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Abstract 

Iron represents almost one third of the total mass of our planet, more than any other 

element existing in the Earth. Knowledge of the physical and chemical properties of iron-

bearing phases at high pressure and temperature (P-T) is crucial for understanding the 

thermal-chemical state and evolution of our planet. In this dissertation, I employed the 

diamond anvil cell (DAC) and synchrotron radiation facilities (e.g., X-ray diffraction and 

inelastic X-ray scattering spectroscopies) to study the phase stability, sound velocity and/or 

elasticity of representative iron-bearing phases of the mantle and core, namely 

ferromagnesite and iron alloys. 

In the Earth’s mantle, iron-bearing magnesite [(Mg,Fe)CO3] (hereafter called 

ferromagnesite) has been commonly proposed to be a potential deep-carbon carrier. 

Studying the spin transition and phase stability of ferromagnesite at high P-T is necessary 

for our understanding of the deep-carbon storage and the global carbon cycle of the Earth. 

Based on X-ray diffraction results, the spin crossover in ferromagnesite broadens and shifts 

toward higher pressures at elevated temperatures up to 1200 K. The rhombohedral 

ferromagnesite (phase I) is found to transform into a new orthorhombic high-pressure 

phase (phase II) up to the lower-mantle conditions of approximately 120 GPa and 2400 K. 
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It is conceivable that the high-spin phase I undergoes spin transition into the low-spin phase 

I approximately at 1400 km, and below 1900 km the high-pressure phase II becomes stable 

as a major deep-carbon carrier at the deeper parts of the lower mantle. 

In the Earth’s core, the primary constituent is iron that is alloyed with a certain 

amount of light elements. Studying the velocity-density profiles and elasticity of iron and 

iron-rich alloys at high P-T is essential for establishing satisfactory geophysical and 

geochemical models of the core. Based on the measured velocity-density-pressure 

relationships of bcc-Fe and Fe-Si alloy at high P-T, a strong velocity reduction is found at 

elevated temperatures. Furthermore, velocity-density profiles of hcp-Fe0.85Ni0.10Si0.05 alloy 

have been investigated up to 147 GPa using multiple complementary experimental 

techniques. The derived ρ-VP and ρ-VD profiles of hcp-Fe0.85Ni0.10Si0.05 exhibit concave 

curvatures with increasing pressure. The velocity-density profiles and Poisson’s ratio of 

the hcp-Fe alloyed with 5 (±2) wt. % Si and 5% Ni at 6000 K could match seismic 

observations of the inner core, indicating that silicon can be a potential major light element 

that satisfies geophysical constraints of the Earth’s core. 
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Chapter 1 Introduction 

Across the core-mantle boundary (CMB) (Fig. 1.1), the abundance of iron changes 

dramatically, with approximately 6 wt. % iron in the overlying mantle and approximately 

85 wt. % in the underlying core (McDonough and Sun, 1995). Compared to carbonaceous 

chondrites that are the usual choice of building blocks for the Earth, the mantle contains 

much less iron. Iron, the most abundant transition metal in the planet, has been shown to 

exist in almost all of the major mantle phases as the major transition metal element. Some 

of these representative major minerals include (Mg,Fe)SiO4 (olivine, wadsleyite, and 

ringwoodite), (Mg,Fe)SiO3 (pyroxene, perovskite, and post-perovskite), (Mg,Fe)O 

(ferropericlase), and (Mg,Fe)CO3 (ferromagnesite). The lower mantle might become more 

abundant in iron than the upper mantle because of extensive chemical interaction between 

the liquid outer core and the lower part of the lower mantle, with a molar Fe/(Mg+Fe) ratio 

of about 0.1 for the for upper mantle and about 0.2 for the lower mantle (Anderson, 2007). 

It is worthwhile to note that the occurrence of the electronic spin-paring transition of iron 

in the mantle ferropericlase may change the Fe/(Mg+Fe) ratio between perovskite and 

ferropericlase, the two most abundant phases in the lower mantle (Irifune et al., 2010). On 

the other hand, the Earth’s liquid outer core has been suggested to contain dominant iron 

with approximately 5 wt. % Ni and 10 wt. % elements lighter than iron, namely light 

element(s), while the solid inner core may have approximately 4 wt. % of light element(s). 

The relative enrichment in light elements of the outer core implies that some amount of 

light elements are expelled from the inner core during its solidification. A light element 

expulsion mechanism and the liquid-solid transition may account for the density jump of 

approximately 5% across the inner core boundary (ICB) (Hirose et al., 2013). Therefore, 
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the distribution of iron inside the Earth’s deep interior is of great importance to 

understanding the dynamics and evolution of our planet. 

 

 

 

Figure 1.1: The interior structure of the Earth. The four basic layers of Earth’s interior are 

the crust, silicate-rich mantle, liquid metallic outer core, and solid metallic 

inner core. Pressure, depth, temperature, and sound velocity profiles are based 

on literature results, e.g., the preliminary reference Earth model (PREM). 

Figure modified from Dziewonski and Anderson (1981). 

 

1.1 ELECTRONIC SPIN STATES OF IRON IN EARTH’S MANTLE 

Iron, the most abundant transition metal inside the Earth, exhibits various electronic 

spin (high-spin and low-spin) and valence (Fe2+ and Fe3+) states in lower mantle materials 

(see Lin and Tsuchiya (2008) and Lin et al. (2013) for a recent review). Under extreme 

conditions of the deep mantle, iron-bearing phases can undergo the electronic spin-pairing 
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transition of iron from the high-spin (HS) state to low-spin (LS) state (e.g., Badro et al., 

2003; Badro et al., 2004; Li et al., 2004; Lin et al., 2005a). According to the crystal field 

theory (CFT), the spin transition of iron in lower mantle minerals is a pressure-induced, 

volume-driven transition in which the applied pressure increases the crystal-field splitting 

energy that overcomes the spin-pairing energy (e.g., Burns, 1993). Specifically, for the 

ferrous iron (Fe2+) in the ambient silicates and oxides, it is energetically favorable for its 

3d electrons to occupy different orbital with the same electron spin in the HS state due to 

the crystal field splitting energy lower than the electronic spin-pairing energy (Burns, 

1993). The site occupancy, composition, and high pressure-temperature conditions can 

play a role in the crystal-field splitting energy with respect to the spin-pairing pairing, and 

thus the switchover between these two energy levels will trigger the electronic spin-pairing 

transition of iron from the HS to LS states (Lin et al., 2013). 

The spin crossovers of ferric and ferrous iron in the principle components of the 

mantle perovskite, ferropericlase, and possibly post-perovskite can significantly affect 

their thermoelastic, chemical, rheological, and transport properties of the materials in the 

region (see Lin and Tsuchiya (2008) and Lin et al. (2013) for recent reviews). It has been 

shown that there is a reduction in compressional and shear wave velocities across the iron 

spin transition (e.g., Crowhurst et al., 2008; Marquardt et al., 2009b), while high P-T 

experimental and theoretical results suggest that the spin crossover of ferropericlase under 

deep mantle conditions is broadened especially at elevated temperatures (Komabayashi et 

al., 2010; Lin et al., 2007a; Mao et al., 2011; Sturhahn et al., 2005; Tsuchiya et al., 2006). 

Along a typical mantle geotherm, the spin crossover in ferropericlase could occur 

approximately between 1700 and 2700 km depth (Mao et al., 2011). That is, the density 

and velocity jumps, which are observed in ferropericlase at room temperature due to a 

relatively sharp spin crossover, could spread over a large range of depth in the deep mantle. 
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Among all carbon-bearing minerals, carbonates are the dominant form in the 

Earth’s crust, and can be potentially carried into the Earth’s deep mantle through 

subduction of oceanic lithosphere (Brenker et al., 2007; Pal'yanov et al., 1999). In 

particular, ferromagnesite [(Mg,Fe)CO3] could be the main host of carbon due to its 

presence in subducting plates and its wide P-T stability field (Biellmann et al., 1993; Isshiki 

et al., 2004). Spin transition of iron in ferromagnesite has been recently observed to occur 

at approximately 45 GPa and room temperature using several experimental and theoretical 

techniques including high-pressure X-ray emission spectroscopy, X-ray diffraction, laser 

Raman spectroscopy, and first-principles calculations (e.g., Lavina et al., 2009; Mattila et 

al., 2007; Shi et al., 2008). The electronic spin-pairing transition of iron in ferromagnesite 

is accompanied by a 6-10% reduction in the unit-cell volume at 300 K, causing the low-

spin state denser and less compressible than the high-spin counterpart (Lin et al., 2012). 

The possible preferred-partition of iron into the low-spin ferromagnesite from the 

surrounding phases may further make it a potential stable deep-carbon host in the lower 

mantle (Badro et al., 2005; Irifune et al., 2010). Recent high-pressure experimental and 

theoretical studies have reported that ferromagnesite remains stable in the rhombohedral 

crystal structure under P-T conditions relevant to the lower mantle (Oganov et al., 2008; 

Skorodumova et al., 2005). In contrast, several studies have proposed very different 

scenarios for the (Mg,Fe)CO3 system at deep-mantle conditions including the chemical 

dissociation to CO2 and (Mg,Fe)O, the occurrence of the tetrahedrally-coordinated 

carbonates based on CO4 structural units, and various high-pressure phase transitions 

(Boulard et al., 2011; Boulard et al., 2012; Isshiki et al., 2004; Tao et al., 2013). Therefore, 

studying the spin transition and phase stability of ferromagnesite at high P-T conditions 

relevant to the Earth’s mantle would help us understand the nature of the spin crossover of 

the potential deep-carbon host as well as the global carbon cycle of our planet. 
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1.2 SOUND VELOCITY AND ELASTICITY OF IRON AND IRON ALLOYS IN EARTH’S CORE 

Seismic wave studies of the Earth’s core have revealed a number of intriguing 

properties including super rotation, low rigidity and viscosity, bulk attenuation, anomalous 

low shear wave velocity and extreme anisotropy ( see Dubrovinsky and Lin (2009) and 

Deuss (2014) for recent reviews). For instance, body wave and normal mode observations 

have found that the compressional waves passing through the inner core travel faster by 3-

4% in the north-south direction than along the east-west, a property known as seismic 

anisotropy (e.g., Creager, 1992; Morelli et al., 1986; Poupinet et al., 1983; Tromp, 1993; 

Woodhouse et al., 1986). Recent studies found that seismic anisotropy in the inner core is 

strongest in the western hemisphere and is much weaker in the eastern hemisphere 

(Mattesini et al., 2010), while the innermost region with a radius of 300-600 km exhibits a 

distinct anisotropy compared to the rest of the inner core (Ishii and Dziewoński, 2002; 

Wang et al., 2015). Seismic anisotropy and heterogeneity of the Earth's inner core may 

carry information about the evolution and dynamics of the core (Deguen, 2012). Now it is 

generally accepted that the inner core seismic anisotropy results from the preferred 

orientation of elastically anisotropic iron crystals (e.g., Stixrude and Cohen, 1995).  

Iron is the predominant component of the Earth’s core. Compared to the seismic 

Earth models (e.g., PREM), the density of pure iron is too high while its sound velocity is 

relatively low under conditions relevant to the Earth’s core, indicating that the Earth’s core 

is made of alloys of iron, nickel, and one or more light elements. The candidate light 

elements alloyed with iron in the core shall be evaluated in terms of cosmochemical, 

geochemical, geophysical and geodynamical observations, such as element abundances in 

carbonaceous chondrites, the element volatility and solubility during the Earth’s accretion 
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and core segregation, as well as the physical and chemical characteristics of the alloy with 

respect to that of the Earth’s core. To date, several potential light elements including 

hydrogen, carbon, oxygen, silicon, and sulfur, have been proposed to exist in the core (Li 

and Fei, 2014). Furthermore, the estimated core density deficit (CDD) is approximately 6-

10% for the outer core, and approximately 1-4% for the inner core. Successful core 

composition models must be able to satisfy seismic observations of density, sound velocity 

and anisotropy in the region. Establishing a reliable geophysical model of the core requires 

a large body of data on the crystal structure, equation of state (EoS), sound velocities, 

Poisson’s ratio, anisotropy and other elastic parameters of various iron-rich alloys at high 

pressure and high temperature (P-T) conditions relevant to the Earth’s core. 

Crystal structure and phase relationships of pure iron and iron-rich alloys have been 

extensively investigated by high-pressure experiments and theoretical calculations (Hirose 

et al., 2013). Pure iron has been shown to be stable in the hexagonal closest-packed (hcp) 

structure at relevant P-T conditions of the Earth’s inner core (Tateno et al., 2010), while 

the face-centered cubic (fcc) structure of pure iron might also coexist with the hcp phase 

in the region (Persson et al., 2011). Furthermore, there are also reports for the possible 

presence of the body-centered cubic (bcc) structure of Fe or Fe-rich alloys in the inner core 

due to the addition of Si, S and/or Ni in Fe that may stabilize the bcc phase at P-T conditions 

of the inner core (e.g., Belonoshko et al., 2003; Dubrovinsky et al., 2007; Lin et al., 2002b). 

It is worthwhile noting that the nature and structure of Fe and Fe-rich alloys are of great 

importance for interpreting the inner core seismic anisotropy as well as for evaluating the 

amount and type of light elements in the core, which in turn will fundamentally affect our 

understanding of the formation and dynamical evolution of the Earth. 

Comparison between seismic observations of the core and sound velocity-density 

relationships of candidate Fe-rich alloys at high pressures provides a plausible way to 
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determine the type and amount of potential light elements. The anomalously low shear 

wave velocity and high Poisson’s ratio of the inner core also provide robust constraints on 

the core composition. Most previous studies have focused on the sound velocity-density 

relationship constraints, leading to controversial conclusions concerning the light 

element(s) in the core. Therefore, it is indispensable to employ multiple complementary 

techniques by investigating several constraints together to explore the nature and the 

quantity of the candidate components in the Earth’s core. 
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Chapter 2 Experimental Techniques 

2.1 INTRODUCTION 

The experimental techniques used in this dissertation are introduced in this chapter. 

The high pressure device, namely diamond anvil cell (DAC), has been extensively used to 

produce static pressure on tiny samples of approximately 50 μm in diameter. Combined 

with resistive and laser heating techniques, a heated DAC can be used to determine physical 

and/or chemical properties of Earth materials simultaneously under high P-T conditions 

relevant to the Earth’s deep interior. To measure crystal structure, elastic and 

thermodynamic properties of iron-rich minerals and alloys, several synchrotron radiation 

facilities at the Advanced Photon Source (APS) have been employed, including X-ray 

diffraction (XRD), high energy resolution inelastic X-ray scattering (HERIX), and nuclear 

resonant X-ray inelastic scattering (NRIXS) spectroscopies. Experimental preparations 

were performed in the Mineral Physics Laboratory at the University of Texas at Austin. 

 

2.2 DIAMOND ANVIL CELL (DAC) 

In the field of high pressure science, both static and dynamic compression methods 

are currently used. For all compression studies, the pressure (P) subjected to a sample is 

equal to the force (F) applied upon it per unit area (A): P = F/A. The pressures at the center 

part of planetary interiors are extremely high. Pressures at the Earth’s inner core are 

approximately three million times higher than that at the surface. In order to reach such 

high pressures, one either could apply a very large force, or compress over a very small 

area. The dynamic shockwave compression belongs to the former, which can generate 

pressures beyond the Earth’s inner core by dynamically impacting the sample. On the other 
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hand, the static compression experiments, including DAC and the large volume press 

(LVP), belong to the latter.  

In a DAC, an extremely small sample that is approximately 20-100 μm in diameter 

is squeezed between a pair of diamond anvils with a very small culet. Diamond has been 

chosen as the probe window, primarily due to its X-ray and optical transparency as well as 

its extreme hardness. Two diamond anvils are aligned to face each other, with a Re gasket 

placed in between. A hole is drilled in the center of gasket and is used as the sample 

chamber having a small volume of approximately 10-4 mm3 or even smaller. In general, 

diamond anvils with a culet size of 300 and 200 μm in diameter can be safely used to 

generate maximum pressures of 65 and 90 GPa, respectively. To reach pressure beyond 1 

Mbar (1 Mbar = 100 GPa), beveled diamonds are generally employed. For instance, the 

150-300 μm culets can be used to produce pressure up to the core-mantle boundary (CBM) 

at approximately 135 GPa. Various pressure transmitting media (e.g., helium, neon, or 

NaCl) have been used to produce hydrostatic or quasi-hydrostatic environments 

surrounding the tiny sample. 

Four types of DACs were used in this work: short and normal symmetrical DACs, 

BX90 externally-heated DACs, and panoramic DACs. Short symmetrical and BX90 DACs 

have very large openings with 90 degrees and beyond. A Panoramic DAC was commonly 

used for the NRIXS measurements, since it has more accessible space from the side. In 

order to collect inelastic signals from the side, Beryllium (Be) gaskets were employed with 

cubic boron nitride (cBN) insert. Otherwise, rhenium (Re) and tungsten (W) gaskets were 

used for symmetrical and BX90 DACs, because they can hold much thicker samples at 

pressures above 30 GPa. 
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Figure 2.1: Diamond Anvil cell (DAC) setup. (a) A sketch of the side view of a DAC 

with a Re gasket. (b) BX9 externally-heated DAC. (c) Top view of the Re 

gasket with a sample chamber of 90 μm in diameter drilled at the center. (d) 

Top view of the sample chamber loaded with iron at the center of the cubic 

boron nitride (cBN) insert gasket. 

 

2.2 SYNCHROTRON X-RAY DIFFRACTION (XRD) 

The theory of synchrotron X-ray diffraction (XRD) experiments is identical to 

conventional XRD. It is an elastic X-ray scattering technique that probes the interplanar 

spacings (d) of a crystal as a function of the wavelength of the incident X-ray beam (λ) and 

diffraction angle (2θ) (Bragg’s law): 

2 sind n  ,         (2.1) 

where n is an integer. XRD patterns can be collected, by either varying X-ray wavelength 

(λ) or diffraction angle (2θ). The former method is known as energy-dispersive XRD and 

the latter as angular-dispersive XRD. There are many advantages to use synchrotron XRD 

to probe a tiny sample in a DAC, such as the high flux of several GHz and the high-

precision X-ray focusing down to a few μm. A MarCCD detector was used to collect two-

A B 

C D 
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dimensional XRD images which were processed and integrated using Fit2D software 

(Hammersley et al., 1996). The tilting and rotation of the MarCCD detector relative to the 

incident X-ray beam were calibrated using cesium dioxide (CeO2) powder as the X-ray 

diffraction standard. The sample-detector distance was calculated from the powder CeO2 

diffraction pattern at ambient conditions. From an XRD pattern, the unit cell volume and 

crystal structure of the sample can be derived. In this work, the XRD is mainly used for 

two purposes to characterize the structure and purity of starting materials, and to measure 

lattice parameters and density at high pressures for equation of state (EoS) study and 

pressure calibration. 

 

2.3 HIGH ENERGY RESOLUTION INELASTIC X-RAY SCATTERING (HERIX) 

Synchrotron-based inelastic X-ray scattering (IXS) spectrometers with an energy 

resolution of a few meV allow measurements of phonons and phonon-like collective 

excitations as a function of energy and momentum transfers for crystalline, amorphous or 

liquid matter. The theoretical aspect will not be included here and can be found in Burkel 

(2000). The basic kinematics of the inelastic X-ray scattering process is shown in Fig. 2.2: 

an incident X-ray photon with a certain monochromatic energy ћwi and wave vector �⃗� 𝑖 is 

scattered by the sample into a scattered photon characterized by energy ћws and wave 

vector �⃗� 𝑠. This inelastic X-ray scattering process corresponds to an energy transfer ћw = 

ћwi - ћws and the momentum transfer ћ�⃗�  = ћ�⃗� 𝑖 - ћ�⃗� 𝑠 . The momentum transfer (Q) is 

controlled by the scattering angle theta (θ) with the following relation (Fiquet et al., 2004): 

2 sin( )
2

iQ k


 .        (2.2) 
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Figure 2.2: A schematic diagram of an inelastic X-ray scattering process. i and s denote 

the incident and scattered X-ray photon, respectively. w is the angular 

frequency; �⃗�  is the wave vector; Θ is the scattering angle; Q is the 

momentum transfer;   

The momentum-resolved IXS spectrometer at the beamline 3-ID at the APS 

employs an in-line monochromator, instead of a back scattering monochromator. A 

schematic view of the main components of the spectrometer at the APS is given in Fig. 2.3. 

The synchrotron X-ray incident beam of 21.657 keV with an energy bandwidth of 2.2 meV 

is produced by a 2.5 m long undulator with a 2.7 cm magnetic field period at the storage 

ring of the APS at sector 3 (Sinn et al., 2001). The major optical components for the 

spectrometer are a high-heat-load monochromator (HHLM) consisting of water-cooled 

diamond crystals, a cryogenically cooled six-reflection high-resolution monochromator 

(HRM), a toroidal mirror and a Kirkpatrick-Baez (KB) mirror used in tandem, a 6 m long 

analyzer arm equipped with 4 analyzers working very close to back reflection (89.98o), and 

a 4-element solid state detector (Alatas et al., 2011). The combined toroidal and KB mirror 

system in tandem can improve the focal beam-spot size by approximately 20 μm × 17 μm. 

Detailed information on HERIX data analyses will be described in chapters 5 and 6. 
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Figure 2.3: Sector 3-ID-C at the Advanced Photon Source. (a) Schematic view of HERIX 

spectrometer at the beamline 3-ID of the APS showing the relative position 

of optical elements from the source (after Alatas et al. (2011)). (b) A picture 

taken inside the experimental hutch, with the downstream direction on the 

left-hand side of the image. 

  

B 

A 
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Figure 2.4: NRIXS spectra of 57Fe-enriched Fe-Ni-Si alloy at high pressures. Open 

symbols are experimental data. The strong peak at 0 meV corresponds to the 

elastic peak. 

 

2.4 NUCLEAR RESONANT INELASTIC X-RAY SCATTERING (NRIXS) 

Nuclear Resonant Inelastic X-ray Scattering (NRIXS) is a powerful technique that 

gives information about the vibrational properties of a crystal lattice. It probes the energy 

levels of the nuclear resonant nuclei, such as 57Fe in this study. One can take advantage of 

the accessible nuclear resonant transition of 57Fe to probe the excitation of the nucleus and 
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the vibrations of iron (phonons) in the mineral lattice. By measuring the phonon excitation 

and annihilation probability at varying energies, partial phonon density of state (DoS) can 

be extracted along the direction of the incident X-ray. Detailed description of this technique 

is discussed in Sturhahn (2000). 

NRIXS experiments were performed at 3IDB of the APS, ANL. The incident X-

ray beam with a bandwidth of 1.2 meV (energy resolution) was focused by a Kirkpatrick-

Baez (KB) mirror system to a beamsize of ~10 × 10 μm2 at the sample position (Zhao et 

al., 2004). The NRIXS energy spectrum was obtained by tuning the X-ray energy from 

approximately -90 to +100 meV around the 57Fe nuclear transition energy at 14.4125 keV 

with a step size of 0.25 meV (Fig. 2.4). Using this method, the Debye sound velocity can 

be derived for 57Fe-enriched alloys and minerals at high pressures. More information on 

this procedure is introduced in chapter 6. 
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Chapter 3 Spin Transition of Ferromagnesite at High P-T1 

3.1 INTRODUCTION 

The existence of oxidized carbon in the Earth’s deep interior can significantly affect 

a number of geophysical and geochemical properties of the planet (e.g., Dasgupta and 

Hirschmann, 2010; Gaillard et al., 2008). Due to the nominally low solubility of carbon in 

the main minerals of the mantle (Dasgupta et al., 2013; Keppler et al., 2003), carbon from 

primordial origins or altered ocean crusts is expected to be present as accessory phases in 

the deep mantle, such as carbonates, carbonate melts, carbon bearing fluids, diamond, 

and/or iron carbides (e.g., Alt and Teagle, 1999; Berg, 1986; Pal'yanov et al., 1999). 

Laboratory studies of carbon-bearing minerals at high pressures and temperatures (P-T) 

can provide crucial constraints on the role and behavior of deep carbon in the geochemistry 

and geophysics of the Earth’s mantle, and therefore the mantle’s role in the global carbon 

cycle (Hazen et al., 2012). Magnesite [MgCO3] has been reported to be stable at relevant 

P-T conditions of the Earth’s lower mantle (Isshiki et al., 2004; Oganov et al., 2008). High 

P-T experiments on carbonated peridotite and eclogite further showed that approximately 

20 mole% siderite [FeCO3] can be dissolved in magnesite, forming ferromagnesite 

[(Mg,Fe)CO3] with rhombohedral structure (Dasgupta et al., 2004), which could be a stable 

major deep-carbon host in the lower mantle.  

Iron as a transition metal is known to play an important role in the physical, 

chemical, and transport properties of the mantle minerals due to the various electronic spin 

and valence states exhibited by the 3d electrons of iron at high P-T conditions (Lin and 

                                                 
1Liu, J., Lin, J.-F., Mao, Z., Prakapenka, V.B., 2014b. Thermal equation of state and spin transition of 

magnesiosiderite at high pressure and temperature. Am. Mineral. 99, 84-93. 

Co-Author Contributions: 

Jung-Fu Lin: Academic supervisor. Guidance of mineral physics concepts and acted as primary editor of 

the manuscript. 

Zhu Mao: Assited to data analysis and reviewed the manuscript. 

