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Abstract

The physical properties, such as density and sound velocity, of the Earth’s deep
interior have been determined by seismic observations known as PREM and it is accepted that
the core of the Earth is composed of mainly Fe alloy. However, the density and sound velocity
of pure iron at high pressure and temperature conditions could not explain those of PREM. This
suggests the Earth’s core contains some light elements (S, Si, O, C, and H). Sulfur and silicon
are both important candidates as light elements and some geochemical models predicted that
sulfur and silicon could be present not only in the core of the Earth but also in the core of other
terrestrial planets such as Mars and Mercury. Therefore, it is essential for understanding the
property of the planetary core to reveal the chemical and physical properties of the Fe—S-Si
system. In this study, high pressure experiments in the Fe—S—Si system have been performed
related to the melting relationships (Chapter 2), element partitioning (Chapter 3), and sound
velocity (Chapter 4). The present experimental results were applied to discuss the core

formation of Mars and Mercury and the chemical composition of the Earth’s core.

In Chapter 2, the phase and melting relationships in the Fe-S-Si system were
determined up to 60 GPa by using a double-sided laser-heated diamond anvil cell combined
with X-ray diffraction. On the basis of the X-ray diffraction patterns, | confirmed that hcp/fcc
Fe-Si alloys, and FesS are stable phases under subsolidus conditions in the Fe—S-Si system.
Both solidus and liquidus temperatures are significantly lower than the melting temperature of
pure Fe and both increase with pressure. The slopes of the Fe—S-Si liquidus and solidus curves
determined here are smaller than the adiabatic temperature gradients of the liquid cores of
Mercury and Mars. -Thus, crystallization of their cores started at the core—mantle boundary

region.



In Chapter 3, an experimental study on solid—liquid partitioning in the Fe-S-Si
system was reported up to 148 GPa. The metallic liquid phase was relatively sulfur rich,
whereas the coexisting hcp-Fe phase was silicon rich. Based on the partitioning data, the total
amount of light elements in the bulk core of the Earth was constrained to be 7.4-9.9 wt. %. The
present results demonstrated that the present-day Earth has a sulfur-rich outer core and a
significant amount of sulfur may create the seismologically observed density contrast between

the inner and outer cores.

In Chapter 4, the sound velocity of Fe—6wt. % Si alloy at high pressure and
temperature conditions was measured using inelastic X-ray scattering method. The Vp of Fe-Si
alloy in this study were followed linear relationships between density and velocity and the
present result indicated that the effect of temperature on the Vp of Fe-Si alloy was very small
than that of pure iron. The Birch’s law for Fe—6wt. % Si, was obtained as Vp = 0.90 £ 0.12 x p
—0.15 (x1.19). By using linear mixing model, the present result indicates that 2.2(3) wt. % of
silicon in the Earth’s inner core can explain both the density and sound velocity of the PREM

at ICB condition assuming that the light element in the inner core is only silicon.
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Chapter 1: Introduction

Chapter 1:

Introduction

1.1. The density deficit of the Earth’s core

The physical and chemical properties of the Earth’s core are major topic and one of
the major goals of Earth Sciences. The composition of the core has implications for core
dynamics, thermal evolution, planetary formation, and source origin of the geodynamo. We
have already known that the Earth’s core is mainly composed of iron alloy from the analyses of
iron meteorites and the observation of moment of inertia. Therefore, the behavior of iron at high
pressure and temperature conditions, such as phase relations, sound velocity, is essential for
understanding the structure of the Earth’s interior and has been investigated based on high
pressure experiments and theoretical calculations. The density and sound velocities of the
Earth’s deep interior were showed as “PREM (Preliminary Earth reference model)” based on
seismological observations [Dziewonski and Anderson, 1981]. The sound velocity, longitudinal
wave (Vp) and the transversal wave (Vs), can be expressed by the density (p) as follows:

K+:y

Vo = (1-1)
Yol

v, - |4 (1-2)
o,

where K and x are a bulk modulus and a shear modulus. PREM shows that the Earth’s core is
divided into a solid inner core and a liquid outer core since Vs does nor propagate in a liquid
phase.

Birch [1952] proposed that Earth’s core was too light to be made of pure iron based
on shockwave experiments on iron. This is one of the major topic in Earth Science called “the

core density deficit”. In order to reveal this density contrast, physical properties of the iron at
1
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high pressure and temperature conditions have been investigated until present day. Fig. 1-1
shows the comparison of between determined density of iron [Sakai et al., 2014] and PREM.
The density deficit of the Earth’s core was estimated to be ~5% for the inner core [e.g.,
Dubrovinsky et al., 2000; Dewaele et al., 2006; Sakai et al., 2014] and ~10% for the outer core

[e.g., Brown and McQueen 1986; Anderson and Ahrens 1994].

1.2. Sound velocity of the Earth’s core

As mentioned before, the sound velocity profile of the Earth’ core has been
determined by PREM. In order to provide a constraint on the composition of the core, the
information of sound velocity of iron at high pressure condition is essential and have been
measured by shockwave measurements [e.g., Brown and McQeen, 1986], inelastic X-ray
scattering method (IXS) [e.g., Antonangeli et al., 2012; Ohtani et al., 2013; Sakamaki et al.,
2016] and nuclear resonant inelastic X-ray scattering (NRIXS) [e.g., Lin et al., 2005; Mao et
al., 2001]. Fig. 1-2 shows the sound velocity of pure iron reported by previous high pressure
works and that of PREM as a function of pressure. Based on the recent result of IXS
measurements, the Earth’s inner core has ~10% smaller sound velocity than pure iron at high
pressure and temperature condition [Sakamaki et al., 2016]. Therefore, the sound velocity of

the Earth’s core could not be explained assuming that the core consists entirely of iron.

1.3. Light elements in the planetary cores

Based on previous high pressure studies, the density and sound velocity of PREM
could not be explained by that of pure iron alone. The candidate for the Earth’s core is required
to match both the density and sound velocity at pressure and temperature conditions of the core.

In order to account for the density deficit, the Earth’s core requires some additional constituents,
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Fig. 1-1. The density of pure iron and that of PREM as a function of pressure. The densities of pure iron
were calculated by using thermal equation of state for pure iron [Sakai et al., 2014]. Blue, red and orange
solid lines represent the compression curves of iron at 300K, 5000K, and 6000 K, respectively. Black
line shows the relations between density and pressure of PREM [Dziewnski and Anderson, 1981].
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Fig. 1-2. The sound velocity (Vp) of Fe and that of PREM. The Vp of hcp-Fe based on IXS measurements
at 300 K [Ohtani et al., 2013] and at high temperature [Sakamaki et al., 2016] were shown as solid
symbols. The cross symbols show the Ve of Fe based on shockwave measurement [Brown and McQueen,
1961]. The black solid line represents the Ve of PREM [Dziewonski and Anderson, 1981]. The obtained
Ve of Fe at ICB condition [Sakamaki et al., 2016] was also shown as star symbol. The PREM has
~10% smaller sound velocity than pure iron at ICB condition.
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so-called “light element”. Sulfur (S), silicon (Si), oxygen (O), carbon (C), and hydrogen (H)
have been identified as the likely light elements [e.g., Birch, 1964; Poirier, 1994]. In this study,

| focused on sulfur and silicon as light elements in the core because of following reasons.

S... Sulfur has been considered as plausible light element in the core because of its
depletion in the mantle [Murthy and Hall, 1970]. In addition, iron sulfides are found universally
in iron meteorites. Previous high pressure studies revealed that sulfur has large solubility in iron
at low pressure and high pressures and it lowers the melting point of iron. It is consistent with

early core formation and important for presence of liquid core.

Si... Silicon is one of major candidates as light element because of its large
abundance in the Earth [e.g., Birch, 1964; Ringwood, 1959] and it also lowers the melting point
of pure iron. The Earth’s mantle is depleted in silicon relative to chondritic material, which
suggests silicon was partitioned to the core [e.g., MacDonald and Knopoff, 1958]. Previous
high pressure partitioning experiments revealed that solubility of silicon into solid iron

increased with increasing pressures and temperatures [Takafuji et al., 2005; Sakai et al., 2006].

As mentioned above, sulfur and silicon are both considered as light element
components in the core of the Earth. Additionally, some geochemical studies and high-pressure
experiments have predicted that sulfur and silicon could be present not only in the core of the
Earth, but also in the core of other terrestrial planets such as Mars and Mercury [e.g., Bertka
and Fei, 1998]. Some thermal evolution models indicate that Mars and Mercury has liquid outer

core and any amount of sulfur and silicon in the core leads to liquid outer core. Therefore,
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experimental study of the Fe—S-Si system provides us with key information to understand the
properties of the planetary cores.

In this study, three experiments were performed to reveal the chemical and physical
properties of the planetary cores. The melting relationships in the Fe-S-Si system were
determined in order to discuss the crystallization of the core of the Mars and Mercury (Chapter
2). Secondary, partitioning behavior of light elements between metallic solid and liquid in the
Fe—S-Si system was examined and the composition of the Earth’s core was estimated (Chapter
3). Finally, sound velocity of Fe-Si alloy was determined based on XS method and the amount

of silicon in the Earth’s inner core was discussed (Chapter 4).
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Chapter 2:

Melting relationships in the Fe-S-Si system at high pressure and temperature

2.1. Introduction

The Earth’s core is mainly composed of an iron alloy, with light elements also
required in the core to account for the core density deficit [Birch, 1964]. Sulfur, silicon, oxygen,
carbon, and hydrogen have been identified as the likely light elements [e.g., Poirier, 1994].
Alloying with light elements significantly affects the physical properties of iron and depresses
its melting temperature [e.g., Boehler, 1996; Lin et al., 2002]. There are significant implications
for the chemical composition and thermal structure of the Earth’s core as a corollary. The
melting temperature of an iron alloy is important information for estimating the temperature at
the inner—outer core boundary (ICB) of the terrestrial planets. An investigation of high-pressure
phases of iron alloys also helps us to understand the structure of the solid inner core. Among
the candidate light elements in the core, sulfur and silicon are considered as major light element
components based on geochemical models [e.g., Allégre et al., 1995; Javoy, 1995] and high-
pressure partitioning experiments [e.g., Hillgren et al., 2000; Sakai et al., 2006]. Additionally,
some geochemical studies and high-pressure experiments have predicted that sulfur and silicon
could be present in the cores of other terrestrial planets such as Mars and Mercury [e.g., Bertka
and Fei, 1998].

Previous high-pressure studies revealed that sulfur and silicon had different effects
on the properties of iron alloys. In the Fe—FeS system, FesS», Fe.S, and FesS have been reported
as intermediate phases [e.g., Fei et al., 1997, 2000; Li et al., 2001], and e-Fe and FesS are stable
as the subsolidus phases up to the core conditions. The eutectic temperature in the Fe—FesS
system was measured up to 180 GPa using a diamond anvil cell (DAC) [e.g., Kamada et al.,

2010, 2012; Morard et al., 2008]. It was revealed that the melting temperature of iron is
9
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significantly depressed by the effect of sulfur, and the hcp-Fe phase coexists with partial melts
between the solidus and liquidus temperatures. The amount of sulfur in the solid iron increases
with increasing pressure at the eutectic temperature [e.g., Kamada et al., 2010, 2012; Li et al.,
2001]. Information about the amount of sulfur in solid iron is important to understand the
chemical properties of the inner core.

