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Abstract—High-pressure high-temperature experiments have been carried out up to 25 GPa and 2200°C in
a multianvil press on assemblages made of silicates and iron-silicon alloys. At 20 GPa, silicon is extracted
from the metal phase, forming stishovite reaction rims around metal grains. The silicon content in metal has
been measured by analytical electron microscopy and electron microprobe. In contrast with earlier experi-
ments, the present data were obtained by using silicon-rich metal alloys as starting materials instead of
studying incorporation of silicon in initially silicon-free metal. As in most of previous studies carried out
below 25 GPa, the silicon content in liquid metal increases with increasing pressure and with decreasing
oxygen fugacity. The oxygen fugacity in most experiments was calculated by using two independent buffers:
iron/wustite (IW) and Si@'Si, allowing to link consistently the Fe contents in silicates, the Si contents in metal
and the temperatures of the experiments. At oxygen fugacities 4 log units below IW, silicates are in
equilibrium with Si-rich metallic alloys (up to 17 wt% of Si in metal at 20 GPa and 2200°C). Extrapolation

to 2 log units below IW leads to less than 0.1 wt% Si in the metal phase. Presence of several wt% of silicon
in the Earth’s core thus requires highly reduced initial materials that, if equilibrated at conditions relevant to
small planets, should already contain significant amount of silicon dissolved in m&apyright © 2004

Elsevier Ltd

1. INTRODUCTION corroborated by Othani et al. (1997), O'Neill et al. (1998), and
Gessmann and Rubie (1998).

High-pr re and high-temperature metal-sili interac- - .
'gh-pressure and high-temperature metal-silicate interac The importance of O, on Si solubility in metal has been

tions play a role in establishing the composition of the Earth’s

core. Within the framework of a given scenario for core seg- C;ggi?eds.byl Klllbu‘;n and ;g;;d ((31997) anclj Ligz;r;d ggee
regation, high-pressure partitioning of elements between metal( )- Similarly, Javoy ( ), Guyot et al. ( ), Gess-

and silicate constrains the nature of the light elements present '@ and Rubie (1998), and Gessmann et al. (2001) suggested
in the core (e.g., Ringwood, 1984: Knittle and Jeanloz, 1989; that §everal Wt% Si could be incorporated in metal according to
Goarant et al., 1992; Poirier, 1994). reaction 1 at high temperature andlgt pressures between 5 and
In agreement with some geochemical studies (e.g., Wanke et20 GPa, under more reducmg .condlltlons than'the present reqlox
al., 1984; Ringwood, 1979; Allegre et al., 1995, 2001; Javoy, State o_f the mgntle. Such silicon incorporation, however, is
1995), several experimental studies suggest that silicon could MPossible at higher pressure as suggested by Javoy (1995) and
be an important light element in the Earth’s core. The process O'Neill etal. (1998) and by the experimental results of Hillgren

of silicon incorporation is: and Boehler (1998, 1999) and Dubrovinsky et al. (2003), in
agreement with the model of Guyot et al. (1997). The decrease
2F€eta+ SiOuiicate @ 2F€Qicate + Simetal (1) of the Si solubility in the metal in the lower mantle is due to the

. . - . increase of Si coordination number in silicates from 4 (in the

If reaction 1 proceeded to the right at conditions prevailing " dt i h t0 6 (in silicat
during core segregation, it is possible that significant amounts upper- mantie and fransition zone p ?‘Ses). 0 6 (in sticate
of Si could have been incorporated into the core. Ito and perovskite in the lower mantle). Alternatively, incorporation of

Katsura (1991) and Ito et al. (1995) showed that high-pressure, silicon could. occur by processes other than .reaction .1...Ring-
high-temperature reaction between MgS#dd pure iron at 26 wood and Hibberson (1991) studied the relative solubilities of
GPa and 2500°C resulted in up to 2 wt% of Si in the metal several oxides in molten iron at 16 GPa and 1700-2000°C and
phase. Moreover, the presence of FeO observed by Ito andconcluded that mantle silicates could dissolve incongruently in

Katsura (1991) and Ito et al. (1995) in contact with grains of Molten iron, whereas simple oxides such as_Siould dis-
metal is consistent with reaction 1. These results have beenS0lve congruently. Oxygen would then be associated with sil-
icon as a light element in the core.

All the multianvil press investigations carried out to measure
*Author to whom correspondence should be addressed Silicon incorporation in metal between 5 and 27 GPa (e.g., Ito
(Malavergne@Ipi.usra.edu). and Katsura, 1991; Ito et al., 1995; Gessmann and Rubie, 1998;
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Gessmann et al., 1999, 2001; O'Neill et al., 1998) potentially
suffer from problems with chemica equilibrium. These diffi-
culties are intrinsic to the configuration of high-pressure and
high-temperature experiments in multianvil press. For experi-
mental durations long enough for equilibration to be reached,
samples react with the assemblage because of the presence of
molten meta in the studied systems. Moreover, temperature
gradients are present in the samples (Rubie, 1999), especialy at
very high temperatures. Because it is impossible to avoid these
problems with present technologies, studying reactions of ex-
solution of silicon out of metal, and comparing them with
experiments measuring incorporation of silicon in metal, is a
promising approach for better constraining equilibrium values.

The main purpose of the present study has thus been to
perform experiments in which the starting metallic material is
an Si-rich dloy, i.e., to study the process of reaction 1, but
advancing from right to left, whereas most previous studies
have been interested in its advancement from left to right. This
study provided an opportunity to add new experimental data of
solubility of silicon in metal at high pressures and temperatures
to what is still a small global data set. These new experiments
also made it possible measure precisely the correlation between
the Fe contents in silicates, the Si contents in metal, the tem-
perature, and the oxygen fugacity of the samples.