Vitali B. Prakapenka: Assited to synchrrotron experiments and reviewed the manuscript. 
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Tsuchiya, 2008). An electronic high-spin (HS) to low-spin (LS) transition of iron in the 

magnesite-siderite system has been recently observed to occur at approximately 45 GPa 

using a number of experimental and theoretical techniques including high-pressure X-ray 

emission spectroscopy, X-ray diffraction, laser Raman spectroscopy, and first-principles 

calculations (Farfan et al., 2012; Lavina et al., 2009; Lavina et al., 2010a; Lavina et al., 

2010b; Lin et al., 2012; Mattila et al., 2007; Nagai et al., 2010; Shi et al., 2008). This 

transition is associated with a 6-10% reduction in the unit-cell volume, making the LS state 

denser and more incompressible than the HS counterpart (Farfan et al., 2012; Lavina et al., 

2009; Lavina et al., 2010a; Lin et al., 2012; Nagai et al., 2010). It has been suggested that 

iron may preferentially partition into the LS ferromagnesite, which would make it a stable 

deep-carbon host in the lower mantle (Farfan et al., 2012; Lavina et al., 2009; Lavina et al., 

2010a; Lavina et al., 2010b; Lin et al., 2012; Nagai et al., 2010). On the other hand, iron-

bearing magnesite and siderite have been reported to transform into an assemblage of 

magnetite, nano-diamonds, and a new high-pressure phase with three-membered rings of 

corner-sharing (CO4)4- tetrahedra at pressures exceeding 40 GPa and high temperatures 

(Boulard et al., 2011; Boulard et al., 2012). Furthermore, the electronic spin-pairing 

transition of Fe2+ and its associated effects on the thermal EoS of the magnesite-siderite 

system have only been previously investigated at high pressures and room temperature.  

Spin transitions of ferric and ferrous iron and their associated effects have also been 

reported to occur in other iron-bearing mantle minerals at high pressures, including 

ferropericlase, perovskite, and post-perovskite (See Lin and Tsuchiya (2008) and Lin et al. 

(2013) for recent reviews). In particular, the spin transition of iron has been observed to 

affect a number of physical and chemical properties of ferropericlase including density, 

incompressibility, sound velocities, and transport properties (Crowhurst et al., 2008; Fei et 

al., 2007b; Komabayashi et al., 2010; Lin et al., 2005a; Lin et al., 2006; Lin et al., 2007b; 
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Mao et al., 2011; Marquardt et al., 2009a; Marquardt et al., 2009b; Speziale et al., 2007; 

Tsuchiya et al., 2006; Wentzcovitch et al., 2009; Wu et al., 2009). Recent theoretical and 

experimental studies also show that the spin transition becomes a broad, continuous spin 

crossover at high P-T conditions (Komabayashi et al., 2010; Lin et al., 2007a; Mao et al., 

2011; Tsuchiya et al., 2006; Wentzcovitch et al., 2009; Wu et al., 2009). Along a typical 

mantle geotherm (Brown and Shankland, 1981), the spin crossover in ferropericlase is 

expected to occur approximately between 1700 and 2700-km depth (e.g., Mao et al., 2011). 

Therefore, studying the spin transition and its associated effects on thermal EoS parameters 

in the magnesite-siderite system at relevant P-T conditions of the Earth’s mantle would 

help us understand the nature of the spin crossover as well as the characteristics of this 

potential deep-carbon host.  

In the present work, synchrotron X-ray diffraction measurements on ferromagnesite 

[(Mg0.35Fe0.65)CO3] have been carried out in an externally-heated diamond anvil cell 

(EHDAC) or a laser-heated diamond anvil cell (LHDAC) at high P-T conditions in order 

to understand its thermal EoS parameters across the spin crossover. The P-V-T relations of 

ferromagnesite was used to model the spin-crossover diagram up to 80 GPa and 1200 K 

and to derive thermal EoS parameters for HS, LS, and mixed-spin states, respectively. The 

modeled spin-crossover diagram of ferromagnesite shows that increasing temperature 

broadens the width of the spin crossover toward higher pressures. These results are applied 

to decipher the role of ferromagnesite in the lower-mantle deep-carbon storage. 

 

3.2 EXPERIMENTAL METHODS 

A natural single-crystal ferromagnesite from Brazil was used as the starting 

material, which has been previously studied by Lin et al. (2012) using optical Raman and 
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synchrotron X-ray diffraction spectroscopies at high pressures and room temperature. 

Briefly, electron microprobe and XRD analyses showed that the sample is chemically 

homogeneous within analytical uncertainties, and has a composition of 

(Mg0.33Mn0.02Fe0.65)CO3 with lattice parameters a = 4.6753 (±0.0012) Å and c = 15.2794 

(±0.0030) Å; for simplicity, the composition of the sample is referred to as 

(Mg0.35Fe0.65)CO3 by ignoring the manganese content and by keeping the amount of iron 

fixed. Visual observations using a high-magnification optical microscope showed that the 

single-crystal sample was optically homogenous without any signs of chemical inclusions 

or variations in color. High P-T X-ray diffraction experiments were conducted at 13IDD 

beamline of the GSECARS of the Advanced Photon Source (APS), Argonne National 

Laboratory (ANL), using a monochromatic X-ray beam with a wavelength of 0.3344 Å. 

Single-crystal or powder X-ray diffraction (XRD) measurements were performed using an 

EHDAC (Kantor et al., 2012) or an LHDAC (Prakapenka et al., 2008). A MarCCD detector 

was used to collect two-dimensional XRD images which were processed and integrated 

using Fit2D software (Hammersley et al., 1996). The tilting and rotation of the MarCCD 

detector relative to the incident X-ray beam were calibrated using cesium dioxide (CeO2) 

powder as the X-ray diffraction standard. The sample-detector distance was calculated 

from the powder CeO2 diffraction pattern at ambient conditions. 

For the EHDAC experiments, both powder and single-crystal XRD measurements 

were performed using Ne as the pressure medium. For the single-crystal experiments, a 

piece of the single-crystal ferromagnesite was cleaved from the natural crystal along the 

(101) plane and loaded into an EHDAC, together with a 5 m pellet of Au powder as the 

pressure calibrant (Fei et al., 2007a). A K-type thermocouple was attached to the pavilion 

of the diamond, approximately 500 m away from its culet, and used to monitor the 

temperature. For the powder runs, powdered ferromagnesite was mixed with 3 wt. % 
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micro-sized Au powder as the pressure calibrant (Fei et al., 2007a) by mechanically 

grinding the mixture for approximately 4 hours. Subsequently, the mixture was slightly 

pressed between two opposing diamond anvils to form an approximately 15 m thick disk. 

The powder sample disk was loaded into an EHDAC with 300 m culets and a Re gasket, 

which was pre-indented to 30 m thick and had a drill hole of 150 m diameter. 

 Two runs of the LHDAC experiments were conducted using the double-sided 

Nd:YLF laser heating system at GSECARS (Prakapenka et al., 2008). The aforementioned 

powder sample disk was sandwiched between two dried NaCl disks, which functioned as 

the thermal insulator and pressure medium, in a symmetric DAC with 300 or 200 m culets 

and a Re gasket. To remove any potential air and moisture contamination in the sample 

chamber, the sandwiched sample assemblage was evacuated for 30 minutes before closing 

the sample chamber in vacuum using the high-pressure gas loading system in the Mineral 

Physics Laboratory of the University of Texas at Austin. Two infrared laser beams were 

focused down to 25 m diameter on both sides of the sample, and were co-axially aligned 

with the incoming X-ray beam using the X-ray induced luminescence on the sample and 

NaCl (Prakapenka et al., 2008). Temperatures of the heated samples were determined by 

fitting the measured thermal radiation spectra assuming the gray body approximation 

(Prakapenka et al., 2008). The uncertainty of temperatures (1σ) was ±50 K based on 

multiple temperature measurements from both sides of the laser-heated sample. Pressures 

were calculated from in situ XRD patterns of the Au standard (Fei et al., 2007a).  

 

3.3 RESULTS AND DATA ANALYSES 

XRD patterns of the sample were collected at five given temperatures (300 K, 450 

K, 600 K, 750 K and 1200 K) in 1-3 GPa intervals up to 78 GPa (Figs. 3.1 and 3.2); data 



 21 

at 1200 K were taken from the LHDAC experiments while all other high-temperature 

points were obtained from the EHDAC experiments. The laser heating temperature was 

limited to 1200 K because Fe-rich ferromagnesite has been reported to transform into a 

new Fe3+-bearing high-pressure phase at temperatures above 1850 K and high pressures 

(Boulard et al., 2011; Boulard et al., 2012). The unit-cell parameters of the ferromagnesite 

and Au in this study were calculated using 3-8 diffraction lines, respectively, at high P-T 

(Fig. 3.3). Analyses of the XRD patterns from heated and quenched sample assemblages 

only showed diffraction peaks from the sample, Au calibrant, and Ne or NaCl medium, 

indicating that the sample remained stable in the rhombohedral structure and that no 

dissociation or chemical reaction had occurred in the sample during high P-T experiments 

(Figs. 3.1 and 3.2). All error bars reported here are derived from standard error 

propagations and represent +1σ. 

The compression curve of (Mg0.35Fe0.65)CO3 at 300 K shows a dramatic volume 

reduction of 6.5% over a pressure interval of ~4 GPa from 43.4 (±0.4) GPa to 47.5 (±0.5) 

GPa, consistent with the spin transition pressure reported previously (Farfan et al., 2012; 

Lavina et al., 2009; Lavina et al., 2010a; Lavina et al., 2010b; Lin et al., 2012; Mattila et 

al., 2007; Nagai et al., 2010; Shi et al., 2008). The P-V curves at given high temperatures 

clearly show an increase in the onset pressure and the width of the volume reduction; i.e., 

the volume reduction at 1200 K starts at 53.2 (±0.5) GPa and ends at 63 (±0.5) GPa over a 

pressure interval of approximately 10 GPa (Fig. 3.3). The P-V-T curves were used to derive 

thermal EoS parameters of the HS, LS, and mixed-spin states as well as the spin-crossover 

diagram of the ferromagnesite. 
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Figure 3.1: Representative X-ray diffraction patterns of ferromagnesite 

[(Mg0.35Fe0.65)CO3] measured from an EHDAC. Gold (Au) was used as the 

internal pressure calibrant (Fei et al., 2007a), while Neon (Ne) was used as 

the thermal insulator and pressure medium. The wavelength of the 

monochromatic X-ray beam was 0.3344 Å. 
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Figure 3.2: Representative X-ray diffraction patterns of ferromagnesite 

[(Mg0.35Fe0.65)CO3] at high pressures and 1200 K measured from a LHDAC. 

HS and LS states are labeled to illustrate the splitting of the diffraction peaks 

across the spin transition. Gold (Au) was used as the internal pressure 

calibrant (Fei et al., 2007a), while sodium chloride (NaCl) in B1 or B2 

structure was used as the thermal insulator and pressure medium. The 

wavelength of the monochromatic X-ray beam was 0.3344 Å. 
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(𝐾0
′) at ambient conditions using the EosFit v5.2 programs (Birch, 1978; Angel, 2000), 

yielding V0 = 289.2 (±0.1) Å3, K0 = 109.2 (±1.3) GPa, and 𝐾0
′ = 4.9 (±0.2) for the HS state 

(Table 3.1). In order to identify the onset pressure for the occurrence of the LS state (PLS) 

and the ending pressure for the HS state (PHS), present experimental data were compared 

with the modeled P-V curve for the HS state (Mao et al., 2011; Speziale et al., 2007)—the 

PLS and PHS can thus be determined from the variation in the volume difference between 

the experimental P-V data and the modeled HS P-V curve (Fig. 3.3 insert), yielding PLS = 

43.4 (± 0.4) GPa and PHS = 47.5 (± 0.5) GPa, with a width of 4.1 (± 0.9) GPa. Additionally, 

EoS parameters for the LS ferromagnesite were obtained from fitting the P-V data between 

47.5 GPa and 78 GPa with the third order BM EoS (Table 3.2). The derived V0, K0, and 

𝐾0
′ values for the HS and LS states at 300 K are in good agreement with previous reports 

(Farfan et al., 2012; Lavina et al., 2009; Lavina et al., 2010a; Lavina et al., 2010b; Lin et 

al., 2012; Nagai et al., 2010).  
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Table 3.1: Thermal elastic parameters of the Fe-bearing magnesite [(Mg,Fe)CO3] in the 

high-spin state at ambient conditions. The thermal equation of state 

parameters were derived using the Birch-Murnaghan EOS when possible 

(Birch, 1978). Literature values were refitted with the linear function for the 

thermal expansion coefficients in order to have more consistent systematic 

comparisons. Error bars represent one standard deviation in experimental 

uncertainties in our study. 

 V0 (Å
3) 

K0T 

(GPa) 
𝐾𝑇

′  
(∂KT/∂T)0P 

(GPa/K) 

α0 

(10-5 K-1) 

α1 

(10-8 K-2) 

This studya 289.2 

(±0.1) 

109.2 

(±1.3) 

4.9 

(±0.2) 

-0.0262 

(±0.0021) 

2.79 

(±0.21) 

0.95 

(±0.30) 

Lin et al. (2012)a 289.1 

(±0.1) 

108 

(±2) 

4.8 

(±0.2) 

   

Lavina et al. (2010b)b 294.4 

(±0.3) 

110 

(±2) 

4.6 

(±0.2) 

   

Lavina et al. (2010a)c 281.0 

(±0.5) 

102.8 

(±0.3) 

5.44    

Nagai et al. (2010)d 293.5 

(±0.1) 

120  

(±3) 

4.3    

Zhang et al. (1998)e 292.828 

(±0.035) 

117 

(±1) 

4* -0.031 

(±0.003) 

1.76 

(±0.35) 

3.46 

(±0.62) 

Zhang et al. (1998)f 288.314 

(±0.133) 

112 

 (±1) 

4* -0.026 

(±0.002) 

2.09 

(±0.23) 

2.97 

(±0.39) 

Litasov et al. (2008)g 279.55 

(±0.02) 

97.1 

(±0.5) 

5.44 

(±0.07) 

-0.013 

(±0.001) 

4.03 

(±0.07) 

0.49 

(±0.10) 

Isshiki et al. (2004)h  103 

(±2) 

5    

Fiquet et al. (2002)i 279.2 

(±0.2) 

108 

(±3) 

5.0 

(±0.2) 

   

Zhang et al. (1997)i 279.32 

(±0.15) 

103 

(±1) 

4* -0.021 

(±0.002) 

3.15 

(±0.17) 

2.32 

(±0.28) 
a (Fe0.65Mg0.33Mn0.02)CO3; b (Fe0.96Mg0.04)CO3; c (Mg0.87Fe0.12Ca0.01)CO3; d (Fe0.73Mg0.22Mn0.05)CO3;  
e (Fe0.998Mn0.002)CO3; f (Fe0.60Mg0.38Mn0.02)CO3; g (Mg0.975Fe0.015Mn0.006Ca0.004)CO3; h (Mg0.994Ca0.006)CO3; 
i MgCO3; * Fixed at 4. 
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Table 3.2: Thermal elastic parameters of the low-spin ferromagnesite. The thermal 

equation of state parameters were derived using the Birch-Murnaghan EOS 

(Birch, 1978). Error bars represent one standard deviation in experimental 

uncertainties in our study. 

 V0 (Å3) 
K0T 

(GPa) 
𝐾T

′  
(∂KT/∂T)0P 

(GPa/K) 

α0 

(10-5 K-1) 

α1 

(10-8 K-2) 

This study (LS)a 265.1 

(±3.2) 

124.6 

(±3.3) 

5.3 

(±0.2) 

-0.0234 

(±0.0052) 

2.31 

(±0.20) 

0.14 

(±0.09) 

Lin et al. (2012)a 267 

(±2) 

127 

(±5) 

5.1 

(±0.2) 

   

Lavina et al. (2009)b 263  

(±3) 

148 

(±12) 

5    

a (Fe0.65Mg0.33Mn0.02)CO3; b (Fe0.72Mg0.24Mn0.03Ca0.01)CO3 

 

3.3.2 Thermal Equation of State Parameters 

For P-V data at elevated temperatures, the third-order isothermal BM EoS was 

employed to derive the thermal EoS parameters for the HS and LS states using the EosFit 

v5.2 programs (Birch, 1978; Angel, 2000): 

 
7 5 7

3 3 3
'0 0 0 0
0

3 3
( , ) 1 4 1

2 4

T T T T
T

K V V V
P V T K

V V V

    
                   

              ,  (3.1) 

where 0T denotes ambient pressure and a given high temperature, respectively. Neglecting 

higher-order pressure derivatives of the bulk modulus and assuming that 𝐾0𝑇
′  is a constant 

in the temperature range of our study (Zhang et al., 1998), the K0T can be determined using 

the following equation: 

0 0 0( / ) ( 300)T T PK K K T T    
,      (3.2) 

where (𝜕𝐾𝑇 𝜕𝑇⁄ )0𝑃 is the temperature derivative of the bulk modulus at ambient pressure. 

The (𝜕𝐾𝑇 𝜕𝑇⁄ )0𝑃 is found to be a constant within the temperature range of our study. The 

zero-pressure unit-cell volume (V0T) at an elevated temperature T is expressed as: 
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0 0

300

exp

T

T TV V dT 
,  (3.3) 

where αT is the thermal expansion coefficient at high temperature and ambient pressure. 

In our model here, αT is assumed to be a linear function of temperature: 

0 1T T   
,  (3.4) 

where α0 and α1 are constants. The thermal expansion coefficient has also been modeled 

by using a polynomial function, instead of the above linear function, but the second-order 

constant is found to be too insignificant to justify the use of the polynomial function within 

our limited temperature range. 

The modeled P-V-T curves for the HS state were then used as the reference for 

derivation of the PLS and PHS using the variation in the volume difference between the 

modeled results and experimental data at high P-T (Fig. 3.3 insert). Thermal EoS 

parameters of the LS state can then be determined using the same aforementioned 

procedure. These analyses show that the HS state exhibits (𝜕𝐾𝑇 𝜕𝑇⁄ )0𝑃  = -0.0262 

(±0.0021) GPa/K and α (K-1) = 2.79 (±0.21) × 10-5 + 0.95 (±0.30) × 10-8 T (Table 3.1), 

while the LS state has (𝜕𝐾𝑇 𝜕𝑇⁄ )0𝑃 = -0.0234 (±0.0052) GPa/K and α (K-1) = 2.31 (±0.20) 

× 10-5 + 0.14 (±0.09) × 10-8 T (Table 3.2). 
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Figure 3.3: Pressure-volume relations of ferromagnesite [(Mg0.35Fe0.65)CO3] at high P-T. 

Open circles: experimental measurements; lines: modeled results. The insert 

figure shows the volume difference between experimental results and the HS 

state reference. 

 

3.3.3 Spin-Crossover Diagram  

The P-V-T relations of the ferromagnesite were used to derive the fraction of the 

HS and LS states for constructing the spin-crossover diagram. Following the 

thermodynamic methods described previously (Mao et al., 2011; Speziale et al., 2007; 

Tsuchiya et al., 2006; Wentzcovitch et al., 2009), the unit cell volume of the sample within 

the spin crossover was treated as an ideal solid-solution mixture of the HS and LS states: 

(1 )LS LS LS HSV n V n V  
,       (3.5) 

where VHS and VLS are the unit cell volume of the HS and LS states, respectively, and nLS 

is the LS fraction. With the experimentally-determined nLS at a given temperature (Fig. 

3.4), the LS fraction of ferromagnesite at a given P-T condition was modeled using the 
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Gibbs free energy difference between the LS and HS states (ΔGLS-HS) across the spin 

crossover (Speziale et al., 2007; Tsuchiya et al., 2006; Wentzcovitch et al., 2009): 

 1/ 1 exp( / )LS LS HSn G T  
,       (3.6) 

where the P-T dependence of the ΔGLS-HS is expressed using the following empirical 

relation: 

0 1( ) / ( )LS HS HS LS HSG b b P P P P    
,     (3.7) 

where b0 and b1 are two temperature-dependent constants, and PLS and PHS are the onset 

pressure for the occurrence of the LS state and the ending pressure for the HS state, 

respectively. Parameters b0 and b1 are derived from the non-linear least square fit of the 

experimentally-determined nLS as a function of P-T. Note that this model has been 

successfully applied to derive the spin-crossover diagram of the lower-mantle 

ferropericlase using experimentally-measured thermal P-V-T data (Mao et al., 2011). Using 

the derived width of the spin transition and thermal EoS parameters of the ferromagnesite, 

the fraction of the LS state and the spin-crossover diagram can be derived from modeling 

our data between 300 K and 1200 K at high pressures (Figs. 3.4 and 3.5). The spin-

crossover diagram shows apparently positive values for the effective dP/dT of the transition 

boundaries and the width of the spin crossover widens at higher temperatures (Fig. 3.5).  
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Figure 3.4: Low-spin fraction of ferromagnesite [(Mg0.35Fe0.65)CO3] as a function of 

pressure compared with the fitting results. Open circles: experimental 

measurements; lines: fitting results. Vertical ticks represent the error for the 

low-spin fraction. Errors are calculated using standard error propagations 

from our modeled parameters. 
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Figure 3.5: Spin crossover of iron in ferromagnesite [(Mg0.35Fe0.65)CO3] at high P-T. 

The color bar on the right represents the fraction of the LS state. 

 

3.3.4 Thermal Elastic Properties along an Isotherm 

Using our derived thermal EoS parameters and the LS fraction, thermoelastic 

properties of ferromagnesite, including thermal expansion coefficient (α), isothermal bulk 

modulus (KT), and bulk sound velocity (VΦ), have also been derived at given temperatures 

(300 K, 450 K, 600 K, 750 K and 1200 K) and high pressures up to 80 GPa across the spin 

crossover (Figs. 3.6 and 3.7). The thermal expansion coefficient across the transition is 

defined as (Mao et al., 2011): 
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1 1 [ (1 ) ]LS LS LS HSV n V n V

V T V T


   
 

  .  (3.8) 

The isothermal bulk modulus is calculated using the equation (Wentzcovitch et al., 

2009): 

(1 ) ( )( )LS HS LS
LS LS LS HS T

T LS HS

V V V n
n n V V

K K K P


    


,  (3.9) 

where KHS and KLS are the isothermal bulk modulus of the HS and LS state at a given P-T 

condition, respectively. The last term accounts for the pressure-dependent LS fraction that 

can affect the modulus as a result of the anomalous volume reduction (VLS-VHS) across the 

transition (Fig. 3.6b) (Wentzcovitch et al., 2009). With the derived KT and α, the bulk sound 

velocity (VΦ) can be calculated using the equations: 

/SV K  
,  (3.10) 

and  

(1 )S TK T K 
,  (3.11) 

where KS is the adiabatic bulk modulus, ρ is density, and γ is the thermodynamic Grüneisen 

parameter. Because the γ value of the sample at high P-T remains unknown across the spin 

transition, the following equation was used to calculate γ at ambient conditions and assume 

it remains a constant at high P-T: 

S

P

K

C







,  (3.12) 

where KS is the adiabatic bulk modulus and CP is the heat capacity at constant pressure. 

Using the values of α = 3.08 × 10-5 K-1 (this study), KS = 113.4 GPa (Sanchez-Valle et al., 
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2011), ρ = 3.654 g/cm3 (this study), and CP = 82.44 J/(mol·K) (Robie et al., 1984) at 300 

K, the calculated γ value is 1.16 (±0.12).  

 

Figure 3.6: Thermal elastic parameters of ferromagnesite [(Mg0.35Fe0.65)CO3] at constant 

temperatures. α: thermal expansion coefficient; KT: isothermal bulk modulus; 

VΦ: bulk sound velocity. Vertical ticks: representative errors (±1σ) for α, KT 

and VΦ, respectively. 
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Figure 3.7: Variations of thermal elastic parameters for the LS ferromagnesite at constant 

temperatures using the HS state as the reference. α: thermal expansion 

coefficient; KT: isothermal bulk modulus; VΦ: bulk sound velocity. Vertical 

ticks: representative errors. 
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3.4 DISCUSSION 

3.4.1 Spin Crossover at High P-T 

The modeled spin-crossover diagram of ferromagnesite shows an extended 

crossover behavior at high temperatures with an apparently positive value for the effective 

dP/dT of approximately 10 MPa/K (Fig. 3.5). Specifically, the width of the transition is 

approximately 4 GPa at 300 K but expands to approximately 10 GPa at 1200 K. The onset 

pressure for the occurrence of the LS state increases from 43.4 (±0.4) GPa at 300 K to 53.2 

(±0.5) GPa at 1200 K (Fig. 3.8). Such spin-crossover behavior has been previously reported 

to occur in ferropericlase theoretically and experimentally (Komabayashi et al., 2010; Lin 

et al., 2007a; Mao et al., 2011; Tsuchiya et al., 2006; Wentzcovitch et al., 2009; Wu et al., 

2009). Compared with ferropericlase, the spin crossover in ferromagnesite remains much 

narrower and occurs at relative lower pressures (Figs. 3.5 and 3.8). The relatively sharp 

spin crossover in the MgCO3-FeCO3 system is likely a result of the localized FeO6 

octahedra that are more isolated and separated from other iron ions in the surrounding FeO6 

octahedra (Lavina et al., 2010b). Previous theoretical and experimental studies on 

ferropericlase [(Mg,Fe)O] (e.g., Wentzcovitch et al., 2009; Mao et al., 2011) have reported 

apparently positive values for the effective dP/dT slope. At a given temperature, the spin 

transition is reported to be a pressure-induced volume-driven transition in which the 

pressure-induced volume reduction increases the crystal-field splitting energy that 

eventually overcomes the spin-pairing energy (e.g., Burns, 1993; Persson et al., 2006).  

It is worthwhile to note that the presence of non-hydrostatic stress and pressure 

gradient in the sample chamber may cause a broadening in the width of the spin crossover 

(Lin and Tsuchiya, 2008). In this study, the use of Ne pressure medium and the tightly 

focused X-ray beam of less than 5 μm in diameter (FWHM) would minimize the influence 

of these factors. Therefore, the broadening of the spin crossover at higher P-T can be treated 
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as the intrinsic phenomenon of the Fe2+ ions in ferromagnesite at elevated temperatures, in 

which high temperature provides higher configuration entropy to stabilize the mixture of 

the HS and LS states (Burns, 1993; Tsuchiya et al., 2006). Previous studies have shown 

that the HS state is favored at higher temperatures due to the larger entropy for Fe2+ in the 

octahedral site via the thermal expansion effect (Li, 2007; Wentzcovitch et al., 2009). 

