






































Geoneutrinos and radiogenic power in the Earth: recent advances and future prospects
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Introduction: The Earth’s engine is driven by
unknown proportions of primordial and radiogenic
energy, with the former being left over after
accretion and core formation, while the latter is
produced in radioactive decay of K, Th & U.
Competing models of Earth’s composition reveal an
order of magnitude uncertainty in the amount of
radiogenic power driving mantle convection and
plate tectonics. This gross level of uncertainty
weakens our models of the composition and
dynamics of the Earth, including its thermal
evolution, style and planform of mantle convection,
and energetics of the core.

Measurements of the flux of geoneutrinos,
electron antineutrinos emitted inside the Earth
during 3~ decays, reveal the amount of U and Th in
the Earth and define its amount of radiogenic power.
Flux measurements at large underground neutrino
detectors confronted with geological predictions of
geoneutrino emission from the Earth’s crust
constrain the radiogenic power deeper in the Earth.

Earth’s energy budget: The secular loss of heat
from the deep Earth has been reasonably well
constrained at 46+3 TW [1] from careful analyses of
land and sea-floor heat flow measurements. Much
uncertainty remains in attempts to separate the total
surface heat loss into the two major contributions,
the secular cooling and ongoing differentiation
(inner core growth) of the planet on one hand, and
the power of radiogenic heat sources (radionuclides
of U, Th, K) on the other [1]. Our current
understanding offers a rather accurate estimate of
radiogenic heat production in the Earth’s crust of
7+1 TW [2] and argues for negligible to very limited
radiogenic power in the Earth’s core [3]. The
uncertainty of a factor of ~3 in geochemical and
cosmochemical estimates of Silicate Earth’s
abundances of K, Th & U, translates, after
subtracting the crustal component, into an order of
magnitude uncertainty in radiogenic power
available in the convecting mantle [4].

Measuring geoneutrino flux: The highest
energy antineutrinos, emitted in 3~ decays of natural
232Th and 238U decay chains, can be detected via
inverse beta decay reaction with energy threshold of
1.8 MeV, in large underground liquid scintillator
neutrino  experiments. Detectors in  Japan
(KamLAND) [5] and Italy (Borexino) [6] have
measured geoneutrino flux and have begun to put
limits on Earth models of U & Th abundances. A
simple combined analysis of KamLAND and
Borexino results indicates a mantle geoneutrino
signal of 8.8+6.4 TNU (Terrestrial Neutrino Units)

which translates to radiogenic power of 21+10 TW
in the Silicate Earth (Fig.1) [7].
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Lithospheric flux in TNU
V'A$%8" ( Measured geoneutrino total flux (vertical axis)
vs. predicted lithospheric flux (horizontal axis). The y-
intercept of slope 1 line fit (red dashed) indicates the
mantle signal, and translates into the Silicate Earth’s
radiogenic power (purple).

Three more detectors are expected to have
measured geoneutrinos by year ~2020: SNO+ in
Canada, and JUNO and Jinping in China. The
combination of data from all five experiments has
the potential to provide much tighter limits on
radiogenic power in the Earth’s mantle [8].

Synergy between neutrino physics and
geoscience: Extracting the mantle signal from the
measurement of total Earth’s geoneutrino emission
requires an independent accurate prediction of
crustal signal which must come from geoscience.
Ongoing dedicated efforts are invested in improving
both the global and the regional (near detectors)
models of crustal structure and composition, hence
prediction of crustal geoneutrino emission.

Measuring geoneutrinos at oceanic locations,
distant from nuclear reactors and continental crust,
would best reveal the mantle geoneutrino flux.
Performing a coarse scale geoneutrino tomography
could even test hypotheses of large heterogeneous
structures enriched in heat-producing elements
located in the shallow [9] or in the deep mantle [4].

References: [1] Jaupart, C. et al., Treatise Geophys.,
vol. 7, ch. 6 (2015). [2] Huang, Y. et al., Geochem.
Geophys.  Geosyst, 14, 2003 (2013). [3]
McDonough, W.F., Treatise Geochem., vol. 3, ch.
16 (2015). [4] Sramek, O. et al., Earth. Planet. Sci.
Lett., (2013). [5] Gando, A. et al., Phys. Rev. D, 88,
033001 (2013). [6] Agostini, M. et al., Phys. Rev. D,
92, 031101 (2015). [7] https://tinyurl.com/y2hj7psv
[8] Sramek, O. et al., Sci.Rep., 6, 33034 (2016). [9]
Roskovec, B. et al. arXiv:1810.10914.
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Measurement of T-dependent electrical resistivity of solid and liquid Fe and Pt at fixed P
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Introduction: Knowledge of the thermal and
electrical conductivity of solid and liquid Fe and its
relevant alloys at P and T conditions is essential for
understanding the cooling history of planetary cores
and modelling their dynamo. The general
understanding of the electrical transport properties
of the transition metals at lower P will perhaps give
insight in understanding Fe behavior at the
inaccessible planetary core conditions. Theoretical
investigation has suggested that the electrical and
thermal conductivity of solid and liquid Fe at Earth’s
core conditions are similar in value [1].!At ambient
T, experimental investigation showed that hcp e-
phase of Fe becomes paramagnetic at ~18 GPa while
Pt is paramagnetic and crystalize fcc at ambient
conditions. Since Fe and Pt have an unfilled d-band
electronic structure and at high P both exhibits
closed packed crystal structures, experimental
determination of the transport properties of molten
Pt at lower P conditions is important for
understanding the behavior of molten Fe preceding
e-phase at ~80 GPa.

Experimental: We develop a technique and cell
design for the investigation of the electrical
resistivity of metals that keeps it free from
contamination in the multianvil press. And, we

report measurements on Fe and Pt. The sample was
kept pure by making the electrodes and the sample
the same composition while the thermocouple (TC)
is placed close to the sample and taking through the
gasket. The major challenge of TC breakage during
compression and/or heating was overcome by
shielding the TC with a cylindrical hollow coiling
ring made of the same composition as the TC leads.
The use of current polarity reversal to eliminate
biased voltage as deployed in previous studies was
adopted.