2. EXPERIMENTAL AND ANALYTICAL PROCEDURE

The metallic powders (FeSi and Fe, ,,Sig.50) Were obtained
from GoodFellow (99.9% pure). The silicate powders used in
these experiments were natural (Mg, gg,F€5.15),SI0, oOlivine
and (Mg gg,F€, 1) SiO; enstatite both from San Carlos (Ar-
izona, USA), and a synthetic MgSiO; enstatite. Silicate pow-
ders were intimately mixed with one of the metallic powders
listed above in aratio of 80 or 85 wt% silicate, 20 or 15 wt%
metal (Table 1).

Multianvil experiments were performed at the Bayerisches
Geoinstitut, Bayreuth, Germany. Three samples (133, 134 and
135; Table 1) were synthesized at the French national multian-
vil facility in Clermont-Ferrand, France. The pressure assembly
consisted of Cr-doped MgO octahedra with edge lengths of 14
or 10 mm. The octahedra were compressed using 32 mm
carbide anvils with truncation edge lengths of 8 or 4 mm, with
14 and 10 mm octahedra respectively. The samples were con-
tained in MgO capsules. Components of the high-pressure
assemblies were initially fired at 1000°C for severa hours
before being assembled, except for the Mo disks, which al-
lowed electrical contact between the heater and the power
supply. The assembled octahedra were dried in a vacuum oven
at 230°C overnight before each experiment. In all experiments
the temperature was monitored with an axial W;Re/W,cRe
thermocouple. Alumina ceramics insulators encased the wires
of thermocouple and the thermocouple junction was placed in
direct contact with the top of the MgO capsule. The samples
were first pressurized at room temperature and then heated in
the range 1600—-2200°C for durations ranging from 80 sto 2 h
(Table 1). As no correction was made for possible effect of
pressure on the emf of the thermocouple, the maximum uncer-
tainty is estimated to be +=100°C (Agee et al., 1995) for the
highest temperature experiments. The samples were quenched
by switching off the electrical power and the quench rate was

Table 1. Experimental conditions, starting materials (wt%), metallic phases compositions (in wt%), log(fO,) relative to the IW buffer and phases observed after reaction at high pressure and

high temperature.

2413

2414

2415

2416

2561

2559

2860

2851

135

134

133

Run

25
2000
10/4
30 mn

25
1600
10/4
1h

25
1600
10/4
2h

25
2000
10/4

20

2200
10/4
7 mn

11 mn
33 (=1

20
2200
10/4

20

2000
10/4
80s

10
2000
14/8
10 mn

10
2000
14/8
30 mn

10
2000
14/8
15 mn

10
2000
14/8
15 mn
17

CEL/TEL (mm)?

P (GPa)
T (°C)
Time

33 (=1)

17(+0.2)
(15wt%)

33(+1)

33 (=1)

17(+0.2)
(15w1%)

17(+0.2)
(15wt%)

17(+0.2)

33 (1) 17(+0.2)
(15wt%) (15wt%)

Si in metal starting
material®

(15wt%)

(15wt%)

(15wt%)

(15wt%)

(15wt%)

(15wt%)

(+0.2)
ol

Ens
0.108

Ens
0.108

Ens
0.108

Ens
0.108

Ens
0.108

ol
0.113

Ens
0.108

Ens
0.108

Ens
0.108

0.113

ol

0.113

starting material

Silicate and Ng

(+0.008)
28.0
—4.20

(+£0.13)
Met-pv

(+0.008)
17.0
(+0.09)

Met-pv
-4.10

(+0.008)
320
—4.25

(+0.15)
Met-pv

(+0.008)
16.0
(+0.09)

Met-pv
—4.00

(+0.008)
Met-sti-maj
-3.95

17.6
(+0.12)

(+0.009)
(+0.03)

M et-sti-beta-pv
~3.80

Met-sti-beta-maj
—3.40

(+0.008)

76
(+0.07)

(0.008)
(+0.04)

Met-ol
—-3.70

(+0.008)
07
(+0.01)
Met-ens-py
—2.60

(+0.009)
(£0.02)
Met-ol-py
-3.30

(+0.009)
165
(+0.18)

Met-ol
—4.70

Phases observed

Si in metal
AlW

aCEL = tungsten carbide cube edge length; TEL = octahedra truncation edge length.

: log(fO2) relative to IW

wadselyite; maj = mgjorite; pv = silicate perovskite. AIW

] )

e, ens = engtatite; sti = stishovite; beta

metal phase; ol = olivine; py = pyrop

P Relative proportions of Si-rich alloy in the starting material are given between brackets. Analyses of the starting materials were all made with electron microprobe (see text for conditions). N, is the

Fe/(Fe + Mg) ratio in at%. Met

buffer.
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Table 2. Metallic phases and silicate compositions (in wt%) determined by EDX (SEM) in the 10 GPa samples. Oxygen is always below the
detection limit of the used EDX systems.

