54(20)
CaO 13.15(90) 0.63(3) 17.50(23) 1.07(3) 18.36(50) 1.30(1) 17.24(26) 1.13(2)
MnO 1.14(5) 0.73(2) 1.16(2) 0.88(2) 1.11(2) 0.91(3) 1.14(3) 0.91(3)
CoO 0.85(5) 1.12(3) 0.78(2) 1.11(3) 0.71(3) 1.06(3) 0.49(2) 0.82(2)
NiO 0.43(4) 1.67(3) 0.40(3) 1.53(3) 0.24(3) 1.07(2) 0.07(2) 0.41(3)

Total 97.77 99.38 98.479 100.05 97.81 98.82 98.17 99.79

Fo 90.36 87.41 82.44 82.53
Fe3+/RFe 0.638a 0.587 0.172 0.092
NBO/T 1.39 1.756 2.9 2.683

D
Fe2þ

ol-melt 0.847(3) 0.896(1) 0.775(6) 0.835(8)
DMg

ol-melt 2.57(20) 2.86(8) 2.92(16) 2.67(9)
DCa

ol-melt 0.043(4) 0.054(2) 0.066(2) 0.062(1)
DMn

ol-melt 0.57(3) 0.66(2) 0.76(3) 0.75(3)
DCo

ol-melt 1.17(7) 1.25(5) 1.38(7) 1.59(9)
DNi

ol-melt 3.43(29) 3.33(28) 4.11(50) 5.52(140)

a Fe3+/RFe calculated as described in text.
b Numbers in parentheses represent standard error of average.
c Calculated from standard error of average of glass and olivine compositions.
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�20 lm from an olivine/glass interface was used to avoid
interference from Ca in neighboring glass.

The lowest-fO2
experiments were conducted at fO2

-values
2–3 orders of magnitude below the nickel–nickel oxide equi-
librium. There is, nevertheless, no evidence of metallic Ni or
Ni-bearing alloys in the experimental charges. This is likely
because (i) redox equilibria in crystalline oxides cannot be
employed to characterize the equilibria in structurally quite
different silicate melts, and (ii) the nickel contents of the run
products are on the order of 1%, and, thus greatly diluted
compared with the Ni–O system. This conclusion does not
rule out, however, the some metal, in particular Ni may
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Fig. 2. Nickel, Mg, and Mn olivine/melt partition coefficients as a function
fO2

= 10�0.68 (air).
dissolve in the Pt-wires used for sample suspension in the
furnace. The short-duration Ni experiments show
somewhat greater errors than those of the other composi-
tions. This is likely because some portion of the nickel in
the starting material dissolves in the Pt hanging wire during
the first several hundred minute experimental durations.

Time studies were employed to assess the time needed to
reach equilibrium (Fig. 2). Experimental run durations
were kept near 24 h (Table 2). Longer experimental dura-
tions do not affect the partition coefficients.

The structural behavior of Fe2+ and Fe3+ in quenched
melts (glass) was examined with 57Fe resonant absorption
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of experimental duration at 1300 �C (FDA3) and 1375 �C (FD) in at
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Mössbauer spectroscopy. For this purpose, glass composi-
tions from several different run products at different fO2

were remade and transformed to melt at the original tem-
perature before being quenched to a glass. These samples
were prepared for Mössbauer spectroscopy by crushing
the glass to a fine powder and mixed with transoptic pow-
der. This mixture was converted to 12.7-mm diameter pel-
lets at 350 bar and 120 �C. The resulting pellets, containing
about 50 mg sample and about 100 mg transoptic powder,
were about 1 mm thick.

The Mössbauer experiments were conducted with a
�40 mCi 57Co flat source with the drives (Austin Science)
operating in constant acceleration mode between �4 and
4 mm/s. The isomer shifts of Fe3+ and Fe2+, dFe3þ and
dFe2þ , are reported relative to Fe metal.

