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Melting relations and major element partitioning in an oxidized
bulk Earth model composition at 15–26 GPa

Reidar G. Trønnes)

C.M. Scarfe Laboratory of Experimental Petrology, UniÕersity of Alberta, Edmonton, Canada

Abstract

Melting experiments were performed on an FeO-rich bulk Earth model composition in the CMFAS system in order to
Žinvestigate the partitioning of major elements between coexisting minerals and melts. The starting material 34.2% SiO ,2

.3.86% Al O , 35.2% FeO, 25.0% MgO and 1.88% CaO , contained in Re-capsules, was a mixture of crystalline forsterite2 3

and fayalite, and a glass containing SiO , Al O , and CaO. Olivine is the first liquidus phase at 10 GPa but is replaced by2 2 3
Ž . Ž .majoritic garnet ga in the 15–26 GPa range. Magnesiowustite mw crystallizes close to the liquidus and is joined by¨

Ž .perovskite pv at 26 GPa.
The quenched melt compositions are homogeneous throughout the melt region of the charges and are only slightly

enriched in Si, Ca and Fe, and depleted in Mg, relative to the starting composition. The FerMg and CarAl ratios in all of
the minerals increase rapidly below the liquidus to become compatible with the bulk composition at the solidus. At 26 GPa,
a relative density sequence of mw)pv)melt)ga is observed. This indicates that majorite floating, combined with the
sinking of magnesiowustite and perovskite can be expected during the solidification of a Hadean magma ocean and in hot¨
mantle plumes early in the Earth’s history. The mineral–melt partitioning relations indicate that fractional crystallization or
partial melting in the transition zone and the upper part of the lower mantle would increase the FerMg and CarAl ratios of
the melt, even if magnesiowustite was predominant in the solid fraction. A significant contribution of accumulated mw to the¨
segregation of the protocore is therefore unlikely. The suggested process of perovskite fractionation to the lower mantle is
not capable of increasing the MgrSi ratio in the residual melt, and the combined fractionation of perovskite and
magnesiowustite produces a melt with elevated ratios of SirMg, CarAl and FerMg. q 2000 Elsevier Science B.V. All¨
rights reserved.
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1. Introduction

Extensive melting of the terrestrial planets during
accretion and core formation may have created deep
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Žmagma oceans Wetherill, 1990; Tonks and Melosh,
.1993 . Mineral–melt separation processes of uncer-

tain and variable efficiency were probably operating
during the solidification of a terrestrial magma ocean
ŽAgee and Walker, 1988; Solomatov and Stevenson,

.1993 and during more localized melting and crystal-
Žlization in rising columns of hot mantle Herzberg,

.1995 . A chemically stratified mantle is a possible
outcome of efficient mineral–melt separation in the
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early Earth. Later in the Earth’s history, the separa-
tion of melt from rising plumes of hot mantle may
have contributed to chemical heterogeneities in the
mantle.

Improved data on melting relations and mineral–
melt partitioning is needed to increase our under-
standing of the consequences of melt–solid fraction-
ation processes in the mantle. Melting studies on
peridotitic mantle compositions in the 1–25 GPa
pressure range have provided a considerable amount
of information on the melting relations and
mineral–melt partitioning in these systems, espe-

Žcially up to 10 GPa e.g., O’Hara, 1968, Herzberg
.and O’Hara, 1998; Green, 1995; Jones, 1995 . At

20–26 GPa, near the upper end of the attainable
pressure range of the conventional multi-anvil appa-
ratus, extreme thermal gradients cause problems in
the evaluation of the liquidus phase relations and
mineral–melt partitioning. Therefore, further melting
studies in reasonably large pressure cells, where the
thermal gradients are kept low, regular and stable,
are needed. An investigation emphasizing the liq-
uidus phase relations and mineral–melt partitioning

Ž . Ž .between magnesiowustite mw , perovskite pv and¨
Ž .majoritic garnet ga has been performed in an FeO-

rich bulk Earth model composition in the CMFAS
Ž .system 35% FeO . The choice of this composition

was motivated by the importance of establishing the
partitioning relations of major elements between these
phases, also in systems that are more FeO-rich than
common peridotites. Partitioning data for iron-rich
compositions may be relevant to the very early stages
of crystallization in deep magma oceans on terres-

Ž .trial planets. Agee 1990, 1993 and Agee et al.