Run 133 134 135 2851
Metal
Fe 85.5 (+0.33) 98.9 (+0.31) 99.3 (+0.31) 97.0 (£0.28)
S 16.5 (*=0.18) 1.1 (+0.02) 0.7 (x0.01) 3.0 (=0.4)
n 12 10 8 10
Silicate Olivine Olivine Pyrope Enstatite Pyrope Olivine
Fe 0.45 (+0.01) 1.47 (+0.03) 0.74 (+=0.02) 3.27 (+0.05) 1.65 (*=0.02) 1.17 (*=0.02)
S 19.95 (*+0.21) 19.81 (+0.21) 20.27 (=0.23) 27.49 (*=0.30) 21.05 (+0.23) 20.04 (+0.21)
Mg 34.22 (=0.32) 33.13 (+0.31) 17.34 (=0.18) 22.15 (=0.24) 16.74 (x0.17) 33.54 (+0.31)
o? 45.38 45.60 4831 46.77 47.39 4525
Ca — — 0.89 (+0.16) — 091 (+0.13) —
Al — — 12.45 (+1.22) 0.32 (+0.08) 12.26 (+0.12) —
n° 7 4 5 4 4 5
Ne” 0.006 (+0.002) 0.020 (*+0.002) 0.017 (+0.002) 0.060 (*+0.003) 0.040 (*+0.003) 0.015 (+0.002)

20xygen is calculated by stoechiometry.
b n is the number of analysis.
¢ N, is the Fe/(Fe + Mg) ratio in at%.

approximately 500°C/s. The samples were then decompressed
overnight (12 h). After decompression, the charges were
mounted in epoxy resin, sectioned, and polished to reveal the
centers of the octahedra for analysis. Pressure calibrations of
these experimental configurations are given in Tronnes and
Frost (2002).

Samples were analyzed with a LEO STEREOSCAN 440
Scanning Electron Microscope (SEM) with PRINCETON
GAMMA-TECH (PGT) SPIRIT energy-dispersive X-ray ana-
lyzer (EDX) able to analyze oxygen (20 kV; 2 nA). Counting
times for analyses were of ~100 s for each EDX analysis and
of 1 sper point for quantitative composition maps. Even though
oxygen can be quantitatively analyzed with this SEM-EDX
system, it was not possible to detect less than 1 wt% with our
configuration. Standards used were pure Fe meta for Fe, wol-
lastonite, quartz or FeSi for Si, MgO for Mg, Al,O4 for Al and
CaO for Ca. A CAMECA SX electron probe microanayzer
(EPMA) equipped with wavelength dispersive X-ray spectrom-
eter (WDX) and operating at 15 kV was also used to analyze
the starting material and the four samples pressurized at 25
GPa. Two monochromators detected the first order reflection
of K emission lines: LiF (200) for the K, peak of Fe, TAP
(2011) for S K, and Mg K. The counting times with EPMA
were 10 s (for S and Mg) and 20 s (for Fe), and atypical beam
current of 10 nA was used. The standards used were Fe,O; for
Fe, enstatite for Si and Mg.

Three samples (runs 2559, 2561 and 2413) were examined
with a JEOL 2000 EX Transmission Electron Microscope

(TEM) equipped with a Tracor TN 5400 FX X-ray analyzer.
Polished thin slides were made out of each sample, then
mounted on 3 mm Cu rings with a central single hole of
diameter 600 um and thinned by an argon-ion beam with a
voltage of 3.5 kV and currents of 0.5 mA at each cathode, until
perforation of the samples. Samples were finally coated with a
thin film of carbon to prevent sample charging effects. Micro-
analyses were carried out in scanning transmission mode. EDX
microanalyses using TEM were recorded with collecting times
ranging between 30 and 150 s with 8000 to 15,000 net counts
for the major elements. Elemental ratios were measured in the
standards (olivines and enstatites from San Carlos, Arizona,
USA) for different thicknesses and were then extrapolated to
zero-thickness to extract the experimental K-factors (a theoret-
ical parameter proportional to the ratio of concentration of the
analyzed element) (Van Cappelen, 1990). The possibility of
measuring properly Fe/Fe + Mg ratios aslow as 1% in silicates
from silicate-metal assemblages such as those studied here,
without suffering from X-ray pollution from adjacent metal
particles, was tested on unreacted assemblages. Even if the
analytical precisions decrease from EPMA to EDX-SEM to
EDX-TEM, &l methods are mutually consistent, as seen in
Tables2to 7.

3. RESULTS

Under the pressure-temperature conditions of the experi-
ments (Table 1), the metal was always liquid, as shown by

Table 3. Metallic phases compositions (in wt%) determined by EDX (SEM and ATEM) in the 20 GPa samples. Oxygen is aways below the EDX

detection limits.?

2561 2860 2559
Run SEM ATEM EEM? SEM EEM? SEM ATEM EEM?
Fe  822(+033) 834 (x12) 842 (+56) 924 (+063) 934 (=£53) 90.1(+033) 893 (=x083) 823 (+3.3)
S 17.8 (+0.12) 16,6 (+0.67) 158 (+45) 7.6 (+0.12) 6.6 (+2.3) 9.8 (+0.03) 107 (+16) 8.3 (+3.1)
n 60 11 — 50 — 50 13 —

2EEM = end-member extrapolation method (see text and Fig. 2).
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Table 4. Metallic phases compositions (in wt%) determined by EDX (SEM and ATEM) and EPMA in the 25-GPa samples,

2416 2415 2414 2413

Run SEM EPMA SEM EPMA SEM EPMA SEM EPMA ATEM
83.9 8351 67.8 667.48 83.1 82.26 73.1 7115 724
Fe (+0.32) (=0.22) (+0.31) (+0.23) (£0.32) (+0.26) (+0.29) (*0.21) (17
S 16.1 15.91 322 31.87 16.9 17.13 279 28.10 275
(+0.15) (=0.09) (+0.17) (+0.10) (=0.12) (+0.08) (+0.11) (+0.09) (+15)

Total — 99.42 — 99.35 — 99.39 — 99.25 —

n 40 25 20 10 22 10 60 21 15

textural evidences (see below), except in the two samples
heated at 1600°C at 25 GPa where no evidence for melting
were found. These observations are in good agreement with
melting determinations in pure Fe at high pressure by Boehler
(1993), Andrault et al. (1997), and Lin et a. (2002). Moreover,
Y ang and Secco (1999) found a melting temperature of 1430°C
at 5.5 GPa for Fe-17 wt% Si. Therefore, the observed liquid
state of aloysin al 10 and 20 GPa experiments is consistent
and reinforced by the fact that silicon decreases the melting
point of iron. Compositions of the metal and silicate phases in
the experimental products are given in Tables 1 through 6.

