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Abstract

Water plays an important role in the Earth’s interior, such as triggering the
volcanism and seismicity, enhancing plastic deformation and electrical conductivity,
and reducing melting temperature and seismic velocities. Especially the mantle
transition zone has considered to be a large water budget in the Earth’s interior,
because wadsleyite and ringwoodite, which are the major phases forming the transition
zone, can contain considerable amount of water in their crystal structure. To
understand the water distribution and its absolute content, laboratory-based electrical
conductivity measurement of wadsleyite and ringwoodite under the condition relevant
to the mantle transition zone is a useful method when the data are compared with the
conductivity structure determined from electromagnetic surveys. However, the direct
conductivity measurements provided large discrepancies among laboratories because
of experimental difficulty.

In this study, proton conduction mechanism in wadsleyite and ringwoodite was
investigated by high-pressure experiment of H-D inter-diffusion in H- and D-doped
single crystal pair to constrain the electrical conductivity of hydrous wadsleyite and
ringwoodite. H-D inter-diffusion coefficients were determined at various temperatures
between 1000 and 1300 K and pressures of 16 and 21 GPa for wadsleyite with various
Mg# and ringwoodite, respectively. To produce hydrogen self-diffusion data with high
accuracy, H- and D-doped single crystals of wadsleyite and ringwoodite were

synthetized at 16 and 21 GPa, respectively, by slow cooling method. H-D



inter-diffusion experiments of ringwoodite were performed using the H- and D-doped
single crystal pair with arbitrary crystallographic direction. H-D inter-diffusion
experiments of wadsleyite with various Mg# for three principles crystallographic
direction were conducted to investigate effect of concentration and speciation of
hydrogen on inter-diffusion in response to variation of Fe concentration. Diffusion
profiles were obtained by secondary ion mass spectroscopy (SIMS).

H-D inter-diffusion profiles in both Fe-bearing wadsleyite and ringwoodite
crystal pairs show symmetrical shape across the interface. Hydrogen self-diffusivities

of Fe-bearing wadsleyite and ringwoodite are determined to be Dy = 1077151046 4

106+11 kj/mol
2.303*%RT

101+10 kjJ/mol

2 — 10-7-29£0.46 _
) m?/s and Dy =10 * exp( 2303°RT )

exp( m?/s,
respectively. The hydrogen self-diffusion coefficients of both phases are almost the
same and about 1 order of magnitude higher than that of olivine determined at 2 GPa
from Du Frane and Tyburczy [2012]. There is small anisotropy of hydrogen
self-diffusion in Fe-bearing wadsleyite at the mantle transition zone condition.

In Fe-free wadsleyite, inter-diffusion profiles characterized by slower diffusion
rate and asymmetry in shape indicate considerable difference of diffusion coefficients
and proton migration mechanism between hydrogen and deuterium in Fe-free condition.
Deuterium diffusion coefficient in Fe-free wadsleyite have the same anisotropy and
about 1 order of magnitude larger than hydrogen diffusion coefficient. The multiple
hydrogen model indicates that the dominant hydrogen migration mechanism changes

from Mg sites at the condition with high partially-filled defect concentration to

interstitial sites at the conditions with low unfilled defect concentration, and jump



probabilities from Mg sites to interstitial sites between deuterium and hydrogen are
different.

Based on the Nernst-Einstein relation, electrical conductivities calculated from the
present data of hydrogen self-diffusivities in Fe-bearing wadsleyite and ringwoodite
are consistent well with those of Yoshino et al. [2008] at the transition zone condition
except for ringwoodite at high water content, but are about 1-2 orders of magnitude
lower than Dai et al. [2009] and Huang et al. [2005]. The discrepancies between the
conductivity measurements and this study would attribute to varying degrees of
dehydration during heating and difference of grain sizes. Compared to the global
average one dimensional conductivity-depth model, water concentration in the mantle
transition zone is estimated to be less than 1000 ppmw. In the wedge mantle where the
subducted slab stagnates, only hydration of wadsleyite and ringwoodite cannot explain
both high conductivity and seismic velocity anomalies in subduction slabs. The
supercritical fluids generated by heating at the top of subducted stagnant slab would be
most possible explanation for both high conductivity and seismic velocity anomalies in
the wedge mantle. The characteristic distance for hydrogen self-diffusion in the mantle
transition zone is estimated to be ~1.8 km after 100 Myr. The heterogeneity of water
distribution in the mantle transition zone detected by geophysics observation could be
maintained for geologically long time scale. The supercritical fluids long-term
preserved in the top of subducted stagnant slab might be most possible explanation for

both high conductivity and seismic velocity anomalies in the wedge mantle.
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Chapter 1

Introduction to mantle mineralogy and hydrogen diffusion

Water plays important roles in geodynamic processes in the Earth's interior. Since
existence of water could affect elastic properties, rheology, phase equilibrium,
transport properties, and melting behavior [Keppler and Smyth, 2006], knowledge of
water content in the Earth’s mantle is essential to understand the mantle dynamics.
Although the atmosphere and oceans formed by degassing of the Earth's mantle,
measurements of the water contents of natural basalts (quenched glasses or melt
inclusions trapped in olivine) suggest that considerable amounts of water could still be
stored in the mantle.

The widely accepted mineralogical model in the earth mantle is proposed by
Ringwood [1962]. Dominant phases in the upper mantle, from 0 to ~410 km depth, are
olivine (Fooo), garnet, orthopyroxene and clinopyroxene. As the main upper mantle
constituent Olivine contributes ~60 % in volume and natural olivine usually contains
~10 % of fayalite constituent, namely, (Mgo.9Feo.1)2S104. The volume fraction of
garnet increases with increasing depth accompanied by decrease of proportion of both
orthopyroxene and clinopyroxene (Fig. 1.1). At the 410-km depth seismic
discontinuity, with a pressure of ~14 GPa, and temperature of ~1700 K, olivine
transits to its  phase, wadsleyite, furthermore, to y phase, ringwoodite, at 520 km
depth (~18 GPa, 1900 K). The wadsleyite and ringwoodite, with ~40 % of garnet,

constitute the transition zone (410-670 km depth) (Fig. 1.1). In the lower mantle with



depth >670 km, (Mg,Fe)SiO3 perovskite and (Mg,Fe)O ferropericlase are stable and
constitute the main part of lower mantle.