The Mössbauer spectra were deconvoluted by using the
site-distribution method of Alberto et al. (1996). With this
method, the site distribution function, Si(v), is related to
the probability distribution function, Pðdi;Di; rdi

; rDi
; hiÞ,

of the absorption doublet, D (v, di, Di, x, Ii) as (Alberto
et al., 1996):

SiðvÞ ¼
Z Z

P ðdi;Di; rdi
; rDi; hiÞ � Dðv; di;Di;x; I iÞddidDi;

ð1Þ

Here, v is velocity, di and Di are isomer shift and quadru-
pole splitting, with respective standard deviations, rdi and
rDi

. The intensity is Ii. The hi is a correlation parameter be-
tween isomer shift and quadrupole splitting. These are
independent variables in this deconvolution procedure.
The fitting was conducted with the width of the elementary
absorption peaks, x, constant and equal to that of elemen-
tal Fe.

3. Results

Before examination of possible effects of melt composi-
tion and structure on element partitioning, we need to ad-
dress whether the activity–composition relations in the
olivine vary significantly over the concentration intervals
employed here. As seen in Fig. 3, straight-line fits passing
near the origin of the concentrations of MnO, CoO, and
NiO in olivine and coexisting melt suggest that the solubil-
ity behavior of these elements in neither the melt nor the
olivine varies over these concentration ranges. This obser-
vation is consistent with manganese partitioning between
forsterite and melt in Fe-free systems, which was reported
to behave similarly in the same concentration range (Wat-
son, 1977; Jurewicz and Watson, 1988). These observations
are also consistent with thermodynamic data for Ca-, and
Mn-bearing forsterite (Schwerdtfeger and Muan, 1966;
Warner and Luth, 1974). For olivine in the Ni2SiO4–
Mg2SiO4 and Co2SiO4–Mg2SiO4 systems, a small positive
deviation from ideal mixing has been reported (Seifert
and O’Neill, 1987). However, crystal chemical data from
Ni2SiO4–Mg2SiO4 olivine solid solutions interpolated to
the low-concentration range relevant to the present study
show that the unit cell volume is a linear function of Ni/
(Ni + Mg) (Boström, 1987; Ottonello et al., 1989). Thus,
one would not expect the activity–composition relations
in this olivine to vary in this composition range. It has, nev-
ertheless, been suggested that the Fo content of olivine may
affect partition coefficients of Ca, for example (Toplis and
Carroll, 1995). However, olivine composition was not an
independent variable either in the experiments of Toplis
and Carroll (1995) or in the present experiments. The Fo
content depends on the oxygen fugacity, which also affects
melt composition (Table 2). Such data by themselves can-
not, therefore, to establish whether olivine compositional
changes affect the olivine/melt partition coefficients. In
light of the discussion above of existing composition–activ-
ity relations in olivine as well the composition-independent
partition coefficients (Fig. 3), it is not likely that the parti-
tioning behavior is controlled by the olivine compositions.

3.1. Olivine/melt partitioning and oxygen fugacity

The olivine/melt partition coefficients (Dol-melt
i ¼ wt%

oxide in olivine/wt% oxide in melt) for RFe (total iron),
Mg, Ca, Mn, Co, and Ni as a function of fO2

are shown
in Fig. 4. Analytical data are provided in Table 2.

The DRFe
ol-melt increases systematically with decreasing

fO2
in a manner qualitatively similar to that reported by

Takahashi (1978) and Jurewicz and Watson (1988)
(Fig. 1). This trend most likely is governed by the variable
oxidation state of iron in the melts.

The DMn
ol-melt also increases with decreasing oxygen

fugacity although the decrease is less than 50% of that of
DRFe

ol-melt (Fig. 4). This relationship could possibly be
caused by changes in the redox state of Mn. From
their experimental data relating the Ca,Mn-exchange
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equilibrium between olivine and melt to fO2
, Mysen and

Dubinsky (2004) concluded that even at the oxygen fugac-
ity of air at least 75% of the manganese exists as Mn2+.
They also noted agreement between their DMn

ol-melt-values
with published data obtained both at low fO2

and in air.
That agreement would suggest that even if there is a small
fraction of Mn as Mn3+ in the melts, the assumption that
manganese exists as Mn2+ does not introduce significant
errors. We will, therefore, discuss manganese partitioning
behavior as if it exists only as Mn2+ in the melts. All Mn
in olivine is assumed to be Mn2+. One might suggest, there-
fore, that changes in melt composition (structure) resulting
from changes of fO2
is a more likely explanation for the