Two classes of samples can be distinguished. On one hand,
samples at 20 and 25 GPa and one sample at 10 GPa (run 133)
only showed minor exchange with the container and external
materials from the cell assembly. W has never been detected
neither in capsules nor in samples. No reaction between the
sample and the thermocoupl es were observed in al the samples
of the present study. On the other hand, three out of the four 10
GPa samples reacted rather strongly with the container and
other external materials, the reaction being more prominent as
experimental time increased, as shown by the increasing oxi-
dation rate of samples with time in the 10 GPa samples. For
example, two samples, 135 and 2851, were both made from the
same starting material. Their run durations and oxygen fugac-
ities relative to IW are 30 mn, 10 mn and —2.60, —3.70,
respectively (Table 1). Although these samples obviously suf-
fered from global disequilibrium, they still have some interest
because local equilibrium has likely been reached at metal/
silicate interfaces, as evidenced by the absence of chemical
zoning (Fig. 1). A reason why samples at 10 GPa reacted more
with the cell assembly than other samples might be the positive
pressure effect on melting curves for various materials in the
cell assembly and in the starting materials.

In al samples, oxygen was not detected in metal phase.
Using data of O'Neill et al. (1998), it is possible to infer the
oxygen content that should be present in the metal in the
present study. At all conditions investigated, calculated values
are of less than 1 wt% of oxygen in metal, below the detection
limit for oxygen with the analytical systems used in the present

study.
3.1. 10 GPa Samples

In these samples, the metal phases were strongly depleted in
silicon relative to the starting metal compositions except for run
133. The silicon contents of metal phases after reaction are
given in Tables 1 and 2, and the composition of silicates are
given in Table 2 as well as the Fe/(Fe + Mg) ratios in coex-
isting silicates. In these samples, the Fe content N, (Ngo
= Fe/(Fe + Mq)) of the silicates decreases strongly by 40 to
95% showing that the silicate starting material has been
strongly reduced. The metal phase is most often of quasi-
spherical shape within the silicate matrix, which mostly con-
sists of olivine. Samples 133 and 2851 have experienced some
reaction only with the MgO capsule. In samples 134 and 135,
reaction with alumina from thermocouple ceramics resulted in
the presence of an aluminous phase, pyrope, coexisting with
enstatite or olivine. Differences in starting materials, various
amounts of reactions, and exchange rates of oxygen species
between sample and assemblage, explain the differences be-
tween the final compositions of the four samples recovered
from 10 GPa (Tables 1 and 2).

3.2. 20 GPa Samples

At 20 GPa, reactions of the samples with the cell assemblies
were much less pronounced than a 10 GPa. Very similar

Table 5. Silicate phases compositions (in wt%) determined by EDX analysis (SEM and ATEM) at 20 GPa and 2000°C-2200°C.

2860 2860 2559 2559 2559 2559 2561 2561
wadsleyite majorite waddleyite perovskite wadsleyite perovskite majorite majorite

Run SEM SEM SEM SEM ATEM ATEM SEM ATEM
Fe 3.38 (+=0.055) 1.69 (=0.033) 0.78 (+0.015) 0.56 (+0.010) 0.60 (+0.11) 0.57 (+0.10) 0.54 (+0.010) 0.64 (=0.12)
S 1959 (£0.21) 27.74 (=0.28) 19.92 (+0.20) 27.92 (+0.27) 20.70 (*0.35) 25.98 (+0.51) 27.90 (=0.27) 28.92 (+0.58)
Mg 3253 (*0.32) 2318 (+0.22) 33.78(+0.31) 23.70(*=0.22) 33.10(*0.72) 23.05(*0.65) 2373 (+0.22) 22.11 (*+0.63)
o? 44.50 47.39 45.52 47.82 45.6 50.4 47.83 48.33
n 15 8 30 13 10 8 20 22
Ne” 0.030 (+0.002) 0.030 (+0.002) 0.010 (=0.003) 0.010 (+0.003) 0.009 (=0.002) 0.010 (+0.002) 0.010 (=0.003) 0.011 (+0.002)

2Oxygen is calculated by stoechiometry.
PN, is the Fe/(Fe + Mg) ratio in at%.



Table 6. Silicate phases compositions (in wt%) determined by EDX analysis (SEM, ATEM) and by electron microprobe (EPMA) at 25 GPa

2413
perovskite

2414
perovskite

2415

perovskite

2416

perovskite

EPMA

SEM

ATEM

SEM

EPMA

EPMA

SEM

EPMA

SEM

Run

0.80 (+0.02)
60.02 (=0.34)
39.06 (+0.10)

0.52 (+0.015)
28.17 (=0.27)
2356 (+0.21)

0.54 (+0.08)
28.01 (+1.01)
23.79 (+0.92)

0.39 (+0.015)

27.93 (+0.26)
23.78 (+0.22)

0.54 (+0.01)
60.11 (+0.34)
39.13 (+0.11)

0.58 (+0.01)
50.98 (+0.34)
39.95 (+0.11)

0.45 (+0.02)
27.93 (+0.25)
23.75 (+0.21)

0.369 (+0.005)
60.05 (+0.35)
39.36 (+0.10)

0.33 (+0.03)
27.95 (0.26)
23.80 (£0.22)

Fe (FeO)®
S (Si02)2
Mg (Mg0O)*

47.75

47.66

47.90

47.87

47.92

99.88

99.78

100.51

99.78

(Total)®

10
0.010 (+0.002)

10

0.010 (*0.002)

18
0.007 (+0.0015)

13
0.008 (+0.0015)

23
0.006 (+0.0015)

0.011 (+0.002)

0.007 (+0.001)

0.008 (+0.001)

0.006 (+0.001)

® Np is the Fe/(Fe + Mg) ratio in at%.

