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Abstract

The thermal evolution of the earth is the history of its cooling by releasing
massive heat from the surface to the outer space — currently estimated as 46+3 TW —
as a consequence of the net heat transportation from the Earth’s interior mainly via the
mantle cooling, radiogenic heating, and the heat transfer from the core to the mantle
across the core-mantle boundary (CMB), with other minor contribution such as tidal
heating. The CMB heat flux is given by the product of the thermal conductivity of the
lowermost mantle and the temperature gradient at the CMB, hence the knowledge of the
lowermost mantle thermal conductivity and the temperature profile at the CMB is a key
for better understanding the Earth’s thermal evolution. The most abundant mineral in
the Earth’s lowermost mantle is MgSiO3 bridgmanite and post-perovskite, containing a
certain amount of iron and aluminum, and possibly hydrogen, as impurities. This
dissertation is focused on the thermal conductivity measurements of lower mantle
constituent minerals under high pressure (P) and temperature (7) conditions to estimate
that of the Earth’s lowermost mantle and the amount of CMB heat flow. The present
experimental study consists of the following four experimental developments and
investigations: the effect of iron and aluminum incorporation on the thermal
conductivity of bridgmanite (Chapters 2, 5) and post-perovskite (Chapter 6); the spin
state of iron in the lower mantle bridgmanite (Chapters 3, 4); the development of a new
heating technique in a diamond anvil cell (Chapter 7); and the effect of hydration on the

electrical conductivity of bridgmanite (Chapter 8).



In Chapter 1, I summarize the current understanding of the Earth’s total energy
budget, and the heat generation and transportation in its interior. I also review the
previous studies on the estimation of the thermal conductivity of lower mantle minerals.

In Chapters 2, 5, and 6, the effect of impurity incorporation on the thermal
conductivities of bridgmanite and post-perovskite was investigated by a combination of
the pulse-light heating thermoreflectance technique and a diamond-anvil cell as a high-
pressure generator. The thermal conductivity of bridgmanite showed minimal reduction
due to impurity, while that of post-perovskite decreased by ~50% compared to pure
MgSi03; composition by adding 10 mol.% iron to its crystal.

In Chapters 3 and 4, the spin state of Fe in the Earth’s lower mantle bridgmanite
was revealed by X-ray diffraction measurements and Mdossbauer spectroscopy
measurements at high-P, which has been an unsolved issue for decades. Lower mantle
bridgmanite was found to contain a certain amount of low-spin iron, which questions
the general view and has profound implications for mantle dynamics, and the evolution
of the early magma ocean.

A new externally heated diamond anvil cell technique capable of performing a
relatively temperature-accurate high-P, T experiments up to 1500 K was developed in
Chapter 7. Using this heating technique, the water concentration in the Earth’s lower
mantle was estimated from high-P, T electrical conductivity measurements on water-
bearing bridgmanite. Water abundance in the lower mantle bridgmanite was estimated

to be lower than 10 ppm wt. H>O, implying a significantly dry lower mantle.



In the final chapter, I summarize the results and significance of each chapter. The
CMB heat flow and the geotherm are estimated based on the present results and added
constraints to the core cooling rate. Our estimation shows a coincident match with the
conventionally believed CMB heat flow value. A back transformation of post-
perovskite to bridgmanite above the CMB referred to as the “double-crossing model”, is
not likely to take place at the base of the Earth. A huge lateral CMB heat flux variation
was inferred from the present estimation, having profound implications for thermo-

physical structures of the core and the mantle.
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Chapter 1. General Introduction
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1.1. Overview of the Earth’s energy budget and the CMB heat

flow

The Earth is cooling by releasing massive energy to outer space. Direct temperature
gradient measurements in boreholes of both land and ocean floor with the information of
the thermal conductivity of constituting rocks indicate a uniform terrestrial heat flux of
69 mW/m?, corresponding to a global heat flow of 35 TW. By adding the contribution of
the volcanic activities and hydrothermal circulations (Pollack et al., 1993), the current
total heat flow from the Earth’s surface to outer space is estimated as 46 = 3 TW (for
review, see Lay et al., 2008), which is not only supplied from the core and mantle cooling
but is also contributed by the heat from radioactive elements and other minor contribution
such as tidal heating. The global radiogenic heat of ~20 TW is inferred from the chondritic
bulk silicate Earth model (Arevalo et al., 2009; Jaupart et al., 2015), which approximately
matches with the geoneutrino observation of ~16 TW (Araki et al., 2005). Therefore,
determining the heat flow of mantle or core cooling gives a strong constrain to the rest of
the component. The amount of mantle cooling has been estimated by numerical
convection modeling reproducing the plume heat flux observed in seismic tomography
(Davies, 1993; Sleep, 1990), but the estimated lower mantle cooling ranges from 5 to 30
TW mainly due to the uncertainty in the use of the poorly known temperature dependence

of mantle viscosity, and in the effect of chemical buoyancy.
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The heat flux across the core-mantle boundary (CMB) represents the amount of the
core cooling. Since heat is passed from the liquid metallic outer core to the solid rocky
lowermost mantle fully via thermal conduction, the CMB heat flow (Ocmg) can be given

by the following equation called Fourier’s law:

oT

Qems = —x (50) A, (1-1)

where A is the CMB surface area, and x and 07/0z are the thermal conductivity of the
lowermost mantle and the temperature gradient in the thermal boundary layer at the CMB,
respectively. Eq. (1-1) indicates that the determination of the (Qcwms requires the
information of the lowermost mantle thermal conductivity and the temperature profile at

the CMB.

The temperature profile at the CMB has been estimated from the combination of
seismic wave velocity profile obtained from seismic observations and its temperature
dependence. However, the temperature dependence is strongly reliant on the theoretical
study (Wentzcovitch et al., 2009, 2006), which currently lacks the check of the
consistency by experimental studies. Another way to estimate the CMB temperature
profile from seismic data is by attributing the observed S-wave velocity increase and the
subsequent rapid decrease to the bridgmanite to post-perovskite to bridgmanite transition
at the D” discontinuity, which provides two temperature tie-points in the lowermost
mantle (Lay et al., 2006), referred as a double-crossing model (Hernlund et al., 2005).
However, Kawai and Tsuchiya (2009) argued that such double-crossing requires

significantly steep Clapeyron slope of the bridgmanite to post-perovskite transition of
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~16 MPa/K, while both experiment and theory show good agreement with the value of
~8 MPa/K (Ohta et al., 2008a; Tsuchiya et al., 2004). Seismology provides not only the
one-dimensional seismic discontinuities but also the evidence of lateral seismic wave
variation at the CMB. Based on the assumption that such seismic wave variation is merely
caused by the lateral temperature difference, theoretical calculations and numerical global
circulation model simulations have suggested a huge lateral variation of heat flow at the
CMB (Nakagawa and Tackley, 2008; Stackhouse et al., 2015). This is an intriguing issue
having implications for the size and stability of the mantle plumes (Tosi et al., 2013),
geomagnetic intensities and reversals (Glatzmaier et al., 1999; Takahashi et al., 2008),
the inner core structure and age (Gubbins et al., 2011; Olson, 2016), and even for the
origin of the Earth’s magnetic field (Olson and Christensen, 2002), if present. However,
as previously mentioned, their estimated temperature profile at the CMB relies on the
theoretical study on temperature dependence of seismic wave velocity. Also,
seismological studies (Lay et al., 2006; van der Hilst et al., 2007) have derived the Ocmp
from a typically used 10 W/m/K (Stacey, 1992) for the thermal conductivity of the
lowermost mantle due to the lack of the reliable thermal conductivity data, which results
in an obscure view of this topic. A typical value of ~10 W/m/K was first suggested by
Stacey (1992), which was calculated from the thermal conductivity of 60 vol.% MgO
periclase +40 vol.% rutile-type SiO: (stishovite) aggregate based on the assumption that
post-spinel transition forms a periclase and stishovite mixture because bridgmanite has
not been discovered at this time (Tschauner et al., 2014). Moreover, the thermal

conductivity data of periclase (Clark, 1966) and stishovite (Soga et al., 1972) used in his
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calculation were both from the measurements at ambient conditions, where Soga et al.
(1972) estimated the thermal conductivity of stishovite from that of SiO» quartz and a
rutile-type crystal structure analog of GeO,. Direct high-P, T thermal conductivity
measurements on lower mantle minerals would hence significantly improve the

understanding of the thermal conduction phenomenon at the Earth’s lowermost mantle.

The thermal conductivity of a material is the sum of lattice, radiative, and electronic
terms. The radiative thermal conductivity of lower mantle minerals is estimated based on
optical absorption measurement (e.g., Hofmeister, 1999; Lobanov et al., 2017,
Goncharov et al., 2008; Hofmeister, 2014b; Kavner and Rainey, 2016; Keppler et al.,
2008). The radiative thermal conductivity of pyrolite was found to be very small due to
the strong light absorption of ferropericlase enhanced by temperature (Lobanov et al.,
2020). Also, negligibly weak heat conduction by electrons in the lower mantle is
anticipated from high-P,T electrical conductivity measurements on bridgmanite,
ferropericlase, and post-perovskite (Ohta et al., 2008b, 2010, 2017; Sinmyo et al., 2014).
Therefore, among all conduction mechanisms, the lattice thermal conductivity of lower
mantle mineral controls the lower mantle thermal conductivity, so its determination is

essential for estimating the CMB heat flow.
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1.2. Previous estimates of the lattice thermal conductivity of

lower mantle minerals

Fe,Al-bearing MgSiOs-rich polymorph of bridgmanite is thought to be the most
abundant mineral in the Earth’s lower mantle (Hirose, 2009). Due to its importance, the
thermal conductivity of bridgmanite has extensively been studied (Ammann et al., 2014;
Dekura et al., 2013; Ghaderi et al., 2017; Goncharov et al., 2010; Haigis et al., 2012;
Hsieh et al., 2017; Manthilake et al., 2011; Ohta et al., 2012, 2014; Okuda et al., 2017,
2019; Osako and Ito, 1991; Stackhouse et al., 2015; Tang et al., 2014; Zhang et al., 2017).
Bridgmanite in the lower mantle contains impurities (Al, Fe**, and Fe3*, Sinmyo et al.,
2011), which show complex site occupancies and iron spin state (Lin et al., 2013).
Theoretical calculation of the lattice conductivity of Fe,Al-bearing bridgmanite is still
challenging, which is limited to Mg-pure composition (Dekura et al., 2013; Ghaderi et al.,
2017; Stackhouse et al., 2015; Tang et al., 2014; Zhang et al., 2017). Measurements on
the high-P, T lattice thermal conductivity of Fe,Al-bearing bridgmanite was performed
using the Angstrom method with a large volume press as a pressure generator (Manthilake
et al., 2011), but the applied pressure was limited to 26 GPa, which is equivalent to the
very top of the lower mantle due to the instrumental limitation. Diamond anvil cell
measurements have succeeded in expanding the pressure to the entire lower mantle
pressure condition (Ohta et al., 2012; Okuda et al., 2017, 2019; Hsieh et al., 2017). A

flash heating method (Goncharov et al., 2010) and a time-domain thermoreflectance (TR)
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method (Hsieh et al., 2017; Ohta et al., 2012; Okuda et al., 2017, 2019) have developed

for the lattice thermal conductivity measurement in a DAC.

A flash heating method in a DAC has succeeded in measuring high-P, T thermal
conductivity of minerals up to ~10,000 K (Beck et al., 2007), but this method involves a
huge temperature difference in the DAC sample in the thermal conduction direction of
more than a few hundred kelvins, which leads to large uncertainty in the measured
thermal conductivity. Goncharov et al. (2010) reported the lattice thermal conductivity of
bridgmanite using this method up to 125 GPa and at high-7, but the uncertainty was

extremely large of more than 300%.

A time-domain TR method overcomes the limitations of the flash heating method.
The experimental setup is similar to the flash heating method but uses a temperature
dependence of the reflectivity of metals to detect the sample temperature. Since the
temperature coefficient of the reflectivity of metals is typically ~10™* to 107> K™! (Yagi
et al., 2011; Hasegawa et al., 2019), this method is capable of measuring the thermal
conductivity with producing much less temperature gradient in the DAC sample than that
in a flash heating. Hsieh et al. (2009) developed a room-temperature TR measurement in
a DAC in a front heating/ front detection (FF) configuration, i.e., the heating laser and the
detector are on the same side. The front side of the sample is heated by a pump laser, and
the applied heat escapes to the sample. The thermal conductivity is calculated by
monitoring the decrease of the sample surface temperature. This was applied to thermal

conductivity measurement on bridgmanite up to 120 GPa (Hsieh et al., 2017). However,
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the heat applied to the sample surface conducts not only to the sample but also to the
pressure medium. The heat loss to the pressure medium has to be assumed by its thermal
conductivity and its thickness, which is critical to the yielded conductivity data of the
sample. Also, in their configuration the sample is directly in contact with a diamond anvil,
so laser heating of the rear side is impossible. Alternatively, a room-temperature TR
measurement in a rear heating/ front detection (RF) configuration in a DAC was
developed by Yagi et al. (2011). The applied heat at the rear side of the sample surface
transfers through it and reaches the front side. In this configuration, the heat loss to the
pressure medium has a negligible effect on the sample thermal conductivity but requires
the information of the sample thickness instead. Hasegawa et al. (2019) improved this
technique to a high-P, T conditions up to 60 GPa and 2000 K combining with a laser-
heated DAC. TR method in an RF configuration has succeeded in measuring MgSiO3
bridgmanite up to lowermost mantle pressure (Ohta et al., 2012), but the measurement on

Fe,Al-bearing one has not been reported until 2017 (Okuda et al., 2017).

The post-perovskite phase is thought to be a dominant phase at the base of the
mantle (Murakami et al., 2004), which is thought to contain impurities as well as
bridgmanite (Al, Fe**, and Fe’', Sinmyo et al., 2011). In spite of its importance, the
reports on its lattice thermal conductivity are scarce (Ammann et al., 2014; Dekura and
Tsuchiya, 2019; Haigis et al., 2012; Ohta et al., 2012; Okuda et al., 2020). There was only
one experimental report on the lattice thermal conductivity of post-perovskite with an

Mg-pure sample until 2020 (Ohta et al., 2012). Theoretical calculation suggested that the

18



incorporation of Fe may halve the thermal conductivity of post-perovskite (Ammann et
al., 2014), which requires experimental verification. The impurity effect of Fe, Al on
mineralogy and physical properties of MgSiOs polymorph bridgmanite and post-
perovskite need detailed investigations for a better understanding of the thermal

conductivity of the lowermost mantle and hence of the CMB heat flow.

1.3. Aim of this dissertation

Here we experimentally determined the impurity effect on the thermal

conductivity of bridgmanite and post-perovskite at high-P, T conditions using the

thermoreflectance measurements in a DAC (Yagi et al., 2011; Hasegawa et al., 2019),

to estimate the CMB heat flow. We summarize the novelties and significances of

studies in each chapter as follows.

»  Chapter 2

The effect of impurity incorporation on the thermal conductivity of bridgmanite has
only been investigated with the simple composition of Fe-only (Manthilake et al., 2011)
and Al-only (Manthilake et al., 2011; Ohta et al., 2014). However, it is well known that

the presence of Al significantly changes the cation configuration and valence state of Fe
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(Sinmyo et al., 2011). Moreover, the reported pressures were limited up to 26 GPa, which
was by far the pressure equivalent to that at the CMB. Therefore, thermal conductivity
measurement on (Fe,Al)-bearing bridgmanite up to CMB pressure is required to assess
that in the actual lower mantle. We report the first experimental data providing the effect
of both Fe and Al incorporations on the thermal conductivity of bridgmanite up to 142
GPa.

»  Chapters 3—5

The spin state of Fe in the lower mantle bridgmanite has been a matter of debate
since the discovery of high-spin to low-spin transition of Fe in bridgmanite by the high-
pressure experiment (Badro et al., 2004). The spin transition of Fe has been reported to
affect various physical properties including thermal conductivity, but the essential
comprehension of whether Fe contained in the lower mantle bridgmanite experiences the
spin transition has not been accomplished since some other studies have denied such
transition in their experiments and calculations (Glazyrin et al., 2014; Hsu et al., 2012;
Mao et al., 2017). From the systematic studies on X-ray diffraction measurements
(Chapter 3) and in-situ Mossbauer spectroscopy measurements (Chapter 4), we
determined the cause of the spin transition of Fe in experimental studies and clarified the
spin state of Fe in bridgmanite in the Earth’s lower mantle, which has been an unsolved
problem for decades (Chapters 3, 4). We also investigated the effect of the spin state of
Fe on the thermal conductivity of bridgmanite (Chapter 5).

»  Chapter 6
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Post-perovskite is the high-pressure polymorph of bridgmanite formed at a pressure
of >~120 GPa. Such a high necessitated pressure is hindering the number of experimental
studies. The thermal conductivity measurement of post-perovskite is so far limited to that
by Ohta et al. (2012) with Mg-pure composition. Theoretical studies have contributed to
the better understanding of the thermal conductivity of post-perovskite (Ammann et al.,
2014; Dekura and Tsuchiya, 2019; Haigis et al., 2012), but its impurity effect has
examined only in Ammann et al. (2014). However, their calculation was based on the
potentials provided in experimental studies, which inevitably would become arbitrary.
Dekura and Tsuchiya (2019) has provided the very first first-principle calculation but
without impurities. In this chapter, we show the first thermal conductivity measurements
on Fe-bearing post-perovskite with two different Fe contents at high-P, T conditions.

»  Chapter 7

Application of heating technique is required for high-P,7 DAC experiments. The
external resistive heating method produces stable and homogeneous heating superior to
other heating techniques such as laser heating. However, the conventional heater
assemblies have the potential disadvantage of lower achievable temperature or poor
temperature accuracy. We developed a new externally heated diamond anvil cell
technique capable of performing a temperature-accurate stable high-P, T experiments up
to 1,500 K at low cost. Improvement of both attainable temperature and its accuracy in

this heating method allows us to obtain more reliable data that can be applied to various

21



transport property measurements such as thermal conductivity, electrical conductivity,
and seismic wave velocity.

»  Chapter 8

Water concentration and its distribution in the Earth’s interior are one of the most
important fundamental information affecting various physical and chemical properties.
Those at the upper mantle and the mantle transition zone have been estimated by the
comparison between the laboratory electrical conductivity measurements on constituent
minerals in these layers such as olivine, wadsleyite, and ringwoodite, and the electrical
conductivity depth profile inferred from electromagnetic observations. However, the
amount of water in the lower mantle —which accounts for more than a half of the Earth’s
total volume hence easily affects the total amount of the water in the Earth— is fully
unknown since water content dependence on the electrical conductivity of lower mantle
minerals has never been investigated. By utilizing the developed heating method
introduced in Chapter 7, we determined the water abundance in the Earth’s lower mantle

from high-P, T electrical conductivity measurements on water-bearing bridgmanite.

In the final chapter, we calculate the temperature profile at the lowermost mantle, from

our collected thermal conductivity data, and lastly estimate the CMB heat flow.
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Chapter 2. The effect of iron and aluminum
incorporation on lattice thermal conductivity of

bridgmanite

This chapter was updated from the published article as “The effect of iron and
aluminum incorporation on lattice thermal conductivity of bridgmanite at the Earth’s

lower mantle” by Yoshiyuki Okuda, Kenji Ohta, Takashi Yagi, Ryosuke Sinmyo,

Tatsuya Wakamatsu, Kei Hirose, Yasuo Ohishi (2017) Earth and Planetary Science
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Abstract

Bridgmanite (bdg), iron (Fe)- and aluminum (Al)-bearing magnesium silicate
perovskite is the most abundant mineral in the Earth’s lower mantle. Thus, its thermal
conductivity governs the lower mantle thermal conductivity that critically controls the
thermo-chemical evolution of both the core and the lower mantle. While there is
extensive research for the lattice thermal conductivity of MgSiO; bdg, the effects of Fe
and Al incorporation on its lattice thermal conduction are still controversial. Here we
report the lattice thermal conductivity of Mgo 832Fe0.209A10.060S10.91603 bdg measured up
to 142 GPa at 300 K using the pulsed light heating thermoreflectance technique in a
diamond anvil cell. The results show that the lattice thermal conductivity of bdg is 25.5
+2.2 W/m/K at 135 GPa and 300 K, which is 19% lower than that of Fe and Al-free
bdg at identical conditions. Considering the temperature effect on the lattice
conductivity and the contribution of radiative thermal conductivity, the total thermal
conductivity of Fe and Al-bearing bdg shows a weak temperature dependence at 135

GPa.
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2.1. Introduction

The lower mantle is the largest region of the Earth and verges the outer core,
creating an extreme thermal boundary layer (TBL) just above the core—mantle boundary
(CMB) (Lay et al., 2008). The structure of the TBL is controlled by the temperature
contrast between the core and the mantle and thermal conductivity of the lowermost
mantle, and it strongly influences the size and stability of the mantle plume generated at
the CMB (Tosi et al., 2013) and the frequency of geomagnetic reversal (Olson, 2016).
In addition, regional variations in temperature and chemical composition may occur at
the lowermost mantle, which induces the CMB heat flux heterogeneity in a lateral
direction. This lateral CMB heat flux variation has interesting geodynamical
implications for the evolution of geomagnetic field intensity (Takahashi et al., 2008),
inner core growth (Aubert et al., 2008) and the flow pattern of mantle convection
(Ammann et al., 2014), as introduced in Chapter 1.

The most abundant mineral in the Earth’s lower mantle is MgSiO; bridgmanite
(bdg hereafter) containing a certain amount of iron (Fe) and aluminum (Al). Therefore,
determination of the thermal conductivity of Fe and Al-bearing bdg is of great
importance to assess the thermal conductivity of the lower mantle. Lattice thermal
conduction due to phonon-phonon interaction would be the primary heat conduction
mechanism in bdg, while radiative thermal conduction (i.e., radiation and absorption of
photons) could be important at very high-temperature conditions, such as at the CMB.

A number of experimental and theoretical studies reported the lattice thermal
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conductivity of bdg with MgSiO3; composition (Osako and Ito, 1991; Manthilake et al.,
2011; Ohta et al., 2012, 2014; Haigis et al., 2012; Dekura et al., 2013; Ammann et al.,
2014; Tang et al., 2014; Stackhouse et al., 2015). However, the Fe and Al impurity
effects on lattice thermal conductivity of bdg at high pressures and high temperatures
remain in question. Manthilake et al. (2011) reported that even a small amount of Fe or
Al into MgSi03 bdg decreased its thermal conductivity to about 50% at the CMB
conditions. On the other hand, another measurement showed the negligible effect of Al
incorporation on the thermal conductivity of bdg (Ohta et al., 2014). Theoretical
calculations predicted, on the basis of scaling relations, that the 10 mol% Fe impurity is
to reduce only 10% of the lattice thermal conductivity of bdg (Ammann et al., 2014;
Stackhouse et al., 2015).

In this study, we measured the lattice thermal conductivity of
Mgo.832F€0.209A10.060S10.91603 bdg up to 142 GPa at room temperature by means of the
pulsed light heating thermoreflectance technique with a diamond anvil cell (DAC)
(Yagi et al., 2011; Ohta et al., 2012, 2017). We found about 19% lower lattice thermal
conductivity of our bdg sample than (Fe,Al)-free one at 135 GPa and 300 K (Ohta et al.,
2012). The lattice thermal conductivity of the Fe and Al-bearing bdg corresponding to
the pressure and temperature of CMB (135 GPa and 3700 K) is estimated to be 7.7-10.5
W/m/K, which is 15% lower or less than that of MgSi0; bdg. Compositional variation
in bdg is unlikely to induce significant heterogeneity of thermal conductivity in the

Earth’s lower mantle.
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2.2. Experiments

2.2.1. Sample preparation

Bridgmanite sample we used in this study was synthesized at BGI, Bayreuth. A
mixture of MgO, SiO,, Al,03, 90% enriched 3’'Fe>0s, the starting material, in a rhenium
capsule was heated at 973 K for 1 day in a H>—CO> gas-mixing furnace. During this
time, oxygen fugacity was controlled at log fO, = =21 to reduce Fe** to Fe?". The
starting material was then kept in the multi anvil apparatus at 26 GPa and 1800 °C for
30 min. Thereafter, the sample recovered from the apparatus was analyzed at ambient
conditions using the electron microprobe (JEOL, JXA-8200, under the operating
conditions 15 kV and 15 nA), which showed the chemical composition to be
Mgo s3221)F€0.20922)Al0.060(2)S10.91624)03. To identify the crystal structure of the
synthesized sample, powder X-ray diffraction (XRD) measurement was conducted
using a FR-D high-brilliance Rigaku X-ray diffractometer with Mo-Ka radiation
operated at 55 kV and 60 mA. From the XRD pattern, the sample was identified to be
single phase of perovskite structure with the unit cell volume at ambient conditions (V)
of 164.68 A3. Fe*"/(Fe*'+Fe*") was determined by Mdssbauer spectroscopy (Prescher et
al., 2012), which showed the ratio of Fe**/(Fe*"+Fe**) to be 0.36 + 0.05 (Sinmyo et al.,
2014). The grain size of the obtained single-crystal bdg sample is about 20-30 pm.

Compressibility of the bdg sample was investigated up to 142 GPa at 300 K by

the synchrotron XRD measurements at BL10XU, SPring-8. The bdg sample was loaded
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into the sample chamber of the DAC with a pressure transmitting medium of KCI, NaCl
or AlbO3, and a gold pressure marker. Thermal annealing was carried out in order to
release deviatoric stress in the sample chamber. Pressure was calibrated from the unit
cell volume of gold based on an equation of state (EoS) of gold (Tsuchiya, 2003). The
obtained pressure versus unit cell volume relation was analyzed on the basis of the
third-order Birch-Murnaghan EOS. As a result, the isothermal bulk modulus (Kt) and
pressure derivative of Kt (K’) of the bdg sample was determined to be 252 + 7 GPa and
3.78 + 0.22 with a fixed unit cell volume at ambient conditions (Vo) of 164.68 A3 (Fig.

2-1).

2.2.2. High-pressure thermal conductivity measurement

Thermal conductivity (x) can be obtained from density (p), thermal diffusivity (D)

and isobaric specific heat (Cp):
Kk = pDCp. (2-1)

Density of our bdg sample (pbdg) at high pressures was calculated from the EOS that we
obtained in this study (Fig. 2-1). We employed the pulsed light heating
thermoreflectance technique to determine the thermal diffusivity of bdg (Dyqg) at high
pressures. Details of the thermoreflectance method may be found in the literature (Yagi
etal., 2011; Ohta et al., 2012, 2017). In this study, all of the thermoreflectance
measurements were conducted at Tokyo Institute of Technology. The single-crystal bdg

sample was pressed to make it into a thin disc shape. Then, we sputtered gold (Au) on
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both sides of the sample’s surface for the thermoreflectance measurements. The bdg
sample covered with Au film was then loaded together with the pressure medium into
the sample chamber in a DAC. Pressure was calibrated from the Raman shift of the
diamond anvil (Akahama and Kawamura, 2006) or ruby fluorescence method (Mao et

al., 1986).

The pulsed light heating thermoreflectance method yields transient temperature
curves of bdg at each pressure (Fig. 2-2). In order to determine heat diffusion time (7)
through the sample, the obtained curves were fitted by a theoretical curve based on the
one-dimensional thermal conduction equation for the film thickness direction by pulse

heating:

= . (2n+1)?
T(t) = T\/%anoyznexp [— n4 %], (2-2)

where T1(7) is temperature, T is a constant, ¢ is time, and y is fitting parameter describing
heat effusion to the pressure medium. The obtained thermal diffusion time 7 using Eq.
(2-2) was analyzed as a three-layer heat diffusion model to obtain Dyge using the

equations below:

Li14
Dygg = — 2. dpag» (2-3)
(r+2)g=(r+3)5h
= deg_dbdg’ (2-4)

where Day 1s thermal diffusivity of Au, dbdg, dau are thickness of bdg and Au

respectively, and Cpgg, Cau are heat capacity per unit volume (C = pCp) of bdg and Au,
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respectively. Day at ambient conditions is 127 mm?/s (Ho et al., 1972). We use the
pressure derivative of Dau of 4%/GPa obtained by thermal conductivity measurements
only up to a few GPa (Ross et al., 1984) because of no other available data.
Thermodynamic parameters of bdg and Au used to obtain its thermal diffusivity and
conductivity were estimated in the following manner for each temperature and pressure
condition (Table 2-1): Cau at high pressures was taken from Tsuchiya (2003). We
calculated Cp of bdg at high pressures on the basis of the Debye model and
thermodynamic functions with its thermoelastic parameters. Thermoelastic parameters
of bdg were inferred from that of Fe 13% -bearing bdg (Wolf et al., 2015), which was
the sample most similar in chemical composition to our bdg that we could find so far.
After the thermoreflectance measurements, we recovered the bdg sample with
gold film. A cross section of the pump and probe lasers-focused portion of a sample was
obtained parallel to a compression axis by milling with a focused Ga ion beam (FIB),
and we measured the thickness of the recovered sample under a scanning electron
microscope (SEM) (Fig. 2-3). dbdg and dauy were determined from the measured sample
thickness with pressure correction, assuming elastic deformation during decompression

based on the EOSs of gold (Tsuchiya, 2003) and bdg (this study) (Table 2-1).

2.3. Results and discussion
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2.3.1. High-pressure lattice thermal conductivity of Mg.s32Fe0.209410.060810.91603 bdg

We performed eight separate measurements of the lattice thermal conductivity
(x1att) of Mgo.832F€0.200A10.060510.91603 bdg from 1 bar to 142 GPa at room temperature,
indicating that pressure range we examined the xi.: covers the entire area of the Earth’s
mantle. All measurements were carried out upon decompression from the highest
pressure in each run. At ambient conditions, the value of xia of our bdg sample was
obtained as 7.4 = 0.5 W/m/K. Pressure enhances the xia of bdg to 36.5 9.2 W/m/K at

142 GPa (Fig. 2-4).

Chemical impurity reduces the kit of minerals due to additional phonon
scattering, mass disorder, and weaker chemical bonds. For instance, the impurity effect
on olivine and orthopyroxene shows about 8% reduction in their thermal conductivities
in the presence of 10 mol% Fe (Horai, 1971). Similarly, we found that the xia of
Mg .832Fe0.200A10.060510.91603 bdg at ambient conditions was 9% lower than that of Fe
and Al-free bdg (Ohta et al., 2014) (Fig. 2-4). Even at 142 GPa, the present xias 1S
slightly lower than the xiat of MgSi0O3 bridgmanite. Our results are contradictory to the
report by Manthilake et al. (2011) that showed a significant decrease of conductivity
due to the small amount of Fe and Al incorporation into bdg, but they are in good
agreement with recent theoretical predictions (Ammann et al., 2014; Stackhouse et al.,
2015).

The electronic spin transition of Fe in bdg occurs in the Earth’s lower mantle

conditions, although the spin crossover behavior of Fe in bdg is complicated due to the
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existence of different valence states and crystallographic site occupancies (Lin et al.,
2013). Kupenko et al. (2015) investigated electronic configurations of Fe in the bdg
sample synthesized by same run to ours using the energy domain Synchrotron
Maossbauer Source technique up to 78 GPa. They showed that, in a large distorted 8- to
12- coordinated site (A site), Fe3" remained in the high-spin state, while in an
undistorted octahedral site (B site), it underwent a low spin state at 40 GPa. Fe>*
occupying the A site transitioned from high- to intermediate-spin state at 40 GPa,
although ab initio computations predicted that Fe>* would remain in a high-spin state at
all mantle pressures (Zhang and Oganov, 2006; Umemoto et al., 2010). The abundance
of Fe*" in the B site in our bdg sample is less than 5% of the total iron content (Kupenko
et al., 2015), and the effect of high- to intermediate-spin transition in Fe>* on elastic
properties was found to be negligible (Boffa-Ballaran et al., 2012). Therefore, we
conclude that the effect of the Fe spin transition in bdg on its xias is too small to observe
in our experimental results (Fig. 2-4). On the other hand, the xia of (Mg,Fe)O
ferropericlase, the second most abundant mineral in the lower mantle, obviously
changes in spin transition pressures because Fe in ferropericlase exists entirely in the

magnesium site and as Fe?* (Ohta et al., 2017).
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2.3.2. Extrapolation to CMB pressure-temperature conditions

In order to extrapolate our present data to pressure-temperature conditions
relevant to the Earth’s CMB, we employed the pressure (density)-temperature model of

x proposed by Manthilake et al. (2011):

Kbdg = Kref (L)g (%)aa (2-5)

Pref

where xrer and prer are thermal conductivity and density at reference pressure (Prer) and
temperature (7rer), g and a are pressure and temperature dependence coefficients,
respectively (Klemens, 1960; Ross et al., 1984). For Pref, Trer and xier, we used 0 GPa,

300 K and 7.5 W/m/K obtained in Run #5 (Table 2-1), in which case preris 4.31 g/cm?.
Lattice thermal conduction of a material occurs by its phonon-phonon scattering,
and its x1ae can be illustrated simply as the following equation:

1
Kiatt = gCVVZTa (2-6)

where Cy is specific heat capacity per volume, v is average phonon velocity, 7z is mean
phonon lifetime. Based on this kinetic phonon gas theory, density (pressure)

dependence coefficient g can be approximated as follows.

g = (0Ink;q¢¢ /0Inp) ¢ (2-7)

By using Eq. (2-7), we determined the g value of Mg s3:Fe0.209A10.060S10.91603 bdg,
which was calculated to be 4.06  0.30. This value is quite a lot lower than the g value

of Fe and Al-free bdg reported by Ohta et al. (2012), which is 5.6. With the value of g =
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4.06 £ 0.30, we obtained the relation of pressure and xiaie 0f Mgo.832F€0.200A10.060S10.91603
bdg at room temperature (Fig. 2-4). As a result, the xia of the bdg is 25.5 + 2.2 W/m/K
at 135 GPa and 300 K, which is 19% lower than that of Fe and Al-free bdg at identical

conditions (Ohta et al., 2012).

It is known that silicates and complex compounds show a gentler temperature
response in i than simple pure oxide such as MgO that obeys the 7*! relation
(Hofmeister, 1999). Chemical impurity, point defect, mass disorder, and other
imperfections in the crystal also make the temperature dependence weaker. Manthilake
et al. (2011) reported that temperature dependence coefficient a in the 7 form for pure
MgSiO3 bdg was 0.43 that is similar to that for forsterite (Hofmeister, 1999). It was
reported that the a value decreased to 0.20 due to the incorporation of 3 mol% Fe or 2
mol% Al into bdg (Manthilake et al., 2011). However, if we employed these a values to
calculate high-temperature xia both of (Fe,Al)-free and -bearing bdg at 135 GPa, the
conductivity of (Fe,Al)-bearing bdg turns out to be higher than that of the
experimentally determined MgSiOs (Ohta et al., 2012) above 950 K, and also
theoretically determined one (Ammann et al., 2014) (Fig. 2-5a). In principle, the xia« of
minerals with some impurity should always be lower than that of a pure mineral at any
pressure and temperature. Thus, the a value for our bdg sample should be higher than
0.20, but should not exceed 0.43. When the a value has a range between 0.37 and 0.43,
the high-temperature xia of (Fe,Al)-bearing bdg shows lower values than that in

MgSiO3 composition at least up to 4300 K, corresponding to the solidus temperature of

42



the peridotite mantle at 135 GPa (Fiquet et al., 2010), which constrains the range of the
Kiare Of Mgo.832F€0.200A10.060S10.91603 bdg as being 7.7—10.5 W/m/K at 135 GPa and 3700
K (Fig. 2-5b).

Note that Fe and Al content in bdg in the pyrolitic composition may be 12 and 10
mol% at the lowermost mantle, respectively (e.g., Sinmyo et al., 2011), which is a
slightly lower Fe content than our bdg sample. However, Ammann et al. (2014)
reported that the xia of bdg rapidly saturates with increasing Fe content. Based on this
theoretical prediction, we can assume that the value of xia of our bdg sample (Fe 20
mol% and Al 6 mol%) represents the actual value of the xia of bdg in the Earth’s lower

mantle.

