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Melt structural control on olivine/melt element partitioning of Ca and Mn
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Abstract—Relationships between mineral/silicate melt partition coefficients and melt structure have been
examined by combining Ca and Mn olivine/melt partitioning data with available melt structure information.
Compositions were chosen so that melts with olivine on their liquidii range in degree of polymerization,
NBO/T, from ~0.5 to~2.5 under near isothermal conditions (1350-1400°C). Olivine/melt Ca-Mn exchange
coefficients, Ca(olivine)/CaO(melt)/MnO(olivine)/MnO(melt) JRinemey ' as a function of melt NBO/T have a
parabolic shape with a minimung2ei " value at NBO/T near 1. Notably, publishe@®25/ T versus NBO/T
functions are also parabolic with a maximum i§&25" e near 1 Kushiro and Mysen, 2002

The olivine/melt partitioning data are modeled in terms of structural unifssf@cies) in the melt. The
NBO/T-value corresponding to the minimun@kine/meltis near that where the abundance ratio Bfgpecies,
XodX o2 has its largest value. Therefore, the activity coefficient ratio in the mglt-(melt)/yy,.+(melt),
attains a minimum where the abundance ratio gi/X o, is at maximum. It is inferred from this relationship
that C&" in the melts is dominantly bonded to nonbridging oxygen (Ca-NBO)Jsgkcies, whereas MA
is bonded to nonbridging oxygen (Mn-NBO) in less polymerizédsQecies such as®Q Copyright © 2004
Elsevier Ltd

1. INTRODUCTION of such proposed variables (e.dlysen and Virgo, 1980;
Jaeger and Drake, 2000; Kushiro and Walter, 1998, Kushiro
and Mysen, 200R The NBO/T parameter has a melt structure
connotation because NBO/T of a melt can be calculated from
bulk composition provided that the structural roles of the major
elements in the melt are known. Available melt structure data
are sufficient to calculate the NBO/T of silicate melts in this

A fundamental process characterizing igneous petrogenesis
is major, minor, and trace element partitioning between min-
erals and silicate melt. The element solution behavior in min-
erals and melts governs the partitioning behavior. Crystal struc-
ture governs major element solution behavior. Structural
models for minor and trace element solution in crystals have . . .
utilized crystallographic features such as defect concentration manner at amblenF pressure and in the absencg of volgples (see
and lattice strain energy (e.giyama and Volfinger, 1976; Mysen, 1988 for discussion of NBO/T calculation of silicate

lasses and melts).
Blundy and Wood, 1994; Wood and Blundy, 2001 9 : ; . -

Melt composition also exerts an influence on element partition- When_ r_elatlng mineral/melt _partltlon coefficients to NBO/T
ing. Empirical models that describe relationships between parti- of m_e_lt, itis as_s‘_’med Fhat a prln(_:lpal melt strut_:tur_al control on
tioning behavior and melt composition have been suggested (e'g.‘partltlon coefflc!epts is the .act.|V|ty of nonbrlldglng oxygen
Watson 1976, 1977; Hart and Davis, 1978; Colson et al., 1988; bt_acause the activity of no_nbndglng OXYgERe, IS c_orr_elated
Jurewicz and Watson, 1988; Kohn and Schofield, 1994, Libourel, with NBO/T. The NBO/T is not, hovyever, a quangtatwe mea-
1999; Jaeger and Drake, 2000; Walter, 2001: Toplis and Corgne, SU€ Of &so because the nonbridging oxygens in coexisting
2002. Most of these models do not consider how the structural Q"-species in melts most likely are e”erge"ca”y nonequiva-
behavior of the elements in the melt affect their solubility behavior lent. The a*B,O .depen(.is on the electronic .prc'Jpertles of the
and, therefore, mineral/melt partitioning. An exception to this N€twork-modifying catlonséfondesq to nonbridging oxygen, on
generalization is the study bgohn and Schofield (1994)ho the Al/Si-ratio, and on SI'©AI™" ordering in the melts
suggested that steric hindrance in the melt might govern the (Mysen, 1990, So, although empirical expressions relating
relative stability of metal-oxygen bonds. NBO/T to mineral/melt partition coefficients have been some-

Empirical variables proposed to quantify relations between What successful at least over comparatively narrow NBO/T-
melt composition and element partitioning include concentra- INtérvals, it should be pointed out that three implicit assump-
tions of alkali metals, alkaline earths, and Si/O ratio of the melt
(e.g., Watson, 1977; Hart and Davis, 1978; Jurewicz and
Watson, 1988; Libourel, 1999; Wood and Blundy, 2D0lhe tetrahedrally coordinated cations. In most silicate melts relevant to

. - magmatic processes, the dominant T-cations afé &nhd AF* al-
degree of polymerization of a silicate melt, NBOY/Tg another though minor components such a&*Pand Ti* can also exist in

tetrahedral coordination. Ferric iron in highly oxidized melts can also
occur in IV-fold coordination with oxygen. These latter three cations
* Author to whom correspondence should be addressed (mysen@ tend to form Si-free tetrahedral clusters, wheread Alormally sub-
gl.ciw.edu). stitutes for St* (see Mysen, 1990 for a detailed review of these

1 NBO/T denotes the number of nonbridging oxygen, NBO, per tetra- structural features).

hedrally coordinated cation, T. A nonbridging oxygen, NBO, is an 2The Q'-notation is used to define species in silicate melts whose
oxygen bonded to both a tetrahedrally coordinated cation and a cation number of bridging oxygen, n, differ. In most silicate meltssr0, 1,

in another coordination state. A bridging oxygen, BO, is bonded to two 2, 3, and 4. The number of nonbridging oxygen equals 4-n.
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Table 1. Normal composition of starting materials (wt%).2

FLQIMC® FLQ2MCP FNQMC® FAQIMC® FAQ2MC® FDAQMC® FDMC® FDAK5MC® FDAKMC® FDMC-1° FDMC-2° FDMC-3° FDAKMC-1¢ FDAKMC-22 FDAKMC-3°

S0, 55.44 5714 4513 4489 47.32 4674 462
ALO; 1314 6.04 75 181 1003 503 0
FeO(T) 305 55 6.37 58 7.47 7.25 6.91
Mno 095 095 095 1 1 1 1
MgO 1029 1978 305 19.26 27.69 3054 3347
ca0 5 5 5.00 996 551 845 1143
NaO 0 0 455 0 0 0 0
K20 12,77 558 0 0 0 0 0

44.61 46.2 46.2 46.2 4461 4461 44.61
0 0 0 0 0 0 0
4.21 6.91 6.91 6.91 421 421 4.21
1 1 1 1 1 1 1

2523 33.47 3347 33.47 2523 2523 2523

23.95 8 5 2 18 13 8
0 3.43 6.43 9.43 5.95 10.95 15.95
0 0 0 0 0 0 0

aFeO(T): Total iron as FeO.
b One of the nine base compositions (see text for discussion).
¢ One of compositions used for examination of effect of Na/Ca (see text for discussion).

tions have not been evaluated. It is assumed that (i) the partition
coefficients depend on the activity of nonbridging oxygens in
the melt, (ii) that NBO/T can be used as an expression of this
activity, and (iii) that there is no ordering of the elements of
interest among structural positions in the melt. Because most
elements of geochemical interest are network-modifiers in sil-
icate melts, their solution behavior in depends on the activity of
nonbridging oxygen, ayso. However, NBO/T is not equivalent
to aygo- Ryerson (1985) found from analysis of liquidus phase
relations in metal oxide-silica systems that the activity of SO,
in melts depends not only on metal/silicon ratio, but also on the
ionization potential of the metal. It is, therefore, likely, that the
activity of other components such as nonbridging oxygen also
varies with Si/O-ratio and with ionization potential of the metal
cation. The ordering of alkalis and alkaline earths among en-
ergetically noneguivalent nonbridging oxygen may also affect
the activity of nonbridging oxygen. Ordering of alkaline earth
and alkali metals among energetically nonequivalent nonbridg-
ing oxygensin akali and alkaline earth silicate glasses has been
documented (see, for example, Jones et a., 2001; Lee et a.,
2002; Lee and Stebhins, 2003). The extent of cation ordering
among the nonbridging oxygen is a function of the electronic
properties of the metal cation (e.g., Lee and Stebbins, 2003).

In modeling mineral/melt element partitioning relevant to
igneous processes, therefore, the utility of correlating NBO/T
with mineral/melt partition coefficients is not clear. An alter-
native to this approach is to assess how individual elements
may occupy specific structural positionsin silicate melts, and to
consider mineral/melt partitioning behavior in this light. Ex-
amination of these latter relationships is the principal purpose
of this report.

2. EXPERIMENTAL METHODS

Olivine/melt partitioning was employed to examine how melt com-
position and melt structure may govern partitioning behavior. In silicate
melts, ionic radius is a critical factor governing the interaction of
network-modifying cations with nonbridging oxygen (e.g., Mysen,
1999; Lee and Stebbins, 2003). To this end, olivine/melt partitioning of
Ca?" and Mn?" was studied. The ionic radii of Ca?* and Mn®" differ
by ~25% (Whittaker and Muntus, 1970). Different structura roles of
these two cations in the melts are, therefore, likely. Calcium and Mn are
minor componentsin olivine. Olivine/melt partition coefficients are not
likely dependent on the Ca and Mn solution behavior in olivine in the
concentration range examined here (see further discussion of this
question below). Thus, composition-dependent variation in Caand Mn
olivine/melt partition coefficients are likely to reflect their solution
behavior in the melt.

The starting materials were 9 mixtures in the systems forsterite-
fayalite-leucite-quartz, forsterite-fayalite-nepheline-quartz, forsterite-

fayalite-anorthite-quartz, forsterite-fayalite-diopside-anorthite-quartz,
and forsterite-fayalite-diopside-akermanite (Table 1). One wt% MnO
was added to all starting compositions.