Main constituent minerals forming most of the mantle contain no water in
chemical formula and are referred as nominally anhydrous minerals (NAMs).
However, it is well known that NAMs can store significant concentrations of
hydrogen as defects in their crystal structures. Although the hydrogen proton (H") can
be considered as a monovalent cation, it does not occupy the same structural position
as a typical cation in a mineral structure and instead it forms a hydrogen-bond with
oxygen on the edge of the coordination polyhedron. Trace amounts of hydrous
components can dramatically influence physical properties of minerals; the
mechanical strengths and melting temperatures are suppressed [e.g., [noue et al.,
1998; Liu, 2002; Holl et al., 2008] whereas the diffusivities and electrical
conductivities are enhanced [e.g., Kohlstedt and Mackwell, 1998; Demouchy and
Mackwell, 2003; Huang et al., 2005; Hae et al., 2006; Yoshino et al., 2008].
Understanding the behavior and kinetics of proton defects in olivine and its high
pressure polymorphs, wadsleyite and ringwoodite, which are considered as dominate
minerals in the Earth's upper mantle and transition zone [Ringwoodite and Major,
1970], is thus of a fundamental importance to develop the model of evolution and
dynamics of mantle.

To estimate water content and its variation in the mantle, electrical conductivity
would be useful because water seems to have a strong influence on electrical

conductivity even in a very small amount, and ionic conduction by highly mobile



protons may enhance the electrical conductivity of the mantle rocks [Karato, 1990].
Once the electrical conductivities of the dominant mantle minerals are well defined as
a function of water content, we can estimate the water content from the electrical
conductivities observed from magneto-telluric (MT) methods.

Electrical conductivity in the mantle has been obtained by magnetotelluric (MT)
[Egbert, 2007] and geomagnetic deep sounding (GDS) [Banks, 2007]. Initial
pioneering studies were restricted to local areas beneath continents [e.g., Schultz et al.,
1993; Olsen, 1999]. Recent studies show that better models of conductivity profiles in
the oceanic area can be achieved through use of ocean bottom electromagnetometers
[Evans et al., 2005; Seama et al., 2007; Baba et al., 2010]. Semi-global
electromagnetic induction studies using a submarine cable across the Pacific have also
developed a better reference model [Utada et al., 2003; Kuvshinov et al., 2005;
Shimizu et al., 2010]. A three-dimensional electrical conductivity distribution by using
a global dataset with improved inversion schemes is currently available down to the
uppermost lower mantle [Kelbert et al., 2009]. As a general feature, electrical
conductivity of the oceanic upper mantle at ~100 km depth is very high, about 10~ to
10" S/m. This zone is known in seismology as the high conductive layer,
corresponding to the low-velocity zone [e.g., Lizzaralde et al., 1995; Evans et al.,
2005; Baba et al., 2010]. Conductivity generally increases with increasing depth to
the top of the lower mantle from 10— 102to 10°S/m [e.g., Neal et al., 2000; Utada
et al., 2003; Tarits et al., 2004; Semenov and Jozwiak, 2006; Kelbert et al., 2009,
Shimizu et al., 2010]. It is accepted that local variations of electrical conductivity are
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large at shallow depths, but become smaller with increasing depth. However, recent
electromagnetic studies have shown a great variety of lateral heterogeneities in
conductivity structure of the mantle transition zone [e.g., Ichiki et al., 2001; Booker et

al., 2005; Kelbert et al., 2009].

Electrical conductivity of mantle rocks is controlled by not only water content in
main consituent minerals but also mineral species and their chemical composition
under specific physical conditions, such as pressure, temperature and oxygen fugacity.
Therefore, in situ laboratory measurements of electrical conductivity of the major
mantle phases under high-pressure and high-temperature conditions have been
performed. In conjunction with conductivity-depth profiles of the mantle (derived
from electromagnetic data), their conductivity measurement have provided some
constraints on temperature and chemistry, especially of water content, in the Earth
interior [e.g., Katsura et al., 1998; Xu et al., 1998; Huang et al., 2005; Wang et al.,

2006; Yoshino et al., 2006; 2008; 2009; Romano et al., 2009; Dai and Karato, 2009].

Among the main constituent mantle minerals, wadsleyite and ringwoodite can
contain relatively large amount of water (more than 2 wt.%) in their crystal structures
[e.g., Inoue et al., 1995; Kohlistedt et al., 1996; Bolfan-Casanova et al., 2000].
Therefore, the mantle transition zone has been considered to be the largest water
container in the Earth’s interior. Although knowledge of the H2O storage capacity,
which is defined as the maximum mass fraction of water that can be retained in a rock
or mineral at a given temperature and pressure has accumulated, it is difficult to

determine actual water content and its distribution from such information alone. Thus,
11



we need knowledge of the electrical conductivity of mantle minerals as a function of
water content to directly determine its content and distribution in the present mantle
transition zone from the geophysical data. However, water content in the mantle is
still largely unknown.