Ž .1995 conducted melting experiments on the Al-
lende meteorite, containing 27% FeO and 4% FeS,
and found that magnesiowustite and garnet crystal-¨
lized at the liquidus in the 24–26 GPa pressure
range. They suggested that magnesiowustite fraction-¨
ation to the lower mantle could be a viable precursor
to core formation, especially if FeO has an enhanced
affinity to enter the core alloy at extreme pressures
and temperatures. The presence of magnesiowustite¨
as a near-liquidus phase even in peridotitic systems

Ž .was documented by McFarlane et al. 1991 and
Ž .Zhang and Herzberg 1994 . The mineral–melt parti-

tioning relations involving magnesiowustite, garnet,¨
and perovskite is, therefore, important for melt gen-
eration in the transition zone and the upper part of
the lower mantle also during the later stages of the
Earth’s history.

2. Experimental and analytical procedures

The starting material was a mixture of crystalline
forsterite and fayalite and a glass containing SiO ,2

Al O , and CaO. The mixture was prepared as a2 3

CMFAS analogue of average CI chondritic composi-
Ž .tion Anders and Grevesse, 1989 . The composition

of the mixed and homogenized material was mea-
sured directly on quenched melt produced in a

Ž .supraliquidus experiment at 4 GPa Tables 1 and 2 .
This composition, which was confirmed by XRF
analysis on a powder split, differs slightly from the
assumed starting material composition reported by

Ž . Ž .Trønnes et al. 1992 . The oxidized all Fe as FeO

Table 1
List of experiments

Run p Nominal Estimated Duration Crystallization
Ž . Ž . Ž . Ž .number GPa T 8C liquid T 8C min sequence

1329 4.0 1970 2 supraliquidus
1275 10.0 1850 1890 20 ol, mw
1337 14.8 1925 2000 20 ga, mw, ol
1257 19.8 2000 2110 12 ga, mw
1251 22.8 2250 2150 30 ga, mw
1273 24.3 2100 2165 10 ga, mw
1274 26.2 2120 2180 10 pv–mw–ga

Number 1329 was run in an 18-11 mm configuration in a graphite capsule and provided 100% quenched melt for bulk composition analyses.
Number 1275 was run in a 14-8 mm configuration. pv, perovskite; ga, majoritic garnet; mw, magnesiowustite.¨
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Table 2
Chemical composition of starting material, quenched melts and coexisting minerals

SiO Al O FeO MgO CaO Ý Si Al Fe Mg Ca Ý FerMg2 2 3 wt.% cat

Bulk composition 34.2 3.86 35.2 25.0 1.88 100.1 2.85 0.38 2.45 3.11 0.17 8.96 0.79
QM
26.2 L 36.3 4.12 35.8 21.4 2.40 100.0 3.02 0.4 2.49 2.65 0.21 8.78 0.94
24.3 L 36.0 3.66 36.5 21.3 2.36 99.8 3.02 0.36 2.54 2.66 0.21 8.80 0.96
22.8 L 35.9 3.91 36.0 21.6 2.19 99.6 3.01 0.39 2.52 2.69 0.20 8.80 0.94
19.8 L 36.3 3.78 35.1 22.3 2.48 100.0 3.01 0.37 2.44 2.76 0.22 8.80 0.88
14.8 L 35.2 3.23 37.5 22.3 2.17 100.4 2.95 0.32 2.63 2.79 0.20 8.89 0.94
14.8 mw-in 33.9 2.64 40.0 21.7 2.02 100.3 2.90 0.27 2.86 2.76 0.18 8.97 1.03

pv
26.2 L 51.1 5.27 13.0 29.7 0.60 99.7 3.67 0.45 0.78 3.18 0.05 8.11 0.25
26.2 interm 50.0 5.15 15.6 28.5 0.89 100.1 3.62 0.44 0.95 3.08 0.07 8.16 0.31
26.2 S 49.8 4.73 19.6 25.1 1.58 100.8 3.66 0.41 1.20 2.75 0.12 8.14 0.44