These starting compositions were chosen to cover a wide range of
melt polymerization where olivine is the liquidus phase at nearly
constant temperature. A wide range of melt polymerization optimizes
the range in Q"-species abundance, which isimportant for examination
of cation interaction with nonbridging oxygen in specific types of
Q"-species in the melt. By using appropriate compositions in these
systems (Table 1), olivine is a liquidus phase coexisting with meltsin
the NBO/T-range ~0.5 to ~2.5 at nearly constant temperature (1350—
1400°C; Kushiro and Mysen, 2002). This range in NBO/T of the melt
offersthe possibility to evaluate relations between ordering of network-
modifying cations among energetically nonequivalent nonbridging ox-
ygen and olivine/melt element partitioning under nearly isothermal
conditions.

In the 9 compositions chosen, Ca, Mg, Fe** and possibly Na and K
may be network-modifying cations and could, thus, form bonding with
nonbridging oxygen in the melts. However, the melts in equilibrium
with olivine in these systems have (Na + K) = Al. Therefore, akali
metals will not serve as network-modifiers, but instead serve to charge-
balance AI®* in tetrahedral coordination, whereas Ca, Mg, and Fe**
remain at least in part as network-modifying cations.® These relation-
ships exist because among akali- and akaline earth—charge-balanced
aluminates in silicate melts, their relative stabilities are K > Na > Ca
> Mg (see, for example, Navrotsky et a., 1985; Navrotsky, 1995). As
aresult, in experiments with these 9 base compositions on Ca, Mg, and
Fe?* (when present) are network-modifying cations and may compete
for available nonbridging oxygen sites in the melts.

To obtain additional information on possible effects of Na* as a
network-modifying cation on olivine/melt element partitioning behav-
ior, two starting compositions based on FDMC and FDAKMC were
prepared. In these compositions, Nawas exchanged with Cato examine
Na/Caas a principal composition variable (compositions FDMC-1, —2,
and —3, and FDAKMC-1, —2, and —3in Table 1). These compositions
were prepared because structural data for Na,0-SiO, and CaO-SiO,
melts at high temperature indicate that Na-NBO (NBO, nonbridging
oxygen) are more stable than Ca-NBO bonds where the difference in
relative stability is more pronounced the more polymerized the NBO-
bearing Q"-species (see Mysen, 1995, 2003, for review of such struc-
tural data). Thus, variations in Na/Ca likely affect the activity coeffi-
cients of all network-modifying cationsin the melts. Such variations, in
turn will affect mineral/melt partitioning behavior.

Starting materials were made from mixtures of oxides together with
CaCO;, Na,CO;, and K,CO;. These mixtures (~1 g each) were ground
under alcohol in an agate mortar for 1 h, heated to 1500°C for 1 h in
iron-saturated Pt crucibles to form melts or melt + olivine mixtures,
and then quenched. These materials were then ground to <20 um to be
used as starting materials.

The experimental charges were contained in PtgsAug envelopes and

3 The concentration of Fe?* likely is quite low in most experiments
because these were conducted in air (see also below). Thus, Caand Mg
are the dominant network-modifying cations in melts in equilibrium
with olivine from these nine compositions.
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Fig. 1. Electron microprobe traverses from rim to rim across olivine
from experiment as indicated on diagram.

subjected to experimental temperatures in MoSi,-heated vertical
quench furnaces. Most experiments were carried out in air. At the
oxygen fugacity (fop) of air, iron solubility in PtysAus is negligible
(Osborn and Arculus, 1975). Selected experiments were al so conducted
at lower fo, to evaluate (i) relations between Fe**/Fe?* and mineral/
melt partition coefficients, and (ii) to asses whether Mn exists in more
than one oxidation state in melts at the high fo, of air. In these
experiments, the fo, was controlled with CO/CO, gas mixing with an
yttria-stabilized ZrO,-cell to monitor the fo, (e.g., Sato, 1972). In the
low fo,-experiments, the samples were suspended on a 100-pum-diam-
eter Pt wire loop with sample/Pt mass ratio between 50 and 100 to
minimize Fe-loss to the Pt-loop.

All experimental charges were quenched in water. Typical charges
consisted of euhedra olivine, ranging from 10 to 100 wm across, and
glass representing quenched silicate liquid.

The crystals and glass were analyzed with a JEOL 8900 electron
microprobe operating at 15 kV with 10 nAmp beam current with 30 s
counting time. For olivine crystals, analysis was carried out on 3 spots
on at least 5 different olivine grains per charge. Glass was analyzed by
rastering the electron beam over 10 wm X 10 wm squares.

The apparent CaO content of olivine near olivine/glass interfaces
may be affected by the CaO in glass adjacent to olivine (e.g., Jurewicz
and Watson, 1988). Thisis apotential problem because of the low CaO
concentration in olivine (<1 wt% CaO) compared with that of the glass
(Wt% Ca0°'Vinewito%s Ca09®S typically is less than 0.1). Analytical
traverses across olivine grains grown exceptionally large for this pur-
pose (>100 um) were employed to assess the minimum distance from
olivine/glass boundaries from which reliable CaO analysis of olivine
can be obtained. The minimum distance below which interference from
the Cain neighboring glass occurs, appears to be <20 um (Fig. 1).

Experimental run duration was approximately 17 to 24 h, except for
time studies, which were conducted for 6-72 h (Fig. 2). Partition
coefficients reach constant values for durations exceeding 17 h. Exper-
imental durations of 17—24 h, used in most of the present experiments,
were, therefore, considered sufficient to reach equilibrium.

The redox ratio of iron can affect the melt structure significantly
because Fe** and Fe*" may occur in structurally different positions in
the melt (e.g., Dingwell and Virgo, 1988; Mysen and Virgo, 1989).
Partition coefficients may, therefore, depend on the redox ratio of iron
in the melt. Mssbauer spectroscopy was used to determine Fe* /3 Fe
and the structural position of Fe** and Fe** in the quenched melts
(glass). Tothisend, 11 glasses with the composition of melts coexisting
with olivine at 1375-1400°C from starting compositions FLQ1IMC,
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Fig. 2. Partition coefficients for Ca, Mn, Mg, and Fe*" (wt% oxide
olivine/wt% oxide melt) as a function of experimental duration (data
from Table 3).

FLQ2MC, FNQMC, FDAQMC, FAQIMC, FAQ2MC, FDMC, and
FDAKMC were prepared for 5"Fe resonant Mosshauer spectroscopy.
These compositions were made from oxide mixtures and carbonates in
the same manner as the other starting compositions above. These
glasses were melted at 1375-1400°C (near the temperature at which
these melts were formed in the partitioning experiments) and quenched
to glass in water. Mdssbauer spectroscopy was carried out with a ~1
cm? diameter 5"Co source with nominal activity of 40 mCi and using
constant acceleration. The system was calibrated with Fe foil. All
hyperfine parameters are reported relative to metallic Fe.

Most of the Mossbauer spectra were recorded at 298 K. A few
spectrawere also obtained at 150 K to (i) ascertain the extent to which
the recoil-free fraction of Fe** and Fe*™ differs, (ii) to achieve better
resolution of the absorption doublets, and (iii) to ascertain in more
detail whether or not Fe** isin tetrahedral or octahedral coordination
in these glasses (see Virgo and Mysen, 1985; Alberto et a., 1996;
Wilke et a., 2002, for detailed discussion of these issues). For al but
the most reduced glass (glass from starting composition FDMC at fo,
= 107° bar at 1375°C) the spectra were fitted to one Lorentzian
absorption doublet each for Fe>" and Fe?*, respectively (Fig. 3). There
isan ~8% differencein Fe**/Fe** calculated from spectra obtained at
298 and 150 K. This difference is consistent with a small differencein
recoil-free fraction between Fe** and Fe**. For composition where
spectra were obtained at 298 K only, the Fe**/SFe-values used in
NBO/T calculations were corrected with this 8% difference in recoil-
free fraction of Fe?* and Fe** in the glasses.

3. RESULTS AND DISCUSSION
3.1. NBO/T of Melts and the Redox Ratio of Iron

Available structural data for ambient-pressure, iron-free sil-
icate and aluminosilicate glass and melt are sufficient to cal-
culate their NBO/T (degree of polymerization of the silicate
network) from their major-element composition (see Mysen,
1988, 1990, 1995, for discussion and review of these data and
NBO/T calculations). For Fe-bearing glasses and melts, addi-
tional information needed to caculate their NBO/T is Fe**/
3 Fe and the structural behavior of Fe** and Fe**. The Fe**/
3 Fe and the structural roles of Fe** and Fe** depend on bulk
composition of the melt (including Fe content), temperature,
and oxygen fugacity (Mysen, 1990). These data were obtained
from the Mdsshauer spectra of the iron-bearing melts.

An example of a Mosshauer spectrum of glass, quenched
from melt equilibrated in air, is shown in Figure 3 with detailed
data from all the Mossbauer experiments summarized in Table
2. For all glasses prepared by quenching melt equilibrated with
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Fig. 3. Example of 5" Fe Mossbauer spectrum obtained on glass
quenched from melt corresponding to that in equilibrium with olivine
for starting composition FAQIMC in air at 1400°C.

air, the Fe** doublet dominates the spectra resulting in Fe**/
3Fe between 0.77 and 0.91 depending on composition (Table
2). The hyperfine parameters are consistent with Fe?* being a
network-modifying cation (VI-fold coordination with oxygen)
and Fe*" anetwork-former (1V-fold coordination with oxygen)
(Virgo and Mysen, 1985). The effect of this structura infor-
mation on NBO/T of the melts compared with the NBO/T
calculated with the assumption that al iron could be considered
as a network-modifier isillustrated in Figure 4. The difference
between the two NBO/T-values (corrected and uncorrected

B. O. Mysen and E. V. Dubinsky
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Fig. 4. Comparison of NBO/T of meltsin equilibrium with olivine at
1350-1400°C in air calculated under the assumption of al Fe as FeO
(uncorrected NBO/T) and with FeO and Fe,O5 contents and structural
position of F&?* and Fe** of the melts from Mosshauer spectroscopy
(corrected NBO/T).

NBO/T) varies with NBO/T and iron content and can reach as
much as 25% (Fig. 4).