Many researchers have striven to determine the conductivity of mantle transition
zone minerals [Huang et al., 2005; Yoshino et al., 2006; 2008; Wang et al., 2006;
Manthilake et al., 2009; Dai and Karato, 2009; Romano et al., 2009]. However, there
has been large divergence on direct electrical conductivity measurements of hydrous
wadsleyite and ringwoodite among former studies, mainly dividing into two groups:
(1) Misasa group (Yoshino et al. [2008], [2012]; Manthilake et al. [2009]) and (2) Yale
group (Dai and Karato [2009] and Huang et al. [2005]). Electrical conductivities of
Yale group on hydrous wadsleyite and ringwoodite are ~1 and ~2 orders of magnitude
higher than Misasa group in the same conditions, respectively. Recently
conductivity-depth profiles down to the mantle transition zone as a function of water
content have been put forth, which use the inconsistent conductivity data [Karato,
2011; Khan and Shankland, 2012; Jones et al., 2012; Yoshino and Katsura, 2013].
These suggest water content differences estimated by various databases that are
occasionally greater than one order of magnitude.

Direct electrical conductivity measurements on NAMs, at present experiment
condition only polycrystals available on wadsleyite and ringwoodite, is quite difficult
because of dehydration during long duration of heating, especially at high temperature
and high water content. Water incorporated as hydroxyl in the mineral lattice might

12



escape and trap as supercritical fluid within grain boundary. Electronic current flow
might acquire a much fast-path along grain boundary fluid in additional to slow lattice
transfer. Former measurements of supercritical water based on shock experiments at
15 GPa and 1273K yielded a conductivity of 100 S/m [Mitchell and Nellis, 1982],
which is ~4 orders of magnitude higher than lattice proton conductivity. Even if tiny
amount of dehydrated water exists in the measure sample, observed electrical
conductivity would be largely overestimated, especially on high water content and
fine-grained sample.

To solve origin of disagreements of the conductivity values among labs,
estimation from hydrogen self-diffusion coefficient is another devisable method to

obtain proton conductivity based on the Nernst-Einstein relation, which is expressed

as
p kT :

where Dy is the hydrogen self-diffusion coefficient, Cu is concentration of hydrogen,
q is charge, k is the Boltzmann constant, and 7 is absolute temperature. This method
can exclude uncertainties of the estimation of proton conduction in the lattice due to
dehydration during the conductivity measurement even at high temperatures. It might
provide more accurate proton conductivities of wadsleyite and ringwoodite, especially
at high water content.

Hae et al. [2006] investigated hydrogen diffusivities in synthetized polycrystals
Fe-bearing wadsleyite. However, because grain boundary diffusion are usually several
orders of magnitude larger than lattice diffusion in polycrystals [Demouchy, 2010], in

13



the case of fine-grained aggregates, most of hydrogen migrates along grain boundary
instead of crystal interior based on the expression proposed by Balluffi et al. [2005]
i/’ = b + G’ (1.2)
where D;f ! , DL and ng are hydrogen diffusivities for bulk, lattice and grain
boundary, respectively. d is the grain size and ¢ is the grain boundaries width. Imaging
of grain boundaries using transmission electronic microscopy permitted the
measurement of grain boundaries widths and to date is considered to be equal to 0.75
nm (two monoatomic layers) [Hiraga and Kohlistedt, 2007, 2009]. In Hae's study, the
grain sizes of wadsleyite polycrystals are ~9 um. Thus, their result is probably an
approximation of hydrogen grain boundary diffusion rather than hydrogen lattice
self-diffusion and cannot be applicable to the proton conductivities based on the
Nernst-Einstein relation. The estimated water content in the transition zone would be
underestimated since grain size in mantle seems to be much larger.

To determine the hydrogen self-diffusion in NAMs accurately, usage of single
crystal makes it possible to exclude the effect of grain boundary diffusion. Hydrogen
lattice self-diffusion experiments using large single crystals obtained from nature or
synthetized crystals, a large number of hydrogen diffusion experiments have been
performed on olivine or forsterite [Kohlstedt and Mackwell, 1998; Demouchy and
Mackwell, 2003, 2006; Du Frane and Tyburczy, 2012; Padron-Navarta et al., 2014].
However, there has been no lattice self-diffusion experiments conducted on single
crystals of wadsleyite and ringwoodite before.

Most of former studies in olivine are benefited from chemical diffusion, where

14



hydrogen atoms transfer from surrounding wet polycrystals to a center dry single
crystal (Fig. 1.2). As soon as ferric iron or original vacant in dry crystals consumed,
hydrogen chemical diffusion will be stagnated because of charge equilibrium.
Hydrogen cannot transfer until new magnesium vacant generate through slower
magnesium vacancy diffusion [Demouchy and Mackwell, 2006].

Kohlistedt and Mackwell [1998] identified two mechanisms for hydrogen
chemical diffusion: (1) a faster “redox exchange” mechanism (D,eq0,) and (2) a
slower “incorporation” mechanism (D;p¢orp). Redox exchange involves exchange of
hydrogen with charged polarons, electron holes (h) created by a ferric iron ion on an

octahedral site Fep,. Dyeqox can be expressed as

D _ (Xpt+Xyg)DpDy
redox XnpDp+XyDy

(1.3)
where Dy is the hydrogen self diffusivity, X is the concentration of hydrogen,
Dy, is the diffusivity, and X; is the concentration of small polaron. For the special
case Xy = X, and if D, > Dy then it follows that D,.4,, = 2Dy. The slower
hydrogen incorporation mechanism involves a simultaneous flow of metal vacancies
(Vye), With chemical diffusivity expressed as

3DyDy

D = (1.4)

incorp — 2Dy+Dy

where Dy represents the hydrogen diffusivity through metal vacancies. If Dy > Dy,
then it follows that Djpcorp = 3Dy.

However, ferric iron or original vacancy consumes within a short duration and
dissipation points are impossible to determine during practical diffusion experiments.
The redox diffusivities are usually affected by incorporation mechanism and thus
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hydrogen chemical diffusion experiments prefer to deduce impure hydrogen
self-diffusion coefficients.