2.4. Geophysical implications

In order to assess the thermal conductivity of the lowermost mantle, we first
calculated the xiat of 80 vol% bdg + 20 vol% ferropericlase (fp) aggregate, which is
similar to the composition of the pyrolitic lower mantle. The Hashin—Shtrikman
averaging was used here (Hashin and Shtrikman, 1962). For the calculation, we used the
value of ki of bdg estimated from the present study using the temperature coefficient a
=0.37-0.43, and (Mgos1Feo.19)O fp reported by Ohta et al. (2017). The xiare of bdg (this
study) and fp (Ohta et al., 2017) at the CMB conditions are 7.7-10.5 W/m/K and 7.4 +

1.2 W/m/K, respectively, which exhibit similar values. Thus, the xia of the pyrolitic

43



lower mantle is calculated to be 7.7-9.9 W/m/K at 135 GPa and 3700 K, relevant to the
P-T condition of the CMB. The present estimate of 7.7-9.9 W/m/K is about 20% lower

than the previous estimate for the Fe,Al-free pyrolitic mantle (Ohta et al., 2012).

The total thermal conductivity of bdg (kvdg) 1s the summation of its xijay, radiative
thermal conductivity (xrd), and electronic thermal conductivity (xe). Since the dominant
electrical conduction mechanism in bdg is small-polaron or ionic conduction, the xel of
bdg should be negligible (Ohta et al., 2008; Sinmyo et al., 2014; Yoshino et al., 2016).
At the lowermost mantle, x.q may be a significant additional heat transport mechanism
due to the very high temperature there. Optical absorption measurements on
(Mgo.892Fe?"0.0s0F€>"0.042)(Si0.972A10.028)O3 bdg at high pressures by Keppler et al. (2008)
suggested xiad 1S approaching ~5 W/m/K at the CMB conditions, and similar optical
measurements on (Mgo.94Fe.06)Si03 bdg (Fe3'/> Fe = 0.45) showed a similar «rad
(Goncharov et al., 2015). On the other hand, (Mgo oFeo.1)SiO3 bdg with Fe3*/> Fe = 0.11
exhibited a smaller xr.q of about 2.2 W/m/K at the CMB (Goncharov et al., 2008). Since
the iron contents in the bdg samples of Keppler et al. (2008) and Goncharov et al.
(2008) are same but the Fe3*/> Fe ratios are different, it is conceivable that Fe3*
promotes radiative thermal conduction in bdg. However, Fe3" enhances the Fe?'-Fe3*
charge transfer absorption band in the middle of the visible range, results in the
reduction of the radiative thermal conductivity. Thus, the discrepancy of the results
between Keppler et al. (2008) and Goncharov et al. (2008) may be attributed to the

uncertainty in sample thickness used in the measurements of Keppler et al. (2008). The
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difference between Goncharov et al. (2008) and Goncharov et al. (2015) may be due to
both the Fe content and Fe**/> Fe ratio. Fe and Al-bearing bdg in the Earth’s lower
mantle is likely to have a Fe3*/(Fe3*+Fe?") ratio of about 0.5, which is independent of
the oxygen fugacity (Frost et al., 2004; Sinmyo et al., 2011). Here we use the data of
Goncharov et al. (2015) for the xrad(Fe**/Y Fe ratio = 0.45) instead of Goncharov et al.

(2008) (Fe**/> Fe ratio = 0.11).

Fig. 2-6 shows the calculated xuvqg as a function of temperature at 135 GPa. The
xiar of bdg decreases with increasing temperature as expressed by Eq. (2-5), while the
Krad Of bdg shows the opposite behavior, which leads to a poor temperature variation of
total thermal conductivity of bdg, xvde. This variation in temperature is at most ~16% in
the range of 2500 K to 4300 K, though the variation of xi. of bdg in the range of same
temperature range is ~23%. Since the xraq of bdg contributes to supplementing the loss
of its xiart due to Fe and Al impurity, variation in the chemistry of bdg would have little
effect on the thermal conductivity of the lowermost mantle. The xrq of fp at CMB
conditions is reported to be weak, exhibiting only <0.5 W/m/K (Lobanov et al., 2016;
Kavner and Rainey, 2016). As a result, the total thermal conductivity of the pyrolitic
lower mantle xpm (80 vol% bdg + 20 vol% fp) is calculated to be about 12.2—14.2
W/m/K at 135 GPa and 3700 K, which is insensitive to temperature variation due to the
balance between xuvdg and xgp (Fig. 2-7). Therefore, the regional variations in temperature
and chemical composition would not induce strong CMB heat flux heterogeneity in the

lateral direction. The xrm at CMB conditions that was calculated to be 12.2—14.2
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W/m/K is in the middle of the 4—21 W/m/K range estimated from previous studies (see
Kavner and Rainey, 2016 for review), and is reasonably consistent with the recently
favored value of ~10 W/m/K estimated in the composition of the Fe,Al-free pyrolitic
mantle (Ohta et al., 2012). We found that the absolute value of x.m does not differ from
recently believed values even if the impurity effect was taken into consideration, on the
grounds that the effect of radiative thermal conduction counterbalances the effect of
impurities on xKpm.

Post-perovskite (ppv), a high-pressure polymorph of bdg, shows 50~70% higher
Kiar than bdg in MgSi03 composition (Ohta et al., 2012; Ammann et al., 2014), but ab
initio computations showed that Fe substitution in ppv induces a stronger reduction in
Kiar than bdg (Ammann et al., 2014). This implies that iron-bearing ppv has a similar
Kiare to that of bdg. In addition, ppv may have a much smaller xr.g of 1.2 W/m/K relative
to bdg according to recent absorption coefficient measurements in-sifu at high pressures
and high temperatures (Lobanov et al., 2016). From these studies, one can predict that
ppVv has a lower total thermal conductivity than bdg at the lowermost mantle,
contradictory to the case of the Fe and Al-free system (Ohta et al., 2012; Ammann et al.,
2014). To test this hypothesis, it is obviously required to investigate the effect of iron
and aluminum incorporation into ppv on its thermal conductivity at the lowermost

mantle conditions, which would be examined in Chapter 6.
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Table 2-1. Thermal conductivity of bridgmanite at high pressures and 300 K along with the values used for calculation

Pressure Pressure 5, C,ofbdg 5, C,ofgold 5 7 of sample )
Run # ) kg/m P o« (kg/m P D o, (mm7s) d a,(nm)* d m)* D mm’7/s) x W/m/K
(GPa) medium bg_mA g/m’) (J/ke/K) P au(kg/m’) (T/kg/K) Aul ) Au(nm) (1) bdg (um) bdg ( ) bdg ( )
K 593.5 5 574. 7. . . . 7 . 7.
1 18 Cl 4593 661 23574.0 127.8 260.9 284.4(149) 11.46(33) 4.76(3) 2.44(8) 40(24)
39 4875.6 611.1 25187.1 125.9 604.4 278.7(149) 8.34(44) 4.67(3) 3.27(18) 9.73(53)
2 9 NaCl 4458.4 686.3 22714.2 128.7 182.0 333.8(173) 15.62(10)  5.73(4) 2.56(4) 7.82(11)
15 4549.6 669.5 23302.6 128.1 231.4 331(173)  14.11(19)  5.69(4) 2.80(5) 8.54(16)
% 19 4607.9 658.9 23661.7 127.7 271.6 329.4(173) 13.22(23)  5.67(4) 2.97(6) 9.03(19)
_..ul 27 4719.4 638.8 24318.3 126.9 374.0 326.6(173) 11.02(30)  5.62(4) 3.53(11) 10.65(32)
W.b 3 60 ALO; 5127.9 567.7 26496.9 124.4 278.9 406.5(787) 5.54(14)  4.12(59) 4.38(119) 12.74(345)
£ 2 4 0 KCl1 4311.5 713.4 21674.0 129.9 25.0 225.5(173)  37.36(6)  9.04(34) 2.39(18) 7.35(54)
_m 5 107 ALO;, 5604.7 492.0 28765.4 121.7 1806.0 116.8(406)  2.10(2) 3.33(17) 6.21(81) 17.13(224)
< 6 74 ALO;, 5273.4 543.6 27213.7 123.5 476.1 81.5(497) 1.60(2) 2.73(28) 5.29(100) 15.16(287)
?]
...m__ 82 5356.5 530.2 27612.3 123.0 655.2 81.1(497) 1.16(2) 2.69(27) 7.11(134) 20.19(382)
h 7 63 AlLO; 5158.1 562.6 26536.2 124.2 310.9 107.6(317)  1.73(5) 3.08(58) 6.35(225) 18.42(653)
/0. 8 142 KCl1 5916.2 449.9 30147.8 120.0 7323.7 193.8(327)  0.42(2) 1.95(26)  13.70(343)  36.48(923)
7m * After correction for pressure effect using the equation of state of Au (Matsui et al., 2010) and bridgmanite (this study)
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Fig. 2-1. Compression curve of the Mgo s32F€0.200A10.060S10.91603 bdg sample up to 142
GPa and 300 K. Parameters for the third-order Birch-Murnaghan EoS was obtained as

the legend in this figure.
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Fig. 2-3. SEM image of a cross section of the recovered sample from 39 GPa prepared
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to sample stage, and thus the apparent thickness shown in this figure is different from

the actual sample thickness (Table 2-1).
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Fig. 2-4. Lattice thermal conductivity (x1a) of bdg at 300 K as a function of pressure.
Orange diamonds, Mgo.s32F€0.200A10.060510.91603 bdg (this study); open circles, MgSiOs
bdg (Ohta et al., 2012, 2014); white, blue, and red triangles, MgSiO3 bdg, MgSiO3 + 3
mol% FeSi0O; bdg, and MgSiOs + 2 mol% AlO3 bdg, respectively (Manthilake et al.,
2011). The orange curve indicates the pressure dependence of the xia of our sample
determined from Eq. (2-7), and orange band indicates the error of xiax estimated from

the error of density dependence coefficient g.
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Fig. 2-5. (a) Temperature dependence of xia of bdg using @ = 0.20 (black line) and (b)
a=0.37, 0.43 in this study (dark blue and light blue lines). Red curves are the
temperature dependence of the xia« of MgSiO3 bdg estimated by Ohta et al. (2012).
Purple broken line is the xia of MgSi03 bdg estimated by calculation (Ammann et al.,
2014). Black broken lines show a suggested CMB temperature of 3700 K from high-

pressure experiments (Tateno et al., 2009).
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Fig. 2-6. Thermal conductivity of Fe and Al-bearing bdg at CMB pressure as a function
of temperature. Gray band is the lattice thermal conductivity of

Mg .832F€0.209A10.060510.91603 bdg obtained from this study. Red line indicates the
radiative thermal conductivity of Mgo.94Fe0.065103 at 46 GPa (Goncharov et al., 2015).

Orange band shows total thermal conductivity of bdg (the sum of gray and red curves).
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respectively, gray curve is the total thermal conductivity of pyrolitic mantle. We used
the value of total thermal conductivity of fp as the value of lattice thermal conductivity
(Ohta et al., 2017), in which radiative thermal conductivity is thought to be negligibly

small (Lobanov et al., 2016; Kavner and Rainey, 2016).
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Chapter 3. Experimental evidence of the low-spin
state Fe in lower mantle bridgmanite: 1.

compressibility of (Fe,Al)-bearing bridgmanite

This chapter was updated from the published article as “Anomalous compressibility in
(Fe,Al)-bearing bridgmanite: implications for the spin state of iron” by Yoshiyuki
Okuda, Kenji Ohta, Ryosuke Sinmyo, Kei Hirose, Saori I. Kawaguchi, Yasuo Ohishi
(2020) Physics and Chemistry of Minerals, 47, 40. https://doi.org/10.1007/s00269-
020-01109-3
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Abstract

The valence and spin states of Fe in (Fe,Al)-bearing bridgmanite (bdg) affect its
physical properties, which is important for the interpretation of geophysical
observations. Currently, tens of studies on the compressibility and spin states of Fe-
bearing bdg have been reported. A consensus is that Fe-bearing bdg shows spin
transition, which affects its elastic parameters. However, there is a conflict between
reports on the compressibility and spin states of (Fe,Al)-bearing bdg in experiments
using samples pre-synthesized in a multi-anvil apparatus (MA), and samples directly
synthesized in a diamond anvil cell (DAC). There are no reports showing evidence of
spin transition of Fe in compression experiments using (Fe,Al)-bearing bdg samples
pre-synthesized in a MA, while those synthesized at relatively high pressure (at least
above 45 GPa) in a DAC all exhibited the spin transition. Here we performed
synchrotron X-ray diffraction measurements on Mgo ssFeo.00Alo.21S10.8603 and
Mgo.gsFeo.14Al0.05S10.9603 bdg synthesized at relatively high pressure in a laser-heated
DAC from amorphous starting material up to 47 and 56 GPa respectively at room
temperature. The obtained pressure (P)-lattice volume (V) relations show noticeable
softening at 22—30 GPa and 35—45 GPa respectively, which is probably due to the spin
transition of Fe. Combining our results and previous reports, we suggest that the lower
mantle bdg is capable of containing low-spin Fe*", which questions the general view.

Such a transition changes density and may affect the physical properties of bridgmanite
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such as thermal conductivity and iron partitioning coefficient, thus having profound

implications for mantle dynamics, and the chemical composition of the Earth.
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3.1. Introduction

Bridgmanite (bdg), (Fe,Al)-bearing MgSiOs perovskite, is accepted to be the most
abundant mineral in the Earth’s lower mantle. Bdg in the pyrolitic lower mantle is likely
to contain ~10 mol% for both Fe and Al (e.g., Irifune et al. 2010; Sinmyo et al. 2011),
while bdg in the subducted MORB is suggested to contain larger amounts of Fe and Al
such as 30.6 mol% and 29.4 mol% at 60 GPa, respectively (Hirose et al. 2005).
Previous experimental and theoretical results show that the valence and spin state of Fe
are affected by iron distribution to different crystallographic sites in bdg (for review, see
Lin et al. 2013). A shared view of the distribution of Fe in bdg is that both Fe?>* and Fe**
can be incorporated, in which Fe?* only exists in the large pseudo-dodecahedral Mg?*
site (A-site), while Fe** mainly enters the A-site, but can also occupy the relatively
small octahedral Si** site (B-site). Speciation of Fe is the key factor when discussing the
spin transition of bdg; it has been shown that only the Fe3" in the octahedral B-site
would undergo spin transition from high spin (HS) to low spin (LS) state at the lower
mantle P-T conditions. Note that there is a discrepancy in the onset pressure and
pressure range of the transition, which is often attributed to the difference in chemical
composition of bdg or the difference in experimental protocols in each study (e.g.,
Badro et al. 2004; Li et al. 2004; Jackson et al. 2005; Stackhouse et al. 2007; Catalli et
al. 2010; Hsu et al. 2011; Hummer and Fei, 2012; Lin et al. 2012; Sinmyo et al. 2017).

Fe* content and its speciation in bdg are strongly affected by Al content due to

the charge-coupled substitution, Mg?*a + Si*'g & Fe’'a + A" (Miyajima et al. 2004;
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Vanpeteghem et al. 2006; Glazyrin et al. 2014). Therefore, study of the spin state of Fe
in (Fe,Al)-bearing bdg is very important for determining the speciation and spin state of
Fe in the actual lower mantle bdg, though previous reports are scarce compared to that
on Fe-bearing bdg. The previously reported SMS results on a compressed single crystal
sample pre-synthesized in a multi-anvil press (MA) never show evidence of LS-Fe?*
(Ballaran et al. 2012; Potapkin et al. 2013; Glazyrin et al. 2014; Ismailova et al. 2016;
Lin et al. 2016; Mao et al. 2017)—which is also supported by theoretical studies (Hsu et
al. 2012; Mohn & Trennes, 2016)—implying that bdg in the Earth’s lower mantle
should predominantly contain Fe** in the A-site (i.e., absence of spin transition of Fe in
lower mantle bdg). In contrast, the other (Fe,Al)-bearing bdg samples all showed the
spin transition of octahedral Fe3* (Catalli et al. 2011; Fujino et al. 2012; Zhu et al. 2020)
(see Tables 3-1, 3-3). Note that Al-bearing hiroseite, a Fe endmember of perovskite,
was reported to show no evidence of spin transition (Dorfman et al. 2020), though the
Fe¥*/ZFe ratio of the sample was lower than 10%. The LS-fraction of Fe** confirmed by
SMS studies on multigrain bridgmanite samples pre-synthesized in a MA show
relatively low ratio of ~5—20% (Kupenko et al. 2015; Zhu et al. 2020), where those
synthesized in a DAC were reported to be ~40% (Catalli et al. 2011). Fujino et al.
(2012) attributed these inconsistent results to a redistribution of Fe3+ from the A site to

the B site by thermal annealing:

Fe3'anstAP's © AP A+Fe’ s 1s. (3-1)
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However, the later experimental studies (Potapkin et al. 2013; Glazyrin et al.
2014) and theoretical studies (Hsu et al. 2012; Mohn & Trennes, 2016) denied this
hypothesis. The very recent study by Zhu et al. (2020) proposed that the kinetic barrier
of the cation exchange Eq. (3-1) is large, which can explain the invisible LS-Fe** in the
previous studies (Ballaran et al. 2012; Potapkin et al. 2013; Glazyrin et al. 2014;
Ismailova et al. 2016; Lin et al. 2016; Mao et al. 2017).

X-ray diffraction (XRD) measurement is an indirect but convenient way to
investigate the occurrence of spin transition of Fe in bdg. Experimental and theoretical
studies have shown that the spin transition of Fe** in bdg accompanied a gradual
reduction in unit cell volume (V), yielding “softening”; in other words, reduction in bulk
modulus (K) (Hsu et al. 2011; Tsuchiya and Wang 2013; Mao et al. 2015; Liu et al.
2018). The XRD measurements using (Fe,Al)-bearing bdg samples synthesized in a
MA, i.e., those synthesized at relatively low pressure, have never shown such P-V
relation anomalies (Fujino et al. 2012; Boffa Ballaran et al. 2012; Glazyrin et al. 2014;
Mao et al. 2017; Ismailova et al. 2016; Okuda et al. 2017; Zhu et al. 2020) (see Table 3-
2 for summary). Zhu et al. (2020) showed that relatively sensitive probes of SMS and
XES were able to detect the LS-Fe3*, but the relatively poor XRD could not. The
authors attributed their probe-dependent SMS+XES and XRD results to the gradual
occurrence of Eq. (3-1) along compression and thermal annealing. In contrast, XRD
measurements using bdg samples synthesized in a DAC, i.e., those synthesized at
relatively high pressure, show anomalous compressibility (Nishio-Hamane et al. 2008;

Catalli et al. 2011; Okuda et al. 2019). A two-dimensional compilation of previous
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studies visualizes the above (Table 3-3). The kinetic barrier of studies located in the 1st
quadrant in Table 3-3 should be different from those in the 2nd and 3rd quadrants since
a direct synthesis of bdg at high-P from the amorphous phase does not require Eq. (3-1)
to accommodate LS-Fe3" in B-site, which may explain the observed high LS-Fe3*
fraction in Catalli et al. (2011). However, so far there are relatively few reports on
studies located in the 1st quadrant, calling for additional examination. Here we report
the compressibility of (Fe,Al)-bearing bdg synthesized directly from the amorphous
phase at relatively high pressure in a DAC. Our obtained compressibility of bdg
experienced noticeable softening, which indicates the presence of the pressure-induced
spin transition of Fe. Our results are consistent with the trend that bdg synthesized at
high-P directly in a DAC shows a spin transition (Nishio-Hamane et al. 2008; Catalli et
al. 2011; Okuda et al. 2019). This supports the suggested large kinetic barrier
hypothesis (Zhu et al. 2020), which can explain the conflicting results among

experiments using (Fe,Al)-bearing bdg samples synthesized in a MA and in a DAC.

3.2. Experimental Methods

We performed in-situ XRD measurements of (Fe,Al)-bearing bdg with two
chemical compositions: Mgo ssFeo.00Alo21510.8603 (gF9A21), the same composition as
was used in Okuda et al. (2019), and Mgo.ssFeo.14Al0.05S10.9603 (gF14AS5), up to 47 and

56 GPa respectively, and 300 K using a laser-heated DAC (Table 3-4).
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Synthesis of gel-state starting material gF9A21 is described in detail in Okuda et
al. (2019). Gel-state starting material of gF14AS5 was dehydrated at 1000 K in a H>-CO»
gas-mixing furnace. Oxygen fugacity was controlled slightly above the iron-wiistite
buffer. The chemical composition of the starting gel sample was determined by means
of Electron Dispersive Spectroscopy (EDS) as
Mgo ssFe? o.110)Fe* 0.031)Alo.os(1)Sio.v6(s)O3, of which the valence state was determined
according to charge balance (Table S3-1). Note the Al excess composition compared to
Fe3* content. Gold was sputtered on both sides of the sample to act as a pressure marker
and laser absorber to heat the sample homogeneously and thus to avoid chemical
segregation of the starting material during laser heating (Sinmyo and Hirose 2010).

Synchrotron XRD measurements were carried out at BL10XU, SPring-8 (Hirao et
al. 2020). We used an imaging plate to obtain the XRD pattern. The gel materials
covered with gold were loaded into the sample chamber of the DAC with a pressure
transmitting medium of NaCl or Al,Os. In each run, rhenium was used as a gasket, and
300 um culet-size diamond anvils were used. Gel samples were then compressed to the
pressure where bdg phase is stable. Subsequently, double-sided laser heating was
conducted to synthesize bdg with a couple of fiber lasers. We used beam shapers to
reduce radial temperature gradients in the sample. These convert a beam with a
Gaussian intensity distribution to the one with a flat-top distribution. At each synthesis,
the gel sample was heated to ~2000 K for an hour. All the compressibility data were
obtained under decompression. Pressure was calibrated from the unit cell volume of

gold based on an equation of state (EoS) of gold (Tsuchiya 2003).
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3.3. Results

We collected the XRD patterns of gF9A21 and gF14AS5 bdg synthesized in a
DAC from the amorphous gel starting material. We confirmed the synthesis of bdg and
the minor amount of stishovite in each run (Fig. 3-1). The amount of stishovite did not
exceed 10% in volume (see supplemental material S3-1). Chemical compositions of the
recovered gF9A21 sample in run #1 using EDS was obtained as
Mgo.s2(7nFeo.07(1yAlo.22(2)S10.897)03, which is consistent with the composition of the
starting gel material. Thus, we observe that the composition of the synthesized bdg
samples do not differ from that of the starting gel sample. Also, we could not find any
Fe segregation, indicating that the Soret effect was minimal in our experiments (Fig. 3-
2).

Interestingly, both collected P-V relations on gF9A21 and gF14AS5 exhibited
noticeable softening at the pressure intervals of 22 to 30 GPa and 35 to 42 GPa
respectively, which are similar trends to that of Mgo.ssFeo.00Alo.21S10.8603 bdg (Okuda et
al. 2019) and (Mgo.4sFe*"0.53)(Sio.49Fe**0.51)O3 (Liu et al. 2018) (Fig. 3-3). Fig. 3-4
shows the pressure dependences of the obtained lattice constants a, b and ¢ with the
previous reports for Mgo.ssFeo.13Alo.11S10.8803 (Catalli et al. 2011),
(Mgo.46Fe>*0.53)(Sio49Fe* 0.51)O3 (Liu et al. 2018) and MgSiOs bdg (Boffa Ballaran et al.

2012). Compressional behavior of » and c-axes in both of our bdg samples shows a
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similar trend to those reported in Liu et al. (2018); both axes of gF9A21 and gF14A5
bdg experienced noticeable softening at the pressure ranges of 22 GPa to 30 GPa and 35
to 42 GPa, respectively. In contrast, a-axis in both gF9A21 and gF14AS5 bdg showed a
clear softening, while a-axis reported in Liu et al. (2018) showed a minimal softening
(Fig. 3-4). Note that all our lattice constants were higher than the values for MgSiO3
(Boffa Ballaran et al. 2012), which is a natural result because of the incorporation of an
Fe atom larger than Mg and Si; the substitution of larger Al with Si should also expand
the J of bdg. As above, each obtained axis showed a discontinuous change in identical
pressure ranges of 22 to 30 GPa and 35 to 45 GPa respectively, yielding the anomalous

softening of V' (Fig. 3-3).

3.4. Discussion

3.4.1. The effect of uniaxial compression

Based on the lattice theory, uniaxial stress on a mineral causes a relative shift
among its different diffraction lines. Since a solid pressure medium was used in this
study, we offer quantitative analyses of the effect of uniaxial compression on our
compressibility results. In order to estimate the uniaxial stress in our bdg sample, we
calculated the St value, a product of the elastic anisotropy S and the uniaxial stress
component ¢, can be used as an indicator of the magnitude of such uniaxial stress (e.g.,

Shim et al. 2000; Sata et al. 2002), of Au sputtered on both sides of the sample from the
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diffraction of Au (Fig. 3-5). The measured lattice constant am can be written as the

following (Singh and Takemura 2001):

ay (hkl) = My + M,{3(1 — 3 sin2 )T'(hkD)}, (3-2)

Mo =a, {1+ (%) (1 =352 0)[Sy; — S1, — 26,) " —a D]}, (3-3)

M; = —a,atS/3, (3-4)
I'(hkl) = (hzk2 + k%1% + lzhz)/(h2 + k% 4+ 12)2, (3-5)
S =511 — 812 — S44/2, (3-6)

where a, is the lattice parameter under hydrostatic pressure, Sj; is the single-crystal
elastic compliance, G is the shear modulus of the polycrystalline aggregate under the
assumption of strain continuity across the grain boundaries, « is the ratio of uniform
stress model and uniform strain model (0.5<a<1). By assuming Mo~a,, we can obtain

the St value from Eq. (3-4):

St~ —3M,/(aM,), (3-7)

where Mo and M were obtained from fitting the slope of a I plot, a plot am(/kl) versus
3(1-3sin?O)I'(hkl). We used (111), (200), (220) and (311) reflections to obtain each of
the four plots (Fig. 3-6). Note that we excluded a certain reflection which overlapped
with peaks of samples or the pressure medium. Also, by using a=1 (uniform stress
model), we estimated the St values. Compression at high-P using a solid pressure
medium without annealing tends to enhance the uniaxial stress, which St value can be

greater than 0.1 (e.g., KCl before annealing at 200 GPa in Tateno et al. 2019). Shim et
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al. (2000) proposed a criterion: an St value less than ~0.005 can be treated as a
quasihydrostatic condition. Our obtained St value did not greatly deviate from 0.005,
indicating that the effect of uniaxial stress on obtained compressibility is small. Here,
we could choose the distance between the imaging plate and the sample of 350 mm and
450 mm in the system in BL10XU, SPring-8. In run #1 on gF9A21, the XRD patterns
were collected with the distance of 450 mm. This increased distance enables us to
obtain XRD peaks from a wider 2-theta range. On the other hand, in run #1 on gF14A5
bdg, the distance between the imaging plate and the sample was 350 mm. With this
closer distance, we can get a clearer XRD pattern than the 450 mm. However, since the
collectible 2-theta range was narrower, we could not obtain the Au peaks from 220 and
311. As a result, unfortunately, we could not calculate the St value of Au used in
gF14A5 bdg. Still, since the pressure medium we used in run #1 on gF14AS bdg was
NaCl, which is accepted to be softer than the Al,O3 powder used in run #1 on gF9A21,
we believe that the effect of uniaxial stress on the obtained compressibility of gF14AS5
bdg is also small. Given the reproducibility of the anomalous volume reduction
observed in Okuda et al. (2019) and in our study though using different pressure media,
it is difficult to explain the anomalous P-J relation only by the effect of uniaxial stress.
Moreover, the pressure interval of softening seen in gF14A5 was way above the
akimotoite-bridgmanite transition pressure, indicating that the observed softening in V'is

not a volumetric expansion due to metastable bdg in the akimotoite stability zone.
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3.4.2. Obtained anomalous P-V relations

Assuming that the octahedron is rigid, the bond length of the octahedron [B-X]
can be expressed with lattice constants as follows (e.g., O’Keeffe and Hyde 1977):

[B — X] = bc/4a. (3-8)

Spin transition of Fe3* in the octahedral B-site should affect the P-V relations and
[B-X] because of the changing ionic radius of Fe*" across the spin transition. Our bdg
samples show abnormal changes in [B-X], which is similar to the trend seen in Liu et al.
(2018) (Fig. 3-4). Although the direct observation of the spin state of Fe from SMS data
on our bdg samples is impossible because the Fe in our samples was not >’Fe-enriched,
together with the observed softening in 7 of our bdg sample—which is similar to the
previous reports on compressibility of Fe3*-bearing bdg (Hsu et al. 2011; Tsuchiya and
Wang 2013; Mao et al. 2015; Liu et al. 2018)—it is appropriate to attribute the
anomalous reduction in V in our (Fe,Al)-bearing bdg sample to the spin transition of Fe.

When the spin transition occurs under decompression and at room-7, LS-Fe?*
changes to HS-Fe3' in the B-site, which is suggested to be energetically less preferable
(Hsu et al. 2012) due to the increase of ionic radius of Fe3" as much as 12% (Shannon
1976). The full width at half maximum (FWHM) of the obtained XRD peaks of bdg
samples showed a sudden increase at the pressure range where softening in ¥ was
observed (Fig. 3-7). The FWHM of the XRD peaks reflects not only the sample size,
but also distortion (and/or structural defects) and crystallinity, so we attributed the
broadening of XRD peaks from our bdg samples to the distortion of bdg crystal due to

the HS-Fe3* in B-site; the HS-Fe3* in the B-site having a much larger ionic radii should
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excessively expand the site and thus lead to the over-expanded unit-cell volume of
bridgmanite. We believe that the observed larger volume of gF9A21 compared to
gF14AS5 at low-pressure regime, which contradicts itself based on the Fe content, is due
to the above.

The pressure of the anomalous decompression behavior and the broadening in
FWHM of bdg peaks in our gF14A5 sample was from 43 GPa, while that of gF9A21
was from 30 GPa (this study; Okuda et al. 2019). This indicates a compositional
dependence on the spin transition pressure of Fe in bdg, which was suggested in

previous studies (e.g., Sinmyo et al. 2017).

3.4.3. Explaining compelling reports on the spin transition of Fe in bdg

It is important to reiterate that the spin transition of the B-site Fe** and/or
anomalous P-V relation in (Fe,Al)-bearing bdg has not been sufficiently observed in
experiments using a bdg sample synthesized at relatively low-P (Boffa Ballaran et al.
2012; Potapkin et al. 2013; Glazyrin et al. 2014; Lin et al. 2016; Mao et al. 2017; Okuda
et al. 2017), but has observed in bdg samples synthesized at relatively high-P (Nishio-
Hamane et al. 2008; Catalli et al. 2011; Okuda et al. 2019). Note that, although
Kupenko et al. (2015) showed that B-site Fe3" in
(Mgo s32Fe?"0.136F€*0.073)(Al0.060S10.916)O3 above 40 GPa with annealing exhibits spin
transition, the amount of LS Fe3" still did not exceed ~5% in all of their experiments.
The interesting exceptions are Fujino et al. (2012) and Zhu et al. (2020), both of which

detected LS-Fe** using bdg samples synthesized at relatively low-P. If spin transition of
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Fe occurs in bdg pre-synthesized at 24—26 GPa along further compression and
annealing, Fe3" in the A-site requires relocation to the B-site. The enhanced cation
exchange between AI** and Fe** (Eq. 3-1) at high-T was suggested by Fujino et al.
(2012), which was first denied by both experimental studies (Potapkin et al. 2013;
Glazyrin et al. 2014) and theoretical calculations (Hsu et al. 2012; Mohn & Trennes,
2016). Very recently, Zhu et al. (2020) showed that the kinetic barrier of the cation
exchange Eq. (3-1) can be large, which indicates the difficulty in achieving an
equilibrium of the site distribution of Fe** even with performing thermal annealing
within the experimental time scale. The absence of LS-Fe*" in the previous studies
located in the 3rd quadrants in Table 3-3 (Boffa Ballaran et al. 2012; Potapkin et al.
2013; Glazyrin et al. 2014; Lin et al. 2016; Mao et al. 2017; Okuda et al. 2017) can be
explained by the large kinetic barrier of Eq. (3-1) or merely the lack of thermal
annealing (see Tables 3-1, 3-2). Our results suggest that (Fe,Al)-bearing bdg
synthesized at relatively high-P can contain LS-Fe*" in B-site, which is consistent with
the previous studies located in the 1st quadrant in Table 3-3 (Nishio-Hamane et al.
2008; Catalli et al. 2011; Okuda et al. 2019). The bdg samples in the present study and
the previous studies located in the 1st quadrant in Table 3-3 were all directly
synthesized from gel- or glass-state amorphous starting material, which do not require
cation exchange Eq. (3-1) when accommodating LS-Fe**, of which the kinetic barrier is
suggested to be large (Zhu et al. 2020). The compelling results between bdg synthesized
in a MA and a DAC can be sufficiently explained by the difference in kinetic barrier

starting from amorphous and crystalline phases. We note that a spin transition in
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amorphous starting material may have also contributed to the accommodation of LS-
Fe3* and the detectable anomalous decompression behavior. Nomura et al. (2011),
Murakami et al. (2014) and Dorfman et al. (2016) demonstrated that Fe-bearing
amorphous silicate glass undergoes a spin transition, although note that there are studies
providing conflicting results (Mao et al. 2014; Prescher et al. 2014; Solomatova et al.
2017; Maeda et al. 2017). Taking into account that all the previous studies reporting
spin transition of Fe or anomalous compressibility of (Fe,Al)-bearing bdg were
synthesized from amorphous starting materials (Nishio-Hamane et al. 2008; Catalli et
al. 2011; Okuda et al. 2019; see Tables 3-1, 3-2), spin transition of Fe in the amorphous
starting materials, which makes the ionic radii of Fe smaller, may have driven a certain
amount of Fe into entering the B-site during the timescale of the synthesis of the bdg
sample.

Our results indicate that a difference in chemical composition could be one of the
main factors for changing the pressure range of the spin transition of Fe in bdg. Also, in
experimental studies, we accentuate the importance of synthesizing (Fe,Al)-bearing bdg
samples at high-P to observe low-spin Fe. Still, the present result is based on XRD
measurements, which is an indirect probe for spin state of Fe. In order to better
understand the spin state of Fe in lower mantle bdg, a relatively direct probe such as
synchrotron Mdossbauer spectroscopy on (Fe,Al)-bearing bdg samples synthesized at
high-P can further clarify this controversial issue, which would be given in the next

Chapter.
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3.5. Conclusions

We report the compressibility of Mgo .ssFeo.00Alo.21S10.8603 and
Mgo.ssFeo.14Al0.05S10.9603 bdg synthesized in a laser-heated DAC up to 47 and 56 GPa,
respectively. The obtained compressibility showed obvious softening, which we
attributed to the effect of spin transition of Fe. Such reduction in V" was previously
reported in experiments on Fe**-bearing bdg (Mao et al. 2015; Liu et al. 2018) and also
predicted in theoretical calculations (Hsu et al. 2011; Tsuchiya and Wang 2013), but has
not been reported in (Fe,Al)-bearing bdg samples synthesized in a MA (Boffa Ballaran
et al. 2012; Glazyrin et al. 2014; Ismailova et al. 2016; Mao et al. 2017; Okuda et al.
2017; Zhu et al. 2020). Our finding questions the recent consensus that bdg in the lower
mantle would not undergo spin transition and suggests that the Fe in bdg in the deep
lower mantle is in the LS state. Our results support that the spin transition pressure of
Fe in bdg depends on its chemical composition. Since the onset pressure of the spin
transition of (Fe,Al)-bearing bdg is still highly under debate, with many arguing a
pressure that falls in the range of ~15—50 GPa, a further systematical investigation
focused on chemical composition using a more direct probe for spin state is required for

a better understanding of that of Fe in the Earth’s lower mantle.
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3.7. Tables and References

Table 3-1. Previous studies on spin state of Fe in (Fe,Al)-bearing bdg using SMS and/or XES measurements.