Mossbauer spectra were also obtained for glasses from oli-
vine/melt partitioning at reduced fo, (Starting composition
FDMC was used in these experiments). In the Mossbauer
spectra of such glasses, with decreasing fo, the intensity of the
Fe** doublet decreases and that of the Fe** increases resulting
in decreasing Fe** /> Fe (Fig. 5A). With decreasing Fe** /> Fe,
the resolution of the Fe** and Fe*" doublets also becomes less
clear. This resolution problem was partially overcome by re-
cording the Mdsshauer spectra at cryogenic temperatures (150
K) (quadrupole splitting and isomer shifts increase as system-
atic functions of decreasing spectral acquisition temperature

Table 2. Summary of Mosshauer parameters from spectra for compositions indicated.

Temp. ISFe*t P QSFe** ISFe?* QSFe?"

Sample Composition® (°C) log fo, (mm/s) (mm/s) (mm/s) (mm/s) Fe**I3Fe
EVD4gl® FLQ2MC 1400 —-0.68 0.281 (9) 1.288(9) 1.02 (4 201 (4 0.82 (3)
EVDA4gl° FLQ2MC 1400 -0.68 0.365 (6) 1.303 (6) 110 (2 211 (2) 0.81(2)
EVD2gl FLQIMC 1400 —-0.68 0.28 (2 124 (2) 101 (5 1.92 (5) 0.76 (4)
EVD5gl DNQMC 1400 -0.68 0.272 (6) 1.256 (6) 1.00 (3) 2.09 (3) 0.91(2)
EVD9g FAQ2MC 1400 —-0.68 0.296 (7) 1.358(7) 1.03 (2 204 (2 0.78 (2)
EVD14gl FDAQMC 1400 -0.68 0.292 (6) 1.301 (6) 1.02 (2 2.04 (2) 0.82(2)
EVD15¢gl FDMC 1400 —-0.68 0.296 (6) 1.236 (6) 1.02 (2 203 (2 0.84(2)
EVD21gl FDAKMC 1400 -0.68 0.296 (7) 1.256 (7) 1.01 (3 2.03 (3 0.85(2)
EvD21gl® FDAkMC 1400 —-0.68 0.379 (6) 1.282 (6) 113 (2) 214 (2 0.84 (1)
EVDS8gl FAQIMC 1400 -0.68 029 (1) 137 (1) 1.02 (5) 2.02 (5) 0.77 (3)
EVD56gl FDMC 1375 -3 035 (1) 116 (1) 1.04 (2) 1.97 (2) 0.46 (2)
EVD56g|° FDMC 1375 -3 041 (1) 1.20 (1) 113 (5) 211 (5) 0.43(2)
EVD58gl FDMC 1375 -5 038 (4) 1.017 (4) 1.053 (8) 1.978 (8) 0.23(2)
EVD58g|° FDMC 1375 -5 044 (2) 122 (2 1.153 (5) 2.110 (5) 0.16 (1)
EVD59g!¢ FDMC 1375 -9 1.03 (2) 226 (2) 112 (1) 1.88 (1) 0.000

EVD59gl? FDMC 1375 -9 1.19 (2 262 (2) 1.20 (1) 203 (1) 0.000

& Composition of starting material to form melt composition for which Mossbauer data were obtained (see Table 3 for actual melt compositions).
b Hyperfine parameters relative to those of Fe metal.

¢ Spectrum obtained at 150 K.

9 Mosshauer spectrum of this composition is consistent with no Fe*™ and possibly two average Fe?*-oxygen polyhedra (identified as 1 and 2).
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Fig. 5. Redox state of iron in glass with composition corres-
ponding to that coexisting with olivine from starting composi-
tion FDMC at 1375°C as a function of oxygen fugacity (log foy).
A. Fe**/3Fe as function of —log fo,. B. log (Fe**/Fe*™) versus
—log fo,. C. NBO/T of these melts calculated as a function of log
fo, from bulk composition and Mossbauer data on redox state
of iron and structural roles of Fe** and Fe?* in the glass (quenched
melt).

thus leading to better resolution of Mossbauer spectra of iron-
bearing glasses; Virgo and Mysen, 1985).

The hyperfine parameter values from the Mdsshauer spectra
of glasses quenched from melts equilibrated in air and at f, =
10~2 bar, are consistent with 1V-fold coordinated Fe** and
VI-fold coordinated Fe** (and, presumably, their melts) as
these values compare well with those of crystalline compounds
with IV-fold coordinated Fe* and VI-fold coordinated Fe**
(e.g., Annersten, 1976; Waychunas and Rossman, 1983). This
conclusion is also consistent with data from glasses where other
spectroscopic techniques suggest 1V-fold coordinated Fe**
(Cdas et a., 1980; Fox et a., 1982; Calas and Petiau, 1983).
The Mossbauer spectrum of glass from melt coexisting with
olivine from starting composition FDMC equilibrated at
1375°C and f, = 107 ° bar yields hyperfine parameters (Table
2), in particular isomer shift values, intermediate between those
of 1V- and VI-fold coordinated Fe** in crystalline materials
(e.g., Annersten and Olesch, 1978; Amthauer et a., 1980 see
also Virgo and Mysen, 1985). These intermediate values could
be interpreted either as due to the existence of Fe** in mixed
coordination states (e.g., Dingwell and Virgo, 1987, 1988) or
due to the existence highly distorted Fe** (1V)-O polyhedrain
the glass (Spiering and Seifert, 1985). Although these two
alternative structural interpretations will result in slightly dif-
ferent NBO/T-values of the melt, the total amount of Fe,O; is
so small in this melt (1.2 wt%) that the effect of using either of
these two structural interpretations for Fe** on the NBO/T of
the melt isnot large. Because of the uncertainty in the structural
assignment of Fe*" and the small effect on NBO/T because of
the low ferric iron content, for simplicity, we assume tetrahe-
drally coordinated Fe** for the purpose of calculating the
NBO/T of this melt.

The relationship between log o, and log(Fe**/Fe?™) is
linear with a slope near 0.33 (Fig. 5B), similar to the slope for
other Fe-bearing alkaline earth silicate and aluminosilicate
glasses (Mysen et al., 1984, 1985). The effect of oxygen
fugacity (and, therefore, Fe**/SFe) on NBO/T of melts in
equilibrium with olivine at 1375°C from the FDMC starting
composition, calculated from the Fe**/3Fe and the structural
interpretation of the hyperfine parameters (Fe** in IV-fold and
Fe?* in VI-fold coordination), is shown in Figure 5C.

The redox ratio of iron affects the NBO/T of the melts. For
example, for the iron content of melts from composition FDMC
at 1375°C (which contains 10.13 wt% iron as iron oxide), the
reduction of f, and, therefore, reduction of Fe**/3Fe from
0.81 at fo, = 10728 par (air) to Fe** /SFe = O at fo, = 10°°
bar results in an NBO/T increase from 1.59 to 2.36 (Fig. 5C;
Tables 3 and 5). Intermediate fo,-values result in NBO/T-
values intermediate between the two extremes (Fig. 5C).

For those melt compositions for which direct determination
or redox ratio of iron was not carried out, their Fe**/3Fe was
estimated. One approach to this estimate is the empirical algo-
rithm of Kilinc et al. (1983). However, a comparison of Fe**/
3Fe thus calculated and Fe*"/3Fe determined by M ossbauer
spectroscopy yields poor agreement (Fig. 6). The Fe**/2Fe
calculated with the Kilinc et al. (1983) algorithm consistently is
lower than the actual values. This disagreement most likely is
because the present glass compositions are considerably out-
side the composition range used in the development of the



Table 3. Chemical analyses of run products from the 9 basic starting compositions (wt%).2

Run no. EVD2 EVD4 EVD5 EVD6 EVD7 EVD8 EVD9

Sample FLQIMC FLQ2MC FNQMC FNQMC FNQMC FAQIMC FAQ2MC
Temp. (°C) 1350 1350 1350 1350 1380 1360 1360

—log fop 0.68 0.68 0.68 0.68 0.68 0.68 0.68
Time (min) 1325 1305 1345 4460 4465 1300 1295

Olivine (15)b Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3)

SO, 419+ 09 551+ 05 418+ 05 59.0+ 0.6 417+ 01 471+ 05 418+ 02 564+ 0.2 419+ 03 472+ 01 418+ 0.2 446+ 0.2 419+ 02 49.96 + 0.07
Al,O3 128 + 0.2 6.96 = 0.09 120+ 0.1 124+ 0.1 11.20 = 0.01 17.85+ 0.01 13.03 = 0.03
FeO 0.84 = 0.09 3.26 = 0.09 178 £ 0.04 6.22 = 0.05 156 = 0.04 9.62 = 0.07 0.78 = 0.04 361+ 0.05 163+ 0.03 881+ 0.09 149 +0.03 591+ 0.07 245+ 0.09 9.02 = 0.01
MnO 110 = 0.02 0.88 = 0.02 092 = 0.01 0.939 + 0.005 0.86 = 0.01 1.021 + 0.003 134+ 001 0.958 = 0.007 0.76 = 0.01 1.05* 0.02 0.663 = 0.007 0971+ 0004  0.693 * 0.009 1.130 *+ 0.001
MgO 56.5* 0.2 92+02 555+ 0.3 1281+ 01 56.0 = 0.3 14.05 + 0.03 554+ 04 888+ 0.05 550+ 0.3 16.70 = 0.04 56.1+ 0.2 181+01 547+03 18.87 = 0.07
Cao 0.401 + 0.008 6.0*02 0.258 + 0.008 6.924 + 0.001 0.384 = 0.006 9.36 = 0.04 0.4318 + 0.008 7.01 £ 0.06 0.358 = 0.009 8.99 + 0.01 0.28 = 0.01 11.23+ 0.03 0.13 = 0.01 7.29 £ 0.02
Na,O 0.003 = 0.004 0.29 = 0.09 0.002 + 0008  0.055* 0.06 0.021 + 0.06 68+ 0.1 0.003 + 0.008 0.06 = 0.01 0.04 = 0.03 592 = 0.02 0.006 + 0.008 0.28 = 0.02 0.002 = 0.003  0.020 + 0.008
K0 112+02 597 = 0.09 0.048 = 0.06 10.33 + 0.09 0.036 + 0.005 013+ 0.01 0.042 + 0.005
Tota 99.93 98.73 100.22 98.85 100.49 99.95 99.82 99.59 99.72 99.91 100.36 99.09 99.88 99.35
Fe*t/Fef 0.75 = 0.02¢ 081 + 0.02¢ 0.889 = 0.08 075+ 0.02 0.886 = 0.008 0.76 = 0.01¢ 0.761 = 0.008"
NBO/T 054 = 0.07 0.67 = 0.06 0.74 = 0.06 0.53 = 0.03 0.86 = 0.02 0.78 = 0.03 0.71+0.01
Klia 0.065 + 0.03 0.037 £ 0.01 0.039 = 0.01 0.061 = 0.01 0.039 + 0.001 0.024 + 0.001 0.018 + 0.001
Kﬁ'A#q 122 +004 0.96 = 0.02 0.80 = 0.01 138+ 0.02 0.70 = 0.02 0.669 + 0.008 0.611 + 0.008
K%‘E'C'%—Mn) 0.0535 = 0.003 0.038 = 0.01 0.05 = 0.01 0.044 = 0.01 0.055 + 0.02 0.036 = 0.001 0.030 = 0.002