Consequently, additional compression (smaller unit cell volume) is necessary for the LS 

state to become stable at elevated temperatures.  

 

Figure 3.8: Comparison of the low-spin fraction between ferromagnesite and 

ferropericlase at high P-T. Solid lines: ferromagnesite; dashed lines: 

ferropericlase [(Mg0.75Fe0.25)O; fp25] (Mao et al., 2011). 
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and literature transition pressures have been plotted for comparison (Fig. 3.9) (Badro et al., 

2003; Crowhurst et al., 2008; Farfan et al., 2012; Fei et al., 2007b; Keppler et al., 2007; 

Komabayashi et al., 2010; Lavina et al., 2009; Lavina et al., 2010a; Lavina et al., 2010b; 

Lin et al., 2005a; Lin et al., 2006; Lin et al., 2007b; Lin et al., 2012; Mao et al., 2011; Nagai 

et al., 2010; Speziale et al., 2005). Among all iron-bearing earth minerals, the spin 

transitions in these two systems have been most extensively documented using high-

pressure X-ray and laser optical spectroscopic techniques. The transition in the MgCO3-

FeCO3 system occurs at 45 (±5) GPa without observable compositional effects (Farfan et 

al., 2012; Lavina et al., 2009; Lavina et al., 2010a; Lavina et al., 2010b; Lin et al., 2012; 

Mattila et al., 2007; Nagai et al., 2010; Shi et al., 2008). That is, the substitution of Fe2+ 

ions for Mg2+ ions in MgCO3 does not show any appreciable effect on the spin transition 

pressure. This can be used to support the solid-solution model to derive the spin fraction 

as a function of the volume reduction. In the (Mg,Fe)O system, on the other hand, the 

transition pressure generally increases from 40-50 GPa for the MgO-rich ferropericlase to 

approximately 102 GPa for the FeO-rich magnesiowustite (Badro et al., 2003; Crowhurst 

et al., 2008; Fei et al., 2007b; Keppler et al., 2007; Komabayashi et al., 2010; Lin et al., 

2005a; Lin et al., 2006; Lin et al., 2007b; Mao et al., 2011; Speziale et al., 2005), indicating 

a strong compositional effect that stabilizes the high-spin state. These analyses indicate 

that the Fe2+-Fe2+ exchange interaction in the (Mg,Fe)O system plays a more significant 

role in the spin transition than in the (Mg,Fe)CO3 system (Figs. 3.8 and 3.9) (Lin et al., 

2006). 
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Figure 3.9: Comparison of the spin transition pressures in (Mg,Fe)CO3 and (Mg,Fe)O 

solid solution systems. Solid diamonds: (Mg,Fe)CO3 (Lavina et al. 2009, 

2010a, 2010b; Nagai et al. 2010; Farfan et al. 2012; Lin et al. 2012); open 

circles: (Mg,Fe)O (Badro et al. 2003; Speziale et al. 2005; Lin et al. 2005, 

2006, 2007b; Keppler et al. 2007; Fei et al. 2007b; Crowhurst et al. 2008; 

Komabayashi et al. 2010; Mao et al. 2011).  
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V-T relations of ferromagnesite shows abnormal behavior in the thermal expansion 

coefficient, isothermal bulk modulus, and bulk sound velocity within the spin transition 

(Figs. 3.6 and 3.7). Specifically, within the transition, the thermal expansion coefficient 

increases by approximately a factor of forty at 300 K and twenty at 1200 K, whereas the 

isothermal bulk modulus and the bulk sound velocity decrease by approximately 75% and 

50% at 1200 K, respectively. It should be noted that such abnormal behavior within the 

spin transition has been reported for lower-mantle ferropericlase (Crowhurst et al., 2008; 

Mao et al., 2011; Speziale et al., 2007; Wentzcovitch et al., 2009; Wu et al., 2009). In 

comparison to lower-mantle ferropericlase, our ferromagnesite sample exhibits similar 

abnormal behaviors across the spin transition, although the magnitude of the changes was 

much higher than that of ferropericlase as a result of the larger volume reduction across the 

sharper spin transition at high P-T.  

The spin transition increases the isothermal bulk modulus by approximately 10% 

and decreases the thermal expansion coefficient by nearly 20%, making the LS state much 

more incompressible and less expandable than the HS state. The effects of the spin 

transition on the bulk modulus can be understood in terms of the relative ionic radii of the 

HS-LS Fe2+ and Mg2+ cations in the system which has been investigated and systematically 

tabulated in previous studies (Hazen and Finger, 1982; Shannon and Prewitt, 1969; 

Shannon, 1976). Previous studies have shown that in the octahedral coordination the 

effective ionic radius of the HS Fe2+ is 0.78 Å and the Mg2+ ion is 0.72 Å (Shannon and 

Prewitt, 1969; Shannon, 1976), indicating that the substitution of Fe2+ for Mg2+ would yield 

a larger unit cell volume in the (Mg,Fe)CO3 system, i.e., the unit cell volume of the 

ferromagnesite [(Mg0.35Fe0.65)CO3] is 289.2 Å3 while magnesite (MgCO3) is 279.3 Å3 

(Fiquet et al., 2002; Litasov et al., 2008; Zhang et al., 1997). On the other hand, the 

extrapolated unit cell volume of the LS ferromagnesite of 265.1 Å3 at ambient conditions 
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is much smaller than the HS state counterpart, suggesting that the LS state is intrinsically 

more incompressible than the HS state, confirming the previously reported empirical 

relationship between the atomic compressibility and the ionic radii (Hazen and Finger, 

1982). As a result of the volume collapse, the LS ferromagnesite also exhibits a smaller 

unit cell volume than the end-member magnesite at given P-T conditions, showing that the 

effective ionic radius of the LS Fe2+ is thus smaller than the Mg2+ ion (Fig. 3.10) (e.g., 

Hazen and Finger, 1982; Lavina et al., 2009; Shannon and Prewitt, 1969). 

To understand the stability of ferromagnesite at high P-T conditions, its volume and 

density differences have been derived from the MgCO3 reference (Figs. 3.10 and 3.11). For 

the HS state, this volume difference is nearly 4% at 300 K and 3% at 1200 K before the 

spin transition. The volume difference decreases dramatically to about -2% for the LS state 

between 300 K and 1200 K; that is, the LS state has a much lower volume than the end 

member MgCO3 counterpart. This volume difference in the LS state remains almost 

constant as a function of pressure, revealing that the LS state has similar incompressibility 

with the end member MgCO3.  
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Figure 3.10: Comparison of the thermal pressure-volume relations (a) and volume 

differences (b) between ferromagnesite and magnesite [MgCO3] at high P-T. 

(a) Solid lines: the fitted thermal P-V curves of ferromagnesite; dashed lines: 

the fitted thermal P-V curves of magnesite (Zhang et al., 1997; Litasov et al., 

2008). Solid lines in (b) show the volume differences across the spin transition 

using magnesite (VMgCO
3
) as the reference. Vertical ticks: representative 

errors. 
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Figure 3.11: Comparison of the thermal pressure-density relations and density differences 

between ferromagnesite and magnesite [MgCO3] at high P-T. (a) Solid lines: 

fitted thermal P-ρ curves of ferromagnesite; dashed lines: fitted thermal P-ρ 

curves of magnesite (Zhang et al. 1997; Litasov et al. 2008). Solid lines in (b) 

show the density differences across the spin transition using the HS 

ferromagnesite as the reference; Solid lines in (c) show the density differences 

across the spin transition using magnesite (ρ
MgCO3

) as the reference. Vertical 

ticks: representative errors. 
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3.5 CONCLUSION 

Recent high P-T experimental and theoretical studies have reported that magnesite 

remains stable in the calcite structure (space group R3c) at relevant P-T conditions of the 

lower mantle, instead of undergoing a dissociation that releases carbon dioxide into the 

surrounding mantle materials (Isshiki et al., 2004; Oganov et al., 2008; Skorodumova et 

al., 2005). Since lower-mantle magnesite likely incorporates approximately 20% iron and 

the low-spin ferromagnesite has a smaller unit cell volume than the high-spin counterpart, 

it is conceivable that the low-spin ferromagnesite may be stable in the lower mantle. 

Specifically, extrapolations of present results show that low-spin ferromagnesite 

containing 20 mole% iron would be 0.6% smaller in volume and 7% denser than the end-

member magnesite at relevant P-T conditions of the subducted slabs. The relatively dense 

low-spin ferromagnesite likely becomes more stable than the high-spin counterpart and can 

promote partitioning of iron into the LS state making it an even denser and much more 

stable phase in the lower-mantle conditions (Badro et al., 2005; Irifune et al., 2010). 

Detailed knowledge of the thermodynamic parameters of the whole mineralogical 

assemblage of the lower mantle will be needed in order to fully explore the thermodynamic 

stability of the ferromagnesite in different spin states. Future studies of physical and 

chemical properties of the low-spin ferromagnesite with surrounding mineral assemblages 

such as ferropericlase and silicate perovskite at relevant P-T conditions are still needed to 

understand the geophysical and geochemical consequences of the spin crossover in the 

lower mantle.  
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Chapter 4 Phase Transition of Ferromagnesite in the Deep Mantle2 

4.1 INTRODUCTION 

The existence of carbon-bearing solids, fluids, and melts in the Earth’s deep interior 

can affect a series of geophysical and geochemical properties of our planet (Dasgupta and 

Hirschmann, 2006; Jana and Walker, 1997; Manning et al., 2013; Rohrbach and Schmidt, 

2011; Walter et al., 2011). Laboratory studies of carbon-bearing minerals at high pressures 

and temperatures (P-T) can thus provide crucial constraints on the role and behavior of the 

deep-carbon phases in the Earth’s mantle as well as the mantle’s role in the global carbon 

cycle (Dasgupta and Hirschmann, 2010; Hazen and Schiffries, 2013). Among all 

carbonates that can be potentially subducted into the Earth’s deep mantle through plate 

subductions, iron-bearing magnesite [(Mg,Fe)CO3] has been proposed to be a major deep-

carbon host because of its existence in subducting plates as well as its wide P-T stability 

field (Biellmann et al., 1993; Fiquet et al., 2002; Isshiki et al., 2004; Lavina et al., 2009; 

Lin et al., 2012). Ferromagnesite [(Mg,Fe)CO3] forms a continuous solid solution between 

magnesite [MgCO3] and siderite [FeCO3] in the rhombohedral R3̅c structure.  

A number of previous studies have reported different behaviors of the (Mg,Fe)CO3 

system at relevant P-T conditions of the mantle (Boulard et al., 2011; Boulard et al., 2012; 

Gallagher and Warne, 1981; Isshiki et al., 2004; Oganov et al., 2008; Panero and Kabbes, 

2008; Skorodumova et al., 2005); various high-pressure (Mg,Fe)CO3 polymorphic phase 

transitions have been reported to occur at high P-T including the formation of phases based 

on tetrahedral CO4 units (similar to the SiO4 units of silicate minerals) (Oganov et al., 2008; 

                                                 
2Liu, J., Lin, J.-F., Prakapenka, V.B., 2015. High-pressure orthorhombic ferromagnesite as a potential 

deep-mantle carbon carrier. Sci. Rep. 5, 7640. 
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Jung-Fu Lin: Academic supervisor. Guidance of mineral physics concepts and acted as primary editor of 

the manuscript. 

Vitali B. Prakapenka: Assited to synchrrotron experiments and reviewed the manuscript. 
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Skorodumova et al., 2005), and the chemical decomposition of (Mg,Fe)CO3 into (Mg,Fe)O 

and CO2 (Fiquet et al., 2002; Gallagher and Warne, 1981). It has been experimentally 

observed that the rhombohedral structure of the end-member magnesite is stable up to 

approximately 100 GPa and 2000 K, but then transforms into an orthorhombic structure, 

named magnesite II, at approximately 115 GPa and 2100 K (Isshiki et al., 2004). 

Theoretical calculations (Oganov et al., 2008; Panero and Kabbes, 2008; Skorodumova et 

al., 2005) and other experimental studies (Boulard et al., 2011), on the other hand, have 

shown that magnesite transforms into a high-pressure phase built with (CO4)4− tetrahedral 

groups energetically favored in the monoclinic structure. At high P-T conditions, 

(Mg,Fe)CO3 and a mixture of oxides ((Mg,Fe)O and CO2) have been suggested to 

transform into a number of Fe3+-bearing high-pressure carbonate, magnetite, and nano-

diamonds via intra-crystalline reactions between Fe2+ and (CO3)2– (Boulard et al., 2011). 

A new high P-T phase with the Fe4(CO4)3 chemical formula and all iron as Fe3+ was 

reported to occur through high-pressure reactions between FeO and saturated CO2 at 

approximately 40 GPa and 1500 K (Boulard et al., 2012). After temperature quenching to 

room temperature, this new phase undergoes a structural transformation in compression 

(Boulard et al., 2012). These experimental results suggest that the oxygen fugacity in the 

(Mg,Fe)CO3 system may strongly affect the reaction products at high P-T conditions 

(Gallagher and Warne, 1981; Tao et al., 2013). In the Earth’s mantle, the oxygen fugacity 

(fO2) may be controlled by the carbon-oxygen-hydrogen-sulfur and ferric-ferrous iron 

equilibria, resulting in a general decrease in fO2 with depth through the reduction of volatile 

species, such that the ferric iron content can be used as an indicator for the redox state of 

the Earth’s interior (Frost and McCammon, 2008). However, the self-disproportionation 

model of Fe2+ into Fe3+ and Fe0 has been presented as a mechanism acting in the lower 

mantle where the formation of Al-bearing silicate perovskite is associated with the 
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disproportionation of Fe2+ into Fe3+ in perovskite and metallic Fe (a charge balanced 

reaction). Thus far, the exact crystal structure of the high-pressure phase in the (Mg,Fe)CO3 

system and the C-O coordination geometry remain highly debated (Boulard et al., 2011; 

Isshiki et al., 2004; Oganov et al., 2008; Panero and Kabbes, 2008; Skorodumova et al., 

2005). Since the lower-mantle magnesite is expected to contain a certain amount of siderite 

in the solid solution (Dasgupta et al., 2004), studying the phase stability, crystal structure, 

and thermal equation of state (EoS) of ferromagnesite, especially through the recently 

discovered spin transition of iron (Irifune et al., 2010; Lin et al., 2013; Mao et al., 2011), 

at relevant P-T conditions of the deep mantle is of particular importance to our 

understanding of the deep-carbon storage (Hazen and Schiffries, 2013; Oganov et al., 

2013). 

An iso-symmetric electronic spin transition of iron in rhombohedral (Mg,Fe)CO3 

has been reported to occur at approximately 45 GPa and high temperatures (Lavina et al., 

2009; Lin et al., 2012; Liu et al., 2014b; Mattila et al., 2007). Evaluation of the pressure-

volume relationship of siderite across the spin transition showed that the spin transition is 

associated with a volume collapse of approximately 10% such that the low-spin siderite 

exhibits a smaller unit cell volume than the endmember MgCO3 counterpart (Lavina et al., 

2009; Shi et al., 2008). That is, the low-spin siderite has an effective ionic radius of the 

Fe2+ smaller than that of the Mg2+ and is much denser than the rhombohedral MgCO3 and 

the extrapolated high-spin siderite (Hazen et al., 2000; Lavina et al., 2009; Shannon, 1976). 

Since the iron ions occupy the isolated octahedral sites in the rhombohedral lattice of 

siderite, the Fe2+-Fe2+ exchange interactions between neighboring Fe2+ likely have a 

negligible effect on the transition pressure from the high-spin state to the low-spin state 

(Lin et al., 2012). The weak iron-iron exchange interactions as well as drastic reduction of 

the effective Fe2+ ionic radius in rhombohedral (Mg,Fe)CO3 raise the possibility that the 
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low-spin siderite likely undergoes a structural transition at a relatively lower pressure than 

that of magnesite (Hazen et al., 2000; Lavina et al., 2009). To decipher the phase stability 

of the (Mg,Fe)CO3 system in the lower mantle, the crystal structures of siderite and 

ferromagnesite [(Fe0.65Mg0.35)CO3] samples have been investigated at high P-T conditions 

using synchrotron X-ray diffraction (XRD) in a laser-heated diamond anvil cell (DAC). 

Together with electron microprobe analyses of the quenched samples, present results show 

a structural phase transition from the rhombohedral (space group: R3̅c) phase (Phase I) to 

the orthorhombic phase (Phase II) at above approximately 50 GPa and 1400 K. The P-T 

range for the structural transition in the Fe-rich parts of the (Mg,Fe)CO3 system can be 

understood in terms of the volume collapse due to the spin transition of iron at high P-T. 

These results are applied to decipher physical and chemical behaviors of candidate deep-

mantle carbonates in the lower mantle. 

 

4.2 EXPERIMENTAL METHODS 

Natural single-crystal specimens of siderite (no. NMNH R11313) from the Tsumeb 

Mine (Namibia) were obtained from the Department of Mineral Sciences, Smithsonian 

Institution (Zhang et al., 1998). Based on the wavelength dispersive spectrometer analyses 

(WDS) of an electron microprobe (JEOL JXA-8200), the sample has a composition of 

FeCO3 with a very minor content of MnCO3 (<0.2 mole%); for simplicity, the composition 

of this sample is referred to as FeCO3 by neglecting the very minor manganese content in 

the formula. Synchrotron X-ray diffraction patterns showed the lattice parameters of the 

sample to be a = 4.6909 (±0.0005) Å and c = 15.3687 (±0.0049) Å under ambient 

conditions. The ferromagnesite sample was obtained from the Vargas Gem and Mineral 

Collection at the University of Texas at Austin (collection number: V3817), and has a 
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chemical composition of (Fe0.65Mg0.33Mn0.02)CO3; for simplicity, this sample is presented 

as (Mg0.35Fe0.65)CO3, with the minor Mn content counted toward the total Mg content(Lin 

et al., 2012; Liu et al., 2014b). Synchrotron X-ray diffraction patterns showed the lattice 

parameters of the sample to be a = 4.6753(±0.0012) Å and c = 15.2794 (±0.0030) Å under 

ambient conditions. 

Each sample was ground to micro-sized powder and then mixed with 3 wt. % of 

micro-sized Au powder as the pressure calibrant (Fei et al., 2007a); the use of the inert Au 

also helped avoid potential chemical reactions with the iron-bearing sample (Liu et al., 

2014b). The mixture was then slightly pressed to form a platelet approximately 10 µm 

thick. A small platelet with a diameter of approximately 60 μm was loaded into the sample 

chamber of a symmetric DAC having a pair of 200 µm flat anvils or 150-300 µm beveled 

anvils. Neon or dried NaCl layers were also loaded with the sample in the sample chamber 

and used as the thermal insulator and pressure medium. To avoid any potential air and 

moisture contamination in the sample chamber, the whole DAC was evacuated at 10-2 mbar 

for 30 minutes before the sample chamber was closed in a vacuum using the high-pressure 

gas loading system in the Mineral Physics Laboratory of the University of Texas at Austin. 

High-pressure synchrotron X-ray diffraction experiments were conducted at the 13IDD 

beamline of the GSECARS of the Advanced Photon Source (APS), Argonne National 

Laboratory (ANL) using a focused monochromatic X-ray beam with a wavelength (λ) of 

0.3344 Å and a beamsize of 2 μm in diameter. For the laser heating, two infrared laser 

beams were focused down to 25 μm diameter on both sides of the sample, and were co-

axially aligned with the incoming X-ray beam using the X-ray induced luminescence on 

NaCl or the sample (Prakapenka et al., 2008). Temperatures of the laser-heated sample 

were measured using thermal radiation spectra fitted to the blackbody radiation function 

(Prakapenka et al., 2008). Note that the siderite sample absorbed the infrared laser very 
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efficiently and evenly on both sides, resulting in temperature uncertainties typically less 

than 50 K at high pressures. Pressure was measured through the thermal equation of state 

of Au at high temperature (Fei et al., 2007a). The lattice parameters were determined from 

the diffraction patterns processed by using the LeBail method with the GSAS software 

package (Toby, 2001). Electron microprobe analyses of the quenched samples were 

conducted using the Environmental Scanning Electron Microscope (FEI Quanta 650 

ESEM) and the energy dispersive spectroscopy (Bruker XFlash Detector 5010) with the 

electron beam resolution of 2.5 nm at 30 kV at the Texas Materials Institute of the 

University of Texas at Austin. The FEI Quanta 650 ESEM analyses did not require the use 

of surface conductive coating (such as gold or carbon), which helped preserve original 

characteristics of the sample especially for carbon analyses. Note that this ESEM does not 

have capability to do quantitative analysis on carbon concentrations, instead of qualitative 

determination. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 High-Pressure Phase Transition in Siderite 

XRD patterns were collected up to 120 GPa and 2400 K for siderite (Figs. 4.1 and 

4.2, and Table 4.1). At ambient temperature, rhombohedral siderite undergoes a volume 

collapse at approximately 42 GPa that can be associated with an iso-symmetric spin 

transition, consistent with previous results (Lavina et al., 2009; Lin et al., 2012). However, 

upon laser heating to above 1400 K at approximately 50 GPa, new diffraction peaks appear, 

which are incompatible with the rhombohedral structure and are systematically observed 

at high P-T (Fig. 4.1a). These peaks were also observed in the temperature-quenched 

samples at high pressures. Analyses of these new diffraction peaks show that they do not 
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belong to any previously proposed high-pressure structural models of (Fe,Mg)CO3 

including a pyroxene-like structure (Panero and Kabbes, 2008; Skorodumova et al., 2005), 

a monoclinic C2/m structure (Oganov et al., 2008), and a monoclinic P21/c structure 

(Boulard et al., 2011). The diffraction patterns also differ from that for the Fe4(CO4)3 phase 

which was reported to be temperature unquenchable at high pressures (Boulard et al., 

2012). Furthermore, these peaks cannot be simply assigned to any of the previously 

proposed structures for products of siderite dissociation, such as FeO, Fe2O3, Fe3O4, Fe4O5, 

CO2, C (nano-diamond or graphite), or Fe3C, at high P-T and variable redox conditions 

(Boulard et al., 2011; Boulard et al., 2012; Gallagher and Warne, 1981; Lavina et al., 2011; 

Oganov et al., 2008; Tao et al., 2013).  
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Figure 4.1: Representative X-ray diffraction patterns of siderite I and II phases [FeCO3] 

at high P-T. (a) FeCO3 heated up to 2200 K at 90 GPa. (b) Decompression of 

siderite II at room temperature. Gold (Au) was used as the primary pressure 

calibrant, while neon (Ne) was used as the thermal insulator, pressure medium 

as well as the secondary pressure calibrant (Fei et al., 2007a). Miller indices 

(hkl) of siderite I and II phases are labeled as I(hkl) and II(hkl), respectively. 

The wavelength of the monochromatic X-ray beam was 0.3344 Å.  
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Figure 4.2: Schematic phase relations of siderite [FeCO3] at high P-T relevant to the 

lower mantle conditions. Experimental observations of the phases were 

collected from three different samples in this study, and are shown as black 

symbols (+, ✳ and ×) (Table S1). Pluses (+): siderite I; plus/crosses (✳): 

two-phase co-existing region (siderite I and II); crosses (×): siderite II; dash-

dotted curves: transition boundaries between phase I and mixed I+II phases 

or phase II and mixed I+II phases. Spin crossover phase diagram of iron in 

siderite I below 1200 K from Liu et al. (2014) is plotted in colored area for 

comparison with the observations of the structural phases in this study. HS: 

high-spin state; LS: low-spin state. The color bar at the right represents the 

fraction of the LS state27. Dashed curves: the LS fraction of iron in siderite I 

extrapolated from 1200 K to 2700 K (blue: the initial occurrence of the LS 

state; red: the last occurrence of the HS state (Liu et al., 2014b). Grey solid 

curve: expected lower-mantle geotherm (Katsura et al., 2010). The 

observation of the mixed-phase region may be due to P-T uncertainty as well 

as the sluggishness (the kinetic barrier) of the phase transformation.  
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Table 4.1: Experimental conditions for siderite at high pressures and temperatures. Data 

points were compiled using the experimental sequence. Ne medium was used 

in Samples #1st and #2nd, whereas NaCl medium was used in Sample #3rd. 

The high-pressure siderite II phase can be reproduced and observed in all 

three samples at high pressure-temperature conditions. 