Silicon has a high solubility into iron and forms a solid solution with iron at high
pressure [e.g., Kuwayama and Hirose, 2004], with the solubility of silicon into solid iron
increasing with increasing pressure and temperature [e.g., Kuwayama et al., 2009]. The high-
pressure phase relations of the Fe-Si alloy have been studied using a DAC and it was found
that the subsolidus phases of the Fe—Si alloy are related to the amount of silicon in the iron alloy
[e.g., Asanuma et al., 2008; Fischer et al., 2013; Lin et al., 2002]. Asanuma et al. [2008; 2011]
reported that the stability of hcp + fcc phases broadens by dissolving silicon in iron alloy and
the hcp phase is stable at least up to 252 GPa in Feo.93Sio.07 alloy. The melting temperature of
Fe-Si alloy was determined up to 119 GPa by laser-heated DAC (LHDAC) experiments and it
was revealed that the effect of silicon on the melting temperature of iron alloy is smaller than
that of sulfur [Asanuma et al., 2010].

In spite of the importance of the effect of both sulfur and silicon on the physical
properties of iron alloy, there are few studies about the melting relations of the Fe—S-Si ternary
system. Although some previous studies on closure of the Fe-S-Si liquid immiscibility gap
have been reported by Sanloup and Fei [2004] and Morard and Katsura [2010], their
experiments were carried out by using a multianvil apparatus at pressures below 25 GPa and
the details of higher pressure phase relationships and melting temperatures in the system were
not revealed. Therefore, it is desirable to extend the experimental condition as close as possible

to conditions of the planetary core. The phase and melting relationships in the Fe—S-Si system

10
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have been investigated up to 60 GPa using a LHDAC combined with an X-ray diffraction
technique. The results provide important clues for understanding the properties of the cores of

Earth, Mars, and Mercury.

2.2. Experimental procedure
2.2.1. Sample preparation

High pressure was generated by a symmetric-type DAC. The culet sizes of the
diamond anvils were 300, 250, or 100 um, depending on the desired experimental pressures.
The starting material was composed of a powder mixture of Fe (99.9%; Wako Pure Chemical
Industries, Ltd), FeS (99.9% purity; Rare Metallic Co., Ltd) and FeSi (99.9% purity; Rare
Metallic Co., Ltd), which was ground in an agate mortar in order to homogenize the starting
materials. The typical grain size of the starting mixture was 1-5 um, which was confirmed by
using a scanning electron microscope (SEM; JEOL JSM-5410). The sample compositions used
in this study were Fego1S127Si72 (Fe-8wt.%S-4wt.%Si) and Fe7s4S185Siz1 (Fe-12wt.%S-
4wt.%Si), which have been proposed to explain the density deficit in the Earth’s core [e.g.,
Chen et al., 2007]. Additionally, this composition might be close to the composition of
Mercury’s core, which might contain several wt. % silicon in addition to sulfur as was suggested
by previous high-pressure experiments under reducing condition [e.g., Maravergne et al., 2004].
I made a thin foil of starting materials using a cold compression technique. For the in situ
experiments, the sample foil was sandwiched between NaCl pellets, which worked as a pressure
medium, thermal insulator, and pressure marker. These samples were loaded into a sample hole
in a precompressed SUS304 or Re gasket, which was typically about 30-50 um in thickness.
Before loading the sample, | checked the homogeneity of the sample by using high-resolution
reflection microscope and selected only homogeneous pieces of the mixture foil. Starting

11
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materials, pressure medium, and pressure scales used in this study were summarized in Table
2-1.

First, the sample was compressed to a target pressure at room temperature, and then
annealed at around 1500 K for about 10 min to synthesize solid phases and to reduce stress in
the cell assemblages. The sample was heated using the double-sided laser heating method [Shen
et al., 1996] employing a high-power Nd:YAG laser or fiber laser. Temperatures were
determined by fitting the emission spectra from the heated sample to the grey body formula.

The emission spectra was fitted to the Plank radiation function,

B ce(A)A°
exp(c,/AT) -1

(2-1)
where | is the spectral intensity, c1 is the first radiation constant, ¢(4) is emissivity, 4 is the
wavelength of an emission light, cz is the second radiation constant, and T is the temperature of
the sample. c1 was treated as a parameter (c:’) because the absolute intensity of emission
spectrum is not able to be measured. The wavelength and temperature dependence of the
emissivity were assumed to be g(A) = ak + b. The parameters (a, b, c1’, T) were sought by fitting
to the emission spectra from the sample. The ranges of wavelength of collected spectra from
the samples were typically from 600 to 800 nm. Radiation from the heated sample was collected
for time durations between 0.5 and 3 s for analyzing the temperature. The temperature
measurements were performed for several tens of seconds during heating. The experimental
temperature was determined as an average of the measured temperature over several tens of
seconds. The temperature fluctuation during the experiments was approximately 50-100 K. The
experimental pressure was determined from the lattice parameters of NaCl using the equation

of states (EOS) of B1 phase [Brown, 1999] and B2 phase [Fei et al., 2007] of NaCl. The

experimental pressure at high temperature was assumed to be Pyt = Paook + APth. P3ook iS @
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Table 2-1
Starting materials, pressure medium, and pressure scale used.

Run numnber starting material Pressure medium Pressure scale
FESSI09 Fe-8wt.%S-4wt.%Si NaCl powder NaCl (B2) [Fei et al., 2007]
FESSI10 Fe-8wt.%S-4wt.%Si NaCl powder NaCl (B2) [Fei et al., 2007]
FESSI19 Fe-12wt.%S-4wt.%Si NaCl powder NaCl (B1) [Brown, 1999]
FESSI20 Fe-12Wt.%S-4wt.%Si NaCl powder NaCl (B2) [Fei et al., 2007]
FESSI27 Fe-8wt.%S-4wt.%Si NaCl powder NaCl (B1) [Brown, 1999]
FESSI36 Fe-8wt.%S-4wt.%Si NaCl powder NaCl (B2) [Fei et al., 2007]

13
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pressure at room temperature based on the third-order Birch—-Murnaghan equation of state, and
APt is a thermal pressure based on the Mie—Griineisen relation:

P, =7IV[E(T,6,)-E(300K,d,)] , where y=y,(V/N,)" and ¢,=6,v/,)” , respectively. The
parameters of the EOS of NaCl are summarized in Brown [1999] and Fei et al. [2007]. The
temperature of the NaCl was considered to be the same as the temperature of the sample. The
EOS of iron was not used to calculate experimental pressure in this study because incorporation
of silicon or sulfur into solid iron may expand the unit cell volume of iron [e.g., Hirao et al.,
2004]. The error in pressure was evaluated from the error in volume of NaCl and the error in
temperature was determined from the standard deviation of the fluctuation of the measured

temperatures.

2.2.2. In situ X-ray diffraction experiments

In situ X-ray diffraction experiments were conducted at the BL10XU beamline of the
SPring-8 facility [Ohishi et al., 2008]. | used a monochromatic X-ray beam with a typical
wavelength of 0.4136(3) A and it was collimated to a diameter of 15 um. The beam size was
smaller than the size of the laser heating area, which was approximately 30—40 um across. |
checked the X-ray position by X-ray fluorescence of diamonds before heating. Therefore, X-
ray and heating areas were aligned well. The melting detection in this study was based on
disappearance of the X-ray diffraction peaks, which is same as in previous melting studies [e.qg.,
Kamada et al., 2010, 2012; Terasaki et al., 2011]. An imaging plate (IP: Rigaku R-AXIS 1V)
or an X-ray charge-coupled device (CCD: Brucker AXS, SMART APEX) were used as X-ray
detectors. Typical exposure time used for taking diffraction patterns was 1 s for the CCD
detector or 3 min for the IP detector for each run. At high temperatures, the sample diffraction

patterns were collected using the CCD detector because it is important to take a diffraction

14



Chapter 2: Melting relationships in the Fe—S—Si system at high pressure and temperature

pattern within a short duration of time to detect melting of the sample. The diffraction patterns
of the sample were recorded at room temperature and in the temperature ranges between 1350
and 2270 K in 50-100 K steps at each pressure. After | observed disappearance of the X-ray
diffraction peaks of FesS, the laser power was shut down to quench the sample. The
reappearance of X-ray diffraction peaks of FesS in the quenched sample was checked,
suggesting the disappearance of peaks from FesS at high temperatures was because of the
sample melting, but not because of migration from the heating spot of the sample. The
diffraction patterns were analyzed using the IP Analyzer software package and the PD Indexer

software package programmed by Y. Seto [Seto et al., 2010].

2.3. Results
2.3.1. Subsolidus phases in the Fe—S-Si system

The experimental conditions and the observed phases are summarized in Table 2-2.
In situ X-ray diffraction experiments were conducted in the pressure range of 20.8 to 61 GPa
and the temperature range of 300 to 2270 K. In all the explored pressure ranges, the diffraction
peaks of the fcc (y) phase, and/or the hcp (¢) phase, and FesS were observed under the
subsolidus conditions of this study for the two starting compositions of Fego.1S127Si7.2 (Fe-
8wt.%S-4wt.%Si) and Fe74.4S185Si71 (Fe-12wt.%S-4wt.%Si), as shown in Table 2-2. The
diffraction peaks of the fcc and hcp phases were derived from the Fe-Si alloy. FesS, which has
been reported as an intermediate phase in the Fe—FeS system [e.g., Fei et al., 2000], appeared
as a result of a reaction between Fe and FeS. Other possible phases in the Fe—FeS system, such
as Fe;S and FesSz, were not observed in this study. In this study, because of dissolution of
silicon into Fe, the boundary of fcc and hcp phases shifted towards higher pressures compared

to that of pure Fe [e.g., Anzellini et al., 2013; Ma et al., 2004]. Previous studies of the Fe—FeSi
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Table 2-2
Experimental conditions and results.

Run number a T Observed phases
[GPa] [K]