DMn
ol-melt trends in Fig. 4. This suggestion is further sub-

stantiated by the behavior of DCa
ol-melt, which increases

by about 100 % in the fO2
-range between 10�0.68 and

10�8. Variable oxidation state of calcium cannot be in-
voked to explain the DCa

ol-melt behavior.
The olivine/melt partition coefficients for the other diva-

lent cations, Mg2+, Co2+, and Ni2+, also depend on oxygen
fugacity (Fig. 4). There are distinct minima or maxima at
intermediate fO2

-values. In the FD system, neither maxima
nor minima occur. The partition coefficients are also dis-
tinctly dependent on the starting compositions (Table 2;
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Fig. 4). With the exception of DCa
ol-melt, the olivine/melt

partition coefficients are higher for the FDA3 starting com-
positions than for FD.

3.2. Redox relations of iron

Oxygen fugacity governs the redox ratio of iron. That
ratio, in turn, can affect the melt structure. To determine
Fe3+/Fe2+ and the structural behavior of Fe3+ and Fe2+

in the melts, Mössbauer spectra were obtained for 8 of
the melts coexisting with olivine as a function of fO2

(Fig. 5).
The Mössbauer spectra exhibit two or three major

absorption peaks, as is typical for spectra of Fe-bearing
glasses (e.g., Mysen et al., 1980, 1984, 1985a,b; Dyar
et al., 1987; Wang et al., 1993; Johnson et al., 1999; Rossa-
no et al., 1999; Burkhard, 2000; Wilke et al., 2002; Jay-
asuriya et al., 2004). The low-velocity peak (between
about 0 and �0.5 mm/s) includes the low-velocity compo-
nents of both Fe2+ and Fe3+ and shifts to slightly higher
velocity with decreasing fO2

(Fig. 5). The high-velocity
peak, near 2 mm/s, grows in intensity with decreasing fO2

,
whereas the absorption between 0.5 and 1 mm/s becomes
less intense as the oxygen fugacity decreases. The high-ve-
locity absorption is due to Fe2+, whereas the absorption
at intermediate velocity is due to Fe3+.

The Mössbauer spectra were deconvoluted to obtain the
redox ratio of iron and the hyperfine parameters (quadru-
pole splitting, D, and isomer shift, d) of ferric and ferrous
iron. In this deconvolution procedure (Alberto et al.,
1996), it is assumed that the spectra can be described in
terms of Gaussian distribution of isomer shifts and quadru-
pole splitting, similar to the approach advocated elsewhere
(Lagarec and Rancourt, 1997; Rossano et al., 1999; Wilke
et al., 2002; Jayasuriya et al., 2004). The number of site dis-
tributions was determined by evaluating the v2 from the
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Fig. 5. Comparison of 57Fe resonant absorption Mössbauer spectra (normal
individual spectra) of quenched melts in equilibrium with olivine at 1300 �C (
resulting fit. The spectra were deconvoluted satisfactorily
with one distribution for Fe3+ and one for Fe2+.

Examples of the total probability function,
P ðdi;Di; rdi

; rDi
; hiÞ, and the distribution of the absorption

doublets, D (v,di,Di,x, Ii), from such fits of an oxidized
and reduced glass are shown in Fig. 6. Data from the fits
of all the spectra are given in Table 3.

The ferric/ferrous ratio was obtained from the relative
areas of the absorption doublets (see Fig. 6C and D). There
are, however, small differences in recoil-free fractions of
Fe3+ and Fe2+, which can affect the Fe3+/Fe2+ ratio de-
rived from the spectra (Virgo and Mysen, 1985; Alberto
et al., 1996) although Jayasuriya et al. (2004) suggested that
the differences were so small that the temperature at which
Mössbauer spectra were obtained does not affect the redox
ratio derived from the area ratio of the absorption dou-
blets. Mysen and Richet (2005) (their Figs. 10.3 and 10.4)
used the data of Mysen et al. (1985b) and Dingwell
(1991) to compare Fe3+/Fe2+ from Mössbauer spectra
(recorded at 298 K) and from wet chemical methods. They
did not see any bias in the redox ratios thus determined.
Suggestions to the contrary (Lange and Carmichael,
1989; Ottonello et al., 2001) were not, therefore, substanti-
ated. Thus it seems reasonable to rely on 298 K Mössbauer
spectra for determination of Fe3+/Fe2+ of the glasses.