ga
26.2 L 49.1 12.5 11.0 25.0 2.26 99.9 3.48 1.04 0.65 2.64 0.17 7.99 0.25
26.2 interm 47.8 12.1 14.5 20.7 4.24 99.3 3.49 1.04 0.88 2.25 0.33 7.99 0.39
26.2 S 48.1 9.8 17.5 18.5 5.65 99.6 3.57 0.86 1.09 2.05 0.45 8.00 0.53
24.3 L 50.1 10.9 10.8 25.9 2.16 99.9 3.55 0.91 0.64 2.73 0.16 8.00 0.23
22.8 L 49.7 12.2 9.76 26.4 1.72 99.8 3.50 1.01 0.58 2.77 0.13 7.99 0.21
19.8 L 48.8 14.0 9.78 25.5 1.82 99.9 3.43 1.16 0.58 2.68 0.14 7.98 0.22
14.8 L 48.2 14.3 11.6 24.6 1.40 100.1 3.41 1.19 0.69 2.60 0.11 7.99 0.26

mw
26.2 L 0.32 1.28 53.6 45.0 0.07 100.3 0.03 0.16 4.68 7.01 0.01 11.9 0.67
26.2 interm 0.27 0.77 64.2 35.0 0.14 100.4 0.03 0.10 5.97 5.80 0.02 11.9 1.03
26.2 S 0.30 0.42 68.2 29.9 0.19 99.0 0.03 0.06 6.64 5.18 0.02 11.9 1.28
24.3 L 0.30 1.16 56.7 41.8 0.06 100.0 0.03 0.15 5.06 6.65 0.01 11.9 0.76
22.8 L 0.30 1.18 59.5 38.7 0.07 9.8 0.03 0.15 5.42 6.28 0.01 11.9 0.86
19.8 L 0.29 1.22 58.3 39.5 0.06 99.4 0.03 0.16 5.30 6.40 0.01 11.9 0.83
14.8 mw-in 0.58 0.76 64.6 33.6 0.05 99.6 0.07 0.10 6.08 5.63 0.01 11.9 1.08

Estimated 1s

QM 1.0 0.23 1.3 0.9 0.28
pv, ga 0.9 0.19 0.5 0.7 0.16
mw 0.03 0.05 1.2 1.0 0.02

Ž .Oxides in weight percent, cations normalized to a total charge of 24 12 oxygen atoms . The phase compositions are average values of
10–30 analyses. The bulk composition was measured on the quenched melt contained in a graphite capsule, run at 4 GPa and 19708C
Ž . Ž .supraliquidus condition . The numbers 26.2, 24.3, 22.8, 19.8, and 14.8 denote pressure in GPa , and correspond to experimental run
numbers 1274, 1273, 1251, 1257, and 1337, respectively. QM, quenched melt; pv, perovskite; ga, majoritic garnet; mw, magnesiowustite; L,¨

Ž . Žnear the liquidus interface; S, near solidus 700 mm below the liquidus ; interm, intermediate between liquidus and solidus 350 mm below
the liquidi; mw-in, interstitial melt or mw near the line of incoming mw.

CMFAS composition used in this study is intermedi-
ate between the correspondingly oxidized bulk Earth

Ž .estimate of Allegre et al. 1995 and average C1
Ž .chondrite of Anders and Grevesse 1989 in four of

the oxides and somewhat higher in alumina.
The experiments were conducted in the uni-axial

Ž .split-sphere apparatus MA 6-8 at the University of
Alberta, using a 10r4-mm configuration. Fig. 1
gives the calibration curves and further description.
Based on the recommended revision of the

ilmenite–perovskite transition for MgSiO by Kato3
Ž .et al. 1995 and the coesite–stishovite transition by

Ž .Zhang et al. 1994 , the pressure calibration used in
this paper is slightly adjusted, relative to the calibra-
tion in the preliminary reports of Trønnes et al.
Ž . Ž .1992 and Trønnes 1998 .