Isotopic inter-diffusion is a process occurring in a system with difference in the
isotopic ratio of the same element, but no chemical potential gradient in terms of
elemental composition. Therefore, the external driving forces such as gradients of
chemical potential and/or electrical potential are equal to zero in a self-diffusion
process. Jumping of atoms is followed by a random walk. The diffusion coefficient of
an isotope of a given atomic species is often referred to as the self-diffusion
coefficient of the atom. Because the isotopes of a given species have exactly the same
electronic charge, their chemical bonds are identical. Consequently, when a gradient
in the concentration of one isotope is present, the motion of the isotope through the
matrix does not cause any changes in energy, and there is no interaction between
isotopes.

Du Frane and Tyburczy [2012] introduced the H-D exchange method to
determine hydrogen self-diffusion coefficients in olivine because this method has an
advantage to distinguish between incorporation and self-diffusion, and provides more
accurate hydrogen self-diffusion coefficients attributing to proton conduction than
traditional incorporation method [Kohistedt and Mackwell, 1998; Demouchy and
Mackwell, 2003; Hae et al., 2006]. The H-D inter-diffusion coefficient (Dy_p)

obtained from the diffusion profile depends on the concentrations of D and H:

_ (Xp+Xy)DpDy
DH_D B XpDp+XyDy (1.5)

where Dy and Dp are the self-diffusivity of hydrogen and deuterium, respectively,

16



and Xy and X, are concentration of hydrogen and deuterium, respectively. Dy_p
varies in value between Dy and Dj depending on both time and distance from the
edge of the crystal, which contacts with the other isotope-doped crystal. Because
absolute rate theory predicts only a small difference between diffusivity of D and H
due to the similar mean thermal velocity, with D, = v2Dy, the H-D inter-diffusion
coefficient is a good approximation of hydrogen self-diffusion.

However, Du Frane’s experiments are not defined as H-D inter-diffusion since
they did not use both H- and D-doped single crystals (Fig. 1.2) and thus would
introduce some impurity component from water incorporation and grain boundary
diffusions. In addition, huge concentration difference between H-doped single crystal
and surrounding D-doped polycrystals could lead to chemical diffusion in their runs,
and the diffusion profile obtained from H-doped single crystal was not derived from a
single line across the interface between D-doped surrounding crystals and H-doped
single crystal. Thus the determined diffusion coefficient would contain large errors.

To produce hydrogen self-diffusion data with a high accuracy, in this work, we

employed H- and D-doped single crystal diffusion couples of wadsleyite and
ringwoodite, which were synthetized at 16 and 21 GPa, respectively, through slow
cooling method. H-D inter-diffusion experiments for wadsleyite with various Mg# and
ringwoodite with constant Mg# (90) were performed in multi-anvil at various
temperatures between 1000 and 1300 K and pressures as same as synthesis. As for
wadsleyite, paralleled H-D inter-diffusion experiments were conducted with various
Mg# to constrain variations of concentration and speciation of migrate hydrogen

17



during inter-diffusion in response to Fe content. Diffusion profile analysis was

performed by Secondary ion mass spectroscopy (SIMS). Temperature dependences of

hydrogen diffusivities were determined based on the Arrhenius equation. The main
aims of this study were:

(1) Determining the pre-exponential factors Do (m?/s) and the activation enthalpies H,
(kJ/mol) for hydrogen isotopes self-diffusion in wadsleyite and ringwoodite at 16
and 21 GPa, respectively.

(2) Determining anisotropies of hydrogen isotopes diffusion in Fe-bearing and Fe-free
wadsleyite.

(3) Investigating concentration and speciation of mobile hydrogen during
inter-diffusion with various Fe concentrations in wadsleyite at 16 GPa.

(4) Constraining water distribution in mantle transition zone by calculation of
hydrogen characteristic diffusion distance in Fe-bearing wadsleyite.

(5) Expecting electrical conductivities from present hydrogen self-diffusivities in
Fe-bearing wadsleyite and ringwoodite based on Nernst-Einstein equation and
comparing with former direct conductivity measurements to explain large
discrepancies on the former studies among laboratories.

(6) Constraining water content in the mantle transition zone and providing the most
plausible explanation for both high conductivity and fast seismic velocity

anomalies in the wedge mantle.
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Fig. 1.1. Mineralogical model of the Earth’s mantle (modified from Shekhar [2012]).

Fig. 1.2. assembly examples from former hydrogen diffusion studies for (A) chemical
diffusion experiments [Kohlstedt and Mackwell, 1998; Demouchy and Mackwell,
2003, 2006; Hae et al., 2006] (B) H-D exchange experiments [Du frane and Tyburczy,
2012].
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Chapter 2

Experiments and analysis of synthesis and diffusion

2.1 Synthesis of hydrous single crystal

To synthetize large single crystals of high-pressure minerals, there are generally two
methods: one is thermal gradient method [Shatskiy et al., 2009] and another is slow
cooling method [Shatskiy et al., 2010]. Shatskiy et al. [2009] has synthetized large
single crystals of hydrous wadsleyite crystallized from KoMg(CO3)2-H20 (KMC)
solvent. However, there are two drawbacks to this solvent: (1) water solubility of
crystals growth from carbonate melt is lower than that synthesized from pure water
[Litasov and Ohtani, 2009]. For example, ~4000 ppmw water is one-third of water
solubility in wadsleyite coexisting with hydrous melt. Low water fugacity condition,
where wadsleyite crystals were synthetized from carbonate solvent, can lead to low
water solubility. (2) Carbonate inclusions are likely to appear in wadsleyite crystals
especially for large ones. A presence of the inclusions reduces the quality of single
crystals. However, carbonate solvent could be the only option for thermal gradient
method since attempts of synthesis of large wadsleyite crystals (>*1 mm) from water
solvent were failed by previous studies [Shatskiy et al., 2009; Jacobsen et al., 2005;
Nishihara et al., 2006]. Although slow cooling method could synthesize larger
crystals than thermal gradient method, compositional heterogeneity always appears as
a considerable problem for H-doped or Fe-bearing crystals because of wide variations
of water solubility and Fe partition coefficient from melt as temperature decreases
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[Demouchy et al., 2005].