Run no. EVD10 EVD11 EVD12 EVD13 EVD14 EVD15 EVD16

Sample FAQIMC FNQMC FLQIMC FNQMC FDAQMC FDMC FNQMC
Temp. (°C) 1350 1380 1350 1380 1375 1375 1500

—log fop 06 068 068 068 068 068 068
Time (min) 1045 1050 375 395 955 995 155

Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3)

SO, 415+ 02 54.71 + 0.02 418+ 03 46.8 £ 0.1 421+ 0.6 56.0 £ 0.1 419*02 46.8 £ 0.1 419+ 01 502+ 0.3 419+ 02 498 £ 0.1 421+02 460+ 04
Al,O3 11.80 = 0.01 112+ 0.1 12.03 = 0.06 11.22 = 0.07 741+ 0.06 0.015 + 0.004 9.75 = 0.05
FeO 0.96 = 0.02 381004 1602 9.03 = 0.01 0.985 =+ 0.006 374004 177 £ 004 884+ 06 226 £ 0.05 9.87 = 0.06 2.02+0.05 10.13 = 0.06 153+ 0.04 81+01
MnO 145+ 0.02 1.017 + 0.006 0.76 = 0.05 105+ 0.02 142 +0.02 0.99 + 0.02 0.791 + 0.009 11+01 0.78 = 0.01 114+ 0.02 0.81+0.01 1.183 + 0.007 0.669 =+ 0.001 1.097 = 0.004
MgO 552*0.2 8.94 + 0.07 55.7 £ 0.5 16.47 = 0.03 545+ 0.7 8.95 + 0.04 554+ 0.8 16.51 = 0.06 551+ 0.1 182+ 0.1 544+03 195+ 0.3 55.6 + 0.4 21.0+£0.2
Ca0 049 = 0.1 7.68 = 0.02 0.37 = 0.03 8.90 = 0.01 054 = 0.07 744+ 0.02 0.37 = 0.06 875+ 0.08 0.283 = 0.008 12.69 = 0.09 0.67 = 0.02 187+02 035+ 0.01 81+03
Na,O 0.002 = 0.003 0.06 = 0.06 0.028 + 0.001 6.28 = 0.02 0.004 = 0.003 0.064 + 0.001 0.04 = 0.06 6.55 = 0.09 0.002 = 0.003 0.004 + 0.005 0.002 + 0.004 0.045 = 0.004 0.021 * 0.007 55+03
K0 10.38 + 0.07 0.043 + 0.001 10.54 + 0.009 0.043 + 0.004 0.024 + 0.004 0.048 + 0.004 0.030 + 0.006
Tota 99.59 98.40 100.30 99.80 99.55 99.77 100.26 99.85 100.30 99.59 99.82 99.44 100.23 99.66
Fet /e’ 0.75 = 0.02 0.886 + 0.008 0.75 = 0.02 0.886 + 0.008 0.813 + 0,007 0.81 + 0.02¢ 0.874 + 0.008
NBO/T 0.58 = 0.01 0.86 = 0.03 0.56 = 0.03 0.87 = 0.02 0.98 = 0.02 159 £ 0.05 112 + 0.06
Kg‘;'!q 0.062 + 0.002 0.040 + 0.003 0.07 = 0.01 0.041 + 0.006 0.022 + 0.001 0.034 + 0.001 0.041 + 0.002
Kf\j,(rl,!q 1.38 £ 0.02 0.69 = 0.05 141 + 0.03 0.72 = 0.02 0.66 = 0.02 0.642 = 0.009 0.585 + 0.009
Kaha 0.045 = 0001 0.058 + 0.006 0.051 + 0.007 0.056 + 0.009 0.033 + 0.001 0.053 = 0.002 0.070 = 0.003

D(CaMn)
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Run no. EVD18 EVD19 EVD20 EVD21 EVD22 EVD23 EVD26
Sample FDAQMC FDMC FDAKMC FDAKMC FAQ2MC FDMC FNQMC
Temp. (°C) 1500 1500 1500 1375 1360 1375 1450
—log fop 0.68 0.68 0.68 0.68 0.68 0.68 0.68
Time (min) 255 865 1145 3980 3980 1265
Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3)
SO, 421+02 4850 = 0.04 420x0.2 488 = 04 418+ 0.2 455+ 0.2 417+ 0.2 46.05 = 0.03 418+ 0.2 50.0 £ 0.1 421+02 49.73 = 0.06 417+ 0.2 468 = 0.3
Aly03 582+ 0.01 0.013 = 0.06 0.013 = 0.005 12.91 + 0.06 0.026 + 0.002 10.01 + 0.07
FeO 202+ 0.05 82+02 178 = 0.06 861 = 0.07 0.68 = 0.03 4.27 = 0.07 0.74 £ 0.03 5001 2302 91+01 197 + 0.04 9802 174+ 003 7.91 + 0.06
MnO 0.601 + 0.009 1.084 + 0.008 0.66 + 0.01 1141+0004 0614+0008  0.997 = 0.006 0.76 = 0.01 1.04 + 0.02 0.69 + 0.02 111 +0.02 0.749 + 0.008 1.17 + 0.02 0.682+0.008  1.047 + 0.006
MgO 549+03 2594 = 0.01 547+03 260*05 547*03 2372 £0.01 5412+ 0.2 18.31 = 0.02 546 + 0.2 192 +0.2 545+ 0.3 20.05 = 0.03 555+ 0.3 21.51 = 0.05
Ca0 0.33+0.01 102+02 0.67 = 0.02 15.37 = 0.09 192 +0.02 2550 = 0.06 233+ 001 29.28 = 0.07 0.115 + 0.006 7.27+0.03 0.69 + 0.02 18.54 = 0.04 0.311 + 0.005 7.93 = 0.03
Na,0 0.001 + 0.002 0002+0002 0.002+0004 0012+0004 0.006*0006 0.028+0004 0005 0.008 0.03 £ 0.01 0.006 = 0.005 0.03 £ 0.02 0.01 + 0.01 0112+ 0006 0021 + 0.007 4.27 = 0.05
K0 0.031 + 0.009 0.047 + 0.001 0.024 + 0.004 0.02 + 0.01 0.058 = 0.004 0.049 + 0.003 0.034 + 0.005
Tota 99.91 99.71 99.88 100.02 99.72 100.05 99.64 99.73 99.50 99.65 100.03 99.51 99.91 99.54
Fe** IFet 0.794 = 0.007 0.798 = 0.007 0.79 = 0.01 081+ 0.01¢ 0.761 = 0.008 0.817 + 0.007 0.879 + 0.008
NBO/T 142 = 0.03 1.90 = 0.09 254+ 0.04 2.30 = 0.02 0.73 £ 0.03 1.62 + 0.03 1.08 = 0.04
K&;’fq 0.031 + 0.001 0.042 + 0.001 0.071 + 0.001 0.074 + 0.003 0.016 + 0.001 0.035 + 0.001 0.038 + 0.001
Km{q 0.54 = 0.01 0.55 = 0.01 0.579 = 0.009 06*+01 0.62 = 0.02 0.60 = 0.01 0.632 = 0.009
KB‘[{';‘;M”) 0.0578 + 0.003 0.075 = 0.003 0.122 + 0.002 0.110 = 0.005 0.025 = 0.002 0.058 = 0.002 0.060 + 0.001
Run no. EVD27 EVD28 EVD29 EVD43 EVD44
Sample FNQMC GDAkMc FDAKMC FLQIM FDAk.5MCC
Temp. (°C) 1400 1400 1450 1350°C 1375
—log fop 0.68 0.68 0.68 0.68 0.68
Time (min) 1435 4020 1390 1460 1405
Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3)
SO, 420+ 04 46.73 = 0.04 418+ 03 4561 = 0.01 417+02 453+ 0.1 419+ 04 565+ 0.1 417+03 489+ 0.2
Al03 11.32 +0.04 0.021 + 0.003 0.01 + 0.04 12.99 + 0.01 0.027 = 0.005
FeO 174+ 0.04 9.29 = 0.06 0.75 = 0.03 4.98 + 0.01 0.74 = 0.02 4.60 = 0.09 0.80 = 0.03 322+ 0.02 129+003 6802
MnO 0.77 = 0.02 105+ 001 073+ 02 101 +0.01 0.65 = 0.01 0.98 = 0.04 1.223 + 0.007 0.803 = 0.008 0.753 = 0.008 107 =001
MgO 557+ 03 16.82 + 0.04 546+ 04 19.66 + 0.08 545+ 03 2223+ 004 557+ 04 9.47 + 0.01 555+ 03 20.00 = 0.05
Ca0 0.33 + 0.01 8.94 + 0.09 222 +0.03 283+ 0.02 208 + 0.04 26.31+ 004 0.41 + 0.02 6.10 + 0.02 115+ 003 235+ 02
Na,0 0.024 = 0.05 5.14 + 0.09 0.002 = 0.003 0.06 = 0.01 0.001 = 0.001 0.031 = 0.007 0.001 + 0.001 0.047 = 0.001 0.002 = 0.003 0.03 + 0.02
K0 0.029 + 0.004 0.030 = 0.004 0.031 + 0.007 11.45 + 0.03 0.026 = 0.006
Total 100.59 99.31 100.09 99.63 99.71 99.43 100.07 100.56 100.38 100.39
Fe**/Fe 0.884 + 0.008 0.81 + 0.01 0.80 = 0.01 0.75 + 0.02 0.82 + 0.01
NBO/T 0.83 = 0.02 236 £ 0.03 248 = 0.04 0.53 = 0.02 224+ 004
Kglia 0.036 = 0.01 0.073 = 0.001 0.073 = 0.001 0.067 = 0.003 0.049 = 0.001
Kﬁ'ﬁ}'{q 0.71 + 0.02 0.67 = 0.02 0.629 + 0.003 151+003 0.70 = 0.01
KSE'&LMH) 0.051 + 0.002 0.108 + 0.003 0.119 + 0.006 0.045 + 0.002 0.070 + 0.002