The heating was accomplished using LaCrO fur-3

naces, and the temperature was measured with axi-
Ž .ally inserted WRe –WRe thermocouples Fig. 2 .3 25

No correction was made for the pressure effect on
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Fig. 1. Pressure calibration curves for 4-mm truncation edge
lengths on 32-mm Toshiba F-grade WC with 10-mm octahedral
pressure cells of MgO–5% Cr O and 2.75-mm thick and 5.00-mm2 3

wide pyrophyllite gaskets. The calibration points at 14008C are the
Ž .transitions coesite–stishovite, wadsleyite–spinel Mg SiO and2 4

Ž .ilmenite–perovskite MgSiO at 9.7, 19.4, and 23.0 GPa, respec-3

tively.

the thermocouple EMF. The temperature was stable
within "3–88C during the 10- to 30-min long exper-
iments. The thermal gradients along the furnace axis
within the sample are estimated to be 180–
2508Crmm. The rate of heating during the approach
to run temperature was 60–808Crmin.

The samples were contained in Re capsules. No
Fe-dominated metallic phase was formed during the
experiments, but small amounts of Fe alloyed with
Re near the inner walls of the sample capsules,
especially in the melt portions of the capsules. The
innermost Re walls and small Re protrusions into the
melt portions contain a maximum of 1 wt.% Fe, but
mostly less than 0.4 wt.% Fe. These findings are in

Ž .accordance with Zhang and Herzberg 1994 and
Ž .Herzberg and Zhang 1997 , who found that the

oxygen fugacity in similar assemblies with Re cap-
sules and LaCrO heaters is only slightly above the3

iron–wustite buffer. Tiny grains of Re were pro-¨
duced during the cutting and preparation of the Re
foil to capsules, and some of these grains became
mixed with the sample powder during packing of the
sample powder into the capsules. These 2- to 8-mm
Re grains settled through the melt portion of the
charges during the experiments and collected at the
top of the lower liquidus interface. They were al-

loyed with up to 5 wt.% Fe and served as excellent
Ž .top–bottom markers Fig. 4 .

The phases were analyzed by electron micro-
probe, partly at the University of Alberta, but mainly
in the joint facility of IKU Petroleum Research and
the Geological Survey of Norway in Trondheim.
This facility is equipped with a Jeol 733X Super-
probe with four wavelength-dispersive spectrome-
ters. The instrument operated at an accelerating volt-
age of 15 kV with a beam current of 15 nA and
counting time of 20 s on the peaks. The raw data
were corrected by a Jeol ZAF program. Standards
used were wollasonite for Ca and Si, kyanite for Al,
and olivine for Mg and Fe. The mw was also ana-
lyzed with magnetite as an Fe standard. The minerals
were analyzed partly with a focused and stationary
beam, and partly with a raster mode of analysis
covering areas of up to 10 mm2. The raster areas
used for analyses of quenched melts ranged from
400 to 700 mm2. The estimated precision and accu-
racy for analyses of quenched melt and different
minerals, given in Table 2, are based on repeated
analyses of the experimental phases and standards
Ž .10–30 analyses of each phase . Although the spatial
variation of quenched melt compositions within the
all-melt portions of the experimental charges are

ŽFig. 2. Cross-sections through the furnace assembly 10r4 mm
. Ž . Ž .configuration before left and after right the experiments in the

24–26 GPa range.
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generally within the precision range, the reported
melt analyses are from areas close to the liquidus.
Some of the ga crystals between the liquidus and the
solidus are slightly zoned. In these cases, the cores
have higher FerMg ratios of the rims, and they
represent incompletely equilibrated subsolidus com-

Ž .positions formed during heating 60–808Crmin to-
ward the run temperature. In the case of zoned
crystals, the spot analyses were performed on the
rims in equilibrium with the adjacent melt.

3. Results

3.1. Melting relations

The approximate liquidus phase diagram of the
FeO-rich bulk Earth model composition is shown in
Fig. 3. The diagram is based on the variation in
phase assemblage along the thermal gradient at iso-
baric sections at 10, 14.8, 19.8, 22.8, 24.3, and 26.2
GPa. The inferred subsolidus phase transitions are

Ž .based on Agee et al. 1995 . Olivine is the first
liquidus phase at 10 GPa but is replaced by majori-
titic garnet at 12–14 GPa. Magnesiowustite is the¨
second phase to crystallize at all pressures from 10
to 25 GPa, and garnet persists as the first liquidus
phase up to about 25 GPa. At 26.2 GPa, garnet and
magnesiowustite are joined by perovskite. The three¨