2 For EPMA analysis only.

b
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Table 7. Slopes of regression lines from Figure 7. Temperatures of
experiments are between 2273 K and 2473 K.

Pressure Slope Regression coefficient
5 GPa? —0.72 (+0.23) 0.771
9-10 GP&° —0.57 (+£0.15) 0.833
10 GP&® —0.71 (+£0.08) 0.918
18 GPa’ —0.824 (+£0.04) 0.948
20 GP&® —0.79 (£0.01) 0.955
23-25 GPa™ —0.74 (x0.02) 0.978

#Gessmann et a. (2001) and Li and Agee (2001b).

PO’ Neill et al. (1998), Gessmann et al. (2001), and Li and Agee
(2001).

¢ Our study.

4O’ Neill et al. (1998) and Gessmann et al. (2001).

¢O'Neill et al. (1998), Gessmann et a. (2001), Ohtani et al. (1997),
and Li and Agee (2001).

observations have been made in samples 2559, 2561 and 2860.
First, an oxidation of Si .y iNto SIO, is observed as reaction
rims around metal particles (Figs. 2 and 3). ATEM observa
tions demonstrate that the SiO,, phase in reaction rims around
the metal phase is stishovite (Fig. 3). These rims of stishovite
are particularly visible around the largest metal particles (typ-
ical size between 15 and 60 um) as shown in Figure 2, but
smaller grains of stishovite are also present in close association
with smaller metallic particles (typical size between 1 and 5
wm). Farther away of the largest metal particles, the silicate
matrix is made of majorite and/or wadsleyite, depending on the

Olivine

40
(b) ili §ample 2851 ' Silicate
36 10 GPa - 2000°C
32
28
24
! |
'
5 Metal / |
0.075 |-
0.06 |-
0.045 |-
0.03 1 1 1 Il
0 5 10 15 20 25

Position (in microns)

Fig. 1. (d) Composition profile in sample 2851 (10 GPa, 2000°C):
SEM image (backscatttered electrons) and composition profile plotted
as Si/Feratio vs. beam position (um). (b) Zoom of the chemical profile
in the metal phase plotted in Si/Fe vs. beam position (um) diagram.
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(Fe S0 alkoy

Stishovite

wadsleyite

Si/(Fe+Mg)

Fig. 2. (8) Composition maps obtained with the EDX system of the SEM on sample 2559 (20 GPa—2200°C) showing the
SiO, reaction rim around metal grains. The SEM electron micrograph (backscattered electrons) shows the two populations
of metal particles: large grains inherited from the initial grains, and tiny quasi-spherical particles due to reduction of the
iron-bearing silicate starting materials. Both populations have the same composition. (b) Detail of the metal silicate interface
as seen by backscattered electrons in SEM. The coexistence of stishovite and wadsleyite is consistent with the equilibrium
phase diagram in the Mg-Fe-Si-O system at these pressure and temperature. Tiny metal particles (arrows) are clearly visible
within wadsleyite. Their compositions, analyzed by ATEM are identical to that of large metal areas showing that local
equilibrium conditions are achieved in the samples. (c) TEM electron micrograph of sample 2559 showing small metallic
particles (arrows) as well as larger metal particles in the silicate matrix (waddeyite and silicate perovskite). (d) EDX
analyses of tiny metallic particles in sample 2559 plotted in an Fe/(Fe + Mg) vs. Si/(Fe + Mg) diagram. The beam size
was larger than the mean size of metal particles and metal-free wadsleyite areas. End-member compositions can be retrieved
at (Fe/(Fe + Mg) = 1 (metal phase) and Si/(Fe + Mg) = 0.5 (wadsleyite). The intersection between the regression line and
theline Fe/(Fe + Mg) is 0.165 providing 8.3 wt% of Si in metal in the smallest particles of alloy. The slope of the regression
line is —2.89 with correlation coefficient R = 0.986.
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starting silicate used in the experiment. The presence of SiO,,
wadsleyite or majorite is in good agreement with the phase
diagram of MgSiO; at 20 GPa and high temperature (2000—
2200°C) (Gasparik, 1990). Wadsleyite and majorite contain
quasi-spherical metal phases as seen in Figure 2. The size of the
small metal particles ranges between 15 nm and 500 nm (Fig.

2). These observations show that areduction of the silicates has
taken place. This is aso shown by the depletion of their Fe
content. For example in the run 2860 (20 GPa and 2000°C), the
Fe content N, (N = Fe/(Fe + MQ)) of the silicate decreases
from 0.108 to 0.03, showing a depletion of ~75% of its iron
(Tables 1 and 2). In the samples 2559 (20 GPa and 2200°C) and
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! stishovite

metal

Fig. 3. TEM electron micrograph of the metal-silicate interface in
sample 2559. The growth of the stishovite phase at the expense of the
metal phase is particularly visible from the shape of the interface.
Stishovite may come both from silicates, exsolved as a result of FeO
loss to maintain stoichiometry, and from FeSi aloy, oxidation of Si.
Insets are diffraction patterns of the stishovite phase, with cell param-
eters of a = 4.17 + angstrom and ¢ = 2.66 = angstrom and space
group P4/mnm (tetragonal system).

2561 (20 GPa and 2200°C), the silicates have lost ~90% of
their iron.