Experiment Starti Synthesis Synthesis Spin transition Annealed A ed
Chemical composition Synthesis  Sample Method 1%+\Mmm Pressure _w_m Temperature  Pressure P 34, X Annealed or not nneale .::mm X Reference

(GPa) material ®) (GPa) of Fe’" in B-site temperature (K)  time (min)
Mg gsFeg 13Al11Sip 3305 in DAC PC SMS 1.0 0-95 glass 2000 above 45  present annealed (above 45 GPa) ~ 1800-2100 7-15 Catalli et al. (2011)
Mgy gsFep.15Alp. 158108503 MA PC XES 1.0 0-121 gel 1600 117 present™ annealed 1200-1400 60 Fujino et al. (2012)
Mgy 53Fe0.20Al.06S10.0105 MA Ne SMS 0.50 0-122 OM 2073 26 - annealed” 2000-2400 ? Potapkin et al. (2013)
Mgy 53Fep 21Al0.06Sig.020; MA PC SMS 0.36(5) 12-77 oM 2073 26 present” annealed (above 39 GPa) 2000 ? Kupenko et al. (2015)
*2Mgy s0Feo.12Alg.11Si 5003 MA SC SMS+XES  0.80 0-115 OM 2023 24 - annealed” 1800 10 Lin et al. (2016)
*2Mgy goFeq.12Aly 1S 5003 MA Ne SMS+XES  0.80 0-110 OM 2023 24 - - - - Mao et al. (2017)
Fep 67Alg.54510.7303 in DAC PC SMS 0.099)° 076 glass 2000-2500 76 - - - - Dorfman et al. (2020)
Mg, soFey s0Alp 50Sip 5005 MA PC SMS+XES 1.0 27-102 OM 1873 24 present™ annealed” 1300-2100 15-35 Zhu et al. (2020)

OM: Oxide mixture, MA: Multi anvil press, PC: polycrystalline, SC: single crystal, 5. at 76 GPa,

#1,%2,

same bdg samples are used, *. suggested gradual spin transition at high P-T', # suggested HS to IS crossover in A site _.‘mTv *: annealed at certain data points.
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Table 3-2. Previous studies on P-} data of (Fe,Al)-bearing bdg.

Experiment . Synthesis Synthesis
Chemical composition Synthesis  sample ﬂ%QMﬁm Pressure MHMMM Temperature  Pressure MMMMMW;W Annealed or not ”H,_MM_MM_B ® Mwﬂowhznwsv Reference
(GPa) (K) (GPa)
Mg, gsFep 15Al.15Sipgs0;  in DAC PC 1.0 0-121 gel 1600 117 E,omo_,:* annealed 1600 60 Nishio-Hamane et al. (2008)
Mg ssFe 13Alp.11819.8s0;  in DAC PC 1.0 0-95 glass 2000 above 45 present annealed (above 45 GPa)  1800-2100 7-15 Fujino et al. (2012)
Mg ssFep 15Aly 158198503  MA PC 1.0 0-200 gel 2000 25 - annealed 1200-1400 30 Catalli et al. (2011)
ﬁgmo.%m@.immo.om>ﬂo.§ou MA SC 0.93(3) 0-74 OoM 1573 25 - - - - Boffa Ballaran et al. (2012)
Mgy ¢oF €0 4051063493703 MA SC 0.93(3) 0-70 OM 1573 25 - annealed 1100-1300 10-15 Glazyrin et al. (2014)
Mg s6F€.14S10.96A10.040;  MA Ne 0.20(3) 92-105 OM 1573 25 - annealed” 2700-3100 30-40 Ismailova et al. (2016)
Mg soFeo 12Alg 11Sig 5005  MA SC 0.80 0-110 oM 2023 24 - - - - Mao et al. (2017)
Mg s3Fep21Aly.06510.900;  MA PC 0.36(5) 0-142 OM 2073 26 - annealed (above 40 GPa)  1800-2000 10-15 Okuda et al. (2017)
Mg 79F e 08Aly22S19.9103  in DAC PC <0.80% 0-55 gel 2000 37-55 present annealed” 2000 15-30 Okuda et al. (2019)
Mgy soFen s0Alg 50195005  MA PC 1.0 27-102 oM 1873 24 - annealed” 1600-1800 10 Zhu et al. (2020)

OM: Oxide mixture, MA: Multi anvil press, PC: polycrystalline, SC: single crystal,

*: see Fujino and Nishio-Hamane et al. (2008), *: annealed at certain data points, %: same bdg samples are used, *: estimated by Potapkin et al. (2013).
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Table 3-3. Reported DAC experiments on spin transition of Fe in (Fe,Al)-bearing MgSiO; perovskite

compiled in a two-dimensional diagram with x-axis as synthesis pressure of sample, and y-axis as its grain size

Polycrystalline
Reference LS-Fe  Method 4 Reference LS-Fe Method
Fujino et al. (2012) P XES
Kupenko et al. (2015) P SMS Nishio-Hamane et al. (2008) P XRD"
Zhu et al. (2020) P SMS+XES Catalli et al. (2011) P SMS+XRD
Fujino et al. (2012) N XRD Okuda et al. (2019) P XRD
Okuda et al. (2017) N XRD
Zhu et al. (2020) N XRD
Boffa Ballaran et al. (2012) N XRD
Potapkin et al. (2013) N SMS
Glazyrin et al. (2014) N XRD
Ismaiova et al. (2016) N XRD Do not exist
Lin et al. (2016) N SMS+XES
Mao et al. (2017) N SMS+XRD

Single erystal

Ist and 2nd quadrants, studies used a multigrain sample, 3rd and 4th quadrants, studies used a single crystal sample.
1st and 4th quadrants, synthesized sample in a DAC, 2nd and 3rd quadrants, used a sample pre-synthesized in a MA.
: discussed in Fujino et al. (2012). P: present; N: No evidence. Note the probe dependent results in the 2nd quadrant.

» Synthesis pressure
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Table 3-4. Unit cell lattice parameters and experimental conditions of XRD measurements

Pressure

Pressure

Reference Composition Run # (GPa) medium Vau (A%) apay (R) Doag (B) Chag (A) Viag (A%
This study Mo 55Feo.09Aly 21 Sig 605" 1 4689  ALO; 57.2628)  4.551(1) 4.753) 6.601(2) 142.79(16)
(gF9A21) 42.92 57.91(19)  4.568(1) 4771(1) 6.626(1) 144.39(8)
33.18" 59.46(16)  4.609(2) 4.7992) 6.684(4) 147.84(24)
29.69 60.0725)  4.650(2) 4.838Q2) 6.73433) 151.49(20)
26.70 60.6325)  4.678(2) 4.8712) 6.776(4) 154.40(28)
21.92 61.6020)  4.704(10)  4.901(7) 6.83522)  157.56(125)
Mo ssFep.14Alo 05Si0.9605 1 56176 NaCl 56.2121)  4.528(1) 4.725(1) 6.552(1) 140.17(6)
(eF14A5) 55.19 56.3423)  4.532(1) 4.729(1) 6.558(1) 140.57(7)
53.84 56.5330)  4.538(1) 4.736(1) 6.565(1) 141.1009)
52.08 56.78(29) 4.546(1) 4.744(1) 6.577(2) 141.82(10)
50.02 57.1736)  4.55502) 4.756(2) 6.590(4) 142.78(23)
47.98 57.40(36) 4.566(1) 4.762(1) 6.604(2) 143.59(12)
46.13 57.7040)  4.577(1) 4.771(1) 6.6192) 144.53(12)
45.63 57.85(50)  4.583(1) 4777(1) 6.6272) 145.11(13)
42.57 58.4270)  4.605(1) 4.793(1) 6.655(2) 146.88(13)
4230 58.5784)  4.611(1) 4.8012) 6.667(2) 147.59(16)
39.52 59.0084)  4.623(2) 4.8192) 6.678(5) 148.79(29)
35.14 50.07(10)  4.661(3) 4.847(4) 6.722(4) 151.88(32)
34.65 59.1110)  4.666(2) 4.856(3) 6.73003) 152.4727)
30.26 50.88(17)  4.686(2) 4.873Q2) 6.7613) 154.3921)
16.05 62.8377) 4739 4.918(1) 6.818(4) 158.88(25)
11.96 63.8923)  4.756(1) 4.934(1) 6.845(7) 160.61(54)
Okuda et al. (2019) Mg ssFep 09Alp 21Sio 5605" I 3657°  KCl 58.80(5) 4601(4) 4.799(4) 6.646(5) 146.72(41)
(eF9A21) 37.24 58.69(6) 4.598(3) 4.791(4) 6.655(5) 146.57(36)
38.68 58.46(10)  4.592(4) 4.7903) 6.639(5) 146.06(38)
42,09 57.94(13)  4.580(4) 4.778(4) 6.636(6) 145.22(43)
39.52 58.33(13)  4.589(5) 4.790(4) 6.634(6) 145.80(45)
36.61 58.79(10) 4.602(7) 4.811(9) 6.661(13) 147.53(87)
32.847 59.4213)  4.611(6) 4.816(8) 6.667(12)  148.07(79)
32.79 59.43(11)  4.617(6) 4.821(7) 6.674(11)  148.57(73)
26.72 60.53(6) 4.680(1) 4.874(1) 6.783(1) 154.7009)
21.03 61.69(6) 4.725(1) 4.919(1) 6.844(1) 159.06(7)
12.09 63.72631)  4.753(4) 4.935(6) 6.879(4) 161.38(45)
2 5516° KC 56.18(15)  4.522(7) 4743(7) 6.548(10)  140.45(73)
52.82 56.47(10)  4.53003) 4.738G3) 6.560(4) 140.80(27)
45.76" 57.41(6) 4.5572) 4.757) 6.595(4) 142.94(25)
37.58" s8.64(11)  4.590(1) 4.788(1) 6.661(1) 146.39(4)
29.06 60.09(10)  4.635(1) 4.825(1) 6.722(1) 150.31(8)
24.17 61.0410)  4.696(1) 4.8822) 6.80733) 156.0321)
24.51 60.97(6) 4.717(1) 4.895(1) 6.823(1) 157.52(13)
21.74 61.54(4) 4.736(1) 4.917Q2) 6.855Q2) 159.67(17)
12.64 63.70(11) 4.755(3) 4.941(4) 6.891(9) 161.91(49)
3 29.98 Silicone 0il ~ 59.93(15) 4.630(2) 4.819(2) 6.725(4) 150.06(26)
28.55 +KCI 60.19(18)  4.653(4) 4.840(5) 6.754(6) 152.10(48)
26.35 60.61(12) 4.671(3) 4.856(4) 6.781(5) 153.80(40)
24.66 60.94(11)  4.693(3) 4.869(4) 6.802(4) 155.43(33)
22.94 61.31(7) 4.698(5) 4.905(7) 6.811(7) 156.97(59)
11.69 63.9620)  4.750(8) 4.93010)  6.895(12)  161.47(9)

V Au> @bdg> Dbdg> Chag and Vg lattice volume of gold, lattice constants @, b and ¢ and lattice volume of bdg, respectively. #: same samples are used.

Pressure calibration was based on the EOS of gold (Tsuchiya, 2003). We used typical value of 5% for pressure errors.

" Data obtained after thermal annealing. * Synthesized pressure. Bdg sample in run #3 in Okuda et al. (2019) was synthesized at 55 GPa.
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Fig. 3-1. XRD patterns of bridgmanite samples after the synthesis. The numbers in the
figure indicate Miller indices of bdg. The notations of Stv, Au, AlbO3 and NaCl in the
figure denote diffraction peaks from stishovite, gold as a pressure marker, Al>O3 and
NaCl as pressure medium, respectively. *: unknown peak. This unknown peak may be

derived from the instrument itself since we observed similar peaks at the exact same

position with different pressure data.
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Fig. 3-2. EDS map of the recovered bdg sample after our compression experiment in run
#1 on gF9A21. Red, green, blue, light blue, yellow, and pink regions illustrate mapping

results of Mg, Si, Fe, Al, Au, and O, respectively.

86



170 |

165

160

155

150

Volume (A3)

145

140 @ MgossFeonsAlo21SinssOs, gFIA21
@ Mgoss5Feo.14Alo0sSinssOs, gF14A5
<® Mgo_esFeo_ogAlo_21Sio_an;g, gF9A21 (Okuda et al. 201 9)

(This study)

135 1 | | |
10 20 30 40 50 60

Pressure (GPa)

Fig. 3-3. Compression curve of bridgmanite. Pink circles, green circles and red diamonds
show  compressibility = data  of  MgossFeoooAlo21SiossOs  (this  study),
Mgo.gsFe0.14A10.05510.9603 (this study) and Mgo.ssFeo.09Alo.21S10.8603 (Okuda et al. 2019),
respectively. Black, gray and blue curves indicate the EoSs of MgSiO3 (Boffa Ballaran et
al. 2012), Mg ssFeo.13A10.11S10.8803 (Catalli et al. 2011) and
(Mgo46Fe3*0.53)(Sio49Fe3051)O3 (Liu et al. 2018), respectively. The pink and green open
circles, and red open diamonds in the insert figure show the volume difference between

(Fe,Al)-bearing bdg (Mgo.ssFeo.09Alo.21S10.8603 (this study), Mgo.ssFeo.14A10.05510.9603 (this
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study), Mgo.ssFeo.090Al0.21S10.8603 (Okuda et al. 2019) and MgSiO3 bdg (Boffa Ballaran et

al. 2012), respectively.
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Fig. 3-4. Pressure dependence of lattice constants a, b and ¢, and octahedral bond length
[B-X] of bridgmanite. Pink and green circles, MgossFeo.09Alo21Si0.8603 and
Mgo.ssFeo.14Al0.05S10.9603, respectively (this study); red diamonds, open triangles, gray
squares and blue stars, Mgo.ssFeo.00Alo21S10.8603 (Okuda et al. 2019), MgSiOs (Boffa
Ballaran et al. 2012), MgossFeo.13Alo.11S108803 (Catalli et al. 2011) and

(Mgo.46Fe**0.53)(Sio.490Fe*0.51)O3 (Liu et al. 2018), respectively.
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Fig. 3-6. I plot of Au. Pink circles and red diamonds indicate the I" plot of Au obtained

in this study in run #1 on gF9A21, and run #2 in Okuda et al. (2019), respectively.

Dotted line and function in each figure indicate the fitting line of each plot and its

function, respectively. All the I" plot data where at least three different diffraction peaks

of Au were available are plotted.
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3.8. Supplemental material

Table S3-1. EDS analyses of gel starting material of gF14A5

Elements wt% error (Wt%) atm%
Mg 21.72 1.89 19.34
Fe 8.29 0.70 3.21
Al 1.49 0.20 1.20
Si 28.20 2.33 21.73

The composition of the gel is Mg0‘85(7)F32+0'11(1)FC3+0‘03(1)A10_05(1)Si0_9(,(3)03, where
valence state was determined according to charge balance, and O was normalized to 3 atoms.
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Chapter 5. Effect of spin transition of iron on the

thermal conductivity of (Fe, Al)-bearing bridgmanite

This chapter was updated from the published article as “Effect of spin transition of
iron on the thermal conductivity of (Fe, Al)-bearing bridgmanite” by Yoshiyuki
Okuda, Kenji Ohta, Ryosuke Sinmyo, Kei Hirose, Takashi Yagi, Yasuo Ohishi (2019)
Earth and Planetary Science Letters, 520, 188-198.
https://doi.org/10.1016/j.epsl.2019.05.042
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Abstract

Thermal conductivity of bridgmanite (bdg) is the important physical property
controlling the heat transfer inside the Earth. Here we report room temperature lattice
thermal conductivity of (Fe,Al)-bearing bdg with chemical compositions of
Mgo.g48F€0.000A10.206S10.85603 and Mgo.718Feo.123A10.281S10.87803 measured up to 125 GPa
and 74 GPa, respectively, using the pulsed light heating thermoreflectance technique in
a diamond anvil cell. We found that the lattice thermal conductivity of these bdg
samples show abnormal reduction in the pressure range of 20—40 GPa at 300 K, which
is probably due to the spin transition of Fe** in octahedral Si-site (B-site). We propose
that the lattice thermal conductivity of bdg is reduced by 46 + 16% when Fe is in the
mixed spin state, which may form a thermal insulating layer in the Earth’s mid lower
mantle. In addition, we provide a thermal conductivity model of bdg, taking into
account the effect of compositional difference and the spin transition of Fe. Our
conductivity model indicates that the thermal conductivity of bdg in the pyrolitic lower
mantle is more than twice as high as that in the descending MORB, which is likely to

create heterogeneity of lateral heat flux through the Earth’s core-mantle boundary.
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5.1. Introduction

The thermal conductivity (x) of the lowermost mantle is one of the most important
physical properties that can help us to understand lower mantle dynamics (e.g., Li et al.,
2018) and thus the thermal evolution of the Earth (for review, see Lay et al., 2008). The
chemical composition of bridgmanite (bdg) in mid-oceanic ridge basalt (MORB) rock in
the lower mantle is different from that in the surroundings. Fe and Al contents of bdg in
the pyrolitic lower mantle are considered to be both ~10 mol% (e.g., Sinmyo et al.,
2011). On the other hand, bdg in the subducted MORB is thought to contain a large
amount of Fe and Al, such as 31 mol% and 29 mol% (i.e., 0.31 and 0.29 in per formula
unit), respectively (Hirose et al., 2005). These impurities necessarily change the x of
bdg from that of Mg endmember, thus we need to know how these impurities affect its
k. In addition, for Fe-bearing minerals, we also need to consider the effect of the spin
transition of Fe. A number of experimental and theoretical studies suggested that the
mechanism of the incorporation of Fe in bdg is complicated compared to other lower
mantle minerals; Fe in bdg can exist in two different valence states of Fe?>* and Fe**, and
these can be distributed to two cation sites such as the large pseudo-dodecahedral Mg?*
site (A-site) and the relatively small octahedral Si** site (B-site) (for review, see Lin et
al., 2013). Previous studies provided a common view of iron spin transition in bdg: only
the Fe*" in the octahedral B-site would undergo a spin transition from high spin (HS) to
low spin (LS) state via mixed spin (MS) state at the P-T conditions in the lower mantle.

The systematical studies (e.g., Jackson et al., 2005; Catalli et al., 2011; Hsu et al., 2011;
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Kupenko et al., 2015; Sinmyo et al., 2017; Zhu et al., 2020; Okuda et al., 2020) and
experimental results in chapters 3 and 4 have shown the presence of the Fe spin

transition in lower mantle bridgmanite, hence requires investigation of this effect on the

x of bdg.

There are a number of experimental and theoretical studies about the lattice
thermal conductivity (ki) of bdg, but the chemical compositions of bdg are almost
entirely limited to Fe- and Al-free systems (Osako and Ito, 1991; Manthilake et al.,
2011; Ohta et al., 2012, 2014; Haigis et al., 2012; Dekura et al., 2013; Ammann et al.,
2014; Tang et al., 2014; Stackhouse et al., 2015; Zhang et al., 2017; Ghaderi et al.,
2017). There are two reports on the kit of bdg containing Fe or Al (Manthilake et al.,
2011; Ohta et al., 2014), and until recently there was no report on that including both Fe
and Al. But even so, two recent studies on the xia of (Fe,Al)-bearing bdg were reported
(Okuda et al., 2017, Chapter 2; Hsieh et al., 2017). However, interestingly they
provided conflicting results. Okuda et al. (2017) suggested that the incorporation of Fe
and Al to bdg has a minor effect on the xi. of bdg at whole lower mantle pressure. On
the other hand, Hsieh et al. (2017) reported that the pressure derivative of the i of (Fe,
Al)-bearing bdg shows a sudden change at 45 GPa, which could be attributed to the
enhanced pressure-induced lattice distortion in the high-spin state Fe?* in the A-site
(Mao et al., 2017). Moreover, they both showed the absence of the spin transition in

their samples, which is likely to be due to the use of the bdg samples synthesized in a
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multi-anvil press, so the effect of spin transition on the x of bdg is currently fully

unknown.

Here we report the xia of (Fe,Al)-bearing bdg samples with compositions of
Mgo .848F€0.090A10.206S10.85603 (gF9A21) and Mgo.718Fe0.123A10.281S10.87803 (gF12A28) up
to 125 GPa and 74 GPa respectively, measured by means of the pulsed light heating
thermoreflectance technique in a DAC (Yagi et al., 2011; Ohta et al., 2012, 2017;
Okuda et al., 2017). The obtained xiat for both gF9A21 and gF12A28 exhibited
anomalously low conductivities at the pressure range of 20—40 GPa. However, above 40
GPa, those conductivities eventually showed good agreement with the result of MgSiO3
bdg (Ohta et al., 2012; Hsieh et al., 2017) and reported (Fe,Al)-bearing bdg (Okuda et
al., 2017). We suggest that the discontinuous reduction in the present result is due to the
spin transition of octahedral Fe3*. Such a reduction in the xia of bdg could create a
thermal insulating layer in the mid lower mantle, which has important implications for
mantle dynamics. In this chapter, we also provide a x model considering the effect of
the difference in chemical composition and the spin transition of Fe. Our estimated total
x of bdg in the pyrolitic lower mantle is more than twice as high as that in subducted
MORB at the core-mantle boundary (CMB) conditions, which contributes to the lateral

heat flux heterogeneity in the Earth’s lowermost mantle.
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5.2. Experimental procedure

5.2.1. Sample preparation

We prepared two gel starting materials with different chemical compositions. A
gel-state starting material of gF9A21, which is the same sample used in Chapter 3, was
dehydrated at 1000 K in a H>-CO» gas-mixing furnace, in which oxygen fugacity was
controlled slightly above the iron-wiistite buffer. The collected starting material of
gF9A21 had a low Fe3/Y Fe ratio of 0.22(6) (Sinmyo et al., 2011). The starting material
of gF12A28 in a rhenium capsule was heated at 1000 K for 1 day in a H>-CO- gas-
mixing furnace, in which the volume ratio H>:CO> was maintained at 3:2. Both starting
materials were synthesized at Tokyo Institute of Technology. The chemical
homogeneity of both gel samples was confirmed by microprobe analyses (Supplemental
material S5-1). In order to determine the chemical composition of the starting materials,
Energy Dispersive Spectroscopy (EDS) analysis was conducted for each gel sample at
the University of Tokyo. As a result, we obtained chemical compositions of starting gel
sample gF9A21 and gF12A28 as Mgy .g4gFe0.000Al0.206S10.85603 and

Mgo.718Feo.123Al0.281S10.87803, respectively.

For x measurements, the obtained gel samples were shaped into the form of a
disk, then gold was sputtered onto both sides of the samples, and they were loaded into
the sample chamber of the DAC with a pressure transmitting medium of KCI, SiO2
glass or Al,Os. The purpose of the sputtered gold was to act as a pressure marker, laser

absorber and for ¥ measurements. Double sided laser heating was conducted at
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BL10XU, SPring-8, which simultaneously conducted in-situ X-ray diffraction (XRD)
measurement, for synthesis of the bdg sample and identification of the crystalline phase,
respectively. In each synthesis, the gel sample was heated at ~2000 K for an hour. As a
result, we obtained an almost single phase of bdg in each run (Fig. 5-1). In this manner,
bdg samples gF9A21 and gF12A28 were synthesized inside a DAC in each run prior to

high-pressure x measurements.

5.2.2. High-pressure thermal conductivity measurement

We used the pulsed light heating thermoreflectance technique for the
measurement of the thermal diffusivity of bdg (Dwag) at high pressures (in details, see
Yagietal., 2011; Ohta et al., 2012, 2017; Okuda et al., 2017). x can be obtained from

the following equation:

Kk = pDCp (5-1)

where p is density, D is thermal diffusivity and C,, is isobaric specific heat. We used the
density of our bdg sample (pbag) at high pressures estimated from the obtained EoS using
the same bdg sample with gF9A21 obtained in Chapter 3 (Fig. 3-3). The detailed
information of used pvdg and sample thickness correction for the calculation of « is
summarized in Supplemental material S5-2. The Cp of bdg at high pressures was
calculated from the Debye model and thermodynamic functions, with its thermoelastic
parameters for thermal EoS (Sun et al., 2018). All of the thermoreflectance measurements

were conducted at Tokyo Institute of Technology. Pressure was calibrated from the lattice
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volume of Au (Tsuchiya, 2003), Raman shift of the diamond anvil (Akahama and
Kawamura, 2006) or ruby fluorescence method (Mao et al., 1986), which is summarized

in Table 5-1.

The pulsed light heating thermoreflectance method yields transient temperature
curves of bdg at each pressure (Fig. 5-2; see Supplemental material S5-3 for obtained
temperature history curves in each run). The obtained curves were fitted by a theoretical
curve based on the one-dimensional thermal conduction equation for the filmed sample
thickness direction by pulse heating, for the estimation of the thermal diffusion time (7)

through the sample:

= 0 (2n+1)?
IO =T [£ 5y e [- 222 (5-2)

t

where T1(7) is temperature, T is a constant, ¢ is time, and y is fitting parameter describing
heat effusion to the pressure medium. This 7 was then analyzed as a three-layer heat

diffusion model to obtain Dyge using the following equations:

r 1
14
— 6 r 2
Dyqg = T 2z dodg (5-3)
Cbdgdbdg
=2, (>-4)
Au“Au

where Day is thermal diffusivity of Au, dbag, dau are thickness of bdg and Au
respectively, and Chag, Cau are heat capacity per unit volume (C = pCp) of bdg and Au,
respectively. We used 127 mm?/s for Day at ambient conditions (Ho et al., 1972), and

4%/GPa for the pressure derivative of Day obtained by thermal conductivity
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measurements (Ross et al., 1984). Note that Ross et al. (1984) was measured only up to
a few GPa, however, so far there are no available data. We used the value of Cay at high
pressure from Tsuchiya (2003). Thermodynamic parameters of bdg and Au used to

obtain its thermal diffusivities and conductivities are all summarized in Table 5-1.

For the measurement of the thickness of the sample, first we took the bdg sample
with surrounding pressure medium and gasket out entirely after the thermoreflectance
measurements. Then we cut out a cross section of the sample by using a Ga ion focused
ion beam (FIB), and we observed the thickness of the sample with a scanning electron
microscope (SEM). dvag and dau under high pressure were corrected by estimating the
change in the lattice volume of bdg and Au, based on the EoSs of bdg (see

Supplemental material S5-2 for detail) and gold (Tsuchiya, 2003), respectively.

5.3. Results

We performed three separate measurements on the xiaw of gF9A21 up to 125 GPa,
and three separate measurements on gF12A28 up to 74 GPa (Table 5-1). The kit of
gF9A21 and gF12A28 at ambient conditions was 4.8 £ 1.1 W/m/K and 4.6 = 2.0 W/m/K,
respectively (Fig. 5-3), which is considerably lower than those reported in Okuda et al.
(2017) and Hsieh et al. (2017) at ambient pressure. The peak position of transient

temperature curve obtained in thermoreflectance measurement is related to the thermal
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diffusion time 7, which is inversely proportional to x (Eqgs. 5-3 and 5-4). Essentially,
pressure enhances «, thus increasing pressure should shift the peak position to the left
side, when time is taken on the horizontal axis. However, with pressurization from around
20 GPa to 40 GPa the peak position of our yielded temperature history curves shifted to
the right side (Fig. 5-2). Consequently, xiat of gF9A21 up to 42 GPa showed a smaller
conductivity than that at ambient pressure, which is, at the minimum, less than 30% of
the x1at of Mgo.832F€0.200A10.060510.91603 bdg reported in Okuda et al. (2017). However, Kiait
of gF9A21 at pressures above 50 GPa revived and showed a kit value that was nearly
consistent with that reported in Okuda et al. (2017). ki« of gF12A28 also behaves
similarly to that of gF9A21: at a pressure range up to 33 GPa, xia of gF12A28 showed a
smaller value than that at ambient pressure, however k.t at higher pressure is also in good
agreement with the reported xiat in Okuda et al. (2017). In short, i of gF9A21 and
gF12A28 was strongly reduced at the pressure range until around 40 GPa, though at
higher pressure those xit showed values consistent with the reported xiae of
Mgo .832F€0.209A10.060S10.91603 bdg (Okuda et al., 2017) (Fig. 5-3). Such reduction of xia as

found in the present results has not been reported previously.

5.4. Discussion
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5.4.1. Spin transition of Fe

Previous studies about the spin transition of Fe in bdg have provided a common
view that only the Fe3" in the B-site would undergo spin transition at the lower mantle
pressure (for review, see Lin et al., 2013). The bdg samples in this study are expected to
show the spin transition of Fe since these were synthesized in a DAC at relatively high
pressure (Chapters 3, 4). Although the Fe3*/> Fe of our bdg samples gF9A21 and
gF12A28 are not determined, the Fe**/Y Fe of Mgo 79Feo.11Alo.16S10.9403 bdg, which has
a similar chemical composition to gF9A21, was determined in Sinmyo et al. (2011)
using the Fe L»3-edge electron energy-loss near-edge structure (ELNES) spectroscopy
measurement. The Fe3*/> Fe of Mgo 79Feo.11Alo.16S10.9403 bdg was found to have a high
Fe3*/> Fe value of 0.80(15). Considering that the AI’" content in both of our bdg
samples is higher than that of Mg 79Feo.11Alo.16510.9403 bdg (Sinmyo et al., 2011), and
also taking into account that the AI** content in bdg enhances the amount of Fe3* (e.g.,
Frost et al., 2004; Sinmyo et al., 2011), it can be inferred that both gF9A21 and
gF12A28 have very high Fe*'/> Fe content, which would be assumed to be higher than
0.80. Moreover, gF9A21 exhibited abnormal reduction in unit cell volume at the
pressure range of 21-30 GPa (Chapter 3, Fig. 3-3), which sufficiently matches that of
the reduction of xia found in this study. Spin transition of Fe in Fe-bearing mineral
yields reduction in the unit cell volume (V), due to the reduction of the ionic radius of
Fe. Such V-reduction in bdg was predicted in theoretical studies (Hsu et al., 2011;

Tsuchiya and Wang, 2013), and was also observed in experimental studies (Mao et al.,
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2015; Liu et al., 2018). Thus, the observed softening of gF9A21 at the identical pressure
range of the reduced xiat of gF9A21 in the present study supports the existence of the
spin transition of Fe in our bdg samples. We thus conclude that the suppressed xia at the
pressure range of 20—40 GPa observed in gF9A21 and gF12A28 is due to the spin

transition of octahedral Fe?".

The pressure range where a suppressed xiait was observed in this study matches with
the pressure range in the MS (mixture of HS and LS) state of Fe3* reported in previous
studies (Lin et al., 2013). Our results indicate that xi.« of bdg would be remarkably
reduced only when the spin state of Fe is in the MS state. The effect of spin transition of
Fe on the i« of lower mantle minerals was first reported in Ohta et al. (2017) for
ferropericlase (fp), the second most abundant mineral in the lower mantle. They showed
that the xia of (Mg,Fe)O fp greatly decreases in the pressure range of the MS state of Fe.
This is consistent with the most recent measurements of the xi«c of fp (Hsieh et al., 2018).
In the MS state, Fe having different ionic radii are randomly arranged in the crystal lattice
(Fig. S5-4); According to Shannon, 1976, the ionic radius of six-coordinated Fe3* changes
from 0.785 to 0.690 A by its spin transition, where the difference in radius is as much as
12%. Such disorder in ionic radii should scatter phonons, yielding the reduction of its xjat.
We presume that such reduction of xia in the MS state may occur not only in bdg and fp

but also in other Fe-bearing mantle minerals (further discussed in section (5.5.2)).
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5.4.2. Comparison and interpretation of previously reported conductivities on (Fe,Al)-

bearing bdg

There are currently two reports on the xia« measurements for (Fe,Al)-bearing bdg
(Okuda et al., 2017; Hsieh et al., 2017). Hsieh et al. (2017) reported that both Fe-
bearing bdg (Mgo.96Fe0.07S10.9803) and (Fe,Al)-bearing bdg (Mgo.soFeo.12Alo.11S10.8903)
experience a sudden change in pressure derivative of ki at 45 GPa, attributed to the
enhanced pressure-induced lattice distortion of Fe?" in the A-site (Mao et al., 2017). In
contrast, Okuda et al. (2017) showed that the xi. of (Fe,Al)-bearing bdg
(Mgo.s32Fe0.200A10.060510.91603) increased monotonously with increasing pressure,
without any sudden change in its pressure derivative. Mao et al. (2017) suggested that,
when in the presence of pressure-induced lattice distortion, there is a strong correlation
between QS value in Mdssbauer spectroscopy measurement and the tilting angle of the
octahedral @, which can be expressed with lattice constants a, b and ¢ as follows (e.g.,

O’Keefte et al., 1977):

(5-5)

® = cos~ ! (ﬁaz) .

bc

They showed that Mgo.o4Feo.06Al0.01S10.9903 bdg exhibits anomalous P-@ behavior
(Chapter 3, Fig. 3-4). On the other hand, they also showed that Mgo goFeo.12Al0.11S10.8903
bdg, which sample was also used in Hsieh et al. (2017), did not exhibit such anomaly.
Mao et al. (2017) explained this difference that the presence of Al in bdg reduces the
occurrence of enhanced lattice distortion of (A site)-Fe?*. Our calculated @ of gF9A21

did not show any discontinuous change (Chapter 3, Fig. 3-4), implying the absence of
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enhanced pressure-induced lattice distortion of (A site)-Fe** in gF9A21. This absence can
also be explained from the large amount of Al content in gF9A21 compared with its Fe
content, which is consistent with Mao et al. (2017). We also calculated the @ in
Mgo.832F€0.200A10.060S10.91603 bdg used in Okuda et al. (2017) from their XRD
measurement data, but their @ did not show any anomalous change (Supplemental
information S5-5). Also, the obtained SMS measurement data for bdg sample used in
Okuda et al. (2017) did not show any anomalous behavior in QS with increasing pressure
(Kupenko et al., 2015), which supports the absence of enhanced pressure-induced lattice
distortion of (A site)-Fe?" in their bdg sample. This absence matches with the observed
monotonical increase of it in Okuda et al. (2017) (Chapter 2). From the above, we
suggest that there may be other reasons for a sudden change in pressure derivative of xia
of Mgo.goFeo.12Al0.11S10.89003 bdg at 45 GPa from the pressure-induced lattice distortion
reported in Hsieh et al. (2017). One possible explanation could be made with the
presence/absence of thermal annealing. Both Mao et al. (2017) and Hsieh et al. (2017)
conducted experiments along cold compression/decompression (i.e., without thermal
annealing). It is true that thermal annealing may change the speciation of Fe at high
pressure, making the interpretation of the obtained results complex. On the other hand,
cold compression/decompression can keep the speciation of Fe in bdg from the pre-
synthesized starting material, which enables clear and easier discussion for the effect of
Fe on physical properties. However, we should also state that we have to be very careful
whether anomalous behavior observed under cold compression also take place in the

actual mantle’s P-T conditions. Under cold compression, the number of dislocations
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increase, so the deviatoric stress and defects in the sample also increases. These defects,
dislocation and stress in the sample should affect its xia. Here, annealing can minimize
the deviatoric stress and dislocation caused by shear deformation in the sample. Therefore,
thermal annealing is an essential task to measure physical properties at room temperature,
high pressure. Kupenko et al. (2015) and Okuda et al. (2017) conducted thermal annealing
before collecting SMS and xia data, respectively. Since Okuda et al. (2017) conducted
thermal annealing before collecting each XRD data above 45 GPa, this annealing may
have suppressed the occurrence of lattice distortion in their bdg sample. We suggest that
such enhanced lattice distortion may occur only under cold compression. Overall, the
presence/absence of thermal annealing can explain the discrepancy between Hsieh et al.

(2017) and Okuda et al. (2017).

5.4.3. Pressure-temperature dependence of Kiun of bdg

It is known that silicates and complex compounds show weaker temperature
response on kia than simple pure oxide that obeys 7! relation (Hofmeister, 1999).
Chemical impurity, point defect, mass disorder, and other imperfections in the crystal
also make the temperature dependence weaker. Hofmeister (1999) showed that xia for
oxides at high P-T conditions can be written with the temperature dependence coefficient

a in the 7% form as follows:

Kiaee (P T) = 1100 (298) (22)” x exp [~ (47 +2) S a(@)d8] x (1 + KsP/Ko). (5-6)
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where y, a and Ko are griineisen parameter, thermal expansivity and bulk modulus,
respectively. Manthilake et al. (2011) expanded this model, and introduced the following

density-temperature dependent x model:

Kbdg(P, T) = Kref (i)g (30; K)a,

(5-7)
where xrer and prer are thermal conductivity and density at reference pressure and

temperature, g and a are pressure and temperature dependence coefficients,

respectively. Here, g can be written as follows based on the kinetic phonon gas theory:

9 = (OKyare/0Inp)r. (5-8)
We have discussed in section 5.4.1 that the MS state of Fe may scatter phonon, so we

separately evaluated our xia data obtained at 20—40 GPa (discuss in section 5.4.5) and

those at other pressure ranges (discuss in the next section).