Results and Discussion: The resistivity of both
Fe and Pt increases and decreases with T and P
respectively, was observed. On melting, Fe result at
3 GPa agrees with very recent data by Silber et al.
[2] which showed an increasing difference in the
resistivity value of solid and liquid with increasing
P. While, Pt resistivity on melting at 3 GPa appears
constant comparable to its 1 atm value. Experiment
is on-going to measure resistivity of liquid Fe and Pt
at higher P.

References: [1] Wagle, F., Steinle-Neumann, G.,
Geophys J. Int., 213, 237, (2018). [2] Silber, R.E.
et al., Sci. Rep., 8, 10758 (2018).
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Using S-P wave search the depth of mantle 660-discontinuity beneath Kuril Region

where subduction slab do not exist

G. Hao, Faculty of Science , Kyushu University , Fukuoka ,Japan

Introduction

The depth of the 660-km seismic
discontinuity is investigated at the Kuril
Region , by using the broadband
earthquake event data from provided by
IRIS. We processed about 50 events
occur at Kuril Region and Sea of
Okhotsk , depth range from 100 to 600
km. In these data , about 20 of them
show clear S660P phases , which S wave
propagate to the 660-km discontinuity
and convert to P wave then recorded by
arrays at USA These S660P wave
propagate away from the subducting
slab to America and Alaska. For
shallower and intermediate depth(100 ~
300km)  earthquake, the  S-to-P
conversion occur at the 660-km
discontinuity that do not cross with the
subducting slab. For deeper events (400
~ 600km), the conversions occur within
or near the boundary of the slab (due to
the dip angle of the slab ). We estimate
the depth of 660-km discontinuity by
computing the depth of conversion
points of S-to-P wave , the depth of
660-km discontinuity at Kuril and
Okhotsk region that do not cross with
the subducting slab is about 6605 km,
indicate that there is no comprehensive
depression at this region . Results of
deeper events suggest that, at the
vicinity of the slab, the 660-km
discontinuity have 10 to 15 km
depression, consistent with previous
research. In addition , for comparing
with the wave that propagate
within/near and away from the
subducting slab, we also process some
deep events data that recorded by

arrays at Europe, suggest that
discontinuity has about 10km
depression (get results from only two
events).

gpicenter

660-km discontinuity R

Figure 1 : the structure of subducting slab and ray path of

seismic waves processed in this research
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Figure 3 : two examples (113km & 388km) that S660P can

be seen clearly, and the relatively arrival time of P & S660P



Sharpness of the hemispherical boundary in the inner core beneath the northern Pacific
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Introduction: Hemispherical heterogeneity in
the topmost of the Earth’s inner core, faster
velocity and higher attenuation in the eastern
hemisphere and slower velocity and weaker
attenuation in the western hemisphere, has been
revealed by  seismological studies.  The
understanding of this feature is an important key to
give constraint on the physical state and the growth
process of the inner core. However, it is not
achieved consensus on the transition structure
between two hemispheres, because of the difficulty
to analyze complex core-sensitive data and the
limitation of earthquake and seismic array
distribution. We previously developed a waveform
inversion based on simulated annealing and
analyzed core phase data observed by globally
deployed seismic array. Using this approach, we
provided continuous depth profiles of velocity and
attenuation structures and revealed the presence of
intricate heterogeneous structures in the top 300 km
of the inner core [1, 2]. In this study, we apply this
waveform inversion approach to core phase data
sets that propagate beneath the northern Pacific to
investigate the nature of the transition structure in
this region.

Data: Data set used in this study consists of
two directional event-station pairs, seismograms
observed by permanent European stations for
events at Fiji-Tonga region, and USArray for
events near Indonesia (Fig. 1). We analyze the
broadband vertical component of collected core
phase data containing PKIKP and PKP phases (i.e.
the epicentral distance between 145 — 155 degree).
Each data is filtered by 0.5 — 1.5 Hz bandpass filter.
Resultant analyzed waveforms for EU stations and
USArray are 2,108 and 1,172 traces respectively.

Observations: Waveform inversion based on
simulated annealing is employed for each event
data to measure traveltime and attenuation in the
inner core. As a result, traveltime anomalies
observed by EU stations show obvious positive
anomaly suggesting mainly propagating the eastern
hemisphere, while traveltimes observed by USAray
show relatively smaller (or no) anomalies
suggesting effects by both of two hemispheres. On
the other hand, attenuation parameters for both
arrays show similar trend that suggests high
attenuation  corresponding to the eastern
hemisphere.

To investigate a hemispherical transition
boundary in sampling region, we conduct a ray
theory based forward modeling of traveltime by

changing a shape of boundary from meridian
boundary to eyeball shaped boundary, and its
position. We compute root-mean-square (RMS) of
residual between observations and theoretical
traveltimes computed with each boundary model.
Then, an eyeball shaped boundary, that is located at
longitude of 158°E on the equatorial line and
latitude of 80°N at the northernmost point, obtained
as the preferred hemispherical boundary, which
derives the minimum RMS value. Finally, we
investigate a sharpness of the boundary by varying
a width of hemispherical transition. We assume
linear variation from the eastern and western
hemisphere in a given width and compute RMS. As
a result, the width of 600 km at the surface of the
inner core shows smaller RMS than sharp boundary.
The obtained transition structure is shown in Fig. 2.

Figure 1 The distribution of events (star) and stations
(triangle), and ray paths propagating in the inner core
(solid line). Red and blue denotes the data for EU
stations and USArray respectively. Black line is
proposed hemispherical boundary in [3].