The synthesis experiments were conducted in either 1000 or 5000 ton Kawai-type
multi-anvil apparatus in the Institute for Study of the Earth’s Interior, Okayama
University. Cr-doped MgO octahedron with edge lengths of 14 and 10 mm and
tungsten carbide cubes with truncation edge lengths of 6 and 5 mm were used for
synthesis of wadsleyite and ringwoodite, respectively.

First trial to synthetize H- and D-doped wadsleyite crystals is based on thermal
gradient method developed by Shatskiy et al. [2009]. A mixture of K2CO3, MgCOs
and Mg(OH)z2(or Mg(OD)2) with 14 wt.% bulk water content was used as solvent. The
sealed Pt capsule (2.5 mm in length and diameter) surrounded by MgO was loaded in
a stepped LaCrOs cylindrical heater and the center of the capsule was shifted 0.6 mm
from the center of the heater along the axial direction so that the silicate source and
solvent were placed in the hot and cool regions respectively to create a monotonic
thermal gradient in the axial direction (Fig. 2.1). Wo7Re3-W7sRe2s thermocouple was
placed at the hotter side. The ratio of thin and thick parts for stepped heater is 2:3 and
test experiment with double thermocouples revealed the thermal gradient of our
assemblies was abound 30 °C /mm at 1673 K and 16 GPa.

Several experiments were conducted at 1400 °C and 16 GPa. However, most of
large crystals grown from KMC solvent contained a lot of carbonate inclusion with
white color and only some small crystals are inclusion-free. Therefore, the solvent
was changed to pure water. The recovered crystals are less than 500 um although they
are free of inclusion, suggesting low solubility of MgxSiO4 in supercritical fluids
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rather than carbonate solvent at the synthetic condition. However, the crystal size is
not enough to use for the diffusion experiment.

Next, the slow cooling method (gradual crystallization from silicate partial melts)
was applied to obtain larger single crystals. In addition to conventional slow cooling
method (ref.), the sample was kept at the final target temperature for more than 2
hours after cooling to homogenize the water and iron contents in single crystals
because water solubility in wadsleyite and ringwoodite is sensitive to temperature
[Litasov et al., 2011]. Therefore, it is necessary to be kept at high temperature below
the melting temperature for more than 2 hours to homogenize the water content in the
single crystals after slow cooling. As a consequence, large single crystals of H- and
D-doped wadsleyite with different Fe content were successfully synthesized by this
method: (1) Fe-free wadsleyite (2) Fe-bearing wadsleyite with Fogs composition (3)
Fe-bearing wadsleyite with Fooo composition, respectively.

For Fe-free wadsleyite, the starting silicate source was powder (< 1 pum) of
forsterite smashed from single crystals, which was packed and occupied 2/3 of a Pt
capsule, and the remaining part is filled with solvent composed of oxide mixture
Mg(OH)2 or Mg(OD)2 + SiO2 + MgO (18 wt.% H20 or D20). To minimize water loss,
the Pt capsule was welded in liquid nitrogen. The design of cell assembly is same as
the thermal gradient method. After heating to the maximum temperature higher than
melting temperature of water-saturated wadsleyite, temperature was slowly decreased
from 2073 to 1723 K with cooling rate of 1 K/min and then kept at 1723 K for > 2
hours before quench.
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For Fe-bearing wadsleyite, silicate source is powder (< 1 pum) of natural San
Carlos olivine and the solvent composed of oxide mixture Mg(OH)2 or Mg(OD)2 +
SiO2 + MgO + FeO (Mg# = 85 and 10 wt.% H20 or D20). Two types of capsule
material (Pt and Au) were used to implement different Fe and Fe’" content. The
wadsleyite sealed in Pt capsules showed Fe loss to capsules after recovery, while the
starting Fe composition was kept well in Au capsules. Because melting temperature of
Au is lower than that of Pt, the slow cooling in Au capsules were conducted from
1923 to 1723 K with cooling rate of 1 °C /min. In addition, duration of annealing at
1723 K increased to >5 hours for Fe-bearing wadsleyite because of lower mobility of
Fe than H [Li et al., 2015].

For Fe-bearing ringwoodite, the starting silicate source and solvent are
completely same as Fe-bearing wadsleyite. Because it is relatively difficult to place a
stepped heater in the 10 mm MgO octahedron, only a straight LaCrOs cylindrical
heater was used to synthetize large single crystals of H- and D-doped Fe-bearing
ringwoodite. Au capsule (2.5 mm in length and diameter) was used for sealing. Slow
cooling was conducted from 2023 to 1723 K with cooling rate of 1 °C /min and then

temperature was kept at 1723 K for > 5 hours at 21 GPa.

2.2 Analysis of single crystals

The largest grain size of synthetized Fe-free wadsleyite, Fe-bearing wadsleyite
and ringwoodite are ~1.2, 1.8 and 1.8 mm, respectively (Fig. 2.2). Most of single
crystals are in good quantity, transparent and free of inclusion. Homogeneity of

23



H20(D20) contents in single crystals were confirmed by using both Secondary ion
mass spectroscopy (SIMS) and Fourier-transformed infrared (FTIR) spectroscopy.
Homogeneity of Fe content in Fe-bearing crystals were confirmed by Electron probe
micro-analyzer (EPMA) (Table 2.2).
2.2.1 Determination of water content by SIMS