5.4.4. Impurity effect of Fe and Al on the ki« of bdg at high-P and 300 K

In chapter 2, we showed that xia of Mgo.832F€0.200A10.060510.91603 is 19% lower
than that of MgSiOs (Ohta et al., 2012) at 135 GPa and 300 K. Here we extended the
evaluation of the impurity effect of Fe and Al on the xiax of bdg. The g values of
gF9A12 and gF12A28 were obtained by using Eq. (5-8), which of those were calculated
to be 4.96 £ 0.51 and 5.12 + 0.78, respectively (Fig. 5-4). With these g values, we
estimated the xia of gFOA12 and gF12A28 at 135 GPa and 300 K by using Eq. (5-7).

We set the reference P, T to be ambient conditions, in which case the xreris 4.8 £ 1.1

147



W/m/K and 4.6 + 2.0 W/m/K for gF9A12 and gF12A28, respectively. Fig. 5-5 shows
the summarized xiac of the present study, Ohta et al. (2012), Okuda et al. (2017)
(Chapter 2) and Hsieh et al. (2017) at 135 GPa and 300 K, with Fe+Al content in bdg on
the horizontal axis. It can be seen that the xia at 135 GPa and 300 K of the present
study, Ohta et al. (2012) and Okuda et al. (2017) decreases linearly as Fe+Al content
increases, while the estimated conductivity in Hsieh et al. (2017) is relatively lower than
the other estimations due to the presence of pressure-induced lattice distortion. Since we
consider that such pressure-induced lattice distortion occurs only when the bdg with
small Al content compared with Fe is compressed/decompressed without thermal
annealing, we conducted a linear approximation for data of the present study, Ohta et al.
(2012) and Okuda et al. (2017). The linear approximation line of the . of (Fe,Al)-

bearing bdg at 135 GPa, 300 K was obtained as the following equation:
Kpdgx (135 GPa, 300 K) = —24x + 31.3, (5-9)

where x is the summation of Fe and Al content in per formula unit, xbdgx is the xian of bdg
with Fe+Al=x (pfu), respectively. In the same manner, we calculated the xpdg (P, 300 K)
at pressure from 20 to 135 GPa in 5 GPa steps (supplied in Supplemental material S5-6),
which was used for the estimation of the xia of bdg along the geotherm (further discuss

in section 5.4.6).
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5.4.5. Effect of the spin transition of Fe on the ki of bdg

In the previous section, we estimated the high-pressure xiax of gF9A12 and
gF12A28 by using our obtained xia: data except at 20—40 GPa. We regard these estimated
Kiart @s those when Fe is in the HS or LS state (xus, Ls), while xia data at 20—40 GPa is
treated as the conductivity when Fe is in the MS state (xwvs). The contribution of phonon
scattering by MS state Fe ions to the xi« of gF9A12 and gF12A28 were estimated by
rationing the xus, Ls and xms. The xvs /kus, Ls was 46 = 16% in average, i.e., the x for both
bdg samples in the MS state were reduced by 46 + 16% as those in the HS and LS state

(see Supplemental material S5-7 for detail).

5.4.6. Estimation of the K of bdg along mantle geotherm

With a combination of the compositional effect of Fe and Al (provided in section
(5.4.4)), and the effect of spin transition of Fe (provided in section (5.4.5)), we used the
following models for the estimation of the i« of (Fe,Al)-bearing bdg at high P-T

conditions where Fe is in the HS or LS state (kvdg x ns, Ls) and in the MS state (kbdg x Ms),

respectively:
300 K\ ¢
Kodg w55 (P T) = Koaga(P, 300 K) (377) (5-10)
300 K\ ¢
Kodg s (P2 T) = f X Koaga(P, 300 K) (377) (5-11)

where x is the summation of Fe and Al content in per formula unit, kg (P, 300 K) is the

kiar Of bdg with Fe+Al=x (pfu) at certain pressure and ambient temperature, f'is the xms
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/xus, Ls value of 46 £ 16% and a is temperature dependence coefficient, respectively. We
used the temperature dependence coefficient a of 0.37—0.43, which is the a value of

(Fe,Al)-bearing bdg constrained in Okuda et al. (2017) for further discussion.

5.5. Geophysical implications

5.5.1. k of bdg in the Earth’s lower mantle

Onset pressure of the spin transition of Fe in bdg is extremely important for
constraining the thermodynamic properties in the lower mantle, however there is a huge
discrepancy in the reported transition pressure, and currently lacks the in situ high-P, T
experimental reports (e.g., Jackson et al., 2005; Catalli et al., 2011; Hsu et al., 2011;
Kupenko et al., 2015; Sinmyo et al., 2017; Zhu et al., 2020; Okuda et al., 2020). We used
the reported transition pressure in Tsuchiya and Wang (2013), which provided the
temperature effect on the onset pressure. These authors suggested that temperature
enhances the onset pressure of the spin transition of Fe in bdg, and they showed that the
HS to LS transition of Fe would occur at the pressure range of 84—89 GPa along the
geotherm (Brown and Shankland, 1981). By using Egs. (5-10, 5-11), the suggested
geotherm (Brown and Shankland, 1981) and the onset pressure of 84—89 GPa for the spin
transition of Fe in bdg (Tsuchiya and Wang, 2013), we estimated the xiax of bdg in the

pyrolitic lower mantle and in the descending MORB. We used the typical Fe and Al
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contents of both 10 mol% (Sinmyo et al., 2011), and 30.6 and 29.4 mol% (Hirose et al.,
2005), respectively. For the model on bdg in MORB, since MORB in the subducting slab
is colder than the surrounding mantle, we applied a typical value of 560 K (Chang et al.,
2017) for the temperature difference between such MORB and the surrounding lower
mantle (discussed further later). Figure 5-6 shows the detailed xia profile of bdg in the
pyrolitic lower mantle and in subducted MORB, extended from Okuda et al. (2017) with
respect to the addition of the effect of compositional difference and spin transition of Fe.
The xiart of bdg in the pyrolitic lower mantle is slightly higher than that in MORB at the
Earth’s uppermost mantle, which possess xiat of 4.1 £ 0.2 and 3.8 £ 0.2 W/m/K
respectively when using a geotherm with temperature of 1400°C at 660 km (Fig. 5-6a),
and xipa of 3.6 £ 0.2 and 3.2 £ 0.2 W/m/K respectively, when using a geotherm with
temperature of 2000°C at 660 km (Fig. 5-6b). Both xiat increases with depth, however the
xiare Of bdg in the pyrolitic lower mantle is reduced at 1950—2050 km due to the effect of
the spin transition of Fe, which has a conductivity of 3.8 = 1.3 W/m/K. This 3.8 £ 1.3
W/m/K is a significantly small amount of conductivity, which is even a consistent value
as the radiative thermal conductivity (#rad) in such P-T conditions (Goncharov et al., 2015),
when using the geotherm with temperature of 2000 °C at 660 km (Brown and Shankland,
1981). At further depth, both conductivities increase up to the thermal boundary layer
(TBL) above the CMB and drops at the CMB to 9.4 + 0.7 and 6.4 = 0.5 W/m/K
respectively due to the high temperature in this region. Here, we assumed the CMB
temperature to be 3700 K (Tateno et al., 2009). As mentioned above, we used a typical

value of 560 K (Chang et al., 2017) for the temperature difference between the subducted
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MORB and the surrounding lower mantle. Even so, we further investigated the effect of
temperature contrast between them on the xia« of bdg in MORB. We found that a
temperature difference of 200—800 K only changes the xia of bdg in subducted MORB
from 6.4 £ 0.5 W/m/K to 6.9 = 0.5 W/m/K (Supplemental material S5-8), indicating that
the effect of the temperature contrast between the subducted MORB and the surrounding
lower mantle on the . of bdg is minimal. Thus, we emphasize that our estimated #iai of
bdg with temperature contrast of 560 K for subducted MORB and the surrounding lower

mantle is a reliable x profile.

Total thermal conductivity of bdg is the summation of xiat and xraq. There are three
previous reports on the xad measurement of bdg (Keppler et al., 2008; Goncharov et al.,
2008; Goncharov et al., 2015), revealing a common trend that the amount of Fe3*
enhances the #aq of bdg (also discussed in Okuda et al., 2017). (Fe,Al)-bearing bdg in the
Earth’s lower mantle is thought to have a Fe3*/> Fe ratio of ~0.5 (e.g., Frost et al., 2004;
Sinmyo et al., 2011). The Fe**/> Fe ratio of bdg sample used in Goncharov et al. (2015)
is ~0.5, which is therefore suitable for estimating the x4 of bdg in the pyrolitic lower
mantle. The pressure dependence of xq of bdg was investigated by previous studies
(Keppler et al., 2008; Goncharov et al., 2008; Goncharov et al., 2015), which seems to be
slightly reduced (within 10%) with increasing pressure, at the temperature range in the
Earth’s lower mantle (Keppler et al., 2008; Goncharov et al., 2008; Goncharov et al.,
2015). However, the quantification of the pressure dependence of xrq of bdg is still

difficult, because Goncharov et al. (2015) only measured the xr.q at 0 and 46 GPa. Thus,
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we simply used the temperature-dependence of xr.q obtained at 46 GPa in Goncharov et
al. (2015), to estimate the xrq in pyrolitic lower mantle along the geotherm. Taking into
account that an increase in Fe content decreases the xrad, the radiative conduction of bdg
in MORB is negligible due to a much larger amount of Fe. As a result, the total x
(=Kiatxrad) of bdg at the CMB conditions is constrained to be 15.3 £ 0.7 W/m/K for those
in the pyrolitic lower mantle, and 6.4 = 0.5 W/m/K for those in the subducted MORB
(Fig. 5-6). Such a difference in the x would generate heterogeneity in lateral heat flow
across the CMB, which was also suggested in Stackhouse et al. (2015). Still, note that we
cannot estimate the actual conductivity of the subducted MORB because of the lack of
information about both xiat and xwd in other minerals such as SiO» phase, CaSiOs;

perovskite (Ca-Pv) and Al-rich phase.

The reduced x of bdg at the mid lower mantle due to the spin transition of Fe lowers
the total x of the lower mantle in this region (Fig. 5-6). This should create a thermal
insulating layer in the mid lower mantle, which has profound implications for mantle

dynamics.

5.5.2. Effect of spin transition on k of other minerals in the Earth’s mantle

We suggested that the xi.« of major minerals in the Earth’s lower mantle, such as
bdg and fp, would decrease under their spin transition of Fe due to the disordered lattice
in the MS state (Supplemental material S5-4). In this nature, such a reduction in st may

also exist in other Fe-bearing minerals. For instance, MORB in the lower mantle consists
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of 31% of (Fe,Al)-rich bdg, 23% of Ca-Pv, 23% of Si0O; phase (stishovite, CaCl-type or
a-PbO;-type Si0O: (seifertite)) and 23% of NAL (new aluminous phase) phase and CF
(calcium ferrite-type aluminous phase) phase (Hirose et al., 2005), and all of these
minerals except for SiO, phase are thought to contain Fe (Hirose et al., 2005). Recent
experiments and calculation found that both Fe-bearing NAL and CF undergo spin
transition (Wu et al., 2016; Hsu, 2017; Wu et al., 2017). For NAL, experimental research
based on the combination of synchrotron nuclear forward scattering (NFS) and XRD
showed that the octahedral Fe3t in the Fe-bearing NAL
(Nao.71Mg2.0sAl4.62Si1.16Fe>0.09Fe3%0.17012) underwent spin transition at 33—47 GPa (Wu
etal., 2016). Recent calculation results also supported that only the Fe** in the octahedral
site undergoes a spin transition at ~40 GPa (Hsu, 2017). With respect to CF, the
octahedral Fe' in the Fe-bearing CF phase (NaossAloooFeo13Si09404) was found to
undergo a spin transition at 25—35 GPa (Wu et al., 2017), based on the same methodology
of Wu et al. (2016). Thus, it can be assumed that NAL and CF, as well as fp and bdg, may
also show significantly low ki at a certain pressure range (Wu et al., 2016; Wu et al.,
2017). Since the heat inside the descending slab and MORB is predominantly transported
by lattice conduction, the ¥ of MORB-constituting minerals directly determines the
temperature structure inside the MORB. If the i« of NAL and CF phase would be
reduced due to the disordered lattice, the temperature of MORB would be lower than the
previous estimation, which should have important implications for mantle dynamics and

water transportation.

154



5.6. Conclusions

We measured the xia of (Fe,Al)-bearing bdg of Mgo 84gFe0.000Alo.206S10.85603
(gF9A21) and Mgo.718Feo.123Al0.281S10.87803 (gF12A28) under high pressure and 300 K
in a DAC. The present results showed abnormally low xia¢ at the pressure range of
20—40 GPa, which may be due to the spin transition of octahedral Fe**. We further
analyzed the present results and previous studies, and we suggest the following for the

kit of (Fe,Al)-bearing bdg:

* When Fe is in the MS state, i of bdg is reduced by 46 + 16% compared to HS or

LS state, due to the disordered lattice (Supplemental material S5-4).

* The compositional effect on the xia of (Fe,Al)-bearing bdg (xx) is linearly

proportional to the Fe+Al (=x, in pfu) content (Fig. 5-5; Supplemental material S5-6).

By using the obtained xi.« model of bdg, we calculated the xia profile of bdg in the
Earth’s lower mantle. As a result, we found that the x of bdg in the pyrolitic lower mantle
and in the MORB may alter by more than a factor of two, mainly due to the compositional
effect and the xrq effect. This x difference should create heterogeneity of lateral heat flux
across the CMB. Here we note that further investigations into the x of Ca-Pv and the other
MORB-constituting minerals are required for the better constraint of the x difference
between the subducted MORB and the surrounding lower mantle. In addition, our x

measurements has so far remained at ambient temperature conditions. Considering that
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the temperature may enhance the spin transition pressure (Tsuchiya and Wang., 2013),

future work should focus on x measurements at high temperature as well as high pressure.
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5.8. Tables and Figures

Table 5-1. Thermodynamic properties used in the evaluation of the lattice thermal conductivity, experimental conditions, thermal diffusivity and conductivity of Mg, s43Feg 999Aly 20651y 35603 (8F9A21) and Mg, ;13F ey 123Al) 25, Siy 57505 (gF12A28)
gF9A21 (Mg 348F€0.0900Aly 206510.85603)

si i d d x, after C,of C, of s
Synthesized Pressure Pressure raw raw d Reduction  d wm@\ A : A A1 VIVe Cua <10° VIV, P an p O Cpu X10° @ ne (P) o Doy o p O Kodg Pressure
Run#  Pressure (GPa) medium T total (um) rate of d at correction  (x10 correction £bd N £ A Ka/m? Au 3 r X10° m?/ by Ka/m® bdg Wim*K error
(GPa) (1) w high P(%)  (um) nm) (<102 nm) °TPd8 (Jm’K)  of Au (kg/m’) (ke/K) (J/m’K) ( m'/s)  (ps)  (mms) (kg/m’) (ke/K) (W/(m*K)) (GPa)
1 125 125 KCl 1.27(4) 2.97(28) 91.3 2.71 1.73(6) 1.58 0.74 1.50 0.73 29502 121 3.56 7.2 3.71 0.84(3) 8.8(17) 5561 449 21.9(43) 6.25"
2 52 52 SiO, glass 6.23(6) 4.30(64) 94.9 4.09 2.36(94) 222 0.85 1.66 0.83 26015 125 3.25 9.4 0.20 4.43(4) 3.8(11) 4851 571 10.4(31) 2.6"
50  SiO, glass 5.44(12) 95.1 4.09 222 0.85 1.67 0.84 25894 125 3.24 9.5 0.18 3.87(8) 4.3(13) 4828 576 12.0(36) 5
42 SiO, glass 21.56(4) 95.6 4.12 2.24 0.87 1.69 0.85 25387 126 3.19 9.7 0.13 15.48(3) 1.1(3) 4732 596 3.109) 4.2
24 SiO, glass15.90(11) 97.2 4.18 2.28 0.92 1.75 0.90 24081 127 3.06 10.5 0.07 11.6(1) 1.5(4) 4495 649 4.4(13) 2.4
3 78 78 KCl 0.80(3) 1.89(22) 93.4 1.76 1.92(95) 1.78 0.80 1.59 0.79 27432 123 338 4.6 0.57 0.45(2) 7.0(17) 5132 516 18.5(44) 3.9
57 KCl 1.00(3) 94.6 1.79 1.81 0.84 2.74 0.82 26309 125 3.28 8.3 0.24 0.68(2) 4.7(11) 4908 559 12.8(30) 5.7
42 KCI 2.94(10) 95.6 1.81 1.83 0.87 2.82 0.85 25387 126 3.19 8.8 0.13 2.05(7) 1.6(4) 4732 596 4.5(11) 42
24 KCl  5.40(5) 97.4 1.84 1.85 0.92 3.02 0.90 24081 127 3.06 9.8 0.07 3.88(3) 0.9(2) 4495 671 2.6(6) 2.4
0 KCl  3.11(7) 100 1.89 1.92 1.00 3.04 1.00 21674 130 2.82 10.6 0.03 2.29(5) 1.6(4) 4114 741 4.8(11) 0
gF12A28 (Mgy.715Feq.123Aly 251 Sip.57503)
i i d au d ,, after " of y f
Synthesized o cure Pressure rawq ~Reduction  d after >N B VIVy CoggX10° VIVy  pau oo Cpux10° & au (P) Thag D g, Podg Cro Kbag Pressure
Run#  Pressure (GPa) medium (um) rate of d at correction  (x10 correction b m? A e/’ Au m’ r (x10° m?/ By Ka/m® bdg W/m*K) error
(GPa) 2 M) high P(%)  (um)  onm)  (<10%nm) OT092 (AK) - of Au(kgm) ey (Fm'K) ms) (k) () (kg ey (WTKD) Gy
1 43 43 KCl  5.16(3) 3.28(19) 95.6 314 3.09(23) 2.93 0.87 2.82 0.85 25440 126 3.2 9.4 0.14 3.67(2) 2.7(3) 4789 588 7.6(9) 2.14°
2 122 74 SiO, glass 0.94(4) 1.95(42) 93.6 1.83 1.92(95) 1.79 0.81 2.66 0.80 27231 123 3.36 8.1 0.48 0.64(2) 5.2(23) 5142 518 13.9(60) 7.4
47 SiO, glass 1.50(4) 953 1.86 1.82 0.86 2.79 0.84 25708 125 3.22 8.9 0.16 1.05(3) 3.3(14) 4841 577 9.2(40) 4.7
33 SiO, glass 3.44(5) 96.4 1.88 1.84 0.89 2.87 0.88 24768 126 3.13 9.4 0.09 2.45(4) 1.4(6) 4664 615 4.2(18) 33
0 SiO, glass 3.44(5) 100 1.95 1.92 1.00 3.04 1.00 21674 130 2.82 11.0 0.03 2.54(4) 1.5(6) 4155 733 4.6(20) 0
3 71 46 KCI 9.56(11) 4.98(46) 95.3 474 2.27(72) 2.16 0.86 2.80 0.85 25645 125 3.21 19.2 0.16 7.94(9) 2.8(5) 4829 580 7.9(15) 4.6
38 KCl  10.87(18) 96.0 4.78 2.17 0.88 2.84 0.86 25119 126 3.16 19.8 0.11 9.07(15) 2.5(5) 4729 601 7.1(13) 3.8
26 KCl  21.30(26) 97.0 4.83 2.19 0.91 291 0.89 24240 127 3.08 20.8 0.07 17.92(21) 1.3(2) 4568 636 3.8(7) 2.6

“data obtained after thermal annealing, and pressure calibration based on the EOS of gold (Tsuchiya, 2003)
We used typical values of 10% and 5% for pressure errors with pressure calibration using Raman spectroscopy of diamond and EOS of gold, respectively.
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Fig. 5-1. XRD patterns of synthesized bdg sample gF9A21 and gF12A28. XRD pattern
of gF9A21 (red) and gF12A28 (purple) synthesized both in run #3 (Table 5-1). The
numbers in the figure indicate Miller indices of bdg. The notations Stv, Au and KCl in
the figure denote diffraction peaks from stishovite, gold for pressure marker and KCI

for pressure medium, respectively.
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52 GPa

5 42 GPa

8 |

>

‘0

[

g

j=

©

(0]

N

s

£

(@]

< 24 GPa

0 2 4 6 8 10 12 14 16 18 20

Time (us)

Fig. 5-2. Obtained transient temperature curves at high pressure and at ambient
temperature. Black, blue and green curves indicate temperature history curves of
gF9A21 obtained at 52 GPa, 42 GPa and 24 GPa in run #2, respectively. Black, blue

and green lines indicate the position of peak maximum in the temperature history curve.
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Fig. 5-3. Lattice thermal conductivity of Mgos4gsFeo.000Al0.206510.85603 bdg (gF9A21) and
Mgo.718F€0.123A10.281S10.87803 bdg (gF12A28) at 300 K. Red diamonds, gF9A21:

Mgo sasFe0.090A10.206S10.85603 bdg (this study); purple diamonds, gF12A28:
Mgo.718Fe0.123Al0.281S10.87803 bdg (this study); orange diamonds,

Mgo .832F€0.200A10.060S10.91603 bdg (Okuda et al., 2017); open circles, MgSiO3 bdg (Ohta
et al., 2012, 2014); black, green and brown curves, MgSiO3, Mgo 96Fe0.07S10.9803 and
Mgo soFeo.12Al0.11S10.8003 bdg (Hsieh et al., 2017). The rightmost vertical line in black,
green and brown curves indicate the measurement uncertainties reported in Hsieh et al.
(2017). “A” in the figure indicates annealed data, and numbers indicate run numbers.
HS, MS and LS in the top of the figure indicate the suggested pressure range of the spin

state of high-spin, mixed-spin and low-spin of Fe, respectively (Lin et al., 2013).
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Fig. 5-4. Thermal conductivity (x) of bdg at 300 K as a function of density (p). Red
diamonds, gF9A21: Mgo sagFe0.000Al0.206510.85603 bdg (this study); purple diamonds,
gF12A28: Mgo.718Fe0.123Al0.281S10.87803 bdg (this study) The data are normalized by the
x and p of bdg at ambient conditions (xo = 5.1 W/m/K and po = 4.11 g/cm?) (Osako and
Ito, 1991). Red and purple broken lines are the obtained linear approximation line,

which gives g=4.96 = 0.51 and 5.12 £ (.78 calculated from Eq. (5-8), respectively.
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Fig. 5-5. Impurity effect on the lattice thermal conductivity of bdg at 135 GPa, 300 K.
Orange, red, purple, blue and open symbols indicate the xia of

Mg .832Fe0.2090A10.060510.91603 bdg (Okuda et al., 2017), Mgo s48Fe0.090Al0.206510.85603 bdg
(this study), Mgo.718Fe0.123A10.281S10.87803 bdg (this study), Mgo.soFeo.12Al0.11S10.8003 bdg
(Hsieh et al., 2017) and MgSiOs bdg (Ohta et al., 2012), respectively. Broken line

indicates the obtained linear approximation line.
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Fig. 5-6. Lattice thermal conductivity (xia) and total thermal conductivity (kiatt7rad)
profile of bdg in the Earth’s lower mantle. a: using geotherm with the temperature at
660 km depth (7(660 km)) =1400 °C, b: using geotherm with 7(660 km) =2000 °C
(Brown and Shankland, 1981). Green and black bands indicate the estimated xiai of bdg
in pyrolitic lower mantle and in MORB, respectively. Dark green and black bands
indicate the estimated total x of bdg in pyrolitic lower mantle and in MORB,
respectively. Note that the estimated xia and total x of bdg in MORB are the same. Red
curve indicates the kg of bdg (Goncharov et al., 2015). Black broken line indicates the
CMB, and yellow band indicates the 200 km thick thermal boundary layer (TBL) above

the CMB (Lay et al., 2008).
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5.9. Supplemental material

85-1. Microprobe analyses of the used bdg samples

Microprobe analysis on starting material of gF9A21 was also conducted in
Sinmyo et al. (2011). Here we provide the EDS analysis on starting material of
gF12A28 (Table S5-1). We collected the EDS data from three different places to check
the chemical homogeneity of the starting material, which errors calculated from the
standard deviation of the obtained atm% of each element were below 10%.

We also investigated the chemical homogeneity of the bdg sample after the
thermal conductivity measurement (Fig. S5-1). It can be seen from Fig. S5-1d, f
that there is a SiOz-enriched portion in the middle part of the sample.
However, since the total area of this portion was only 5%, we consider that the effect of

the SiO2 on the thermal conductivity measurement of bdg is negligible.
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Table S5-1. EDS analyses of gel starting material of gF12A28

position| position2 position3
Elements atm% error (Wt%) wt% atm% error (Wt%) wt% atm% error (Wt%) wt%  STDEV of atm% error of atm% (%)
Mg 16.83 1.84 18.8 16.58 1.88 18.84  16.45 1.89 18.66 0.19 1.16
Fe 2.88 0.46 7.39 2.58 0.41 6.21 2.38 0.41 622 025 9.63
Al 6.56 0.75 8.17 6.61 0.78 8.34 6.57 0.78 827  0.03 0.40
Si 20.56 2.03 2655  19.33 1.99 2539  19.73 2.06 2587 0.63 3.16
0 53.15 7.35 39.09  55.09 7.89 4121  54.87 7.93 4098 1.06 1.95

STDEV of atm%, error of atm%: the standard deviation and error of atm% calculated from the atm% value in position 1, 2 and 3.
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\/__.

sputtered gold

bridgmanite sample

Al203 (pressure|medium)

Fig. S5-1 X-ray maps of the recovered bdg sample gF9A21 after thermal conductivity
measurement in run #2. Red, green, dark blue, light blue and yellow region illustrates

mapping results of Mg, Si, Fe, Al and Au.
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85-2. Correction of the sample thickness

For the correction of thickness of our bdg sample under high pressure, we used the
third-order Birch-Murnaghan EoS of gF9A21 obtained in this study from the fit of
compressibility data with pressure above 29 GPa. However, since our collected
compressibility data showed softening in V in the pressure range of 20 GPa to 31 GPa,
the thickness of bdg in 24 GPa and 26 GPa (xi.« data we regarded as xwms, see section
5.4.5) estimated from the EoS of gF9A21 is questionable. Here we tested how much the
Kiare alters by changing the P-V relation for the correction of bdg thickness for the xiai of
gF9A21 obtained at 24 GPa in run #2, and that of gF12A28 obtained at 26 GPa in run
#3.

We calculated the xia by using P-V relation of 182-1.06P (A3), which is the linear
fitting result of our obtained compressibility data in this pressure range (Fig. S5-2). The
obtained xia by using P-V relation of 182-1.06P (A%) altered up to 1.2% from that
estimated from the third-order Birch-Murnaghan (BM) EoS of gF9A21 (Table S5-2),
which is within the estimated error bar of xia from the temperature history curve-fitting
error and sample thickness error (Table 5-1). Since the P-V relation of 182-1.06P (A3) is
empirical, we avoided using this relation to estimate the thickness of bdg at high
pressure. Taking into account that the difference in xiax were within the error bar of xia,

we used the obtained EoS for sample thickness correction for each data.

172



170

165 L linear fitting |
182-1.06P A3

160

third-BM EoS
K =4 .
Ko=226.5+1.1 GPa
Vo=166.64+0.9 A

155 -

150

Volume (A%)

145

140 |-

This study
Mg, 70F€4.0sAl5 22S156,05 , 300 K

135
10 20 30 40 50 60

Pressure (GPa)

Fig. S5-2. P-V relation of gF9A21. Blue curve, fit of third Birch-Murnaghan EoS; green

line, linear fit in the pressure range of 20 GPa to 31 GPa.
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Table S5-2. Lattice thermal conductivity estimated from P-V relation based on linear fit and third-Birch Murnaghan EoS

linear fit third-order BM fit
Pressure Reduction rate of P bd Kpa 3 Reduction rate of Pbd Kbd Kpqe difference
Sample run# v (A® . ¢ e V(A / g g e
P (GPa) ) ga high P (%)  (kg/m®) (W/(m*K)) B g at high P (%)  (kg/m®) (W/(m*K)) (%)
gF9A21 2 24 156.58 97.987 4378.1 4.33 152.50 97.171 44952 4.38 1.2
gF12A28 3 26 154.45 97.561 4482.8 3.75 151.56  96.982 4568.4 3.78 0.8
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85-3. Data quality of each thermal conductivity measurement
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gF9A21 run #1 125 GPa |

gF12A28 run #1 43 GPa
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Fig. S5-3. The obtained temperature history curves in each run.
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85-4. Disordered lattice in the mixed spin state

High Spin (HS) Mixed Spin (MS)

Low Spin (LS)

D . (HS Fe®**)-bearing octahedron
] : (LS Fe®*')-bearing octahedron

Fig. S5-4. Explanation of the disordered lattice in the mixed spin state. Cube indicates
the FeOg octahedron. For simplicity, SiOg is not written in this figure. White and gray
cubes indicate the FeOs octahedron with HS-Fe and LS-Fe, respectively. Brown, blue
and black line indicates the different bond length between FeOs octahedrons with HS-
HS, HS-LS, LS-LS, respectively. Figure in the lower right is the crystal structure of bdg
as seen from directly above the c-axis, written by VESTA (Momma and Izumi, 2008).

Red rectangle shows the unit cell of bdg.
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85-5. Tilting angle of octahedral ® of bdg used in Okuda et al. (2017)
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Fig. S5-5. Calculated @ of Mgo 832F€0.200A10.060S10.91603 in Okuda et al. (2017), Chapter

2.
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85-6. Pressure-compositional dependence of the lattice thermal conductivity of bdg at

300 K
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Fig. S5-6-1. Pressure-compositional dependence of the xpdg (P, 300 K) at pressure from

20 to 135 GPa in 5 GPa steps. Broken lines indicate the obtained linear fitting results.
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Fig. S5-6-2. Pressure dependence of coefficients A and B when xpdg (P, 300

K)=A(P)x+B(P). Black broken line indicates the fitting with a quadratic function.
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Table S5-6. Coefficients of the linear approximation x=Ax+B
for lattice thermal conductivity of bdg at high-P, 300 K

Pressure (GPa) A B

135 -23.951 31.292
130 -22.662  30.039
125 -21.502  28.855
120 -20.358 27.693
115 -19.233  26.552
110 -18.132  25.431
105 -17.058 24.332
100 -16.015 23.255
95 -15.004 22.199
90 -14.030 21.166
85 -13.092  20.154
80 -12.193 19.164
75 -11.332  18.196
70 -10.511 17.250
65 -9.728  16.326
60 -8.983 15423
55 -8.273  14.542
50 -7.599  13.682
45 -6.957  12.842
40 -6.346  12.023
35 -5.764  11.225
30 -5.209  10.447
25 -4.677  9.689

20 -4.169  8.952
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S5-7. K ratio between kus, Ls and Kus
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Fig. S5-7. (a): Lattice thermal conductivity of bdg at 10—60 GPa, 300 K. (b): « ratio
between xus, Ls and xms. Open, red, purple symbols indicate the xia« of MgSiO3 bdg
(Ohta et al., 2012), Mgo.g4sFe0.090Al0.206S10.85603 bdg (this study) and
Mgo.718Feo0.123A10.281S10.87803 bdg (this study), respectively. Black, red and purple curves
indicate the approximation curve of MgSiO3 bdg (Ohta et al., 2012),

Mg .s48Fe€0.090A10.206510.85603 bdg (this study) and Mgo.718Feo.123A10.281S10.87803 bdg (this
study) respectively, calculated by Eqgs. (5-7, 5-8). We regarded xia: data inside the
broken square window as that when Fe is in the MS state (xwms). The gray band indicates
the standard deviation of the obtained xwms/kns, Ls data, which was obtained to be 46 +

16%.
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85-8. Effect of temperature difference of bdg in the subducted MORB on its lattice

thermal conductivity
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Fig. S5-8. The effect of the temperature difference between the subducted MORB and
the surrounding lower mantle on the lattice thermal conductivity of bdg in subducted
MORB at CMB conditions. Gray circle indicates the lattice thermal conductivity of bdg
in subducted MORB with temperature difference between such MORB and the
surrounding lower mantle as 200—800 K. Orange band and black broken like indicate
the suggested temperature differences of 400—500 K in the lowermost mantle (Ohta et

al., 2008), and 560 K in the top of the lower mantle (Chang et al., 2017), respectively.
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Chapter 6. Thermal conductivity of Fe-bearing post-

perovskite in the Earth’s lowermost mantle

This chapter was updated from the published article as “Thermal conductivity of Fe-
bearing post-perovskite in the Earth's lowermost mantle” by Yoshiyuki Okuda, Keniji
Ohta, Akira Hasegawa, Takashi Yagi, Kei Hirose, Saori |. Kawaguchi, Yasuo Ohishi
(2020) Earth and Planetary Science Letters, 547, 116-466.
https://doi.org/10.1016/j.epsl.2020.116466
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Abstract

The thermal conductivity of post-perovskite (ppv), the highest-pressure
polymorph of MgSiOs in the Earth’s mantle, is one of the most important transport
properties for providing better constraints on the temperature profile and dynamics at
the core-mantle boundary (CMB). Incorporation of Fe into ppv can affect its
conductivity, which has never been experimentally investigated. Here we determined
the lattice thermal conductivities of ppv containing 3 mol% and 10 mol% of Fe at high
P-T conditions — of pressures up to 149 GPa and 177 GPa, respectively, and
temperatures up to 1560 K — by means of the recently developed pulsed light heating
thermoreflectance technique combining continuous wave heating lasers. We found that
the incorporation of Fe into ppv moderately reduces its lattice thermal conductivity as it
increases the Fe content. The bulk conductivity of ppv dominant pyrolite is estimated as
1.5 times higher than that of pyrolite consisting of bridgmanite and ferropericlase in the
lower mantle, which agrees with the traditional view that ppv acts as a better heat

conductor than bridgmanite in the Earth’s lowermost mantle.
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6.1. Introduction

The heat flow across the core-mantle boundary (CMB), an extreme thermal
boundary layer in the lowermost mantle, drives various geophysical-chemical
phenomena in the deep mantle. Heat transport in the Earth’s interior predominantly
takes place by convection, although the thermal boundary layer at the CMB is one of
the important exceptions: it carries heat by conduction only. The thermal conductivity
() of the lower mantle minerals is fundamental information for understanding the heat
transport at the base of the mantle, and thus requires constraints. (Fe,Al)-bearing
MgSiOs3 post-perovskite (ppv) is thought to be one of the most abundant minerals in the
lowermost mantle. Mg-pure perovskite called bridgmanite (bdg) undergoes a phase
transition into ppv above 125 GPa and 2500 K, forming a stacked SiOs-octahedral sheet
structure, which is thought to be the origin of the D” seismic discontinuity (Murakami et
al., 2004; Oganov and Ono, 2004; Tsuchiya et al., 2004). There are three carriers of heat
transfer via conduction, which are phonon, electron and photon, referred to as lattice,
electronic and radiative thermal conductions, respectively. Total thermal conductivity is
given by the summation of these conductivities. Among them, electronic conduction by
free electron only plays an important role in metal. Conversely, phonon and photon
predominantly carry heat through non-metallic minerals.

Studies investigating the x of ppv are scarce. Experimental study on the lattice
thermal conductivity (xia) of ppv is so far limited to the report by Ohta et al. (2012).
The authors suggested that MgSiOs ppv is twice as conductive as bdg with Mg-

endmember composition; the xia of MgSiO3 bdg and ppv at the CMB P-T conditions
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(135 GPa, 3700 K) was estimated to be 9.0£1.6 W/m/K and 16.8+£3.7 W/m/K,
respectively. Such a high «x of ppv was predicted by Hofmeister (2007), and was also
presumed from the measurement of Ca;.Sr.IrO3z analogs (e.g., Keawprak et al., 2009).
Recent calculations of x of ppv are also in concurrence with this view (Haigis et al.,
2012; Ammann et al., 2014; Dekura and Tsuchiya, 2019).