Figure 2 The preferred hemispherical transition
boundary projected on the Earth’s surface. The black
line is the hemispherical boundary and areas colored by
blue and red denote the eastern and western hemisphere.
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Sample-scale geochemical variation of the Inada granitic body, Ibaraki, Japan -toward the reduction of
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Introduction: Geoneutrio observation at anti-
neutrino observatory "KamLAND" in Kamioka
(Hida City, Gifu Prefecture), is expected to bring
us direct information on the abundance of
radiogenic elements in the deep earth [1]. As
crustal rocks exhibit a higher concentration of
geoneutrino producing radiogenic elements
(Uranium and thorium) than mantle rocks, it is
necessary to subtract the contribution of
geoneutrino from the Japanese crust from the
observation value in Kamioka to estimate
geoneutrino flux from core and mantle. For the
purpose, we are developing a 3D compositional
map of Japanese crust [2]. Geoneutrino flux
calculated using the compositional map exhibits a
large error (~ 80%) at present. We found that
information on the spatial correlation of the rock
chemical composition on various spatial scales
such as a single rock suite scale (m to km scale),
and outcrop or sample size scale (m-cm) is
fundamental to reduce the estimation error of
crustal geoneutrino flux as small as the observation
error of the neutrino on KamLAND.

Geological background and Method: In this
study, we present a sample-scale (cm scale)
geochemical heterogeneity of a granitic body of
Inada, Ibaraki prefecture, Japan. Inada granite is a
Cretaceous granite in the Ryoke belt [3].

We collected rock samples from Inada granite,
in order to evaluate the variance of chemical
compositions in the single rock sample (~500g).
Grid sampling was conducted in two quarries in the
Inada area. The sample was subdivided into several
cubic samples with a weight of about 25g using a
diamond saw. Each cubic split was polished on a
grinder, rinsed in an ultrasonic bath to avoid
surface contamination. Major and some trace

element concentrations of each cubic sample were
determined by X-ray fluorescence spectrometer
(XRF) at the 'Earthquake Research Institute,
University of Tokyo. Also, we conducted analysis
by an ED-XRF at Japan Agency for Marine-Earth
Science and Technology to evaluate the mm scale
spatial distribution of elements in each split.

Result: Wide compositional variations in a single
rock sample (~500g) such as 73~77 SiO2 wt%
were observed. Based on the data, we evaluated the
relationship between compositional variance and
the size of the sample. SiO2 concentration was
positively correlated with the modal concentration
of quartz, indicating the granite experienced mm to
cm scale geochemical process to derive the
heterogeneous distribution of quartz. Our result
indicates that, in addition to the kilometer or meter
scale variations, cm-scale geochemical variation
should be considered to evaluate geochemical
variation of granitic rocks. Also, this result will be
combined analysis with the geochemical database
for the basement rocks of Japanese islands with
geographical coordinates [4] to evaluate multi-scale
spatial correlations of rock compositions.

References: [1] The KamLAND Collaboration,
Nature Geosci. 4, 647-651 (2011). [2] Takeuchi,
N., Ueki, K., lizuka, T., Nagao, J., Tanaka, A.,
Enomoto, S., Shirahata, Y., Watanabe, H.,
Yamano, M. and Tanaka, H., Phys. Earth Planet.
Int (2019) in press. [3] Arakawa, Y. and Takahashi,
Y. Contrib. Mineral. Petrol., 101, 46-56 (1989). [4]
Haraguchi, S., Ueki., K., Yoshida., K., Kuwatani,
T., Mohamed, M., Horiuchi, S. and Iwamori, H.,
Jour. Geol. Soc. Japan, 124, 1049-1054.



Ab initio anharmonic lattice dynamics for Fe-bearing lower mantle minerals
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Introduction: Determination of lattice

thermal conductivity (k,) of lower mantle
(LM) minerals is a key to understanding the
dynamics and evolution of the earth’s deep
interior. Some recent experimental studies

have shown that k;,, of MgO and MgSiO;
bridgmanite (Brg) are substantially reduced
by Fe incorporation [1-5]. In contrast,
Okuda et al. (2017) reported a very
different result on Brg with a marginal
effect of Fe particularly at high pressure [6].
Besides, the effect of Fe on MgSiOs post-
perovskite (PPv) has never been reported.
Therefore, in this study, we investigate K,
of Fe-bearing LM minerals (ferropericlase
(FP), Brg, and PPv) in the LM pressure and
temperature conditions, based on the ab

initio anharmonic lattice = dynamics
techniques.
Computational  Methods:  We

performed density-functional theoretic
calculations combined with the internally
consistent density-functional theory plus U
technique for more precisely describing the
Fe-O bond [7]. The harmonic (HFC) and
anharmonic force constants (AFC) were
then extracted by numerical derivatives of
the adiabatic potential surface. The ferrous
iron was treated in the high spin state for
Brg and PPv, and the low spin state for FP.
Using the HFC and AFC determined in this

study, we then calculated the K, of the
three phases by fully solving the phonon
Boltzmann transport equation describing
phonon distribution function in the
interacting phonon systems [8].