Sample P (GPa) T (K) Phase(s)  Sample P (GPa) T (K) Phase(s) 

1st 0 300 I  2nd 69.0 1200  I 

1st  5.5 300  I  2nd 69.0 1400 I+II 

1st  8.5 300  I  2nd 69.0 1600 I+II 

1st 11.2 300  I  2nd 69.0 1800 I+II 

1st 15.7 300  I  2nd 69.0 1900 I+II 

1st 20.0 300  I  2nd 69.0 2000 I+II 

1st 24.2 300  I  2nd 69.0 2200 II 

1st 28.5 300  I  2nd 69.0 2400 II 

1st 34.1 300  I  2nd 73.5 300 I 

1st 34.1 1800 I  2nd 76.4 300  I 

1st 34.1 2000 I  2nd 79.2 300  I 

1st 34.1 2300 I  2nd 79.2 1200 I 

1st 38.8 300  I  2nd 79.2 1400 I+II 

1st 42.0 300  I  2nd 79.2 1600 I+II 

1st 44.2 2450 I  2nd 79.2 1800 I+II 

1st 44.2 2200 I  2nd 79.2 2000 II 

1st 44.2 2000 I  2nd 81.3 300  I 

1st 44.2 1800 I  2nd 84.4 300  I 

1st 44.2 1400 I  2nd 90.0 300 I 

1st 44.2 1200 I  2nd 90.0 1200 I 

1st 44.2 300  I  2nd 90.0 1300  I 

1st 48.7 300  I  2nd 90.0 1450 I+II 

1st 58.9 300  I  2nd 90.0 1600 I+II 

1st 51.9 300 I  2nd 90.0 1800 I+II 

1st 51.9 1000 I  2nd 90.0 2000 II 

1st 51.9 1200  I  2nd 90.0 2100 II 

1st 51.9 1400 I+II  2nd 90.0 2200 II 

1st 51.9 1600 I+II  3rd 93.8 300 I 

1st 51.9 1800 I+II  3rd 99.4 300  I 

1st 51.9 2000 I+II  3rd 99.4 1100 I 

1st 51.9 2200 I+II  3rd 99.4 1350  I 

1st 56.3 300  I  3rd 99.4 1600  I+II 

1st 56.3 1100  I  3rd 99.4 1800  I+II 

1st 56.3 1400  I+II  3rd 99.4 2000 II 

1st 56.3 1600  I+II  3rd 103.9 300 I 

1st 56.3 1800  I+II  3rd 109.1 300  I 
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Table 4.1, cont. 

1st 56.3 2000 I+II  3rd 115.2 1200  I 

1st 56.3 2100  I+II  3rd 115.2 1400  I 

1st 56.3 2300 I+II  3rd 115.2 300  I 

1st 56.3 2400  I+II  3rd 115.2 1600 I+II 

2nd 54.6 300 I  3rd 115.2 1800 I+II 

2nd 61.7 300 I  3rd 115.2 2000 II 

2nd 65.3 300  I  3rd 115.2 2200 II 

2nd 69.0 300  I  3rd 119.5 300 I 

2nd 69.0 1000  I      

 

The SEM-EDX mapping of the recovered sample from 90 GPa and 2200 K 

exhibited homogeneous distributions of Fe, C, and O in the laser-heated area, showing no 

compositional dissociation and diffusion during laser heating nor in P-T quenching (Fig. 

4.3). Further EDX analyses of the O/Fe ratios of the recovered sample showed a consistent 

O/Fe ratio of three throughout the heated area, indicating that the valence state of ferrous 

iron should have remained unchanged during laser heating and P-T quenching (Table 4.2). 

These results indicate that the high-pressure phase should have the same chemical 

composition as the starting siderite sample [FeCO3] and that dissociation or valence state 

change of iron in siderite did not occur in our sample at the P-T conditions of our study. 

Hereafter, this high-pressure polymorph is referred to as siderite II (or Phase II), and the 

rhombohedral siderite is referred to as siderite I (Phase I; or siderite for simplicity). 
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Figure 4.3: Representative SEM-EDX images of the high P-T quenched FeCO3 sample. 

The sample was heated to 2200 K at 90 GPa and then eventually 

decompressed and recovered at ambient conditions for the analyses. (a) Back-

scattered electron image of the recovered sample. The dashed circles show 

the representative laser-heated spot where siderite II was observed in the XRD 

patterns. Individual SEM-EDX mappings: (b) Oxygen; (c) Carbon; (d) Iron. 
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Table 4.2: Chemical analyses of iron and oxygen contents in the recovered sample from 

laser heating at 90 GPa and 2200 K. The analyses were conducted using the 

Environmental Scanning Electron Microscope (Model Quanta 650 FEG) and 

the energy dispersive spectroscopy (Bruker XFlash Detector 5010) with the 

electron beam resolution of 2.5 nm at 30 kV. 

 1 2 3 4 5 6 

O (at.%) 
75.6 

(±5.1) 

75.1 

(±5.0) 

75.0 

(±5.0) 

76.1 

(±4.6) 

75.6 

(±5.2) 

75.7 

(±5.5) 

Fe (at.%) 
24.4 

(±2.3) 

24.9 

(±2.3) 

25.0 

(±2.3) 

23.9 

(±1.9) 

24.4 

(±2.3) 

24.3 

(±2.5) 

O/Fe 
3.0 

(±0.3) 

3.0 

(±0.3) 

3.0 

(±0.3) 

3.1 

(±0.3) 

3.0 

(±0.3) 

3.1 

(±0.3) 

 

Siderite II was initially observed upon laser heating at approximately 1400 K and 

50 GPa where it co-existed with siderite I over a certain P-T range (Fig. 4.2). At P-T 

conditions higher than approximately 70 GPa and 2200 K, siderite I totally disappeared 

and siderite II became a single phase. X-ray diffraction patterns of the temperature-

quenched siderite II were collected at 300 K in compression between 50 and 120 GPa and 

in decompression down to 15 GPa; below 15 GPa, siderite II became amorphous. All 

diffraction peaks of the siderite II can be well indexed with an orthorhombic unit cell (Fig. 

4.1 and Table 4.3). Based on the principles of reflection conditions for the indexed Miller 

indices of the diffraction peaks (Looijenga-Vosa and Buerger, 2006), four potential space 

groups are found to be reasonable starting models for the orthorhombic structure: P222, 

P2221, Pmm2, and Pmmm. Using the GSAS software package (Toby, 2001), representative 

LeBail refinements of the XRD patterns at 90 GPa and 300 K showed that the Pmm2 space 

group for the siderite II structural model gave the best fit with the smaller residues to the 

experimental spectra (Fig. 4.4). The Pmm2 structural model for siderite II contains 12 

formula units in the primitive cell (Z); at a representative pressure of 90 GPa, its unit cell 

parameters are a = 10.9902 (±0.0028) Å, b = 6.3405 (±0.0021) Å, and c = 5.2726 (±0.0009) 
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Å (Table 4.3). Note that previously proposed monoclinic and orthorhombic structural 

models of the high-pressure magnesite phase contain 12 and 6 formula units in the 

primitive cell, respectively (Boulard et al., 2011; Isshiki et al., 2004; Oganov et al., 2008; 

Skorodumova et al., 2005). Previously reported high-pressure phases of other carbonates 

have not been found to be consistent with this siderite II structural model. It is worth noting 

that our observed X-ray diffraction patterns are consistent with that for the high-pressure 

phase of magnesite by Isshiki et al. (2004), although our proposed orthorhombic structural 

model has a larger unit cell than that proposed by Isshiki et al. (2004). The differences here 

were due to the use of high-quality diffraction peaks, including 4 diffraction peaks with d-

spacing greater than 3.0 Å. The high-quality X-ray diffraction patterns with extended d-

spacing range (30 peaks in total) permit us to resolve the crystal structure of the siderite II 

phase reliably. On the other hand, Boulard et al. (2011) proposed the monoclinic high-

pressure phase of magnesite and ferromagnesite as a result of chemical dissociation in 

laser-heated carbonates. These experiments were conducted without any pressure-

transmitting medium in the sample chamber16, which may contribute to the differences in 

the observed phases (Boulard et al., 2011). 

It should be noted that our diffraction results do not permit the use of the Rietveld 

full-profile refinement to refine the carbon atom positions as well as the C-O bonding 

geometry and characters, because the relatively light carbon atoms do not contribute to X-

ray diffraction signals significantly enough for such an analysis (McCusker et al., 1999). It 

has been reported that high-pressure phases of carbonates can contain tetrahedrally-

coordinated carbon (CO4)4- units with the sp3 bonding characters (Arapan et al., 2007; 

Boulard et al., 2011; Oganov et al., 2008) or the coexistence of both trigonally and 

tetrahedrally coordinated units (Merlini et al., 2012), instead of the trigonally-coordinated 
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CO3
2- units alone in the siderite I. The C-O bonding characters of our observed siderite II 

at high pressures thus remain to be further investigated using other more sensitive methods. 

 

 

Figure 4.4: Representative LeBail fit of an X-ray diffraction spectrum of siderite II at 90 

GPa and room temperature. The sample was temperature-quenched to room 

temperature from 2200 K at 90 GPa. Pluses: measured powder diffraction 

pattern after background subtraction; black solid curve: refined profile; grey 

solid curve: residual between the observation and the refinement; vertical 

ticks: Ne (blue), Au (orange), and siderite II (black). 
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Table 4.3: Observed and calculated d spacings for the siderite II phase at 90 GPa and 

room temperature. The orthorhombic structure with the formula unit per unit 

cell (Z) of 12 was used for the calculations with representative a = 10.9902 

(±0.0028) Å, b = 6.3405 (±0.0021) Å, c = 5.2726 (±0.0009) Å, and V = 367.4 

(±0.3) Å3 via the dichotomy method (Boultif and Louer, 2004). dObs: observed 

d spacings of the X-ray diffraction peaks; dCal: calculated d spacings; dObs-

dCalc: difference between the observed and calculated d spacings; IObs: 

observed intensities of the diffraction peaks that have been scaled to the 

highest intensity as 100. 

H K L dObs (Å) dCalc (Å) dObs-dCalc (Å) IObs 

0 1 0 6.3387 6.3405 -0.0018 3 

3 0 0 3.6634 3.6634 0.0001 21 

2 1 1 3.2638 3.2623 0.0015 45 

0 2 0 3.1655 3.1702 -0.0047 1 

1 0 2 2.5634 2.5636 -0.0002 14 

3 2 0 2.3959 2.3972 -0.0013 89 

4 1 1 2.2718 2.2744 -0.0026 13 

2 1 2 2.2267 2.2257 0.0010 43 

3 0 2 2.1388 2.1398 -0.0010 3 

1 2 2 1.9926 1.9934 -0.0008 9 

1 3 1 1.9289 1.9312 -0.0023 4 

2 2 2 1.9004 1.9018 -0.0014 10 

4 0 2 1.9004 1.9023 -0.0019 10 

2 3 1 1.8451 1.8475 -0.0024 4 

4 1 2 1.8229 1.8220 0.0009 78 

6 1 0 1.7595 1.7597 -0.0002 1 

0 1 3 1.6934 1.6937 -0.0003 100 

4 2 2 1.6315 1.6311 0.0004 15 

5 1 2 1.6315 1.6314 0.0001 15 

4 3 1 1.5950 1.5966 -0.0016 34 

2 3 2 1.5794 1.5794 0.0001 8 

0 2 3 1.5376 1.5371 0.0005 9 

3 1 3 1.5376 1.5373 0.0003 9 

7 1 1 1.4650 1.4641 0.0009 7 

3 2 3 1.4152 1.4171 -0.0019 21 

6 3 0 1.3841 1.3842 -0.0001 1 

0 3 3 1.3516 1.3513 0.0003 14 

1 0 4 1.3091 1.3088 0.0003 11 

6 0 3 1.2691 1.2682 0.0009 1 

2 1 4 1.2563 1.2564 -0.0001 1 

6 1 3 1.2436 1.2435 0.0001 11 

9 0 0 1.2222 1.2211 0.0011 6 
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Table 4.4: Observed and calculated d spacings for magnesite II at 119 GPa and 300 K 

using the experimental data by Isshiki et al. (2004). The orthorhombic 

structural model gives magnesite II unit cell parameters of a = 10.8623 

(±0.0076) Å, b = 6.2798 (±0.0043) Å, c = 5.1911 (±0.0012) Å, V = 354.1 

(±0.5) Å3, which overall show smaller uncertainties between observed and 

calculated d spacings. For re-indexing the literature data, our high-pressure 

orthorhombic structural model and the dichotomy method were used to obtain 

the lattice parameter by minimizing the dObs-dCalc values in our calculations. 

Previously proposed monoclinic or orthorhombic structural model was not 

used here. dObs: observed d spacings of the X-ray diffraction peaks; dCal: 

calculated d spacings; dObs-dCalc: difference between the observed and 

calculated d spacings. The first column of the dObs-dCalc listed below 

represents results using our proposed orthorhombic structure for the phase II, 

while the second column of dObs-dCalc are results from the literature using their 

orthorhombic structural model (Isshiki et al., 2004). 

H K L dObs* (Å) dCalc (Å) dObs-dCalc (Å) dObs-dCalc* (Å) 

1 0 2 2.5189 2.5197 -0.0008 0.0050 

3 2 0 2.3677 2.3680 -0.0003 -0.0046 

2 1 2 2.1919 2.1907 0.0012 -0.0001 

3 2 1 2.1611 2.1582 0.0028 -0.0001 

1 2 2 1.9646 1.9645 0.0001 -0.0022 

4 0 2 1.8728 1.8737 -0.0009 0.0022 

4 1 2 1.7953 1.7954 -0.0001 0.0003 

0 1 3 1.6660 1.6661 -0.0001 -0.0001 

* Obtained from Isshiki et al. (2004). 
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Table 4.5: Observed and calculated d spacings for the high-pressure phase II of 

ferromagnesite [(Mg0.25Fe0.75)CO3] at 80 GPa and 300 K using the 

experimental data by Boulard et al. (2011). The orthorhombic structural 

model gives the phase II unit cell parameters of a = 11.10 (±0.02) Å, b = 6.52 

(±0.01) Å, c = 5.27 (±0.02) Å, V = 381.4 (±1.7) Å3. For re-indexing the 

literature data, our high-pressure orthorhombic structural model and the 

dichotomy method were used to obtain the lattice parameter by minimizing 

the dObs-dCalc values in our calculations. Previously proposed monoclinic or 

orthorhombic structural model was not used here. dObs: observed d spacings 

of the X-ray diffraction peaks; dCal: calculated d spacings; dObs-dCalc: 

difference between the observed and calculated d spacings. The first column 

of the dObs-dCalc listed below represents results using our proposed 

orthorhombic structure for the phase II, while the second column of dObs-dCalc 

are results from the literature using the monoclinic structural model (Boulard 

et al., 2011). 

H K L dObs* (Å) dCalc (Å) dObs-dCalc (Å) dObs-dCalc* (Å) 

3 0 0 3.70 3.70 0.00 0.02 

1 2 0 3.15 3.14 0.01 0.00 

0 0 2 2.61 2.63 -0.02 0.02 

1 0 2 2.57 2.57 0.00 0.00 

1 1 2 2.39 2.39 0.00 0.04 

4 1 1 2.29 2.30 -0.01 0.00 

2 1 2 2.26 2.24 0.02 0.00 

0 3 1 2.00 2.01 -0.01 0.00 

2 2 2 1.92 1.92 0.00 -0.01 

6 0 0 1.85 1.85 0.00 0.00 

4 1 2 1.83 1.83 0.00 0.00 

0 0 3 1.76 1.76 0.00 0.00 

6 1 1 1.69 1.69 0.00 -0.01 

0 3 2 1.67 1.67 0.00 0.00 

* Obtained from Boulard et al. (2011). 
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4.3.2 Pressure-Volume (P-V) Relations in Siderite I and II Phases 

The Pmm2 structural model of siderite II was used to re-index previous diffraction 

results (Boulard et al., 2011; Isshiki et al., 2004) and to discuss the P-V relations of siderite 

I and II phases in the (Mg,Fe)CO3 system at high pressures. For re-indexing the literature 

data, our high-pressure orthorhombic structural model and the dichotomy method were 

used to obtain the lattice parameter by minimizing the dObs-dCalc values in our calculations. 

The previously proposed monoclinic or orthorhombic structural model was not used here. 

The Pmm2 structural model can be used to index previous high-pressure X-ray diffraction 

patterns in the (Mg,Fe)CO3 system including magnesite II (Isshiki et al., 2004) and the 

high-pressure phase of ferromagnesite [(Mg0.25Fe0.75)CO3] (Boulard et al., 2011). Using the 

orthorhombic structure model of siderite II, the difference between the observed and 

calculated d spacings can be fairly improved by re-indexing the experimental data for 

magnesite II at 119 GPa and 300 K (Isshiki et al., 2004) and the high-pressure phase of 

ferromagnesite at 80 GPa and 300 K (Boulard et al., 2011) (Tables 4.4 and 4.5). Despite 

the variation in the FeCO3 content in these previous studies, these re-indexed unit cell 

parameters at high pressures are generally consistent with present experimental P-V results 

for the siderite II structural model (Fig. 4.5).  

Examinations of the P-V curve of siderite I show a sharp volume reduction of 9.2 

(±0.5) % at approximately 42 GPa and 300 K, that can be associated with the previously 

reported spin transition in the (Mg,Fe)CO3 system (Lavina et al., 2009; Lin et al., 2012) 

(Fig. 4.5). Across the spin transition, the volume of the low-spin siderite I becomes smaller 

than the end-member magnesite via Fe-O bond distance shrinkage in the octahedral site 

(Lavina et al., 2010b), indicating that the effective ionic radius of Fe2+ in the low-spin 

configuration is smaller than that of Mg2+ (Lavina et al., 2009; Shannon, 1976). The volume 

difference between the low-spin siderite I and magnesite I is ~3.6 % at 45 GPa and ~2.1 % 
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at 120 GPa, indicating that the low-spin siderite I is more incompressible than the end-

member magnesite. Such a volume reduction related to Fe spin transition increases with 

increasing molar concentration of FeCO3 in the (Mg,Fe)CO3 system (Lin et al., 2012; Liu 

et al., 2014b). 

Our P-V results for siderite II also show an abrupt change of 3.9 (±0.4) % in the 

unit cell volume at approximately 60 GPa (Fig. 4.5a). Since there’s no evidence for any 

further structural changes in our diffraction patterns, one can thus relate this volume change 

to an iso-symmetric electronic transition of Fe in siderite II from the low-spin state to the 

high-spin state in decompression. This spin transition for siderite II occurs at 60 GPa which 

is approximately 18 GPa higher than that in siderite I at 42 GPa. It is worth noting that the 

pressure range of the spin transition in siderite II was also where the structural transition 

from siderite I to siderite II was observed. The low-spin siderite II is approximately 4.5% 

smaller in the molar volume than the low-spin siderite I, while the high-spin siderite II is 

approximately 11.4% smaller than the high-spin siderite I. Furthermore, the unit cell 

volume of the low-spin siderite II is approximately 2% smaller than that of magnesite II at 

119 GPa and 300 K and approximately 1% smaller than that of the ferromagnesite II 

[(Mg0.25Fe0.75)CO3] at 80 GPa and 300 K (Fig. 4.5a). Compared with the 9.2% volume 

reduction across the spin transition in siderite I, the smaller volume reduction of 3.9% in 

siderite II is consistent with the denser structure of the high-pressure siderite II phase. 

Fitting the P-V results to the third-order Birch-Murnaghan equation of state (EoS) shows 

that the low-spin siderite II exhibits a higher incompressibility than the high-spin siderite 

II as well as the low-spin siderite I (Tables 4.6 and 4.7) (Birch, 1978). Specifically, the 

low-spin siderite II exhibits an isothermal bulk modulus (K0T) of 251 (+17) GPa with a 

fixed pressure derivative of K0T (K0T’) at 4, while the high-spin siderite II has a K0T of 222 

(+13) GPa with a fixed K0T’ of 4. 
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Figure 4.5: Comparison of the pressure-volume relations in the (Mg,Fe)CO3 phases. (a) 

Unit cell volume of siderite I and II phases as a function of pressure at ambient 

temperature. The vertical axis is plotted as the unit cell volume per formula 

unit (V/Z). The number of molecules per unit cell (Z) is 6 for siderite I and 12 

for siderite II. HS: high-spin state; LS: low-spin state. Solid curves: modeled 

BM EoS fits of the experimental results. The volume collapse of 9.2 (±0.5) % 

and 3.9 (±0.4) % for siderite I and II can be associated with their respective 

spin transition at high pressures. Solid diamond: V/Z of magnesite II re-

calculated from Isshiki et al. (2004) (Table 4.4); Solid triangle: V/Z of the 

high-pressure phase of ferromagnesite [(Mg0.25Fe0.75)CO3] re-calculated from 

Boulard et al. (2011) (Table 4.5). (b) Lattice parameters of the siderite II as a 

function of pressure at 300 K. The lattice collapse in siderite II is 1.9%, 1.0%, 

and 1.0% for a/a0, b/b0, and c/c0, respectively, at approximately 60 GPa. Filled 

symbols: compression; open symbols: decompression.  
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Table 4.6: Lattice parameters of siderite II at high pressures and ambient temperature. 
B2 denotes NaCl-B2 used as pressure medium, and d for the decompression. 

P (GPa) a (Å) b (Å) c (Å) V (Å3) 

66.6 (±1.2)  11.1483 (±0.0048) 6.4317 (±0.0021) 5.3484 (±0.0028) 383.5 (±0.3) 

69.8 (±1.5)  11.1183 (±0.0068) 6.4144 (±0.0025) 5.3341 (±0.0023) 380.4 (±0.3) 

72.3 (±1.5)  11.1068 (±0.0055) 6.4078 (±0.0031) 5.3285 (±0.0017) 379.2 (±0.3) 

78.2 (±1.6) 11.0799 (±0.0039) 6.3923 (±0.0024) 5.3156 (±0.0037) 376.5 (±0.3) 

80.7 (±1.4) 11.0490 (±0.0057) 6.3744 (±0.0036) 5.3008 (±0.0030) 373.3 (±0.4) 

85.4 (±1.9) 11.0102 (±0.0058) 6.3520 (±0.0043) 5.2822 (±0.0025) 369.4 (±0.4) 

89.8 (±1.7)  10.9902 (±0.0028) 6.3405 (±0.0021) 5.2726 (±0.0009) 367.4 (±0.2) 

86.3 (±1.9)  11.0002 (±0.0078) 6.3463 (±0.0041) 5.2774 (±0.0038) 368.4 (±0.4) 

83.2 (±2.1)d 11.0020 (±0.0051) 6.3473 (±0.0032) 5.2783 (±0.0022) 368.6 (±0.3) 

78.9 (±1.7)d  11.0171 (±0.0092) 6.3560 (±0.0055) 5.2855 (±0.0036) 370.1 (±0.5) 

76.2 (±1.6)d 11.0403 (±0.0091) 6.3694 (±0.0031) 5.2966 (±0.0027) 372.5 (±0.4) 

73.8 (±1.7)d  11.0557 (±0.0089) 6.3783 (±0.0041) 5.3040 (±0.0032) 374.0 (±0.4) 

69.5 (±1.5)d  11.0737 (±0.0088) 6.3887 (±0.0061) 5.3127 (±0.0034) 375.8 (±0.5) 

63.5 (±1.4)d  11.1573 (±0.0104) 6.4369 (±0.0065) 5.3528 (±0.0044) 384.4 (±0.6) 

59.2 (±1.8)d 11.4063 (±0.0095) 6.4824 (±0.0053) 5.3906 (±0.0033) 398.6 (±0.5) 

57.5 (±1.6)d 11.4616 (±0.0115) 6.5138 (±0.0069) 5.4167 (±0.0046) 404.4 (±0.7) 

53.3 (±1.9)d 11.5339 (±0.0099) 6.5548 (±0.0052) 5.4508 (±0.0044) 412.1 (±0.6) 

49.5 (±1.6)d  11.5759 (±0.0125) 6.5787 (±0.0059) 5.4707 (±0.0056) 416.6 (±0.7) 

46.7 (±1.8)d  11.6081 (±0.0131) 6.5970 (±0.0071) 5.4859 (±0.0042) 420.1 (±0.7) 

40.4 (±1.5)d 11.7083 (±0.0146) 6.6540 (±0.0083) 5.5333 (±0.0046) 431.1 (±0.8) 

37.6 (±1.5)d 11.7158 (±0.0128) 6.6582 (±0.0088) 5.5368 (±0.0052) 431.9 (±0.8) 

34.2 (±1.7)d  11.7346 (±0.0165) 6.6689 (±0.0075) 5.5457 (±0.0079) 434.0 (±1.0) 

30.3 (±1.2)d 11.7682 (±0.0155) 6.6880 (±0.0096) 5.5616 (±0.0055) 437.7 (±1.0) 

28.2 (±1.3)d 11.7797 (±0.0176) 6.6945 (±0.0085) 5.5670 (±0.0039) 439.0 (±0.9) 

25.9 (±1.5)d 11.8321 (±0.0215) 6.7243 (±0.0106) 5.5918 (±0.0121) 444.9 (±1.4) 

20.9 (±1.1)d 11.8796 (±0.0177) 6.7513 (±0.0089) 5.6142 (±0.0075) 450.3 (±1.1) 

17.1 (±0.8)d 11.9344 (±0.0236) 6.7825 (±0.0091) 5.6401 (±0.0099) 456.5 (±1.4) 

14.5 (±0.9)d 11.9982 (±0.0258) 6.8187 (±0.0112) 5.6703 (±0.0125) 463.9 (±1.6) 

51.0 (±1.6)B2  11.5508 (±0.0085) 6.5645 (±0.0039) 5.4588 (±0.0049) 413.9 (±0.5) 

56.7 (±1.5)B2  11.4987 (±0.0095) 6.5349 (±0.0059) 5.4342 (±0.0064) 408.3 (±0.7) 

94.0 (±1.9)B2  10.9552 (±0.0103) 6.3203 (±0.0064) 5.2558 (±0.0055) 363.9 (±0.6) 

98.5 (±1.8)B2  10.9515 (±0.0099) 6.3182 (±0.0059) 5.2540 (±0.0066) 363.5 (±0.7) 

104.0 (±2.2)B2 10.9105 (±0.0115) 6.2945 (±0.0069) 5.2344 (±0.0067) 359.5 (±0.7) 

108.9 (±2.1)B2 10.8918 (±0.0169) 6.2837 (±0.0097) 5.2254 (±0.0075) 357.6 (±0.9) 

114.8 (±2.4)B2 10.8400 (±0.0156) 6.2538 (±0.0089) 5.2005 (±0.0061) 352.5 (±0.8) 

119.5 (±2.7)B2 10.8188 (±0.0175) 6.2416 (±0.0095) 5.1904 (±0.0055) 350.5 (±0.9) 

111.8 (±3.1)B2,d 10.8474 (±0.0217) 6.2581 (±0.0114) 5.2041 (±0.0103) 353.3 (±1.2) 

106.1 (±2.5)B2,d 10.8902 (±0.0208) 6.2828 (±0.0098) 5.2246 (±0.0091) 357.5 (±1.1) 

96.9 (±2.5)B2,d 10.9351 (±0.0225) 6.3087 (±0.0117) 5.2462 (±0.0089) 361.9 (±1.2) 
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Table 4.7: Equation of state parameters of siderite I and II at high pressures and 300 K. 