To study the tiny microstructures evidenced by SEM (Fig.
2), samples 2559 and 2561 were examined with the TEM. The
iron-silicon alloys have either tetragonal (space group P4/
mmm) or cubic (space group Pm3m) structures. Because of
reaction, these alloys have been depleted in silicon even in the
largest particles. The electron beam size of SEM or TEM was
larger than the mean size of the tiny particles, asit is shownin
Figure 2. Even with TEM, it was impossible to analyze quan-
titatively the smallest metal particles without contamination
from the silicate matrix. The knowledge of Si content in metal
is however essential to constrain local equilibrium in the sam-
ples. Therefore, we used extrapolations to end-members (EE)
to estimate the chemical compositions of the smallest particles
of metal by plotting chemical analyses of Fe/(Fe + Mg) vs.
Si/(Fe + Mg) (Fig. 2). As the metal does not contain magne-
sium, it is possible to extrapolate the metal composition of the
small particles to a ratio of Fe/(Fe + Mg) = 1. With this
method, theiron content of silicate could be estimated for ratios
of Si/(Fe + Mg) = 0.5 in wadsleyite and Si/(Fe + Mg) = 1in
silicate perovskite and majorite. This EE method allowed us to
estimate the composition of the small metal grains and to
compare it to that of the larger particles. It is less precise than
direct EDX analysis because of the scatter of the data in the
diagram (Fig. 2) and because analyses of tiny metal particles
are always contaminated by some silicate matrix. Nevertheless,
we find a good correlation between the different EDX analyses
and EE results as shown in Table 4. We find that the large
particles of metal in contact with silicates have the same silicon
content (Table 3) as the tiny metal grains embedded within the
silicate matrix. Thisis afirst indication for local equilibrium at
the scale of severa tens of micrometers in these samples; a
second indication is the absence of chemical zoning as shown
in Figure 4. The differences in compositions of phases in those
different samplesis because of different starting material com-

positions. In these 20 GPa samples, starting either from olivine
or from endatite yields samples al having SiO, stishovite
expressed in contact in metal. This emphasizes that the phase
controlling incorporation in metal is the same (i.e, SIO,)
whether the starting material was olivine or enstatite. Some
incorporation of silicon could aso have occurred by congruent
dissolution of SiO, in metal (Ringwood and Hibberson, 1991).
Small amounts of stishovite might thus have been extracted
into the molten metal. On the basis of the results of Ringwood
and Hibberson (1991), this contribution would remain small
because they observed an SiO, solubility of ~0.9 wt% in iron
at 16 GPaand ~1900°C. The fact that this contribution is small
is confirmed by the nondetection of oxygen in the aloys.

3.3. 25 GPa Samples

In the four samples synthesized at 25 GPa using iron-free
enstatites as silicate starting materials, no stishovite was found.
Only Mg-silicate perovskite and metal alloys were observed.
After reaction, those samples were characterized by a dlight
increase in Fe-content in the silicate phase (up to 1 at% Fe in
silicate pervoskite, Table 6), and basicaly no detectable
changesin Si content of the metal (Tables 1 and 4). At 2000°C,
the FeS alloys have a CsCl cubic structure (space group
Pm-3m) as found recently by Dobson et al. (2002). No reaction
occurred between the assembly and the samples. The runs at 25
GPa lasted between 30 mn and 2 h, long enough to reach
equilibrium (e.g., Othani et a., 1997, Gessmann and Rubie,
1998) in the center of the samples.

(a)
( b) 16 T Sample 2860 T T Silicate
20 GPa - 2000°C

&

& Metal
0.161 5
0.15 i
0.14} o
0.13} i

1

0125 5 1o 15 30 25 30

Position (in microns)

Fig. 4. (8) Chemica profile of sample 2860 (20 GPa, 2000°C): SEM
image showing the line where the analysis were made and composition
profile plotted in Si/Fe vs. beam position (in wm) diagram. (b) Zoom of
the chemical profile in the metal phase plotted in Si/Fe vs. beam
position (in wm) diagram.



4208 V. Madavergne et al.

4. DISCUSSION

This study allowed characterizations, down to the scale of
transmission electron microscopy, of high-pressure and high-
temperature reactions between mantle minerals and Si-rich
metal alloys. Thanks to differences in oxygen contents of
starting material's, and to various amounts of oxygen exchange
with the rest of the assemblage, various oxygen fugacity con-
ditions were investigated (Table 1). We believe that local
equilibrium compositions have been attained in those experi-
ments because we observe homogeneous element concentra-
tions in both silicate and metal phases (Figs. 1 and 4). Also,
Othani et al. (1997) and Gessmann and Rubie (1998) have
demonstrated attainment of equilibrium in similar experiments
in less than 4 min.