Fe-8wt.%S-4wt.%Si

FESSI09_004 58.2(41) 1450(50) hcp, fcc, FesS, NaCl(B2)
FESSI09_007 59.2(44) 1490(50) hcp, fcc, FesS, NaCl(B2)
FESSI09_008 59.3(45) 1580(50) hcp, fcc, FesS, NaCl(B2)
FESSI09_009 60.5(40) 1700(50) hcp, fcc, FesS, NaCl(B2)
FESSI09_010 59.8(39) 1810(50) hcp, fcc, FesS, NaCl(B2)
FESSI09_011 59.5(41) 1830(50) hcp, fcc, FesS, NaCl(B2)
FESSI09_012 60.0(39) 1870(50) fcc, NaCl(B2)
FESSI09_013 58.1(3) 300 hcp, fcc, FesS, NaCl(B2)
FESSI10_015 54.8(15) 300 hcp, fcc, FesS, NaCl(B2)
FESSI10_016 57.4(43) 1520(50) hcp, fcc, FesS, NaCl(B2)
FESSI10_017 57.4(49) 1560(50) hcp, fcc, FesS, NaCl(B2)
FESSI10_018 58.2(45) 1650(50) hcp, fcc, FesS, NaCl(B2)
FESSI10_019 58(45) 1675(50) hcp, fcc, FesS, NaCl(B2)
FESSI10_020 57.7(45) 1740(50) hcp, fcc, FesS, NaCl(B2)
FESSI10_022 56.6(47) 1780(50) hcp, fce, FesS, NaCl(B2)
FESSI10_023 56.3(44) 1800(50) hcp, fcc, FesS, NaCl(B2)
FESSI10_024 54.2(39) 1810(50) hcp, fcc, FesS, NaCl(B2)
FESSI10_025 54.3(41) 1840(50) hep, NaCl(B2)
FESSI10_026 53.9(44) 1880(50) hcp, NaCl(B2)
FESSI10_030 49.2(6) 300 hcp, fce, FesS, NaCl(B2)
FESSI27_012 20.9 300 hcp, fcc, FesS, NaCl(B1)
FESSI27_013 20.6 1275(50) hcp, fce, FesS, NaCl(B1)
FESSI27_014 20.6 1310(50) hcp, fcc, FesS, NaCl(B1)
FESSI27_015 20.5 1460(50) hcp, fcc, FesS, NaCl(B1)
FESSI27_020 20.5 1520(50) hcp, fcc, NaCI(B1)
FESSI27_021 21.1 300 hcp, fcc, FesS, NaCl(B1)
FESSI27_028 20.8 1760(50) hcp, fcc, NaCI(B1)
FESSI27_029 20.7 1950(50) NaCI(B1)
FESSI27_030 20.8 300 hcp, fcc, FesS, NaCl(B1)
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FESSI36_002 30.8(3) 300 hcp, fcc, FesS, NaCl(B2)
FESSI36_003 32.5(36) 1430(50) hcp, fcc, FesS, NaCl(B2)
FESSI36_004 32.4(34) 1500(50) hcp, fcc, FesS, NaCl(B2)
FESSI36_005 32.6(36) 1550(50)° hcp, fcc, FesS, NaCl(B2)
FESSI36_006 33.2(36) 1660(50)° hcp, fcc, FesS, NaCl(B2)
FESSI36_007 34.5(40) 1790(50) hcp, fcc, NaCI(B2)
FESSI36_008 32.8(37) 1840(50) hcp, fcc, NaCI(B2)
FESSI36_009 32.1(51) 1910(50)¢ fcc, NaCl(B2)
FESSI36_010 33.8(45) 2010(50)¢ NaCl(B2)
FESSI36_011 33.9(42) 2030(80) NaCl(B2)
FESSI36_012 30.7(3) 300 hcp, fcc, FesS, NaCl(B2)
FESSI36_026 51.1(8) 300 hcp, fcc, FesS, NaCl(B2)
FESSI36_027 49.5(34) 1620(50) hcp, fcc, FesS, NaCl(B2)
FESSI36_028 49.5(40) 1865(50)° hcp, fcc, FesS, NaCl(B2)
FESSI36_029 49.4(47) 2150(50)¢ hcp, fec, NaCl(B2)
FESSI36_030 50.7(50) 2270(60) NaCl(B2)
FESSI36_031 47.5(2) 300 hcp, fcc, FesS, NaCl(B2)
FESSI36_032 55.0(5) 300 hcp, fcc, FesS, NaCl(B2)
FESSI36_034 58.3(49) 2170(50) NaCl(B2)
FESSI36_035 55.2(3) 300 hcp, fce, FesS, NaCl(B2)
Fe-12wt.%S-4wt.%Si

FESSI19 005 24.9(2) 300 hcp, fcc, FesS, NaCl(B1,B2)
FESSI19_006 26.4(26) 1350(50) hcp, fcc, FesS, NaCl(B1,B2)
FESSI19_007 26.9(28) 1410(50) hcp, fcc, FesS, NaCl(B1,B2)
FESSI19_008 26.3(27) 1390(50) hcp, fcc, FesS, NaCl(B1,B2)
FESSI19_009 26.6(29) 1470(50) hcp, fcc, FesS, NaCl(B1,B2)
FESSI19 013 27.1(29) 1460(50) hcp, fcc, FesS, NaCl(B1,B2)
FESSI19 014 27.3(33) 1610(75) hcp, NaCl(B1,B2)
FESSI19 016 24.4(1) 300 hcp, fcc, FesS, NaCl(B1,B2)
FESSI20_002 42.1(4) 300 hcp, FesS, NaCl(B2)
FESSI20_003 43.7(26) 1345(50) hcp, FesS, NaCl(B2)
FESSI20_004 43.9(31) 1450(50) hcp, FesS, NaCl(B2)
FESSI20_005 43.8(31) 1480(50) hcp, FesS, NaCl(B2)
FESSI20_006 43.7(31) 1500(50) hcp, FesS, NaCl(B2)
FESSI20_007 43.8(32) 1570(50) hcp, FesS, NaCl(B2)
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FESSI20_008 44.1(35) 1650(50) hcp, FesS, NaCl(B2)
FESSI20_013 44.1(38) 1730(50) hcp, NaCl(B2)
FESSI20_015 42.2(3) 300 hcp, fcc, FesS, NaCl(B2)

The numbers in parentheses show errors and last two digit.

The melting of the sample was detected by disappearance of diffraction pattern.

¥The pressures are based on the EOS of NaCI(B1) [Brown, 1999] and NaCl(B2) [Fei et al.,
2007].

bhep and fee represent the structure of Fe-Si alloy, respectively.

“The temperatures are estimated by the laser power.
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system [e.g., Asanuma et al., 2008] reported that silicon expanded the stability field of the fcc
phase of Fe alloy, and the Fe-Si alloy had a wide stability field of coexistence of hcp and fcc

phases; this is consistent with the results of this study.

2.3.2. Solidus and liquidus temperature in the Fe—S-Si system

Both the solidus and liquidus temperatures were determined up to 61 GPa by using
the X-ray diffraction patterns of the starting sample of Feso.1S12.7Si72, whereas only the solidus
temperature was determined for the starting sample of Fe74.4S185Si7.1. The solidus temperatures
for the two compositions were in good agreement with each other. Changes in the diffraction
patterns due to melting of FesS and Fe-Si alloys were observed, as shown in Fig. 2-1(a) A-D.
The 2D images of the same diffraction patterns are shown as supplementary materials in Fig.
2-2 (a). Fig. 2-1(a) A shows the diffraction pattern of fcc/hcp Fe—Si alloy and FesS taken at 59.2
GPa and 1490 K. The diffraction peaks from fcc/hcp Fe-Si alloy and FesS weakened when the
sample was heated to 1830 K (Fig. 2-1(a) B). Both the X-ray diffraction peaks of hcp Fe-Si
alloy and FesS disappeared at 1870 K, although the peaks of fcc Fe—Si alloy still remained in
the diffraction pattern (Fig. 2-1(a) C). After quenching, the peaks of hcp Fe-Si alloy and FesS
reappeared (Fig. 2-1(a) D) due to crystallization from the melt. Although I could not observe
diffuse scattering peaks from the melt in most runs except those made at low pressure around
10 GPa, this observation of the peak disappearance during heating and reappearance of the
peaks after quenching implies strong evidence for melting of the sample. Similarly, FesS
disappeared first from the diffraction peaks, and fcc/hcp Fe—Si phases were observed at a higher
temperature in the other runs. Disappearance of the diffraction peaks of FesS was observed at
27, 44, 54, and 60 GPa. The determination of the solidus curve was also confirmed by texture

observations of the recovered sample in a separate run, as shown in Fig. 2-3. The dendritic
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quench texture of the recovered sample in this figure, which shows clear evidence for melting
of the run product, is consistent with the melting curve determined by in situ X-ray diffraction
experiments. Figure 2-1(b) A-D shows similar changes in diffraction profiles obtained in the
pressure range of 49.2-58 GPa. The diffraction peaks of fcc/hcp Fe-Si alloy and FesS were
observed under subsolidus conditions at 58 GPa and 1650 K. The X-ray diffraction peaks of
FesS weakened with increasing temperature to 1810 K (B) and disappeared at 1840 K and 54
GPa (C). After quenching, the peaks of fcc/hcp Fe—Si alloy and FesS reappeared (D). The 2D
images of the same diffraction profiles are given in the supplementary materials (Fig. 2-2 (b)).

We observed the disappearance of the diffraction peaks from fcc/hcp Fe-Si alloy and
FesS. This disappearance suggests that total melting occurred in the Fe—S—Si system at 21, 34,
51, and 58 GPa for the bulk composition of Fego.1S12.7Si72 (Table 2-2).

Melting of FesS corresponds to the solidus temperature, and the complete
disappearance of both fcc/hcp Fe—Si alloy and FesS corresponds to the liquidus temperature of
the Fe—S-Si system. Based on these melting sequences, the phase relationships of the Fe-S-Si
system are drawn in Fig. 2-4. Both the solidus and liquidus temperatures increase with
increasing pressure. This criterion for determination of melting was also used by Terasaki et al.
[2010] and melting was also confirmed by the observation of the quench textures of dendrite in
the recovered samples after quenching at high pressure and temperature. The compositional
change in the Fe—S-Si system with pressure and temperature is very important. However, the
measurement of the compositions of the phases was very limited in this work due to technical
difficulties. I used NaCl as the pressure medium and pressure marker, however, the samples in
the NaCl pressure medium were difficult to recover due to its large deformation during
decompression and recovery. Recovery experiments were conducted using alumina pressure

medium. The composition of coexisting crystalline phases was analyzed in a run conducted at
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Fig. 2-1. (a) Diffraction patterns of the Fe—S-Si system at 42.2-44 GPa (Run FESSI20). A at 44(3) GPa
and 1450(50) K, B at 44(4) GPa and 1650(50) K, C at 44(4) GPa and 1730(50) K, and D at 42.2(3) GPa
and 300 K after quenching from 1730 K. NaCl was used as the pressure medium and thermal insulator.
The X-ray diffraction pattern of FesS and hcp-Fe-Si alloy disappeared at 1730 K due to the partial
melting of samples. The X-ray diffraction peaks of FesS reappeared after quenching. Abbreviations:
NaCl B2, B2 phase of NaCl; FeSi hcp, hcp-phase of Fe-Si alloy; FeSi fcc, fcc-phase of Fe-Si alloy;
FesS, FesS phase. The 2D images of the same diffraction profiles are given in Fig. 2-2(a).
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Fig. 2-1. (b) Typical example of diffraction patterns of the Fe-S-Si system at 49.2-58 GPa (FESSI10).
A at 58(5) GPa and 1650(50) K, B at 54(4) GPa and 1810(50) K, C at 54(4) GPa and 1840(50) K, and
D at 49.2(6) GPa and 300 K after quench from 1840 K. The X-ray diffraction pattern of FesS disappeared
at 1840 K due to partial melting of the sample. The X-ray diffraction pattern of FesS and fcc-Fe-Si alloy
reappeared after quenching. Abbreviations are the same as those of Figure 2-1(a). The 2D images of the
same diffraction profiles are given in Fig. 2-2(b).
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Fig. 2-2. (a) 2D images of diffraction patterns of the Fe—S—Si system at 42.2-44 GPa (Run FESSI20)
corresponding to the X-ray profile given in Figure 2-1(a). A at 44(1) GPa and 1450(50) K, B at 44(4)
GPa and 1650(50) K, C at 44(4) GPaand 1730(50) K, and D at 42.2(0.3) GPa and 300 K after quenching
from 1730 K. NaCl was used as the pressure medium and thermal insulator.
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Fig. 2-2. (b) 2D images of diffraction patterns of the Fe-S-Si system at 49.2-58 GPa (Run FESSI10)
corresponding to the X-ray profile given in Figure 2-1(b). A at 58(5) GPa and 1650(50) K, B at 54(4)

GPaand 1810(50) K, C at 54(4) GPa and 1840(50) K, and D at 49.2(0.6) GPa and 300 K after quenching
from 1840 K.
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Fig. 2-3. Back-scattered electron image (BSE) of the quench textures of the melting experiment. The
sample was recovered from 58(4) GPa and 1940(110). The experimental conditions are shown as a gray
circle in the phase diagram given in Figure 2-4. A zoom-out image of the sample in DAC is shown in
this figure. The diameter of laser beam is around 40 um and is shown as a grey circle in the figure. The
detailed textures of the zoom-in image are also sketched at the bottom of the BSE image. A dendritic
texture showing quenching from the melt is clearly observed in the BSE image and shown as hatched
areas in the sketch. The black grains in the zoom-in and zoom-out images are alumina grains used for
the pressure medium. It was difficult to remove them from the sample during surface polishing.
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Fig. 2-4. Phase diagram of the Fe—S-Si system in this study. Open squares show the coexistence of Fe—
Si alloys (fcc+hcep) and FesS detected by X-ray diffraction experiments. The open triangles show partial
melting, and the solid triangles show total melting above the liquidus detected by the disappearance of
X-ray diffraction patterns of the crystalline phases. The fcc phase appears as the liquidus phase at least
up to 32 GPa. The bold solid and dashed lines show the solidus and liquidus curves fitted by Simon’s
equation. The pressure and temperature condition of partial melting based on the quenched texture
observation of the recovered sample (Figure 2-3) is shown as a gray circle.
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58(4) GPa and 1940(110) K. The analyses revealed that the Si content was approximately 12.4
at. % in the metallic Fe—Si phase in the periphery of the laser spot of the recovered sample from
58(4) GPa and 1940(110) K conditions, whereas it was only 0.4 at. % in the FesS phase adjacent
to the Fe-Si alloy. Further work is needed for determination of the compositional variation

among coexisting phases in this system with pressure and temperature.