Fig. 3. Approximate phase diagram constructed from T-dependent
variation of suprasolidus phase assemblages along isobaric sec-
tions. The experimental run numbers are shown at their respective
pressures. Inferred subsolidus phase transitions are based on Agee

Ž .et al. 1995 . Metallic iron is not present and the Fe contents of
the inner walls of the Re capsules are less than 1 wt.%. Tiny Re
fragments immersed in the quenched melt contain up to 6 wt.%
Fe. pv, perovskite; ga, majoritic garnet; mw, magnesiowustite; a ,¨
olivine; b, wadsleyite; g, ringwoodite.

phases appear to be nearly cotectic and it is difficult
to judge the exact sequence of crystallization.

Ž .Fig. 4 shows back-scattered electron BSE im-
ages of the liquidus phase relations at 14.8 and 26.2
GPa. The thermal gradients are estimated to be
180–2008Crmm and 200–2508Crmm in the two
experiments, respectively. In the 14.8 GPa experi-

Ž .ment Fig. 4A , a 250-mm wide zone of scattered
garnet crystals and interstitial liquid occurs between
the all-melt portion and a zone of garnet intergrown

Ž .with magnesiowustite. A MgFe SiO phase joins¨ 2 4

the ga–mw assemblage near the cold end of the
charge.

Ž .The 26.2 GPa experiment Fig. 4B–E demon-
strates the differential density relations between melt,
garnet, perovskite and magnesiowustite, with a dif-¨
ferent development of the upper and lower liquidus
interface. The lower liquidus boundary is marked by

Ž .a fine string of tiny 2–8 mm Re-fragments that
settled through the melt portion of the charge. The
two densest phases, perovskite and magnesiowustite,¨
are the dominant minerals along the lower liquidus
interface. Along the upper liquidus interface, these
two dense phases appear to have selectively settled
into the hot melt zone and dissolved. More buoyant
crystals of garnet therefore predominate along the
liquidus interface. Based on these observations, a
relative density sequence of mw)pv)melt)ga is
inferred for such an FeO-rich composition at 26.2
GPa. The effect of differential buoyancy and dissolu-
tionrprecipitation did not cause appreciable chemi-
cal inhomogenieties in the quenched melt during the
10-min long experiment.

3.2. Phase composition and major element partition-
ing

The quenched melt and mineral compositions are
listed in Table 2, and Figs. 5 and 6 show the liquidus
phase compositions at 19.8–24.3 GPa and liquidus to
subsolidus phase compositions at 26.2 GPa. The
quenched melt compositions are homogeneous
throughout the melt-region of the charges within the
analytical precision and are only slightly enriched in
Si, Ca and Fe, and depleted in Mg, relative to the
starting composition. The melt compositions in the
15–26 GPa range are rather similar and do not vary
systematically with pressure. As demonstrated in
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Figs. 5 and 6, the perovskite and garnet liquidus
phases have strongly reduced ratios of FerMg and
CarAl, relative to the bulk composition. Fig. 6
shows that these ratios increase rapidly below the
liquidus to become compatible with the bulk compo-
sition at the subsolidus. For liquidus magnesiowustite¨
in the 20–26 GPa range, the MgrFe ratios are
similar to that of the bulk composition. The increas-
ing FerMg ratios from liquidus to solidus for all of
the phases are shown by increasing BSE intensity in

Ž .Fig. 4E and in Trønnes et al. 1992, Fig. 4 . The
strong and systematic variation in mineral composi-
tion within a few tens of micrometers away from the
liquidus in experiments with large thermal gradients
demonstrates the importance of obtaining reduced, or
at least regular, thermal gradients in such experi-
ments.

The coexisting majoritic garnet and perovskite at
26.2 GPa have relatively similar compositions. The
liquidus garnet phase ranges from about 60% com-

Žbined ‘‘garnet’’ components i.e., pyrope, almandine
.and grossular and 40% pyroxene components at

14.8 GPa to 43% garnet and 57% pyroxene at 24.3
Ž .GPa Table 2 . At 26.2 GPa, the coexisting per-

ovskite contributes to a reduction of the pyroxene
component in the liquidus garnet phase to about
50%.