Results and Discussion: Calculations
demonstrate strong negative solid solution

effects of Fe incorporation on K, of the
three phases. Our detailed analysis
indicates that the strong Fe effect occurs
primarily due to the substantial change in
harmonic properties. We found that the

calculated k,, of FP with ~13% iron at
~100 GPa and 300 K is more than 2 times
higher than those reported by DAC
experiments with ~10-20% iron [3.4],
while the k;,, of Brg (~6% iron) is found
to be lower than the experiment with ~7%

iron [5]. The values of k;,, of Brg and PPv
under the lowermost mantle condition is
found to be almost the same, and they are

~10-20% of the value of k;,, of FP. This
indicates both the FP and Brg/PPv almost
equally contributes to the thermal transport
properties of deep LM. The effective
conductivity for pyrolytic aggregate is also
discussed.
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Melting of silicates played important roles in
chemical differentiation in a deep magma ocean in the
early Earth. Therefore, melting relations of the MgO—
SiO2 system have been extensively studied since a
pioneer work by Bowen and Anderson [1].
Furthermore, chemical differentiation in the deep
magma ocean has been simulated extensively based
on results of high pressure melting experiments (e.g.
[2] and [3]). However, almost all of these works have
been carried out on the compositions ranging from
MgO to MgSiOs, assuming that the bulk mantle
composition is peridotitic or close to that derived from
CI chondrite. Recently, enstatite chondrite (E-
chondrite) has been attracted as the bulk earth source
material [4] because the isotope systematics of the
Earth and Moon are nearly identical to those of E-
chondrite over O, N, Mo, Re, Os, and Cr. In E-
chondrite, the silicate composition is characterized by
Si02/(Si02+Mg0O) = ~0.6, which is substantially
higher than that of the peridotitic mantle (~0.4).

In this context, understanding of the melting
relations over compositions between MgSiOs; and
SiO2 is indispensable to clarify the mantle
fractionation. That also relates to investigations of
chemical compositions of the crust at early stage of
the Earth. Nevertheless, there have been very limited
works on the pressure effect on melting in the
MgSiOs—SiO2  system.  Available information
regarding phase relations in the system has been so far
limited to 5 GPa [5]. In this study, we are determining
the melting relations in the MgSiOs;—SiOz system at
pressures 5 to 20 GPa. Here we present the results
obtained at 10 GPa.

References: [1] Bowen and Anderson (1914) Am. J.
Sci. 4th ser. 37, 487-500. [2] Kato and Kumazawa
(1985) Nature 316, 803-805. [3] Ito and Katsura
(1992) Am. Geophys. Union Monogr. 67, 315-322.
[4] Javoy et al. (2010) Earth Planet. Sci. Lett. 293,
259-268. [5] Dalton and Presnall (1997) Geochim.
Cosmochim. Acta 61, 2367-2373.



Pressure effect on IR spectra of anhydrous minerals
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Introduction: Water incorporation mechanisms in
nominally anhydrous minerals in the Earth’s mantle are
important to understand effect of water on some physical
properties (e.g. rtheological properties; [1]; electrical
conductivity; [2, 3]). Olivine is the most consistent mineral
in the upper mantle can contain small amount of water from
a few wt.ppm to a few 1000 wt.ppm (e.g. [4]). Many water
incorporation mechanisms of olivine were suggested by
experimental studies (e.g. [5, 6]) and theoretical studies
(e.g. [7]) and were controversial.

In order to study the role of water, the positions of
hydrogen ions in crystal sites should be investigated at first.

Experimental: In-situ observations at high
pressure were conducted at room temperature up to ~
7.1 GPausing a diamond-anvil cell (DAC). Diamond-
anvils (type IIA) with 600 pm culets were used in all
experiments. SUS304 stainless steel plates with 300
or 350 pm in thickness were used for gasket. A 400
Mm diameter hole was drilled in a gasket, and was pre-
indented to ~280 pm in thickness, then the holes
(sample chamber) in the gaskets were shrunk to ~300
Mm in diameter. The starting material was placed in
this sample chamber with KBr pressure medium. The
semicircular shaped starting material was adopted in
this study because it is easy to identify the direction
of crystal axis under microscope. Small ruby chips
were also inserted in the sample chamber as the
pressure markers. After set of the sample assembly,
DAC was dried up in vacuum oven (~423 K) over 12
hours to prevent the adsorption of water vapor. The
pressure was calculated from the ruby pressure scale
based on the shift of the fluorescent peak [8].

FT-IR spectra were obtained from a vacuum-type
FT-IR spectrometer (FT-IR-6100 and IRT-5000),
equipped with mid-IR light, a KBr beam splitter, and
a mercury cadmium telluride (MCT) detector. The
degree of vacuum reached to 1Pa to reduce
interference by moisture. The samples were analysed
with a typically 7575 pm polarized IR beam parallel
to crystal axis. The back ground was measured at
space where signals from sample and ruby could be
avoided. The IR spectra were obtained by averaging
typically 256 scans with 4 cm! resolution.

Results and Discussion: In this study, we performed
in-situ IR observations at high pressures for forsterite (Fo)
single crystals using DAC. At first, we developed in-situ IR
observation method at high pressure for low water content
of nominally anhydrous minerals in the upper mantle. Using
this technique, polarized IR spectra parallel to crystal axis
of synthetic hydrous Fo were obtained under high pressure
for the first time. First principle calculation (DFT
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Figure 1(a) The pressure effect of polarized absorption IR
spectra of synthetic forsterite parallel to a-axis. (b) The
enlarged figure of the range of 3650~3500 cm™! in the (a).
Vertical positions of the spectra were shifted for a
comparison.

calculation) for hydrogen position in Fo was carried out at
various pressures. Hydrogen position in Fo was estimated
based on the comparison of the vibrational frequencies
measured by the FT-IR methods and simulation by the first-
principles methods. The band shift observed in experiments
under high pressure could be explained by the hydrogen
position change in Si Site with pressure calculated by DFT.
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(2012) Earth Planet. Sci. Lett., 357-358, 11-20. [3]
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531-541. [4] Mosenfelder et al. (2006) Am. Min.,
91(2-3), 285-294. [5] Bai, Q., Kohlstedt, D.L. (1993)
Phys. Chem. Minerals, 19, 460-471 [6] Berry et al.
(2005) Geology, 33(11), 869-872. [7] Umemoto et al.
(2011) Ame. Min., 96, 1475-1479. [8] Mao et al.
(1986) J. Geophys. Res., 91(BS), 4673-4676.
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Introduction: The ilmenite structure of MgSiOs,
known as akimotoite, is inferred to occur in cold
subducting slabs in the bottom of Earth’s mantle
transition zone and the uppermost lower mantle along a
low-temperature geotherm [1]. Akimotoite is thought to
be the most anisotropic mineral in the Earth’s mantle
transition zone [2-3]. The elastic anisotropy caused by
the lattice preferred orientation of akimotoite due to slab-
induced deformation may be used plausibly to interpret
the significant seismic anisotropy observed in mid-
mantle (depths 410-670km) [5-8]. However, previous
studies did not determine the slip plane or the dominant
slip system precisely [9]. Therefore, precisely and
detailed lattice preferred orientation of akimotoite is
needed. In this study, we conducted deformation
experiment to investigate the rheological properties of
akimotoite.