2.4. Discussion
2.4.1. Comparisons with previous melting curves

The solidus and liquidus curves were fitted by the Simon equation [Simon and Glatzel,

P PF

1929], T, =TF x( JrljC , as adopted by previous studies [e.g., Asanuma et al., 2010;

Terasaki et al., 2011], where Tn is the melting temperature in kelvins at an experimental
pressure (P) in GPa, Tm" is the melting temperature at a reference pressure, and PR, a and c are
fitting parameters. The parameters fitted are Tm"=1432(6), a=122(2), and ¢=1.10(2) for the
solidus and Tm® =1768(13), a=145 (5), and ¢=0.99(3) for the liquidus assuming the reference
pressure of PR=15GPa. When | assume the reference pressure of PR=0 GPa, the parameters
fitted are Tm"=1277(6), a=116.1(21), and ¢=1.06(2) for the solidus and Tm® =1582(13),
a=127.9(48), and c=1.00(3) for the liquidus. The solidus and liquidus curves with different
reference pressures are nearly the same, and the reference pressures do not affect the following
discussions.

Sulfur and silicon are candidates for the light elements in the cores of Earth, Mars,
and Mercury [e.g., Malavergne et al., 2007; Sanloup and Fei, 2004]. Thus, the present results
on the solidus and liquidus temperatures can be applicable to the core formation processes in
the terrestrial planets. Fig. 2-5 summarizes the liquidus and solidus temperatures of iron—light
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element systems [Campbell et al., 2007; Chudinovskikh and Boehler, R, 2007; Morard et al.,
2008; Asanuma et al., 2010; Terasaki et al., 2011; Kamada et al., 2012] and peridotite [Fiquet
et al., 2010; Zhang and Herzberg, 1994].

The liquidus temperature in this study is about 500 K lower than that of pure Fe
[Anzellini et al., 2013; Ma et al., 2004]. In addition, the present liquidus curve in Fe-Si-S is
lower than the melting temperature in the Fe-Si alloy reported by Asanuma et al. [2010] and
close to the liquidus of the Fe-S—O system [Terasaki et al., 2011]. The present solidus of the
Fe—S-Si system is very close to the eutectic temperature of the Fe-S system [Campbell et al.,
2007; Chudinovskikh and Boehler, R, 2007; Morard et al., 2008: Kamada et al., 2012] and the
solidus of the Fe—S—O system [Terasaki et al., 2011] within experimental uncertainties. This
result indicates that the effect of the addition of Si and O on the depression of eutectic

temperatures in the Fe-S system is very small.

2.4.2. Implications for the core of the Mars and Mercury

The Fe-S-Si system has a very low solidus temperature compared to the solidus of
the silicate mantle, which indicates that heating during accretion of the Earth created a metallic
melt in crystalline silicates, and the core separation perhaps started by percolation of a eutectic-
like metallic melt with S-enrichment in the silicate mantle early in the accretion of the
planetesimals [Terasaki et al., 2005].  The thermal models of Mars and Mercury [Breuer et al.,
2007; Solomon, 1976; Toksoz et al., 1978] indicate that the internal temperatures approached
the solidus temperature of the silicate mantle, and the magma ocean stage occurred early in the
histories of these planets. By assuming that the cores of the planets contain both S and Si as
light elements [Malavergne et al., 2007; Malavergne et al., 2010], the models of the thermal

history of these planets suggest that, during their formation, the temperature in their centers
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Fig. 2-5. The melting curves of Fe and Fe-light element systems. Temperature profiles of the cores of Mars and Mercury are
also shown. The laveled bold solid lines are Sol and Liq, which show the solidus and liquidus temperatures of the Fego.1S12.7Si7.2
composition in the Fe—S-Si system. The adiabatic temperature of the core of Mercury estimated by this work, 27 K/GPa, is
given as ared curve, S, under the assumption that the temperature at CMB of Mercury is 1800 K [e.g., Dumberry and Rivoldini,
2015; Malavergne et al., 2010]. The temperature profiles of the Martian core estimated by Fei and Bertka [2005], and
Mercury’s core by Dumberry and Rivoldini [2015] are also shown as FB and DR. The previously reported melting curves of
Fe-light element systems and solidus of peridotite are shown in this figure as follows. Melting curve of Fe by Anzellini et al.
[2013] is labeled as Fe A; melting curve of Fe-Si by Asanuma et al. [2010] is labeled as Fe-Si A, solidus of the Fe-S system
reported by Kamada et al. [2012] is labeled as Fe-S K; liquidus of Fe—S by Chen et al. [2008] is labeled as Fe-S C; solidus
and liquidus temperatures for a composition of Fe7sOsS20 reported by Terasaki et al. [2011] are labeled as Fe-O-S(S) and Fe-
O-S(L). Also, the eutectic of the Fe-S system by Campbell et al. [2007] is Fe-S CP; the eutectic of Fe-S by Morard et al.
[2007] is Fe-S M; the eutectic of Fe—FeS by Chudinovskikh and Borhler [2007] is Fe-S CB; The solidus temperature of
peridotite by Fiquet et al. [2010] is labeled as Peridotite F and that by Zhang and Herzberg [1994] is labeled as Peridotite ZH.
The pressure conditions for the cores of Mercury and Mars are shown as shaded areas, yellow and gray.
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approached or exceeded the liquidus temperature of the Fe—S-Si system after the magma ocean
stage. Thus, the cores of these planets were once molten in the early stage of their core formation.
Existence of an ancient magnetic field in Mercury [Johnson et al., 2015] implies the
operation of a dynamo in the molten core in Mercury’s early history. Recent works on longitude
libration of Mercury showed that the mantle and core of Mercury are decoupled and thus
Mercury’s core is at least partially molten [e.g., Margot et al., 2007; Riner et al., 2008].
Assuming that the core of Mercury is composed of iron alloy with minor amounts of
sulfur and silicon and more likely to be under the reducing core conditions of the planet, we
can estimate the adiabatic gradient of the molten core of the planet. The adiabatic gradient of

the molten core can be expressed as follows [Anderson, 1998]:

oinT
_ 2-2
(alnpl 7t (2-2)

where T is a temperature at a certain depth in the outer core, p is the density of the core at that
depth, and yi is the thermodynamic Griineisen parameter. Therefore, the core—mantle boundary

(CMB) temperature can be calculated as follows:

7th
TCMB = TICB (@j (2'3)

IcB
where Tcme and Tics are temperatures at the CMB and the ICB conditions, respectively, and
pcme and pice are densities of the molten core at CMB and ICB, respectively. To calculate the
adiabatic temperature gradients under the liquid core conditions, the thermodynamic Griineisen
parameter yw Of the outer core may be around 1.3 [Anderson, 1998; Dubrovinsky, 2000; Stacey,
1995; Vocadlo et al., 2000]. However, it could have a large uncertainty. Therefore, we assumed
1th to be in the range of 1.0-1.5. The density of molten metal in the core of Mercury may be
taken to be the density of the Fe—S melt [Sanloup et al., 2000, 2002; Terasaki, 2016] or the Fe—
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Si melt at high pressure [Tateyama et al., 2011; Yu and Secco, 2008; Nishida et al., 2011;
Terasaki, 2015], and the CMB temperatures are assumed to be around 1770 K for Mercury and
1990 K for Mars [e.g., Dumberry and Rivoldini, 2015; Malavergne et al., 2010]. Based on these
parameters with the above thermodynamic relations, the adiabatic temperature gradients of the
liquid cores were calculated to be around 27(6) K/GPa for Mercury and 18(4) K/GPa for Mars.
The adiabatic temperature gradient is consistent with that estimated by Fei and Bertka [2005]
for the Martian core, and it is consistent but slightly greater than that estimated by Dumberry
and Rivoldini [2015] for Mercury’s core as shown in Figure 2-4.

The slope of the liquidus temperature of the Fe-S-Si system, approximately 12
K/GPa, is half of the adiabatic temperature gradient of the Mercury’s and Martian cores.
Although the liquidus temperature can be changed with the bulk composition of the metal
systems and thus the slope of the liquidus curve could change with the composition, the above
conclusion is valid for the liquidus temperatures for various bulk compositions of the Fe—S-Si
system, since the slopes of the liquidus temperatures of the end member systems of Fe-S and
Fe-Si are significantly smaller than the adiabatic gradient of the planets [e.g., Chen et al., 2008;
Asanuma et al., 2010]. Therefore, crystallization of the core of the planets must have started at
CMB. This crystallization start is consistent with the snowing-core model proposed for
Ganymede [Hauck et al., 2006] and Mars [Stewart et al., 2007].

The liquidus curve determined here for the present composition of the Fe-S-Si
system relevant to Mercury’s core is slightly lower than that of the Fe-S system with the same
S content estimated by Chen et al. [2008], i.e., the existence of Si slightly lowers the liquidus
of the Fe-S system. The conclusion of snowing in Mercury’s core with the assumption of the
Fe-S core suggested by Chen et al. [2008] is also valid for the Si and S bearing core model of

Mercury, which is more likely under the reducing conditions in Mercury’s core. The crystals
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falling into the core could be dissolved again in the molten core, which would make it difficult
to maintain the layered core structure composed of a completely molten outer core and a
crystalline inner core in the planets. However, when the core adiabat is located between the
solidus and liquidus temperatures of the core materials during cooling, we can expect core
stratification in the form of a partially crystallizing outer core and precipitated crystalline inner

core.
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Chapter 3:
Element partitioning between metallic solid and liquid in the Fe-S-Si system

up to 148 GPa

3.1. Introduction

It is widely accepted that the Earth’s core is mainly composed of iron, with light
elements to account for its density deficit [e.g., Birch, 1964; Dubrovinsky et al., 2000]. Alloying
with light elements significantly affects the physical properties of iron and interpretation of the
chemical structure of the Earth’s core [e.g., Boehler, 1996; Li and Fei, 2003]. Therefore, the
melting relationships of the Fe—light elements system are central to clarification of the chemical
structure of the core because the inner core is forming by crystallization of the molten outer
core. Although there are many candidates, sulfur and silicon are considered to be two of the
major light elements in the core based on geochemical modeling [e.g., Poirier, 1994; Ringwood,
1959; Allegre et al., 1995] and high-pressure partitioning experiments [Hillgren et al., 2000;
Takafuji et al., 2005; Sakai et al., 2006]. Despite the importance of sulfur and silicon as the light
elements of the core, previous studies, including high-pressure melting experiments in the Fe—
S-Si system, have not included the pressure conditions of the core [Sanloup and Fei, 2004;
Morard and Katsura, 2010]. For better understanding the chemical structure of the core,
knowledge of the melting relationships, and solid—liquid partitioning in the Fe—S-Si system
under the high-pressure conditions of the Earth’s core is essential. Here, I report the results of
experiments on element partitioning between metallic solid and liquid in the Fe—-S-Si system
up to 148 GPa using LHDAC. The present result provides important constraint on total amount
of light elements in the Earth’s bulk core and the compositions of the inner and outer core of

the Earth.
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3.2. Experimental procedure
3.2.1. Sample preparation

Melting experiments were performed in the pressure range of 36-148 GPa and the
temperature range of 1520-4100 K using a double-sided laser-heated diamond anvil cell. The
culet sizes of the diamond anvils were 100 and 300 um, depending on the experimental pressure.
In the experiments on the Fe—S—Si system, the starting materials were Fe (99.9% purity, Wako
Pure Chemical Industries, Ltd), FeS (99.9% purity, Rare Metallic Co., Ltd), and FeSi (99.9%
purity, Rare Metallic Co., Ltd) powders that were ground in an agate mortar for 1 hour to make
a homogeneous mixture. The sample composition used for this study was Fe with 8 wt. % S
and 4 wt. % Si, which approximates the density deficit in the Earth’s core. | used diamond
anvils and the cold compression technique to make a thin foil from the starting material. The
sample foil was embedded in Al,Oz powder, which worked as the pressure medium and thermal
insulator. These samples were then loaded into a sample hole in a preindented rhenium or
tungsten gasket with typical thickness of 35-50 um. Before loading a sample, | checked the
homogeneity of the starting material using a high-resolution reflection microscope.