Whereas all of the analyzed garnet phases have
Žcation sums of 7.98–8.00 normalized to 12 oxygen

.atoms , the perovskite at 26.2 GPa have cation sums
Ž .of 8.11–8.16. Fitz Gerald and Ringwood 1991

synthesized and described the perovskite phase
Ž .Ca Al Si O Ca AlSiO with 8.724.36 2.18 2.18 12 2 5.5

cations per 12 oxygen atoms and speculated that this

Fig. 5. Variation diagrams showing the coexisting liquidus phases
in the experiments at 19.8, 22.8, and 24.3 GPa. The 2s error bars

Ž .are within smaller than the symbols for all of the elements and
phases. Abbreviations are as in Fig. 3.

component could account for a considerable amount
Ž .of Al and Ca in lower mantle perovskite. Based on

Ž . Ž .Fig. 4. Back-scattered electron BSE images of liquidus phase relations. A Run product no. 1337, 14.8 GPa. Scale bar is 250 mm. The
Žestimated liquidus temperature is 19258C, and the axial thermal gradient is 180–2008Crmm. Garnet is the liquidus phase dark grains

. Ž .surrounded by quenched melt . The incoming phases away from the liquidus are magnesiowustite highest BSE-brightness and¨
Ž . Ž . Ž .Mg,Fe SiO intermediate brightness, bottom . Note that the true liquidus garnet crystals are larger 20–30 mm than the garnet crystals2 4

Ž .that are included in magnesiowustite about 10 mm .¨
Ž . Ž .B–E Run product no. 1274, 26.2 GPa. B Overview of the run product. The central part is quenched liquid. The estimated liquidus
temperature is 21808C, and the axial thermal gradient is 200–3008Crmm. The shortest distance between the upper and lower liquidus

Ž . Ž . Ž .interphases is about 700 mm. C and D Enlarged views of lower C and upper D liquidus interface. The scale bars are 166 mm. Note the
Ž .gravitative accumulation of tiny fragments of Re metal highest brightness along the lower liquidus interface. The upper interface is

Ž . Ž . Ž .irregular and broken with a zone of majoritic garnet mj grains next to the all-liquid area. Perovskite pv and magnesiowustite mw grains¨
appear to have sunk into the liquid from this zone. The lower interface is smooth and dominated by the densest minerals, mw and pv. Note

Ž . Ž .the polysynthetic lamellae in the pv. E Approximately the same area as in D , but with a more sensitive BSE intensity recording, showing
Ž . Ž .the increasing BSE intensity reflecting increasing FerMg ratios of all the phases away from the liquidus upward direction .
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Fig. 6. Variation diagrams showing the coexisting phases in the
26.2 GPa experiment. Bold lines connect the liquidus minerals,

Žand thinner lines connect coexisting minerals 350 mm labelled
. Ž .intermediate and 700 mm labelled subsolidus away from the

liquidus, respectively. The location of the solidus about 700 mm
away from the liquidus is inferred from the coexisting mineral
compositions that bracket the bulk system composition. The 2s

error bars are within the symbols for all of the elements and
phases. Abbreviations are as in Fig. 3.

the cation sums of 8.11–8.16, the 26.2-GPa per-
ovskites could contain up to 15–22 mol% of a
Ž .Mg,Fe,Ca AlSiO component. There are, how-2 5.5

ever, minor amounts of ferric iron present in the
experimental charges, due to the extraction of metal-

lic Fe for alloying with Re along the inner walls of
Ž .the capsules. The studies of Wood and Rubie 1996 ,

Ž . Ž .McCammon 1997 , McCammon et al. 1997 and
Ž .Wood 2000 indicate that perovskite has a strong

affinity for ferric iron. If the entire cation excess of
0.11–0.16 in a formula normalized to 12 oxygen
atoms is ascribed to the presence of ferric iron, the
charge balance of a formula normalized to 8.00
cations requires an Fe3qrFe ratio of 0.35–0.50.total

The mineral–melt partitioning coefficients for the
SirMg, FerMg, and CarAl ratios are shown as a
function of pressure in Fig. 7. Except for the decreas-
ing mw–melt partitioning of FerMg with increasing
pressure, there are only minor variations of the major
element partitioning within the 15–26 GPa range.