V0: unit cell volume at zero pressure; K0T: isothermal bulk modulus; K0T’: 

pressure derivative of the K0T. In the Birch-Murnaghan EoS fitting, V0 and 

K0T have been set as free parameters for both phases. K0T’ was set as a free 

parameter for the siderite I. The EoS parameters for siderite II were derived 

from having K0T’ fixed at 4 or set as a free parameter, respectively. Due to the 

limited pressure range for the siderite II data, the derived K0T’ carries a 

relatively large uncertainty. 

 Siderite I  Siderite II 

 HS LS  HS HS* LS LS* 

V0 (Å3) 292.9 (±0.1) 261 (±3)  484 (±9) 489.8 (±2.4) 453 (±8) 459.6 (±3.5) 

K0T (GPa) 112 (±2) 131 (±5)  211 (±21) 222 (±13) 234 (±24) 251 (±17) 

K0T’ 5.2 (±0.2) 5.3 (±0.2)  4.6 (±0.4) 4 4.9 (±0.4) 4 

* K0T’ fixed at 4. 

The lattice parameters of siderite II also exhibit abrupt changes across the pressure-

induced spin transition (Fig. 4.5b); the axial length of the a axis is reduced by 1.9% which 

is almost twice as much as that in the b and c axes. In contrast, the axial lengths of the a 

and c axes in siderite I are reduced by approximately 2.0% and 3.0%, respectively, across 

the spin crossover (Lin et al., 2012). The difference in the changes of the unit cell 

parameters across the spin transition in siderite I and II likely indicates relatively denser 

packing structure and less compressible Fe-O bonding characters in the high-pressure 

phase II (See Table 4.7 for the EoS parameters of the siderite I and II). 

 

4.3.3 Phase Diagram of the (Mg,Fe)CO3 Carbonates at High P-T  

Together with previous studies (Boulard et al., 2011; Isshiki et al., 2004; Liu et al., 

2014b; Santillan and Williams, 2004; Zhang et al., 1998), present experimental results on 

FeCO3 and (Fe0.65Mg0.35)CO3 were used to decipher the compositional and spin transition 

effects on the P-T phase diagram of the (Mg,Fe)CO3 system (Fig. 4.6). Analyses of the P-

T conditions for the occurrence of phase II in the (Mg,Fe)CO3 system show that siderite II 
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started to occur at 50 GPa and 1400 K, ferromagnesite II [(Fe0.65Mg0.35)CO3] at 60 GPa 

and 1500 K, and magnesite II at 85 GPa and 2400 K. This indicates a strong effect of Fe-

Mg substitution on the transitional pressure from the rhombohedral phase I to the 

orthorhombic phase II and that the high-pressure phase II in the FeCO3-rich part of the 

system occurs at lower P-T conditions than that in the MgCO3-rich counterpart (Fig. 4.6). 

Previous high P-T studies on the system have shown that the spin transition in phase I 

occurred sharply at approximately 45 GPa and 300 K (Lavina et al., 2009; Lin et al., 2012) 

and that the spin crossover broadened and shifted toward higher pressures at elevated 

temperatures up to 1200 K (Liu et al., 2014b). Because the FeO6 octahedra in the system 

are well isolated from each other by the rigid CO3 units, the spin transition pressure is 

shown to be not affected by the amount of FeCO3 in the system (Liu et al., 2014b); there 

has been no observable compositional effect on the spin transition pressure in the MgCO3-

FeCO3 system (Lavina et al., 2009; Lin et al., 2012; Liu et al., 2014b). Due to the iron 

substitution, however, the FeCO3-rich part of the system in the low-spin state has a smaller 

unit cell volume and a higher density than the MgCO3-rich high-spin counterpart, 

effectively reducing the pressure (energy) needed to transform to the high-pressure phase 

II by as much as approximately 35-40 GPa between the FeCO3 and MgCO3 end-members. 

Considering the structural transition pressures and the occurrence of the spin transition in 

both phase I and II, it is evident that the combination of the FeCO3 substitution and the spin 

transition of iron in the MgCO3-FeCO3 system promotes the occurrences of the high-

pressure low-spin phase II at much lower P-T conditions than the MgCO3-rich counterpart 

(Hazen et al., 2000). 
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Figure 4.6: Experimentally observed phases in the (Mg,Fe)CO3 system at high P-T. 

Open, half-filled, and solid diamonds: phase I, I+II, and II, respectively, for 

siderite [FeCO3] (this study); open and half-filled squares: phase I and I+II, 

respectively, for magnesite [MgCO3] (Isshiki et al., 2004); half-filled triangle: 

phase I and II for magnesite (Boulard et al., 2011); open and half-filled 

circles: phase I and I+II, respectively, for (Mg0.35Fe0.65)CO3 (this study); open 

triangles: phase I for ferromagnesite [(Mg0.09Fe0.82Ca0.09)CO3] (Santillan and 

Williams, 2004). Red, black, and blue curves: phase transformation boundary 

between phase I and II for siderite, ferromagnesite, and magnesite, 

respectively. Gray solid curve: expected lower-mantle geotherm (Katsura et 

al., 2010). 

 

4.4 CONCLUSION 

Spin transitions of iron in candidate mantle minerals such as perovskite 

[(Mg,Fe)SiO3] and ferropericlase [(Mg,Fe)O] have been observed to affect their physical 
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and chemical properties including density, sound velocities, iron partitioning coefficient, 

as well as transport properties (Irifune et al., 2010; Lin et al., 2013; Mao et al., 2011). 

Present results here show that the spin transition in (Mg,Fe)CO3 can affect the phase 

diagram of the system by stabilizing the high-pressure phase II in the orthorhombic 

structure to lower P-T conditions (Figs. 4.2 and 4.6). Previous studies have indicated that 

magnesite likely contains approximately 15 mole% iron in the Earth’s mantle (Dasgupta et 

al., 2004; Dasgupta and Hirschmann, 2010). Along an expected lower-mantle geotherm 

(Katsura et al., 2010), the high-spin ferromagnesite containing 15% iron 

[(Mg0.85Fe0.15)CO3] would start to transform to the low-spin state at approximately 55 GPa 

and 2200 K (approximately 1400 km depth) and eventually to the ferromagnesite II phase 

at 80 GPa and 2400 K (approximately 1900 km depth) (Fig. 4.7) (Liu et al., 2015). That is, 

the ferromagnesite II phase in the lower part of the lower mantle likely assumes the low-

spin state. Since the low-spin iron ion is energetically more stable at high pressures than 

the high-spin counterpart, iron ions would partition favorably into the low-spin phase with 

respect to the high-spin phases in order to minimize the Gibbs free energy of the system in 

the lower mantle (Badro et al., 2005). A recent experimental study shows that the partition 

coefficient of iron between lower-mantle silicate perovskite (Pv) and ferropericlase (Fp) 

[KD = (Fe/Mg)Pv/(Fe/Mg)Fp] decreases from 0.85 to 0.52 at approximately 40-47 GPa and 

2000 K, which corresponds to the expected pressure-temperature conditions for the spin 

transition zone of ferropericlase in the lower mantle (Irifune et al., 2010). That is, the low-

spin ferropericlase becomes enriched in Fe2+ as a result of the spin transition (Badro et al., 

2005; Lin et al., 2013). Considering the volume reduction across the spin transition in 

ferromagnesite, it is conceivable that iron would preferentially partition into the low-spin 

ferromagnesite II with respect to other surrounding high-spin phases in the lower mantle. 
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Figure 4.7: The schematic phase relations of mantle ferromagnesite at high pressure and 

temperature. Blue and red: the low-pressure rhombohedral ferromagnesite 

(phase I) at the high- and low-spin states, respectively; orange: the high-

pressure orthorhombic ferromagnesite (phase II); black solid curve: expected 

lower-mantle geotherm (Katsura et al., 2010). 

Depending on the oxygen fugacity and pressure-temperature (P-T) conditions, 

carbon can exist in various forms, including carbides, diamond, graphite, hydrocarbons, 

CO2, and carbonates, in the Earth's interior (Palyanov et al., 2013). Subducted slabs have 

been proposed to play a certain role in transporting a certain amount of carbon into the 

deep lower mantle (Dasgupta and Hirschmann, 2010; Walter et al., 2011). Among the 

transported carbon-bearing materials, ferromagnesite likely can survive the extreme P-T 

conditions of the subducting slabs in the mantle and becomes a stable carbon-bearing phase 

in the lower mantle (Biellmann et al., 1993; Isshiki et al., 2004; Panero and Kabbes, 2008). 

Such a transport mechanism for delivering carbon into the Earth’s lower mantle is also 
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supported by the observations of the ferromagnesian carbonate inclusions in eclogite 

xenoliths from the deep mantle (Liou et al., 1998) as well as magnesite-bearing inclusions 

in natural deep-mantle diamonds (Berg, 1986; Wang et al., 1996); though, several previous 

studies have suggested that polymorphs of (Mg,Fe)CO3 can be replaced by the occurrence 

of the reduced forms of carbon such as diamond and iron carbides depending on redox 

conditions of the mantle regions (Dasgupta and Hirschmann, 2010; Dasgupta, 2013; 

Rohrbach and Schmidt, 2011). Although the oxygen fugacity of the subducting slab 

materials may be not compatible with the stability of carbonates or carbonate-rich liquid 

(Stagno et al., 2013), the observation of carbonate inclusions in diamonds potentially 

brought up to the Earth’s surface from the deep mantle indicates that carbonates can exist 

in the mantle at least locally. Future studies are needed to further understand the role of 

oxygen fugacity on the stability of the high-pressure ferromagnesite at relevant conditions 

of the lower mantle. Present results here show that ferromagnesite inside the relative cold 

and oxidizing slabs likely undergoes an electronic spin transition to the low-spin 

ferromagnesite at the mid-lower mantle conditions and then becomes stable in the 

orthorhombic Pmm2 structure in the low-spin state toward the lower part of the lower 

mantle (Fig. 4.7). It is thus conceivable that the low-spin orthorhombic ferromagnesite is a 

major carbon host in the deep lower mantle.  
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Chapter 5 Sound Velocity of bcc-Fe and Fe-Si alloy at High P-T3 

5.1 INTRODUCTION 

Earth’s core is predominantly constituted of Fe, alloyed with Ni and a certain 

amount (approximately 10 wt. %) of elements lighter than Fe (thus named light elements) 

(Birch, 1952, 1964). A plethora of studies have concentrated on the identity and 

concentration of candidate light elements incorporated into the Earth’s core from 

cosmochemical, geochemical, geophysical, and mineral physics perspectives (e.g., Alfè et 

al., 2002; Birch, 1952, 1964; Lin et al., 2002b; McDonough and Sun, 1995; Poirier, 1994; 

Rubie et al., 2011; Zhang and Guyot, 1999); though, the crystal structure and the amount 

of the major light element alloyed with Fe in the Earth’s core remain highly debated (see 

Dubrovinsky and Lin (2009) for further reviews). To date, a number of plausible major 

light elements have been proposed, including Si, S, O, C, and H (see Poirier (1994) and Li 

and Fei (2007) for further details). These results indicate that the presence of approximately 

10 wt. % light elements in the Earth’s core is necessary to explain the density and velocity 

discrepancies between seismic observations and measured velocity-density profiles of pure 

iron (Birch, 1964). However, most of the proposed major light elements have very low 

solubility in Fe at ambient conditions or at limited high P-T conditions (Li and Fei, 2007), 

making it difficult to investigate the alloying effects of the light element on thermodynamic 

and elastic properties of iron at relevant conditions of the Earth’s core. On the other hand, 

Si can be readily alloyed with Fe in the hexagonal closest-packed (hcp), body-centered 

cubic (bcc), or bcc-related structures (Fischer et al., 2013; Kuwayama et al., 2009; Lin et 
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al., 2003a; Machová and Kadečková, 1977), allowing one to study the alloying effects of 

a potential light element more easily.  

Recent studies on the phase diagram of iron-light element alloys at relevant P-T 

conditions of the Earth’s inner core have shown very rich information about their crystal 

structures, melting point depressions, elasticity, and alloying effects of light elements (see 

Li and Fei (2007) for further reviews). Synchrotron X-ray diffraction (XRD) experiments 

and theoretical calculations on the crystal structure of pure iron have shown that the hcp 

structure is likely to be the most stable phase at relevant P-T conditions of the Earth’s inner 

core (Kuwayama et al., 2008; Stixrude, 2012; Tateno et al., 2010; Vočadlo et al., 1999). 

Furthermore, the face-centered cubic (fcc) structure of Fe has also been suggested to 

coexist with the hcp phase in the inner core (Côté et al., 2010; Cui et al., 2013; 

Mikhaylushkin et al., 2007). On the other hand, the bcc structure of Fe or its alloys, 

including Fe-Si and Fe-Ni alloys, may also exist in the inner core conditions (Asanuma et 

al., 2010; Belonoshko et al., 2003; Belonoshko et al., 2006; Belonoshko et al., 2008b; 

Belonoshko et al., 2009; Belonoshko et al., 2011; Brown and McQueen, 1986; 

Dubrovinsky et al., 2007; Fischer et al., 2013; Hirao et al., 2004; Kuwayama et al., 2009; 

Lin et al., 2002b; Lin et al., 2003a; Luo et al., 2010; Matsui and Anderson, 1997; Persson 

et al., 2011; Sata et al., 2008; Vočadlo et al., 2003; Vočadlo et al., 2008; Zhang and Oganov, 

2010). Recent experimental and theoretical results revealed that addition of Si light element 

and/or Ni in Fe can stabilize the bcc phase at higher P-T conditions relevant to the inner 

core as a result of the combined effects of high-temperature and addition of light elements 

in Fe (Côté et al., 2008; Kuwayama et al., 2009; Lin et al., 2002b; Vočadlo et al., 2008). It 

has also been argued that the complex structure and P-wave anisotropy of the inner core 

can be better explained by the presence of the textured bcc phase with extremely high 

elastic anisotropy, instead of a single phase of hcp-Fe (Belonoshko et al., 2008b; Geballe 
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et al., 2013; Mattesini et al., 2010; Mattesini et al., 2013). On the other hand, the anisotropy 

of hcp-Fe is reported to decrease with increasing pressure and/or temperature (Sha and 

Cohen, 2010; Steinle-Neumann et al., 2001; Stixrude and Cohen, 1995; Vočadlo et al., 

2009). Several previous studies have indicated that the anisotropy of hcp-iron can be so 

small (~1%) or insignificant under the Earth’s core conditions such that it may not be 

sufficient to explain the seismic VP and VS anisotropies of the inner core (Belonoshko et 

al., 2003; Sha and Cohen, 2010). Therefore, knowledge about the sound velocity of the 

bcc-Fe and Fe-Si alloys at high P-T conditions can provide new insights into our 

understanding of the geophysics and geochemistry of the Earth’s core as well as the 

interiors of other planetary bodies. 

A number of experimental high-pressure techniques, including ultrasonic 

interferometry, nuclear resonant inelastic X-ray scattering (NRIXS), high-energy 

resolution inelastic X-ray scattering (HERIX), impulsive stimulated light scattering 

(ISLS), and shock compression, have been used to measure the compressional wave 

velocity (VP) of the hcp-Fe at high pressures (e.g., Crowhurst et al., 2004; Fiquet et al., 

2001; Mao et al., 1998; Mao et al., 2001; Nguyen and Holmes, 2004). Sound velocities of 

Fe alloys (e.g., Fe-Ni, Fe-O-S, Fe-Ni-Si, Fe-H) and Fe-bearing compounds (e.g., Fe3C, 

Fe3S, FeO, FeSi) have also been systematically investigated (Antonangeli et al., 2010; 

Badro et al., 2007; Fiquet et al., 2004; Gao et al., 2011; Huang et al., 2011; Kantor et al., 

2007; Lin et al., 2003b; Mao et al., 2004; Shibazaki et al., 2012; Whitaker et al., 2009). 

One of the main interests and debates in these studies remains the VP-density (ρ) 

relationship of Fe alloys at high P-T—does the VP-ρ relation behave linearly to allow one 

to extrapolate lower P-T data to Earth’s core conditions? In some of the previous studies, 

the VP-ρ relations of Fe and its alloys and compounds have been found to behave linearly 

at ultrahigh pressures and that the high temperature effect was negligible within 
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experimental uncertainties (e.g., Antonangeli et al., 2012; Badro et al., 2007; Fiquet et al., 

2001; Murphy et al., 2013; Ohtani et al., 2013; Vočadlo, 2007; Whitaker et al., 2009). 

These results have been extensively used to extrapolate experimental results to Earth’s core 

conditions without considering high-temperature effects on the velocity. However, other 

recent theoretical and experimental results have shown that high temperature causes a 

significant decrease in the VP and VS even at a constant density, indicating that the VP-ρ 

relationship of Fe and its alloys needs to be used with caution and experimental results at 

simultaneous high P-T conditions of the core are needed to reliably decipher the physics 

and chemistry of the region (Gao et al., 2011; Lin et al., 2005b; Mao et al., 2012; Sha and 

Cohen, 2006, 2010; Steinle-Neumann et al., 2001; Vočadlo et al., 2009). In contrast to 

these extensive studies on hcp-Fe alloys, experimental results on sound velocities of bcc-

Fe and bcc Fe-rich alloys at high P-T remain relatively scarce, calling for further 

understanding of the elastic behavior of bcc-Fe and Fe-rich light element alloys at high P-

T conditions (Fiquet et al., 2004; Klotz and Braden, 2000). 

In this study, in situ HERIX and XRD measurements on polycrystalline bcc-Fe and 

Fe0.85Si0.15 (8 wt. % Si) alloy have been carried out in an externally-heated diamond anvil 

cell (EHDAC) at high P-T conditions (Kantor et al., 2012; Mao et al., 2012). The diffraction 

spectra were used to confirm the crystal structure and the lattice parameters (density) of 

the bcc phase, while the longitudinal acoustic phonon spectra were used to derive the VP. 

These results allow us to reliably establish the VP–ρ relation of the bcc phase and to 

understand the alloying effect of Si on the velocity of bcc-Fe. Together with previous 

studies on the single-crystal elastic constants of the Fe-Si alloy system (Alberts and 

Wedepohl, 1971; Machová and Kadečková, 1977; Petrova et al., 2010; Routbort et al., 

1971), the high P-T and silicon-alloying effects on the VP and VS anisotropy of bcc-Fe are 

analyzed in detail. These results here on the bcc Fe-Si alloys as well as literature values on 
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hcp-Fe alloys are applied to understanding the chemical composition and seismic wave 

anisotropy of the inner core. 

 

5.2 EXPERIMENTAL METHODS 

The starting powder Fe and Fe0.85Si0.15 alloy were purchased from Alfa Aesar 

Company with lot H13U044 and Goodfellow Company with lot FE006020/31, 

respectively. The Fe0.85Si0.15 alloy sample has been used and examined in previous XRD 

and HERIX studies (Lin et al., 2009; Mao et al., 2012). Electron microprobe analyses 

showed that the Fe sample did not contain any detectable impurities while the Fe-Si alloy 

contained 7.9 (±0.3) wt. % Si homogeneously. Both samples were polycrystalline in the 

bcc structure without any observable textures at ambient conditions based on XRD results. 

The starting sample was pre-selected for its grain size of 1-3 um and slightly pressed 

between two opposing diamond anvils to form a disk of approximately 60 μm wide and 45 

μm thick. A Re gasket of 250 µm thick was pre-indented to 70 μm thick by a pair of 

diamond anvils with 500 µm culets, and a hole of 250 μm in diameter was then drilled in 

it. The sample disk was then loaded into the sample chamber of the drilled hole in an 

EHDAC equipped with a Pt wire heater and a K-type thermocouple (Kantor et al., 2012; 

Mao et al., 2012). Micro-sized Au powder and a small piece of ruby sphere were placed 

next to the sample as the primary and secondary pressure calibrant, respectively (Fei et al., 

2007a; Mao et al., 1986). Ultrahigh purity Ne pressure medium was loaded at 22,000 psi 

using the high-pressure gas loader in the Mineral Physics Laboratory of the University of 

Texas at Austin. The temperature of the sample was measured using the K-type 

thermocouple attached to the pavilion of the diamond close to the sample chamber. The 



 77 

highest temperature of present experiments was kept at 700 K to allow the bcc phase to 

remain stable over a wider pressure range (Boehler, 1986; Huang et al., 1987). 

High P-T HERIX and XRD measurements were conducted using a highly 

monochromatized incident X-ray beam with an energy of 21.657 keV (0.5725 Å) and an 

energy bandwidth of 1.2 meV at 3IDC of the Advanced Photon Source (APS), Argonne 

National Laboratory (ANL) (Toellner et al., 2011). The X-ray beam was focused down to 

a beamsize of 15 μm vertically and 22 μm horizontally using a set of toroidal and 

Kirkpatrick-Baez (KB) mirrors in tandem (Alatas et al., 2011). X-ray diffraction patterns 

of the sample were collected by a digital X-ray flat panel detector (FPDs) from 

PerkinElmer Company before and after experiments, and were integrated using Fit2D 

Software (Hammersley et al., 1996). The samples remained in the bcc structure in all of 

the experiments, and no additional diffraction peaks, other than the bcc phase, were 

observed during and after experiments. The unit cell parameters, densities, and their 

uncertainties were calculated from two diffraction peaks (110) and (200) of the bcc phase, 

while analyses on the variation of the diffraction intensity as a function of azimuthal angle 

did not reveal any observable texturing of the bcc samples upon compression (Fig. 5.1). 

Pressures and their uncertainties were determined from Au, and were crosschecked via the 

measured densities of the samples before and after experiments using a previously reported 

equation of state (Fei et al., 2007a; Huang et al., 1987; Lin et al., 2003a; Mao et al., 1967; 

Zhang and Guyot, 1999). For the HERIX experiments, the scattered inelastic signals of the 

sample were collected and analyzed using a 6-meter long analyzer arm equipped with four 

spherically-bent silicon crystal analyzers of the (18 6 0) reflection working very close to 

back reflection (89.98°) (Alatas et al., 2011; Sinn et al., 2001). These analyzers were 

separated by ~3.3 nm-1 in the reciprocal space, with an energy resolution of approximately 

2.2 meV (Alatas et al., 2011). The collection time for each energy scan was approximately 
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1 hour and about 20 spectra were co-added for each given P-T conditions in order to obtain 

high-quality HERIX spectra of the samples, with very small temperature fluctuation less 

than 1 K. 

 

 

Figure 5.1: Representative X-ray diffraction pattern of bcc-Fe at 10 GPa and 300 K. 

Insert, original diffraction image. An incident X-ray wavelength of λ=0.3100 

Å was used for the measurement at the GeoSoilEnviroCARS of the APS. The 

sample was in the bcc phase and did not exhibit any observable textures. 

 

5.3 RESULTS AND DATA ANALYSES 

HERIX spectra of the bcc-Fe were collected at four different momentum transfers 

(Q) of 4.0, 7.3, 10.6 and 13.9 nm-1 up to 11 GPa at three given temperatures (300 K, 500 

K, and 700 K) (Fig. 5.2 and Table 5.1), while the spectra for bcc-Fe0.85Si0.15 were collected 

at high pressures and room temperature. Measured longitudinal acoustic (LA) phonon 

dispersion curves of the samples were fitted to a sine function of the momentum (Q) and 
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energy transfers (E) to derive the compressional-wave velocity (VP) (Fig. 5.3) (see Fiquet 

et al. (2004) and Kantor et al. (2007) for further details). The uncertainty of the derived VP 

is approximately 1% (Table 5.1), allowing us to better constrain high P-T and silicon-

alloying effects on the VP of the bcc-Fe. Note that the elastic peaks in the HERIX spectra 

are typically much stronger than the longitudinal acoustic phonon peaks of bcc-Fe and bcc-

Fe0.85Si0.15 at the lowest Q (4 nm-1). 

 

 

Figure 5.2: Representative HERIX spectra of bcc-Fe as a function of momentum transfer 

(Q) at 11 GPa and 700 K. (a) The full-profile HERIX spectra in the 

logarithmic scale. (b) The HERIX spectra of the interesting region shown in 

the linear scale. Experimental data (open circles with error bars) were fitted 

with a Lorentzian function (solid lines) for the longitudinal acoustic phonon 

peak (LA). Transverse acoustic (TA-Dia) and longitudinal acoustic phonon 

peaks (LA-Dia) from diamond anvils were observed when the momentum 

transfer (Q) was at 4.0 nm-1. 
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Figure 5.3: Longitudinal acoustic phonon dispersion curves of bcc-Fe (a, b) and bcc-

Fe0.85Si0.15 (c) at high pressures. The measured momentum-energy (Q-E) 

relations (open circles) were fitted using a sine function (solid lines). The 

energy and momentum transfers at the origin of the first Brillouin zone are 

intrinsically set at zero for the data analyses. Errors (±1σ) for the momentum 

transfer are typically in the order of 0.3 nm-1, while uncertainties for the 

energy transfer are mostly less than 1%.  
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Table 5.1: Compressional wave velocity and density of polycrystalline bcc-Fe and 

Fe0.85Si0.15 at high pressures and temperatures. 