Experimental: For the preparation of starting
material of akimotoite aggregates for deformation
experiment, high pressure experiments using MgSiOs
glass as starting material, have been performed at
1400 °C, 20-22GPa in the Kawai-type multi-anvil
apparatus. The starting material of synthesis experiments
was prepared using the following procedures. A mixture
of MgO and SiO; with a 1:1 mol ratio was heated in a
furnace at 1683°C for 15-45 minutes and quenched to
form MgSiOs glass. The glass was powdered in an agate
mortar with ethanol for half an hour. We conducted
deformation experiment on akimotoite aggregates by
using high pressure deformation apparatus. so called D-
111 type apparatus installed at Institute for Planetary
Materials, Okayama University (Fig.1lb). The
deformation experiment was performed at 1200 °C, ~21
GPa. Schematic cross-section of cell assembly of pure
shear experiments is shown as Figla. The original length
of akimotoite aggregates was 0.784 mm.
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Figure 1 Schematic cross-sections of cell assemblies of pure
shear deformation experiments(a) and photo of D-111 type
apparatus installed at Institute for Planetary Materials,
Okayama University(b).

Results and Discussion: The chemical composition
of synthetic glass was analyzed by an electron probe
micro-analyzer (EPMA). EPMA mapping showed that
Mg and Si were homogenously distributed in the glass.
After synthesis experiments, sample were investigated
by X-ray diffraction, electron probe microanalysis and
scanning electron microscopy to identify phase, measure

Al,O3piston

MgO

Aki | 693.750um

Al,O3 piston

15.0KV COMPO

Figure 2 Scanning Electron Microscope images of the
deformed akimotoite aggregates. Sample quenched at ~21 GPa
and 1200 °C (run D039).
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Figure 3 The relationship between displacement of d-rams and
load of d-rams.

chemical composition and observe microstructure,
respectively. The recovered sample was well-sintered
and no-crack akimotoite aggregates with grain size of 2-
8 um. These akimotoite aggregates were suitable as a
starting material for deformation experiments. After
deformation, the length of recovered sample was 0.694
mm (Fig 3) with deformation time for 120 min. The
strain and average strain rate were estimated to be
e~0.12and € = 1.67 x 10™*s~1, respectively. Figure 4
shows the relationship between displacement and load of
d-rams, suggesting the mechanism change from elastic to
plastic deformation with increasing d-ram load (or
displacement). Microstructural analysis by using EBSD
reveals the lattice preferred orientation pattern and
indicates the dominant slip system.

References: [1] Akaogi et al., Phys. Earth Planet.
Inter. 132, 303 (2002). [2] Zhang et al., Phys. Earth
Planet. Inter. 151, 309 (2005). [3] Weidner & Ito, Phys.
Earth Planet. Inter. 40, 65 (1985). [4] Wookey et al.,
Nature 415, 777-780 (2002). [5] Nowacki et al.,
Geochem. Geophys. Geosys. 16, 764 (2015). [6] Foley
& Long, Geophys. Res. Lett. 38, L02303 (2011). [7]
Lynner & Long, Geochem. Geophys. Geosys. 15, 2262
(2014). [8] Heintz, J. Geophys Res. 111, B09303 (2006).
[9] Shiraishi et al., Nature, 455, 657 (2008).
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Introduction: Under non-hydrostatic conditions,
uniaxial compression causes deviatoric stress in
pressurized samples. A radial X-ray diffraction
method is one way to solve the deviatoric stress.
Several years ago, we have constructed a multi-axis
diamond anvil cell (DAC) oscillation system [1] for
powder X-ray diffraction experiments to overcome
a statistical problem on the analysis from a spotty
diffraction pattern taken with a low-emittance
synchrotron radiation X-ray. By recent remodeling,
the function as a radial X-ray diffraction was added
to the multi-axis DAC system [2].

Experimental: The multi-axis DAC oscillation
system has three axes: horizontal (), vertical swivel
(w), and rotating axes (¢) perpendicular to 6. The
DAC with a laterally large angular aperture (70°),
which is newly developed for the radial XRD
experiments, is inserted into the holder on ¢ axis
(Fig. 1). The sample position is adjusted to the center
by each axis. The position is remotely controlled
with a pulse motor system and the angle was
determined by high-precision encoders. The
incident X-ray focuses on the sample in a direction
perpendicular to compression axis of DAC. A
beryllium gasket is used to reduce the diffraction
from the gasket materials. The diffracted X-rays
are detected with an imaging plate. Since the DAC
also has a large aperture (70°) in an axis parallel to
compression, the oscillating mechanism still works
effectively in this system. This system is installed
at SPring-8 (BL04B2).

Results and Discussion: We tested the system
for the radial XRD experiments under uniaxial
compression of MgO samples. The sample loaded
into the DAC without pressure medium was
compressed to 13.8 GPa and subsequently
decompressed to ambient pressure. Variation of
measured d-spacing (200) vs. azimuth was plotted in
Fig.2.  Differential stress was calculated from
Singh’s method [3]. After the decompression to
ambient pressure, residual stress was observed in the
sample. Further details will be presented in the
poster session.