Ž .The K FerMg is slightly above unity at 15 GPaD

but considerably below unity above 20 GPa, indicat-
ing that mw fractionation in the lower part of the
transition zone and the upper part of the lower
mantle will increase the FerMg ratio of the melt.

Fig. 7. Major element partitioning coefficients as a function of
Ž .pressure. The propagated error bars 2s level are within the

symbols except where indicated. Abbreviations are as in Fig. 3.
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This applies, at an even greater extent, to the frac-
tionation of garnet and perovskite. Fractionation of
garnet and perovskite will increase the CarAl ratio
of the melt.

4. Discussion

The mineral–melt partitioning relations indicate
that fractional crystallization or partial melting in the
transition zone and the upper part of the lower
mantle would increase the FerMg and CarAl ratios

Ž .of the melt, even if a Mg,Fe O phase was predomi-
nant in the solid fraction. The observed FerMg
partitioning coefficients for mw are similar to those

Ž .of Herzberg and Zhang 1996 , in spite of the large
difference in the bulk compositions. This study
demonstrates that the composition of the liquidus
MgFe-oxide is strictly a ferroan periclase in the
20–26 GPa range, even for the investigated very

Ž .Fe-rich system. Whereas the K FerMg for theD
Žmw-melt partitioning at 26 GPa is 0.7, Agee 1990,

.1993 determined the corresponding K value toD

3.6 in his melting study on the Allende meteorite.
This large discrepancy may be a result of extreme
thermal gradients and unstable temperature condi-

Ž .tions in the experiments of Agee 1990 . The ana-
lyzed compositions of the magnesiowustite and melt¨
in those experiments are, most likely, not representa-
tive of true liquidus compositions. Fig. 8 shows how
the apparent partitioning coefficients for the CarAl
and FerMg ratios between the minerals perovskite,
garnet and magnesiowustite and the liquidus melt¨
composition increases drastically towards the solidus.

Ž .A similar increase is observed for the K SirMgD

for perovskite and garnet. Based on the results from
the present study, contribution of accumulated mag-

Žnesiowustite to the segregation of the protocore Agee¨
.1990 is therefore unlikely.

The 26 GPa experiment indicates a relative den-
sity sequence of mw)pv)melt)mj for the inves-
tigated FeO-rich bulk Earth model composition. This
density sequence is consistent with density–pressure
relations of appropriate perovskite and magnesio-

Ž .wustite compositions estimated by Agee 1998 . At a¨
pressure of 26 GPa, the observed liquidus magne-

Ž Ž . .siowustite MgasMgr MgqFe s0.60 and per-¨

Fig. 8. Apparent partitioning coefficients at 26.2 GPa as a function
of distance from the liquidus. The partitioning coefficients at

Ž .distances of about 350 mm intermediate position and 700 mm
Ž .near the solidus from the liquidus are calculated using the actual
mineral compositions in combination with a constant quenched

Ž .melt composition measured near the liquidus Table 2 . The
Ž .interstitial melt pockets between the liquidus and solidus Fig. 4D

are too small to be reliably measured.

Ž .ovskite Mgas0.80 have expected densities of
about 4.6 and 4.3 grcm3, respectively.

Majorite floating, combined with the sinking of
magnesiowustite and perovskite, can thus be ex-¨
pected in bulk compositions appropriate for the early,

Ž .undifferentiated Earth. Agee and Walker 1988 sug-
gested that magma ocean fractionation and sinking
of perovskite to the lower mantle could contribute to
the higher chondritic MgrSi ratio of the upper man-

Žtle e.g., Hart and Zindler, 1986; Allegre et al., 1995;
. Ž .McDonough and Sun, 1995 . The K SirMg forD

pv–melt equilibrium in Fig. 7, however, is very
Ž .close to unity 1.014 , indicating that perovskite

fractionation, at least for the investigated composi-
tion, would not contribute appreciably to a supra-
chondritic MgrSi ratio of the upper mantle. Ma-
joritic garnet flotation into the transition zone, in
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combination with the sinking of perovskite and mag-
nesiowustite to the lower mantle, however, would¨
clearly increase the SirMg and MgrFe ratios of the
transition zone and lower the ratios of the lower
mantle compared to an assumed chondritic starting
composition. If magnesiowustite would sink to a¨

Ž .deeper level e.g., core–mantle boundary than per-
ovskite, the result would be a relative enrichment of
Fe and Mg in the deeper parts of the lower mantle

Ž .and of Si and Al and Ca in the more shallow
portions.