aThese starting compositions are those for which Na and K serve only to charge-compensate AIR* in tetrahedral coordination in melt and only Ca, Mg, and Fe?* are network-modifying cations (see also text for more detailed discussion of these melts).

b Number in parentheses denotes number of analyses in average.
¢ Fe>*/SFe calculated as described in text.

94 Fe’* /3 Fe determined by Mossbauer analysis.
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Fig. 6. Comparison of Fe**/3Fe of glass formed by quenching of
melt in equilibrium with olivine in air at 1350—1400°C obtained by
M osshauer spectroscopy (Fe** /3 Fe observed) and calculated with the
empirical algorithm of Kilinc et al. (1983) (Fe**/3Fe).

Kilinc et al. (1983) empirical relationship between Fe** /3 Fe,
foo, temperature, and melt composition.

An aternative approach to estimate Fe**/SFe of the those
melts for which Fe**/SFe was not determined is to use rela-
tionships between Fe**/SFe and melt composition from the
samples for which Fe**/SFe was determined (Fig. 7). The
exponential function fitted to these data was used to estimate
the Fe**/2Fe of unknowns in the 1350-1400°C temperature
range. For melts outside this temperature range, the relation-
ships between log (Fe**/Fe®™) and 1/T reported by Mysen et
al. (1985) for melts in the system Na,O-CaO-MgO-Al,O5-
SiO,-Fe-O a ambient pressure were employed. This system is
suitable for this purpose because most of the melts in the
present study are also within this system. There are two K,O-
bearing starting materials, FLQIMC and FLQ2MC. Existing
data on redox equilibria of iron do not address temperature
effects for K-bearing melt compositions. However, as compo-
sitions FLQIMC and FLQ2MC were not used to examine
temperature effects on olivine/melt partition coefficients, thisis
not a problem in the present study.

From the experimental data on redox relations of iron in
melts in the Na,0-CaO-MgO-Al,05-SiO,-Fe-O  system
(Mysen et al., 1985), the average free energy of reduction of
Fe*" to Fe", AG, was 24 kJmol. This AG is slightly and
positively correlated with the ionization potential of the metal
cation, Al/(Al + Si), and NBO/T of the melt. These latter
effects are relatively small, however, and for the purpose of
extrapolation of temperature effects on Fe**/Fe** to the
present system, the results in Mysen et al. (1985) do not
provide a sufficiently wide compositional range to quantify
these relationships in detail. The uncertainty in AG introduced
by this lack of detailed knowledge appears to be around 25%.
A 25% uncertainty in AG translates to ~7% relative uncer-
tainty in Fe**/3Fe for the present samples. This uncertainty, in
turn, translates to an uncertainty of =1.2% (relative) in NBO/
T-values. The uncertainties in the NBO/T-values of melts for
which Fe**/3Fe was calculated with this method include a
~1% relative uncertainty in the calculated Fe**/SFe values.

0.88 + -

0.86 |- -
0.84 |- .
0.82
0.80

Fe **/ZFe

0.78
0.76
0.74

0.72 1 1
0.5 1.0 1.5 2.0

NBO/T

Fig. 7. Comparison of Fe**/SFe of glass formed by quenching of
melt in equilibrium with olivine in air at 1350—1400°C obtained by
Mosshauer spectroscopy as function of NBO/T of the melt. The 3 data
points that do not fall on the simple exponentia fit to the data in this
figure probably reflect the fact that Fe**/SFe in silicate melts not only
depends on NBO/T, but also on additional composition parameters
such as Si/Al and the type and proportions of alkali and akaline earths
in the melt (see Mysen, 1995, for review).

3.2. Olivine-Mé€lt Partitioning Behavior

Experimental results from the 9 base compositions (the first
9 compositionsin Table 1) conducted at the o, of air (10 °%)
are summarized in Table 3. In these samples, the MnO and CaO
contents of olivine are so low (Table 3) that variations in
partition coefficients with composition likely reflect the struc-
tural behavior of Ca and Mn in the melt. This conclusion is
substantiated by experimental results in the system CaO-MgO-
MnO-Al,0;-SIO, (Watson, 1977; Jurewicz and Watson,
1988). These latter data indicate that the K,.2™""~ ™ and
KMnolivinefmelt (:caoolivinelcaomdt and Mnoolivine/M nomelt’
respectively) appear independent of CaO and MnO concentra-
tion in the odlivine in CaO and MnO concentration ranges
similar to those in the olivine studied here. That conclusion is
consistent with composition-activity relations in Ca- and Mn-
bearing forsterite in the MnO and CaO concentration relevant
to the present study (Schwerdtfeger and Muan, 1966; Warner
and Luth, 1974).

Olivine-melt partition coefficients for Caand Mn, K 2 Vinemeit
and K,,oVemet gre shown as a function of NBO/T at
1350-1400°C in Figure 8A, B. These data compare well with
those of Jurewicz and Watson (1988) and Colson et al. (1988)
for K 2Vinemet gnd Watson (1977) and Colson et al. (1988)
for Ky, 2Vingmet The K,,,2Vin¥met gata of Colson et al.
(1988) were from experiments with log fo, < —10, which
would be consistent with al Mn being in the divalent state in
their melts. The data from Watson (1977) as well as the present
datawere obtained for experimentsin air. That differencein fo,
notwithstanding, all the K,,°""¥™9 data are in good
agreement (Fig. 8B). For completeness, Kz+°Vinemet gng
Kug™™'"™" are also shown in Figure 8C, D and compared
with the results of Kushiro and Mysen (2002), Colson et al.
(1988) (K s ,olivine/melt and K gollvmelme!t)’ and Jurewicz and
Watson (1988) (Kpg™""'"™"). The agreement between the
data is good.
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Fig. 8. Partition coefficients (wt% oxide in olivine/wt% oxide in melt) at 1350—1400°C at the fo, of air as function of
the NBO/T (data in Table 3) of the melt for Ca (A-K 2™, Mn (B-K 2™, Mg (C-Ky ™9™, and Fe?*
(D-K ge2+0'Vinemelty compared with existing data as indicated on diagrams. Published data are within the same temperature
range as the present data. The data shown are for run durations of 995 min and longer (more than that needed to reach
equilibrium; see Fig. 2 and discussion in text). The data for higher temperatures than 1350—1400°C are not shown because
of possible temperature effects on olivine/melt partitioning might obscure composition-induced effects. Further, for reasons
discussed in the text, data from experiments with Na/Ca are not included in this figure, but are presented and discussed

separately (Fig. 13).

Both Kcaolivine/mell and KMnoIivindme!t decrease rapldly with
increasing NBO/T with minimum K-values at NBO/T near 1.
Similar behavior can be seen for K, ,*"'"*™* and to less
accurate degree for Kggeovinemelt

The relationship betWeen Kcaolivine’melt and KMnoIivine/melt
and the NBO/T of the melt is distinctly nonlinear. With NBO/T
<1, both K-values decrease with increasing NBO/T of the
melt. For NBO/T values above ~1, the K o .2™"¥™et increases,
whereas the partition coefficients for Mn, Mg, and Fe*" appear
nearly independent of NBO/T.

Interestingly, K ,2"V"™et generally is positively correlated
with the Fo content of olivine at least from experiments in the
1350-1400°C temperature range (Fig. 9A) This relationship
could be the result of mixing behavior in the olivine or because
of melt structural control on Fe**-Mg exchange between the
olivine and the melt. The latter explanation is the most likely
because (i) the Fo content of the olivine in equilibrium with
melt also exhibits a parabolic pattern with a minimum Fo value
at NBO/T of the melt near 1 (Fig. 9B). In fact, thisrelationship
resembles the shape of the K. .2V"™e!t ys NBO/T (Fig. 9A).
Given those relations, it is not surprising that K .2Vnemet jg
positively correlated with mol% Fo. (ii) The mixing data for
olivine of the type under consideration here are not consistent
with deviations from Henrian or Raoultian behavior
(Schwerdtfeger and Muan, 1966; Warner and Luth, 1974;
Watson, 1977; Watson and Jurewicz, 1988). (iii) Finaly, the
positive correlation between K .2™V"¥™t and mol% Fo does
not hold for the low f, experiments where the Fo content of
the olivine is much lower than in the other experiments. Fur-

ther, the database of Colson et al. (1988), where the olivine was
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Fig. 9. (A) Partition coefficients (wt% oxide in olivine/wt% oxide in
melt) at 1350—1400°C at the f, of air as function of forsterite content
of olivine. B. Forsterite content of alivine as a function of NBO/T of
coexisting melt at 1350—1400°C at the fo, of air (data from Table 3).