Figure 1 The multi-axis DAC oscillation system after
latest remodeling for radial X-ray diffraction experiments.
Inset: The DAC for radial XRD experiments.
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Figure 2 Variation of d-spacing (200) of MgO with
azimuth under wuniaxial compression (black) and
decompression (red).
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Figure 1 Visualized sample with DREAM App. The
sample is a micrograin returned from the asteroid
Itokawa as a part of the Hayabusa mission [3]. DREAM
App displays a genetic hierarchy as navigation tree,
storage location on floor maps, and analysis spots on
surface maps.

It is important to archive samples with data
because well-managed samples can be traceable for
a long time and reanalyzed with future state-of-art
technologies that we cannot even imagine. Institute
for Planetary Materials (IPM), Okayama University
is constructing DREAM, which is a depository that
stores research samples with data to support future
research [1], and “DREAM App”, which is a web-
based software for sample curation that supports
personal and institutional sample and data
management [2].

DREAM App allows users to add custom fields
to meet the needs for their own sample collection,
establish the relationship between an original
sample and any sub-samples, track its storage
location and weight loss/gain history, correlate any
and all geochemical datasets (Figure 1), and show

datasets on interactive maps and diagrams (Figure 2).

In addition, DREAM App provides a RESTful API
to enhance interoperability. With the API, we have
developed several client applications. For example,
an Android application for sample management
registers a new sample at a field site, creates its sub-
samples at a laboratory, prints their QR code to label
printers, and tracks current locations by just
scanning their QR codes. A smart scale for
automatic sample weighing updates current weight
of a sample by just scanning its QR code with
barcode reader. With the application and the smart
scale, almost all sample management tasks can be
completed with an Android phone or tablet. We also
plan to provide a cross platform application, which
supports iOS devices such as iPhone and iPad.
Furthermore, DREAM App supports seamless
sample registration to SESAR (System for Earth

Figure 2 Data visualization with DREAM App. The
visualized data are abundances of 52 elements in natural
waters determined by ICP-MS with FDC-ID-IS method
[4]. DREAM App displays geochemical data as a
formatted table and geochemical diagrams such as
spider plot. Sample localities are shown on an
interactive map created with Leaftet (javascript library)
and OpenStreetMap (tile map service).

Sample Registration) [5], which provides access to
the sample catalog via the Global Sample Search,
and operates the registry that distributes the
International Geo Sample Number (IGSN).

Currently, DREAM stores 21,000 samples,
1,300 places, 4,900 analyses, 650 bibliographies,
and 22,000 images. With the seamless sample
registration to SESAR, we have obtained IGSNs for
360 samples, which referred in 12 publications.
Datasets associated with the publications (500
samples, 260 places, 2,200 analyses, 12
bibliographies, and 600 images) and DREAM App
are available at the following URL.

https://dream.misasa.okayama-u.ac.jp/

We focus on creating software manuals and user
guides to promote the use of our software in any
laboratory or institution. In addition, we plan to
provide cloud-based sample management software
that should help geochemists all over the world
manage samples by using the phone in their pocket
without IT expert knowledge.

References: [1] Kitagawa et al. Journal of Space
Science Informatics Japan, 3, 73-77 (2013).
[2] Yachi et al. Geostandards and Geoanalytical
Research, 38, 95-102, (2013). [3] Nakamura et al.
PNAS, 101, E624-E629 (2012). [4] Que et al.
Geostandards and Geoanalytical Research, 43,
147-161 (2018). [5] http://www.geosamples.org/
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We have conducted simultaneous measurements
of thermal diffusivity and thermal conductivity of
mantle minerals under pressure by the plain
pulse—heating method in the Kawai-type apparatus at
the Institute for planetary materials, Misasa. We
adjust the method by Dzhavadov, who measured
thermal properties under pressure for a large (20 mm
in diameter) specimen, for mantle materials by
reducing the size of sample. This method is a
predominant one for deep Earth materials because it
has some advantages as follows: (1) comparatively
small amount of samples compared with other
method such that uses cylindrical sample symmetry,
(2) applicable to materials with anisotropy in thermal
conduction, (3) simple cell assembly. Moreover, this
method has potential to obtain specific heat capacity
under pressure. We started measurement for upper
mantle minerals, olivine and garnet and hydrous
phases such as serpentine and talc using a sample of
4.3 mm in diameter and Imm in length. The pressure
range was up to 10 GPa and temperature to 1100 K.
In order to extend pressure range, reduction of the
sample cell assembly was needed. A new assembly
quite similar to our previous one was designed for a
sample of 2.6 mm in diameter and 0.6 mm in
thickness (Fig. 1). The assembly was installed in an
octahedral pressure medium with edges of 14 mm
and compressed by anvils with truncated corner of 7
mm (14-7 cell). Test measurements were made using
garnet samples (Fig.2). This new cell enables to
perform measurements at pressures exceeding 20
GPa, therefore applying to materials of the mantle
transition zone. The cell is also applicable to other
important minerals, for example, pyroxene, of which
specimen has necessarily limited size. A cell
assembly of more reduced in size is planned. The
coming cell will be used for measurements of
MgSiO; perovskite (bridgemanite).

Thermal diffusivity or thermal conductivity
shows differences among literatures, even though in
case of upper-mantle minerals. Measurement of
these properties under pressure is indispensable to be
performed  under  considerable  approximate
conditions due to limited size of the sample. This
may cause discrepancies among experimental data.
Our measurement by a simple or clear method will
settle values of thermal conductivity of thermal
diffusivity for the major mantle minerals.