The Fe3+/RFe from the Mössbauer spectra (Table 3) is
expressed as log Fe3+/Fe2+ versus log fO2

in Fig. 7. Such
plots normally are straight lines with a slope near 0.25
when the melt composition does not vary with fO2

(Mysen
and Virgo, 1989; Mysen et al., 1984, 1985a; Jayasuriya
et al., 2004). In Fig. 7, this relationship has some curvature
in particular for the FD composition. This curvature is be-
cause the composition of melts coexisting with olivine (and
spinel) depends on the oxygen fugacity (Table 2). Nonlin-
ear relations such as shown in Fig. 7 therefore would be
expected.
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Hyperfine parameters, isomer shift and quadrupole
splitting, are sensitive to local structure around the Fe nu-
clei. The full width at half height of the D-probability func-
tions, wDFe3þ and wDFe2þ (Table 3), reflects a range of
distortion of the Fe3+–O and Fe2+–O polyhedra, whereas
the wdFe3þ- and wdFe2þ -values (Table 3) manifest ranges of
Fe3+–O and Fe2+–O bond distance (Rancourt, 1994; John-
son et al., 1999). For Fe3+, the isomer shift and quadrupole
split distributions are distinctly narrower with Fe3+/RFe
less than about 0.4. Thus, the range in Fe–O distance
and polyhedral distortion appears dependent on the
Fe3+/RFe and possibly also on bulk melt composition.

For iron-bearing crystalline materials, there are system-
atic relations between the isomer shift of Fe3+ and the
oxygen coordination number (Burns, 1994). The dFe3þ is
less than about 0.35 mm/s (at 298 K) for 4-fold coordina-
tion, whereas dFe3þ -values above about 0.4 mm/s are typi-
cal for Fe3+ in 6-fold coordination with oxygen. This
empirical relationship is consistent with larger Fe3+–O
bond distance the larger the coordination number. One
might suggest, therefore, that the dFe3þ trends in Fig. 8 im-
ply a gradual transformation of Fe3+ to higher coordina-
tion as a function of decreasing Fe3+/RFe. This agrees
with earlier suggestions that the structural role of ferric
iron in silicate glasses and melts depends on the ferric/fer-
rous ratio (O’Horo and Levy, 1978; Virgo and Mysen,
1985; Dingwell and Virgo, 1987; Kress and Carmichael,
1991). The width of the probability functions (Table 3)
implies, however, that there is a range in Fe3+–O distanc-
es. Such a range might suggest that there could be a range
in oxygen coordination numbers around ferric iron (e.g.,
Jackson et al., 2005). The average coordination number
is, however, that inferred from the average dFe3þ . When
discussing the relationship between redox ratio of iron
and melt structure, we will use the average coordination
number.

3.3. Olivine/melt partitioning and redox relations of iron

The relationships in Fig. 7 were used to derive redox ra-
tio of iron for the samples for which Mössbauer data were
not recorded. The relationship between D

Fe2þ
ol-melt and oxy-

gen fugacity was then obtained (Fig. 9). The D
Fe2þ

ol-melt-val-
ues differ substantially from the DRFe

ol-melt-values in Fig. 4
because the ferric iron content of the melts is subtracted.
There remains, though, variation of D

Fe2þ
ol-melt as a func-

tion of oxygen fugacity. This behavior resembles that of
the other partition coefficients (Fig. 4).