1626 B. O. Mysen and E. V. Dubinsky

T T T @ AT T T T
~ -12 o miwan oo A~ 02T § presencaa
3 O Colson et al. (1988) s A A Véla:w: (:slm‘m
£ E 01k X 0 Colson et al. (1988)
® 3 . A
£ 1.4 4 £ £ 00
= £ L
¥ 2
o -1.6 g o -0.1 |
S S B °
18 ) _ 02p b .
-0.2 0.0 0.2 -04 -02 00 02
Log (NBO/T) Log (NBO/T)

Fig. 10. Log-log relationships between NBO/T of the melt and
K Mnemat (A) and K, 2™Mremet (B) at 1350-1400°C a the fo, of ar
(data from Table 3). Least squares regression of partition coefficients
versusNBO/T for NBO/T <1yidlds LogK ViRt = —23+ 0.7-1.8
+ 0.1Log(NBO/T), and Log K,,2Vinmet = —087 + 0.12-022 +
0.03Log(NBOIT). The data shown are for run durations of 995 min and
longer (more than that needed to reach equilibrium; see Fig. 2 and discus-
sion in text). The data for higher temperatures than 1350—1400°C are not
shown because of possible temperature effects on olivine/melt partitioning
might obscure composition-induced effects. Further, for reasons discussed
in the text, data from experiments with Na/Ca are not included in this
figure, but are presented and discussed separately (Fig. 13).

also much more iron-rich, there is not evidence for relation-
ships between Fo composition and K .

In an experimental study of clinopyroxene-melt partitioning
of Co, Ni, Mn, Mg, and Fe** at 1068°C. Toplis and Corgne
(2002) suggested that relationships between K ,z.mnera-meit
and NBO/T of the melt can be described with a general ex-
pression of the form:

Log Kpyinedimelt — 0 58 Jog (NBO/T) + C. D

In Egn. 1, Cis a constant whose value was assumed to depend
on the mineral in question (Toplis and Corgne, 2002).

The NBO/T-range for which the relationship in Egn. 1 was
calibrated was 0.1-0.7. The NBO/T-range of the present study
was wider (~0.5-2.5). In this wider NBO/T interval, the log
Kcaolivine/meit and |Og KMnoIivine/men versus |Og (NBO/T) are
both distinctly nonlinear (Fig. 10). Straight-line relationships
are, however, consistent with these data for NBO/T <1 and,
thus, in principle accord with the results of Toplis and Corgne
(2002) although the slope of these relationships differs from
—0.58 (see caption, Fig. 10). This latter difference may, how-
ever, be because of the several hundred °C higher temperatures
of the present experimental results. The nonlinear relations for
the wider NBO/T range of the present data may be because
NBO/T is not the only melt structure parameter governing
mineral/melt partitioning behavior.

3.3. Exchange Equilibria and Melt Composition

The relationships between partition coefficients and NBO/T
in Figure 8 lead to the suggestion that the Ca and Mn might
exhibit different structural behavior in the melt as also sug-
gested from Fe?*-Mg exchange equilibria between olivine and
melt under similar conditions (Kushiro and Mysen, 2002).
Exchange equilibria of pairs of cations between olivine and
melt can be used to address relative stability of cation-oxygen
polyhedra in melts if activity-composition relations in the oli-
vine do not vary in the element concentration range of interest.

As discussed above, the Ca-Mn exchange equilibrium be-
tween olivine and melt meets this requirement.

T T T T
® Present data +
0 Colson et al. (1988)
0.10 T
E
25 008 —
o
N4
0.06 7
0.04 m

0.5 1.0 1.5 2.0
NBO/T

Fig. 11. Exchange equilibrium coefficient, K S"inemet [—Ca0(oli-
vine)/CaO(melt)/MnO(alivine)/MnO(melt)] at 1350-1400°C at the fo,
of air asfunction of the NBO/T of the melt (datafrom Table 3). Seetext
for discussion of the datafrom Colson et a. (1988). The data shown are
for run durations of 995 min and longer (more than that needed to reach
equilibrium; see Fig. 2 and discussion in text). The data for higher
temperatures than 1350—1400°C are not shown because of possible
temperature effects on olivine/melt partitioning might obscure compo-
sition-induced effects. Further, for reasons discussed in the text, data
from experiments with Na/Ca are not included in this figure, but are
presented and discussed separately (Fig. 13).

For the exchange equilibrium,
Mn?*(oliving) + Ca2*(melt) & Mn?*(melt) + Ca2*(alivine).
@
The exchange equilibrium constant is:

K olivineimel _ Aca2+(oliving) * AMnz*(melt)
o =

©)

Acaz*(melt) © B2+ (olivine)

where a2+ giving €tC. is the activity of C&* in olivine etc.
Substitution of activity coefficients, -y;, and mol fraction, X;, for
activity yields:

KoDIivine/meIt
Ve (0liVINE) - Xcg:(0liVINE) « yyne-(MElt) - Xy (Melt)
" Ve (ML) - Xz (MeElt) - yyre-(0living) - Xype-(olivine)
(39)

The Kp can® V"Mt is defined as:

Xca+(0living) - Xy (Melt) 4
Xca+(Melt) - Xypz+(olivine) @)

olivine/melt _
KD Ca-Mn -

At condant temperature, K2V"™Met (Eqn 3) is congtant. Further, s
discussed above, the activity coefficient ratio, Yc.2+(olivine/
Ymr* aliving 1S CONStant in the Cal and MO concentration range in
the olivine under study. It follows, therefore, that;

Yea (Melt)

Kolivine/melt
™M nz+(me| t)

DCaMn — CO !

©)

The Kghinemeit yaries systematically with the NBO/T of the
melt (Fig. 11). It decreases with increasing NBO/T from
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NBO/T <1 until NBO/T~1. After a minimum at NBO/T~1,
the KSWne/melt a0qin increases. The two data points from
Colson et a. (1988) at 1364°C fall near the line defining this
relationship even though the olivine in those to experiments
(Fogs and Fog,) was considerably more iron-rich than the
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olivine in the present study (Fog,-FOog5). From the data in
Figure 11 and the relationship Egn. 5 it follows, therefore, that
the activity coefficient ratio in the melt, y.z+(melt)/
Ymnzt(Melt), passes through a minimum value for melts with
NBO/T~1. In other words, the relative stability of Mn and Ca
in silicate melts depends on the degree of polymerization of
silicate melts.

The relationships in Figure 11 probably reflect competition
between Ca and Mn for nonbridging oxygen in the melt. These
nonbridging oxygens have different properties depending on
the Q"-species that exist in the melts. The equilibrium between
the Q"-species can be expressed with the generalized expres-
sion (e.g., Stebbins, 1987):

2Qn = anl + Qn+1 (6)

where the Q"-species are defined in terms of their number of
bridging oxygen, n (nonbridging oxygen, NBO = 4-n) per
tetrahedrally coordinated cation. The abundance of the individ-
ual Q"-speciesis a systematic function of the melt composition
in binary metal oxide-silica melts (Fig. 12A). For most rock-
forming igneous melts their NBO/T-range is such that n = 3
and the dominant Q"-species are Q% Q3 and Q? (Mysen,
1988). The abundance of Q3-species, regardless of metal cation
properties, reaches a maximum in melts whose NBO/T-valueis
near 1 (for review of structure data, see Mysen, 1995).

The relative abundance of the Q"-species depends not only
on the NBO/T of the melt, but also on the ionization potential
of the network-modifying metal cation (ionization potential,
Z/r?, where Z is the electrical charge and r is the ionic radius)
(Mysen, 1995). For systems with n = 3, the equilibrium con-
stant for equilibrium 6, In K, is a simple and positive function
of the ionization potential of the metal cation at constant
temperature and NBO/T of the melt (Fig. 12B). This relation-
ship does not, however, change the NBO/T-value of the melt at
which the Q°-abundance reaches a maximum (see Mysen,
1995).

The stability of metal cation-NBO bonds (NBO, nonbridging
oxygen) in individual Q"-species depends on the ionic radius
and charge of the metal cation. In a Q3-species, for example,
there is 1 nonbridging oxygen per silicate tetrahedron. The
negative electric charge associated with this nonbridging oxy-
gen is neutralized via bonding to network-modifying cations.
The smaller their ionic radius, or the greater their electrical
charge, the less stable is the metal —NBO(Q®) bond. Such
structural effects have been documented via 2O NMR spec-
troscopy of mixed alkali metal/alkaline earth silicate glasses
(Jones et al., 2001; Lee et al., 2002; Lee and Stebbins, 2003).

Fig. 12. Melt structure and properties along metal oxide-silicajoins.
(A) Abundance of structural units (Q™-species) in glass aong the join
Si0,-K,0 (M = K) as afunction of melt composition (from Maekawa
et a., 1991). Note that the topology of Q" versus melt NBO/T relations
issimilar for all akali and akaline earth silicate melts (Mysen, 1990,
1995). (B) Equilibrium constant for the equilibrium, 2Q*%<Q? + Q*
(n = 3 in Egn. 6) for melts and supercooled melts in the systems
Li,O-SiO,, Na,0-SiO,, and K,O-SIO, at T ~ 1050°C and ambient
pressure for melt compositions with NBO/T = 1 and 0.5 (T = Si in
these melts) (from data summary in Mysen, 1995). (C) Enthalpy of
mixing in melts along the joins KO,,,-SiO,, NaO,,,-SiO,, and CaO-
SiO, for melts with NBO/T = 2 (T = Si) (data compilation by
Navrotsky et al., 1985).
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These melt structural features probably also govern other melt
properties such as, for example, enthapy of mixing along
binary metal oxide-silicajoins (Fig. 12C, see aso Navrotsky et
al., 1985). These structural principles are also similar to those
that govern relationships between the structure of simple sili-
cate crystals and metal cation properties (see Liebau, 1981, for
detailed review).