Thermocouple
(0.02 mm x 0.25 mm)

Zr0y

Mg0 Mg0

Furnace (Nickel-
Chromium)

Sample
Ta

Impulse Heater
(Molybdenum, 0.01 mm thick)

2mm

Fig. 1. 14-7 cell assembly for thermal conductivity and
thermal diffusivity measurement in the Kawai apparatus (~
20GPa). The numeral before the hyphen is edge size of an
octahedral pressure medium and after is truncated corner
of an anvil.
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Fig. 2. Thermal conductivity (1) and thermal diffusivity (x)
measurement by various sizes of cell. Errors of 1 (ca. 3%)
and x (ca. 2%) come from the uncertainty of heating area,
pulse heating power, sample thickness and fitting errors.
Systematic errors among runs may come from unexpected
deformation and/or displacement in the sample assembly,
in particular, at the initial pressurizing; more precise
machining of sample preparation is needed to avoid these
unfavorable effects.
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GHz ultrasonic velocity measurements has been
developed up to ~15 GPa in diamond anvil cell
(DAC). In order for GHz ultrasonic measurement,
both P and S wave buffer rods were manufactured
through sputtering ZnO piezoelectric film on single
crystal rods, such as sapphire, rutile (TiO2), and
YAG. Several technical breakthroughs have been
achieved before observing stable signals from the
specimen squeezed in DAC: (1) Wiping by aqueous
ammonia on the contact surfaces enhances
transmissibility of GHz wave from buffer rod to
diamond. (2) Cleaning by lathery detergent and
water jet is effective to remove sticky staff on rear
surface of diamond. (3) Steel ball supporter provides
easier adjustment of contact between buffer rod and
diamond. Consequently, we succeeded to
demonstrate performance of GHz-DAC system
through measurements on KCl and natural olivine
samples.

transducer N
S wave P wave

] buffer rod
\ /
\ diamond
B anvils
¢ \ sample
+ ruby tip

Figure 1. (a) Schematic view of the present GHz-
DAC measurement assembly. A ruby tip is shown
schematically by black rectangle in the sample
cell. (b) Conceptual comparison between P and
S wave buffer rods, S wave buffer rod is available
by utilizing P-S conversion of ultrasonic wave.

(@) (b)

Amplitude, arbitrary unit
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Figure 2. Amplitude modulation along carrier
frequencies. (a) KCl at 1.4 GPa. (b) Natural olivine
at4.5 GPa. (c) Smoothen plot of (a) through Fourier
transformation. (d) Fortier coefficients of the raw
data of (a). Upper plot is the raw coefficients on data
shown in (a). Middle plot shows truncation of longer
travel time components. Lower plot is horizontally
magnified plot of the middle plot. We can see that
coefficients longer than ~50 ns were truncated to be
zero.
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Figure 3. Resulted Vp of sample. (a) Results on
KCI. Present data are shown by solid circle, while
those of Campbell and Heinz (1994) by cross
shapes. Note that the highest data point in the
parenthesis may correspond to measurement of
gasket material.  (b) Natural olivine. Solid circles
and cross shapes indicate data measured under
loading and unloading processes. Dotted line
shows reference data of Darling et al. (2004). Note
that the data point at 0 GPa in the parenthesis may
be deviated owing to voids inside specimen.
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Introduction: Two-dimensional van der Waals
materials are promising fabricated materials for
electric components. The nano-sheets made from
them by exfoliating are applicable to ultra-compact
electronic devises. In particular, phosphorene,
which is a single layer of black phosphorus (BP),
has two excellent electrical properties derived from
the band structure. First, it has a direct band gap of
0.8 eV along with a-axis. Second, the sloop of the
band dispersion curve promises a high carrier
mobility along with the c-axis.

The doping technique to BP is required in order
to enhance its designability and stability. It will
enable us to control p-n type and the band gap, in
addition, increase the resistance to oxidation [1].
We tried to synthesize the single crystals of the
doped BP using the piston-cylinder high-pressure
apparatus. The high-pressure synthesis method has
an advantage which is not in the other methods.
The high homogeneity of the dopant elements are
archived by melting starting materials. In this study,
we selected three elements: carbon (C), sulfur (S),
and palladium (Pd), as dopant.

Experimental: The single crystals of doped BP
were grown by the gradual solidification method
reported in Endo et al. 1982 [2]. Starting materials
were molten at about 1000 °C and 1 GPa, and
cooled to about 700 °C with a rate of 1 °C/min, and
then, were quenched. Powdered red phosphorous
mixed with 2-5 wt% the dopant reagent was used
as the starting material. Considering high chemical
reactivity of molten phosphorus, graphite was used
as a sample container. The recovered samples were
identified and characterized using by XRD,
SEM-EDS, Raman and infrared spectroscopy.

Results and Discussion: The single crystals
obtained have the maximum size of 500 um. For
the experiments for S- and Pd-doping, their
elements were not detected by in BP crystals by
energy-dispersive spectroscopy. The shape of the
grains of S in the recovered samples shows that the
melting occurred, while that of the grains of Pd
shows that melting did not occur. For the
experiment of C-doping, 5-10 wt% of C element
was detected in BP crystals, and was scattered
uniformly. The powdered XRD pattern of the
C-doped BP was very similar with that of pure BP.

The lattice parameters of C-doped BP matches with
that of pure BP within 0.01 A order [2]. The
characteristic Raman bands due to the phonon
modes of BP were appeared in the Raman spectra.
Their peaks are shifted to 3 ~ 5 cm™! compared with
the Raman bands of pure BP. The polarized
infrared absorption spectra revealed the band gap
(Fig.2). The dipole transition between the valence
band maximum and the conduction band minimum
is allowed for E//c polarization and is forbidden for
E//a [3]. The band gap of C-doped BP was 0.341
eV, which is almost same as that of pure-BP (0.335
eV). The situation of the C element in BP has not
been revealed yet. There are three possible
situations; substitution, adatom, and intercalation.
The state analysis such as XPS and XAFS is
needed in order to reveal the situation.
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V'A$U8" ) Polarized infrared absorption spectra of
C-doped BP crystal.
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Introduction: FeOOH and AIOOH are dominant
hydrous phases in sedimentary rocks deposited in the
sea or lake basins which were considered to be
possibly related to the deep water cycle by slab
subduction. Therefore, understanding of the electrical
conductivity behaviors of these hydrous phases are
essential to explore the nature and dynamic process of
the Earth’s interior.
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of these phases under the relevant pressures.
Examples of cell assembly for electrical conductivity
measurement and impedance spectroscopy were