Water contents in synthetized single crystals were measured by secondary ion
mass spectroscopy (SIMS), Cameca 6F and 1270 at Hokkaido University. The
polished crystals were coated with Au layer of ~30 nm by plasma sputtering. A
primary Cs+ ion beam operated at 17-20 nA, and was focused to form a large crater
with 100 pm diameter on the sample, and the secondary 'H-, 2H- and 3°Si- ions were
collected from the center region of the sputtered area using a large mechanical
aperture to minimize background arising from hydrogen adsorbed on the polished
surface. A normal incident electron flood gun was used for charge compensation. The
entrance and exit slits were narrowed enough to minimize the contribution of 28Si’H-
to 3°Si. Hydrogen and deuterium content of single crystals were calculated from ions
counts ratio of 'H-(?H-)/*%Si- multiplied by a correlation coefficient (unpublished data
from Tomioka).
Concopy in wt.% = 0.68753 X Ry (py/si (2.1)
2.2.2 Determination of water content by FTIR

To quantify the water content in ppm weight, unpolarized infrared absorption
spectra of synthetized wadsleyite single crystals were inspected using JASCO
MFT-2000 Fourier transform infrared spectrometer (FTIR) in the Institute for Study
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of the Earth’s Interior, Okayama University. Measurements were carried out using a
Ge coated KBr beam splitter and a high-sensitivity wide band MCT (Mercury—
Cadmium-Telluride) detector cooled by liquid N2, with a 4 cm™! resolution in air. The
synthetic single crystal was double-polished to a thickness of 20-80 um. This crystal
thin sections with arbitrary orientations were put on a KBr plate. The aperture size of
30x 30 um (50x50 pm, in some cases) was adopted to obtain infrared absorption
spectra.

IR spectra were obtained from more than 2 points in several large crystals
synthesized from a single run. Due to unavoidable contamination of H20 from air
before capsule welding, D-doped crystals contained significant amount of H. Total
water content (H20 + D20) is not always same between H- and D-doped single crystal
pairs although the synthesis conditions were completely same. Water content in
wadsleyite were calculated based on the equation developed from Paterson et al.
[1982] and consistent quality with SIMS measurements.

There has been no theoretical equation from unpolarized FTIR spectra to
calculate either OH or OD concentration in wadsleyite and ringwoodite before.
Paterson [1982] has proposed a classical expression for FTIR spectra to estimate OH

concentration in several silicate minerals.

—(—f@
Con = f150y(3780—0) do (2.2)
where coy 1s the concentration in mol H/l, K4 is the absorption coefficient in cm!
at wavenumber ¢ in cm’!, and y is the anisotropy factor. The integral wavenumber

range was from 3000 to 3750 cm’'. Because of large anisotropy in olivine
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orthorhombic crystal structure, y for olivine has been used a range between 0.25 to
0.5. Later study used polarized FITR spectra from Bell et al. [2003] suggested largely
underestimation of water content in olivine based on Paterson’s expression and y is
better between 0.1-0.25. In the present study, it is found that if y = 1/3 in Paterson's
equation was used, average OH concentration in wadsleyite from 5 different runs
estimated from FTIR spectra revealed excellent agreements with SIMS results (Fig.
2.3), suggesting nearly uniform distribution of OH in wadsleyite among three typical
orientations.

In the synthesized H-doped wadsleyite crystals, two strong absorption peaks of
OH were observed around 3317-3342 cm™ and 3579-3591 ¢cm’!, respectively. On the
other hand, two strong absorption peaks of OD are located at smaller wavenumbers,
around 2465-2477 cm’! and 2643-2648 cm™!. This phenomenon could be explained by
Hooke's law.

(2.3)
where ¢ is wavenumber, C is a speed of light, K is bulk modulus and u is
molecular reduced mass. Since pyp is about twice of uyy, ratio of corresponding
peak wavenumber between OH and OD is about square root. However, there is a
small deviation from 2 about the actual ratio because of difference of elastic
coefficient between OH and OD. The absorption peak positions of OH and OD from
FTIR spectra of Fe-free wadsleyite yield 1.3539 of a weighted mean value. The useful

expression for OD calculation in wadsleyite is showed as below

— Ko
Cop = f50(3780/1.3539—0) do (2.4)
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By integral from 2300 to 2785 cm, calculated OD concentration also showed
excellent agreements with SIMS results for 3 runs (Fig. 2.3).

2.2.3 Determination of Fe concentration by EPMA

The compositions of Fe-bearing wadsleyite and ringwoodite single crystals were
investigated by the electron probe micro-analyzer, EPMA (JEOL JXA8800) in the
Institute for Study of the Earth’s Interior, Okayama University, under the operating
condition of 15 kV and 10 nA specimen current. The standards used for concentration
determinations of elements, Mg, Fe and Si, in Fe-bearing wadsleyite and ringwoodite
are a natural olivine, locality unknown. Chemical compositions of 3 to 5 synthetic
crystals were measured at 6 to 10 points from the center to edge randomly from each
crystal. As shown in Table 2, excellent agreement of Mg number among these crystals
obtained from the same run confirmed the homogeneity of Fe composition. We
detected obvious Fe loss to Pt capsule after slow cooling from 2073 K, and Fe-bearing
wadsleyite synthetized in Pt capsules revealed relative high Mg number (Foos). On the
other hand, the initial San Carlos olivine composition (Fo) was well preserved in

crystals of Fe-bearing wadsleyite and ringwodite recovered from Au capsules.

2.3 H-D exchange experiments
2.3.1 Determination of typical orientations of wadsleyite single crystals

Unlike the ringwoodite having an ‘isometric hexoctahedral’ spinel structure,
wadsleyite has orthorhombic crystal structure with lattice parameter a=5.71A,
b=11.47A, c=8.27A. Modified-spinel structure in wadsleyite can generate anisotropy
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of hydrogen diffusion along three principle orientations. To determine anisotropy of
hydrogen diffusion in wadsleyite, determination of crystallographic orientations was
necessary before H-D inter-diffusion experiments.