It is well known that chemical impurities in a material, such as Fe, reduces its xias
(e.g., Slack, 1964). A number of studies have focused on the impurity effect on the xjai
of the lower mantle minerals (e.g., Manthilake et al., 2011; Ammann et al., 2014; Ohta
et al., 2014; Stackhouse et al., 2015; Okuda et al., 2017; Ohta et al., 2017; Hsieh et al.,
2017, 2018; Hasegawa et al., 2019a; Okuda et al., 2019). Recent ki« measurements on
ferropericlase (fp) revealed that incorporation of Fe in MgO component caused
significant xia reduction by an order of magnitude (Ohta et al., 2017; Hsieh et al.,
2018). In contrast, bdg seems to show far less compositional dependence on its x
(Okuda et al., 2017; Hsieh et al., 2017; Chapters 2,5). Fe in the lower mantle ppv is
thought to be depleted due to the poor Fe3* capacity under a reduced environment
(Sinmyo et al., 2011); still, theoretical calculation on the . of ppv implied that even a
small amount of Fe could significantly reduce its x (Ammann et al., 2014). From the
dearth of relevant data on the x of ppv, its P, T and x (compositional)-dependencies are
matters of great interest and there is a demand to constrain them. Moreover, for highly
conductive material, the effect of grain boundary scattering on its xia« may not be
negligible, especially for a tiny sample. For instance, the .t of polycrystalline MgO
periclase at room temperature was much lower than that of single crystal (Dalton et al.,

2013; Imada et al., 2014). Taking into account that ppv is thought to be a good heat
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conductor (e.g., Ohta et al., 2012), it is important to consider carefully this effect on the
x of ppv.

Here we determined the xia of Fe-bearing ppv at high P-T conditions in a laser-
heated diamond anvil cell (LHDAC). Our results indicate that the x of ppv would be
moderately reduced by Fe incorporation. We estimate the x of ppv at the actual Earth’s

lower mantle with consideration of its grain boundary scattering effect.

6.2. Experimental Methods

We used gel starting materials with two different chemical compositions as
Mgo.97Fe0.03S103 (F3) and Mgo.goFeo.10S103 (F10) (Table S6-1). F3 and F10 were
dehydrated at 1000 K and 1273 K for 1 day and an hour respectively, in a H»-CO> gas-
mixing furnace at Tokyo Institute of Technology in which oxygen fugacity was
controlled to be slightly above the iron-wiistite buffer. Fe’*/ZFe of F10 was determined
by electron energy-loss near-edge structure (ELNES) measurement to be 0.19+0.10
(Ohta et al., 2008a). Although the Fe3*/EFe of F3 was not determined, it is likely that F3
has a Fe**/ZFe ratio similar to that of F10, considering that the valence state of Fe in
ppv would not greatly change from that of the starting material (Sinmyo et al., 2011).
The gel starting materials were dehydrated in a vacuum for more than a day before they
were loaded into a sample chamber.

For DAC experiments, we used 120 and 90 um beveled diamond anvils (Table 6-

1). The disked gel starting material, coated with gold for a pressure marker and x
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measurement, was placed between Al>,Os layers as a pressure medium and thermal
insulator in a 40 or 30 um hole of a pre-indented Re gasket. After compression to a high
pressure of interest at room temperature, sample synthesis and phase identification were
performed at BL10XU, SPring-8. About 30 um areas were heated from both sides with
a couple of 100 W single-mode Yb fiber lasers. In each synthesis, temperature was
determined by thermal radiation spectra. During the heating, temperature was kept at
2000—2500 K for 1-2 hrs. Subsequently, we collected the X-ray diffraction pattern of
the sample and yielded only ppv, gold and pressure medium peaks in each run (Fig. 6-
la; see Fig. S6-1 for each collected pattern). The energy of the X-ray beam was 30 keV,
and an imaging plate was used to collect the XRD patterns. The obtained unit cell
volume of ppv were in a good agreement with a previously reported equation of state of
Fe-bearing ppv (Fig. 6-1b). Thermal diffusivities of F3 and F10 ppv were measured in a
DAC by thermoreflectance technique (Yagi et al., 2011) combining continuous wave
heating lasers (Hasegawa et al., 2019b). We performed two separate measurements on
samples F3 and F10, respectively (Table 6-1).

The thermal diffusivity of ppv was determined by obtaining the transient
temperature curves at each pressure (Fig. 6-2a; see Fig. S6-2 for obtained transient
temperature curves in each run). Laser spot size of the thermoreflectance probe laser
was less than 5 um, which is sufficiently smaller than those of the pump laser and
continuous wave fiber laser of both 25—30 um in diameter. Collected curves were fitted
by the one-dimensional thermal conduction equation in order to estimate the heat

diffusion time (7) through the Au-sample-Au layers:

= . 2n+1)>2
T(t) =T \/%Zmyz"exp |- &=, (6-1)
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where 7(f) is temperature as a function of time (£), T is a constant, and y is a fitting
parameter describing heat effusion to the pressure medium. We took into account a
three-layer heat diffusion model, namely heat diffusion through the sputtered gold

layers, and extracted the thermal diffusivity of ppv (Dppv) from the following equations:

S 2
Dppv = .  d2 dppVa (6-2)
(r+2)g—(r+§)ﬁ
u
Cppvd
= <ppvippv. (6-3)
Caudau

where Da, is thermal diffusivity of Au, dppv, dau are thickness of ppv and Au
respectively, and Cppv, Cau are heat capacity per unit volume (C = pCp) of ppv and Au,
respectively. Day at room-7 and high-P was calculated from that at ambient conditions
of 127 mm?/s (Ho et al., 1972), and its pressure derivative of 4%/GPa (Ross et al.,
1984). The temperature dependence of Day has never been investigated under high
pressure. Temperature derivative of the thermal diffusivity of metal strongly depends on
the material (e.g., positive derivative for platinum (Martin et al., 1967) and negative for
copper (Sidles & Danielson, 1954)). Still, taking into account the negligible effect of
Dy on yielding Dppy (see supporting information S6-3), the calculated room
temperature and high pressure Dau was also applied to the high temperature Dppy
estimation. We used the supplied value of Ca, at high pressure in Tsuchiya (2003).
Thermal diffusivity measurements were all conducted at the National Institute of
Advanced Industrial Science and Technology.

In addition to room temperature measurements, the high-temperature thermal
diffusivity measurements were performed on the F10 ppv sample. Temperature was

measured by fitting Planck radiation curves to the observed thermal radiation spectrum
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(Fig. S6-4-1). Wavelengths between 640 nm and 740 nm were used for the fitting. The
temperature uncertainty ur was estimated from the following:

ur = upie? + User?, (6-4)
where u7; and uy, are temperature uncertainties in Planck function fitting and
temperature structure in the sample (supporting information S6-4).

k is provided by the product of thermal diffusivity D, density p and isobaric
specific heat Cp as the following:

k = DpCp. (6-5)

Density was calculated from the Keane equation of state of MgSiOs ppv (Sakai et al.,
2016), in which the Griineisen parameter was carefully determined by their LHDAC
study. We used the formula weight of 101.34 and 103.55 for F3 and F10, respectively.
Cr was derived from the Debye model with supplied thermoelastic parameters (Sakai et
al., 2016). Pressure calibration was based on the lattice volume of Au (Tsuchiya, 2003)
and Raman shift of the diamond anvil (Akahama and Kawamura, 2004). For pressure at
high P-T conditions, thermal pressure of the ppv sample was also considered, which
was estimated from a similar experimental setup on the ppv sample (see supporting
information S6-5 for details). All the experimental conditions in each run are
summarized in Table 6-1.

Thicknesses of the recovered sample and Au layers were measured after the
thermal diffusivity measurements. We obtained a cross-section of the heated portion for
ppv synthesis by using a focused ion beam apparatus. Subsequently, thicknesses of the
sample and Au layers were observed with a scanning electron microscope (SEM) (Fig.

6-2b). Those thicknesses at high P-T conditions were estimated after correction of
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pressure-induced amorphization based on the fourth Birch Murnaghan equation of state

of MgSiOs3 glass (see supporting information S6-6).

6.3. Results

6.3.1. Room temperature thermal conductivity measurements

We conducted thermal diffusivity measurements on Fe-bearing ppv under high
pressure and ambient temperature. Two separate diffusivity measurements were carried
out for F3 and F10 ppv, from 122 to 149 GPa, and from 135 GPa to 177 GPa,
respectively. All measurements were performed upon decompression from the
synthesized pressure of ppv samples. Figure 6-3 shows the xiat of ppv as a function of
pressure obtained by Eq. (6-5), with reported x of MgSiOs ppv (Ohta et al., 2012;
Ammann et al., 2014). The « values of MgSi0; bdg and Fe 21%, Al 6%-bearing bdg are
also plotted for comparison (Ohta et al., 2012; Okuda et al., 2017). xiat of F3 and F10
ppv both increased monotonically with increasing pressure: those values increased from
36.5+5.7 W/m/K at 122 GPa to 50.0+17.8 W/m/K at 149 GPa, and from 32.2+3.0
W/m/K at 135 GPa to 52.8+11.7 W/m/K at 177 GPa, respectively.

Incorporation of Fe in minerals potentially reduces the xia due to the additional
phonon scattering, mass disorder, and weaker chemical bonds. The magnitude of the
impurity effect on x seems to depend on the mineral. xi.« of MgO was reported to be
strongly reduced by Fe-Mg substitution (Ohta et al., 2017; Hsieh et al., 2018; Hasegawa

et al., 2019a); the xiar of (Mgo.82Fe0.19)O at 135 GPa and 300 K estimated as 13.5+2.2
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W/m/K (Ohta et al., 2017) was extremely low compared to that of the Fe-free one at the
same P, T conditions, which was determined to be 377 W/m/K (Dalton et al., 2013). On
the other hand, the effect of additional phonon scattering due to Fe in bdg was found to
be minimal (Okuda et al., 2017; Hsieh et al., 2017); Okuda et al. (2017) suggested that
incorporation of 20 mol% of Fe and 6 mol% of Al only reduces 19% of the xia of bdg
from that of the Mg-pure composition at 135 GPa. Our obtained xiac of Fe-bearing ppv
samples F3 and F10 were both fairly low compared to that of Fe-free ppv in the
experimental study (Ohta et al., 2012) and DFT calculation (Ammann et al., 2014) (Fig.
6-3). At 135 GPa and 300 K, the xiat of F3 and F10 ppv were 44.8+6.9 W/m/K and 32.2
+ 3.0 W/m/K, respectively, which is 28% and 48% lower than that of MgSiOs ppv,
determined to be 61.8 + 13.6 W/m/K (Ohta et al., 2012), respectively. These reduced
values are reasonable when taking into account that additional phonon scattering by Fe
would be stronger in a more symmetrical mineral; ppv has better symmetricity than bdg,
while it is poorer than that of fp. The i of MgSiO3 ppv estimated by molecular
dynamics (MD) calculation yielded significantly higher values than the other
estimations, which were reported to be 167 =25 W/m/K at 135 GPa and 300 K (Haigis
et al., 2012). The most recent MD calculation based on first principle showed similar
results of 148 £ 13 W/m/K at 135 GPa and 300 K (Dekura and Tsuchiya, 2019). Such
large conductivity differences may be due to the strong grain boundary scattering
(discussed later in section 6.4.1). According to Ammann et al. (2014), the reduction of
Kiare Of ppv quickly saturates with increasing Fe content. Calculated x of ppv along a-
axis at 135 GPa and 2000 K showed reduction from the Mg-endmember value by 34%
and 48% when increasing Fe content to 0.01 and 0.1, respectively. Results for b-axis x

at the same conditions showed a similar reduction as well, which was 29% and 42%
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respectively. These trends are in accordance with our results in which the increase of Fe
content from 3 mol% to 10 mol% in this study showed 28% and 48% lower x than

MgSiOs ppv (Ohta et al., 2012).

6.3.2. High-temperature thermal conductivity measurements

In runs #3 and #4, thermal diffusivity measurements under high P-7 conditions
were also carried out at 138 GPa up to 1558 K, and 177 GPa up to 1070 K, respectively
(Table 6-1). The thermoreflectance technique combined with continuous wave heating
lasers was used for the measurements (Hasegawa et al., 2019b), which can measure the
lattice component. The measured thermal diffusivity at 138 GPa dropped from 15.1+1.4
mm?/s at room temperature to 4.2+0.4 mm?/s at 1558 K (Fig. 6-4a). At a higher pressure
of 177 GPa, we also observed a similar decrease in diffusivity, from 20.3£0.5 mm?/s at
300 K to 6.5+0.2 mm?/s at 1070 K. The x of F10 ppv at high P-T conditions was
estimated by Eq. (6-5) from our measured diffusivity with the estimated density and
heat capacity from the supplied thermal equation of state (Sakai et al., 2016) and
theoretical calculation (Metsue and Tsuchiya, 2011) (Table 6-1). As a result, both « at
138 GPa and 177 GPa were reduced with increasing temperature, from 40.1£3.7 W/m/K
at room temperature to 27.2+2.7 W/m/K at 1558 K, and from 52.8+11.2 W/m/K to
42.1£9.75 W/m/K at 1070 K, respectively (Fig. 6-4b). As mentioned earlier, there is a
huge gap in « results between experimental studies (Ohta et al., 2012; this study) and
theoretical studies (Haigis et al., 2012; Dekura and Tsuchiya, 2019) at room

temperature. In contrast, x result at high-7 shows a moderate agreement (Fig. 6-4b).
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The rate of decrease on x of F10 ppv is much smaller than its diffusivity. This is
due to the higher heat capacity at high temperature conditions (see Table 6-1), which

cancels out the effect of strong reduction of diffusivity at high-7 to some extent.

6.4. Discussion

6.4.1. Grain boundary effect on lattice thermal conductivity of ppv
The following density-temperature xia model has been used to evaluate the effect
of phonon-phonon scattering as well as other scattering factors such as impurities (e.g.,

Manthilake et al., 2011; Ohta et al., 2012; Okuda et al., 2017; 2019):
9 rr\¢
= () ()" o

When the grain size of the sample is comparable to the mean-free path of
phonons, grain boundary scattering needs to be considered separately from other
phonon-scattering mechanisms. For example, the reported thermal conductivity of MgO
periclase at 300 K in experiments using a polycrystalline sample (Imada et al., 2014)
was much lower than that using a single crystal sample (Dalton et al., 2013), and by ab
initio calculation results (e.g., Dekura and Tsuchiya, 2019), which can be regarded as
that of a perfect single crystal. This was attributed to the effect of phonon grain
boundary scattering, of which the effect on x can be quantified by the following
equation (Smith et al., 2003):

-1 _ -1
Kpoly - Ksingle + nRGBa (6‘7)
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where xpoly, Ksingle are the x of polycrystalline and a single crystal sample, respectively,
Rgg and n are grain boundary thermal resistance and the number of grain boundaries per
unit length along heat flow, respectively. In order to quantify Rgs of ppv and to evaluate
the grain boundary effect on our measured xia of ppv, we need information on xsingle of
ppv and the grain size of our ppv sample.

The direct observation of the grain size of a ppv sample is difficult since ppv is
unquenchable to ambient conditions. Moreover, currently there is no available literature
about the grain growth rate of MgSiOs; ppv. Therefore, we estimated the grain size of
our ppv sample by multiplying the estimated grain size of bdg synthesized at the same
P-T conditions using the grain growth kinetics of MgSiOs3 perovskite (pv) (Yamazaki et
al., 1996), and the grain growth rate ratio between pv and ppv of CalrO; analog
(Yoshino and Yamazaki, 2007). Note that our ppv sample contains a certain amount of
Fe, but in the present situation it is difficult to quantify the effect of Fe on grain growth
of ppv due to a lack of available data. Therefore, we assumed that the grain growth rate
of Fe-bearing ppv is the same as that of Mg-endmember composition. Grain size G can

be calculated by the following rate equation:

H*

G™ — G = kye RTt, (6-8)
where Gy is the initial average grain size, n is the grain growth exponent, ko is the pre-
exponential factor of growth rate constant, H" is the activation energy of grain growth, R
is gas constant, 7' is temperature, and ¢ is heating duration. We used the reported values
of n, logko and H" for MgSiOs pv (Yamazaki et al., 1996) of 10.6+1.0, -57.4+5.9 m!06/s
and 320.8+33.9 kJ/mol, respectively. Since we used gel starting material, Go was
assigned to be 0. 7'was set to 2000 K, which is the sample synthesis temperature in the

present study. The grain growth ratio of ppv to pv (Gppv/Gpv) at 2000 K for a heating
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duration of 2 hrs was calculated to be 0.24 from the equation below, provided ko, » and

H" values of CalrO; analog had pv and ppv structure (Yoshino and Yamazaki, 2007):

1
_H*ppv ppv
c koppve RT t
ppv __
- 1 . (6‘9)

G —_—
i _Hpv \mpv
kopve RT t

The grain size of ppv in our experiments was estimated as 0.34 um (Fig. S6-7;
supporting information S6-8). Considering the error of n, ko and H" values, extreme
cases were also calculated in order to determine the maximum and minimum grain size,
obtained as 1.29 pm and 0.04 pum, respectively.

Rgg of ppv was determined from the previously reported x results on MgSiO3 ppv.
The ppv sample used in Ohta et al. (2012) was a polycrystalline sample, while the x
results from first principle calculation (Dekura and Tsuchiya, 2019) can be regarded as
that of an infinite size single crystal because of the applied periodic boundary condition.
Therefore, we regarded the x results obtained in Ohta et al. (2012) as #poly, and the
theoretical calculation results (Dekura and Tsuchiya, 2019) as xsingle in Eq. (6-7). We
used the authors’ supplied x data at 135 GPa and 300 K, which were xpo1y =61.8+13.6
W/m/K and xsingle =148+13 W/m/K, respectively. Ppv samples used in Ohta et al. (2012)
were synthesized in a similar way to our experiments: using the gel starting material and
heated at 2000 K for 1 hr. Accordingly, it is likely that the grain size of their ppv sample
was comparable to our estimated grain size. As a result, Rgs was calculated to be
(3.2+1.2)x10”° m?K/W when using a grain size of 0.34 um (Fig. S6-5). The use of an
estimated maximum/minimum grain size of 1.29 um and 0.04 um in Eq. (6-8) gave the
Rap as (1.2£0.5)x10°® m*K/W (maximum Rgg) and (4.2£1.6)x1071 m*K/W (minimum

Ra), respectively. By rearranging Eq. (6-6), xpoly can be written as follows:
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Kpoly = VKsingle (6-10)
where y is the grain boundary effect coefficient on thermal conductivity,
1/(1+nRGB/Rsingle). The grain boundary effect at high P-7 conditions was also evaluated
using the x data at 1000 K, 2000 K and 3000 K calculated by Dekura and Tsuchiya
(2019), each of which were assigned to be the xsingle at high-7. We used the Rgs of
(3.2£1.2)x10° m?K/W estimated above (see Fig. S6-9 for y estimated from
maximum/minimum grain size).

Figure 6-5a shows the ratio of nRcp and Rsingle, Which indicates that the smaller
the grain size, the larger the contribution of Rgs. nRgs would be larger than Rsingle Wwhen
the grain size is below 0.5+0.2 um at 300 K, and below 0.08+0.01 um at 3000 K. The
estimated y of ppv at different temperature and grain size indicates that the i of ppv at
CMB P-T conditions (135 GPa, 3000 K) would be reduced by 20% due to the grain
boundary scattering of phonon when its grain size is 0.3£0.2 um, and by 50% when it is
0.05+£0.02 um (Fig. 6-5b). The y difference between 300 K and 2000 K was remarkable,
whereas the difference between 2000 K and 3000 K was mostly within the error bar.
This shows that the effect of phonon grain-boundary scattering would be weaker as T
increases, because at high-7 the phonon-phonon interaction becomes stronger and the
mean free path of phonons decreases.

Here, the grain size of the lower mantle minerals estimated by numerical
modeling ranges over at least two orders of magnitude, which is from 10> mm to 10°
mm (e.g., Solomatov et al., 2002; see supporting information S6-10). A recent study by
Glisovic et al. (2015) estimated a possible grain size of the lower mantle inferred from
seismic tomography and mantle rheology, which ranges from ~102 mm to ~10! mm.

Interestingly, they also mentioned that the grain size of ppv in the D” layer may be even
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larger than 10 mm due to the bdg to ppv transformation. After the transformation, the
grain boundary migration is thought to increase the grain size, which is thought to lead
to post- polymorphic phase transformation close in size (or even larger due to a higher
T) to that before the phase transformation (supporting information S6-10). Taking into
account thermal conductivity of ppv would be reduced by only ~1% even with the grain
size of ~ 103 mm (Fig. 6-5¢), the effect of grain boundary scattering on the thermal
conductivity of ppv is likely to be negligible in the actual lower mantle.

Figure 6-5 indicates that the ppv used in experimental studies can easily be
affected by grain boundaries. Our estimated ppv sample grain size of 0.34 um gives the
y value of 0.39+0.14 at room temperature, i.e., a significant reduction of ki« by 61+14%
due to grain boundary scattering. On the other hand, temperatures of 1000 K, 2000 K
and 3000 K with the same ppv grain size yield the y values of 0.75+0.07, 0.87+0.04 and
0.92+0.03, respectively. This suggests that we need to consider carefully our evaluation

of the temperature effect on the xi.« of ppv from our obtained data.

6.4.2. Pressure and temperature dependences of the thermal conductivity of Fe-
bearing ppv

We adopted the density-temperature xia« model described in Eq. (6-6) for an
extrapolation to the lowermost mantle P-T conditions. The pressure dependence of xiax

of ppv at room temperature was estimated from the following:
g= (alnkppv/alnp)T. (6-11)
The calculated g values for F3 and F10 ppv were 6.0+0.3 and 7.8+0.5,

respectively (Fig. S6-11). In the previous section, we insisted that the grain boundary

effect would have significant influence on the xia of ppv in experimental studies
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conducted at room temperature. For the correction of the effect of grain boundary
scattering, we used the y value of 0.39+0.14, 0.75+0.06 and 0.83+0.05 at 300, 1000 and
1500 K, respectively (Fig. S6-12). We obtained the a value of 0.65+0.04 for F10 ppv at
138 GPa. Though there are only two data for the . of F10 ppv at 177 GPa, the fitting
to Eq. (6-6) yielded the a value of 0.69, which is within the uncertainty of that at 138

GPa (Fig. 6-6).

6.4.3. Thermal conductivity of ppv with pyrolitic composition

Fe content in ppv in the pyrolitic lower mantle is thought to be lower than that in
bdg due to its poor capacity of Fe3*. According to Sinmyo et al. (2011), bdg in the
pyrolitic mantle contains Fe of 0.114(6) in pfu, whereas ppv contains 0.036(11) in pfu.
This Fe amount is fairly in accordance with our F3 ppv composition, thus it replicates
the ppv in the Earth’s lowermost mantle well. For the reference value o in Eq. (6-6),
the xiat datum of F3 ppv collected at 122 GPa and 300 K was corrected from the y value
at room-7 of 0.3940.14. The calculated x of 59.849.3 W/m/K was set for the xo. 7o and
po were set as 300 K and 5.47 g/cm?, and g value of 6.0+0.3 was used. For the a value,
we assumed that the temperature dependences of «ia for F3 and F10 ppv are the same,
and used that of 0.65+0.04. We assumed a typical temperature gradient in the thermal
boundary layer above the CMB of 7 K/km, the thickness of 200 km, and the CMB
temperature of 3700 K (Lay et al., 2008; Tateno et al., 2009). Here, the radiative
thermal conductivity (xrad) of ppv and its electronic contribution from the measured
electronic conductivity of ~10? S/m (Ohta et al., 2008a) is thought to be negligible at
our measured temperature condition, so we simply regarded our obtained x data at high-

T as kiat. Our estimated depth profile of the i of ppv with pyrolitic composition
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increases monotonically with depth up to the top of the thermal boundary layer above
the CMB, which increases from 16.6+1.4 W/m/K at a depth of 2450 km, to 18.0+1.4
W/m/K at a depth of 2650 km (Fig. 6-7a). However, this turns into a decrease through
the thermal boundary layer to 14.0+£1.3 W/m/K at the CMB, which is 1.540.1 times
higher than that of bdg with pyrolitic composition (Fe 10 mol%, Al 10 mol%) estimated
in Okuda et al. (2019). We also calculated the bulk xi. of pyrolite using Hashin-
Shtrikman averaging (Hashin and Shtrikman, 1962) with ki of ppv (this study) or bdg
(Okuda et al., 2019; Chapter 5), and fp (Ohta et al., 2017), assuming volume ratio on
pyrolite mineralogy of 80% and 20%, respectively. Here, since lower mantle fp is
thought to contain ~20 mol% Fe (Sinmyo et al., 2011), we used the reported x results of
(MgosiFeo.19)O fp (Ohta et al., 2017). The total x of pyrolite was estimated by the
summation of our estimated bulk xi.« and the recently reported xraq of pyrolite (Lobanov
et al., 2020) (Fig. 6-7b). Similar to the trend seen in the xia of ppv, we found that the
total x of pyrolite for both ppv+fp and bdg+fp aggregates increases with depth up to the
uppermost thermal boundary layer, and then decreases in this region due to a weak
increase of xrq compared to the strong reduction of xia along the steep temperature
gradient in the thermal boundary layer (Fig. 6-7b). The «x of ppv+{p at the CMB was
estimated as 12.8+1.3 W/m/K, and that of bdg+fp as 9.4+0.8 W/m/K. The recent x
measurement of ppv+fp pyrolite in a DAC showed a conductivity value of 3—10 W/m/K
at 124 GPa and 2000—3000 K (Geballe et al., 2020), which is much lower than our
estimated x of ppv+fp at the CMB. However, since only one datum was reported for the
x of ppv+ip aggregate, and there are many possible reasons for this difference (e.g., the
effect of CaSiOs; perovskite; grain boundary scattering; spin transition of Fe in

ferropericlase; chemical composition; see supporting information S6-14), it is difficult
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to simply compare them. Ohta et al. (2012) estimated the x of MgSiO3 (perovskite or
ppv) *MgO aggregates as 11.0+2.0 W/m/K and 17.8+3.9 W/m/K, respectively. In other
words, the phase transition from MgSiOs perovskite to ppv enhances the bulk x by a
factor of 1.6+0.5. Our estimated total x of pyrolite shows that transformation from bdg
to ppv in pyrolite increases its bulk x by a factor of 1.5+0.3 in the lower mantle (Fig. 6-
7b), which is a ratio consistent with that reported in Ohta et al. (2012). The ~1.5 times
higher bulk x with the transformation of bdg to ppv creates a lateral thermal
heterogeneity on CMB heat flux, with lateral variations of ~30 mW/m? with simply
adopting a typical temperature gradient of 7 K/km (Lay et al., 2008). This heat flux
variation should be larger since conductive ppv forms in the lower-7 regions above the
CMB, where the thermal gradients are greater than the poorly conductive bdg-dominant
regions. Such enhanced lateral heat flux variation due to the bdg to ppv transformation
in the pyrolitic lower mantle can affect the flow in the outer core, which is thought to
influence the frequency of geomagnetic reversals (e.g., Olson, 2016). Also, it is worth
mentioning that the estimated x of 12.8+1.3 W/m/K of ppv+fp aggregate is ~1.3 times
higher than the conventionally used lowermost mantle x of 10 W/m/K (e.g., Lay et al.,
2008), the conductivity difference of which may also affect lower mantle dynamics.
The constraint of the abundance of ppv as a function of depth in the Earth’s lower
mantle is important for a better understanding of the x-depth profile since our result
implies that ppv enhances the bulk mantle x. However, there is a discrepancy in the
results of the transition pressure of Fe-bearing ppv. Tateno et al. (2007) showed that the
incorporation of Fe into ppv would not change the onset transition pressure, but expand
the pressure of completion of the transition, i.e., the expansion of the stable P-T region

of bdg phase due to Fe incorporation. In contrast, a different experimental study using a
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similar sample composition as Tateno et al. (2007) suggested that the presence of Fe
would reduce the onset pressure to 85 GPa, yet would not affect the offset pressure
(Dorfman et al., 2013), i.e., the wider stable P-T region of ppv phase in an Fe-bearing
system. Incorporation of aluminum may also affect the x of ppv, however, currently,
there is no research focused on (Fe,Al)-bearing ppv. Ppv in the pyrolitic mantle is
considered to contain a certain amount of Al, such as 0.08 in pfu (Sinmyo et al., 2011).
Further investigations into the incorporation effects of impurities such as Fe, Al on the
physical properties of the Earth’s lower mantle minerals in a sequence are important to

carry out in the future.

6.5. Conclusions

We measured the x of (Mgo.97Fe0.03)S103 and (Mgo.90Fe€0.10)S103 ppv up to 149
GPa and 177 GPa, respectively. Both conductivities showed moderately lower values
than that of the experimentally measured MgSiO3 ppv (Ohta et al., 2012). Based on the
previous studies, we quantified the effect of grain boundary scattering on the xiai of ppv;
that of the ppv synthesized in a DAC (~135 GPa, heating for ~1 hr at ~2000 K) at 300 K
would be reduced by 61+14% due to the effect, implying that we need to consider
carefully the results obtained from room temperature measurements on highly
conductive minerals. On the other hand, the grain boundary effect is insignificant for the

Kiat Of typical lower mantle ppv, which would be reduced by only ~10%. We found that
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the bulk conductivity of ppv+{p aggregate is 1.5 times higher than that of bdg+fp in the

lower mantle, which can affect lower mantle dynamics.
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Table 6-1. Experimental conditions of the thermal conductivity measurement of (Mg,_. ,Fe, )SiO; ppv

6.7. Tables and Figures

culet Synthesized Pressure Thermal
Run# Fe content x size Pressure Pressure Temperature D by K ppy error pressure
(pfu) (um)  (GPa) (GPa) (K) (mm’/s)  (WAM*K))  Gpay (Gpa
1 0.03 120 135.1 135.1 300 16.5(26) 44.8(69) 6.8 -
121.9 300 13.4(22) 36.5(57) 12.2 -
2 0.03 120 148.6 148.6" 300 19.4(69) 50.0(178) 7.4 -
3 0.10 120 138.2 138.2" 300 15.1(14)  40.1(37) 6.9° -
142.2 1458(106) 5.3(5) 35.2(35) 14.2 4.1
142.7 1558(114) 4.2(4) 27.8(28) 14.3 4.7
134.7 300 12.1(11)  32.2(30) 13.5 -
4 0.10 90 176.6 176.6" 300 20.3(5)  52.8(117) 17.7 -
179.5 1070(79) 6.5(2) 42.9(101) 17.9 2.9

"Pressure calibration based on the EoS of gold (Tsuchiya, 2003).

We used typical values of 10% and 5% for pressure errors with pressure calibration using Raman spectroscopy of diamond

and EoS of gold, respectively.
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Fig. 6-1. (a) XRD pattern of ppv sample F3 after the synthesis in run #1. The numbers
in the figure indicate Miller indices. The notations of ppv, Au, cor. and rh. in the figure
denote diffraction peaks from post-perovskite phase, gold as a pressure marker,
corundum and Rh,Os(II)-type Al,Os3 as pressure mediums, respectively. (b) Obtained
unit cell volumes of ppv in each run. Green triangles and pink squares, F3 and F10 ppv
(this study); solid and broken black curves, the Equations of state of MgSiOs ppv
provided in Komabayashi et al. (2008); red curve, Fe and Al 10% ppv (Nishio-Hamane

and Yagi, 2009).
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Fig. 6-2. (a) Typical temperature history curve obtained in this study at room-7, and (b)
at high-7. Red curve is the fitting curve, which gives thermal diffusion time 7. (c) FE-
SEM image of a cross-section of the recovered sample in run #3. Note that the apparent
thickness shown in this figure is different from the actual sample thickness due to its
acquisition from an oblique direction to the sample stage. cs in the figure denotes cross-
section, meaning that the thicknesses displayed are corrected values from the slanting

stage mentioned above.
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Fig. 6-3. Lattice thermal conductivity of ppv as a function of pressure at room
temperature. Green triangles and pink squares, F3 and F10 ppv respectively (this
study); open diamonds, MgSiOs ppv (Ohta et al., 2012); solid and broken lines, MgSiOs
ppv (Ammann et al., 2014) using potentials from Oganov and Ono (2004) and
Murakami et al. (2004), respectively; open and solid circles, MgSiO3; and
Mg 832Fe0.209A10.060S10.91603 bdg respectively (Ohta et al., 2012; Okuda et al., 2017).
Note that data of Haigis et al. (2012) and Dekura and Tsuchiya (2019) at 135 GPa, 300

K are not plotted in this figure because they are way above the other plots.
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Fig. 6-4. (a) High temperature thermal diffusivity of F10 ppv. Purple and black squares
are data obtained in runs #3 and #4 respectively. Open diamond is the diffusivity datum
of MgSiOs ppv (Ohta et al., 2012). (b) High temperature lattice thermal conductivity of

F10 ppv. Purple and black squares are data obtained in runs #3 and #4 respectively.
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Open diamond, green open hexagons and blue open stars are the reported conductivity
of MgSiOs ppv determined experimentally (Ohta et al., 2012), by MD simulation
(Haigis et al., 2012), and MD simulation based on first principle (Dekura and Tsuchiya,
2019), respectively. Gray curve indicates the high temperature lattice thermal

conductivity of MgSiOs; ppv estimated in Ohta et al. (2012).
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Fig. 6-5. (a) nRaB/Rsingle and (b) grain boundary effect coefficient y on lattice thermal
conductivity of ppv at 135 GPa as a function of its grain size. Blue, yellow, orange and
red curves show the nRGp/Rsingle Or y at 300, 1000, 2000 and 3000 K, respectively.
Bands indicate estimated errors at 300, 1000 and 3000 K respectively. For simplicity,
error of the nRGB/Rsingle Or y at 2000 K is not shown (see Fig. S6-9). (¢) y of ppv in the
Earth’s lower mantle. Gray band indicates the possible grain size of ppv estimated in
previous studies (Solomatov et al., 2002; GliSovic et al., 2015; see supporting

information S6-10).
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Fig. 6-6. High temperature lattice thermal conductivity of F10 ppv. Purple and black
squares are data obtained in runs #3 and #4 respectively. Open diamond, green open
hexagons and blue open stars are the reported conductivity of MgSiO3 ppv determined
in Ohta et al. (2012), Haigis et al. (2012) and Dekura and Tsuchiya (2019), respectively.
Gray curve indicates the high temperature lattice thermal conductivity of MgSiOs ppv
estimated in Ohta et al. (2012). Purple and black circles indicate the high temperature
thermal conductivity of F10 ppv after the correction of the effect of grain boundary
scattering obtained in runs #3 and #4, respectively. Purple band shows the fitting result

by Eq. (6-6).
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Fig. 6-7. (a) xiat of lower mantle minerals with pyrolitic composition. Blue, green and
gray bands indicate the estimated xia« of ppv, bdg and fp, respectively. (b) Thermal
conductivity of pyrolite. Blue and green broken lines indicate the estimated bulk xjai of
pyrolite with ppv+{p, and bdg+fp, respectively. Blue and green bands indicate the
estimated bulk total x (=xiait +xrad) of pyrolite with ppv-+fp, and bdg+{p, respectively.
Red line indicates the xr.q of pyrolite (Lobanov et al., 2020). Red circle indicates the x
of pyrolite by direct measurement (Geballe et al., 2020). Yellow broken lines indicate
the suggested onset and offset bdg to ppv phase transition depth in the pyrolitic lower
mantle (Ohta et al., 2008b). Orange band indicates the 200 km thick thermal boundary
layer above the CMB (Lay et al., 2008). Inset: « ratio of pyrolite with ppv-+fp, and

bdg+fp.
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6.8. Supplemental material

Table S6-1. Mg/(Mg+Fe) ratio of gel starting material
F3 F10

09712)  0.89°

"Ohta et al. (2008)

86-1. Chemical composition and XRD patterns
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Fig. S6-1. Obtained XRD patterns in each run.
The numbers in the figure indicate Miller indices of ppv. The notations Au, cor. and rh.
in the figure denote diffraction peaks from gold for pressure marker, Al>O3 corundum

and RhyOs-type Al>O3 as pressure mediums, respectively. * indicates an unknown peak.
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86-2. Temperature history curves

Intensity (a.u.)
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Fig. S6-2-1. Obtained temperature history curves in each run.

Red curves are the fitting curve of thermal diffusion equation (Eq. 6-1 in the main text).

The spike near /=0 in the thermoreflectance signal at high-7" shown in Fig.S6-2 for

signals of F10 ppv in run #3 at 1458 K, and in run #4 at 1070 K, often appears during

the measurement. This spike is generally attributed to two events: 1) the heat transfer
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from the bottom of the sample as photons near light speed, and 2) the elastic effect due
to the pulse laser heating (described in detail in Hofmeister, 2015). We can often
minimize this spike by slightly changing the measured portion in the sample (e.g., move
the portion ~0.1 um in the lateral direction). Though, under high-7 measurement, we
could not change the measured portion during laser heating, since this can cause the
temperature to skyrocket, crucially damaging both the sample and the diamond anvil.
The presence of such a spike makes the quality in obtained thermoreflectance signal
worse, but the uncertainty of the yielded thermal conductivity still only increased by
~1%. Also, we show that the time interval employed in the fitting would not affect the

yielded thermal diffusion time, which difference was ~0.02% and was within the errors.