shown as Fig 1 and Fig 2.
EC of diaspore, 6-AIOOH and e-FeOOH
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Figure 1 Cell assembly (25/15) for EC measurement
below 8GPa. 25 and 15 represent the lengths of edges of
octahedron pressure medium and truncations of tungsten
carbide anvils, unit: mm.
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Figure 2 Impedance spectrum of diaspore at 8GPa. Z’
and Z’’ are real and imaginary parts of the impedance,

respectively.[1]
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Experimental: In this study, the powders of a
natural single crystal gem-level diaspore (a-
AIOOH)[2] and goethite (a-FeOOH) were used as the
starting material. Diaspore was pre-sintered at 8GPa
and 700°C to reduce the porosity before electrical
conductivity measurements of diaspore and 6-AIOOH
was pre-synthesized at 19GPa and 1000°C. The
diaspore was kept in a Pt capsule of 2mm diameter.
Sintering and synthesis experiments were performed
by the 1000ton and 5000ton Kawai-type multianvil
apparatus of the Institute for Planetary Materials,
Okayama University. Electrical conductivity of
diaspore (0-AlOOH), 3-AIOOH and e-FeOOH was
measured by impedance spectroscopy with a
frequency range from 10-1 to 106 Hz at pressures up
to 15, 20 and 12 GPa and temperatures of 1200, 1200
and 1000 K well below the dehydration temperatures

1000/T (K'Y
Figure 3 Electrical conductivity of diaspore, 6-AIOOH
and e-FeOOH as a function of reciprocal temperature.

Results and Discussion: Fig 3 showed the
electrical conductivity results of diaspore, 3-AIOOH
and e-FeOOH. For diaspore at 8, 10, and 12 GPa, the
relationship between electrical conductivity and
reciprocal temperature could be well fitted by the
Arrhenius formula: ¢ = 60 exp[-(AE+PAV)/kT] and
shows the pre-exponential factor (c0), activation
energy (AE) and activation volume (AV) of 55.94 +
1.16 S/m, 0.547 + 0.016 eV and 1.683 =+ 0.123
cm3/mol, respectively. However, data of diaspore
obtained below 6 GPa could not be fitted by the
Arrhenius formula, which was thought to be due to
the remnant of free water in the sample caused by
heating to insufficient temperature to proceed
dehydration of interstitial water. Thus, it is quite
difficult to measure the electrical conductivity of
diaspore at low pressures. The electrical conductivity
of diaspore increased with pressures ranging from 8
to 12 GPa by half order of magnitude and then the
conductivity change with pressures from 12 to 15 GPa
became negligibly small. The dominant conduction
mechanism of diaspore is regarded as proton
conduction. 8-AIOOH and &-FeOOH show one and
two orders of magnitude higher electrical
conductivity than diaspore. Due to isostructural
CaCl2-type hydroxide structure, 5-AIOOH and e-
FeOOH display the nearly identical activation
enthalpy (0.384 +0.007 eV, 0.330 %0.048 eV) which
is relatively lower than that of diaspore.

References:
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Introduction: Heterogeneous seismic structures
have been found at the top of the Earth’s inner core
in terms of attenuation and velocity !. The outermost
part of the inner core with approximately 30 km
thickness shows low attenuation, then attenuation
increases beneath this layer 2. The positive and
negative correlations between velocity and
attenuation were observed from the uppermost inner
core in different areas: Pacific center in the inner
core has negative correlation and the rest area has
positive correlation 34, In this study, experiments on
attenuation of partially molten Fe—S—O system were
performed to explain the possibility that could cause
seismic anomalies.

Experimental: We investigated Fe-S-O system.
Sulfur and oxygen are regarded as the representative
light element in the Earth’s core. Fe samples with
I, 3 and 14 wt. % S were synthesized in piston
cylinder apparatus at 900°C and 1 GPa. a small
amount of oxygen was included accidentally. In-situ
X-ray radiographic observations were performed at
the bending magnet beam line BLO4B1 at SPring-8.
Deformation-DIA press with a facility of cyclic
loading was used. This system could produce
sinusoidal displacement in a wide range of
oscillation periods from 0.2 to 100 s and generating
variable amplitudes 5. Q value characterizing
intrinsic attenuation was determined by phase lag of
sample strain against the reference material at 1 GPa
and up to 1200°C.

Results and Discussion: The experimental results
show that frequency dependence of attenuation is
not remarkable except for a fine grained-sample,
whereas decrease of attenuation was found at 1100
and 920°C for Fe- 1 wt. %S and Fe- 14 wt. %S
samples, respectively. The attenuation drop would
occur with increasing melt fraction. Experiments of
Fe-14 wt. %S sample along heating and cooling
paths were done to check the influence of grain
growth during experiments. Data obtained from
both heating and cooling paths show that abrupt
change of the attenuation occurred at around
925°C. The Young’s modulus calculated from the
strain ratio of sample and reference shows strong
temperature dependence. An obvious drop occurred
between 900 and 980°C in association with the
occurrence of partial melting. Relationship between
velocity and attenuation anomalies of the Fe—-S—O

system shows a positive correlation when melt
fraction reaches a certain value.

Partial melting could decrease Q!, which could
explain the relative low attenuation on uppermost
30 km layer throughout the top of the inner core.
Combing with the positive correlation between
attenuation and velocity, a large amount of partial
melting could occur on the uppermost 30 km layer
of the rest area except the Pacific hemisphere in the
inner core.
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V'ESU8" ( The experimental results of attenuation and
Young Modulus from 14 wt. %S-bearing iron alloy sample
measurement.
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