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Hydrogen in enstatite: A density functional theory study
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Water (or more precisely, hydrogen) has a profound influence on the physical properties of mantle such as viscosity, melting
temperature, transmission of seismic waves, and electrical conductivity (e.g. Hirschmann and David Kohlstedt, 2012). The host
for water would be nominally anhydrous minerals (NAMs) such as olivine, pyroxene, and garnets, which are major minerals in
mantle.. In order to understand the effect of water on the physical properties of these NAMs, we have to investigate how hydroge
is incorporated in these NAMs. First-principles electronic state calculations based on density functional theory (DFT) have ar
advantage for understanding the positions of hydrogen in minerals. Recent first-principle study has revealed the configuration c
H substitution for Mg and Si ions in forsterite (Fo; MgiO,) (Umemoto et al., 2011). The lowest-energy structure involved four
hydrogen atoms in a tetrahedral site by substituting for silicon. The calculated O-H stretching frequencies for the structure wer
in good agreement with experimental IR absorption spectra of Fo.

In this study, we focused on the water in orthopyroxene (Opx; (Mg,E&I 2. Si>_.Og). The water solubility in Opx in-
creased linearly with increasing AD; content (Rauch and Keppler, 2002). Why does the water content of Opx increase with
increasing AJO3 content? The aim of this study is to understand the mechanism of hydrogen substitution in Opx.

We have calculated the electronic state in Enstatite (En; MgSi@ich is an end member of Opx using the DFT. Calculations
were performed using the generalized gradient approximation (GGA-PBE) (Perdew et al., 1996). The pseudepotential metho
was employed. The optimized lattice constants of En without vacancies arE8.4556 A,b = 8.92120 A, ancc = 5.24794
A (for the Pbcasymmetry). The 42«4 k-point mesh was used for this supercell. Dynamical matrices for hydrogen atoms were
computed using density functional perturbation theory (Giannozzi et al., 1991). We substituted hydrogen &ridfor i+
in the T2 site and M@ in the M1 site. Four types of the substitution (444) (2H)as4, (Al+H)s; and (4H);+(Al+H) s; were
considered. Here the ions in parenthesis refer to added ions, the subscript ions refer to removed ions. Highly reactive site i
En was evaluated from the lowest unoccupied molecular orbital (LUMO) distribution around various atoms. Stable positions of
hydrogen in En were estimated from the direct comparison of the vibrational frequencies obtained by experimental FT-IR metho
and by the first-principles methods.

The calculated O-H stretching frequencies distributed from 3800 to 3000 crepending on the substitution types. The
frequencies for the structures of (447) whose frequencies were dominant at high frequencies, can explain the high-intensity
experimental IR absorption spectra of En. The calculated O-H stretching frequencies for the structures; 6{Ad+H)) ; were
in good agreement with the experimental band which appeared only f@s;Alearing En. In En with (Al+H3; substitution,
there was a remarkable change for the LUMO distribution around a Si i@ isite compared to the Si ion in En without the
substitution. This change of the LUMO distribution implied that the Al incorporation enhances the instability of Siions in close
T2 site. This would be explain why the Al incorporation in En enhances its the water solubility.
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Most of the geoscientists believe that olivine-based minerals form the major constituent in the upper mantle, which extends t
a depth of 660 km. Major component of the upper mantle is 8@, in which there are three phases depending upon the depth,
i.e., Forsterite (alpha phase) , Wadleyite (beta phase) and Ringwoodite (gamma phase). Pressure induced phase transitions o
at about 10 GPa and 15 GPa under low temperature condition from alpha to beta and from beta to gamma phases, respective
It is widely accepted that the atmosphere and the oceans of the Earth are formed by degassing of trer&antfe. Most of
the water may have been lost or it may still be stored in the Eastantle. If considerable amounts of water are present in the
Earth’ s mantle, such water plays a key role in the geodynamics of the Eairiterior, because it affects the melting temperature
and the transport properties of minerals as well as their elastic properties. Recent high pressure experiments suggested that m
components of the transition zone of the mantle, wadsleyite and ringwoodite, can store significant amount of water [1-4].