The orientation of wadsleyite single crystals was determined by a precession
camera installed at the Institute for Study of the Earth’s Interior, Okayama University.
Characteristic spectrum is Mo_Kg with wavelength A=0.7107 A and exposure time is
6 min. When the negative plate exercises conical motion from -20° to 20°, X-ray
emits through single crystal with continuous variation of incident orientation and thus
products representative diffraction patterns in the negative plate. By adjust single
crystals from three dimensions, we could obtain typical diffraction patterns for three
principle orientations of wadsleyite. Regular operated voltage and current are 30 kV
and 24 mA, respectively. If the single crystals are small, we will increase operated
condition to 40 kV and 30 mA to obtain legible diffraction patterns. Fig. 2.4 exhibits
X-ray diffraction patterns of three principle orientations of wadsleyite single crystals.
2.3.2 H-D inter-diffusion experiments

For H-D inter-diffusion in Fe-free wadslyite, two groups of H- and D-doped pairs
were used: (1) 5k2141 - 1k1710 and (2) 5k2033 - 5k2038. Most inter-diffusion
experiments in Fe-free wadsleyite were conducted using crystals from the first pair.
For the second diffusion couple, single crystals grown from KMC solvent have lower
water content, while the difference of total water content between H- and D-doped
crystals is smaller than the first pair (Table 2.2). Several high-quality inclusion-free
pairs from 5k2033 and 5k2038 were chosen to investigate water dependence on H-D
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inter-diffusion.

For the H-D inter-diffusion in Fe-bearing wadslyite, two groups of H- and
D-doped pairs were also used: (1) 5k2300 and 1k1890 (2) 5k2227 and 5k2230. FTIR
analysis of the synthesized crystal showed similar total water contents in each
wadsleyite crystal pair, while EPMA analysis revealed higher Fe content in the first
pair (Table 2.2). Most inter-diffusion experiments in Fe-bearing wadsleyite were
conducted using crystals from the first diffusion couple and one addition experiment
with crystal pair from the second group was conducted to investigate the Fe
dependence on hydrogen self-diffusivities.

For H-D inter-diffusion of Fe-bearing ringwoodite, single crystal pairs from
5k2367 and 5k2370 were used. The bulk water content in D-doped ringwoodite is 30%
lower than that of H-doped one, although their synthesis conditions are completely
same (Table 2.2).

A pair of H- and D-doped wadsleyite or ringwoodite crystals was put together
into gold capsule (inner diameter is 1.8 mm and length is 2 mm) and fine-grained gold
powder (1 pm) was used to fill up the remaining space (Fig. 2.5). After determination
of crystallographic orientation, each crystal was double-polished with 1-um diamond
paste and tightly coupled together. The one end of Au capsule was welded and the
opposite end was covered by a gold foil. Cr-doped MgO octahedron with edge length
of 14 and 10 mm and tungsten carbide cubes with 6 and 5 mm of truncation edge
length were used for diffusion experiments in wadsleyite and ringwoodite,
respectively. Because of short length of crystal pair (< 0.7 mm), temperature gradient
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seems to be not crucial, although straight LaCrO; heaters were used for diffusion
experiments. The Au capsule was kept at 353 K in a vacuum oven for ~ 8 hours, and
then the Au capsule surrounded by MgO was loaded in a LaCrOs cylindrical heater
with 1.3 mm thickness. The center of the capsule along the cylindrical direction was
shifted to ~0.75 mm from the center of the heater along the axial direction to realize
the temperature indicated by the Wo7Re3-W7sRezs thermocouple, which had the same
distance from center of the heater (Fig. 2.5).

The diffusion experiments were conducted at the same pressure as synthesis in
either 1000 or 5000 ton Kawai-type Multi-anvil apparatus and at variable
temperatures from 1000 to 1400 K. To minimize diffusion during heating up to the
target temperature, the controlled-heating rate was setting up to higher than 10 K/s.
After annealing at the target temperatures, the samples were quenched to room
temperature. Then the press load was released slowly. The recovered samples were
polished to the center of crystal pairs and then mounted in Bi-Sn alloy to minimize the
hydrogen contamination from background during SIMS analysis.

2.3.3 SIMS measurements

Recovered capsules were polished to the center of crystal couples and then
mounted in Bi-Sn alloy to minimize the hydrogen contamination from background
during following SIMS profile determinations. D-H inter-diffusion profiles across a
diffusion couple were determined by SIMS, Cameca 6F and 1270 at Hokkaido
University. The mounts were coated with Au layer of ~30 nm by plasma sputtering.
Diffusion profiles were obtained along an array of spot analyses from one crystal edge
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to another crystal edge perpendicular to the interface (Fig. 3.1). The polished surfaces
were coated with Au layer of ~30 nm by plasma sputtering. A primary Cs” ion beam
operated at 17-20 nA, and was focused to form a 20~30 um spot on the sample, and
the secondary 'H-, ?’H™ and 3°Si- ions were collected from the center region (10 um in
diameter) of the sputtered area using a mechanical aperture to minimize artifacts
arising from hydrogen adsorption on the polished sample surface. A normal incident
electron flood gun was used for charge compensation. The entrance and exit slits were
narrowed enough to minimize the contribution of 28Si’H- to the °Si". Standard for line
analysis was not used because absolute concentrations are not required to determine
diffusion coefficients. Although Du Frane and Tyburczy [2012] could not obtain the
qualitative 'H profile because of low water solubility in olivine at 2 GPa, amplifying
influence from background, the present measurement setting can allow obtaining the

'H line profile with counts higher than the background.
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Table 2.1. Synthesis runs conducted in a Kawai-type multi-anvil apparatus

largest
Run. P(GPa) solvent silcate capsule grain size
(mm)
5k2038 H-wad 16 KMC+5wt.%H20 Fo Pt 1.0
5k2033 D-wad 16 KMC+5wt.%H20 Fo Pt 0.9
5k2141 H-wad 16 Fo+6wt.%H20 Fo90 Pt 1.2
1k1710 D-wad 16 Fo+6wt.%H20 Fo90 Pt 1.2
5k2227 H-Fe-wad 16 Fo85+6wt.%H20 Fo90 Pt 1.8
5k2230 D-Fe-wad 16 Fo85+6wt.%H20 Fo90 Pt 1.8
1K1890 H-Fe-wad 16 Fo85+6wt.%H20 Fo90 Au 1.5
5K2300 D-Fe-wad 16 Fo85+6wt.%H20 Fo90 Au 1.8
5K2367 H-Fe-rw 20 Fo85+6wt.%H20 Fo90 Au 1.4
5K2370 D-Fe-rw 20 Fo85+6wt.%H20 Fo90 Au 1.8

Table 2.2. Fe and water content in H-doped and D-doped wadsleyite and ringwoodite

single crystals determined by EPMA, FTIR and SIMS.