Each sample was initially compressed to a target pressure at room temperature, and
then annealed for about 15 minutes in order to synthesize solid phases and to reduce stress in
the cell assemblages at pressures above 70 GPa. The samples were heated using the double-
sided laser heating method employing a high-power Nd: YAG laser or fiber laser [Shen et al.,
1996]. The sample was heated to the desired temperature for 10-20 min. Temperature was
measured by fitting the emission spectra from the heated sample to the gray body formula, and
the experimental temperatures in Table 3-1 were determined by averaging the temperatures
measured over several tens of seconds. The temperature fluctuation during the experiments was
approximately 50-200 K. The experimental pressure was determined from the pressure
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dependence at the edge of the T,y Raman band of the culet of the diamond anvil at room
temperature [Akahama and Kawamura, 2004] and then crosschecked with the ruby
fluorescence [Deweale et al., 2004]. The average of the pressure before and after heating was
adopted as the pressure value of each experiment. Although the thermal pressure was not
determined, this was estimated to be 10% higher than the pressure determined at room
temperature (Table 3-1) in accordance with the findings of the previous in situ X-ray diffraction
experiments [Kamada et al., 2010; Kamada et al., 2012]. The errors in temperature were
estimated using the standard deviations of the temporal fluctuations in the measured

temperature.

3.2.2. Chemical analyses of the recovered samples

The recovered samples were prepared for chemical analyses using a focused ion
beam (JEOL JEM-9320FIB). Heated portion in the recovered sample was cut out as a block
piece once (see Fig. 3-1 (a)), and put it on a copper grid using a micro manipulator attached to
a dedicated optical microscope. The cupper grid surface and sample layer are parallel each
other. Then, upper Al>Os layer as pressure medium was removed using a coarse gallium ion
beam parallel to the sample layer. Finally, the sample surface was cleaned using a fine gallium
ion beam. A gallium ion beam was accelerated to 30 kV during the sputtering of the recovered
samples. | used a field emission gun scanning electron microscope (FEG-SEM) (JEOL JSM-
71010 and JSM-7001F) in addition to a conventional SEM (JEOL JSM-5410) for textural
observation and chemical analysis. An accelerating voltage of 15 kV and a beam current of 1.4
nA were employed. | used an energy dispersive X-ray spectroscopy (EDS) system (Oxford
INCA) attached to the FEG- SEM to determine the chemical compositions. This instrument

was suitable to analyze the fine-grained samples. Pyrite (FeS;) and wollastonite (CasSizOg)

42



Chapter 3: Element partitioning between metallic solid and liquid in the Fe—S—Si system up to 148 GPa

Z00T MT1s ezt sz  (Wger  (8)06L (e=u)pinb
(te)v80 (vo)6r'T (e)e00
£00T (€)z9 (@071 (29¢ (evo  (6)ze8 (=u) 84 pijos (09)o0zz  (8T)0'0L  (9T)9°€9 GOONH
7'66 C)Ie4 (@07 (66T (ze)gzr (92162 (€= u) pinby
(81)28°0 (som)6T'C (1100
8'70T (r)09 (1)8°0 @ty (mto  (67)8°06 (g=u)ad pijos (09)002T  (871)00L  (9T)9°€9 GOONA
186 1} ()82 ()91 (err (ess (T=u) pinbi
(8)L€0 (9)650 (e)eo0
10T (n)6's @r7 (mo't (©r0 (21)oes xx(z=u)edp1jos (o¥n)oooz  (t1)goe (0108 ZOONd
€207 re  (omgez  (Doz  (9g6T  (eT)Z0L (8= u) pinbi
(v1)8z°0 (Ltmieo (9)se'T
1107 oy (e)80 (90 (6)09z  (8)169 «(0T=u)adpijos (09)ozst  (98)Tvz  (€9)6°TT 900N4
wAysks IN-O-1S-S—3d
0'00T - - (g1 (em)18  (e1)8°68 (9=u) pinby
- (yT1)85°2 (e)et0
0001 - - (snire  @ut  (s1)Ts6  (6=u)ed pijos (002)00TY (9)8¥T1 (9)seT G2I1SS34
0'00T - - (Mer (€DyvT  (ENvys (L= u) pinby
- (59)or's (1)90°0
000T - - (©)2r9 (go  (g)gze (9=u)ad pijos (0g)0s0z  (1W928  (LovEs 901SS34
0'00T - - (980 (Mger  (vess (%= u) pinby
- (8Lm)vey (e)e00
0001 - - (e)oe Wro (9096  (y=u)adpijos (0g)oost  (Uvor  (9)L9¢ [A4ISEE]
wYSAS IS—S—3
h%m\oan_ ,uoalisg pANjinsg [elol IN 0 IS S 94
. (™) (ed9) (ed9)
(%6'IM) Spinbi| pue sp1j0s 8440 UOI11ISOAWOD saseyd ouuny
ainjesadwa | JLinssald  ainssald

‘uagAX0 pue ‘U0DI[IS INYINSJO SIUAIIFA09 uon1Ied prnbrj—prjos pue ‘sLofje o p1jos pue pinbijyo suonISOd0d [LIWUAYD ‘SUOTHIPUOD [RIUANLIdAXT T-€ a|qeL

43



Chapter 3: Element partitioning between metallic solid and liquid in the Fe—S—Si system up to 148 GPa

'94-03 51 852Yd P1|0Sxx
"Sea4 s1aseyd p1joS.

- uabAxo \:mgxo

pinby piios D = usbAxoq J
UMy DI 1OME 0D = UO3NISA

I by DT ™M™ s O = AN4INSA

"sasAJeue 8901d0IOIL UOIIOBI340 JBQUNN,
‘Juawsnpe ainssaid [awIay1 90T YHM aInssald,

‘8nJesadwal wood Je a1nssal d,

(€2)09°0

(cpieT

(910

L'00T

6'00T

(e)oe
(nzt

()80
(e)ot

(2m)0eT
(9)8T

(6T)6'78
(1696

(2= u) pinbij

(8=u)ed pijos

(022)012T1  (S2)69v  (€2)92y T00 OISSeH

wIYsLs O—1S—S—ag

panuiuo) T-€ ajqel

44



Chapter 3: Element partitioning between metallic solid and liquid in the Fe—S—Si system up to 148 GPa

(@)

.

»
>

‘heated spot
ir *° . ;

Gasket

x550 20pm
Fig. 3-1. (a) A scanning ion microscope image of the whole recovered sample from 148 GPa and 4100

K. The sample was prepared as a piece for textural observation by using an FIB. Al,Oz was used as a
pressure medium.
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Fig. 3-1. (b) Backscattered electron image of the same sample via FEG-SEM, and a close-up image of
the recovered sample coexisting with quenched liquids and solid Fe alloys.
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Fig. 3-1. (c) Backscattered electron image of the sample recovered from 57.6 GPa and 2050 K via SEM.
A quenched liquid, solid Fe alloy, and FesS were observed. The FesS contains only a small amount of
Si, approximately 0.2 wt. %.
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were used as calibration standards for analyses of Fe, S, and Si respectively.

3.3. Results
3.3.1. Chemical analysis of recovered samples

The experimental conditions and results of chemical analyses of recovered samples
are summarized in Table 3-1. Representative backscattered electron images for determining
melting relationships are shown in Fig. 3-1. The compositions of the coexisting phases were
determined and the partitioning behavior of sulfur and silicon between the metallic liquid and
the coexisting Fe alloy was investigated.

I consistently found that a quenched liquid with a dendritic texture coexists with a
solid Fe alloy in the recovered samples, implying that the samples were partially melted under
the experimental pressure and temperature conditions. In the sample (run FESS122) recovered
from 40.4 GPa and 1800 K, the solid Fe alloy contained 0.4(4) wt. % S and 3.6(3) wt. % Si. On
the other hand, the quenched liquid contained 13.8(1) wt. % S and 0.8(3) wt. % Si. At the
maximum pressure and temperature investigated, i.e., 148 GPa and 4100 K (run FESSI25),
which corresponds to the outer core conditions, the sulfur and silicon contents were 1.1(2) and
3.7(15) wt. % in solid Fe and 8.7(13) and 1.5(3) wt.% in the quenched liquid, respectively. Thus,
differences in partitioning behavior of sulfur and silicon between a quenched liquid and solid
Fe alloy were clearly observed, under each pressure condition in the Fe—S-Si system (see Table
3-1).

In the sample recovered from 58 GPa and 2050 K (run FESSIO6), FesS, which has
been reported as an intermediate phase in the Fe—S system [Fei et al., 1997; Fei et al., 2000; Li
etal., 2001] was observed along with the solid Fe alloy (Fig. 3-1 (c)). This implies that the solid

Fe alloys containing silicon and FesS are the subsolidus phases in the Fe—S-Si system under
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this pressure condition. The silicon content in FesS was significantly smaller (0.2(1) wt. %)
than that of solid Fe alloy. FesS appeared as a result of a reaction between Fe and FeS, while
other possible phases in the Fe—FeS system, such as Fe>S and FesS», were not observed in this
study. The phases observed in the present Fe—S—Si system were consistent with the findings of
previous studies in the Fe—FeS system. [Li et al., 2001; Kamada et al., 2010: Kamada et al.,
2012]. On the other hand, silicon was incorporated into solid Fe as a solid solution, as confirmed

by chemical analyses and in situ X-ray diffraction (XRD) in this study (see Chapter 2).

3.3.2. Partitioning coefficients of sulfur, silicon, and oxygen

In order to discuss the composition of the Earth’s inner and outer cores in more details,
the results of partitioning experiments in the Fe-S-Si—O and Fe-S-Si—O-Ni systems were
referred in this study [Watanabe, 2015 (Graduation thesis); Watanabe, 2015 (Master thesis)].

The partition coefficient (D) between solid and liquid Fe alloy for an element X is calculated

as.
s/l st(olid
Dy = cliquid’ (3-1)

X

where Cx is the average atomic concentration by weight (wt.%) of element X either in the solid
phase or the liquid phase. The partition coefficients of sulfur, silicon, and oxygen (Dsuifur, Dsiicon,
Doxygen) from the present chemical analyses are shown in Table 3-1.