T T T T T

b
=
05 F10 run #3 142 GPa, 1458 K | F10 run #3 142 GPa, 1458 K
given 7=4.3953(265) us given 7=4.3961(291) us
| . ! L L . L . 1 L |

0 1 2 3 0 2 4 6 8

Time (us)

Fig. S6-2-2. The Difference in the obtained thermal diffusion time by changing
fitting time intervals. TR signal of F10 ppv in run #3 at 1458 K are shown with
different time range: (a) 3.5 us, and (b) 7.6 us. Red curves are the fitting curve of the

thermal diffusion equation (Eq. 6-1 in the main text).
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86-3. Effect of Au layers on the estimation of the thermal conductivity of ppv

For thermal conductivity measurements on non-metal minerals using the rear
heating, front detection (RF)-type thermoreflectance technique, metal layers should be
placed on both sides of the sample. Gold, platinum and aluminum were used for such
metal layers in previous studies (e.g., Okuda et al., 2017; Ohta et al., 2012). Here, since
platinum and aluminum are likely to react with iron in silicates under high temperature,
gold was chosen for metal layers in ¥ measurements on Fe-bearing minerals (Okuda et
al., 2017, 2019; Hasegawa et al., 2019).

The available data on pressure-temperature dependence of the thermal diffusivity
of gold are scarce. To the best of our knowledge, its pressure dependence was
investigated only by Ross et al. (1984), and the pressure was applied only up to a few
GPa. Moreover, the temperature effect has not been tested so far, thus we need careful
tests examining to what extent the uncertainty of the thermal diffusivity of Au layers
affects our estimation of xppv. Recent measurement of the thermal conductivity of Pt at a
high pressure of 56 GPa showed that the change in temperature from 300 K to 1565 K
would only alter the conductivity from 38.2 W/m/K to 37.7 W/m/K (Hasegawa et al.,
2019b). Here, when we changed the thermal conductivity of Au from 500 W/m/K to 5
W/m/K, our estimated xppv only shifted by up to 2% in each run. This small effect of Au
layers on the estimation of xppy 1s mainly due to the difference in thickness between the
ppv sample and Au layers (Table S6-2). Thus, we emphasize that the effect of
unreliability in the thermal conductivity of Au at high-7 condition would be very trivial

to our xppy estimation.
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Table S6-2. Thickness of the sample and Au layers

Sample Au layer

Run# thickness thickness
(pm) (um)

1 1.74(12) 0.17(2)

2 1.74(31) 0.10(1)

3 5.08(16) 0.18(3)

4 4.11(43) 0.12(3)
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86-4. Estimation of temperature uncertainty in high-P, T thermal conductivity
measurements
Temperature uncertainty ur was estimated as follows (also explained in Hasegawa

etal., 2019b):

Ur = \/W, (Eq. 6-3 in the main text)

where uy;; and uy, are temperature uncertainties in Planck’s law curve fitting and
temperature structure in the sample. uz; was obtained from the Planck fitting error (Fig.
S6-4-1); we first derived the standard deviation of the residuals between the measured
radiation spectrum and the best fit curve, and then we considered the maximum

distribution of the Planck’s law fitting curve as uj:.

Run #3, 143 GPa

14581106 K

Intensity (a.u.)

625 645 665 685 705 725 745
Wavenumber (nm)

Fig. S6-4-1. Planck fitting to the obtained thermal radiation spectrum. Red curve

shows the Planck fitting result.

We also quantified the temperature uncertainty from the temperature difference in

the sample caused by the double-sided laser heating using finite element method

227



analysis (COMSOL). We applied a Gaussian laser on the sample surface. The values

used for simulation are supplied in Table S6-3.
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Fig. S6-4-2. Simulated temperature distribution of the ppv sample at 135 GPa,

1500 K in a LHDAC. Different colors indicate the temperature difference.
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Fig. S6-4-3. Simulated temperature distribution of the ppv sample at 135 GPa,
1500 K in LHDAC. Green solid lines indicate the spot size of the probe laser, and
green broken lines indicate the range we used for estimating the temperature difference

in the lateral direction.
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Fig. S6-4-4. Simulated temperature distribution of the ppv sample at 135 GPa,

1500 K in LHDAC.
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Table S6-3. Used parameters for simulating temperature structure in the ppv sample

thickness of sample laser x of pressure
sample sample pressure chamber laser power laser spot absorption x of sample medium
. . ) .
thickness (m) - radius (um) medium (um) radius (um) (W/m®) size™ (pm) coefficient (W/m/K) (W/m/K)
5 15 10 20.0 1000 15 0.15 40 6

*@Gaussian laser was applied to the sample surfaces
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As a result, the temperature uncertainties in the lateral and axial direction u; and uaxi
were obtained to be 1.9 and 6.8%, respectively. We estimated the u, by using the

following equation, with which it was calculated to be 7.1%.

Ustr =+ u'axi2 + ulat2 (S6-4-1)

As a consequence, the typical ur calculated from the above was 7.2%.
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86-5. Thermal pressure

We calculated the thermal pressure of ppv (Pn) from an experiment conducted in
a similar experimental setup as in this study (Hirose et al., 2006), which determined
pressure at high-P, T conditions using the Au pressure scale (Tsuchiya, 2003). We used
the data of run #2 in Hirose et al. (2006), of which the P, T conditions are summarized in

the table below.

Table S6-4. Pressure-temperature relation on ppv syntheses in Hirose et al. (2006)

Temperature Pressure
p (PotP 4)/Py

(K) (GPa)

300 104.5 1.00
1340 107.5 1.03
2330 112.2 1.07

Pressure calibration based on the EoS of gold (Tsuchiya, 2003).

We set the pressure at room temperature of 104.5 GPa as Po, and the pressure change at
high temperature (Po+Pumn)/Po was plotted as a function of temperature, subsequently fit
by quadratic function of temperature (Fig. S6-5). The (Po+Pw)/Po of ppv was obtained

as the following equation:

PotPu) _ g 8e — 09T2 + 1.30T5 + 1.0.  (S6-5-1)

Py
We assumed that the (Po+Pum)/Po obtained in Eq. (S6-5-1) does not change by pressure
and calculated each Pw at each room temperature-pressure Py in our high temperature

experiments.
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Fig. S6-5. Change in the pressure of ppv sample at high temperature. White circle,
the (Po+Pwm)/Po value calculated from run #2 in Hirose et al. (2006); black curve, the

quadratic function fitting result.
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86-6. Estimation of the sample thickness at high-P

Sample thickness at ambient condition was obtained by observing its cross-section
with FE-SEM. However, it is well known that ppv becomes amorphous under
decompression. Nevertheless, the transition pressure is unknown, and the effect of such
amorphization on its pressure is unquantifiable. Therefore, the ppv sample thickness at
high-P was estimated from the equation of state of ppv (Sakai et al., 2016), and its

uncertainty was calculated from the following:

Ug =\ Umeas® + Uamor?, (S6-6-1)

where tmeas and uamor are sample thickness uncertainties calculated from standard
deviation, and the volume difference between ppv and MgSiOs glass.

The compressibility of MgSiO3 glass provided in Matsui et al. (1982) (Table S6-5) was
fit by fourth order Birch Murnaghan (BM4) equation of state (Fig. S6-6-1), giving the

fitting parameters Ko, Ko’ and Ko” of 42.1 GPa, 10.5 and -1.26 GPa’!, respectively.

Table S6-5. Compressibility of MgSiO; glass in Matsui et al. (1982)

Pressure VIV, Density

(GPa) (g/cm3)
0 1 2.49
26(7) 0.8 3.11
70(23) 0.7 3.56
175(30) 0.6 4.15
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Fig. S6-6-1. BM4 fitting result on the compressibility of MgSiO3 glass at room
temperature. Black circle indicates the measured V/V) data of MgSiOs3 glass at high
pressure (Matsui et al., 1982), and the green curve indicates the BM4 fitting results.

We used the obtained BM4 equation of state of MgSiO3 glass (Matsui et al., 1982) and
equation of state of ppv (Sakai et al., 2016; Komabayashi et al., 2008) to calculate the
change in sample thickness d/do at high pressure (Fig. S6-2), calculated from its volume

change V/V) as the following:

d/do = {1 -3 -V/Vy)} (S6-6-2)
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Fig. S6-6-2. Sample thickness at high pressure. Green, red curves and purple symbols
indicate the estimated sample thickness at high pressure from the equations of state of
MgSiOs glass (Matsui et al., 1982) and ppv (Komabayashi et al., 2008; Sakai et al.,

2016), respectively.
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86-7. Evaluation of the estimated grain size of ppv in this study

The grain size of ppv in our experiments was estimated as 0.34 um (Fig. S6-7).

10
—~ 1.2
E 4l Ll
=
() 0.34 ym
N
3 —
c
T 0.1 -
0) 0.04 ym
2000 K
0.01 . . . . -
0 40 80 120

Time (min)

Fig. S6-7. Grain size of ppv as a function of time when heated at 2000 K. Black

curve, the grain size of ppv; light blue band, calculated error of grain size.

Estimated average grain size of ppv when heated at 2000 K and 2 hrs is 0.34 um,

with upper limit grain size 1.29 um and lower limit grain size 0.04 um.
Note that the estimated grain size is larger than the apparent size of amorphous grain of
the sample used in Hirose et al. (2005) of ~0.1 um, which was synthesized from MORB
composition gel starting material above ppv-stable P, T conditions and analyzed after
cold decompression. This difference may be caused because our used ppv sample was
synthesized as a single phase, i.e., was synthesized without other phases such as ppv
synthesized in MORB composition. Since the presence of other major minerals
decelerates the grain growth of ppv (e.g., Yamazaki et al., 1996), it is reasonable that
our estimated grain size is slightly larger than the apparent grain size observed in Hirose

et al. (2005).
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86-8. Grain boundary effect coefficient of ppv
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Fig. S6-8. Estimated grain boundary effect coefficient of ppv y from different Rgs
as (a) 3.5x10° m2K/W, (b) 1.3x10% m2K/W and (c) 4.5x10"'° m?K/W. Blue, orange,
yellow and red curves show the y at 300 K, 1000 K, 2000 K and 3000 K, respectively.

Bands indicate the estimated errors.
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86-9. Estimation of the grain size of ppv in the Earth’s lower mantle

Estimation on the in situ grain size in the mantle is challenging. The grain size of
pyroxenes and garnets in direct samples from the mantle, kimberlite, typically ranges
from 0.5—10 mm (Kopylova et al., 1999). Determining the possible variability of grain
size in the lower mantle is further complicated by the lack of natural samples.
Numerical modeling assuming the rate-limiting process is silicon diffusion yielded the
possible grain size of bridgmanite of 10"'=10° mm (Solomatov et al., 2002). Solomatov
et al. (2002) also calculated the grain size of bridgmanite in the Earth’s lower mantle
using the static grain growth kinetics of MgSiOs pv (Yamazaki et al., 1996). With a
very simple model, the calculated grain size was ~10 to 50 um, assuming a temperature
of 2000—3000 K. Note that this estimation is based on a very simple model, in which
the calculated grain size should be an underestimation since it omits other mechanisms.

Table S6-6. Possible grain size of the lower mantle minerals.

Reference Estimated method Estimated grain size (mm)
Solomatov et al. (2002) Calculated from a simple grain growth model : 102-10°
Solomatov et al. (2002) Numerical modeling** 10"-10°

5

107-10'
*doc t" with n~11, T=2000-3000 K derived from experimental study (Yamazaki et al., 1996)

Glisovic etal. (2015)  Inferred from effective viscosity

# doc " with n~3, T=2000 K, assuming that rate limiting process is Si diffusion.

*** with vacancy diffusion rate, lateral 7' variation derived from seismic data, and reported geotherms.

A recent study by GliSovic et al. (2015) estimated a possible grain size of the
lower mantle inferred from seismic tomography and mantle rheology, which ranges
from ~102 mm to ~10! mm. They also insisted that the grain size of ppv in the D” layer
may be even larger than 10 mm due to the bdg to ppv transformation (detailly described
in Solomatov and Reese, 2008). To summarize, so far, the estimation of the lower

mantle grain size varies over three orders of magnitude, which is from 10>-10' mm.
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86-10. Density dependence of the lattice thermal conductivity of ppv
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Fig. S6-10. Lattice thermal conductivity of ppv as a function of density at room
temperature. Green and pink squares, F3 and F10 ppv respectively (this study); open
triangles, MgSiOs ppv (Ohta et al., 2012); open circles, MgSiO3 pv (Ohta et al., 2012);

gray circle, MgSiOs pv at ambient condition (Osako and Ito, 1991).
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86-11. Temperature dependence of the grain boundary effect coefficient
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Fig. S6-11. Temperature dependence of the grain boundary effect coefficient on
thermal conductivity when using grain size of 0.37 pm. Band indicates the estimated

CIror.
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86-12. Estimation of the thermal conductivity of bdg with pyrolitic composition

In order to calculate the thermal conductivity of bdg with pyrolitic composition,
we used the compositional dependence of lattice thermal conductivity of bdg provided
in Okuda et al. (2019) as follows:
Kpag = —24.0x + 31.3, (S6-12-1)
where x is the summation of Fe and Al content in per formula unit, xuae, x is the lattice
thermal conductivity of bdg with Fe+Al = x (pfu), respectively. We adopted x=0.2, i.e.,
Fe and Al content of 10 mol.% respectively, for lattice thermal conductivity of bdg with
pyrolitic composition. When considering the radiative thermal conductivity of bdg with
pyrolitic composition, currently there are three previous reports on the xrag measurement
of bdg (Keppler et al., 2008; Goncharov et al., 2008; Goncharov et al., 2015). xrad
measurement on (Mgo 392Fe?0.0s0 Fe3*0.042)(Si0.972A10.028)O3 at high pressures by Keppler
et al. (2008) suggested that x4 is approaching ~5 W/m/K at the CMB conditions (light
blue curve in the figure above), and similar optical measurements on (Mgo.94Fe0.06)S103
bdg (Fe*'/ZFe = 0.45) showed a similar xrq (Goncharov et al., 2015). On the other hand,
(Mgos Feo.1)SiOs bdg with Fe**/ZFe = 0.11 exhibited a smaller x4 of about 2.2 W/m/K
at the CMB (Goncharov et al., 2008, dashed red curve in the figure above). Since the
iron contents in the bdg samples of Keppler et al. (2008) and Goncharov et al. (2008)
are the same but the Fe3"/ZFe ratios are different, it is conceivable that Fe3" promotes
radiative thermal conduction in bdg. However, Fe3*" enhances the Fe>'~Fe3" charge
transfer absorption band in the middle of the visible range, resulting in the reduction of
the xrd. Thus, the discrepancy of the results between Keppler et al. (2008) and
Goncharov et al. (2008) may be attributed to the uncertainty in sample thickness used in

the measurements of Keppler et al. (2008), which was also discussed in Okuda et al.
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(2017). The difference between Goncharov et al. (2008) and Goncharov et al. (2015)
may be due to both the Fe content and Fe**/ZFe ratio. Fe and Al-bearing bdg in the
Earth’s lower mantle is likely to have a Fe**/ZFe ratio of about 0.5, which is
independent of the oxygen fugacity (Frost et al., 2004; Sinmyo et al., 2011). Here we
use the data of Goncharov et al. (2015) for the xrad (Fe**/ZFe ratio=0.45) instead of

Goncharov et al. (2008) (Fe*'/ZFe ratio=0.11).
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86-13. Effect of the spin transition of Fe in ferropericlase and other factors on the
thermal conductivity of pyrolite

We estimated the thermal conductivity of bdg+fp and ppv+{p aggregate in the
lower mantle from 2200 km depth to the CMB (Fig. 6-7b). Here, for the estimation
below 2200 km, we need to carefully consider the effect of the spin transition of Fe in
fp. A theoretical study showed that HS to LS transition of Fe in fp occurs with a depth
range of 800 km—2130 km in the Earth’s lower mantle (Tsuchiya et al., 2006).

Ohta et al. (2017) showed that the lattice thermal conductivity of (Mgo.s1Feo.19)O fp
exhibits an anomalous reduction in the pressure range where Fe in fp is in the mixed-
spin state, which was even halved among some of their data. Their results imply that the
thermal conductivity of fp depends on its spin fraction, though such quantitative data
has not been reported so far.

As mentioned earlier, since the spin transition in fp is thought to occur in a very
wide range, it is necessary to quantitatively determine the relation between HS (or LS)
fractions and thermal conductivity but is still an open question. Therefore, it is difficult
to accurately determine the thermal conductivity of the lower mantle below 2200 km
from the thermal conductivities of each of the lower mantle minerals.

Very recently, Geballe et al. (2020) measured the high P-T thermal conductivity
of pyrolite from 40 to 124 GPa at ~2500 K. In order to see the effect of the spin
transition of fp on the bulk thermal conductivity of pyrolite, we calculated the thermal
conductivity of bdg+fp aggregate at a shallower depth (from 1000 km) in the same

manner as described in the main manuscript (Fig. S6-13-1).
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Fig. S6-13-1. Estimated thermal conductivity of pyrolite in the lower mantle. Blue and
green bands indicate the estimated bulk total x (=xia +#rad) of pyrolite with ppv+{p, and
bdg+fp, respectively. Red circles indicate the x of pyrolite by direct measurement
(Geballe et al., 2020). Yellow broken lines indicate the suggested onset and offset bdg
to ppv phase transition depth in the pyrolitic lower mantle (Ohta et al., 2008b). Blue
arrow indicates the suggested depth range where Fe in fp is in the mixed spin state
(Tsuchiya et al., 2006). Orange band indicates the 200 km thick thermal boundary layer
above the CMB (Lay et al., 2008).

We found that our “simply” estimated thermal conductivity of bdg+fp pyrolite at
~1000 km depth, without considering the spin state of fp, is in good agreement with that
in Geballe et al. (2020). However, it starts to differ at deeper depth due to the apparently

negative pressure-dependence of x in Geballe et al. (2020). We expected this to be the
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effect of the mixed-spin Fe in fp, so we calculated the bulk thermal conductivity of
bdg+fp using the halved ki value of fp reported in Ohta et al. (2017), which should be
an underestimation of the bulk total x. However, we could not explain the reduced x
data in Geballe et al. (2020) even when using the halved xiax of fp (Fig. S6-13-2). The
difference between our estimation and that of Geballe et al. (2020) cannot be explained
by the effect of the spin transition of Fe in fp alone, indicating there may be other

factors causing the suppressed x of pyrolite in Geballe et al. (2020).

thermal
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Fig. S6-13-2. Estimated thermal conductivity of pyrolite in the lower mantle. Blue and
green broken lines indicate the estimated bulk total x (=xkiai +#rad) of pyrolite with
ppv+ip, and bdg+fp, respectively. Blue and green bands indicate the estimated bulk
total x (=klat +#rad) Of pyrolite with ppv+{p, and bdg+fp, respectively, with the halved

value of the xia of fp due to the mixed spin state of Fe. Red circles indicate the x of

247



pyrolite by direct measurement (Geballe et al., 2020). Yellow broken lines indicate the
suggested onset and offset bdg to ppv phase transition depth in the pyrolitic lower
mantle (Ohta et al., 2008b). Blue arrow indicates the suggested depth range where Fe in
fp is in the mixed spin state (Tsuchiya et al., 2006). Orange band indicates the 200 km
thick thermal boundary layer above the CMB (Lay et al., 2008).

Also, in Geballe et al. (2020), since there is only one datum at the pressure range
where the MgSiO3; component is stable as ppv, and they lack the phase identification
whether MgSi03; component has sufficiently underwent bridgmanite to post-perovskite
transition, it is difficult to simply compare our estimated thermal conductivity of ppv-+ip

pyrolite and their results. Additional reason may be attributed to the following:

1) The effect of Ca-perovskite

So far there are no reports on the x of Ca-perovskite, so one may attribute the x
difference to this mineral. However, since the volume ratio of the Ca-perovskite in
pyrolite is only ~5%, it may be difficult to explain a huge difference between our

estimation and results in Geballe et al. (2020).

2) The effect of grain boundary scattering

According to the supplemental material S1 in Geballe et al. (2020), their pyrolite
sample was synthesized in a DAC from a glass starting material, and heated at ~2500 K
for several minutes. Here, the grain growth of post-perovskite is much slower than that
of bridgmanite (e.g., Yoshino&Yamazaki, 2007). Our post-perovskite samples were
heated at ~2500 K for more than 1 hr and were estimated to be ~0.3 um (Fig. S6-7).

Other phases such as fp and Ca-perovskite should also hinder grain growth of ppv in
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their sample. This may have resulted in a small grain size of post-perovskite of <0.1
um, which would reduce its thermal conductivity due to the grain boundary scattering
even at high-7 (Fig. 6-5 in our main manuscript). This can sufficiently explain the
reason for the suppressed thermal conductivity of pyrolite at 124 GPa in Geballe et al.

(2020).

3) The effect of Al

For the simplicity of interpreting our results, we used ppv samples without Al. In
contrast, starting material used in Geballe et al. (2020) was a pyrolite composition,
which includes ~4 wt% of Al>Os. Since Al may change the site-distribution of Fe in
ppv, which may affect the thermal conductivity, measurement of (Fe,Al)-bearing ppv
may contribute to a better understanding of the thermal conductivity of the lower

mantle.

4) Uncertainty in our measured temperature dependence coefficient
We succeeded in high P-T thermal conductivity measurement of ppv up to ~1550
K, and obtained the temperature coefficient a of 0.65 in the following density-

temperature k. model (e.g., Manthilake et al., 2011; Ohta et al., 2012):

_ 2\ (To\* . . .
K = K, (Po) (T) . (Eqg. 6-6 in the main manuscript)

However, the achieved temperature was still far from the temperature at the CMB of
~3500 K. Hasegawa et al. (2019b) succeeded in collecting the thermal conductivities of
platinum and iron up to ~60 GPa and ~2000 K, using the same method as the present

study. A linearly polarized continuous wave fiber laser (KKFL-20, KIMMON KOHA)
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with a wavelength of 1064 nm — which is the wavelength generally used for laser
heating (e.g., Hirao et al., 2020) — and a maximum output power of 20 W was used to
generate high temperature. Since the absorption coefficient of this laser for platinum is
relatively high (higher than gold, which is mentioned later), less power is needed to
generate high-7. This also reduces temperature fluctuations during high-7 measurement.
However, it is known that platinum is highly reactive with Fe in Fe-bearing minerals at
high-T7 condition. Therefore, we used gold instead of platinum as a laser absorber,
which is often used for thermal conductivity measurements on Fe-bearing minerals
(e.g., Okuda et al., 2017; Hasegawa et al., 2019a). This can minimize reactions between
the laser absorber and our Fe-bearing sample. However, gold is highly reflective of a
wide range of the pump laser beam. This made it difficult to generate high-7 above
2000 K with a maximum output power of 20 W. Unfortunately, since the beam time of
synchrotron X-ray radiation facility is limited, we could not conduct further
measurements.

The x1at model explains that the temperature dependence of thermal conductivity
obeys a 7™ relation, which assumes the reduction of mean phonon free path mainly by
lattice vibrations. It is known that silicates show a weaker temperature dependence on
its lattice thermal conductivity than those for simple pure oxides that obey 7*! relation
(e.g., Hofmeister, 1999). For example, Manthilake et al. (2011) showed that the
temperature dependence coefficient of pure-Mg perovskite is 0.76, but it falls to 0.24
when containing 5 mol.% of Fe. We estimated the thermal conductivity of ppv-+fp with
stronger temperature dependence in Fig. S6-13-3, to evaluate the uncertainty in our

measured temperature dependence coefficient.
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Fig. S6-13-3. Estimated thermal conductivity of ppv+{p aggregate using different
temperature dependence. Blue band indicates the estimated bulk total x (=kiait T#rad) of
pyrolite with ppv+fp using 7°%° law. Pink, red, purple and black curves indicate the
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lines indicate the suggested onset and offset bdg to ppv phase transition depth in the
pyrolitic lower mantle (Ohta et al., 2008b). Orange band indicates the 200 km thick

thermal boundary layer above the CMB (Lay et al., 2008).
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We found that the estimated thermal conductivity even with a strong 7 dependence of
a=0.8 does not match that of Geballe et al. (2020).

Again, so far it is very difficult to interpret the thermal conductivity of pyrolite
(Geballe et al., 2020), thus, we expect to carry out systematic studies on the thermal

conductivity of lower mantle minerals in the future.
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Chapter 7. A cylindrical SiC heater for an externally
heated diamond anvil cell to 1500 K

This chapter was updated from the article as “A cylindrical SiC heater for an
externally heated diamond anvil cell to 1500 K” by Yoshiyuki Okuda, Seiji Kimura,
Keniji Ohta, Yohan Park, Tatsuya Wakamatsu, Izumi Mashino, Kei Hirose Review of
Scientific Instruments, in press.
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Abstract

Semiconductor-based heaters for diamond anvil cells (DACs) have advantages
over metal wire heaters in terms of repeated use and the ability to reach higher
temperatures. We introduce a cylindrical SiC heater for an externally heated DAC
(EHDAC) that works satisfactorily at temperatures up to 1500 K and pressures around
90 GPa. The heater is reusable and inexpensive, and only slight modifications to the
DAC are required to fit the heater. Experiments on melting of NaCl and gold are
conducted at ambient pressure to test the temperature accuracy of the EHDAC system,
and resistance measurements on iodine at high pressures and temperatures are
performed to assess the heater assembly. These test runs show that uniform and accurate
temperature can be maintained by the EHDAC assembly, which has potential

applications to a variety of transport property measurements.
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7.1. Introduction

Diamond anvil cells (DACs) allow static high-pressure experiments to be
conducted at pressures equivalent to that at the center of the Earth (Tateno et al., 2010).
For DAC experiments at high temperatures, three heating methods have been
developed: laser heating (LHDACS), internal resistive heating (IHDACS), and external
resistive heating (EHDACs) (Hazen and Finger, 1981; Liu and Bassett, 1975; Ming and

Bassett, 1974).

Laser heating is capable of generating ultrahigh temperatures above 2000 K and
even exceeding 10000 K (McWilliams et al., 2015), but it has the disadvantage of
potentially creating large temperature gradients in both the axial and lateral directions in
DAC samples (Rainey et al., 2013). Recent studies have attempted to minimize axial
gradients through the use of double-sided laser heating with two independent laser
heads (Hirao et al., 2020). For silicate samples, it has been found that placing laser
absorbers on each side of the sample can minimize the axial temperature gradient
(Sinmyo and Hirose, 2010). A significant advance in laser shaping through the use of a
flat-top beam shaper has improved laser heating in the lateral direction (Hirao et al.,
2020; Ohishi et al., 2008; Prakapenka et al., 2008), as well as the technique for mapping
the temperature gradient in an LHDAC (Du et al., 2013a). However, a problem remains
with regard to the stability of heating, and the temperature of the sample often fluctuates
in time by 100-200 K, which makes experiments requiring precise temperature

determination difficult.
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In the IHDAC method, heat is generated by inducing a current in a heater inside
the sample chamber of the DAC. This method was originally applied to metallic
samples (Boehler, 1986; Inoue et al., 2020; Komabayashi et al., 2009; Liu and Bassett,
1975; Sinmyo et al., 2019; Suehiro et al., 2019), but has also been extended to
nonmetallic samples. In the study reported in Zha and Bassett (2003), an internal
rhenium strip heater was used, with a small MgO sample placed at its center, and it was
found that a temperature of ~3000 K could be generated at a pressure of 10 GPa.
Another study found that a cylindrical boron-doped diamond resistive heater was
capable of heating a silicate/oxide material to 3500 K with a minimal temperature
gradient (£35 K/40 um) (Ozawa et al., 2018). However, the complicated sample loading

procedure required with IHDACs hinders their practical application.

The EHDAC method produces stable and homogeneous heating (Bassett et al.,
1993). Although the temperatures that can be obtained using EHDACs remain lower
than those from laser heating, they have been increased through the use of a vacuum
chamber and/or the injection of an inert gas (for a review, see Bassett et al., 1993).
Metallic heaters such as those based on molybdenum (Bassett et al., 1993), nichrome
(Mondal et al., 1999), tungsten (Pasternak et al., 2008; Petitgirard et al., 2009), platinum
(Ohta et al., 2012), platinum-rhodium (Jenei et al., 2013; Lai et al., 2020), and other
alloys (Dubrovinskaia and Dubrovinsky, 2003), have conventionally been used for
EHDAC experiments. The heating assembly consists of a coiled wire with a ceramic
insulating shell that is placed around the diamond anvil (Dubrovinskaia and
Dubrovinsky, 2003; Hazen and Finger, 1981; Jenei et al., 2013; Lai et al., 2020; Ohta et
al., 2012). This enables experiments to be performed with relatively homogeneous and

temperature-accurate heating. The resistance of the metallic heater increases with
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increasing temperature, which also stabilizes the heating process. However, breakdown
often occurs at temperatures of ~1000 K, mainly due to sublimation or melting of
selectively overheated weak portions of the coil (e.g., at sharp bends). In addition, the

use of precious metals for the wire material makes experiments expensive.

Semiconductors, with their typically high sublimation and/or melting
temperatures, have potential as alternative heater materials capable of generating stable
temperatures above 1300 K. However, to the best of our knowledge, graphite, which has
an ultrahigh sublimation temperature of ~3900 K (Whittaker, 1978), is the only
nonmetallic material that has so far been used as the heating element in an EHDAC

(Table 7-1).

So far, three different designs have been developed: (1) a graphite sheet heater
surrounding the whole gasket (Liermann et al., 2009; Miyagi et al., 2013; Shen et al.,
2007); (2) a graphite sheet surrounding the diamond anvils (Mijiti et al., 2018); and (3)
two thin graphite ring heaters directly in contact with the diamond anvils and connected
by graphite sheets (Du et al., 2013b). All these heaters are designed to be very small (a
few millimeters in size) and are directly in contact with gaskets or diamond anvils, which
enables efficient heating via thermal conduction under vacuum conditions. However, as
previously shown (Miyagi et al., 2013), a large temperature gradient will be created
between the sample and the heater owing to their very small separation (~0.5 mm),
especially at high temperatures. Consequently, the temperature read from a thermocouple
(TC) will be highly location-dependent and can differ greatly from the actual temperature
of the sample. Heat loss from the TC may also affect temperature measurements. By

contrast, a relatively large cylindrical heater assembly, such as a metal wire heater coiled
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around a cylindrical ceramic (Dubrovinskaia and Dubrovinsky, 2003; Hazen and Finger,
1981; Jenei et al., 2013; Komabayashi et al., 2008) will heat the entire gasket with a
separation (~5 mm) that is sufficient to minimize the location dependence of the TC and

allow more accurate temperature measurements.

A cylindrical heater assembly based on a semiconductor material would overcome
the disadvantages of metal wire heaters, namely, their breakdown at high temperatures
and their high cost. Also, with such a heater assembly, the temperature measured by the
TC would not be dependent on location (which, although it has not been observed, is a
potential disadvantage of graphite heaters). To develop a cylindrical semiconductor
heater, we tested two heater materials, namely, graphite and silicon carbide (SiC). We
found that graphite is not a suitable material; on the other hand, we achieved
homogeneous and stable heating up to 1500 K at a pressure of around 90 GPa with a
cylindrical SiC heater. Our newly developed heater assembly can be easily coupled with
a standard DAC setup, thereby facilitating various high-pressure, high-temperature
experiments with highly accurate temperature measurements at low cost, with potential

for widespread application.

7.2. Methods

A graphite rod was machined in a vice to produce a cylindrical shape [7.5 mm

outer diameter (OD), 6.5—7.2 mm inner diameter (ID), and 6 mm thickness], which was
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then reinforced with a ceramic insulator. Additional holes were drilled in the axial
direction to allow the insertion of molybdenum electrodes (Fig. S7-1, supplementary
material). The cylindrical SiC heater (OD 12 mm OD, 7 mm ID, and 5-6 mm thickness)
was cut and filed from an A-14 type Siliconit SiC heater rod (14 mm OD, 4 mm ID;
http://www.siliconit.co.jp/index.html) using a diamond saw and a diamond file. The
amount of material needed for one heater costs ~1 USD. Owing to the large contact
resistance of SiC, we could not use the same method for introducing electrodes as we
did with the graphite heater. Instead, the cylindrical SiC heater and graphite sheets were
pressure-bonded by squeezing the DAC while pressurizing the sample [Fig. 7-1(a)], in
an approach originally used by Du et al. (2013b) A bunch of four copper leads (each of
1 mm diameter) was connected to the graphite sheets (see Fig. S7-2, supplementary
material for details in their preparation). Convex-shaped silicon nitride (Si3N4) seats
with low thermal conductivity (~1 W m™! K1) were used to minimize the axial heat
loss. We also designed a new symmetrical DAC made of stainless steel and suitable for
resistive heating [Fig. 7-1(b)]. Four holes were made in the cylinder side of the DAC
through which the TCs could be inserted. Wide grooves were cut by electrical discharge
machining to facilitate insertion of the electrodes. The thickness of the walls of the
piston side of the DAC was 3.5 mm, which allowed the strength of the DAC to be

maintained at high temperature.

Type-K and type-R TCs were cemented with Resbond 904 ceramic paste
(Cotronics Corp.) to the pavilions of the diamond anvils for temperature measurement.
The type-K TC was prepared from 0.10 mm nickel-chromium and nickel-Alumel
wires, which were carefully twisted to create a junction. For the type-R TC, 0.10 mm

platinum and 87% platinum—13% rhodium wires were welded to create a good junction.
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All of the metal wires were purchased from Nilaco Co. (https://nilaco.jp/jp/), and, from
the data supplied by the company, the intrinsic temperature accuracies of the type-K and
type-R TCs were £0.75% and +0.25%, respectively. The DC power supply was a
Takasago ZX-800LA. The temperature was monitored using a Graphtec GL240 data
logger. The chamber was filled with argon gas to prevent oxidation of the diamond

anvils (Fig. 7-2).

For high-pressure experiments, diamonds with a 300 or 120 um culet were used.
Samples were loaded into a 100 or 40 um diameter sample chamber in a pre-indented
rhenium/cubic boron nitride (cBN) composite gasket (hereinafter referred to simply as a
cBN gasket) (Funamori and Sato, 2008) with inner gasket consisting of cBN+TiO>
powder (Inoue et al., 2020; Suehiro et al., 2019) to minimize the pressure release that

occurred on heating (see section 7.4.3 for details).

7.3. Heater Performance: Graphite vs SiC

Graphite shows a metal-like high electrical conductivity of ~10° S/m under ambient
conditions, and this increases at high temperature. The use of a heater with a high
resistance is important to reduce the current needed to generate high temperatures (Du et
al., 2013b; Mijiti et al., 2018). To maximize the heater resistance, we attempted to reduce
the wall thickness to 0.15 mm. However, the resistance was still not sufficient to generate

temperatures above 600 K and also made the heater so fragile that it could not be
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connected with the electrodes. We therefore conclude that graphite is not a suitable

material for a cylindrical heater.

By contrast, we succeeded in generating temperatures up to 1500 K using the
cylindrical SiC heater (Fig. 7-3). Each target temperature was stabilized within ~10 min,
and the temperature fluctuations fell to within a few kelvin. In the test runs, two pairs of
TCs were attached to the pavilions of the diamond anvils, and the temperature differences
were all within 10 K (Fig. S7-3, supplementary material), revealing the precision of the
temperature measurements in the present heater assembly. The cylindrical SiC heater
yielded a linear power—temperature relation, which is similar to what was found in a
previous study (Du et al., 2013b). The difference between the regression line and the
value was ~5%, which may be due to slight differences in shape of the heaters used in

different runs.

7.4. Discussion

7.4.1. Temperature accuracy

To test the temperature accuracy of our EHDAC system using the cylindrical SiC
heater, we conducted an experiment on the melting of NaCl (melting temperature = 1074
K) and gold (melting temperature = 1337 K) under ambient pressure in a similar manner
as that described in Du et al. (2013b). During heating, the temperature of the diamond

was measured by the type-K TC cemented to one of the pavilions. The junction of the TC
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was placed less than 1 mm away from the culet. The samples were a piece of gold cut
from 10 pm thick foil and a NaCl pellet, each of which was loaded into a pre-indented
rhenium gasket without a pressure medium. These samples were heated under ambient
pressure and the temperature was gradually increased (~10 K/min) by increasing the
power supplied to the heater. The melting temperatures were determined visually by an
optical microscope. The criterion for melting adopted in this experiment was the

transformation of the sample into a spherical shape.