VP (km/s) ρ (g/cm3) P (GPa)* 

bcc-Fe (300 K) 

5.97 (±0.05) 7.877 (±0.002) 1 bar 

6.11 (±0.05) 7.965 (±0.003) 1.9 (±0.2) 

6.28 (±0.03) 8.065 (±0.003) 4.2 (±0.3) 

6.45 (±0.06) 8.187 (±0.002) 7.4 (±0.5) 

6.58 (±0.05) 8.311 (±0.005) 10.3 (±0.5) 

bcc-Fe (500 K) 

6.02 (±0.05) 7.945 (±0.002) 3.1 (±0.3) 

6.22 (±0.06) 8.092 (±0.003) 6.6 (±0.5) 

6.40 (±0.05) 8.217 (±0.003) 9.7 (±0.5) 

   

bcc-Fe (700 K) 

5.67 (±0.04) 7.742 (±0.004) 1 bar 

5.94 (±0.07) 7.937 (±0.002) 3.8 (±0.3) 

6.18 (±0.06) 8.121 (±0.003) 8.0 (±0.5) 

6.38 (±0.08) 8.259 (±0.004) 10.9 (±0.5) 

   

Fe0.85Si0.15 (300 K) 

6.19 (±0.05) 7.398 (±0.002) 1 bar 

6.40 (±0.06) 7.515 (±0.005) 2.5 (±0.2) 

6.85 (±0.07) 7.819 (±0.006) 9.0 (±0.4) 

7.13 (±0.09) 7.996 (±0.006) 14.5 (±0.5) 

* Neon was used as the pressure-transmitting medium. Pressures were 

calculated from Au (Fei et al., 2007), and were crosschecked using the 

equation of state (EoS) of bcc-Fe (Mao et al., 1967; Huang et al., 1987) and 

bcc-Fe0.85Si0.15 (Lin et al., 2003a). 
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Figure 5.4: Compressional wave velocity (VP) and density (ρ) relations of bcc-Fe (a) and 

bcc Fe-Si alloy (b) at high pressures and temperatures. Solid lines: linear fits 

of the experimental data. Dashed lines illustrate the alloying effect of 8 wt. % 

Si on the VP-ρ relation of bcc-Fe at ambient conditions in which the velocity 

increase at a constant density (ΔVP) and the density decrease (Δρ) at a constant 

velocity are shown respectively. 
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Given the limited density (pressure) range (approximately 0.4 g/cm3 increase in 

density) of present experiments, the derived VP-ρ profiles of the bcc-Fe and Fe0.85Si0.15 at 

each given temperature can be well represented by a linear function. The VP of bcc-Fe 

measured at elevated temperatures was clearly reduced, even at a constant density (Fig. 

5.4a). For example, at a constant density of 7.877 (±0.002) g/cm3, the VP of the bcc-Fe was 

reduced by 2.2 (±1.6) % from 300 K to 700 K. The velocity reduction at our maximum 

density of 8.311 (±0.005) g/cm3 was 1.2 (±0.9) % from 300 K to 700 K, which appears to 

be smaller than that at lower densities; however, our data uncertainty within a limited 

temperature range does not permit us to further infer the higher-density effect on the 

temperature-reduced velocity decrease reported previously for hcp-Fe and Fe-Si alloy 

(Mao et al., 2012). On the other hand, at ambient pressure, the velocities of bcc-Fe at 500 

K and 700 K were lower than that at 300 K by 2.9 (±1.6) % and 5.1 (±1.9) %, respectively 

(Fig. 5.5 insert). Note that the VP reduction at high temperatures and at a given density has 

been reported in recent NRIXS and HERIX studies for hcp-Fe (Lin et al., 2005b; Mao et 

al., 2012). Compared with VP-ρ profile of the bcc-Fe at 300 K, the Fe0.85Si0.15 alloy 

systematically exhibits much higher VP and lower ρ (Figs. 5.4b and 5.5). The addition of 8 

wt. % Si into bcc-Fe results in a density reduction (Δρ) by approximately 7.6% and a 

velocity increase (ΔVP) by 3.6 (±1.6) % at ambient P-T conditions, while the Δρ was 

approximately 7.2% and the ΔVP was 5.0 (2.1) % at the maximum pressure of 15 GPa. 
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Figure 5.5: The VP of bcc-Fe and bcc-Fe0.85Si0.15 as a function of pressure. Solid lines: 

linear fits of the experimental data; solid circles: bcc-Fe0.85Si0.15 at 300 K. 

Insert: velocity deviation (ΔVP (%)) as a function of pressure using the 

experimental VP of bcc-Fe at 300 K (VP,300) as the reference. The deviation is 

defined as: ΔVP (%) = ((VP - VP,300) / VP,300) × 100. Dashed lines: linear fits of 

the derived velocity deviation; vertical ticks: representative errors (±1σ) are 

calculated using standard error propagations. 
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et al., 2012; Badro et al., 2007; Fiquet et al., 2001; Kantor et al., 2007). This linear 

approximation was empirically observed by Birch (1961a, 1961b) to correlate the bulk 

sound velocity and density results in shockwave experiments, in which the wave velocity 

and density behave approximately linearly along a Hugoniot for materials with common 

mean atomic weights (e.g., Birch, 1961a, b; McQueen et al., 1964; Vočadlo, 2007; Wang, 

1970). However, a number of previous studies have shown that the linear approximation is 

only a manifestation of the power-law relation over a limited density range (Anderson, 

1967; Anderson, 1973; Chung, 1972; Liebermann and Ringwood, 1973; Mao et al., 2012; 

Shankland, 1972), and that the linear behavior does not hold through a structural phase 

transition (Campbell and Heinz, 1992). Furthermore, temperature-dependent velocity of 

the hcp-Fe and its alloys as a function of density has been recently reported experimentally 

and theoretically (e.g., Antonangeli et al., 2012; Gao et al., 2011; Kantor et al., 2007; Lin 

et al., 2005b; Mao et al., 2012; Murphy et al., 2013; Ohtani et al., 2013; Sha and Cohen, 

2006; Steinle-Neumann et al., 2001; Vočadlo, 2007; Vočadlo et al., 2009). The VP-ρ and 

VP-P profiles of our bcc-Fe at given temperatures display an evident VP reduction with 

increasing temperature even at a constant density (Figs. 5.4 and 5.5), showing a strong 

temperature effect on the VP. Compared with the VP reduction of 5.4% for the hcp-Fe of 

9.256 g/cm3 at 700 K (Mao et al., 2012), the overall VP reduction of bcc-Fe was much 

smaller at 700 K, suggesting that the elasticity of bcc and hcp phases can behave quite 

differently at high P-T conditions (see further discussions in next paragraph). Lin et al. 

(2005b) have reported sound velocities of hcp-Fe up to 1700 K at moderate pressures which 

showed the strong temperature-dependent VP and VS. The VS of Fe3C also showed a strong 

temperature-dependence up to approximately 1450 K and 47 GPa (Gao et al., 2011). 

Moreover, first-principles calculations found that at a fixed density, the shear-wave 

velocity (VS) of hcp-Fe decreases approximately by half from 0 K to 6000 K (Steinle-
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Neumann et al., 2001). In contrast, Antonangeli et al. (2012) suggested no such temperature 

reduction in the hcp-Fe up to 1100 K and 93 GPa, although their VP measurements at 

approximately 900 K and 9.5 g/cm3 appear to be below their linear fitting line. 

To further demonstrate the high-temperature effect on the VP, the VP-ρ relationship 

of bcc-Fe was analyzed from 0 K to 1185 K using literature and present results (Adams et 

al., 2006; Dever, 1972; Isaak and Masuda, 1995). Note that the literature VP presented here 

represents the polycrystalline VP of the sample as derived from single-crystal elastic 

constants using the Voigt-Reuss-Hill average method by Hill (1952). The ferromagnetic 

(FM) bcc-Fe is stable up to the Curie temperature (TC) of 1043 K, and its VP-ρ profile 

follows a non-linear function and can be well represented using the power-law function 

(Fig. 5.6): 

VP = C(M)(ρ + a(T))λ ,        (5.1) 

where C(M) is an atomic mass constant at a given temperature, a(T) is a temperature-

dependent correction factor, and λ is a correction factor for the non-linear behavior of the 

VP-ρ relationship (see Mao et al. (2012) for further details). In the power-law fitting for the 

VP-ρ relation, the FM phase exhibits C(M) = 6.484 (±0.031), a(T) = -7.552 (±0.014), and λ 

= 0.0804 (±0.0063). Above 1043 K, the bcc-Fe undergoes a ferromagnetic to paramagnetic 

(PM) transition that is also associated with a discontinuity in the VP-ρ profile. The VP-ρ 

relation of the PM phase can be simply fitted with the linear function (VP = 3.833 (±0.046) 

ρ – 24.01 (±0.35)), instead of the power-law function behavior for the FM phase. These 

analyses here strongly support the notion that high temperature and magnetism have a 

strong effect on the VP of Fe and that the VP-ρ profile of Fe can be affected by structural 

and magnetic transitions (Fig. 5.6). The bcc-Fe and Fe-Si alloy are likely in the FM state 

at high P-T and their VP-ρ profiles may thus be affected by various degrees of magnetism 
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resulting in different VP-ρ profiles than the non-magnetic counterparts at high P-T 

conditions relevant to the Earth’s core (e.g., Ruban et al., 2013; Steinle-Neumann et al., 

2004). Analyses of the VP of bcc-Fe as a function of the frequency of the experimental 

probes including ultrasonic and HERIX techniques show that the VP slightly increases with 

frequency of the probe, suggesting a potential frequency-dependent velocity in the system, 

although these ambient data are consistent within uncertainty (Fig. 5. 6 insert) (e.g., Isaak 

and Masuda, 1995). 

 

5.4.2 Alloying Effect of Si on the VP-ρ Profile of bcc-Fe 

To understand the alloying effects of Si on the sound velocity of the bcc-Fe, present 

results have also been compared to literature values on bcc-Fe and Fe-Si alloys at high 

pressures (Adams et al., 2006; Alberts and Wedepohl, 1971; Badro et al., 2007; Dever, 

1972; Guinan and Beshers, 1968; Isaak and Masuda, 1995; Machová and Kadečková, 

1977; Petrova et al., 2010; Routbort et al., 1971; Zhang et al., 2010). These results show 

that Fe-Si alloys systematically exhibit higher polycrystalline VP and lower ρ than pure Fe 

for both bcc and hcp phases (Figs. 5.4b) (Antonangeli et al., 2004; Antonangeli et al., 2010; 

Antonangeli et al., 2012; Badro et al., 2007; Fiquet et al., 2001; Fiquet et al., 2004; Lin et 

al., 2003b; Mao et al., 2012; Tsuchiya and Fujibuchi, 2009). The VP-ρ profile of bcc-

Fe0.85Si0.15 exhibits similar high-pressure behavior to bcc-Fe via a constant density offset. 

That is, the VP-ρ profile of the bcc-Fe0.85Si0.15 would match well with that of the bcc-Fe by 

a density decrease of 0.6 g/cm3 as a result of lighter Si addition (Fig. 4b). Note that the VP-

ρ profile of FeSi (33.5 wt. % Si) also shows similar high-pressure behavior to bcc-Fe via a 

constant density offset of ~2.3 g/ cm3 (Fig.7b) (Badro et al., 2007). 
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 Figure 5.6: Compressional wave velocity (VP) of bcc-Fe as a function of density 

(temperature) at ambient pressure (0.1 MPa). Solid squares: this study; open 

circles: polycrystalline VP calculated from the elastic constants (using the 

Voigt-Reuss-Hill average method by Hill (1952)) measured by the ultrasonic 

techniques at the frequencies of 0.3-0.75 MHz (Adams et al., 2006); open 

diamonds: ultrasonic data at 0.3-0.6 MHz (Isaak and Masuda, 1995); open 

squares: ultrasonic data at 20-70 MHz (Dever, 1972). A power-law function 

(Mao et al., 2012) is used to fit the VP-ρ relation of the ferromagnetic (FM) 

bcc-Fe between 300 K and the critical temperature (TC) of 1043 K, whereas 

the VP-ρ relation for the paramagnetic (PM) bcc-Fe can be well represented 

by a linear function. The insert figure shows the frequency dependence of the 

VP at 300 K. Vertical ticks represent experimental errors (±1σ). 
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Figure 5.7: Compressional wave velocity of the Fe-Si alloy. (a) Vp as a function of Si 

content (wt. %) at ambient pressure; (b) Vp as a function of density at high 

pressures and 300 K. Solid diamonds: HERIX at ambient conditions (this 

study); open diamonds: HERIX at ambient conditions (Fiquet et al., 2004); 

open squares: theoretical calculation at 0 K (Zhang et al. 2010); open circles: 

ultrasonic measurements at ambient conditions (Guinan and Beshers, 1968; 

Alberts and Wedepohl, 1971; Routbort et al., 1971; Dever, 1972; Machová 

and Kadečková, 1977; Isaak and Masuda, 1995; Adams et al., 2006; Petrova 

et al., 2010). Dashed lines are linear fits to the data. Errors are smaller than 

the symbols and are not shown for clarity. 

Based on present experimental HERIX and previous ultrasonic results, the VP of 

bcc-Fe slightly increases with increasing Si content in the Fe-rich Fe-Si alloys system at 

ambient conditions (Fig. 5.7a) (Adams et al., 2006; Alberts and Wedepohl, 1971; Dever, 

1972; Guinan and Beshers, 1968; Isaak and Masuda, 1995; Machová and Kadečková, 
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show a similar behavior(Zhang et al., 2010). These findings on this velocity-density 

behavior of Fe-Si alloys clearly validates the notion that addition of Si in bcc-Fe mainly 

contributes to the density deficit at high pressures while the velocity is less affected by the 

alloying light element (Lin et al., 2003a; Lin et al., 2003b; Mao et al., 2012). Note that the 

Si-rich counterpart also exhibits a linear relationship between the VP-Si content up to 33.5 

wt. % at ambient conditions, suggesting that present results on bcc Fe and Fe0.85Si0.15 (8 

wt. % Si) should be appropriately applied to higher Si content if the Earth’s core or the 

interiors of other planetary bodies contain Si-rich Fe-Si alloys. 

 

5.4.3 VP-ρ Profile across the bcc-hcp Phase Transition 

Comparison of the VP-ρ results between the bcc and hcp phases of Fe and Fe-rich 

Fe-Si alloys illustrates a VP-ρ discontinuity through the bcc-hcp structural transition (Fig. 

5.8a) (Fiquet et al., 2001; Lin et al., 2003b; Mao et al., 2001; Mao et al., 2012), showing 

that Birch’s law does not hold through a phase transition (Campbell and Heinz, 1992). It is 

worthwhile to note that the discontinuity in the VP-ρ plot can be attributed to the density 

jump of approximately 5% through the bcc-hcp phase transition (Fig. 5.8b) (Lin et al., 

2003a; Mao et al., 1967). Note that the hcp-Fe loses its magnetism across the bcc-hcp 

transition which may also contribute to some changes in the VP-ρ profile (Figs. 5.6 and 

5.8a) (Steinle-Neumann et al., 2004). The bcc phase exhibits a higher VP-ρ profile than the 

hcp phase, although the VP-ρ profiles of Fe and Fe-Si alloys appear to be similar. This 

behavior, along with the linear compositional effect of Si on the VP of Fe shown in Fig. 

5.7, indicates that the compositional effect of Si may be linearly scaled with the Si content 

(Zhang and Guyot, 1999). Assuming this trend remains valid in the inner core conditions, 

the presence of the bcc-structured Fe-Si alloy in the inner core would manifest seismically 
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with a higher VP-ρ profile than that of the hcp phase, requiring lesser amounts of light 

elements to match the density deficits of the inner core (Belonoshko et al., 2003; 

Belonoshko et al., 2008a; Belonoshko et al., 2008b). 

 

Figure 5.8: VP-ρ (a) and VP-P profiles (b) of Fe and Fe0.85Si0.15 in the bcc and hcp structure 

at 300 K. Blue and black solid lines: bcc-Fe0.85Si0.15 and bcc-Fe, respectively 

(this study); blue and black dashed lines: hcp-Fe0.85Si0.15 and hcp-Fe, HERIX 

(Mao et al., 2012); olivine solid line: hcp-Fe, shockwave experiments (Brown 

and McQueen, 1986); open squares: bcc-Fe, HERIX (Fiquet et al., 2001, 

2004); solid pentagons: hcp-Fe, ultrasonic (Mao et al., 1998); open hexagons: 

hcp-Fe, HERIX (Fiquet et al., 2001); open circles: hcp-Fe, HERIX 

(Antonangeli et al., 2004, 2012); open triangles: hcp-Fe, NRIXS (Mao et al., 

2001); solid triangles: hcp-Fe, ISLS (Crowhurst et al., 2004); solid diamonds: 

hcp-Fe, NRIXS (Lin et al., 2005). 

bcc            hcp

8 9 10 11 12

6

7

8

9

10

Fe

Fe0.85Si0.15

300 K

a

b

V
P
 (

k
m

/s
)

Fe0.85Si0.15

bcc           hcp

V
P
 (

k
m

/s
)

Density (g/cm3)

Fe

0 30 60 90 120
6

7

8

9

10

300 K

 

Pressure (GPa)



 92 

 

Figure 5.9: The VP and VS anisotropy of bcc-Fe as a function of temperature, pressure, 

and Si content. The anisotropy factor (A) is given in the equation 2 in the text. 

(a) ultrasonic measurements on bcc-Fe at ambient pressure (Lord and 

Beshers, 1965; Guinan and Beshers, 1968; Dever, 1972; Isaak and Masuda, 

1995; Adams et al., 2006); (b) Squares: inelastic neutron scattering (INS) 

measurements at 300 K (Klotz and Braden, 2000); triangles: theoretical 

calculations at 250 K (Sha and Cohen, 2006); (c) ultrasonic measurements on 

Fe-rich Fe-Si alloys at ambient conditions (Alberts and Wedephol, 1971; 

Dever, 1972; Machová and Kadečková, 1977). Dashed lines: fits to the data. 
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5.4.4 Velocity Anisotropy of bcc Fe-Si Alloys 

Single-crystal elastic constants of Fe-Si alloys have been previously reported as a 

function of temperature and Si content using ultrasonic interferometer measurements 

(Adams et al., 2006; Dever, 1972; Guinan and Beshers, 1968; Isaak and Masuda, 1995; 

Lord and Beshers, 1965). These results are re-analyzed to help understand elastic 

anisotropies of bcc Fe-Si alloys at high P-T conditions. The anisotropy factor (A) is 

calculated using the single-crystal elastic constants of bcc-Fe and Fe-Si alloys following 

the method in Mainprice et al. (2000): 

A = 2 × ((Vmax - Vmin) / (Vmax + Vmin)) × 100%,    (6.2) 

where Vmax and Vmin represent the maximum and minimum VP and VS velocities of bcc-Fe 

and Fe-Si alloys, respectively. bcc-Fe exhibits VP anisotropy of 16 (±2)% and VS splitting 

anisotropy of 42 (±3)% at ambient conditions (Fig. 5.9a). The VP and VS anisotropies 

increase to 25 (±2) % and 75 (±3) %, respectively, with increasing temperature up to 1043 

K (TC). The magnetic transition from the FM to PM states of bcc-Fe at approximately 1043 

K also enhances the VS anisotropy while the VP anisotropy is less affected by such a 

transition (Fig. 9a). That is, the magnetic transition would not affect velocity anisotropies 

of bcc-Fe. On the other hand, theoretical (Sha and Cohen, 2006) and experimental (Klotz 

and Braden, 2000) results showed that the anisotropy of bcc-Fe almost remains constant 

with increasing pressure up to 10 GPa at room temperature (Fig. 5.9b). The addition of Si 

into bcc-Fe with Si content up to 7 wt. % also enhances the VP and VS anisotropy of bcc-

Fe to 22 (±2) % and 61 (±3) % at ambient conditions, respectively (Fig. 5.9c). Considering 

the combined effects of high P-T and the addition of Si in bcc-Fe, it is conceivable that bcc 

Fe-Si alloy likely exhibits extremely strong VP and VS anisotropies at high P-T. If such 

strong VP and VS anisotropies persist to the extreme conditions of the Earth’s core, a certain 
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amount of bcc-Fe alloyed with light elements with preferred orientations may produce 

elastic anisotropies that could be used to explain the observed seismic anisotropy in the 

region (Belonoshko et al., 2008b). 

 

5.5 CONCLUSION 

Based on the measured velocity-density (VP-ρ) and velocity-pressure (VP-P) relations of 

bcc-Fe at simultaneous high pressure and temperature (P-T) conditions, present results 

show a strong VP reduction at elevated temperatures at a constant density. These results 

here confirmed the observations that high temperature has evident effects on sound 

velocities of Fe (Gao et al., 2011; Lin et al., 2005b; Mao et al., 2012). It is also found that 

by adding Si into bcc-Fe, the bcc Fe-Si alloys display similar high-pressure behavior via a 

constant density offset, indicating that a small amount of Si light element is likely 

incorporated into the inner core. Present results here strongly support the notion that high 

temperature has a strong effect on the VP of Fe and that the VP-ρ profile of Fe can be affected 

by structural and magnetic transitions. Compared with the literature velocity results for bcc 

and hcp Fe-Si alloys, the bcc-Fe and Fe-Si alloys exhibit higher VP than their hcp phase 

counterparts at the given bcc-hcp transition pressures. Analyses on literature elastic 

constants of the bcc Fe-Si alloys, as a function of P-T and Si content, show that the bcc 

phase displays extremely high VP anisotropy of 16-30% and VS splitting anisotropy of 40-

90% at high temperatures, while the addition of Si further enhances the anisotropy. Based 

on literature results of the compressional and shear wave anisotropy of bcc-Fe as a function 

of P-T and Si content, bcc-structured Fe-Si alloy crystals with preferred orientations may 

potentially produce the observed seismic anisotropy of the inner core. 
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Chapter 6 Elasticity of Fe-Ni-Si Alloy in the Earth’s Inner Core4 

6.1 INTRODUCTION 

Based on shockwave velocity-density measurements on iron, Francis Birch (1952, 

1964) first found that the Earth’s outer core was less dense than pure iron by approximately 

10% at relevant pressure and temperature (P-T) conditions. Together with geophysical and 

geochemical evidence, it has been proposed that the Earth’s core is primarily constituted 

of iron alloyed with approximately 5 wt. % nickel, together with a certain amount of 

elements lighter than iron, hereafter named light elements (Dubrovinsky and Lin, 2009; Li 

and Fei, 2014). The exact identity and the amount of the light elements in the core remains 

highly debated, although a number of candidates such as H, C, O, Si, and S have been 

suggested to exist in the core based on cosmochemical, geochemical, and geophysical 

arguments (Hirose et al., 2013; McDonough and Sun, 1995). Ever since Birch’s pioneer 

research, substantial studies have concentrated on investigating physical and chemical 

properties of candidate Fe-light element(s) alloys in the binary and ternary systems at 

relevant P-T conditions of the Earth’s core including their velocity-density profiles, 

equation of states, crystal structures and melting curves, solubility in the liquid and solid 

iron-nickel alloy, as well as partition coefficients between liquid iron and mantle silicates 

(see reviews by Dubrovinsky and Lin, 2009; Hirose et al., 2013; Li and Fei, 2014). These 

studies have indicated that the liquid outer core contains approximately 6-10 wt. % light 

                                                 
4Liu, J., Lin, J.-F., Alatas, A., Hu, M., Zhao, J., Dubrovinsky, L. Elasticity of hcp Fe-Ni-Si Alloy in the 

Earth’s Inner Core. (Manuscript in preparation) 
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element(s) while the solid inner core contains approximately 1-4 wt. % light element(s) 

(Hirose et al., 2013; Li and Fei, 2014). 

Silicon has been considered as one of the most prominent light elements among the 

aforementioned candidate elements due to its abundance in the solar system, its preferential 

partitioning into iron metal especially under relatively reduced conditions, as well as its 

velocity-density profile that matches seismic observations of the core (e.g., Gessmann et 

al., 2001; Lin et al., 2002b; Mao et al., 2012; Suess and Urey, 1956; Takafuji et al., 2005; 

Zhang et al., 2014). The alloying effects of Si on the structural stability and elasticity of Fe 

at high P-T relevant to the Earth’s core are of particular interests to the geophysical 

constrains on the light elements in the core. Recent theoretical and experimental results 

have showed that the incorporation of Si into Fe can enhance the stability field as well as 

the VP and VS anisotropy of bcc-Fe (Belonoshko et al., 2003; Lin et al., 2002b; Lin et al., 

2003b; Liu et al., 2014a; Tsuchiya and Fujibuchi, 2009; Vočadlo et al., 2003), although Fe 

with approximately 4-5 wt. % Si is likely to be stable in the hcp structure at relevant P-T 

conditions of the inner core (Asanuma et al., 2011; Fischer et al., 2013; Kuwayama et al., 

2009; Lin et al., 2002b). Furthermore, hcp-Fe with up to approximately 8 wt. % Si exhibits 

a similar VP-ρ behavior to that of the hcp-Fe at high pressure, except that there is a certain 

density decrease due to the light element Si substitution into the hcp-Fe lattice (Mao et al., 

2012); that is, the alloying effect of Si on the VP-ρ of hcp-Fe is mainly due to the mass 

effect. These results further show that the VP-ρ profile of hcp-Fe with 4-8 wt. % Si provides 

a better match to that of seismological observations in the Earth’s inner core. 