Fig. 3-2 (a) shows variation in Dsyifur, Dsilicon, and Doxygen, between solid Fe and liquid metal, as
a function of pressure. In the Fe—S-Si system, the value obtained for Dsurr at 40.4 GPa was
0.03(3), whereas Disilicon Was 4.24(177), which is significantly higher. The obtained value of
Dsuiur at the outer core condition, 148 GPa and 4100 K, was 0.13(3) and that of Dsilicon Was
2.55(114). These results indicate that a silicon-rich solid Fe alloy coexists with sulfur-rich

metallic liquid. In the Fe-S-Si—O and Fe-S-Si—O-Ni systems, the partitioning coefficients
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Fig. 3-2. (a) Partitioning coefficients of sulfur, silicon, and oxygen as a function of pressure and
temperature, showing the dependency of logDsusur and logDsiiicon at 2000, 4000, 5500, and 6000 K. The
red circles, blue squares, and green triangles show the partitioning coefficients of sulfur, silicon, and
oxygen, respectively, between the liquid and solid Fe alloy. The red dashed, dotted, and solid lines show
the pressure dependency of logDsurur at various temperatures using formulas derived from least squares
fitting. The blue dashed, dotted, and solid lines show the pressure dependency of logDisilicon.

4

350

50



Chapter 3: Element partitioning between metallic solid and liquid in the Fe—S—Si system up to 148 GPa

(b) 2 :

I
—
I

Calculated logD
N

logDsulfur
logDsilicon

Y
ne

Measured logD

Fig. 2-2. (b) Comparison of measured and calculated partitioning coefficients of sulfur and silicon.
Calculated logDsuiur and logDisiiicon are the estimation using thermodynamic relationship of Eq. (3-2) (see
main text for details). The 2sigma for fitting by the Eq. (3-2) is shown as dashed lines.
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between solid Fe and liquid metal reveal several trends. Sulfur is strongly incorporated into
liquid metal, relative to the solid Fe alloy, except at the lowest pressure (24.1 GPa). The solid
phase in this run is Fe3S, based on its composition. Silicon is enriched in solid Fe at higher
pressures, while at relatively lower pressures below 40 GPa, the silicon is more partitioned in
the liquid phase. This is caused by differences in the solid phases, FesS at 24.1 GPa and fcc-Fe
at 30.8 GPa. Oxygen is partitioned primarily into liquid in each pressure condition.

Previous studies have revealed that the solubility of sulfur in pure solid Fe has a
maximum value at the eutectic temperature and increases with increasing pressure, with about
7 at. % of sulfur at around 123 GPa in the Fe-S system [Kamada et al., 2012], which is
significantly larger than the 2 at. % (1.1 wt. %) sulfur content found in Fe-Si alloy here.

Based on previous in situ XRD experiments, in the pressure conditions of this study,
the crystal structure of the solid Fe would be fcc phase or hcp phase. Through high-pressure
experiments on Fe-Si alloys, Lin et al. [2002] reported that the hcp phase contains slightly more
silicon than the fcc phase. Indeed, we observed a dramatic change in Disilicon, 1.€., Dsilicon < 1.0
at pressures below 31 GPa and Disilicon > 1.0 above this pressure (see Table 3-1). Considering
these results, the crystal structure of the solid Fe alloy in run FN0O2 at low pressure would be
fcc phase. Previous studies have reported that pure Fe at inner core boundary (ICB) conditions
has the hcp structure [e.g., Tateno et al., 2010]. Therefore, while experimental results at
pressures above 40 GPa may be applicable to the Earth’s core, results at lower pressures cannot

be used for this discussion.

3.3.3. Pressure and temperature dependences of Dsuifur, Dsiticon, @Nd Doxygen
When considering the pressure and temperature dependencies of partitioning

coefficient of sulfur and silicon in metal, we can use the thermodynamic relationship introduced
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by some previous works [e.g., Gudfinnsson and Presnall, 2001]. These are expressed as
follows:

logDm = A+ B/T + C x P/T. (3-2)
where T and P represent temperature in Kelvin and pressure in GPa, respectively, and A, B, and
C are fitting parameters.

The parameters A, B, and C in Eq. (3-2) were determined by fitting the sulfur and
silicon partitioning coefficient data by the least squares method. The expression for Dsuifur Was
determined as:
logDsuitur = 0.85 ( 0.13) —2208 (+ 262)/T —36.5 (+ 4.1) x P/T. (3-3)
The expression for Dsilicon Was:
logDsilicon = 0.98 (+ 0.09) —311 (+ 181)/T —13.8 (+ 2.9) x P/T. (3-4)

The pressure and temperature dependences of Dsyifur and Disilicon are shown in Fig. 3-
2 (a). Fig. 3-2 (b) shows the comparison of measured and calculated logD of sulfur and silicon,
respectively. Measured logD is the data obtained in the experiments and calculated logD is the
estimation using Eq. (3-2). When considering small difference between the value of measured
and calculated logD, we can see the value derived from equation are appropriate for estimating
logD under different pressure and temperature conditions in this study. We can see that both
Dsuirur @and Disilicon decrease with increasing pressure, indicating that pressure has a negative
effect on Dsuiur and Disilicon. On the other hand, Dsurur and Dsilicon increase with increasing
temperature, indicating that temperature has a positive effect on Dsuirur and Disilicon. In order to
discuss the chemical structure of the Earth’s core, the expressions of logDsuitur and 10gDisiticon
were extrapolated to the ICB condition assuming a pressure of 330 GPa and a temperature of
5500 £ 500 K, with the latter based on melting experiments on Fe—light element systems [e.g.,
Terasaki et al., 2011]. Dsuitur and Dsilicon Were estimated to be 0.02(2) and 1.25(72), respectively,

53



Chapter 3: Element partitioning between metallic solid and liquid in the Fe—S—Si system up to 148 GPa

at ICB conditions. These results imply that sulfur is likely to be partitioned into the liquid outer
core, whereas silicon is likely to be partitioned into the solid inner core. Although initial inner
core crystallization might have occurred at the higher temperature (6000K), the partitioning
behavior would have been nearly the same (Fig. 3-2 (2)). In case of the partition coefficient of
oxygen, there are few data points in this study. Although it is difficult to apply Eqg. (3-2) on
Doxygen, We can see that oxygen is slightly enriched in the liquid phase. Considering that Doxygen
did not change significantly with increasing pressure and temperature, as shown in Table 3-1, |
tentatively assumed that Doxygen at ICB condition is 0.76(56) which is the average of the Doxygen
in the Fe-S-Si—0O and Fe—-S-Si—O-Ni systems. The estimated value of Dsyifur and Doxygen at ICB
condition in this study are quite different from the ab initio calculated behavior by Alfe et al.
[2002]. Because of the large uncertainty in Doxygen, We need further study on the partitioning of

oxygen between solid and liquid iron.

3.4. Discussion
3.4.1. Calculation of the amount of light elements in the bulk core

Information on partitioning of light elements between the metallic liquid and hcp-Fe
alloy is the key to clarify the chemical structure of the Earth’s core because the inner core is
considered to have crystallized from the liquid outer core during cooling and inner core growth
is an ongoing process. Moreover, previous studies have strongly implied that sulfur, silicon, and
oxygen are the plausible candidates for the light elements in the core [e.g., Hillgren et al., 2000].
Therefore, my experimental results provide important clues for understanding the composition
of the Earth’s core. In order to demonstrate the influence of this study, the bulk composition of
the Earth’s core was calculated based on the present results of partitioning experiments.

Assuming iron and iron alloys are ideal mixing compounds, we calculated the bulk composition

54



Chapter 3: Element partitioning between metallic solid and liquid in the Fe—S—Si system up to 148 GPa

of the core by finding possible combination of light elements (silicon, sulfur, and oxygen) for
which their densities match the seismologically determined density of the core [Dziewonski and
Anderson, 1981]. The densities of solid iron and iron alloys at ICB condition (assuming a
pressure of 330 GPa and a temperature of 5500 K [Terasaki et al., 2011]) were calculated by
using the data of thermal equation of state of iron alloys [Sakai et al., 2014; Fischer et al.,
2011;2014; Seagle et al., 2006]. The densities of molten iron and FeS at ICB condition were
derived from the estimation based on ab initio calculations of liquid iron and Fe-S alloys
[Vocadro et al., 2003; Umemoto et al., 2014] In the case of Fe-Si, Fe—O compounds, the density
decrease due to melting was assumed to be 1.8 % [e.g., Vocadro et al., 2003]. The possible
combination of light elements, silicon, sulfur, and oxygen of the bulk core composition were
summarized in Table 3-2 and Fig. 3-3. The estimates of element abundances in the inner and

outer cores were also shown in Table 3-2 and Fig. 3-3.

3.4.2. Estimate of the composition of the core

Based on the result of calculation, we constrained that the total amount of light
elements in the bulk core was 7.4(26)-9.9(13) wt. %. In these variations of the bulk core
composition, the oxygen content varies from 5.6(23) wt. % to 0 wt. %, whereas the silicon
content varies from 0 wt. % to 3.5(12) wt. %. When the total light element content of the bulk
core is 7.4 wt. %, we may expect the bulk core contains 1.8(49) wt. % of sulfur and 5.6(23)
wt. % of oxygen without silicon. Therefore, the Earth’s inner core contains minor amount of
sulfur, and 4.3(1) wt. % of oxygen, while the light elements in the outer core is 1.9(51) wt. %
of sulfur, and 5.6(26) wt. % of oxygen (Fig. 3-3). If the bulk core contains 9.9 wt. % of light
elements, the light elements of the bulk core were estimated to be 3.5(12) wt. % of silicon and

6.4(25) wt. % of sulfur without oxygen. Hence, the inner core contains 4.3(2) wt. % of silicon
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Table 3-2 The estimate of the chemical compositions of the Earth’s core.

Partitioning coefficient of Si, S, and O (This study)

Dsilicon 125 i'072
Dsuitur 0.02 +0.02
Doxygen 0.76 +0.56

The eatimate value of element abandance in the bulk/inner/outer core

Bulk core Si 0 - - 3.5 1.2 [wt.%]
S 1.8 +4.9 - 6.4 2.5 [wt.%]
O 5.6 +2.3 - 0 - [wt.%)]
Total 7.4 +2.6 9.9 +1.3 [wt.%]