Table 3
Mössbauer data

Ferric iron (Fe3+)

Comp log fO2
T (�C) Fe3+/Fe dFe3þ

a

(mm/s)
sdFe3þ

b

(mm/s)
DFe3þ

(mm/s)
sDFe3þ

(mm/s)
rdFe3þ

(mm/s)
srdFe3þ

(mm/s)
DdFe3þ

(mm/s)
sDdFe3þ

(mm/s)

FDA3 �0.68 1300 0.805 0.289 0.002 1.322 0.003 0.255 0.003 0.097 0.015
FDA3 �4 1300 0.447 0.330 0.006 1.230 0.006 0.273 0.006 0.06 0.023
FDA3 �6 1300 0.232 0.410 0.01 1.200 0.017 0.121 0.078 0.459 0.062
FDA3 �8 1300 0.118 0.490 0.03 1.191 0.049 0.105 0.07 0.432 0.075

FD �0.68 1375 0.792 0.299 0.004 1.254 0.004 0.240 0.005 0.097 0.026
FD �4 1375 0.587 0.335 0.002 1.212 0.004 0.231 0.007 0.137 0.037
FD �6.5 1375 0.172 0.469 0.016 1.137 0.023 0.177 0.046 0.444 0.082
FD �8 1375 0.092 0.480 0.031 1.225 0.048 0.161 0.074 0.339 0.015

Ferrous iron (Fe2+)

Comp logfO2
T (�C) Fe2+/Fe dFe2þ

(mm/s)
sdFe2þ

(mm/s)
DFe2þ

(mm/s)
sDFe2þ

(mm/s)
rdFe2þ

(mm/s)
srdFe2þ

(mm/s)
DdFe2þ

(mm/s)
sDdFe2þ

(mm/s)

FDA3 �0.68 1300 0.805 1.016 0.006 1.959 0.012 0.271 0.008 0.060 0.040
FDA3 �4 1300 0.447 1.047 0.003 1.949 0.005 0.256 0.003 0.044 0.021
FDA3 �6 1300 0.232 1.045 0.002 1.938 0.005 0.176 0.039 0.405 0.066
FDA3 �8 1300 0.118 1.058 0.003 1.938 0.008 0.197 0.012 0.332 0.026

FD �0.68 1375 0.792 1.027 0.005 1.981 0.011 0.254 0.013 0.329 0.020
FD �4 1375 0.587 1.041 0.003 1.926 0.008 0.225 0.008 0.284 0.030
FD �6.5 1375 0.172 1.047 0.002 1.976 0.006 0.168 0.016 0.352 0.029
FD �8 1375 0.092 1.051 0.002 1.961 0.006 0.179 0.012 0.326 0.024

d, isomer shift; D, quadrupole splitting; and r, FWHH of probability function.
a Isomer shift, d, relative of Fe metal.
b Uncertainty (±1s fitting error).

Fig. 8. Isomer shift of Fe3+, dFe3þ (mm/s relative to Fe metal) as a function
of Fe3+/RFe. Also shown are data from Dingwell and Virgo (1987) from
glasses in the system Na2O–FeO–Fe2O3–SiO2, from Jayasuriya et al.
(2004) from glasses on the 0.1 MPa eutectic on the join CaMgSi2O6–
CaAlSi2O8, and from Mysen (2006) for glasses in the system Na2O–CaO–
MgO–FeO–Fe2O3–Al2O3–SiO2.

Fig. 7. Log (Fe3+/Fe2+) versus log fO2
of glasses from FDA3 and FD

composition. The FDA3-data were fitted to a straight line, whereas the
FD data were fitted to a Gaussian function. These fits were chosen simply
to satisfy the data. See also text for further discussion.
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It is sometimes suggested that the exchange equilibrium
constants, K i�Mg

ol-melt, for an equilibrium of the type

Mgmelt þ iolivine ¼ imelt þMgolivine ð2Þ
may not be significantly dependent on melt composition. In
fact, it has been suggested that melt structure effects on
partition coefficients might be embodied in the MgO con-
tent of the melt (Hart and Davis, 1978).
The exchange coefficients, K
Fe2þ–Mg

ol-melt, KCa–Mg
ol-melt,

KMn–Mg
ol-melt, KCo–Mg

ol-melt, and KNi–Mg
ol-melt, are, however,

dependent of oxygen fugacity, with those of the transition
metals, Fe2+, Ni2+, and Co2+ showing a distinct minimum
at intermediate fO2

-values, and those of Mn and Ca
increasing monotonously with decreasing fO2

(Figs. 10



Fig. 10. Olivine/melt exchange coefficients, KRFe–Mg
ol-melt and K

Fe2þ–Mg
ol-melt

as a function of fO2
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from Fig. 4.
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and 11). The difference between KRFe–Mg
ol-melt and

K
Fe2þ–Mg

ol-melt is also evident (Fig. 10). There is a strong
fO2

effect on the KRFe–Mg
ol-melt because of the ferric iron con-

tent of the melt decreases with decreasing fO2
. The

K
Fe2þ–Mg

ol-melt also depends on fO2
, however. Its behavior

with fO2
, which has a minimum at intermediate fO2

-values,
resembles that of KCo–Mg

ol-melt and KNi–Mg
ol-melt (Fig. 11).