We observed melting of NaCl at 1063 K, whereas the actual melting temperature
of NaCl is 1074 K, which represents only a slight difference of ~1.40%. Also, our
observed melting temperature of gold of 1337 K was a perfect match with the reference
value, proving that our EHDAC is capable of performing an experiment with highly
temperature-accurate heating. The measured temperature uncertainty u was calculated
from the uncertainty obtained in this calibration experiment, uexp, and the uncertainty

originating from the temperature accuracy of the TC itself, urc, as follows:

u= \/(uexp)z + (urc)? . (7-1)

Here, we take uexp as the maximum uncertainty of +1.40%. With urc values of +0.75%
and +0.25% for type-K and type-R TCs, respectively, the calculated temperature
uncertainty u in our EHDAC assembly is at most £1.6% when using a type-K TC and

+1.4% when using a type-R TC.
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7.4.2. Degradation of the SiC heater

In the test runs for checking the power—temperature behavior of the SiC heater, all
except for run #3 showed clear linear relations (applied voltage and current in each run is
summarized in Table S7-1, supplementary material). In run #3, the current fluctuated
wildly (1.0 A) under voltage control and did not settle down within 10 min. Also, the
total resistance of the SiC heater used in run #3 jumped at 1000 K and the temperature

kept decreasing at the same applied power (Fig. 7-4).

In all the runs except run #3, the heater was first heated in an oxygen atmosphere.
At high temperatures in an oxygen atmosphere, i.e., under high oxygen partial pressure
(Po,) conditions, SiC is oxidized according to the following reaction (Narushima et al.,
1989):

SiC(s) + 202(g) — SiOa(s) + COx(g), (7-2)

where (s) and (g) indicates solid and gaseous states, respectively. Generally, materials
will be oxidized and degraded under high-Pp, conditions at high temperature. However,
as can be seen from Eq. (7-2), oxidation of SiC produces solid SiO,, which forms a
passive film on the heater surface. This so-called passive oxidation prevents further
oxidation of the heater material, which is thereby protected from damage. On the other
hand, when the SiC heater is heated under low-Pg, conditions of <~103 Pa, such as in an
argon atmosphere, oxidation of SiC occurs through the following reaction (Narushima et
al., 1991):

SiC(s) + Oa(g) — SiO(g) + CO(g). (7-3)

In this so-called active oxidation reaction, rather than the stable solid SiO», gaseous SiO

is produced. Consequently, no passive protective film is formed on the heater, which
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therefore undergoes further damage as oxidation proceeds. We attribute the unstable
heating in run #3 to degradation of the heater due to active oxidation. Therefore, as long

as the SiC heater is to be used under low-Py, conditions such as an argon atmosphere,

preheating under an oxygen atmosphere is an important step.

7.4.3. Pressure change at high pressure and temperature

Generally, high-temperature experiments using an EHDAC involve pressure
changes, which are mainly due to thermal expansion of the DAC and weakening of the
metal gasket and seat at high temperature: there can be a significant pressure increase by
as much as 200% (Miyagi et al., 2013) or, conversely, a sudden drop to ambient pressure.
We conducted an additional experiment to check how the pressure would change in our
EHDAC system. First, we heated NaCl loaded into a pre-indented rhenium gasket with
an initial thickness of 50 pm, and we found that the pressure dropped by ~20% at 1000
K. We then prepared a nonmetallic cBN gasket (Inoue et al., 2020; Suehiro et al., 2019)
of initial thickness 48 pum, expecting a weaker pressure reduction because of its high
strength and chemical inertness at high pressure and temperature. With this gasket, the
pressure did not change greatly below 1200 K, but it did drop at 1300 K (Fig. 7-5).
Assuming that the surrounding rhenium portion of the cBN gasket had weakened at 1300
K, we reduced the initial thickness of the pre-indented rhenium gasket to ~25 pm to
minimize the pressure release. However, we could not prevent a pressure drop at 1500 K,
which was the largest drop in our experiments. We thus conclude that although the use of
a cBN gasket rather than a rhenium gasket alone can lessen the pressure reduction,

experiments above 1300 K still require a gas membrane system to maintain the target
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pressure. We never experienced gasket blowouts or failure of diamond anvils in our runs,
even at a high pressure of ~90 GPa or a high temperature of 1500 K maintained for 30

min, and this may be due to the use of the cBN gasket.

7.4.4. Electrodes

LaCrO3z and boron-doped diamond have also been used as heater materials in
experiments at high pressures and temperatures using multi-anvil press (Tsujino et al.,
2016; Xie et al., 2017). However, the high contact resistance of heaters using most
semiconductors other than graphite makes it difficult to achieve a perfect connection
between heater and electrodes and has hindered the development of heaters suitable for
use with EHDACSs. By contrast, the extreme hardness of SiC allows it to be fully pressure-
bonded to carbon-sheet electrodes without physical breakdown, and heaters based on this
material can be used again and again until complete degradation. We found that the heater
sometimes split in two when the number of carbon sheets was too low. In total, four
graphite sheets were required for a thick diamond anvil of ~2 mm, and three were enough
for a thin anvil of ~1.5 mm. No reaction between the SiC heater and the graphite sheets
was observed at temperatures up to 1500 K. By contrast, other semiconductor materials
are prone to carbonization, and if these are to be used in heaters for EHDAC systems, an

alternative approach to electrode connection will be required.

7.4.5. Application

Our simple EHDAC system can be integrated into most of laser optical systems

with a 200 mm focal length lens, and can therefore be used for optical spectroscopy and
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for measurements of physical properties such as thermal conductivity (Ohta et al., 2012;
Yagi et al., 2011) and sound velocity (Wakamatsu et al., 2018) at high pressure and
temperature using optical techniques. This system can also be used for synchrotron X-ray
diffraction (XRD) measurements in the axial direction, but does not permit radial XRD
owing to the strong peaks from SiC grains (Fig. S7-4, supplementary material). However,
the use of a SiC heater divided vertically in two would provide a gap for the radial X-ray
path. Since the heater is independent of the gasket, experiments demanding a complex

gasket assembly such as electrical resistivity measurements should also be feasible.

To test the capability of our EHDAC system for resistance measurements, the
resistance of iodine was measured up to 25 GPa and 1050 K. A ¢cBN gasket with an initial
rhenium gasket thickness of 20 um and 300 um culet diamond anvils were used. lodine
was loaded into the 100 pm diameter sample chamber (Fig. S7-5, supplementary material).
Gold electrodes that were directly in contact with the sample were printed on the diamond
anvil surface, which were connected with two platinum lead electrodes cut from a Pt foil
that were not directly in contact with the sample. The pressure was determined from the
Raman spectrum of the diamond anvils (Akahama and Kawamura, 2004). The electrical
resistivity was measured by the quasi-four-terminal method, with impedance spectra
being collected using a Hioki 3532-80 Chemical Impedance Analyzer and a Hioki Four-

Terminal Probe 9500.

The electrical resistance of iodine has been reported to decrease continuously from
6 GPa to ~23 GPa. Both optical observations (Balchan and Drickamer, 1961) and the low
resistance with a positive temperature dependence measured in low-temperature

experiments (Sakai et al., 1982) have led to the suggestion that iodine becomes metallic

269



at these high pressures. In our experiments, the resistance of iodine under pressure at
room temperature decreased continuously, with a significant drop by four orders of
magnitude at 25 GPa [Fig. 7-6(a)], showing a metal-like resistance as reported in previous

studies (Balchan and Drickamer, 1961; Sakai et al., 1982).

At 25 GPa, the electrical resistance of iodine showed a positive temperature
dependence up to 800 K, indicating that it had transformed into a metallic phase [Fig. 7-
6(b)]. The resistance dropped discontinuously at 960 K but retained a positive
temperature dependence. The melting temperature of iodine has been reported to remain
a constant ~1000 K at pressures in the range 6—8 GPa, indicating an almost flat pressure
dependence above 6 GPa, although there is possibly a negative dependence at higher
pressures (Brazhkin et al., 1999, 1991). The discontinuous drop in resistance at 960 K
may be due to a transformation from solid metallic iodine to a metallic liquid, which is
consistent with previous reports of atomic and metallic liquid iodine at high pressures
(Brazhkin et al., 1999; Buontempo et al., 1998), and also implies a negative pressure

dependence of the melting temperature of iodine.

7.5. Conclusions

We have developed a cylindrical semiconductor heater based on SiC that has
allowed us to conduct temperature-accurate experiments in an EHDAC at high pressures
and temperatures. Using a cBN gasket, we were able to achieve stable heating up to 1500

K without the occurrence of gasket blowouts. The temperature uncertainty in our EHDAC
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system was estimated to be ~1.5%. The distinctive feature of the SiC heater is its hardness,
allowing perfect pressure bonding to graphite sheet electrodes. Preheating in an oxygen
atmosphere is necessary for the stable heating performance under an inert atmosphere.
The SiC heater material is much cheaper than precious metal wires (~1 USD for a single
heater). Our EHDAC system has a wide range of potential applications in combination
with optical systems and complex gasket assemblies, allowing measurements of transport

properties at high pressures and temperatures.
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»
muu Table 7-1. Previous studies of EHDACs with nonmetallic resistive heaters.
.Wa Temperature Pressure
= Heater material ~ achieved achieved  Heater design References
.M K) (GPa)
< Graphite 620 13 Rhenium gasket sandwiched between two graphite sheets Shen et al. (2007)
.M.Su Graphite 1100 36 Rhenium gasket sandwiched between two graphite sheets Liermann et al. (2009)"
=2  Graphite 2273 69 Rhenium gasket sandwiched between two graphite sheets Miyagi et al. (2013)*
Pa Graphite 1300 51 Ring-shaped graphite heaters directly in contact with both diamond anvils Duetal. (2013)

o  Graphite 1300 5 Graphite sheet surrounding the diamond anvils Mijiti et al. (2019)
-M *Design modified from that of Shen et al. (2007). ®Combined with laser heating.
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Fig. 7-1. (a) schematic and (b) photograph of the EHDAC assembly.
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Fig. 7-2. (a) Chamber fitted with the optical system with a double-sided /=200 mm

lens. (b) Water-cooled built-in vacuum chamber with relatively large working distance.
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Fig. 7-4. Temperature dependence of the resistance of the SiC heater in the test runs.

The gray arrow shows the resistance path of the heater during run #3 (the run conducted

without preheating in an oxygen atmosphere).
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7.8. Supplemental material

Table S7-1. Applied voltage and current in each run.

Run# Voltage (V) Current(A) Temperature (K) Resistance (Q)
1 7 3.0 318 2.37
7.2 3.8 336 1.89
7.2 59 379 1.22
7.2 9.0 441 0.80
7 7.1 399 0.98
6.7 9.5 438 0.70
6.3 12.0 471 0.53
6.79 15.7 532 0.43
6.65 19.9 589 0.33
6.43 25.4 664 0.25
6.07 302 715 0.20
5.73 339 777 0.17

5.7 36.1 828 0.16
5.73 373 855 0.15

5.7 40.4 929 0.14
5.71 43.0 959 0.13
5.64 47.8 1013 0.12

52 36.1 675 0.14

55 43.0 788 0.13

55 44.0 839 0.12

5.6 459 893 0.12
5.68 48.7 960 0.12
5.57 493 989 0.11
5.47 50.0 1023 0.11
5.51 53.0 1083 0.10
5.35 524 1091 0.10
5.25 51.9 1094 0.10

2 6.3 1.8 315 3.60

7 2.7 328 2.56
7.3 35 342 2.09
7.6 4.7 360 1.62

7.84 6.9 400 1.14
7.92 9.9 447 0.80
8.2 12.3 515 0.67
7.2 11.4 549 0.63
6.6 26.7 727 0.25
6.6 35.0 943 0.19

7 27.5 1008 0.25
6.9 345 1127 0.20
6.7 375 1133 0.18
7.1 385 1273 0.18
7.6 40.7 1308 0.19

6.35 51.9 1493 0.12

6.7 52.0 1523 0.13

3 14.6 39 410 3.74
13.3 5.8 582 2.29

13.3 6.6 573 2.02

10.6 10.0 723 1.06

113 11.4 1003 0.99

14 34 733 4.12

14.1 3.6 730 3.97

15 43 778 3.49
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Fig. S7-1. The tested cylindrical shape graphite ring heater with the wall thickness

of 0.5 mm.
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Fig. S7-2. Preparation procedure of (a)(b)(c) graphite sheets + copper electrodes,

(d) shaping of graphite sheets, and (e) thermocouples. Yellow broken line in Fig. S7-

2e shows the path of the thermocouple.
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Fig. S7-4. 2D XRD pattern of the SiC heater. Spotty strong peaks were observed

deriving from relatively large SiC grains. The XRD pattern was collected using a flat

panel detector at BL10 XU, Spring-8, Japan.
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Fig. S7-5. Schematic of the sample chamber of electrical resistivity measurements in

the EHDAC.
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Chapter 8. Dry lower mantle inferred from the

electrical conductivity of water-bearing bridgmanite
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Abstract

The amount of water and its distribution in the Earth’s interior is one of the most
important fundamental information affecting various geophysical and chemical
phenomena. Water concentration of the Earth’s mantle is not well constrained, which is
mainly caused by the unknown amount in the lower mantle. Here we carried out the
electrical conductivity measurement on hydrous bridgmanite with 526 + 139 ppm wt.
H>O at 30 GPa and up to 923 K using an externally heated diamond anvil cell. Similarly
to other mantle minerals such as olivine, wadsleyite, and ringwoodite, we found that the
electrical conductivity of bridgmanite significantly enhances by adding hydroxyl into its
structure. To our knowledge the present study is the first laboratory measurement that
quantified the effect of water incorporation on the electrical conductivity of
bridgmanite. Extrapolation of the present results to lower mantle conditions derives the
water content in lower mantle bridgmanite of less than 10 ppm wt. H>O, corresponding
to less than 0.02 times the ocean mass. Such a dry lower mantle can be a consequence
of a secondary iron percolation to the core and/or ongoing hydrogen absorption of

metallic iron in the lower mantle.

290



8.1. Introduction

Planetary accretion simulations suggest the possibility of massive volatiles such as
water delivered to the Earth’s building blocks (Morbidelli et al., 2000), which can be more
than 100 ocean mass (Raymond et al., 2004). The amount of water and its distribution in
the Earth’s interior influence the thermoelectrical transport properties (Chang et al., 2017;
Karato, 2013), rheological properties (Chen et al., 1998), deformation mechanism (Zhan,
2020), phase relations (Ghosh et al., 2013), and melting temperature (Fiquet, 2018; Hirose
et al., 2019; Nomura et al., 2014) of the Earth’s mantle and core, hence controlling the
thermochemical evolution of the Earth. The oceanic water covers about 70% of the
Earth’s surface but only has 0.023 wt.% of the total mass of the Earth. An extensive
amount of the Earth’s water is thought to be dissolved into the anhydrous silicate minerals
constituting the Earth’s crust and the mantle as an impurity (Peslier et al., 2017), which
could account for more than 80 % of the Earth’s total water (Nestola and Smyth, 2015).
Investigation of the water concentration in crustal and upper mantle origin natural
samples gave precise regional water content in those regions (Bell and Rossman, 1992).
The natural samples from the mantle transition zones are found but are not sufficient to

estimate the average water content in these layers (Pearson et al., 2014; Wirth et al., 2007).

The electrical conductivity of minerals is highly sensitive to their water content
(Karato, 1990). Combining with the electromagnetic observations, laboratory electrical
conductivity measurements on minerals constituting the upper mantle and the transition
zones, namely olivine (Wang et al., 2006; Yoshino et al., 2006), pyrope garnet (Dai and

Karato, 2009a), orthopyroxene (Dai and Karato, 2009b), clinopyroxene and plagioclase
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(Yangetal., 2012, 2011), wadsleyite and ringwoodite (Huang et al., 2005; Yoshino et al.,
2008a; Yoshino and Katsura, 2012), have provided invaluable constraints on the water
content of the Earth’s interior. The water content in the mantle transition zones was found
to be heterogeneous, ranging from 3000 to 6000 ppm wt. H>O on average (Karato, 2013)
and could be strongly hydrated with > 10000 ppm in some regions such as below central
China or southwestern North USA (Khan and Shankland, 2012). This is moderately
consistent with the water content of ringwoodite inclusion in natural diamond samples of

more than 10000 ppm wt. H>O (Pearson et al., 2014).

As the largest layer occupying more than half of the Earth’s total volume, even a
slight amount of water in the lower mantle greatly affects the total water abundance of
the Earth (Peslier et al., 2017). Water concentration of a natural inclusion in superdeep
diamond originated from the lower mantle has never been investigated (Zedgenizov et al.,
2020), necessitating the laboratory electrical conductivity measurements on lower mantle
minerals for water abundance estimation. Pyrolitic lower mantle is thought to consist of
~80% of (Fe,Al)-bearing bridgmanite and ~20% of ferropericlase (Hirose, 2002), and
bridgmanite is thought to control the electrical conductivity of the Earth’s lower mantle
(Yoshino et al., 2008b). Extensive studies have conducted the laboratory electrical
conductivity measurements on bridgmanite using a multi-anvil apparatus (MA) (Dobson,
2003; Katsura et al., 1998; Xu and McCammon, 2002; Yoshino et al., 2016, 2008b), and
a diamond anvil cell (DAC) (Li and Jeanloz, 1990; Liu et al., 2018; Ohta et al., 2010a,
2010b, 2008; Peyronneau and Poirier, 1989; Potapkin et al., 2013; Shankland et al., 1993;
Sinmyo et al., 2014) with various Fe and Al content. However, the effect of hydration on
the electrical conductivity of bridgmanite has never been investigated. The amount of

water in the Earth’s lower mantle has relied on the information of the water solubility of
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bridgmanite providing the upper boundary for actual water content, nevertheless, the
reported values show a wide variation from <5 to ~4000 ppm wt. H>O (Bolfan-Casanova

et al., 2000; Litasov et al., 2003; Murakami et al., 2002; Ohtani, 2015).

Here we report high-P, T electrical conductivity of water-bearing bridgmanite at 30
GPa up to 923 K using an externally-heated diamond anvil cell (EHDAC) technique
introduced in Chapter 7. To our knowledge, this is the first experiment reporting the
hydration effect on the electrical conductivity of bridgmanite. Our results with a
combination of geomagnetic observations imply a dry lower mantle containing less than
0.02 times the oceanic water in mass, which is much drier than the previous estimation of

0.2—4.5 (Peslier et al., 2017).

8.2. Methods

8.2.1. Sample preparation

The OT2463 bridgmanite sample was synthesized using a 3,000-ton Kawai-type
MA apparatus (ORANGE-3000) at Ehime University, following a similar manner
described in the previous study (Okuchi et al., 2015). The oxide mixtures of talc
(Mg3Si4010(OH)»), brucite (Mg(OH),), fayalite (Fe2Si04), MgO, and Al>O3, were
packed into an Au foil capsule and then loaded into a MgO container. Heating was
performed for 12 hrs at 25 GPa and 1700 °C using a LaCrOs3 heater. The synthesis
temperature was monitored with a W3Re-W25Re thermocouple. As a result, we
obtained bridgmanite with a maximum crystal size of ~200 um, with iron-depleted

(Mgo.97Fe0.03)O ferropericlase and quench crystal, which of those phases were identified
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by XRD measurement using a Rigaku RAPID II-V/DW (Fig. 8-1a). The chemical
composition of bridgmanite was determined to be Mgo.879(5)Feo.142(10)Al0.106(3)S10.911(6)O3
by Energy Dispersive Spectroscopy (EDS) analysis using JEOL JSM-6510LV in Ehime

University.

The water content was determined from the Fourier Transform Infrared

Spectroscopy (FTIR) measurement using the following equation (Paterson, 1982):

=X KW g, (8-1)

OH ™ 150¢J 3780-v) "
where Con is the concentration of hydroxyl in ppm wt. H>O, £ is an orientation factor,
K(v) is the absorption coefficient in cm™! for a given wavenumber v, and X; is a density
factor, respectively. FTIR spectra were collected using an FTIR spectrometer
PerkinElmer Spectrum One at Ehime University under vacuum condition with BaF»
window from six different locations with scanning 100 times per location in 25%25 pm?
area. We used the Xi of bridgmanite with pyrolitic composition estimated in a previous
study of 2123 ppm wt. H>O (Litasov et al., 2003). The average water content was
calculated to be 526 + 139 ppm wt. HoO. When OH hydroxyl distribution is anisotropic
in non-cubic crystal, the infrared absorption spectrum depends on the crystal
orientation. The unpolarized FTIR spectroscopy in some anisotropic mineral is argued
to be unreliable (Bell et al., 2003; Libowitzky and Rossman, 1996). The crystal
structure of bridgmanite is orthorhombic, so calculating three independent absorption
spectra with polarized analysis is necessary for rigorous estimation. Withers (2013)
showed an alternative way to strictly analyze FTIR spectrum of anisotropic crystal with

unpolarized spectroscopy measurement using the following calculation:

Aor = % = _10810 [(3Tavg - 2Tmax)(ZTmin + 2Tnax — 3Tavg)(3Tavg - 2Tmin)]v (8-2)
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where Ao 1s the principal absorbance, a is total absorption coefficient, d is sample
thickness, and Tavg, Tmax, and Tmin are the average, maximum, and minimum
transmittance at each frequency, respectively. The calculated a as a function of
wavenumber did not alter from that calculated based on Paterson (1982), indicating that
the OH hydroxyl distribution in the OT2463 bridgmanite is almost isotropic. The water
content using Eq. (8-2) (Withers, 2013) was estimated as ~534 ppm wt. H>O, which is

consistent with that calculated based on Paterson (1982).

We observed a minor amount of brucite in our single-crystal bridgmanite sample
(Figs. 8-1,8-2) as reported in previous studies (Bolfan-Casanova et al., 2000; Litasov et
al., 2003). Nevertheless, brucite does not decompose at the P, T conditions conducted in
the present study (Duffy et al., 1991), and the volume fraction of brucite should not be
enough to interconnect a three-dimensional network in our sample. Besides, the
electrical conductivity of brucite at ambient and at high-P, T’ conditions is reported to be
lower than that of bridgmanite (Fuji-Ta et al., 2007; Ohta et al., 2008; Sinmyo et al.,

2014), so the presence of brucite should not affect the measured electrical conductivity.

8.2.2. Electrical conductivity measurements

The high-P, T electrical conductivity measurement was conducted using an
EHDAC with SiC heater introduced in Chapter 7. A rhenium (Re) + cubic boron nitride
(cBN) composite gasket (Funamori and Sato, 2008; Inoue et al., 2020; Suehiro et al.,
2019) with an initial rhenium gasket thickness of 25 um, and 120 um culet diamond
anvils were used. The cBN insulating layers were prepared on both sides of the gasket.

A single crystal bridgmanite sample OT2463 polished to ~15x15%20 pm?, then loaded
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into a 20 um diameter-sample chamber without a pressure medium. Gold electrodes that
were directly in contact with the sample were sputtered on both sides of the diamond
anvil surfaces, which of those initial thicknesses were both 1 um. These were connected
with platinum lead electrodes cut from a 10 um thick Pt foil (Fig. 8-3). Type-K TC was
placed in the pavilion of the diamond anvil to monitor the sample temperature. The
electrical insulations of Pt electrodes and TC were carried out using the Resbond 919
ceramic paste (Cotronics Corp.). The entire DAC assembly was dried in a vacuum
furnace at 140 °C right before the sample loading and the electrical conductivity

measurement.

The electrical conductivity (o) was calculated from the measured sample
resistance R, and the sample geometry of the length (/) between the electrodes and the
cross-sectional area parallel to the electrodes:

o=1/RS. (8-3)
The electrical resistance was measured by the quasi-four-terminal method, with
impedance spectra being collected using a HIOKI 3532-80 Chemical Impedance
Analyzer and a HIOKI Four-Terminal Probe 9500. The pressure was determined from a
Raman spectrum of the diamond anvil (Akahama and Kawamura, 2004). We used a
typical value of 10% for pressure errors. The recovered sample geometry was measured
by a scanning electron microscope (SEM) after milling with a focused Ga ion beam
(FIB) using VERSA 3D in the University of Tokyo and corrected for pressure using the
reported thermal equation of state of (Fe,Al)-bearing bridgmanite (Sun et al., 2018)
(Fig. 8-4). The errors in our conductivity measurements are calculated from the

uncertainty in the sample geometry, which was ~16%.
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8.3. Results and Discussion

We have conducted five independent experimental sets and succeeded in one run
(Table 8-1). We first pressurized the sample to 28 GPa at room temperature.
Subsequently, the sample resistance was measured with increasing temperature from
288 to 923 K. The pressure was increased to 30 GPa after the heating, so we treated our
data as 30 GPa and extended the pressure uncertainty at lower pressure. The collected
spectra showed three impedance arcs (Fig. 8-5), which is usually observed in frequency
dependent electrical conductivity measurements (Bauerle, 1969; Roberts and Tyburczy,
1991). The three resistive mechanisms are generally attributed to the grain interiors
(sample resistance), grain boundaries, and electrodes such as contact resistance, which
was first described in Bauerle (1969). The use of low-frequency data is also bothered
since the contribution of proton conduction is suggested to be underestimated due to the
effect of polarization (Roberts and Tyburczy, 1991). We obtained the sample resistance
by fitting our data measured at frequencies of ~10%-10% Hz because the effect of grain
boundary and electrodes are dominant for the collected conductivities at lower
frequencies (Bauerle, 1969; Karato, 2013; Roberts and Tyburczy, 1991; Yoshino,

2010).

Figure 8-6 shows an Arrhenius plot of the measured electrical conductivity. At
288—723 K, the logarithm of the electrical conductivity increased linearly with
decreasing reciprocal temperature. The calculated conductivity was about 6x1073 S/m at

room temperature, which was more than one order of magnitude higher than that of
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Mgo.oFeo.1S103 (Ohta et al., 2010b) and Mgo.s3Fe0.21Alo.06S10.9103 (Sinmyo et al., 2014)
bridgmanite at identical pressure. The conductivity increased to 7x107% S/m by
increasing temperature to 723 K. At higher temperature, the reciprocal temperature
dependence of the logarithm of the electrical conductivity showed a steeper slope (Fig.

8-6). The calculated conductivity was enhanced to ~1x10° S/m at 923 K.

The electrical conductivity o of a semiconductor can be expressed by the

Arrhenian formula:

o = apexp (— 1), (8-4)
where oy is the pre-exponential factor, 4H is the activation enthalpy, & is the Boltzmann
constant, and 7 is the temperature. We analyzed the AH by fitting different temperature
segments to Eq. (8-4), of which estimated values are listed in Table 8-2. The obtained
AH at 733 to 923 K was 0.8 eV, which is consistent with that of the previous results of
Fe- and (Fe,Al)-bearing bridgmanite with the dominant charge transportation
mechanisms of small polaron conduction (Katsura et al., 1998; Ohta et al., 2008;
Sinmyo et al., 2014; Xu et al., 1998a). We could not observe a significantly higher AH
reported on (Mgo.oFeo.1)Si03 Pv at P-T conditions of >100 GPa and 2500 K attributed to
the ionic conduction (Ohta et al., 2008), which should be due to the limited temperature
achieved in the present EHDAC study. In contrast, the derived AH at 288 to 723 K
showed a significantly lower value of 0.1 eV. Such a low 4H has reported in Li and
Jeanloz (1990) for Mgo ssFeo.12S103 bridgmanite, but this was probably due to the
difficulties in controlling the temperature in a laser-heated DAC below 1000 K. We
attributed this extremely low 4H to the proton conduction, which is thought to be a

dominant conduction mechanism at low temperature (Yoshino, 2010).
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Our results indicate that hydration of bridgmanite significantly enhances its pre-
exponential factor for both proton and small polaron conductions. By assuming no
change in the conduction mechanism at a higher temperature, we can calculate the
electrical conductivity of ~500 ppm wt. water-bearing bridgmanite by extrapolating the
present results at 30 GPa and 733—-923 K to a higher temperature using Eq. (8-4) with
the obtained pre-exponential factor and activation enthalpy. Note that neglecting the
possible change in transport mechanism may underestimate the temperature
extrapolated conductivity. The electrical conductivity of bridgmanite with ~500 ppm wt.
water shows at least two orders of magnitude higher values than that of anhydrous
bridgmanite up to 7=2000 K (10*/7=5) (Katsura et al., 1998; Sinmyo et al., 2014; Xu et
al., 1998a; Yoshino et al., 2008b) (Fig. 8-6). The observed hydration effect on the high
P, T electrical conductivity of bridgmanite is similar to that of the other major mantle
minerals such as olivine, which conductivity differs by two to three orders of magnitude
by changing the water content from 10 to 1000 ppm (Wang et al., 2006; Y oshino et al.,
2008a), and that of wadsleyite and ringwoodite reported to increase by two orders of
magnitude by increasing the water content from 100 to 10000 ppm (Huang et al., 2005;

Xu et al., 1998b; Yoshino et al., 2008a).

The one-dimensional electrical conductivity depth profile of ~500 ppm wt. H>O-
bearing bridgmanite was calculated using a typical geotherm (Brown and Shankland,
1981) (Fig. 8-7). It is important to emphasize that neglecting the positive pressure
dependence and the possible change in transport mechanism underestimates the
calculated conductivity. Bridgmanite with ~500 ppm wt. H>O shows around two orders
of magnitude higher electrical conductivity than that inferred by electromagnetic

observation in Olsen (1999) and Velimsky (2010) throughout the lower mantle, which
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of those are thought to be the global average conductivity profiles. The conductivity
difference between the other observation, which may be expressing a regional enhanced
conductivity profile (Ohta et al., 2010a) and our estimation for hydrous bridgmanite
also differs around two orders of magnitude in the mid-lower mantle depth (<1700 km
depth), which gets closer at further depth and corresponds at the lowermost mantle. The
enhanced electrical conductivity of the deep lower mantle is often explained by the
bridgmanite to post-perovskite transition (Ohta et al., 2008) and/or the presence of the
subducted MORB (Ohta et al., 2010a), but regional water heterogeneity may also make

a contribution.

The water concentration dependence of the pre-exponential factor of proton
conduction shows a linear relation when following the Nernst-Einstein equation
(Yoshino, 2010). Karato (2011) estimated the water concentration in the upper mantle
and the mantle transition zones by adopting a conductivity model showing a linear
dependence by increasing water content. To estimate the water content of lower mantle
bridgmanite, we assumed a linear conductivity dependence with water content (Karato,
2011). Although previous electrical conductivity measurements on bridgmanite lacked
labeling the water content of their sample, the amount of water in (Fe,Al)-bearing
bridgmanite synthesized in a MA without adding water resources is generally below the
detection limit in FTIR measurement (Bolfan-Casanova et al., 2000; Ohtani, 2015). The
water concentration of bridgmanite used in previous laboratory measurements was
assumed to be 0.5 ppm wt. H,O, which is a typical detection limit of H,O in FTIR
measurement (Peslier et al., 2017). The calculated electrical conductivity with 0.5 ppm
wt. H>O at 30 GPa was fixed to the conductivity of pyrolite at equivalent pressure (Ohta

et al., 2010a). As a result, the water concentration of lower mantle bridgmanite was
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found to be 0.2 to 9.6 ppm wt. H>O to explain the global average electromagnetic
observations (Olsen, 1999; Velimsky, 2010) (Fig. 8-8). Note that water content can be
even lower since again this is an underestimation, so we conclude that the water
concentration of lower mantle bridgmanite is less than 10 ppm wt. H>O. This
corresponds to 0.02 times the ocean mass, indicating a significantly dry lower mantle
compared to the previous estimates of up to 4.3 times the ocean mass (Peslier et al.,

2017).

Conductivity comparison between our results and that from the regional Occam
inversion analysis in Ohta et al. (2010a) deeper than 1800 km indicates a possible strong
conductivity heterogeneity produced by the regional water concentration variation. In
the surrounding mantle, the total hydrogen content is constant with depth when mantle
convection occurs without any large chemical fractionation, so such regional water
concentration variation in the lower mantle could be mainly caused by subduction
processes (Sobolev et al., 2019) which was also suggested by Ohta et al. (2010a). The
enhanced conductivity profile in Ohta et al. (2010a) may also be explained by the effect
of pressure, the change of conduction mechanism to ionic conduction (Xu and
McCammon, 2002). Further conductivity measurements at a higher temperature of
~2500 K is required to fully explain the regional conductivity profile differences (Ohta

et al., 2010a; Olsen, 1999; Velimsky, 2010).

8.4. Implications
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8.4.1. Water abundance in the Earth’s silicate mantle

We gave a constraint on the water concentration in the lower mantle of no more
than ~10 ppm wt. H,O. With the reported average water content in the upper mantle and
transition zone, we can calculate the total water content contained in the silicate Earth.
Table 8-3 summarizes the water concentrations in the Earth’s mantle estimated based on
the geophysical approach. The amount of water in the lower mantle is significantly

depleted than those in the other silicate layers, and the total water corresponds to 1.3 —

1.9 times the ocean mass.

The isotopic similarity between the bulk silicate Earth and the enstatite meteorites
suggests that a large fraction of the Earth’s building blocks consist of enstatite
chondrites (EC) (Dauphas, 2017; Javoy et al., 2010; Warren, 2011). To explain the
excess of the highly siderophile elements, i.e., the rare earth elements (REE), the
additional ~1—4% primitive meteorite has been thought to be brought after the core
formation, which is called the “late-veneer” hypothesis (Albaréde, 2009; Chou, 1978;
Fischer-Godde et al., 2020; Wang and Becker, 2013). Carbonaceous chondrite (CC) is
the strong candidate for the late-veneer meteoritic material (Fischer-Godde et al., 2020),
having an extensive water content of ~10 wt.% H>O (King et al., 2015), which
corresponds to ~4.5 times the ocean mass (Table 8-3). ECs has thought to be volatile-
poor than the other chondrites (Robert et al., 1987), but the latest study has shown that
those are moderately hydrous by comparing meteorites with different thermal
metamorphism degrees (Piani et al., 2020). From the reported water contents in the EC
(Piani et al., 2020; Robert et al., 1987), CC (Robert et al., 1987), and ordinary

chondrites (OC) (Alexander et al., 2012), we calculated the potential water abundance
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provided to the early Earth with three different suggested chondritic models (Dauphas,
2017; Javoy et al., 2010; Warren, 2011) (Table 8-3). Even with the extreme case using
conventional volatile-poor water content in EC of <500 wt. ppm H>O (Robert et al.,
1987) and with 100% EC accretion model (Javoy et al., 2010) brings explainable water
in the mantle and the hydrosphere. The relatively hydrous EC (Piani et al., 2020)
enhances to ~24 times the ocean mass delivery without the contribution of CC, and at
most ~166 times the ocean mass with the model suggested in Warren (2011). This
indicates that the chondrite accretion models would not contradict the bulk-silicate
water content. It is important to note that the calculated water contents by chondritic
models are upper limits since volatiles can escape via the degassing processes during
the Earth’s accretion (Hamano et al., 2013). Still, most of the calculated models involve
a significant amount of water exceeding the estimated bulk mantle water content, which
implies an extensive amount of hydrogen in the core (Sakamaki et al., 2016; Umemoto
and Hirose, 2015) and necessitates an explanation why only the lower mantle is devoid

of water compared to other layers.

8.4.2. The origin of the dry lower mantle

The estimated water concentration of bridgmanite with less than 10 ppm H>O is
significantly small when taking into account that ringwoodite in the lower mantle
contains 3000—6000 ppm H>O (Karato, 2013) and the partition coefficient of HO
between ringwoodite and bridgmanite is about 15:1 (Inoue et al., 2010), and was also
much less than the reported water solubility of (Fe,Al)-bearing bridgmanite (Litasov et

al., 2003; Murakami et al., 2002). Comparison of seismic tomography and EM studies
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show evidence of the fluid between the mantle transition zone (Fukao et al., 2004). This
is suggested to be formed by the dehydration of wadsleyite and ringwoodite due to
olivine transition (Bercovici and Karato, 2003) and decomposition to bridgmanite and
ferropericlase (Schmandt et al., 2014), respectively, which of those having much lower
water solubilities than mantle transition zone minerals. This transition water filter model
(Bercovici and Karato, 2003) with continuous whole mantle convection indicates that
the water in the mantle would be concentrated to the transition zone, which may explain
the dry lower mantle to some extent. However, it is not sufficient when considering the
recently preferred large primordial bridgmanite domain-preserving scenario against the
efficient whole mantle convection mixing (Ballmer et al., 2017; Giilcher et al., 2020)

(see Chapter 4).