The redox conditions in each sample were first calculated
relative to the iron-wistite (IW) buffer from theiron contentsin
silicate and in metal in the run products at the relevant P, T
conditions (Table 1). Oxygen fugacity relative to IW is defined
by: 1ogfO, = 2 log(8rco/are), Where a-o and a, are the
activities of FeO in silicate and Fein liquid metal, respectively.
For Fein iron rich aloys, the Raoult’s law assumption gener-
aly applies (e.g., Hultgren et a., 1973); we thus assumed that
the activity of Fein the metal is equal to its mole fraction when
Xee > 0.70. We caculated activity coefficients for FeO in
different silicates using different sets of expressions (Fei and
Saxena, 1986; Fei et a., 1991). The oxygen fugacities listed in
Table 1 were calculated assuming that activity-composition
relations in metal are independent of pressure. Application of
different low P, T activity-composition relationsin silicates and
Fe dloy (Lacaze and Sundman, 1991; Bouchard and Bale,
1995; Schlesinger and Xiang, 2001) would lead to differences
smaller than 0.6 log unit in estimated logfO,. We aso esti-
mated fO, from the SIO,-Si buffer to test the calculations of
fO, relative to IW. Oxygen fugacity relative to SiO,-Si buffer
is defined by: logfO, = log(agoo/ag), where ag o, and ag are
the activity of SO, and the activity of S in liquid metal,
respectively. As SO, is present in the 20 GPa samples, then
asop = 1 in these samples. For metallic solutions with less
than a few wt% Si, Henry’s law applies well at 1 bar (Lacaze
and Sundman, 1991; Bouchard and Bale, 1995; Schlesinger and
Xiang, 2001). No data exist, however, to confirm this behavior
at high pressure. For metals more concentrated in silicon, an
intermediate regime between Henry's law and Raoult’s law
fitted to a polynomial applies (Matas et a., 2000). We assumed
that the activity of Si inthe metal in our study is equal to ag, =
X, Where xg is the mole fraction of Si in the metal and °
the Henry coefficient. It is thus possible to calculate the fO, of
the experiment relative to IW buffer following the relation

IN (FO,)expariment = IN TO(IW at 1 bar) + 2 f AV dP/(RT)

+ 21N (8keo siicae’ Aremeta)

We can aso calculate the fO, of the experiment relative to
SiO,-Si buffer following the relation:

1N (fO)etms = In TOL(SIO, — i at Lbar) + [ AV dP/(RT)
+In (aso,/ 8s maa)

The AV for each equation is calculated from the data of Poirier
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Fig. 5. (8) Oxygen fugacity calculated as a function of temperature
from the IW buffer and from the SiO,-Si buffer for experiment 2559
(20 GPa—2200°C). (b) Oxygen fugacity relative to IW as a function of
O/(Mg + Fe + 2Si) ratio of the starting material. This correlation is
shown at 20—25 GPa and 2000—2200°C. The fO, has been calculated
on the basis of the Fe-FeO compositions determined in the quenched
samples.

(1991) and Robie et al. (1979) for Si and Fe liquid and Fel and
Saxena (1986) using a second-order Birch-Murnaghan equation
for FeO and stishovite. As an example, Figure 5a shows the
oxygen fugacity calculated as a function of temperature from
the IW buffer and from the SiIO,-Si buffer for one 20 GPa
experiment. The intersections of the two lines in Figure 5
should give the temperature of the experiment if these data are
consistent. We find temperatures ranging between 2200°C and
around 2000°C for the three 20 GPa runs, which is indeed in
very good agreement with the measured experimental temper-
atures. The correlation between Si in metal and Fe in silicates
as afunction of fO, is thus well constrained from two consis-
tent methods.

The effect of using different starting materials to vary the
redox conditions is shown in Figure 5b, in which calculated
oxygen fugacities are plotted as a function of the O/(Fe + Mg
+ 2Si) ratio of the starting material. Other proxies for charac-
terizing the oxygen content of the starting materials could have
been used. The Si content in metal isrelated to oxygen fugacity

by:
Sipea T Oz © SO gjicae 2

The mole fraction Xg, , of Si in metal may be described by the
equations:
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—©— 5GPa (Gessmann, Liand Agee)

- -9-10 GPa (O'Neill, Gessmann, Li and Agee)
B 13-15GPa(Gessmann, Li and Agee)

- -li- - 10 GPa (this study)

—©— 18GPa (O'Neill and Gessmann)

—QO- -20-21 GPa (Li and Agee, O'Neill, Gessmann )

@ - - 20 GPa (this study)

A 23-25 PGa (Gessmann, O'Neill)
V 27 GPa (Ohtani)

A 25GPa- this study
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Fig. 6. Summary of experimental results of this study and previous
work by Gessmann et a. (2001), Li and Agee (2001b), O'Neill et al.
(1998), Kilburn and Wood (1997), Othani et a. (1997) and Ito et al.
(1995). The experimental Si contents in metal are plotted vs. fO,
relative to IW at different pressures. Temperatures of al experiments
are between 2000°C and 2200°C. Similar symbols (triangle, square,
circle) represent a given P.

log (Xs,.,) = A(T,P) — 109 (as)mea — 109 (asi0,)silicae
— 2109 (8kco slicae’ Bremeta)  (4)

log (Xs,.,) = A(T,P) — 100 (as)meia — 109 (Asi0,)silicate
— log fO,(relativeto IW)  (5)

where A(T,P) = -A,G(T,P)/RT is a parameter depending only
on pressure and temperature. From reaction 2 and Eqgn. 5, the
theoretical slope of a diagram that represents 109(Xgimeta) VS-
logfO, (relative to IW) can be deduced (e.g., Gessmann et al.,
1999, 2001). It should be —1 if the valence of Si is 4+ and if
Henry's law or Raoult’s law applies. Our data set and previous
results give slopes of regression lines of logwt%Si-logfO,
diagrams at agiven P and T ranging between —0.57 and —0.83
instead of —1 for ideal models (Table 7). This discrepancy is
probably the result of nonideal mixing properties of Si. If the
activity of Si in metal was better known, it could be possible to
evaluate the mean actual valence of Si. Indeed, in Table 1, we
notice that some data points corresponding to almost the same
fO,, are associated to very different concentrations of Si in
metal (e.g., experiments 2415 and 2413). The precision of the
estimated of fO, does not alow to actualy differentiate those
data for oxygen fugacities. The different silicon contents in
metal from these experiments result from the strong depen-
dence of the solubility of Si in metal upon fO,, implying that
small differences in fO,, even undetectable by our measure-
ments, can change Si content in metal.