We suggest that the relationships between Kgvinemsit gng
the NBO/T of the melt exist because different relative stability
of Ca-NBO and Mn-NBO bonds in Q"-species in the melt is
controlled by the ionic radius difference between Ca?* and
Mn?* (~25%; Whittaker and Muntus, 1970). We suggest that
Mn-NBO(Q®) bonds are less stable than Ca-NBO(Q?) bonds
because Z/r}(Mn)>Z/r*(Ca). Therefore, e+ meiy Yamre* meity
is likely to decrease as the Q3-abundance of the melt, which is
controlled by its major element composition, increases. The Q-
abundance reaches its maximum at NBO/T~1, which is, there-
fore, where yc2+(meity/ Ymnz ey @tans a minimal value. The
Q3-abundance decreases on either side of this NBO/T~1-value.
WithNBO/T <1, thisislikely to cause primarily anincreasein the
Ye2+(Melt) and, thus, an increase iN Yez mey/ Ymr?* mey- |f
Q"-species less polymerized than Q° are available (as is the case
in melts with NBO/T >1), Mn®* likdly would tend to form
Mn-NBO bonds (NBO-nonbridging oxygen) in such species (Q?,
Q", and Q°) thus possibly leading to a decrease in 2+ (Melt),
and, thus, and inCrease in Ye2+(meit! Ymr2* (melty:

Additional partitioning data relevant to possible melt struc-
tural control of mineral/melt partitioning may be found by
examination of relationships between the Ca&>Mn exchange
equilibrium constant and melts whose structure is affected by
exchange of some of the Ca2" with Na". The Ca®*<Nat
exchange is of interest because of the similar ionic radius but
different ionic charge of these two cations (their ionization
potentials do, therefore, differ substantially—2z/r?(Ca)~2Z/
r?(Na)). One may expect, therefore, the abundance of nonbridg-
ing oxygen in Q3-species available for Ca-NBO(Q?) bonds to
decrease as Na/(Na + Ca) increases. Relationships between
Na/(Na + Ca) and KZ"™nemelt for three compositions with
different NBO/T-vaues of the melt were examined (Table 4,
Fig. 13). These melts were in equilibrium with olivine from
starting compositions FNQMC, FDQMC, and FDAKMC. The 3
compositions were chosen for this purpose (a) because the large
difference in NBO/T-values (~1, ~1.5, and ~2.3, respec-
tively) implies significant differences in type and abundance of
Q"-species (e.g., Virgo et a., 1980; Schramm et al., 1984;
Maekawa et a., 1991; Mysen and Frantz, 1994), and (b)
because they contain no AI**. The presence of AI** would
complicate this analysis because in aluminosilicate melts, por-
tions of alkali metals and akaline earths not only may be
network-modifiers, but can also serve to charge-balance AI®*
in tetrahedral coordination in the melt (Mysen, 1997). The
relative stability of tetrahedrally coordinated, charge-balanced
AI®** depends on the electronic properties of the cation(s)
involved in this charge-balance. The order of stability is K >
Na > Ca > Mg (Navrotsky et al., 1985).

Also shown in Figure 13 is the variation in NBO/T-value of
the individual melts as a function of Na/(Na + Ca). These
NBO/T-values vary because changes in Na/(Na + Ca) affect
the relative proportions of olivine and melt even at the same
temperature. For the FNQMC and FDMC starting composi-

tions, the NBO/T-variation is ~10%, which has insignificant
influence on the KZMnemat.y 4 es in the NBO/T-range of these
two melt compositions (Fig. 11). The NBO/T of melt from starting
composition FDAKMC initially increases by ~10%, followed by
an NBO/T-decrease of ~30% as Na/(Na + Ca) is incressed
further. From the datain Figure 11, this NBO/T-decrease, by itsalf,
should result in asmall decrease (maximum change = 15-20%) in
Kavinemlt Thege uncertainties notwithstanding, the Kine/melt jg
positively correlated with Na/(Na + Ca) of the melt. The rate of
change of K3"inemelt with increasing Nal(Na + Ca) decreases
with increasing NBO/T-value of the melt. In other words, from
Egn. 5 the activity coefficient ratio, Ve e/ Ymr2* ey, 1N
creaseswith increasing Na/(Na + Ca) of the melt. We suggest that
this change reflects competition among Na* and Ca?* for non-
bridging oxygen in Q3-species in the mdlts.

3.4. Exchange Equilibria and Temperature

The melt composition-dependent solubility behavior of Ca2™
and Mn®" aso isreflected in the enthal py of reaction (2). From
the temperature-dependence of K2dne/melt

Knemet = —(AH/RT — ASIR), )

where AH and AS are the enthalpy and entropy change for
equilibrium 2, T is the temperature (K) and R the gas constant.
The slope of In KQine/met v /T (Fig. 14) defines AH
provided that the change in NBO/T of the melt with tempera-
ture does not affect the KZWindmet.y 4 ues significantly. For com-
position FNQMC, where melts have NBO/T-values near the min-
imum in Figure 11, the NBO/T varies by ~30% in the 1350—
1500°C temperature range (Fig. 14C). A 30% change in NBO/T
near NBO/T = 1 does not, however, affect K3 indmet ggnjfj-
cantly (Fig. 11). For the other composition used for temperature
studies, FDAKMC, the NBO/T of the melt increases from 2.3 to
2.55 between 1350° and 1500°C (Fig. 14D). At the temperature of
the datain Figure 11 (1350-1400°C), such an increasein NBO/T
results in an increase of K2MWinemet from ~0,085 to ~0.11
(Fig. 11).

From the linear regression through the datain Figure 14, AH
of equilibrium 2 for composition FNQMC is 55 + 11 kJ/mol,
whereas for composition FDAKMC the AH equals 33 = 33
kJmol. Because the likely changes in K2Wdre/melt ith NBO/T
resulting from the increase in temperature, the AH for compo-
sition FDAKMC is a maximum value. The larger AH-value for
composition FNQMC compared with FDAKMC is consistent
with the largest difference between vy (Met) and
Yeaz+ (Melt) for melt composition whose NBO/T-value is near
1 (FNQMC).

3.5. Exchange Equilibria and Oxygen Fugacity

The observation that olivine/melt exchange equilibria such
asthat involving Caand Mn depend on NBO/T and Qn species
in the melt leads to the suggestion that any parameter that
affects NBO/T may also affect the KSUI¥melt v/ariation in
redox state of iron in silicate melts can causes changes in their
NBO/T (Fig. 5C).

The redox ratio of iron in melt is governed by fo,. The
Kg'¢amn™" as a function of log f,, for starting composition
FDMC is shown in Figure 15 (Table 5). There is a small



Table 4. Chemical analyses of run products from starting compositions where Na/Ca ratio is main variable (wt%).

Run no. EVD47 EVD48 EVD49 EVD50 EVD51 EVD52

Sample DMC-1 DMC-2 FDMC-3 FDAKMC-1 FDAKMC-2 FDAKMC-3
Temp. (°C) 1375 1375 1375 1375 1375 1375

—log fo, 0.68 0.68 0.68 0.68 0.68 0.68
Time (min) 1325 1465 1440 1440 1435 1445

Qlivine (15)? Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3)

SO, 418+ 02 51.69 = 0.05 412+03 51.3+02 41.7+02 542+ 03 418+ 02 479+ 02 41.7+03 49.14 + 0.01 420+03 5259 + 0.04
AlLO, 0.055 * 0.005 0.034 + 0.006 0.081 + 0.008 0.022 + 0.002 0.019 + 0.008 0.018 * 0.003
FeO 171+004 10214+ 0.05 139+ 0.05 105+ 0.2 149 = 0.05 101+ 01 0.59 + 0.03 5.02 = 0.03 052+ 003 500=*0.08 0.55 + 0.08 5.76 = 0.07
MnO 0.819+ 0,008 1.087*=0.008 0.78=0.01 1.06 = 0.01 085+001 1.043+0004 072+001 098=*0004 070+002 1003+0003 066+006 1.067* 0.004
MgO 555+ 0.2 18.89 = 0.04 552+ 0.3 193+02 55.7 +0.2 188+ 0.7 551+ 0.3 1953 = 0.09 55.6 + 0.3 199+ 08 555+ 08 20.09 = 0.01
Ca0 0541+ 0007 1283006  0.402 = 0.009 81+01 0.195+0.008 343 =*0.03 17x01 217+ 01 128+002 1615003 0.77 = 0.02 115+ 0.02
Na,0 0.030 =0.008 508009 0.047 = 0.005 9.8+03 0053+ 0008 1251+0.02 0.030+0007 498+003 0031*+006 906+003 00290009 10.84=+0.05
K,0 0.256 (1) 0.031 (4) 0.041 = 0.009 0.02 = 0.01 0.06 = 0.02 0.025 = 0.009
Tota 100.38 100.02 99.02 100.04 99.9 100.19 99.93 100.12 99.83 100.31 99.53 101.54
Fe** IFeP 0.81 = 0.02 0.81 + 0.02 0.81 + 0.02 0.81 + 0.01 0.81 = 0.01 0.81 = 0.01
NBO/T 171+ 003 1.72 = 0.05 147 = 0.05 252 +0.02 237+ 004 1.92 =001
K 0.042 = 0.001 0.049 = 0.001 0.056 = 0.001 0.080 = 0.005 0.078 = 0.001 0.068 = 0.02
Kgiia 0.746 + 0.009 0.73+ 001 0.81+ 001 0.72+ 001 0.69 + 0.02 0.061 + 0.05
K3 g 0.056 = 0.01 0.068 + 0.02 0.070 = 0.002 0.110 + 0.007 0.113 = 0.004 0.11 + 0.02

2Number in parentheses denotes number of analyses in average.
b Fe** /Fe calculated as described in text.

aInjpnuIs 1pwW pue Buuonied uews g
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Fig. 13. Exchange equilibrium coefficient, K $"inemet [—Ca0(oli-
vine)/CaO(melt)/MnO(alivine)/MnO(melt)] as function of Na/(Na +
Ca) of the melt and NBO/T of the melt as a function of Na/(Na + Ca),
al at 1375°C, for starting compositions shown in the diagrams (data
from Tables 3 and 4).