On the other hand, some experiments suggested that the pure Mg-perovskite, which is one of the major component of th
Earth’ s lower mantle, can store tiny amount of water in its structure [5,6]. However, it was reported very recently thag MgSiO
perovskite can store more water when the Al is incorporated [7]. In the present study, the first-principles calculations were carrie
out to investigate the influence of Al incorporation on the amount of water in Mgf@@ovskite. Our preliminary results show
that the solution energy of protons in MgSi@ecreases when the Al ions are incorporated.
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In-situ neutron scattering experiments of ice VI under high pressure and low temperature
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High resolution neutron powder diffraction of methane hydrate at high pressure

0000 ™% 0000032,0003%00002,0000Y000000000001
Takuo Okuchi*, Shigeo Sasakj Satoshi Takeya Masashi Yoshidg Naotaka Tomioks, Narangoo Purevjav

0000000000 000000,20000000,%3000000000000000000000
1ISEI, Okayama University Faculty of Engeneering, Gifu UniversiREEF, National Institute of Advanced Industrial Science
and Technology

goooooobooooooooooobooooooboooooooooooooDooboOoobooooooDOoO
gbooooooobobobooooooobobobooooooobobooboooobOoboboboboooboooboDn
obooooooOoboboboooooooobOobobooooooobobooboooooooboOobobobooooon
boooooooobobobooooooooobooboboboooboooooooboobOoboboboooooboOonn
Oo00000000000oOoO00000ooooOo0O0o0ooooOoOOOOO0OoODOoOOoDoOOOOO 172GPAd
gooooooobobobooooooobobobooobooooooboboboobOobooDobobobobooo
0000000000000 0000000000000000000000000ODODO0O0000000 (FiGODOO
go0o0o0O0O0OO0OO0OOO000000000000oooOoOOOOOOOODODOOOOOO0OOO0OO0OO A-3I0O00O0
oo0ogo7000000000OOOO0OO0O00O0O0OOU0OOOO0O0O000OCOOdOO0DOOOOODOOODOOOboOO
goooboobooooooo

O 00O 0O d[1] T.Okuchi, S.Sasaki, Y.Ohno, J.Abe, H.Arima, T.Osakabe, T.Hattori, A.Sano-Furukawa, K.Komatsu, H.Kagi,
W.Utsumi, S.Harjo, T.Ito and K.Aizawa, J. Phys. Conf. Ser., 377 (2012) 012013.[12h 0 000000000 0O0OOOOO
00000000000 D38, 45-54, 2011. [3] H. Shimizu,T. Kumazaki, T. Kume and S. Sasaki, J. Phys. Chem. B., 106 (2002)
30-33.

gooobo:bobobodooob,0oogo,bo
Keywords: methane hydrate, neutron diffraction, high pressure

1/1



Japan Geoscience Union Meeting 2013 < ;
(May 19-24 2013 at Makubhari, Chiba, Japan) °
©2013. Japan Geoscience Union. All Rights Reserved. ]ggg;gimc

Union

SMP46-06 0 0:106 00:50 220 10:15-10:30

Oo-00dddd-ddooooouddoooooodondn )
Phase changes of hydrogen- and methane-hydrates under low temperature and high pr
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One type of hydrates (referred to HH) has recently received significant interest as a clean hydrogen storage material, ar
methane hydrate (referred to MH), called "fiery ice’ is expected an useful natural resource. Both hydrates have been thoughtto k
potentially ubiquitous in space objects such as icy satellites of the solar system and extrasolar planets. At lower pressures the
hydrates have clathrate structures which consist of host cages formed by hydrogen-bonded water molecules with encapsulat
guest species. At higher pressures, MH and HH transform to a filled ice Ih structures (MH-FIIhS) and filled ice Ic structure
(HH-C2), respectively. These filled ice structures consist of a host ice framework and guest molecules contained in the void:
of the host ice framework. Comprehensive studies performed under room temperature for MH and HH provided interesting
properties, however, low temperature and high pressure behaviors have rarely been known except a few studies. In this stuc
low-temperature and high-pressure experiments were performed to clarify the phase changes of MH-FIIhS and HH-C2 in the
previously unexplored region.