There appear, therefore, to be changes in melt structure, in-
duced by the change of redox ratio of iron. These changes
may affect both the partition coefficients (Figs. 4 and 9) and
the exchange equilibrium coefficients (Figs. 10 and 11).

4. Discussion

Mineral/melt element partition coefficients depend on
melt structure (e.g., Mysen and Virgo, 1980; Kohn and
Schofield, 1994; Jaeger and Drake, 2000; Toplis and Cor-
gne, 2002; Mysen and Dubinsky, 2004). Melt structure is
affected by the redox ratio of iron. Partition coefficients
must also, therefore, depend on the redox ratio of iron.

How the redox relations affect melt structure depends on
the roles of Fe3+ and Fe2+ in the melts. With Fe3+ as a net-
work-former and Fe2+ as a network-modifier, one may
write the redox reaction (Holmquist, 1966):

4FeO2
� ¼ 4Fe2þ þO2 þ 6O2� ð3Þ

In Eq. (3), the oxygen anion, O2�, is the link to the silicate
network via a schematic depolymerization such as

2Q4 þO2� ¼ 2Q3; ð4Þ
where Q4 is a fully polymerized structural unit (NBO/
Si = 0) and Q3 is a depolymerized unit (NBO/Si = 1).
Equations similar to (4) can, of course, be written for other
Qn-species pairs, but the principle is the same. Reduction of
network-forming Fe3+ to network-modifying Fe2+ results,
therefore, in depolymerization of the silicate network:

4FeO2
� þ 12Q4 ¼ 12Q3 þ 4Fe2þ þO2 ð5Þ

With both ferric and ferrous iron as network-modifiers,
we can write a simple redox reaction of the type:

2Fe3þ þ 2O2� ¼ 2Fe2þ þO2 ð6Þ
which combined with Eq. (4) yields:

2Fe3þ þ 2Q3 ¼ 2Fe2þ þ 2Q4 þO2. ð7Þ
In this case, reduction of Fe3+ to Fe2+ causes silicate melt
polymerization.

The isomer shift data in Fig. 8 indicate that the coordi-
nation number of Fe3+ is correlated with Fe3+/RFe.
Reduction of Fe3+ with Fe3+/RFe > 0.4 causes silicate
depolymerization perhaps according to Eq. (5), whereas
for melts with Fe3+/RFe < 0.4, ferric iron undergoes coor-
dination transformation and an expression such as (7),
which is a polymerization reaction, may describe the rela-
tionship between Fe3+/Fe2+ and melt polymerization. This
reaction becomes increasingly important as Fe3+/RFe
decreases from �0.4 to smaller values. Redox effects on sil-



3.5

3.0

2.5

2.0

1.5

1.0

0.5

N
B

O
/T

-8 -7 -6 -5 -4 -3 -2 -1
log fO2

FDA3

FD

Fig. 12. Degree of polymerization, NBO/T, for melts coexisting with
olivine as a function of fO2

. Curves were fitted to Gaussian functions.
Dashed lines represent the NBO/T trends calculated with all iron as
network-modifying Fe2+.

Fig. 11. Olivine/melt exchange coefficients, KNi–Mg
ol-melt, KCo–Mg

ol-melt, KMn–Mg
ol-melt, KCa–Mg

ol-melt, as a function of fO2
. Note the multipliers used for ease of

display.
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icate melt structure have been observed in the behavior of
an NBO/T-sensitive property such as high-temperature
melt viscosity (Dingwell and Virgo, 1987, 1988; Dingwell,
1991). Polymerization effects can also be seen in liquidus
phase relations of iron-bearing silicate melts (Mysen
et al., 1984).