Inner .
core Si 0 - - 43 +0.2 [wt.%]
S 0 +0.1 - 0.1 +0.1 [wt.%]
O 43 +0.1 - 0 - [wt.%]
Outer Si 0 i : 3.4 £12  [wt%]

core

S 1.9 +5.1 - 6.8 +2.7 [wt.%]
O 5.6 +2.6 - 0 - [wt.%)]
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8 |
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—@— sulfur(bulk)
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- = — Silicon(Inner core) E
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NN
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Fig. 3-3. The estimate values of element abundances in the bulk, inner and outer cores of the Earth. The
blue, red, and green solid circles represent the abundances of silicon, sulfur, and oxygen in the bulk core,
respectively. The blue, red, and green open triangles show the abundances of silicon, sulfur, and oxygen
in the inner core. The blue, red, and green open squares show the abundances of silicon, sulfur, and
oxygen in the outer core, respectively.
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and 0.1(1) wt. % of sulfur, whereas the light elements in the outer core is mainly sulfur,
amounting to 6.8(27) wt. %, with 3.4(12) wt. % of silicon (Fig. 3-3). This approximation
indicates that the contents of silicon and oxygen in the inner and outer cores depend crucially
on the bulk core composition. On the other hand, the content of sulfur in the inner core is
consistently minor and outer core is sulfur-rich. My results demonstrate that the present-day
Earth has a sulfur-rich outer core and a significant amount of sulfur may create the
seismologically observed density contrast between the inner and outer cores. The density
contrast between inner and outer cores may not be explained by silicon or oxygen alone.
Although the compositional model of the core has a large range and it depends on the bulk core
composition, my compositional model of the inner and outer cores are consistent with the
compositions of the inner and outer cores proposed by previous studies based on mineral
physics constraints [e.g., Badro et al., 2007; Antonangeli et al., 2010; Huang et al., 2011,
McDonough, 2003]. Further experiment and theoretical information of the density and sound
velocity on the iron alloys will help us for better understanding of processes occurred during

core information and composition of the Earth’s core.
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Chapter 4:
Sound velocity measurements of Fe-Si alloy at high pressure and

temperature

4.1. Introduction

The physical properties of the Earth’s deep interior have been demonstrated as
“PREM (Preliminary Earth reference model)” based on seismological observations
[Dziewonski and Anderson, 1981]. PREM shows the density (p) and sound velocities (Vp, Vs)
of the Earth and Earth’s inner core is mainly composed of an iron alloy with light elements,
such as sulfur (S), silicon (Si), oxygen (O), carbon (C), and hydrogen (H), to account for the
core density deficit [Birch, 1964]. We can constrain the composition of the core by comparing
sound velocity data of Fe and Fe alloy with PREM. Therefore, Sound velocity measurement of
Fe and Fe-light element alloy is essential to understand the chemical properties of the core and
have been performed under high pressure conditions using various method, such as shockwave
measurements [e.g., Brown and McQeen, 1986], inelastic X-ray scattering (IXS) [e.g., Kamada
et al., 2014; Ohtani et al., 2013; Sakamaki et al., 2016; Shibazaki et al., 2012], nuclear resonant
inelastic X-ray scattering (NRISX) [e.g., Lin et al., 2005]. It is accepted that there is a liner
relation between density and sound velocity, i.e., Birch’s law [Birch, 1961]. However, the effect
of temperature on Birch’s law is not revealed in detail because of experimental difficulty and
under debate [e.g., Antonangeli et al., 2004; Sakamaki et al., 2016].

Silicon is one of major candidates as light element in the Earth’s core. Sound velocity
of Fe-Si alloy at room temperature has been measured by NRIXS [Lin et al., 2003] and IXS
method [Badro et al., 2007; Mao et al., 2012]. Lin et al. [2003] reported the sound velocity of
Feo.g5Sio.15 alloy based on NRIXS and they mentioned that silicon alloyed with iron increases

the compressional wave velocity and share wave velocity of iron under high pressure. Badro et
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al. [2007] measured the sound velocity of FeSi based on IXS measurements and showed that
the incorporation of small amounts of silicon, 2.3 wt. %, is comparable with geophysical
observation. On the other hand, Mao et al. [2012] reported the sound wave velocity of
Feo.g5Si0.15 alloy by XS and their data demonstrated that the sound velocity profile of iron with
8 wt. % Si at 6000 K matches with PREM of the inner core. As mentioned above, the effect of
silicon on sound velocity of iron and the silicon content in the inner core have been discussed
in previous studies. However, the sound velocity measurements of Fe-Si alloy at high
temperature have not been reported and sound velocity of Fe-Si alloy at high pressure and
temperature is still unclear.

The sound velocity of hcp Fe-Si alloy at high pressure and temperature gives us an
important constraint on the composition of the Earth’s inner core. The candidate for the Earth’s
inner core is required to match both the core density and sound velocity at pressure and
temperature conditions of the core. Here, | reported the sound velocity of Fe-Si alloy up to 76
GPa and 2500 K based on IXS measurements and the effect of temperature on the sound

velocity of Fe-Si alloy and silicon content in the inner core were discussed.

4.2. Experimental procedure
4.2.1. Sample preparation

High pressure was generated by a symmetric-type DAC. The culet sizes of the
diamond anvils were 300 and 200 um, depending on the desired experimental pressures. The
starting material used in this study was Fe—6 wt. % Si alloy (99.9% purity; Rare Metallic Co.,
Ltd). A thin foil of starting material was made using a cold compression technique. The sample

foil was sandwiched between NaCl pellets, which worked as a pressure medium, thermal
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insulator, and pressure marker. A rhenium gasket was pre-indented to a thickness of 30-50 um

and 80-100 um in diameter hole and was drilled into the indentation to shape a sample chamber.

4.2.2. Inelastic X-ray scattering at SPring-8

Sound velocity of Fe-Si alloy was measured based on inelastic X-ray scattering
technique at the BL35XU beamline of the SPring-8 facility [Baron et al., 2000]. The Si (99 9)
backscattering optics was used, which provides an incident photon energy of 17.794 keV with
an energy resolution of 2.8 meV full width at half-maximum (FWHM). The scattered X-rays
were analyzed by 12 crystals, which are arranged in a 2-dimensional (3x4) array. The
momentum transfer, Q=2kosin(26/2), where ko is the wave vector of the incident photons and
26 is the scattering angle, was selected by rotating the spectrometer arm in the horizontal plane.
The X-ray beam size was focused to 16 umx16 pm by a Kirkpatrick-Baez (KB) mirror pair.
IXS spectra was collected in the range of Q= 6.15-9.52 nm™ at each pressure conditions. The
momentum resolution was set to about 0.4 nm™* full width. The experimental duration was about
8-12 hours at room temperature and 6-8 hours at high temperature condition.

In order to calculate the density of Fe-Si alloy, X-ray diffraction patterns of samples
were also obtained using a Flat panel detector (FP; C9732DK, Hamamatsu Photonics K.K.) at
same experimental conditions as IXS measurements. The camera length between the sample
and FP was calibrated by collecting the diffraction pattern of CeO,. The density of Fe-Si alloy
was calculated based on lattice parameters of Fe-Si alloy in XRD pattern. The experimental
pressure was determined from the lattice parameters of NaCl using the EOS of B2 phase [Fei
et al., 2007] of NaCl. The details of pressure calculation were shown in Chapter 2. Typical X-

ray diffraction pattern from the sample was shown in Fig. 4-1.
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IXS118 2500 K
68 GPa

Re (010)

hep (010), Re(011) . \

: \ NaCl (100)

\ hep (002)

hep (100)

Fig. 4-1. Typical 2D image of X-ray diffraction pattern at 68 GPa and 2500 K (run IXS118). The
diffraction patterns from hcp Fe-Si alloy, NaCl, and Re were observed.
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The example of the IXS spectra collected at 46 GPa and 1800 K was shown in Fig.
4-2. The spectra are characterized by an elastic contribution centered at zero energy and
inelastic contributions from Fe-Si alloy and diamond derived from the diamond anvils. As
shown in Fig. 4-2, the spectra derived from the longitudinal acoustic (LA) phonons of Fe-Si
alloy was observed between the peak of the elastic scattering of the sample and the transverse
acoustic (TA) phonons of the diamond. The energy positions of phonons were extracted by
fitting the spectra data with a set of Lorentzian functions. In order to determine the
compressional sound velocity (Vp), the obtained phonon dispersion were fitted using a sine

function as shown below:

E[meV]=4.192x10"*V,[M/ ] x Qyu [nm‘l]sin(Z Q[n—m‘lej (4.1)
2 Quax [nm~]

where E and Q are the energy and the momentum of the acoustic mode and Vp is the sound
velocity of Fe-Si alloy in this study. Qmax is corresponding to the first Brillouin zone edge [e.g.,
Fiquet et al., 2004]. Ve and Qmax Were taken as free parameters.

For high temperature experiments, the COMPAT laser-heating system, which has
been developed for LHDAC by Fukui et al. [2013], was used and the sample was heated using
fiber laser (A= 1.070 um). The temperature has been monitored for experimental duration and
recorded every 30 min during laser heating. Temperature was determined by fitting Plank’s
formula to a spectrum of thermal radiation from the sample. The experimental temperature was

calculated by averaging the variation in the heating area during the 1XS measurements.

4.3. Results
4.3.1. Sound velocity of Fe-Si alloy

IXS measurements were conducted in the pressure range from 44 to 76 GPa and the
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Fig. 4-2. Typical IXS spectra at 46GPa (run 1XS121). Peaks were assigned to an elastic scattering, LA
phonon of Fe-Si alloy, and Re using as gasket, and TA phonon of diamond using as anvils. The spectra

was fitted by a Lorentzian function.
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temperature range from 300 to 2500 K. The experimental conditions are summarized in Table
4-1. 1 conducted the experiments in the P-T conditions which corresponds to the crystal
structure of Fe-Si alloy as hcp phase because Earth’s inner core is considered to be hcp phase
[e.g., Tateno et al., 2010]. Dispersion curves of Fe-Si alloy at each measurement were shown
in Fig.4-3 and all dispersion curves were compiled in Fig. 4-4. The obtained density (p), Vp,
and Qwax in this study were also shown in Table 4-1. We can see that Ve and Qmax increases

with increasing pressure.

4.3.2. Birch s law of Fe-Si alloy

In order to define the Birch’s law of Fe-Si alloy, the result of IXS measurement of
Fe—6 wt. % Si at 94 GPa and 300 K was referred in this study [Takahata, 2015 (Master thesis)].
In Fig. 4-4, we can see that the dispersion curves of run IXS116, IXS117, and 1XS118 did not
follow the trend of other data. This is caused due to weak intensity of sample peak and lack of
quality of 1XS spectra. Therefore, the results of these runs cannot be used discussion and will
be excluded from the following discussion.

Fig. 4-5 shows the measured Vp of Fe-Si alloy as a function of density. The Vp of Fe-
Si alloy in this study were followed linear relationships between density and velocity, i.e.,
Birch’s law. To evaluate the effect of temperature on the sound velocity of Fe-Si alloy, the Vp
data at room temperature and high temperature were fitted separately using Birch’s law. The
Birch’s law of Fe—Si alloy at room temperature was obtained as shown below:
Vp = 0.89 + 0.19 x p—0.13 (+1.90) (4-2)
On the other hand, the Birch’s law at high temperature was expressed as below:

Vp = 0.85+ 0.22 x p+0.35 (+2.08) (4-3)
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Fig. 4-3. Dispersion curves in this study at (a) 67 GPa and 300 K, (b) 68 GPa and 2000K, (c) 68 GPa
and 2500 K, (d) 46 GPa and 1800 K, (e) 44 GPa and 300K, (f) 59 GPa and 1800 K, (g) 58 GPa and 1600
K, (h) 63 GPa and 2000 K, (i) 61 GPa and 300 K, (j) 76 GPa and 300 K, and (k) 70 GPa and 1600 K.
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Fig. 4-4. Dispersion curves of Fe-Si alloy in the pressure 44-76 GPa in this study. Experimental

conditions and obtained Ve and Qmax were shown in Table 4-1.
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4.4. Discussion
4.4.1. The effect of temperature on sound velocity of Fe-Si alloy

As shown in Fig. 4-5, the present results demonstrated that obtained Birch’s law at
high temperature is closely similar to that of room temperature, and Vp measured at high
temperature fall within errors of Vp at room temperature. Hence, the effect of temperature on
Vp of Fe-Si alloy could be negligible at least in present experimental conditions, below 2000
K. Recent experimental study about sound velocity of pure iron [Sakamaki et al., 2016] argued
that Ve of iron decreases with increasing temperature based on 1XS measurements in high
temperature conditions (~3000K). In view of the lack of experimental data of high temperature
conditions in this study, the thermal effect on Vp of Fe-Si alloy is likely to be obtained at more
high temperature conditions.