After the metal-silicate fractionation and the core formation, ~1 wt.% metallic
iron is suggested to form in the lower mantle due to the disproportionation of ferrous
iron by bridgmanite formation (Frost et al., 2004). This iron is considered to be trapped
in grain boundaries in lower mantle minerals forming isolated pockets, hence the
contribution to the lower mantle electrical conductivity is thought to be minimal (Frost
et al., 2004). This metallic iron may perform as a water absorber; hydrogen is thought to
be highly siderophile at high-P, T conditions (Hirose et al., 2019; Okuchi, 1997), note
that there is a study claimed that it is rather lithophile, but it must be due to the
hydrogen escape before the analysis due to the recovering of the sample at ambient
pressure (Clesi et al., 2018). For instance, it has recently been found that H>O strongly
prefers metallic iron over olivine, wadsleyite, and ringwoodite (Shibazaki et al., 2009;
Zhu et al., 2019). Although there is no experimental report that quantified the H.O

partitioning between metallic iron and bridgmanite, it is likely that a large number of
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hydrogen partitions from bridgmanite to a co-existing metallic iron in the lower mantle
(Zhu et al., 2019). The amount of metallic iron formed in the other layers are thought to
be much less than in the lower mantle, which is at most ~0.1 wt.% in the upper mantle
(Rohrbach et al., 2007), so this model can explain the dry (<10 ppm wt. H>O) lower

mantle bridgmanite and the wet mantle transition zones simultaneously.

Bridgmanite crystallized from the magma ocean may contain up to 4000 ppm wt.
H>O (Murakami et al., 2002). Here, if most hydrogen partitions to the co-existing 1
wt.% metallic iron, ~1600 ppm wt. H2O in bridgmanite would sufficiently form an iron
hydride with 50 atm.% hydrogen (FeH). Stoichiometric face-center cubic (fcc) FeH is
reported to have a significantly low melting temperature of 2380 K at the core-mantle
boundary (CMB) P-T conditions (Hirose et al., 2019). If the initial bridgmanite contains
>1600 ppm H>O, the subsequently formed co-existing metallic iron hydride can be fully
molten at the early-stage hot solid lower mantle. Percolation of the iron melt is feasible
to occur at lower mantle pressures (Shannon and Agee, 1998; Shi et al., 2013), hence
metallic iron formed after the core formation may have additionally fallen to the core.
This involves an extensive amount of REE in the lower mantle extracting to the core, so
a late veneer accretion model may be necessary to explain the geochemical abundance
of the siderophile trace elements (Kimura et al., 1974; O’Neill, 1991). On the other
hand, if bridgmanite crystallized from the magma ocean does not contain sufficient
water for co-existing metallic iron to form an fcc FeH, those can be present in the lower
mantle due to the relatively higher melting temperature of FeH,<1 of ~3000 K at CMB
conditions (Tagawa, 2019). In this case, water brought down to the lower mantle by
plate subduction can be stored in this metallic iron. Since around 50 times ocean mass

can be stored to form a stoichiometric FeH, the water from the hydrosphere may be
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continuously be stored in the lower mantle up to the present. Moreover, since the
reaction between iron and water is thought to oxidize the surrounding mantle (Okuchi,
1997), the presence of metallic iron and the plate circulation may have contributed to
secular oxidation of the Earth’s mantle (Nicklas et al., 2019). Either which model takes
place should strongly be dependent on the water distribution coefficient between
bridgmanite and metallic iron, the water solubility of bridgmanite, and water
concentration in the deep ancient magma ocean, so detailed investigation on these topics

should be focused in the future study.
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8.6. Tables and Figures

Table 8-1. Electrical conductivity of hydrous bridgmanite at high P-T'.

Run Pressure Temperature Resistance Conductivity 6 Log(o)

(GPa)  (K) k) (x10° S/m) (S/m)
05 30 288 6510 6.1(10) -2.214
290 4590 8.7(14)  -2.063
311 4000 9.9(16)  -2.003
409 1727 23.037) -1.638
504 962 41.3(66) -1.384
594 581 68.4(109)  -1.165
618 487 81.5(129) -1.089
644 589 67.5(107) -1.171
699 539 73.7(117)  -1.132
723 439 90.6(144)  -1.043
733 561 70.9(113)  -1.149
780 241 164.9(262)  -0.783
782 257 154.7(246)  -0.810
788 198 200.5(318)  -0.698
791 201 197.4(313)  -0.705
853 92 431.3(685) -0.365
883 65 611.5(971) -0.214
923 38 1040.6(1652)  0.017

318



Table 8-2. The obtained activation enthalpies and preexponential factors.

Sample Run Temperature range (K) log(o) AH (eV)

Hydrous bdg 05  288-723 -0.32(5)  0.10(1)
05  733-923 438(14)  0.80(2)
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Table 8-3. Water concentrations in the silicate Earth.

ncentration
I(j;mc\?v ¢ H;()) X Mass Oceans E;Zgl?:/i) Model
Crust' - 0.3-0.4 12 -
Upper mantle’ 200 0.1 18.2 -
Transition zone' 3140-5100  0.9-1.4 12.1 -
Lower mantle <10 <0.02 68.5 -
Total silicate Earth ~600—800 1.3—-1.9 100 -
Silicate Earth+Hydrosphere - 2.3-29 - -
1% late-veneer CI” ~100000 ~4.5 - a
100% EC’ <500 <2.4 - b
100% EC* ~5000 235 - b
68%EC +32%CC’ <32300 <151 ] c
68%EC*+32%CC’ ~35400 ~166 - ¢
T1%EC*+5%CC*+24%0C° <7500 <35 - d
71%EC*+5%CC*+24%0C° ~10700 ~50 - d

EC, enstatite chondrite; CC, carbonaceous chondrite; OC, ordinary chondrite.

7 Water content provided in Peslier et al. (2017), King et al. (2015),
Robert et al. (1987), Piani et al. (2020), and Alexander et al. (2012), respectively.

a,b,c,d

Warren (2011), and Dauphas (2017), respectively.

320

:Chondritic models suggested in King et al. (2015), Javoy et al. (2010),



a 1 atm, 300 K
— bridgmanite
brucite
— gold
| 1 II i |II e |II [N IIII||I 1 Lun III [ I‘ o IIIIIII Fornenr
20 40 60 80 100

Intensity (a.u.)

bridgmanite
AlLO; corundum
— brucite

— platinum

4 6 8 10 12 14 16 18 20
2 theta (deg.)

Fig. 8-1. XRD pattern of the bridgmanite sample OT2463 (a) at ambient and (b)
at high pressure in a DAC. Green, gray, and blue lines in Fig. 8-1a show the
peaks of bridgmanite, brucite, and gold, respectively. The XRD pattern shown in
Fig. 8-1b was obtained in BL10XU, Spring-8. Note the spotty bridgmanite peaks

indicating a single crystal sample, and the minimal amount of brucite peaks.
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Fig. 8-2. (a) example of the obtained unpolarized FTIR spectrum of bridgmanite

sample OT2463, and (b) total average absorption coefficient as a function of

wavenumber after subtracting baseline and the peak from brucite. Gray broken

line in Fig. 8-2a indicates the brucite peak at 3690 cm™! (Bolfan-Casanova et al.,

2000). Green and orange curves in Fig. 8-2b show the absorption coefficient

calculated in the manner described in Paterson (1987) and Withers (2013),

respectively.
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Fig. 8-3. Schematic DAC configuration for the electrical conductivity

measurement.
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Fig. 8-4. (a) SEM image of the cross-section of the recovered sample, and (b)(c)
photomicrographs of the recovered sample gasket with and without the top light,
respectively. The bright portion in Fig. 8-4c¢ is from the bottom light through the

sample.
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Fig. 8-5. Typical obtained impedance spectrum. The color scale indicates the frequency
applied to the sample. Insert figure shows the impedance spectrum collected at

relatively higher frequencies of >103 Hz.
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Fig. 8-6. The logarithm of the electrical conductivity of bridgmanite as a function of
reciprocal temperature. Light blue circles and line indicate the Mgo ssFeo.14Alo.11S10.9103
bridgmanite with ~500 ppm wt. H2O (this study), and light broken line shows its
temperature extrapolation (i.e., reciprocal temperature interpolation). Light gray and
gray broken lines, gray and black lines, and gray square indicate previous results for Al-
free and Fe-bearing bridgmanite with composition of (Mgo.ssFeo.12)Si03 (Li and Jeanloz,
1990), (Mgo.93Fe0.07)S103 (Katsura et al., 1998), (Mgo.o15Fe0.085)Si03 (Xu et al., 1998a),
(Mgo.92Fe0.08)S103 (Peyronneau and Poirier, 1989), and (Mgo.9Feo.1)SiO3 (Ohta et al.,
2010b), respectively. Dark blue and yellow lines, and yellow triangle indicate previous
results for (Fe,Al)-bearing bridgmanite containing Fe 8.8 atm.% and Al 2.5 wt.% (Xu et

al., 1998a), and composition of Mgo s3Feo21Al0.06S10.9103 (Sinmyo et al., 2014),
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respectively. Green and purple lines indicate the reported electrical conductivity of

pyrolite and MORB, respectively (Ohta et al., 2010a).
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Fig. 8-7. One-dimensional depth profiles of the electrical conductivity of the lower
mantle. Light blue band indicates the profile of ~500 ppm wt. H>O-bearing bridgmanite
from this study. Open circles and triangles indicate the laboratory measurements of
pyrolite and MORB, respectively (Ohta et al., 2010a). Yellow, red and green lines
indicate the profiles obtained by the Occam inversion from the observed C-response

data from Olsen (1999), Velimsky (2010), and Ohta et al. (2010a), respectively.
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Fig. 8-8. One-dimensional depth profiles of the electrical conductivity of the lower
mantle with different water concentration. Gray broken line indicates the depth

corresponding to 30 GPa, which is the pressure conducted in the present study.
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Chapter 9. Synthesis
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9.1. Review of the previous chapters

Here we summarize the present results showed in each chapter as follows.
»  Chapter 2
We reported the first experimental data providing the effect of both Fe and Al
incorporations on the thermal conductivity of bridgmanite. The obtained results
showed a minor reduction compared to the reported values with Mg-pure
compositions.
»  Chapters 3-5
From the systematic studies on X-ray diffraction measurements (Chapter 3)
and in-situ Mossbauer spectroscopy measurements (Chapter 4), we found that
bridgmanite synthesis at high-P, T conditions where Fe in B-site stabilizes as the
low-spin state is the key for accommodating the low-spin Fe, and clarified that
bridgmanite in the Earth’s lower mantle undergoes the spin transition. We also
found that the thermal conductivity of bridgmanite reduces at the pressure range
where Fe is in the mixed-spin state, while the conductivity at the high- and the
low-spin state has a minor effect (Chapter 5). This indicates that the spin
transition is unlikely to affect the thermal conductivity of bridgmanite at the
lowermost mantle. The impurity effect of Fe and Al on thermal conductivity of
bridgmanite was formulated, which enables us to calculate the conductivity with
pyrolitic and mid-ocean ridge basalt (MORB) composition.
»  Chapter 6
We showed the first thermal conductivity measurement of Fe-bearing post-

perovskite at high-P, T conditions. The conductivity values were moderately lower
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than that of the Mg-pure ones. Also, the grain boundary effect on the thermal
conductivity of post-perovskite was found to be small at the Earth’s lower mantle
P, T conditions.
»  Chapter 7
We developed a new externally heated diamond anvil cell (EHDAC) technique
capable of performing temperature-accurate and stable high-P, T experiments up to
1,500 K. The heater assembly was applicable for conducting high-P, T electrical
conductivity measurements, which was used in that reported in Chapter 8.
»  Chapter 8
The long-standing unknown amount of water in the lower mantle was cleared
by the electrical conductivity measurements on hydrous bridgmanite, which was
estimated as <10 ppm wt. H>O. A significantly dry lower mantle indicates that the
effect of hydration on the thermal conductivity of bridgmanite should be

negligible.

The collected thermal conductivity data of bridgmanite and post-perovskite allow us to
estimate the thermal conductivity of the lowermost mantle and calculating the
temperature profile above the core-mantle boundary (CMB). In the next section, we
calculate the CMB temperature profile from our lower mantle thermal conductivity data,

and in the end, estimate the CMB heat flow.
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9.2. Core-mantle boundary temperature profile

9.2.1. Calculation of the lowermost mantle temperature profile: 1. Upper bound of the

core-mantle boundary temperature in the dry lower mantle

Calculation of the lowermost mantle temperature profile by heat conduction
equation requires the information and the thermal conductivity and the temperature at the
CMB (see Chapter 1). The upper and the lower bound of the CMB temperature can be
derived from the mantle solidus and the melting temperature of the core, respectively,
based on the observation of the solid lowermost mantle (Yu and Garnero, 2018) and the
molten outer core. The solidus temperature of pyrolite was first experimentally
determined by Fiquet et al. (2010) by observing the in situ diffuse X-ray scattering, which
was estimated as 4180 + 150 K at the CMB. The later report showed a significantly lower
pyrolite solidus temperature of 3570 = 200 K at the CMB from X-ray computed
tomography (CT) image of the recovered sample (Nomura et al., 2014). The starting
material used in Fiquet et al. (2010) was a glass which is generally anhydrous, while
Nomura et al. (2014) used the gel starting material with ~400 ppm wt. H>O. Their
conflicting results are often explained by the reduced solidus temperature of wet pyrolite.
However, a very recent study by Kim et al. showed a low anhydrous pyrolite solidus
temperature of 3430 + 130 K at the CMB using the same melting criteria in Fiquet et al.
(2010) but with using their developed multichannel collimator, which allows them
observing the diffuse signal from a relatively small amount of melt (Kim et al., 2020).
They argued that the high anhydrous pyrolite solidus temperature reported in Fiquet et al.

(2010) is due to the difficulty in detecting the diffuse scattering from a small volume of
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melts at the solidus by conventional instruments. They also concerned the method in
Nomura et al. (2014) that the observation of the melt in their sample is conducted after
decompression to an ambient condition, which may involve textural change yielding the
confusion in identifying the melting temperature in their laser heating experiments.
Thereby, anhydrous pyrolite solidus temperature of 3430 + 130 K at the CMB (Kim et
al., 2020) can be even lowered by additional hydration but has yet to been investigated

by their improved method.

Based on the dry lower mantle inferred from our electrical conductivity
measurement (see Chapter 8), we adopted the upper bound of the CMB temperature of
3430 + 130 K (Kim et al., 2020) for temperature profile calculation at the CMB. Such a
low CMB temperature of ~3400 K is close or can be even lower than the reported melting
temperature of pure iron (Anzellini et al., 2013; Boehler, 1993; Sinmyo et al., 2019). The
requirement that the CMB temperature is higher than the core melting temperature can be
satisfied when alloying volatiles that lowers the melting temperature such as hydrogen
(Hirose et al., 2019), sulfur (Mori et al., 2017), carbon (Mashino et al., 2019), and/or

oxygen (Morard et al., 2017).

9.2.2. Calculation of the lowermost mantle temperature profile:2. Lower mantle

thermal conductivity model

We calculated the temperature profile above the CMB in a similar manner

estimated in Dekura et al. (2019), using the following heat conduction equation:

aTE(P)LY) _ 1 9
at "~ Cp(z(P1))p(2(PT)) 02

[k(2(P), 1) TE22)], (9-1)
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where Cp, p, and « are the heat capacity, density, and the thermal conductivity of the lower
mantle as a function of depth z, respectively. C, was set as a constant value of 1300
J/Kg/K. Density as a function of depth z of 0.512z+4094 kg/m? was applied for the p, which
was yielded by a linear fitting of the one-dimensional density-depth profile in the Earth’s
lower mantle (Dziewonski and Anderson, 1981). We used the commercial software
package COMSOL Multiphysics 5.3a for the calculation. Mantle geometry was set as a
two-dimensional rectangle with a height of 1200 km (corresponding to 1700—2900 km in
depth) and a width of 1000 km. Dekura et al. (2019) chose the CMB temperature (7cmvs)
fixed to be 3800 K (Kawai and Tsuchiya, 2009), whereas we fixed it to 3400 K based on
the most recently provided upper bound (Kim et al., 2020). The temperature at 1200 km
above the CMB was fixed to 2353 K (70), which was referred from the adiabatic
temperature (7adiabat) provided in Brown and Shankland (1981). The initial temperature
was set to 7o for all depths except for the CMB temperature fixed to Tcms. Triangle
meshes were applied as grids, which resolution in depth was set as 0.75 km. Time
integration was divided into 100 steps in = 10’-10° yrs. We used the thermal conductivity
of (Fe,Al)-bearing bridgmanite modeled in Chapter 5, and Fe-bearing post-perovskite
modeled in Chapter 6, respectively; the thermal conductivity model introduced in section

S.5-6 in Chapter 5 was used for that of bridgmanite as follows:

300 K\ 4
Kbag(P,T) = Kpag (P, 300 K) (2) (9-2)
Kpagx(P, 300 K) = A(P)x + B(P), (9-3)

where x is the summation of Fe and Al content in per formula unit, xudgx is the thermal
conductivity of bdg with Fe+Al=x (pfu), and a is the temperature coefficient, respectively.

We used the coefficients in Eq. (9-3) of A(P)=-(7.0e-4)P?>-(6.4e-2)P-2.6 and B(P)=(4e-
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4)P?>-0.13P+6.3, which was provided in section S.5-6 in Chapter 5. We used the
temperature dependence coefficient a of 0.37-0.43 (Chapter 2). For the thermal

conductivity of post-perovskite, we applied the following thermal conductivity model:

= () () o4

Pref

where xr and prr are thermal conductivity and density at reference pressure and
temperature (7wr), g and a are pressure and temperature dependence coefficients,
respectively. The parameters of a=0.65, g=6.0, xrer =59.8 W/m/K, T1er=300 K, and prer
=5.47 g/cm? were used, which were given in Chapter 6. The thermal conductivity of
ferropericlase (Ohta et al., 2017) was combined in addition to the MgSiO3 polymorph to
calculate the pyrolite conductivity using the Hashin-Shtrikman averaging (Hashin and
Shtrikman, 1963) (see Chapter 6). Since recent laboratory seismic wave velocity
measurements (Mashino et al., 2020; Murakami et al., 2012; Wakamatsu, D thesis) prefer
perovskitic lower mantle rather than the traditional pyrolitic composition (Ringwood,
1962), we calculated the CMB temperature profile with and without the contribution of
ferropericlase, respectively. We neglected the contribution of Ca-perovskite due to the
small volume fraction in the lower mantle and the lack of its thermal conductivity data at

high-P, T conditions.

Seismic observations have shown that two relatively hot regions compared to the
surrounding beneath the Central Pacific and Africa verge the CMB, known as the Large
Low Shear wave Velocity Provinces (LLSVPs, Garnero and McNamara, 2008). We
determined the “hot geotherm” by attributing the D’ discontinuity observed by seismic
observation at the top of the CMB under Central Pacific, to the bridgmanite to post-

perovskite phase transition, and the “average geotherm” by assuming that the
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discontinuous change in the PREM profile is due to the onset of the thermal boundary
layer (TBL) above the CMB, respectively. The Clapeyron slope of 8 MPa/K was used,
which was robustly constrained from both mineral-physically and theoretically (Ohta et
al., 2008; Tsuchiya et al., 2004). The temperature gradient in the TBL was obtained by
calculating the average temperature gradient from the CMB to the point where (7-

Tadiabat)/(TemB-Tadiabat) 18 0.01 (Kawai and Tsuchiya, 2009).

9.2.3. Temperature profile at the base of the mantle and the absence of double-

crossing of MgSiOs polymorph

The calculated average geotherm of the lowermost mantle with pyrolitic and
perovskite compositional models show only a slight difference (Fig. 9-1). The estimated
temperature gradient in the average geotherm was ~5.0 + 0.4 K/km, which is smaller than
the previous estimation from the seismic studies of 10 £+ 3.8 K/km (van der Hilst et al.,
2007). This may because they investigated beneath the subduction zone at Central
America, which is thought to be relatively a cold region. The calculated average geotherm
with the suggested Clapeyron slope of bridgmanite to post-perovskite transition (Ohta et
al., 2008; Tsuchiya et al., 2004) well explains the D discontinuity beneath central Asia,

Arctic, and the Caribbean (Fig. 9-1).

The estimated hot geotherm of the pyrolitic model shows a weaker depth
dependence than that of the perovskite model. This should be due to the larger thermal
conductivity of bdg+fp aggregate (pyrolitic model) than that of bdg (perovskite model).
The temperature gradient in the pyrolitic model and perovskite model were estimated as

0.6 £ 0.1 K/km and 1.1 £ 0.1 K/km, respectively, which is fairly consistent with those

337



estimated in Dekura et al. (2019) of 1.4 K/km. However, the geotherm inferred from the
seismic study at the LLSVP beneath the Central Pacific, which is thought to be the
representative of hot geotherm, was reported to be 8.5 + 2.5 K/km (Lay et al., 2006). The
seismic study by Lay et al. (2006) obtained a shear wave velocity depth profile in the
LLSVP beneath the Central Pacific, and observed a discontinuous increase and a
subsequent sharp decrease. They have attributed the increase of s-wave to the bridgmanite
to post-perovskite transition, and the decrease to the back transformation of post-
perovskite to bridgmanite. However, in our geotherm calculation, we could not get a
solution that shows a double-crossing by changing the Tcmp ranging from 3400—-3800 K
with the Clapeyron slope of 8 MPa/K (Ohta et al., 2008; Tsuchiya et al., 2004). The
double-crossing requires an unrealistically large Clapeyron slope of ~16 MPa/K and/or a
high Tems of 4200 K (Kawai and Tsuchiya, 2009). Together with the recently preferred
low Tcms 0of ~3400 K (Kim et al., 2020; see section 9.2.1), we suggest that the bridgmanite
to post-perovskite to bridgmanite transition is unlikely to occur in the Earth’s lowermost
mantle. Numerical simulation infers a huge temperature gradient in the LLSVP
(Nakagawa and Tackley, 2005), indicating a strong lateral dependence of the seismic
velocity profile there. Indeed, the depth of the reflection where s-wave velocity increase
was observed, attributed to the bridgmanite to post-perovskite transition, shows a strong
local dependence (Lay et al., 2006) varying by ~200 km. On the other hand, those where
discontinuous s-wave velocity reduction was observed, attributed to the back
transformation of post-perovskite in Lay et al. (2006), showed only a slight difference at
most of ~15 km. This supports that the s-wave velocity reduction observed in Lay et al.

(2006) is not due to the back transformation of post-perovskite in the LLSVP.
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Then, what causes the observed discontinuous s-wave velocity reduction in the
LLSVP at ~2800 km depth (Thomas et al., 2004; Lay et al., 2006)? The anticorrelation
between s-wave and bulk sound velocity implies in the LLSVP implies a
thermochemically distinct structure (Masters et al., 2000), which can be accumulated
dense oceanic plates piled throughout the Earth’s subduction history (e.g., McNamara
and Zhong, 2005; Ohta et al., 2008). SiO2 phase is thought to account for ~20% in the
mid-ocean ridge basalt, and its phase transition from CaClx-type to a-PbO»-type is
thought to show a negative s-wave velocity jump of about -0.5% (Karki et al., 1997). This
transition was thought to take place about 70 km shallower than the bridgmanite to post-
perovskite transition in pyrolite (Murakami et al., 2003; Ohta et al., 2008). Still, the SiO-
phase has been reported to contain volatiles such as water (e.g., Litasov et al., 2007) and
nitrogen (Fukuyama et al., 2020), which incorporation may affect its phase transition P-
T conditions. If the origin of a negative reflection of s-wave velocity at the base of the
LLSVP is due to the CaCl-type to the a-PbO»-type transition of the SiO; phase, the
Clapeyron slope of this transition should be very small (<8 MPa/K) to explain the
negligible location dependence of the reflection depth of the discontinuous s-wave
velocity reduction (Thomas et al., 2004; Lay et al., 2006), but is not well constrained
(Murakami et al., 2003). Detailed studies on the SiO> phase transition with volatiles may
clear the origin of the negative s-wave velocity reduction observed at the base of the

LLSVP.
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9.3. CMB heat flow

We calculated the CMB heat flow Ocwms by the Fourier’s law with the estimated
temperature gradient at the CMB in the previous section and the thermal conductivity of

lowermost mantle estimated in Chapters 5 and 6:

Qemsi = —ri(3;) A (9-5)

. .. aTy\ .
where «; is the thermal conductivity of the lowermost mantle, (E) is the temperature
l

gradient, 7 is the difference in the assumed lower mantle compositional model, and 4 is
the CMB surface area, respectively. The applied thermal conductivity of the lowermost
mantle with pyrolitic ppv+fp and perovskite model (all ppv) were 12.8+ 1.3 and 14.0+
1.3 W/m/K, respectively. The Ocmp with the estimated average geotherm was calculated
to be 9.8 + 1.9 TW for pyrolitic lower mantle and 10.8 + 2.0 TW for perovskite model
(Fig. 9-2), indicating a minimal dependence of the Ocwvs with the compositional model
of the lower mantle. For hot geotherm, Qcms was 1.2 + 0.2 TW for the pyrolitic model
and 2.3 +£ 0.4 TW for the perovskite model. We also calculated the Ocms with seismically
inferred temperature gradient in the cold region of 10 = 3.8 K/km (van der Hilst et al.,
2007), which shows a high heat flow of 19.7 = 8.9 TW for pyrolite and 21.6 £ 9.5 TW
for perovskite model. The average heat flows calculated with the hot and cold geotherms
were 10.4 =£4.9 TW for pyrolite and 11.9 £ 5.3 TW for perovskite, which is consistent
with the average heat flow calculated from the estimated average temperature profile. The
perovskite model is an extreme case without the contribution of ferropericlase. The
suggested perovskitic model indicates the bridgmanite accounting for 88—92 vol.%

(Mashino et al., 2020; Murakami et al., 2012; Wakamatsu, D thesis). Therefore, the
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estimated Qcmg of our perovskite model (all ppv) would be the upper bound of the actual
one. From the minimum and maximum Qcwmgs values of both compositional models, we
conclude that the net Ocmp is 10.4 £2.5 TW. The estimated average Ocmp was within the
old prediction of 5-13 TW (e.g., Stacey, 1992), and is consistent with those from seismic
observations with using the typically used thermal conductivity value of 10 W/m/K, of

13 +£4 TW (Lay et al., 2006; van der Hilst et al., 2007).

The unknown contribution of mantle cooling can be calculated from the terrestrial
heat-flow balance. By neglecting the minor heat sources such as tidal heating (<0.4 TW)
(Lay et al., 2008), the estimated total OQcms of 10.4 £ 2.5 TW with the global radiogenic
heat of 20 + 3 TW (Araki et al., 2005; Jaupart et al., 2015), and the total surface heat flow
of 46 £ 3 TW (Lay et al., 2008) gives the secular mantle cooling of ~16 TW in average,
but with wide uncertainty of ~9 TW due to the uncertainties in each component (Fig. 9-
3). Mantle cooling consists of the contribution from the upwelling hot plumes and
downwelling cold slabs. Generally, estimation of the energy propagation by upwelling is
much difficult than that by subduction due to a low resolution of deep plume heads via
tomographic images (Montelli et al., 2004) and possible small undetectable plumes
(Malamud and Turcotte, 1999). The contribution of cold subduction was estimated to be
13—14 TW from finite frequency tomography and the Stokes’ flow model (Nolet et al.,
2006). With the mantle cooling of ~16 TW, the hot plumes carry only ~2 TW from the
mantle to the surface, indicating that a large portion of mantle cooling is performed by
subduction of cold slab rather than the hot plumes. This is consistent with the view that
not all the hot plumes are buoyant enough to bring energy to the surface due to the
interaction between other plumes, the negative Clapeyron slope at the 660 km depth, and

heavier materials upwelling from the chemically distinct dense LLSVPs (Labrosse, 2002).
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Because of the large uncertainty, we cannot exclude the possible larger contribution of
the upwelling plumes up to ~11 TW but would not be larger than the contribution of
subducting oceanic plates (Fig. 9-3), which strengthens that plate tectonics control the

Earth’s mantle cooling.

The estimated Qcms with hot and cold geotherm showed a huge difference by more
than ten times of ~1—-22 TW, in other words, an extreme peak-to-peak lateral variation of
CMB heat flow as suggested from numerical simulation (Nakagawa and Tackley, 2008).
The thermal conductivity difference of lowermost mantle due to temperature and

.. C aT\ ;.
compositional variation is at most ~50% (see Chapters 5, 6), whereas the (5) difference

between hot and cold geotherm was ~1000%, so the cause of the lateral heat flow
variation is mainly due to the difference in regional temperature variation. The estimated
Qcwms variation is consistent with that derived from the temperature variation inferred
from seismology assuming that seismic wave velocity variations merely thermal origin,
and a constant thermal conductivity, as 0—22 TW (Stackhouse et al., 2015). This supports
the huge temperature variation creating CMB heat flux diversity than thermal

conductivity difference.

The parameter ¢"=(¢max-gmin)/2¢mean indicates the strength of the lateral heat flux
variation at the CMB. From the hot and cold geotherms, the ¢" values for pyrolite and
perovskite model were calculated as 1.1*3-2 and 1.2152, respectively. A smaller value of
~0.2 has been preferred, which was inferred from seismological studies investigated
beneath relatively hot Central Pacific (Lay et al., 2006) and cold Central America (van
der Hilst et al., 2007). Again, we suggest that the assumption of the double-crossing with

non-realistic Clapeyron slope led to a relatively strong temperature gradient at hot regions

342



corresponding to a small ¢* value. Numerical dynamo simulations showed that the
structure and strength of the magnetic field can strongly be dependent on the ¢ at the
CMB. Gubbins et al. (2011) showed that increasing the ¢* from 0.15 to 0.45 generates
strongly concentrated downwellings flow in the outer core beneath the cold regions at the
CMB. They expected that such narrow downwellings would increase the heat flux at the
inner core boundary (ICB), which may be enough to cause localized melting of the inner
core. Our estimated large ¢* value of ~1 is much higher than 0.45, and thus supports the
localized melting of the inner core (Gubbins et al., 2011). Since a solid inner core is
suggested to contain less volatiles than the surrounding outer core (Birch, 1952), the
melting of the inner core should form a stable dense volatile-poor layer above the ICB
(Gubbins et al., 2011), which may explain the origin of p-wave anomalies observed right
above this boundary so-called F-layer (Song and Helmberger, 1995; Souriau and Poupinet,
1991). Also, laboratory experiment has shown that such heterogeneous heat flow at the
ICB causes a temperature difference in the core and induces an anisotropic inner core
crystallization (Sumita and Olson, 1999), which is likely to explain the seismically
observed west-eastern hemispherical P-wave velocity and attenuation anomalies in the

inner core (e.g., Tanaka and Hamaguchi, 1997).

Moreover, an increase of ¢* is found to enhance the localization of the outer core
convection and the geodynamo activity, which generates a stronger magnetic field
(Takahashi et al., 2008). They observed a broad outer core downwelling shifted from the
cold region at the CMB when applying ¢° =0.5, and by increasing ¢* to ~1 the
downwelling flow was strongly concentrated under the high heat flow region (i.e.,
relatively cold area) creating a stronger magnetic field, indicating that geodynamo

structure is dependent on the strength of CMB thermal heterogeneity. As an important
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example, they suggested that the symmetrical thermally heterogeneous lowermost mantle
with regard to the equator can generate a stable and extremely strong magnetic field,
which might be the origin of the Superchron such as the Cretaceous Normal Superchron.
A large ¢" of ~1 found in this study have profound implications for the outer core
convection, geodynamo, and inner core structure. We expect further geodynamo and
mantle dynamics simulations with parameterizing a higher ¢* value for a better

understanding of core and lower mantle dynamics.

9.4. Future perspectives and Conclusions

In the final section, I will summarize the expected further studies related to this
dissertation.
(I). Thermal conductivity of pyrolitic ppv+fp aggregate

A series of thermal conductivity measurements on lower mantle minerals have
quantified the effects of impurity and Fe spin transition, which allows us to evaluate the
thermal conductivity of pyrolite and MORB. So far, the thermal conductivity of
pyrolitic bdg+fp aggregate has reported (Geballe et al., 2020), but that of ppv+{p has
never been measured. Direct thermal conductivity measurements on pyrolite and
MORB at CMB-P, T conditions can infer that of the lowermost mantle without relying

on thermal conductivity models.
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(IT). Thermal conductivity of (Fe,Al)-bearing bridgmanite and ferropericlase at
high-P, T conditions

To our knowledge, so far three thermal conductivity measurements have reported
on (Fe,Al)-bearing bridgmanite (Okuda et al., 2017, Chapter 2; Hsieh et al., 2017;
Okuda et al., 2019, Chapter 5), and two measurements on ferropericlase (Ohta et al.,
2017; Hsieh et al., 2018) at high pressure using a DAC. However, all of these studies
remain in room-7 measurements. Direct thermal conductivity measurements at lower
mantle high-P, T conditions is required since spin state of Fe would be affected by

temperature (also stated in future study III).

(IID). Spin state of Fe in bridgmanite at high-P, T conditions

Theoretical study (Tsuchiya and Wang, 2013) showed that the Fe spin transition
pressure enhances by increasing temperature, but we lack experimental confirmations.
The onset depth of the spin transition of Fe in bdg occurs have profound implications

including reduction of the thermal conductivity of the lower mantle found in Chapter 5.

(IV). Development of seismic observation, and investigation of the temperature
dependence of seismic wave velocity of lower mantle minerals

Development of a new analysis such as wave inversion technique have provided
high-definition seismic depth profiles at the lowermost mantle. The increase of
seismological events and/or further developments on the seismic observations would
give a seismic data from the base of the mantle with higher resolution. The temperature

dependence of seismic wave velocity of lower mantle minerals currently relies on
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theoretical calculations (Wentzcovitch et al., 2006, 2009), which calls for experimental

verifications.

(V). The water content in the Earth’s lower mantle

Due to the relatively lower temperature and pressure achieved in the present study
(Chapter 8), we could only estimate the upper limit of the lower mantle water
abundance. Electrical conductivity measurements at high-P, T covering the entire lower
mantle conditions provide more detailed information of the water content in the lower

mantle and hence that of the bulk Earth.

In conclusion, I hope this thesis has supplied an important insight to the CMB
heat flow and the thermal evolution of this planet. Further detailed thermal conductivity
measurements and the development in seismology techniques give better understanding
of the variety of dynamical phenomena driven from immense thermal conduction at the

CMB.
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9.6. Figures
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Fig. 9-1. (a) Shear velocity models at the CMB in several different regions inferred
from double-array stack studies (modified after Kawai and Tsuchiya, 2019), and (b) the
estimated temperature profile above the CMB. Yellow and dark yellow lines indicate

the calculated average geotherm with perovskite and pyrolitic model, respectively, and
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brown and orange lines indicate the calculated hot geotherm with perovskite and
pyrolitic model, respectively. Pink and blue broken lines indicate the estimated hot and
cold geotherm in Dekura et al. (2019), respectively. Black line and gray band indicate
the Clapeyron slope of bridgmanite to post-perovskite transition with MgSiOs-pure

(Tsuchiya et al., 2004) and pyrolitic composition (Ohta et al., 2008), respectively.
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Fig. 9-2. The complied CMB heat flux and surface flow. Orange and brown bars

indicate the estimated CMB heat flow of pyrolitic and perovskite composition,

respectively, and yellow and green bars indicate those with the reported thermal

conductivity of pyrolitic rock (Geballe et al., 2020) and MgSiO3; PPv + MgO aggregate

(Dekura and Tsuchiya, 2019), respectively. Gray and open bars indicate the CMB heat

flow estimated from the seismically inferred temperature gradient above the CMB

beneath Central Pacific (Lay et al., 2006) and Central America (van der Hilst et al.,

2007), respectively, and with the typically used lowermost mantle thermal conductivity

of 10 W/m/K (Stacey, 1992). Red and pink bars indicate the CMB heat flow estimated

from the core thermal conductivity and its adiabat estimated in Ohta et al. (2016) and

Konopkova et al. (2016), respectively.
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Fig. 9-3. Global heat-flow balance of the Earth. Tidal heating contribution is not

considered here. Cooling rate via slab subduction was referred from Nolet et al. (2006).
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