In order to quantify the relationships between Fe3+/RFe
and melt polymerization, NBO/T, it was assumed that
Fe3+ in the three most reduced samples is a network-mod-
ifier. Their dFe3þ at 298 K is nearly constant near 0.45 mm/s
(Fig. 8). Ferric iron in the two most oxidized samples is as-
sumed to exist only as network-former as their dFe3þ is near
0.3 mm/s (Fig. 8) For Fe3+/RFe-values intermediate be-
tween these extremes, there is an intermediate dFe3þ-value
reflecting a fraction, x, of Fe3+ in tetrahedral coordination,
Fe3+(IV), and a fraction, (1 � x), of Fe3+ in octahedral
coordination, Fe3+(IV) so that

xdFe3þðIVÞ þ ð1� xÞdFe3þðVIÞ ¼ dFe3þ . ð8Þ
The NBO/T of the melts coexisting with olivine as a

function of fO2
from such calculations are shown in

Fig. 12. For comparison, the dashed lines are the NBO/
T-values calculated under the assumption that all iron,
whether Fe3+ or Fe2+, was network modifying. Thus,
reduction of Fe3+ to Fe2+ results in about 100% increase
in NBO/T of melts from FDA3 and between 250% and
300% for melts from composition FD (Fig. 12). The slight
turnover of the curves at the lowest fO2

reflects reduction of
network-modifying Fe3+ to network-modifying Fe2+ dom-
inating the equilibria. This latter reduction causes network
polymerization.

There are distinct variations in Di
ol-melt (i = Fe2+, Mg2+,

Mn2+, Co2�, Ni2+�, Ca2+) as a function of NBO/T of the
melts calculated from the Mössbauer data (Fig. 13). For
the Al-bearing FDA3 system, the partition coefficients pass
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through a minimum at NBO/T near 1. This NBO/T-value
corresponds to Fe3+/RFe between 0.34 and 0.44 (Table 2).
For the FD system, the NBO/T of which increases from
about 1 to about 3 with decreasing fO2

(and Fe3+/RFe),
the Di

ol-melt shows a slight (Mg2+, Co2+, Ni2+) to distinct
(Fe2+, Mn2+, Ca2+) increase with increasing NBO/T
(Fig. 13). There are no minima or maxima in the latter
NBO/T-range, but this may be because the minimum ob-
served in the FDA3 data occurs at an NBO/T-value near
the minimum NBO/T-value of the FD data (NBO/
T � 1). It cannot be ruled out, however, the changes in
charge-balance of tetrahedrally coordinated Al3+ in melts
from the FDA3 system could also be the cause of the min-
imum. There is no Al3+in the FD system.

The relationships between K i-Mg
ol-melt and NBO/T of the

melt (Fig. 14) lead to the suggestion that with the premise
discussed above that the activity coefficients of element, i,
in olivine, colivine

i , does not vary with olivine composition,
the activity coefficients of element, i, in melt, cmelt

i , does.
We may, therefore, use the partitioning data to discuss
variations in the activity coefficient ratio, (ci/cMg)melt. This
ratio is related to the exchange equilibrium coefficient,
K i-Mg

ol-melt, for Eq. (2) as

ðci=cMgÞ
melt ¼ ½K i-Mg

ol-melt=Kaði-MgÞ
ol-melt�½ðci=cMgÞ
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Fig. 14. Olivine/melt exchange coefficients, K
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calculated as discussed in the text. Note the multipliers used for ease of displa
where (ci/cMg)olivine is constant. The Kaði-MgÞ
ol-melt is the

equilibrium constant for equilibrium (2) using activities
rather than mol fractions. The Kaði-MgÞ

ol-melt is also constant
at constant temperature. Therefore, the activity coefficient
ratio

ðci=cMgÞ
melt ¼ constant K i-Mg

ol-melt. ð10Þ

In other words, (ci/cMg)melt, is proportional to the exchange
equilibrium coefficient, K i-Mg

ol-melt.
The K i-Mg

ol-melt is shown as function of melt NBO/T in
Fig. 14. For composition FDA3, The K

Fe2þ–Mg
ol-melt,

KNi–Mg
ol-melt and, possibly KNi–Mg

ol-melt, and, therefore, their
activity coefficient ratios, (ci/cMg)melt, pass through a mini-
mum at NBO/T between 1 and 1.2. For the other element
pairs, whether in the FDA3 or FD systems, the activity
coefficient ratio increases as a nonlinear function of
NBO/T. All the activity coefficient ratios increase with
NBO/T in the higher NBO/T-range (�1 to �3) of the
FD-system (Fig. 14).