Clamp-type diamond anvil cells and a helium-refrigeration cryostat were used in this study. The pressure and tempera
ture ranges for HH-C2 were 5.0 to 50.0 GPa and 30 to 300 K, and those for MH-FIIhS were 2.0 to 77 GPa and 30 to 300 K,
respectively. Pressure measurements were made via a ruby fluorescence method and a diamond Raman method. Tempera
measurements were made using a silicon semiconductor thermometer and chromel-alumel thermocouples. The initial samples
MH and HH were prepared by ice-gas interface method and gas-loading method, respectively. The samples were characteriz
via X-ray diffractometry (XRD) using synchrotron radiation at BL-10XU at SPring8 and BL-18C at the Photon Factory (KEK)
and Raman spectroscopy.

In situ X-ray diffractometry revealed that the cubic HH-C2 transformed to tetragonal at low temperatures and high pressures
and that the axis ratio of the tetragonal phase changed depending on the pressure and temperature. These results were consi:
with theoretical predictions performed via first principle calculations. The tetragonal phase was determined to be stable above 2
GPa at 300 K, above 15 GPa at 200 K, and above 10 GPa at 100 K. Further changes in the lattice parameters were observed fr
about 45 to 50 GPa throughout the temperature region examined, which suggests the transformation to another high-presst
phase above 50 GPa. Guest molecules have been known to rotate freely in both clathlate and filled ice structure under low pre
sure. The reasons for the transformation to the tetragonal structure can be explained as follows: the tetragonal structure might |
induced due to changes in the vibrational or rotational modes of the hydrogen molecules from free-rotation state to orientational
ordered state under low temperature and high pressure.

In our previous studies of MH-FIIhS by Raman spectroscopy, orientational ordering of guest methane molecules, namely sup
pressing rotation, occurred at 15-20 GPa, although there was no clear change in the lattice parameters and volume by the XF
study. The present XRD study revealed clear changes in the axis ratios at 15 to 20 GPa at 300K. The Raman spectroscopy show
split of CH vibration mode of the methane molecules at the almost same pressure. These results indicated that the orientation
ordering of the guest molecules resulted in deformation of the lattice. The change in rotational mode of the guest molecules is
phase change. Thus, the results demonstrate that there are guest-disordered phase and guest-disordered phase within same
FIIhS frame work structure. Similar changes in the axis ratios and split of CH vibration mode were observed at low temperature
regions.
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A neutron diffraction study of phase transition in lawsonite at high pressure
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Hydrogen in portlandite -Neutron diffraction measurements at high pressure and higt
temperature-
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Ca(OHy), is one of the simplest hydrous minerals. Because this type of structure is a component unit in complex hydrous
phases such as chondrodite, it is important to understand structural behaviors at high pressure and high temperature. Howey
only a few previous researches can be found on crystallography of Ca({@Hje conditions of simultaneously high pressure
and high temperature, although there were quite a few studies on EOS, phase relation, melting and so on, which were performe
by using X-ray diffraction technique. Last year a brand-new TOF neutron beamline (PLANET) dedicated for high pressure and
high temperature measurements started to operate in J-PARC, Japan. £a@Bldelected as one of the first targeted materials
measured at the PLANET.

Deuterated samples were prepared via hydrothermal treatment with CaO fine powders and gkcesgeDin a Teflon
lined stainless steel autoclave at 493 K for 4 days. After the hydrothermal treatment was completed, precipitates were filtered ou
washed with DO water, and then dried at 383 K under vacuum for 3 hours. The products were confirmed to have the CdI2-type
structure by conventional powder X-ray diffraction measurements and were checked to be deuterated by IR absorption spectr
TOF neutron powder diffraction measurements of Ca(OMjre carried out from 300 to 773 K at about 3 GPa at the PLANET
beamline in J-PARC, Japan. At first, temperature was increased to 773 K at about 3 GPa for annealing and then data acquisitit
was carried out at each temperature condition to lower temperature. The measurement time at each targeted P-T conditions w
about 8 hour after the temperature reached equilibrium. Generation of high pressure and high temperature can be performed
using the 6-ram big press (Atsuhime) installed at PLANET.

Quality of diffraction patterns is surprisingly superior and only diffraction peaks from Ca(@bl)ld be observed owing to
radial collimators equipped with Atsuhime, although powder sample of Ca(@B8 loaded into a cylindrical graphite furnace
in ZrO, pressure medium cube. The detailed structure parameters such as lattice parameters and atomic coordinates were refil
by the Rietveld method by using a program GSAS.
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