Then, including the relationships of Vp and p at high temperature, the obtained Birch’s
law was expressed as below in conclusion:

Vp=0.90£0.12 x p—0.15 (x1.19) (4-4)

4.4.2. Comparisons of Birch's law of Fe-Si alloy

In order to compare the Birch’s law of Fe—Si alloy between this study and previous
studies, the sound velocities of Fe—Si alloy measured by IXS method [Badro et al. 2007; Mao
et al. 2012] and NRIXS method [Lin et al., 2004] were summarized in Fig. 4-6. The slope of
Birch’s law in this study was good agreement with previous IXS results of FepgsSio.1s alloy
reported by Mao et al. [2012]. On the other hand, there are large differences between my results
and Vp of FeSi based on IXS measurements reported by Badro et al. [2007], and that of

Feo.g5Si0.15 alloy based on NRIXS method by Lin et al. [2004]. These differences were caused
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Fig. 4-5. The present results of measured Vp as a function of density. Blue solid square symbols
show the data of Vp at room temperature. Red solid circle symbols show the data measured at
high temperature. Black solid line represents the Birch’s law of all IXS data (without run
IXS116, IXS117, and IXS118). Red dashed line shows the Birch’s law of high temperature data
and Blue dashed line shows that of room temperature data, respectively.
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Fig. 4-6. Comparisons of Birch’s law of Fe—Si alloys. Blue squares and red circles show the Ve of Fe—
6 wt. % Si alloy at 300 K and high temperature conditions in this study. Black solid line represents the
Birch’s law of Fe—6 wt. % Si alloy in this study. Purple triangles show the results of Vp of FeSi based
on IXS measurements by Badro et al. [2007]. Green diamonds show the results of NRIXS measurements
of FeossSioas alloy by Lin et al. [2004]. In addition, orange triangles represent the results of IXS
measurements of FeogsSio.1s alloy by Mao et al. [2012].

76



Chapter 4: Sound velocity measurements of Fe—Si alloy at high pressure and temperature

due to the difference of crystal structure of Fe-Si alloy. The crystal structure of these Fe-Si

alloys are bcc phase, whereas the structure of Fe-Si alloy in this study is hcp phase.

4.4.3. The amount of silicon in the Earths inner core

The present experimental results of Ve for Fe—6 wt. % Si alloy demonstrated that the
effect of temperature on Vp of Fe-Si alloy was very small and negligible in the temperature
conditions below 2000 K. However, the temperature of the inner core was estimated to 5000
K-6000 K [e.g., Terasaki et al., 2011] and the thermal effect on Ve would not be ignored as
reported in the case of iron [e.g., Sakamaki et al. 2016]. In order to consider the effect of
temperature on Vp of Fe-Si alloy, the thermal effect on Vp of Fe—6wt. % Si was assumed to be
the same as that of pure iron in this study. According to the high-temperature Birch’s law of
iron which proposed by Sakamaki et al. [2016], the Eq. (4-4) can be expressed as follows:
Vp=0.90 +0.12 x p—0.15 (1.19) +[7.2x10 5% (T-300)x(p—14.2)] (4-5)

In order to estimate the amount of silicon in the Earth’s inner core, a linear mixing
model, which introduced by some previous works [e.g., Antonangeli et al., 2010; Badro et al.,
2007], was used. In this model, the average density p and sound velocity V of a two-component
ideal solid solution are given as follows:
p=xpresi +(1—X) pre (4-6)
and

— VFe—SiVFe
A= XV g + XV

(4-7)

where X is the volume function of Fe—6 wt. % Si alloy. The average density p and sound velocity
V were assigned to those of the inner core derived from the PREM [Dzeiewonski and Anderson,

1981]. The temperature at ICB was assumed to be 5500 K [e.g., Terasaki et al., 2011]. The
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density of pure iron, pre, at the high pressure and temperature conditions corresponding to the
inner core was estimated by using thermal equation of state of iron [Sakai et al. 2014] and Ve
was calculated based on a high—temperature Birch’s law of iron which proposed by Sakamaki
et al. [2015]. For the relation between pre-siand Vre-si, the obtained Birch’s law for Fe—6 wt. %
Si alloy in the present study was used (Eq. (4-5)) and the density of Fe-Si alloy at the inner
core condition was calculated by the thermal equation of state of Fe—9 wt. % alloy [Fischer et
al., 2014]. Sound velocities and Birch’s law of pure iron and Fe-Si alloys as a function of
density up to core pressure condition were summarized in Fig. 4-7.

Fig. 4-8 shows the comparison between the Vp of the linear mixing of Fe and Fe—6
wt. % Si and PREM at ICB condition as a function of density. From the data set of Eq. (4-6)
and Eq. (4-7) and considering the Vp and density errors of PREM [Masters, 1979], the volume
function of Fe—6 wt. % Si alloy x was determined to be 0.384(56), which indicate 2.2(3) wt. %
of silicon at the ICB conditions (330 GPa and 5500 K). The present result indicates that a Fe
alloy with 2.2(3) wt. % of silicon can explain both the density and sound velocity of the PREM
at ICB condition assuming that the light element in the inner core is only silicon. This estimate
value of silicon in the inner core is good agreement with previous IXS studies [Antonangeli et
al., 2010; Badro et al., 2007]. The 2.2 wt. % of silicon determined from IXS measurements in
this study may be the upper bound of the amount of silicon in the Earth’s inner core because
other light element, such as sulfur and oxygen, could be present in the core (see Chapter 3). It
is necessary to perform further experiments of the sound velocity of variety of iron-light

elements alloy at core condition for better understanding of composition of the Earth’s core.
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Fig. 4-7. Sound velocities and Birch’s law of pure iron and Fe-Si alloys as a function of density. Blue
squares and red circles show the Vp of Fe—6 wt. % Si alloy at 300 K and high temperature conditions in
this study. Black solid line represents the Birch’s law of Fe—6 wt. % Si alloy in this study. Open triangle
symbols represent the density and Ve of PREM [Dziewonski and Anderson, 1981]. The dashed lines
indicate the Birch’s law for pure iron at 300 K and 5500 K based on the XS measurements at high
pressure and temperature conditions [Sakamaki et al., 2016]. The density and Vp profiles at ICB
condition (330 GPa, 5500 K) of Fe and Fe-Si alloy were also shown as open squares.

79



Chapter 4: Sound velocity measurements of Fe—Si alloy at high pressure and temperature

11.4 |

<] PREM
| |— linear mixing model

11.2 |

V, [km/s]

10.8 | _
Fe-6 wt.%Si 5500 K
I ( This study) -
10.6 | _
1 |/ 1 | 1
12.0 12.5 13.0 13.5

Density [g/cm’]

Fig. 4-7. The Vp of the linear mixing of Fe and Fe—6 wt. % Si as a function of density. The solid blue
line represents the Vp of the linear mixing as a function of density. The linear mixing model was
expressed as the set of Eq. (4-6) and Eq. (4-7) (see main text).The open triangle symbol shows the Vp of
PREM at ICB condition. From the data set of Eq. (4-6) and Eq. (4-7) and considering the Vp and density
errors of PREM [Masters, 1979], the volume function of Fe—6 wt. % Si alloy x was determined to be
0.384(56), which indicate 2.16(33) wt. % of silicon at the ICB conditions (330 GPa and 5500 K).
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Chapter 5:

Summary

5.1. Summary

The physical properties, such as density and sound velocity, of the Earth’s deep
interior have been investigated by seismic observations known as PREM. We can provide a
constraint on the properties of the core by combining seismological data with mineral physics
data based on high pressure experiments. It is accepted that the core of the Earth is composed
of mainly Fe alloy. However, the density and sound velocity of pure iron at high pressure and
temperature conditions could not explain those of PREM. In order to account for the contrast
of density and sound velocity, the Earth’s core contains some light elements (S, Si, O, C, and
H). Sulfur and silicon are both major candidates as light elements in the core and some
geochemical models predicted that sulfur and silicon could be present not only in the core of
the Earth but also in the core of other terrestrial planets such as Mars and Mercury. In this study,
high pressure experiments in the Fe—S-Si system have been conducted to reveal the chemical
and physical properties of the Fe—S-Si system. The present experimental results were applied
to discuss the properties of the planetary core.

At first, the phase and melting relationships in the Fe-S-Si system have been
determined under high-pressure conditions. The phase and melting relationships in the Fe-S—
Si system were studied up to 60 GPa by using a double-sided laser-heated diamond anvil cell
combined with X-ray diffraction. | confirmed that hcp/fcc Fe-Si alloys and FesS are stable
phases under subsolidus conditions in the system. The liquidus phase changes from fcc to hcp
at around 40 GPa. Both solidus and liquidus temperatures are significantly lower than the
melting temperature of pure Fe, and both increase with increasing pressure. The slope of the

Fe—S-Si liquidus temperature determined here is 12 K/GPa, which is significantly smaller than
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the adiabatic temperature gradients of the liquid cores of Mercury and Mars, at around 18~27
K/GPa. Thus, crystallization of their cores started at the core—mantle boundary region even in
the cores containing both silicon and sulfur as light elements. This crystallization start is
consistent with the snowing-core model proposed by previous authors for the cores with the
Fe-S systems [Chen et al., 2008; Stewart et al., 2007].

Secondly, element partitioning between metallic solid and liquid in the Fe—S-Si

system were investigated up to 148 GPa based on the chemical analyses of recovered samples.
The present results of partitioning behavior of sulfur and silicon indicate that a silicon-rich solid
Fe alloy coexists with sulfur-rich metallic liquid. For discussion, the partition coefficients of
sulfur, silicon, and oxygen (Dsuitur, Dsilicon, Doxygen) Were obtained with the results of partitioning
experiments in the Fe-S—Si—O and Fe-S-Si—O-Ni systems.
In order to discuss the chemical structure of the Earth’s core, the Dsusur and Dsilicon Were
extrapolated to the ICB condition and estimated to be 0.02(2) and 1.25(72), respectively. These
results imply that sulfur is likely to be partitioned into the liquid outer core, whereas silicon is
likely to be partitioned into the solid inner core. In the case of oxygen, Doxygen at ICB condition
was assumed to be 0.76(56), suggests oxygen is slightly enriched in the liquid phase. Based on
the present partitioning data, the total amount of light elements in the bulk core of the Earth
was constrained to be 7.4-9.9 wt. % and compositional model of the inner and outer cores was
shown. The present results demonstrate that the present-day Earth has a sulfur-rich outer core
and a significant amount of sulfur may create the seismologically observed density contrast
between the inner and outer cores.

Finally, the sound velocity of Fe—6wt. % Si alloy at high pressure and temperature
conditions was measured using inelastic X-ray scattering (1XS) method at BL35XU beamline

of SPring-8 facility. XS measurements were conducted in the pressure range from 44 to 76
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GPa and the temperature range from 300 to 2500 K. The Vp of Fe-Si alloy in this study were
followed linear relationships between density and velocity. The present results showed that the
thermal effect on the Vp of Fe-Si alloy was very small than that of pure iron and the relationships
of Vp and p at high temperature, i.c., Birch’s law for Fe—6wt. % Si, was obtained as Vp = 0.90

+0.12 x p—0.15 (£1.19). By using linear mixing model, the present result indicates that 2.2(3)

wt. % of silicon in the inner core can explain both the density and sound velocity of the PREM
at ICB condition assuming that the light element in the inner core is only silicon.

In this study, sulfur and silicon were focused as light elements in the planetary core
and the composition of the Earth’s core was discussed from both physical and chemical
approaches. The present experimental results will provide an important constraint on the
chemical property of the Earth’s core assuming silicon and sulfur as light elements in the core.
Further experiment and theoretical information of the density and sound velocity on the variety

of iron alloys will help us for better understanding the “real” composition of the Earth’s core.
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