Whereas majoritic garnet and perovskite have
similar CarAl ratios, the concentrations of these
elements are more than twice as high in garnet as in
perovskite. The effect of combined majorite floating
into the transition zone and a comparable amount of
pv sinking into the lower mantle would therefore be
to increase the AlrCa ratio and the Al and Ca
concentrations in transition zone at the expense of
the lower mantle.

The partitioning coefficient, K FerMg for thepvrmw

FerMg-distribution between coexisting perovskite
and magnesiowustite at 27 GPa is 0.37 and 0.34 at¨
the liquidus and solidus, respectively. These values
are in general agreement with the partitioning coeffi-

Ž .cients obtained by Kesson and Fitz Gerald 1991
Ž .and Katsura and Ito 1996 . However, the uncertain-

ties related to the strong tendency for ferric iron to
Ženter the pv phase McCammon, 1997; McCammon

.et al., 1997 will greatly influence the FerMg parti-
tioning relationships.

5. Conclusions

Ž .1 In the investigated FeO-rich, ultramafic com-
position, olivine is the liquidus phase up to 12–14
GPa, followed by ga at higher pressures. Magne-
siowustite is the second crystallizing phase in the¨
entire 10–24 GPa range, and at 26 GPa, MgFe-per-
ovskite joins the liquidus phase assemblage. The
melt appears to be nearly co-saturated in garnet,
perovskite and magnesiowustite at 26 GPa.¨

Ž .2 The following relative density sequence is
observed at 26 GPa: mw)pv)melt)majorite.

Ž .3 The present experiments, characterized by
large but regular and stable thermal gradients,
demonstrate a strong and systematic variation in
mineral composition within a few tens of microme-

ters away from the liquidus. The FerMg and CarAl
ratios in all minerals increase rapidly from liquidus
to solidus. The derivation of correct mineral–melt
partitioning coefficients are critically dependent on
the ability of measuring the true liquidus composi-
tions in such experiments. An ideal situation is the
elimination or strong reduction of the thermal gradi-

Ž .ent e.g., Walter, 1998 . If the thermal gradient is
regular and stable, however, it seems possible to
obtain good liquidus phase analyses.

Ž .4 The pyroxene component of the liquidus gar-
net phase increases from 40 to 57 mol% in the
15–24 GPa pressure range. At 26 GPa the pyroxene
component in the garnet decreases to 50 mol%,
because of the coexisting perovskite. A small cation
excess in the perovskite formulas, normalized to a
fixed number of oxygen atoms, indicates the pres-

Žence of either some ferric iron a maximum
3q . Ž .Fe rFe ratio of 0.50 or a Ca,Mg,Fe AlSiOtotal 2 5.5

Ž .component maximum 22 mol% . Even for such an
Fe-rich system, the liquidus FeMg-oxide is strictly a
ferroan periclase in the 20–26 GPa pressure range.

Ž .5 The quenched melt compositions are homoge-
neous throughout the all-melt parts of the experimen-
tal charges, and are only slightly enriched in Si, Ca
and Fe, and depleted in Mg, relative to the bulk
composition. The mineral–melt partitioning relations
demonstrate that fractional crystallization or partial
melting in the transition zone and upper part of the
lower mantle will increase the FerMg and CarAl
ratios in the melt, relative to the bulk composition,
even in an Fe-rich system with magnesiowustite as¨
an important residual phase. It is therefore unlikely
that magnesiowustite fractionation contributed signif-¨
icantly to the protocore segregation. Furthermore,
perovskite fractionation by sinking into the lower
mantle may not lead to increasing MgrSi ratios of
evolving melts. The combined fractionation of mag-
nesiowustite and perovskite produces melts with de-¨
creasing MgrSi and MgrFe ratios.
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