Since the core likely contains approximately 5 wt. % Ni (McDonough and Sun, 

1995), knowing the combined alloying effects of Ni and light element(s) on physical and 

chemical properties of Fe at the P-T conditions of the Earth’s core is important for our 

understanding of the geophysical constraints on the region. Ab initio calculations and high 
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P-T synchrotron X-ray diffraction experiments on Fe-Ni alloys have showed that Fe with 

up to approximately 10 wt. % Ni is most likely stable in the hcp structure at the P-T 

conditions of the inner core (Ekholm et al., 2011; Kamada et al., 2014; Lin et al., 2002a; 

Tateno et al., 2012). In terms of the alloying effects of Ni on the elasticity of Fe, previous 

studies have showed that substitution of Ni into Fe has relatively small effects on the 

equation of state (EoS) parameters and the VP and VS of hcp-Fe at high pressure because 

Ni has relatively similar mass and electronic states to Fe (Lin et al., 2003b; Mao et al., 

1990; Martorell et al., 2013a). These studies found that Fe with up to 20 mole% Ni have 

nearly identical EoS parameters to pure Fe up to 300 GPa, while the VP and VS of hcp-Fe 

are slightly reduced by the addition of 8 at. % Ni (Lin et al., 2003b; Mao et al., 1990). Other 

high P-T studies have suggested that the high temperature may moderately enhance the 

effects of Ni on the density, bulk modulus and sound velocity under core pressures (Sakai 

et al., 2014). 

The combined effects of Ni and light element(s) on physical and chemical 

properties of Fe are of particular interests to our understanding of the Earth’s core, because 

the region is expected to contain multiple chemical components in the ternary or even 

quaternary system. Although Ni and Si possibly coexist in the core composition, the high 

pressure compression and sound velocity of the Fe-Ni-Si alloys have been rarely studied 

(Antonangeli et al., 2010; Asanuma et al., 2011; Sakai et al., 2011). Fe0.83Ni0.09Si0.08 and 

Fe0.88Ni0.04Si0.08 alloys have been reported to remain in the hexagonal close packed (hcp) 

structure up to 374 GPa at 300 K and 304 GPa at approximately 3000 K, respectively, 

indicating that the crystal structure is likely to be the hcp structure for the Fe-Ni-Si alloy 

under inner core conditions (Asanuma et al., 2011; Sakai et al., 2011). The compressional 

wave velocity and density (VP-ρ) profile of hcp-Fe0.89Ni0.04Si0.07 alloy suggested an inner 

core composition containing 4-5 wt. % of Ni and 1-2 wt. % Si (Antonangeli et al., 2010), 
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while static compression results for hcp-Fe0.83Ni0.09Si0.08 alloy, covering the entire pressure 

conditions of the core, indicated a much higher Si content by approximately 5 wt. % Si in 

the Earth’s inner core containing ~5 wt. % Ni (Asanuma et al., 2011). The discrepancies 

of the Si concentration in the Fe-Ni-Si core model motivate further investigations on the 

Fe-Ni-Si alloy under P-T conditions relevant to the Earth’s core. 

In this study, complementary results for the elasticity of the hcp-Fe0.85Ni0.10Si0.05 

alloy have been investigated together using high energy resolution inelastic X-ray 

scattering (HERIX), nuclear resonant inelastic X-ray scattering (NRIXS), and X-ray 

diffraction (XRD) spectroscopes in a diamond anvil cell. The pressure-density-velocity 

relations of the alloy were then derived from these multiple complementary experimental 

techniques. Together with literature results on the elasticity of hcp-Fe alloys, one is able to 

study the combined alloying effects of Si and Ni on the elastic properties of the hcp-Fe. It 

is found that in the Fe-Ni-Si system additional Si exhibits stronger effects on VP than VS, 

while the Ni significantly reduces the VS but has negligible effects on VP. Besides, both 

alloyed Si and Ni can increase the Poisson’s ratio of the hcp-Fe at high pressures. Assuming 

that the high-temperature effects on sound velocities for the Fe-Ni-Si alloy are the same as 

for hcp-Fe, the extrapolated velocity-density (VP-ρ and VS-ρ) profiles as well as Poisson’s 

ratio of the hcp-Fe-Ni-Si alloy satisfy the seismic observations in the Earth’s inner core. 

These results, together with geochemical and cosmochemical arguments in the literature, 

suggest that the Fe-Ni-Si alloy may exist as a potential major component in the core.  

 

6.2 EXPERIMENTAL METHODS 

Polycrystalline Fe-Ni-Si alloy enriched with 99% 57Fe was synthesized by arc 

melting appropriate amounts of silicon and iron-nickel rod in an arc furnace in a pure argon 
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atmosphere at high P-T at the Bayerisches Geoinstitut (BGI). The sample was powdered 

by milling and then homogenized in vacuum at 900°C for at least 120 hours (see 

Dubrovinsky et al. (2003) for more details). Electron microprobe analyses showed that the 

alloy was chemically homogeneous and had a chemical composition of Fe0.85Ni0.10Si0.05 

containing 2.5 wt. % Si and 10.5 wt. % Ni, respectively; other impurities such as oxygen 

were below the detection limit of the technique. XRD patterns showed that the alloy was 

in the bcc structure with a lattice parameter a = 2.8695 (±0.0009) Å at ambient conditions. 

For high-pressure X-ray diffraction experiments, the starting sample of approximately 35 

μm in diameter and 10 μm in thickness was loaded into the sample chamber of a DAC 

having a Re gasket with 25 μm in thickness and 90 μm in diameter, together with micro-

sized Pt powder as the pressure calibrant (Fei et al., 2007a). Ultrahigh pure Ne pressure 

transmitting medium was loaded using the high-pressure gas loading system in the Mineral 

Physics Laboratory of the University of Texas at Austin. XRD measurements were 

conducted using a highly monochromatized incident X-ray beam with an energy of 37.08 

keV (0.3344 Å) and 30.82 keV (0.4024 Å) at the HPCAT and GSECARS of the Advanced 

Photon Source (APS), respectively. The X-ray beam was focused down to a beamsize of 

~5 μm in diameter (FWHM) at the sample position, and the diffraction patterns were 

collected by a MAR CCD. Diffraction patterns were integrated using the Fit2D program to 

derive the unit cell parameters of the Fe-Ni-Si sample and Pt pressure calibrant 

(Hammersley et al., 1996). Pressures and their uncertainties were calculated from the Pt 

pressure calibrant using a 3rd order Birch-Murnaghan EoS and standard error propagation 

procedures (Birch, 1978; Fei et al., 2007a).  

High-pressure HERIX measurements were conducted using a highly 

monochromatized incident X-ray beam with an energy of 21.657 keV (0.5725 Å), an 

energy bandwidth of 1.2 meV, and a beamsize of 15-20 μm at the 3IDC of the Advanced 
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Photon Source (APS), Argonne National Laboratory (ANL) (see Alatas et al., 2011; Liu et 

al., 2014a for more details; Mao et al., 2012). A sample of ~30 μm in diameter and ~15 μm 

in thickness was carefully prepared with awareness to minimize the pressure gradient 

across the sample at high pressures. A Re gasket of 250 μm thick was pre-indented to ~25 

μm thick by a pair of diamond anvil with 150-300 μm beveled culets, a hole of 90 μm in 

diameter was then drilled in its center. The sample was then loaded into the sample chamber 

with Ne as pressure transmitting medium. The diamond anvils were pre-oriented with fast 

velocity aligned along the momentum transfer in order to achieve a lower diamond 

background noise. The collection time for each energy scan was approximately 1.5 hours, 

and about 20 spectra were co-added for each given pressure in order to obtain high-quality 

HERIX spectra of the samples. The density of the sample and its uncertainty were 

calculated from X-ray diffraction patterns taken during the HERIX measurements, and was 

then used to calculate the pressure of the sample using the equation of state calibrated 

against Pt scale in this study. The uncertain of the pressure was within 2 GPa was 

determined from XRD patterns collected before and after the HERIX measurements. Based 

on the analyses of the diffraction patterns of the alloy up to 136 GPa, no significant textures 

of the sample were observed in the Ne pressure transmitting medium (Gleason et al., 2013). 

Therefore, the velocity reported here is treated as the aggregate compressional wave 

velocity of the polycrystalline sample. 

For high-pressure NRIXS measurements, a 3-fold panoramic DAC was used to 

increase the detection area and thus enhance the signal (Mao et al., 2001). A Be gasket with 

the cBN insert was employed to permits a thicker sample chamber as well as a wider range 

of the sample orientations probed (see Lin et al., 2010 for more details). The cBN insert in 

the Be gasket was pre-indented to 25 GPa (approximately 25-30 μm thick) using a pair of 

diamond anvils with culets 150 μm in diameter. Consequently, a 90 μm diameter hole was 
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drilled in the center of the pre-indentation using a mechanical drilling machine in the 

Mineral Physics Laboratory of the University of Texas at Austin. A polycrystalline sample 

disk of ~15 μm in thickness and ~30 μm in diameter was loaded into the sample chamber 

together with a ruby sphere of ~5 μm. Ultrahigh pure neon was then loaded into the sample 

chamber as the pressure transmitting medium. Similar to HERIX experiments, the density 

of the sample was taken from analyses of the XRD patterns, while pressure of the sample 

was calculated based on the EoS and XRD patterns of the sample. NRIXS experiments 

were performed at 3IDB of the Advanced Photon Source at Argonne National Laboratory. 

The incident X-ray beam with a bandwidth of 1.2 meV (energy resolution) was focused by 

a Kirkpatrick-Baez (KB) mirror system to a beamsize of ~10 × 10 μm2 at the sample 

position (Zhao et al., 2004). The NRIXS energy spectrum was obtained by tuning the X-

ray energy approximately from -90 to +100 meV around the 57Fe nuclear transition energy 

at 14.4125 keV with a step size of 0.25 meV and a collection time of 5 seconds per energy 

step. 15-20 spectra per pressure were collected with the highest inelastic peak greater than 

200 total counts in order to achieve good statistics for the data.  

 

6.3 RESULTS AND DATA ANALYSES 

6.3.1 XRD Patterns and Equation of state 

XRD patterns of the Fe0.85Ni0.10Si0.05 alloy were collected up to 147 GPa at 300 K 

(Fig. 6.1). The Fe-Ni-Si alloy sample started to change from the bcc to the hcp structure at 

approximately 16 GPa and the transition was completed at approximately 20 GPa. Unit 

cell parameters of the Fe0.85Ni0.10Si0.05 alloy sample and Pt pressure calibrant at high 

pressures were calculated using 3-5 diffraction lines, respectively (Tables 6.1 and 6.2). The 

compression curve of the alloy shows a volume reduction of ~4% across the phase 
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transition, consistent with that reported for Fe0.83Ni0.09Si0.08 alloy by Asanuma et al. (2011). 

The P-V curve of the sample at 300 K for the hcp phase from 20 to 147 GPa was fitted to 

a third-order Birch-Murnaghan EoS (BM EoS) in order to derive the bulk modulus at 

ambient conditions (K0) and the pressure derivative of the K0 (K0’) using the EoSFit 

program (Version 5.2) (Angel, 2000; Birch, 1978):  

 
7 5 7

3 3 3
'0 0 0 0
0

3 3
( ) 1 4 1

2 4

K V V V
P V K

V V V

    
                    

             

,   (6.1) 

where V0 denotes the unit cell volume at ambient conditions. For the hcp phase, the EoS 

parameters were derived from fitting the P-V data between 20 and 147 GPa with the third 

order BM EoS, yielding V0 = 22.6 (±0.2) Å3, K0 = 166 (±6) GPa, and K0’ = 4.9 (±0.1). For 

the bcc-Fe0.85Ni0.10Si0.05 alloy, K0 = 166 (±3) GPa and K0’ = 4.5 (±0.1) with a fixed V0 = 

23.63 (±0.02) Å3 (from XRD pattern at ambient conditions).   



 103 

 

Figure 6.1: The compression curve of Fe0.85Ni0.10Si0.05 alloy at 300 K. Open symbols: 

experimental data; solid lines: the 3rd BM EoS fits to the data. Insert: The 

axial ratio (c/a) of hcp-Fe0.85Ni0.10Si0.05 alloy at high pressure. Vertical ticks: 

representative errors (±1σ) calculated using standard error propagations. 

Error bars smaller than the symbols are not shown for clarity. 

 

Table 6.1: X-ray diffraction data of bcc-Fe0.85Ni0.10Si0.05 at high pressures. 

P (GPa) a (Å) V (Å3) 

ambient 

0.7 (±0.1) 

2.3 (±0.1) 

5.5 (±0.2) 

7.2 (±0.2) 

8.1 (±0.3) 

10.5 (±0.2) 

12.3 (±0.4) 

15.2 (±0.4) 

17.0 (±0.5) 

17.6 (±0.5) 

19.4 (±0.6) 

2.8695 (±0.0009) 

2.8636 (±0.0017) 

2.8541 (±0.0015) 

2.8400 (±0.0029) 

2.8298 (±0.0037) 

2.8219 (±0.0029) 

2.8170 (±0.0042) 

2.8081 (±0.0025) 

2.7978 (±0.0036) 

2.7894 (±0.0055) 

2.7849 (±0.0068) 

2.7791 (±0.0061) 

23.63 (±0.02) 

23.48 (±0.04) 

23.25 (±0.04) 

22.91 (±0.07) 

22.66 (±0.09) 

22.47 (±0.07) 

22.35 (±0.10) 

22.14 (±0.06) 

21.90 (±0.08) 

21.70 (±0.13) 

21.60 (±0.16) 

21.46 (±0.14) 
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Table 6.2: X-ray diffraction data of hcp-Fe0.85Ni0.10Si0.05 at high pressures. 

P (GPa) a (Å) c (Å) c/a V (Å3) 

15.2 (±0.4) 

17.6 (±0.5) 

22.3 (±0.5) 

29.2 (±0.8) 

35.0 (±0.9) 

43.3 (±0.9) 

52.8 (±1.0) 

55.6 (±0.7) 

59.0 (±1.1) 

62.3 (±1.4) 

67.6 (±0.9) 

69.8 (±1.1) 

72.4 (±1.2) 

75.9 (±1.8) 

81.8 (±1.5) 

87.1 (±1.3) 

91.6 (±1.6) 

96.0 (±1.7) 

101.9 (±1.9) 

106.3 (±1.5) 

112.7 (±1.7) 

119.4 (±2.3) 

122.8 (±1.9) 

127.4 (±2.0) 

129.8 (±1.8) 

132.8 (±2.2) 

137.4 (±1.9) 

138.9 (±1.6) 

141.6 (±2.1) 

145.9 (±2.1) 

146.6 (±2.3) 

2.4663 (±0.0021) 

2.4551 (±0.0034) 

2.4470 (±0.0029) 

2.4276 (±0.0037) 

2.4130 (±0.0037) 

2.3970 (±0.0038) 

2.3745 (±0.0042) 

2.3736 (±0.0045) 

2.3670 (±0.0036) 

2.3542 (±0.0045) 

2.3473 (±0.0043) 

2.3475 (±0.0038) 

2.3401 (±0.0052) 

2.3375 (±0.0049) 

2.3277 (±0.0051) 

2.3167 (±0.0052) 

2.3117 (±0.0057) 

2.3064 (±0.0039) 

2.3018 (±0.0071) 

2.2920 (±0.0062) 

2.2860 (±0.0060) 

2.2741 (±0.0043) 

2.2735 (±0.0050) 

2.2690 (±0.0047) 

2.2680 (±0.0053) 

2.2651 (±0.0072) 

2.2610 (±0.0058) 

2.2578 (±0.0069) 

2.2550 (±0.0053) 

2.2517 (±0.0064) 

2.2492 (±0.0058) 

3.9731 (±0.0032) 

3.9552 (±0.0047) 

3.9397 (±0.0039) 

3.9060 (±0.0042) 

3.8777 (±0.0047) 

3.8473 (±0.0062) 

3.8135 (±0.0042) 

3.8073 (±0.0055) 

3.7943 (±0.0046) 

3.7832 (±0.0055) 

3.7628 (±0.0083) 

3.7654 (±0.0078) 

3.7465 (±0.0091) 

3.7376 (±0.0091) 

3.7313 (±0.0091) 

3.6997 (±0.0091) 

3.7080 (±0.0082) 

3.6925 (±0.0079) 

3.6760 (±0.0100) 

3.6649 (±0.0094) 

3.6622 (±0.0086) 

3.6431 (±0.0081) 

3.6445 (±0.0093) 

3.6349 (±0.0105) 

3.6265 (±0.0087) 

3.6174 (±0.0097) 

3.6198 (±0.0095) 

3.6058 (±0.0103) 

3.5990 (±0.0097) 

3.6005 (±0.0103) 

3.5964 (±0.0111) 

1.611 (±0.002) 

1.611 (±0.003) 

1.610 (±0.002) 

1.609 (±0.003) 

1.607 (±0.003) 

1.605 (±0.004) 

1.606 (±0.003) 

1.604 (±0.004) 

1.603 (±0.003) 

1.607 (±0.004) 

1.603 (±0.005) 

1.604 (±0.004) 

1.601 (±0.005) 

1.599 (±0.005) 

1.603 (±0.005) 

1.597 (±0.005) 

1.604 (±0.005) 

1.601 (±0.004) 

1.597 (±0.007) 

1.599 (±0.006) 

1.602 (±0.006) 

1.602 (±0.005) 

1.603 (±0.005) 

1.602 (±0.006) 

1.599 (±0.005) 

1.597 (±0.007) 

1.601 (±0.006) 

1.597 (±0.007) 

1.596 (±0.006) 

1.599 (±0.006) 

1.599 (±0.006) 

20.93 (±0.04) 

20.65 (±0.06) 

20.43 (±0.05) 

19.93 (±0.06) 

19.55 (±0.06) 

19.14 (±0.07) 

18.62 (±0.07) 

18.58 (±0.08) 

18.41 (±0.06) 

18.16 (±0.07) 

17.95 (±0.08) 

17.97 (±0.07) 

17.77 (±0.09) 

17.68 (±0.09) 

17.51 (±0.09) 

17.20 (±0.09) 

17.16 (±0.09) 

17.01 (±0.07) 

16.87 (±0.11) 

16.67 (±0.10) 

16.57 (±0.10) 

16.32 (±0.07) 

16.31 (±0.08) 

16.21 (±0.08) 

16.15 (±0.09) 

16.07 (±0.11) 

16.02 (±0.09) 

15.94 (±0.11) 

15.85 (±0.09) 

15.81 (±0.10) 

15.76 (±0.09) 
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6.3.2 HERIX Results and Compressional Wave Velocity 

HEIRX spectra of the alloy at momentum transfers (Q) from 4.0 to 15.0 nm-1 were 

collected from the hcp phase at six given pressures of 27, 37, 49, 79, 110, 136 GPa, 

respectively (Fig. 6.2a and Table 6.3). The energy spectra were fitted to a Lorentzian 

function using the OriginPro 9.0 software to derive the energy of the longitudinal acoustic 

(LA) phonon peak (E) of the alloy and the transverse acoustic phonon peak of the diamond 

anvils (Fig. 6.2a). The compressional wave velocities (VP) were then derived from fitting 

the measured longitudinal acoustic phonon dispersion curve to a sine function of the 

momentum (Q) and energy transfers (E) within the framework of Born-von Karman lattice 

dynamics theory (Fig. 6.3a) (see Fiquet et al. (2001) and Kantor et al. (2007) for further 

details): 

max2

max

sin( )
2

P

h Q
E Q V

Q




 ,      (6.2)  

where h is the Planck’s constant, and Qmax is the radius of an approximated sphere defined 

by the first Brillouin zone. Qmax was considered as a free parameter in the fitting procedure, 

and its fitted value was consistent with the first Bragging reflection of the polycrystalline 

alloy. The uncertainty of the derived VP is approximately 1%, allowing us to better 

constrain high pressure and Ni-Si alloying effects on the VP of the hcp-Fe (Fig. 6.4a and 

Table 6.3). Together with the density of the sample from complementary in situ RXD 

measurements, the derived VP-ρ profile of the alloy up to 136 GPa is fitted using a linear 

function as well as a power-law function, respectively (Fig. 6.4a) (Birch, 1952; Mao et al., 

2012). Compared to the linear fit, the VP-ρ profile can be better represented by a non-linear 

(power-law) function in terms of residual analysis: 

( )( ( ))PV C M T    ,       (6.3) 
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where C(M) is an atomic mass constant at a given temperature, a(T) is a temperature-

dependent correction factor, and λ is a correction factor for the non-linear behavior of VP-

ρ relationship (see Mao et al. (2012) for more details). For the power-law fitting of the VP-

ρ relation, the hcp-Fe0.85Ni0.10Si0.05 alloy displays C(M) = 6.964 (±0.023), a(T) = -8.066 

(±0.023), and λ = 0.269 (±0.005). 

 

Table 6.3: Compressional wave velocity of hcp-Fe0.85Ni0.10Si0.05 from high-pressure 

HERIX measurements. Neon was used as the pressure-transmitting medium. 

Pressures were calculated from the equation of state (EoS) of the alloy itself 

in this study. 

P (GPa) ρ (g/cm3)† ρ (g/cm3)§ VP (km/s) 

27.4 (±0.6) 9.206 (±0.003) 9.047 (±0.003) 7.27 (±0.06) 

36.8 (±0.8) 9.519 (±0.005) 9.353 (±0.005) 7.71 (±0.08) 

49.1 (±0.8) 9.837 (±0.004) 9.665 (±0.004) 8.14 (±0.09) 

79.3 (±1.4) 10.521 (±0.008) 10.337 (±0.008) 8.82 (±0.12) 

109.7 (±1.7) 11.104 (±0.011) 10.908 (±0.011) 9.42 (±0.09) 

136.3 (±1.9) 11.530 (±0.021) 11.329 (±0.021) 9.71 (±0.13) 

†Density (ρ) was calculated from analyzing unit cell parameters from X-ray 

diffraction patterns collected during the HERIX measurements, after 

considering the sample composition with 99% 57Fe-enriched Fe0.85Ni0.10Si0.05 

alloy. 
§Density for the corresponding natural isotopic composition with 2% 57Fe. 
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Figure 6.2: Inelastic X-ray scattering spectra of hcp-Fe0.85Ni0.10Si0.05 alloy at high 

pressure. (a) Representative HERIX spectra of hcp-Fe0.85Ni0.10Si0.05 alloy as 

a function of momentum transfer (Q) at 136 GPa. (b) Partial phonon density 

of states (PDoS) of Fe in hcp-Fe0.85Ni0.10Si0.05 alloy as a function of pressure. 

Open circles with error bars: HERIX experimental data; solid red lines: fits 

with a Lorentzian function for the longitudinal acoustic phonon peak (LA). 

Transverse acoustic (TA-Dia) and longitudinal acoustic (LA-Dia) phonon 

peaks from the diamond anvil were also recorded at the momentum transfers 

(Q) of 5.0 and 8.3 nm-1, respectively. Original full-profile HERIX spectra are 

not shown here since the elastic peaks at zero energy position have intensity 

approximately 10 times stronger than that of the sample (Liu et al., 2014a). 

Blue margins represent uncertainties of the PDoS spectra. 
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Figure 6.3: Derivation of the VP and VD of hcp-Fe0.85Ni0.10Si0.05 alloy at high pressure. 

(a) The longitudinal acoustic phonon dispersion curves of hcp-

Fe0.85Ni0.10Si0.05 alloy as a function of pressure. (b) Partial phonon density of 

states of Fe in hcp-Fe0.85Ni0.10Si0.05 alloy versus energy squared within the 

low-energy range between 3.5 and 13 meV. The measured momentum-energy 

(Q-E) relations (open symbols) were fitted using a sine function (dashed 

lines). The energy and momentum transfers at the origin of the first Brillouin 

zone are intrinsically set at zero for the data analyses. Errors (±1σ) are 

typically less than 0.35 nm-1 for the momentum transfer and less than 1% for 

the energy transfer. The solid lines represent the linear fittings of the phonon 

DoS versus energy squares (open symbols), from which Debye velocities are 

derived. Error bars smaller than the symbols are not shown for clarity. 
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6.3.3 NRIXS Results and Debye Sound Velocity 

NRIXS spectra were collected at ambient conditions and at pressures of 6, 17, 30, 

43, 57, 84, 105, and 132 GPa, respectively (Table 6.4). The measured NRIXS spectra were 

processed with the PHOENIX program (Version 2.1.1) via removing the elastic 

contribution and applying the quasi-harmonic lattice model to extract the partial phonon 

density of states (PDOS) of the 57Fe isotope in the sample (Sturhahn, 2000) (Fig. 6.2b). 

The low-energy portion of the PDOS can be used to derive the Debye sound velocity using 

the Debye model (Hu et al., 2003; Sturhahn, 2000). The Debye sound velocity of the 

sample is obtained by applying a correction factor, the cube root of the ratio of the mass of 

the nuclear resonant isotope (57Fe) to the average atomic mass of the sample (Hu et al., 

2003). With the assumption of the evenly distributed 57Fe in the sample, the Debye sound 

velocity (VD) for the 57Fe-enriched Fe-Ni-Si alloy was then derived from parabolic fittings 

in the low-energy portion of the PDOS approximately from 3.5 meV to 13 meV (Fig. 6.3b): 

2
3

2 32 ( )
D

ME
V

D E



 ,        (6.4) 

where ρ is density, D(E) is the PDOS as a function of energy E, ħ is the reduced Planck 

constant, and �̃� is the atomic mass of the nuclear resonant isotope 57Fe (Hu et al., 2003; 

Sturhahn and Jackson, 2007). Together with the density from the XRD measurements, the 

VD-ρ profile of the hcp-Fe0.85Ni0.10Si0.05 alloy up to 132 GPa has been fitted using a linear 

function as well as a power-law function (Fig. 6.4b). The VD-ρ profile can be better 

represented by a non-linear (power-law) function in terms of residual analysis, since the 

linear fitting has relatively larger residual (Fig. 6.4b). For the power-law fitting, the hcp-

Fe0.85Ni0.10Si0.05 alloy displays C(M) = 3.638 (±0.076), a(T) = -8.004 (±0.092), and λ = 

0.214 (±0.024). The Debye sound velocity corrected for natural Fe-enrichment (𝑉𝐷
𝑁𝑎𝑡𝑙) was 
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calculated from the following relation with the assumption that the elastic modulus and the 

unit cell volume are independent of the isotopic mass (Gao et al., 2011; Sturhahn and 

Jackson, 2007): 

Natl Enrich Enrich Natl

D DV V M M ,      (6.5) 

where 𝑉𝐷
𝐸𝑛𝑟𝑖𝑐ℎ is the Debye sound velocity of the 57Fe-enriched sample measured from 

NRIXS, and MEnrich and MNatl represent the atomic mass of the 57Fe-enriched and natural 

samples, respectively. The Debye sound velocity of the 99% 57Fe-erinched Fe0.85Ni0.10Si0.05 

alloy is approximately 0.8% less than its corresponding natural sample (containing 2.2% 

57Fe), with MEnrich = 55.70 g/mole and MNatl = 54.75 g/mole. Note that the difference in 

density between the 99% 57Fe-enriched and natural Fe0.85Ni0.10Si0.05 alloy is approximately 

1.7%, which should not be neglected when comparing with measurements on non-enriched 

samples and seismological observations (e.g., PREM) for geophysical implications 

(Dziewonski and Anderson, 1981). 
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Table 6.4: Sound velocities of bcc- and hcp-Fe0.85Ni0.10Si0.05 from high-pressure NRIXS 

measurements. Neon was used as the pressure-transmitting medium. 