At least four melt structural factors may influence the
changes in (ci/cMg)melt. (i) Silicate melts (and glasses) can
be described in terms of a distribution of Qn units (number
of bridging oxygens, n = 0, 1, 2, 3, 4). Their abundance de-
pends on overall melt polymerization, NBO/T, and the ion-
ization potential of network-modifying cations (Brawer
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and White, 1975, 1977; Virgo et al., 1980; Stebbins, 1987;
Maekawa et al., 1991; Mysen, 1997, 2003). The nonbrid-
ging oxygens in these structural units are not energetically
equivalent because the Si–NBO bond strength depends on
the number of bridging oxygens in the structural unit.
These differences are reflected, for example, in the frequen-
cies in Raman and 29Si NMR spectra of different Qn species
in melts (e.g., Furukawa et al., 1981; Engelhardt and Mi-
chel, 1987). This energetic nonequivalence results in order-
ing of network-modifying cations among different
coexisting structural units (Jones et al., 2001; Lee and Steb-
bins, 2003) because steric hindrance leads to the cation with
the smallest ionic radius or the largest electrical charge
forming bonds with oxygen in the most depolymerized of
available Qn-units (Mysen and Dubinsky, 2004). The extent
of ordering depends on types and abundance of nonbrid-
ging oxygen available in the coexisting Qn-species. This,
in turn, affects activity–composition relations in silicate
melts. (ii) The coordination number of the cations in the
melts may depend on melt polymerization. For example,
the coordination number of Fe2+ appears dependent on
melt polymerization and cation environment (see, for
example, Rossano et al., 1999; Burkhard, 2000; Jackson
et al., 2005) as does Ni2+ and possibly Co2+ (see, for exam-
ple, Keppler, 1992; Keppler and Bagdassarov, 1999; Jack-
son et al., 2005). It is generally considered that Mn2+, Ca2+

occupy structural positions with six or more oxygens in the
coordination sphere (Keppler, 1992; Binsted et al., 1985).
In addition, steric hindrance may cause distortion of the
polyhedra. The extent of hindrance likely is a function of
the types of nonbridging oxygen in the melt and becomes
less severe the less polymerized the Qn units in the melt
(Mysen and Dubinsky, 2004). All these features can also af-
fect activity–composition relations as a function of Qn-type
and abundance, which, in turn, may cause the nonlinear
relationships between partition coefficients and NBO/T.
(iii) Some of the cations may also serve to charge-balance
tetrahedrally coordinated Al3+ in the FDA3 system. The
relative stability of aluminate complexes in melts are sys-
tematic functions of the ionization potential of the char-
ge-balancing cation (e.g., Navrotsky et al., 1985). When
the Fe3+/RFe changes, the charge-balance of Al3+ may also
be affected, which could result in a change in (ci/cMg)melt.
(iv) Finally, there is spectroscopic and thermochemical evi-
dence for stabilization of ferrite complexes by, for example,
Fe2+,Fe3+ association (Virgo and Mysen, 1985; Kress and
Carmichael, 1988). Whether other divalent transition met-
als may form analogous complexes is not known, but pos-
sible. The proportion and stability of such complexes likely
will depend on the redox ratio of iron.

In summary, the relationships between olivine/melt
partition coefficients and oxygen fugacity of Fe-bearing
systems reflect changes in Fe3+/RFe of the melts con-
trolled by fO2

. These changes, in turn, result in variations
in melt polymerization, Qn-speciation, cation distribution
among the nonbridging oxygen in the Qn-species, and
changes in charge-balance of cations in 4-fold coordina-
tion (Fe3+ and Al3+). These factors together govern the
activity–composition relations in melts and, therefore,
the effects of fO2

on olivine/melt partitioning in Fe-bear-
ing systems.
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