Kg"dans"t decrease with decreasing f,, and, therefore,
with decreasing Fe**/>Fe and increasing NBO/T (Fig. 5).
Also shown in that figure (as dashed line) is the trend in
KQlvine/melt yersus NBOJ/T that would be expected if the
Ca-Mn exchange partition coefficient varied simply as a
function of the change in melt NBO/T (Fig. 11) controlled
by the Fe**/SFe and oxygen coordination of Fe** and
Fe** in the melt. An increase in Ko"neomelt aynected
from the Fe**/SFe-driven change in NBO/T is not ob-
served.

A possible explanation for the difference between those
caculated and the actual KS"ineme't.yalues, expressed as a
function of o, in Figure 15, may be that Mn in the melt exists
in more than one oxidation state. Alternatively, the activity-
composition relations of Ca and Mn in the melt depend on
oxygen fugacity.

In this latter case, because the concentration of CaO in the
melts does not change significantly with oxygen fugacity
(Tables 3 and 5), and neither CaO nor MnO concentration in
olivine is sensitive to oxygen fugacity (Tables 3 and 5), the

FDAKMC
I L L L
57 58 59 6.0
1Tx10 4K™)

FDAKMC |

07 H FNQMC 2.30
1 1

1 1
1360 1400 1440 1480
Temperature, 'C

1 L 1 L 1 L I
1380 1400 1420 1440 1460 1480 1500
Temperature, ‘G

Fig. 14. Exchange equilibrium coefficient, KZinemeit [ — Ca0O(olivine)/
CaO(met)/MnO(alivine)/MnO(melt)] of melts coexisting with olivine as
a function of temperature (1350—1500°C) (data from Table 3). (A)
K givinemelt 55 & function of temperature [1/T(K)] for starting composition
FNQMC. (B) Kiviremet a5 a function of temperature [1/T(K)] for starting
composition FDAKMC. (C) The NBO/T of melt coexisting with olivine as
a function of temperature [U/T(K)] for starting composition FNQMC.
(D) The NBO/T of melt coexigting with olivine as a function of temper-
ature [/T(K)] for starting composition FDAKMC.

activity coefficient ratio of Ca and Mn in the melt,
Yea?* (meity Ymn2* (meiry, decreases slightly (Egn. 5) with de-
creasing oxygen fugacity (increasing NBO/T of the melt in
equilibrium with olivine). However, from the relationship in
Figure 11, increasing NBO/T of the melt actually results in
an increase in Yoz may Ymn may DecaUSE Ko gt
increases with NBO/T in the NBO/T-range under discussion.
Thisis, therefore, an unlikely explanation for the relationshipsin
Figure 15.

The more likely explanation is that Mn exists in multiple
oxidation states in the melt, and that the Mn oxidation ratio
depends on f,,. This is likely because in the crystalline state,
the transformation of MnO to Mn;O, at 1375°C occurs, for
example, at log fo, = —2.2 (Huebner, 1969). A portion of the
Mn may, therefore, exist as Mn®" in melts equilibrated with air
(log fo, = —0.68).

A general exchange equilibrium between olivine and melt
where the oxidation state of Mn in the melt may be higher
than 2+ (e.g., Mn®") in the olivine (Mn?* is assumed for
olivine) is:

CaO(melt) + MnO(alivine) + 1/40, &
MnO;,(melt) + CaO(olivine), (8)

with the equilibrium constant (assuming activity equal to mol
fraction):

~ Xcxo(olivine) Xwnos(Melt)
& Xeao(melt)  Xuno(olivine) - (fo)™

(8b)
If the oxidation state of Mn in olivine and melt was the same
(2+), the exchange equilibrium is:

CaO(melt) + MnO(alivine) & CaO(olivine) + MnO(melt),
€)

with the equilibrium constant:
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Fig. 15. Exchange equilibrium coefficient, KZinemeit [ — Ca0O(olivine)/
CaO(met)/MnO(olivine)/MnO(melt)] as a function of oxygen fugacity
(log fo,) a 1375°C for starting composition FDMC (data from Tables 3
and 5). Dashed line = estimated values of KgWinemet yith NBO/T as
discussed in text. AKSinemelt s the difference between this calculated
evolution of K2Mnemst and the observed values.

i 2
log fo2

Fig. 16. Log AKg"inemelt (a5 defined in Egn. 11) as a function of
oxygen fugacity (log fo,). Dashed lines represent straight line con-
nected between the two data points and number on line its slope (see
text for detailed discussion).

log fo, reflects the oxidation state on Mn (see Fig. 16). The
gradually decreasing value of log AK2"inemet with decreasing
fo, would then imply a gradual decrease of Mn®*/Mn?* in the

o= Xeao(Olivine) XM”O(r_ne_It) (9b) melt under the assumption that the activity coefficient ratio,

Xcao(melt)  Xyno(olivine) Yan,0(ME/ Yino(Melt), remains constant. If this latter ratio

The difference between K and Ko, AK 2ivinemeit e equals unity, the slope can be used to determine the Mn3*/
Mn?" in the melt.

logAK divinemet — |6q K — log K, (10) The slope of the log AKS"E0Sm" versus log fo, in the

and, therefore:

. Xunos(Melt) 1
olivine/melt _ - .
log AKR' &M = Iog( Xumo(MEID) 2 log fo,. (1)

Thus, the slope of the relationship between logAKadnemelt gng

fo,-range between that of air and 1072 bar (where, for the
equilibrium between MnO and Mn,O5, MnO would be stable;
Huebner, 1969), is 0.12 (Fig. 16), which corresponds to Mn?*/
(Mn** + Mn®") ~ 0.75. We conclude, therefore, that even
though there probably is a small fraction of Mn®* in the melts
coexisting with olivinein air, thisratio is low. That conclusion

Table 5. Chemical analyses of run products from experiments conducted with reduced oxygen fugacity (wt%).

Run no. EVD56 EVD58 EVD59

Sample FDMC FDMC FDMC
Temp. (°C) 1375 1375 1375

—log fo, 3 5 9
Time (min) 1335 1385 1410

Olivine (15) Glass (3) Olivine (15) Glass (3) Olivine (15) Glass (3)

SO, 41.0 £ 0.3 51.030 = 0.1 416 £ 0.2 470+ 04 412 £ 0.2 525+ 0.2
Al,Oq4 0.020 = 0.004 10.95 = 0.01 0.030 = 0.008
FeO 4.79 = 0.05 9.66 = 0.04 1.92 = 0.05 8.37 = 0.02 54+ 0.6 7.02 £ 0.05
MnO 0.90 = 0.01 1.108 = 0.009 0.713 = 0.009 0.933(8) 0.83 = 0.04 1.055 = 0.001
MgO 525+ 05 182+ 05 554 £ 0.2 17.94 = 0.01 52.6 £ 0.5 19.02 = 0.05
CaO 0.80 = 0.01 19.7 £ 0.3 0.377 = 0.009 13.79 = 0.06 0.74 = 0.09 20.34 = 0.09
Na,0 0.002 = 0.003 0.013 = 0.008 0.001 = 0.001 0.022 = 0.008 0.002 = 0.004 0.047 = 0.001
K,O 0.044(1) 0.022(4) 0.034 + 0.008
Tota 99.99 99.75 100.02 99.05 100.76 100.08
Fe*t/Fe* 0.43 = 0.02 0.886 = 0.008 0.0
NBO/T 214 +0.04 1.06 = 0.05 2.36 £ 0.04
KZlia 0.040 + 0.01 0.027 + 0.01 0.036 + 0.04
K‘,\’,'l'r']fq 0.81 = 0.01 0.76 = 0.01 0.78 £ 0.03
KB 0.050 + 0.01 0.036 + 0.01 0.046 + 0.006

2Number in parentheses denotes number of analyses in average.
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(only a small fraction of Mn more oxidized than Mn®*) is
consistent with the general agreement between the present
olivine/melt Mn data and those of Colson et al. (1988), whose
experiments were conducted at —log fo, = 10-11 and where,
therefore, al Mn is likely to be Mn22+ (eg., Fig. 8). The
agreement between these latter data and those of Watson
(1977), also conducted in air, would suggest that in the latter
experiments the proportion in the melt of Mn oxidation states
above 2+ also was small.

4. CONCLUDING REMARKS

1. Partitioning of minor elements such as Ca and Mn be-
tween olivine and melt is sensitive to melt structure and reflects
relative stabilities of Ca-O and Mn-O polyhedra associated
with the structural units (Q™-species) in the melt. Their relative
stability probably is governed by differencesin steric hindrance
of Ca-NBO and Mn-NBO bonding in the different coexisting
Q"-species in the melt.

2. The exchange equilibrium of Ca and Mn between olivine
and melt, KQine'melt ‘nacses through a minimum at NBO/T of
the melt near 1. This NBO/T-value is near that where X o2/X o,
has its largest value. Therefore, the activity coefficient ratio in
the Melt, v meity Ymr2*meiry: r€8ches a minimum where the
abundance ratio of X5a/X o, is at maximum. It is inferred from
this relationship that Ca®* in the meltsis dominantly bonded to
nonbridging oxygen in Q3-species, whereas Mn?" is bonded to
nonbridging oxygen in less polymerized Q"-species such as Q2.

3. On the basis of the present data together with published
data on Fe? " <Mg exchange between olivine and melt, as well
as thermodynamic and structural data of melts and glasses from
metal oxide-silica joins, it is proposed that the activity coeffi-
cients of major, minor, and trace elements in silicate melts can
be correlated with the ionization potential, Z/r? of the cation.
For a pair of network-modifying cations with different Z/r?, i
and j with Z/r(j)>Z/r?(i), exchange equilibrium constants be-
tween crystal and melt, K, ; ;°¥@/™<!* will, therefore, exhibit
a minimum at intermediate NBO/T of the melt. Interestingly,
this NBO/T-value (~1) is near that of typica basalt melt
(Mysen, 1988). This minimum Kp, ; ;°¥%/™" exists becatise
the ionization potentia of cationsi and j governs ordering of i
and j among nonbridging oxygen in coexisting Q"-species in
the melt.
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