Pressures were calculated from the equation of state (EoS) of the alloy itself 

in this study. 

P (GPa) ρ (g/cm3)†  ρ (g/cm3)§ VD (km/s) VS (km/s)‡ 

bcc-Fe0.85Ni0.10Si0.05 

ambient 7.832 (±0.001) 7.695 (±0.001) 3.15 (±0.03) - 

5.9 (±0.2) 8.099 (±0.002) 7.957 (±0.002) 3.34 (±0.02) - 

16.5 (±0.4) 8.525 (±0.005) 8.377 (±0.005) 3.55 (±0.03) - 

     

hcp-Fe0.85Ni0.10Si0.05 

29.8 (±0.7) 9.320 (±0.008) 9.157 (±0.008) 3.86 (±0.03) 3.43 (±0.04) 

42.9 (±1.0) 9.710 (±0.011) 9.540 (±0.011) 4.08 (±0.05) 3.62 (±0.05) 

57.0 (±0.9) 10.040 (±0.010) 9.865 (±0.010) 4.21 (±0.04) 3.73 (±0.05) 

84.3 (±1.4) 10.600 (±0.017) 10.415 (±0.017) 4.50 (±0.05) 3.99 (±0.06) 

104.7 (±1.8) 11.030 (±0.020) 10.837 (±0.020) 4.61 (±0.03) 4.08 (±0.05) 

132.4 (±2.2) 11.480 (±0.026) 11.280 (±0.026) 4.73 (±0.05) 4.19 (±0.07) 

†Density (ρ) was calculated from analyzing unit cell parameters from X-ray 

diffraction patterns collected during the NRIXS measurements, after 

considering the sample composition with 99% 57Fe-enriched Fe0.85Ni0.10Si0.05 

alloy. 
§Density for the corresponding natural isotopic composition with 2% 57Fe. 
‡The shear wave velocity (VS) was calculated from the NRIXS and HERIX 

measurements, independently from the EoS. 

 

6.3.4 Shear Wave Velocity and Poisson’s Ratio Derived from Combined Results 

The shear wave velocity (VS) of the sample can be calculated from the determined 

VP in HERIX measurements and the VD in NRIXS measurements using the following 

equations (Fig. 6.4b and Table 6.4) (Mao et al., 2001): 

3 3 3

2 3 1

S D PV V V
  .        (6.6) 
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The VS-ρ profile of the hcp-Fe0.85Ni0.10Si0.05 alloy up to 132 GPa can be well fitted using a 

linear function (Fig. 6.4b). The Poisson’s ratio (ν) of the sample can then be calculated 

from the velocity ratio (VP/VS) based on HERIX and NRIXS measurements: 

2

2

1 ( / ) 2

2 ( / ) 1

P S

P S

V V

V V






.        (6.7) 
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Figure 6.4: Sound velocities and elasticity parameters of 57Fe-enriched hcp-

Fe0.85Ni0.10Si0.05 alloy as a function of density. The density in the figure is 

calculated using 100% 57Fe-enrichment in the sample. For the density in 

natural 57Fe isotope concentration of 2%, please refer to Tables 2 and 3 for 

details. (a) Compressional wave velocity (VP) derived from HERIX 

measurements. (b) Debye sound velocity (VD) and shear wave velocity (VS) 

derived from NRIXS measurements. Open and solid symbols: experimental 

data; solid lines: power-law fits to sound velocity results; dashed lines: linear 

fits to experimental data; vertical ticks: representative errors (±1σ) calculated 

using standard error propagations. 
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6.4 DISCUSSION AND IMPLICATION 

6.4.1 Static Compression of Fe-Ni-Si Alloys 

The pressure-volume equations of state have been reported for numerous solid Fe 

alloys investigated by X-ray diffraction, mostly focusing on the binary systems such as Fe-

H, Fe-C, Fe-S, Fe-Si, and Fe-Ni (see Hirose et al. (2013) for a summary). With adding a 

certain amount of any candidate light element into iron, the density of Fe-rich alloys might 

be consistent with the observed core density profile, although their solubility in Fe as well 

as their alloying effects on compressibility of Fe are distinct from each other (Sata et al., 

2010). Among major candidate light elements, Si is most readily incorporated into three 

proposed phases (hcp, bcc, and fcc) of Fe in the Earth’s core, allowing one to study the 

alloying effects of a light element more easily (Asanuma et al., 2010; Fischer et al., 2013; 

Kuwayama et al., 2009; Lin et al., 2002b). Although the potential existence of both Si and 

Ni is important to understanding the inner core composition, the high pressure 

compressibility of the Fe-Ni-Si alloys has not been well investigated. 

Previous studies on compression behaviors of Fe-Si and Fe-Ni alloys showed that 

Si has much stronger alloying effects than Ni on the P-V relation of hcp-Fe at moderate 

pressures (e.g., Asanuma et al., 2011; Dewaele et al., 2006; Fischer et al., 2014; Hirao et 

al., 2004; Mao et al., 1990). In the Fe-Ni alloys, Ni has negligible effects on the 

compression behavior of the hcp-Fe up to 20 at. % (Mao et al., 1990). With increasing the 

Si content, the unit cell volumes of hcp Fe-Si alloys becomes relatively larger, while the 

volume differences (ΔV) between Fe-Si alloys and hcp-Fe likely fall within uncertainty of 

approximately 1% up to the inner core pressures (Fischer et al., 2014). Further comparison 

between hcp-Fe and Fe-Ni-Si alloys indicates that the combined effects of Ni and Si are 

negligible on the compression curve of the hcp-Fe under core pressures, with adding Ni by 

10 at. % and Si by 8 at. % (Asanuma et al., 2011). If such alloying effects of the combined 
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Ni-Si persist to P-T conditions of the inner core, the higher nickel content in the inner core, 

the more silicon is required to account for the density deficit observed in the Earth’s core. 

By assuming that the nickel content of the inner core is in the range from 4.0 to 5.4 wt. %, 

Asanuma et al. (2011) estimated that 3.9 to 5.8 wt. % silicon may exist in the inner core by 

applying a model of the ideal mixing for the Fe-Ni-Si alloys as proposed by Badro et al. 

(2007). Furthermore, the axial ratio (c/a) of the sample is around 1.6 which is consistent 

with those of pure iron and other Fe-Ni-Si alloys at the inner core conditions (Fig. 6.1 

insert) (e.g., Asanuma et al., 2011; Sakai et al., 2011; Tateno et al., 2010). The weak 

pressure and temperature (P-T) dependency of axial ratio in the hcp-Fe-Ni-Si alloys 

suggests that the elastic anisotropy of hcp- Fe-Ni-Si alloys may account for the observation 

of the inner core seismic anisotropy (Sakai et al., 2011).  

 

6.4.2 Combined Alloying Effects of Ni and Si on the Velocity-Density Profile of hcp-

Fe 

Comparison between seismic observations of the core and the pressure-density-

velocity relations of candidate Fe-rich alloys provides a plausible way to determine the 

type and amount of potential light elements needed to compensate the density deficit and 

sound velocity difference in the core (e.g., Badro et al., 2007; Fischer et al., 2014). To 

understand the combined alloying effects of Ni and Si on the sound velocity of the hcp-Fe, 

present and literature results on the velocities of the hcp-Fe, Fe-Si, Fe-Ni, and Fe-Ni-Si 

alloys measured by the HERIX or NRIXS at high pressures and 300 K have been compared 

(Fig. 6.5) (Antonangeli et al., 2010; Kantor et al., 2007; Lin et al., 2003b; Mao et al., 2012; 

Murphy et al., 2013). Compared to pure Fe, hcp-Fe0.85Ni0.10Si0.05 alloy exhibits higher VP 

and lower ρ as well as similar high-pressure behaviors (Fig. 6.5a). The previously reported 

Fe0.89Ni0.04Si0.07 alloy displays a slightly higher VP-ρ profile than the sample in this study, 
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likely due to the addition of more silicon and less nickel (Antonangeli et al., 2010). Based 

on present experimental and previous HERIX results, the VP of hcp-Fe at a constant density 

of 10 g/cm3 increases by 0.084 (±0.009) km/s with alloying 1 mole% Si, while it decreases 

by 0.009 (±0.003) km/s with alloying 1 at. % Ni. That is, nickel has negligible effects on 

the VP of Fe-Ni-Si alloys, consistent with previous studies on Fe-Ni alloys (Kantor et al., 

2007; Lin et al., 2003b). 

On the other hand, the combined alloying effects of Ni-Si on the shear wave 

velocity (VS) is different from that on the compressional wave velocity (VP) of hcp-Fe. 

Compared to pure Fe, hcp-Fe0.85Ni0.10Si0.05 alloy exhibits lower VS and higher ρ (Fig. 6.5b). 

The shear wave velocity-density (VS-ρ) profile of the Fe-Ni and Fe-Ni-Si alloys is lower 

than that of hcp-Fe, while the Fe-Si alloy displays a higher VS-ρ profile than hcp-Fe. 

According to present experimental and previous NRIXS results, the VS of hcp-Fe at a 

constant density of 10 g/cm3 is modified by +0.015 (±0.003) km/s and -0.031 (±0.006) 

km/s with alloying 1 at. % Si and Ni, respectively. In contrast to the combined effects on 

VP, Ni has greater effects on the VS than Si in the hcp-Fe-Ni-Si alloy. Note that theoretical 

calculations found that for the hcp structure, the addition of nickel strongly reduces the 

shear wave velocity (VS) of iron via the significant reduction in c44 at relatively low 

temperature (Asker et al., 2009; Martorell et al., 2013a). If such VS reduction in the Fe-Ni-

Si alloy persists to the inner core conditions, it may help explain the large discrepancy in 

the VS between iron and the inner core, together with the potential high-temperature effects 

on the shear wave velocity (e.g., Gao et al., 2011; Lin et al., 2005b; Steinle-Neumann et 

al., 2001), the presence of partial melts (e.g., Singh et al., 2000), premelting effects 

(Martorell et al., 2013b), or shear softening by iron carbide (Fe7C3) (Chen et al., 2014). 
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Figure 6.5: Sound velocity and density relations of hcp-Fe and Fe-Ni-Si alloys at high 

pressure. (a) Compressive wave velocity (VP) from HERIX measurements. 

(b) Shear wave velocity (VS) from NRIXS measurements. Black solid lines: 

hcp-Fe0.85Ni0.10Si0.05 alloy (this study); red dashed line: hcp-Fe (Mao et al., 

2012); blue dashed line: hcp-Fe0.85Si0.15 alloy (Mao et al., 2012); gray solid 

line: fcc-Fe0.78Ni0.22 (Kantor et al., 2007); olive dash-dotted line: hcp-

Fe0.89Ni0.04Si0.07 alloy (Antonangeli et al., 2010); red dash-dotted line: hcp-Fe 

(Murphy et al., 2013); blue dash-dot-dotted line: hcp-Fe0.85Si0.15 alloy (Lin et 

al., 2003); gray dash-dot-dotted line: hcp-Fe0.92Ni0.08 (Lin et al., 2003); 

vertical ticks: representative errors (±1σ) calculated using standard error 

propagations. 
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6.4.3 High Temperature and Light Element Alloying Effects on Poisson’s Ratio of 

hcp-Fe 

The high Poisson’s ratio of the Earth’s inner core can also be used to provide 

another constraint on the core composition (Prescher et al., 2015). According to the 

seismological observations (e.g., PREM), the Poisson’s ratio of the inner core is 

approximately 0.44, while the Poisson’s ratio of hcp-Fe is between 0.34 and 0.35 at 300 K 

when extrapolated to the inner core densities (Mao et al., 2001; Murphy et al., 2013). Such 

large divergence for ν between the inner core and the hcp-Fe at 300 K implies two 

possibilities: (a) the candidate light element(s) may greatly modify the elastic properties of 

iron to bring its Poisson’s ratio closer to the inner core value; (b) the high-temperature 

effects on the Poisson’s ratios of hcp-Fe and Fe-rich alloys may not be neglected. Literature 

and present results on Fe-rich alloys have been plotted together to examine their alloying 

effects on the Poisson’s ratio of hcp-Fe (Fig. 6.6) (Duffy and Ahrens, 1992; Gao et al., 

2011; Lin et al., 2003b; Lin et al., 2004; Lin et al., 2005b; Mao et al., 2004; Murphy et al., 

2013; Prescher et al., 2015; Sha and Cohen, 2010). Alloyed light elements tend to modify 

the Poisson’s ratio of iron to some extent. H and S have showed moderate alloying effects 

on the ν of hcp-Fe, while C and Si significantly increase the ν of hcp-Fe. Specifically, iron 

carbide Fe7C3 has the highest ν value extrapolated to core pressures at 300 K without 

including the high-temperature effects, indicating that carbon could be an important 

component of Earth’s core, although the orthorhombic Fe7C3 in the low-spin state has a 

relatively higher value of Poisson’s ratio at 1800 K than at 300 K (Prescher et al., 2015). 

The Poisson’s ratio of the hcp-Fe0.85Ni0.10Si0.05 alloy is comparable to the Fe7C3 at the 

highest pressure, indicating significant strong combined alloying effects of Ni and Si on 

the Poisson’s ratio of hcp-Fe due to that the alloyed Ni and Si greatly reduce the shear wave 

velocity (VS) of hcp-Fe (Fig. 6.6). 
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Figure 6.6: Poisson’s ratio of hcp-Fe and Fe-rich alloys at high pressure and temperature. 

(a) Poisson’s ratio of Fe-rich alloys. (b) Poisson’s ratio of hcp-Fe at high 

temperature. Black solid line: hcp-Fe0.85Ni0.10Si0.05 alloy at 300 K (this study); 

black dashed line: hcp-Fe at 300 K (Murphy et al., 2013); red dashed line: 

hcp-Fe along a Hugoniot (Duffy and Ahrens, 1992); gray dashed line: hcp-

Fe0.85Si0.15 alloy at 300 K (Lin et al., 2003); black dash-dotted line: hcp-

Fe0.92Ni0.08 alloy at 300 K (Lin et al., 2003); gray dash-dotted lines: double 

hexagonal close-packed (dhcp) FeHx at 300 K (Mao et al., 2004); black dash-

dot-dotted lines:; gray dash-dot-dotted lines: tetragonal Fe3S at 300 K (Lin et 

al., 2004); black and red squares: the low-spin orthorhombic Fe7C3 at 300 K 

and 1800 K, respectively (Prescher et al., 2015); black and red circles: 

orthorhombic Fe3C at 300 K and 1450 K, respectively (Gao et al., 2011); 

black and red diamonds: hcp-Fe at 300 K and 700-1700 K, respectively (Lin 

et al., 2005); black and red triangles: hcp-Fe at 0 K and 4000-6000 K, 

respectively (Sha and Cohen, 2010). Note that the aggregate sound velocities 

(VP and VS) for calculating the Poisson’s ratio were derived from single-

crystal elastic constants of hcp-Fe by Sha and Cohen (2010), using the Voigt–

Reuss–Hill average method by Hill (1952). 
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Poisson’s ratios of hcp-Fe and Fe-rich alloys increase with increasing temperature 

(e.g., Duffy and Ahrens, 1992; Gao et al., 2011; Lin et al., 2005b; Prescher et al., 2015; 

Sha and Cohen, 2010). Recent theoretical calculations on hcp-Fe reported that the 

Poisson’s ratio changes approximately from 0.30 to 0.41 between 0 k and 6000 K at a 

constant density of 12.52 g/cm3, and this observation has been further supported by the 

strong premelting effects in the elastic properties of hcp-Fe under inner core conditions 

(Martorell et al., 2013b; Sha and Cohen, 2010). Note that the aggregate sound velocities 

(VP and VS) for calculating the Poisson’s ratio were derived from single-crystal elastic 

constants of hcp-Fe by Sha and Cohen (2010), using the Voigt–Reuss–Hill average method 

by Hill (1952). Such strong high-temperature effects on the Poisson’s ratio have also been 

observed for hcp-Fe and iron carbides (Fe3C and Fe7C3) from high P-T experiments (Fig. 

6.6) (Duffy and Ahrens, 1992; Gao et al., 2011; Lin et al., 2005b; Prescher et al., 2015). 

The increased Poisson’s ratio at high temperature mostly results from the considerable 

reduction in shear wave velocities (VS) of hcp-Fe and Fe-rich alloys with increasing 

temperature (e.g., Lin et al., 2005b; Sha and Cohen, 2010). Therefore, the high temperature 

effects should not be neglected when the Poisson’s ratio and shear wave velocity of hcp-

Fe and Fe-rich alloys are extrapolated to inner core conditions. With the strong high 

temperature and combined Ni-Si alloying effects on the Poisson’s ratio of hcp-Fe, high 

Poisson’s ratio in the inner core could be explained by the presence of hcp Fe-Ni-Si alloy 

in the region (Duffy and Ahrens, 1992). 

 

6.4.4 Fe-Ni-Si Alloy in the Earth’s Inner Core 

The Earth’s core likely contains approximately 5 wt. % Ni (McDonough and Sun, 

1995). One effective way to test the hcp Fe-Si-Ni alloy as a potential major component of 
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the inner core is to compare its sound velocities as a function of density with the PREM 

values. The velocity-density (VP-ρ and VS-ρ) profiles of hcp-Fe0.85Ni0.10Si0.05 alloy have 

been extrapolated to the density of the inner core using the power-law relation at 300 K, 

and compared with the PREM values to determine the quantity of Si needed in the region. 

The extrapolated VP-ρ curve of the sample at 300 K is lower than PREM, indicating that 

more than 5 at. % Si is needed to further increase the VP of Fe-Ni-Si alloy (Fig. 6.7a). 

Furthermore, the high temperature effects on sound velocity of the hcp-Fe and its alloys 

has been recently reported experimentally and theoretically (e.g., Gao et al., 2011; Lin et 

al., 2005b; Mao et al., 2012; Martorell et al., 2013b; Steinle-Neumann et al., 2001; Vočadlo 

et al., 2009). These results show that the temperature-dependency on the VP of hcp-Fe is 

significant at moderate pressures and becomes weak and greatly suppressed under inner 

core pressures, but not negligible for a VP difference of ~0.2 km/s, at a density of 13 g/cm3 

between 300 K and 6000 K (Mao et al., 2012). It has been observed that the high-

temperature effects on VS are much stronger than on VP (Gao et al., 2011; Lin et al., 2005b). 

Theoretical calculations also suggested a large VP difference of more than 1.1 km/s as well 

as the VS difference of approximately 2.2 km/s at the density of the inner core between 0 K 

and 6000 K (Sha and Cohen, 2010; Steinle-Neumann et al., 2001; Vočadlo et al., 

2009).Therefore, the high-temperature effects on sound velocity should not be excluded 

when comparing the sound velocity-density profiles of iron-rich alloys with seismic 

observations to determine the species and quantity of impurities in iron. 

The effects of high temperature on sound velocity (VS and VP) of the Fe-Ni-Si alloy 

might be similar to the hcp-Fe under inner core pressures. It is likely due to both highly 

compressed Fe and Fe-rich alloys having a smaller thermal expansion, as well as due to the 

minimal combined alloying effects of nickel and silicon on compressibility of hcp-Fe (e.g., 

Asanuma et al., 2011). With this assumption, the same magnitude of VP reduction in hcp-
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Fe between room temperature and 6000 K is applied to the VP of Fe-Ni-Si alloy under the 

inner core densities (Fig. 6.7a) (Mao et al., 2012). In the light of the Ni-Si alloying and 

high-temperature effects on the VP, the candidate Fe-Ni-Si alloy in the inner core has been 

modeled at 300 K and 6000 K. It is found that the Fe-Ni-Si alloy with 5 at. % nickel 

contains 10 (±4) at. % silicon to satisfy seismic observations of the VP-ρ profile in the inner 

core (Fig. 6a). On the other hand, the VS reduction in the hcp-Fe between 300 K and 6000 

K has been estimated from the experimental extrapolated results and theoretical 

calculations (Lin et al., 2005b; Murphy et al., 2013; Sha and Cohen, 2010; Steinle-

Neumann et al., 2001; Vočadlo et al., 2009). The modeled VS-ρ profile for hcp-

Fe0.85Ni0.05Si0.10 alloy at 6000 K could reproduce PREM in the inner core (Fig. 6.7b). The 

extrapolated Poisson’s ratio of the modeled hcp-Fe0.85Ni0.05Si0.10 at 6000 K could well 

satisfy the PREM seismic observations (Fig. 6.8). Note that the modeled composition of 

hcp-Fe0.85Ni0.05Si0.10 alloy has a very large uncertainty primarily resulting from the 

accuracy of the high temperature effects on sound velocity at core pressures that thus need 

to be further investigated. 
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Figure 6.7: Sound velocity-density profiles of hcp-Fe and Fe-rich Fe-Ni-Si alloys in the 

Earth’s inner core. (a) Compressive wave velocity (VP). (b) Shear wave 

velocity (VS). Solid lines: hcp-Fe0.85Ni0.10Si0.05 alloy at 300 K (this study); 

black and red dashed lines: hcp-Fe at 300 K and 6000 K, respectively (Mao 

et al., 2012); black dash-dotted line: hcp-Fe at 300 K (Murphy et al., 2013); 

red dash-dotted line: hcp-Fe at 6000 K (Lin et al., 2005); red dotted line: hcp-

Fe at 6000 K (Sha and Cohen, 2010); square: Fe at 6000 K (Steinle-Neumann 

et al., 2001); crosses: the inner core, PREM (Dziewonski and Anderson, 

1981); black and red dash-dot-dotted lines: the modeled sound velocities for 

Fe0.85Ni0.05Si0.10 alloy at 300 K and 6000 K, respectively (this study); vertical 

ticks: representative errors (±1σ) calculated using standard error 

propagations. For comparison with PREM, the 57Fe-enriched compositions 

have been converted to the corresponding natural isotopic compositions with 

2% 57Fe (Hu et al., 2003; Sturhahn and Jackson, 2007). Note that the 

aggregate sound velocities (VP and VS) from theoretical studies (Sha and 

Cohen, 2010; Steinle-Neumann et al., 2001) were derived from single-crystal 

elastic constants using the Voigt–Reuss–Hill average method by Hill (1952). 
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Figure 6.8: Poisson’s ratio of hcp-Fe and Fe-rich alloys under the Earth’s inner core 

conditions. Black solid line: hcp-Fe0.85Ni0.10Si0.05 alloy at 300 K (this study); 

red solid line: hcp-Fe0.85Ni0.05Si0.10 alloy at 6000 K (this study); black dashed 

line: hcp-Fe at 300 K (Murphy et al., 2013); red dashed line: hcp-Fe at 6000 

K (Sha and Cohen, 2010); gray dashed line: hcp-Fe0.85Si0.15 alloy at 300 K 

(Lin et al., 2003); gray dash-dotted line: orthorhombic Fe7C3 at 300 K 

(Prescher et al., 2015); olive dash-dotted line: double hexagonal close-packed 

(dhcp) FeHx at 300 K (Mao et al., 2004); gray dash-dot-dotted line: tetragonal 

Fe3S at 300 K (Lin et al., 2004); olive dash-dot-dotted line: hcp-Fe0.92Ni0.08 

alloy at 300 K (Lin et al., 2003); crosses: the inner core, PREM (Dziewonski 

and Anderson, 1981). 
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crucially depends on the oxygen fugacity at the bottom of the deep terrestrial magma ocean 

(Gessmann et al., 2001). For relatively reducing conditions during core segregation, the 

Earth’s core may be rich in silicon by 6.6 (±0.5) wt. %, and relatively poor in oxygen by 

2.0 (±0.5) wt. % according to the enstatite chondrite model for the Earth’s bulk composition 

(Javoy et al., 2010). Latest shock compression studies proposed ~10 wt. % Si or S, with O 

as a minor light element, with ~9 wt. % Ni in the outer core (Huang et al., 2011; Zhang et 

al., 2014), while static-compress results indicated that the silicon content in the Fe-Ni inner 

core and outer core could be as high as approximately 6-8 wt. % and 11-12 wt. %, 

respectively, which can be used to interpret the density jump across the inner core boundary 

(ICB) and the core density deficit (Fischer et al., 2014). Therefore, according to its mineral 

physics properties as well as the cosmochemical and geochemical arguments, the Fe-Ni-Si 

alloy can be a viable candidate for the major component of the Earth’s core. With 

estimation of approximately 5 wt. % Si in the Earth’s inner core, the outer core is expected 

to contain a great amount of Si by more than 5 wt. % by the expulsion of light element(s) 

from the growing inner core. The Si-abundant core may help to understand geochemical 

observations of Si relatively depleted in the Earth’s mantle compared to chondritic 

meteorites (e.g., Georg et al., 2007; Tsuno et al., 2013).  
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