The measured silicon content in metal are summarized in
Figure 6 as a function of oxygen fugacity calculated from Fe
contentsin metal and coexistent silicates, at different pressures,
both from this study and from published data. Our experiments
performed with Si-rich alloys as starting materials are consis-
tent with previous data, using generally Si-poor metal phases as
starting materials. Such a good overall concordance suggesting
that the data obtained from multianvil press studies reflect
equilibrium values. Although global disequilibrium may still
exist in multianvil press experiments as a result of incomplete
reaction and ongoing oxygen transfer between sample and

assemblage, these results indicate an approach of equilibrium
with Si contents in metal that is consistent with models derived
from experimental high-pressure data, such as that of Gess-
mann et al. (2001). Because some of the experimental results
plotted in Figure 6 involved equilibrium of liquid metal with
molten silicates, whereas in others only solid silicates were
involved, the concentration of Si .y iN equilibrium with sili-
cates does not depend critically on the solid or liquid state of
the silicate as well as on the exact nature of the silicate,
provided that the P, T, fO, conditions are similar.

Chabot and Agee (2003) found that the depletion of dightly
siderophile elements in the mantle can be explained by core-
mantle equilibration at high temperature and an fO, of about
AIW-2.3 log unit. It is of interest to estimate on the amount of
Si that would enter into liquid metal at such fO,, around 2025
GPaand 2000°C. The 20 and 25 GPa data were corrected to 2.3
logfO, units below IW thus decreasing the Si mol fraction in
the metal by 0.8 log unit for every 1 log unit increase in fO,,
on the basis of the dependence of Si solubility on fO, (Fig. 6).
After correction of our experimental data to the oxygen fugac-
ity of AIW-2.3 log units, the xg in metal is < 0.01 at 10 and 20
GPa, and < 0.007 at 25 GPa, in good agreement with the model
of Gessmann et a. (2001). Earlier studies of Ni and Co parti-
tioning (e.g., Thibault and Walter, 1995; Righter et al., 1997; Li
and Agee, 1996, 2001a) suggested that the mantle siderophile
elements content requires core formation at fO, near IW-1 log
unit. These last results imply that almost no Si could enter to
the metal during the segregation of the core under such condi-
tions. In this case, mechanisms involving sequestration of Si in
the lower mantle as a result of perovskite fractionation in an
early magma ocean should be invoked for explaining the “miss-
ing” Si (Anderson, 1988; Javoy, 1995).

As aready noticed by Gessmann et a. (2001), it is possible
to make an Earth core with 7 wt% Si and an Earth mantle with
silicates having Fe/lFe + Mg = 0.1 if metal/silicate segregation
occurred at 20 GPa, 2400°C (Fig. 7). Increasing pressure would

Y
Q
o
— -5 F T 1
N Twit% S
SI-SI02—\  in metal
(20GPa) N
N
\
-10 s LN . .
3 4 7 8

5 6
10000/T (°C)

Fig. 7. Oxygen fugacity calculated at 20 GPa as a function of
temperature from the IW buffer, from the SiO,-Si buffer, from an alloy
equilibrated with 7 wt% of Si in metal, from ametal in equilibrium with
a dlicate that has a Fe/(Fe + Mg) ratio of 0.10 (average ratio for the
silicates of the mantle).
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Fig. 8. Silicon content in metal at 20 GPa and 2000°C as a function
of the Si in metal equilibrated with silicates at lower pressure and
temperature (1 bar and 1000°C) after reaction 1. The 20 GPa—2000°C
conditions might correspond to the conditions of a final Earth-like
material and 1 bar—1000°C isindicative of a small planetary body. We
use the present 20 GPa experimental data (X, in metal, Xg; in metal and
Xge in silicate) and thermodynamical data of Robie et a. (1979) and
Bouchard and Bale (1995) for these calculations. The two dashed lines
indicate the maximum and minimum uncertainties from these calcula-
tions. The horizontal line indicates 7 wt% Si required in the core
according Javoy (1995) or Allegre et al. (2001).

not favor incorporation of more silicon in the metal (Javoy,
1995; Guyot et a., 1997, Gessmann et a., 2001; Hillgren and
Boehler, 1998; Dubrovinsky et a., 2003). The Earth is formed
through accretion of many small bodies called planetisimals
with aninitial kilometer-sized radius (e.g., Hayashi et al., 1985;
Wetherill, 1994; Kokubo and Ida, 2000). The internal pressure
of these planetisimals depends obviously on their size, temper-
ature and density, but stays very low in comparison with the
Earth’s upper mantle pressure. We have made the assumption
that a small planetissmal could be equilibrated at 1 bar (low
pressure) and 1000°C (high temperature), which is in agree-
ment with the results of Yaoshino et a. (2003). The Si content
of an Fe-Si aloy equilibrated with FeO and SiO,, after reaction
1 at 20 GPa and 2000°C is plotted in Figure 8 vs. the Si content
resulting from the same equilibration at low-pressure parent
body—like conditions (1 bar—1000°C) (e.g., Wetherill, 1994;
Yoshino et a., 2003). This plot emphasizes the well known
statement that reduced conditions (below 1W) are needed for
significant silicon incorporation in metal (e.g., Gessmann et al.,
2001) even when high pressure and high temperatures charac-
terigtic of the differentiating Earth are involved. Moreover,
Figure 8 offers a qualitative relationship between the silicon
content in the metal of afina Earth-like material reacted at 20
GPaand 2000°C and that in asmall planetary body equilibrated
at lower pressure and temperature. To reach ~7 wt% Si in the
Earth’s core as required by some geochemica models (e.g.,
Javoy, 1995; Allegre et al., 2001), an average value of ~1.5
wt% Si would be needed in the metal of a material equilibrated
at low pressures and 1000°C.
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