FTIR SIMS
Run. Mg#

D/(H+D) Total/wt% DI/(H+D) Total/wt.%
5k2038 H-wad 100.00 n.d. 0.51+0.02 n.d. 0.51+0.00
5k2033 D-wad 100.00 0.52+0.01 0.60+0.02 0.49+0.00 0.61+0.00
5k2141 H-wad 100.00 n.d. 0.97+0.05 n.d. 1.05+0.08
1k1710 D-wad 100.00 0.77£0.01 0.58+0.03 0.76+£0.02 0.56+0.03
5k2227 H-Fe-wad n.d. 1.26+0.04
5k2230 D-Fe-wad 0.80£0.00 0.95+0.01 0.81£0.01 1.01x0.00
1K1890 H-Fe-wad 90.27+0.39 n.d. 0.95+0.03
5K2300 D-Fe-wad 90.02+0.19 0.78+0.01 1.04+0.02
5K2367 H-Fe-rw 90.43+0.11 n.d. 0.77+0.04
5K2370 D-Fe-rw 90.95+0.18 0.78+0.00  0.55+0.05
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Fig. 2.2. Examples of large single crystals of (a) Fe-free wadsleyite, (b) Fe-bearing

wadsleyite and (c) Fe-bearing ringwoodite.
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Fig. 2.4. Typical XRD image of wadsleyite of three orientations.
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Chapter 3

Results of H-D inter-diffusion in wadsleyite and ringwoodite

3.1 H-D inter-diffusion in Fe-bearing ringwoodite

Fig. 3.1 shows a representative diffusion profile in Fe-bearing ringwoodite from
Run. 5K2587. The diffusion profile of total concentration (H + D) is much shorter
than H-D inter-diffusion profile, suggesting that the influence of concentration
diffusion is negligible compared to the H-D inter-diffusion. Gold is an excellent
material to protect destruction of crystals during compression and has an ability to
prevent water loss at high temperature but it cannot hinder the H-D exchange at the
crystal edges. As shown in Fig. 4.2, the diffusion profile in the D-doped crystal
revealed a symmetrical profile at both sides of the crystal edge. A diffusion profile in
the D-doped crystal at the opposite side of the interface between D and H-doped
crystals was not observed in the H-doped crystal. Although the diffusion couples were
pre-baked at 353K for more than 8 hours in a vacuum oven just before compression,
there was still small amount of water residing in gold powder. At high temperatures,
this residual water with natural isotopic composition exchanged with the D-doped
crystal at the edge.

All D/(D+H) profiles were analyzed using 1-D solutions to Fick’s second law for
a semi-infinite material [Carslaw and Jaeger, 1959; Crank, 1975]. Since H-D
inter-diffusion diffusion profile across the interface is symmetrical in shape, H-D
inter-diffusion coefficient is assumed to be approximately equal to hydrogen
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self-diffusivity. Concentration along x direction perpendicular to the interface is

Cax=Co _

s ~erfe(= J’;_Ht) 3.1)

where Cy ) i the normalized fraction at distance x (m) and time 7 (s), C; is the
initial concentration (set to 0), and C; is the concentration at the crystal center where
the concentration is the maximum (i.e., set to 1), Dy is hydrogen self-diffusion
coefficient.

The logarithmic diffusion coefficient linearly decreases as a function of the

reciprocal temperature, which can be fitted by the Arrhenian formula:

Ha
2.303+RT

logDyry = logDy — 3.2)

where Dy is the pre-exponential factor (m%/s), H, is the activation enthalpy (kJ/mol),
R is the Gas constant (J/K) and T is the absolute temperature (K). By fitting of all data
of hydrogen self-diffusion coefficients to the Arrhenius equation, the parameters were

10—7.29i0.46 mZ/S and

determined to be the pre-exponential term, D, =
activation enthalpy, H, = 101 + 10 k]J/mol at 21 GPa in hydrous ringwoodite (Fig.
3.2). The diffusion profiles reveal symmetrical characteristic although the total water

contents in H-doped crystals are 40% higher than those in D-doped ones, suggesting

an insignificant influence of water concentration on the hydrogen self-diffusivity.

3.2 H-D inter-diffusion in Fe-bearing wadsleyite
3.2.1 H-D inter-diffusion in wadsleyite with high Fe content (Mg#90)

Fig. 3.3 shows a representative diffusion profile in Fe-bearing wadsleyite (Mg#90)
from Run. 5K2493. Total H+D concentration profile in wadsleyite diffusion couple is
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nearly flat from one crystal to another, which are consistent with results of FTIR
measurements for the synthesized crystals. 1-D solutions to Fick’s second law for a
semi-infinite crystal is also suitable to simulate symmetrical profiles in Fe-bearing
wadsleyite. The hydrogen self-diffusion coefficients are plotted as a function of
reciprocal temperature in Fig. 3.4. The hydrogen self-diffusion coefficients increase
with increasing temperature for each crystallographic direction. The absolute values
are different for each crystallographic orientation, and yields the highest mobility of
hydrogen self-diffusion along a-axis and the lowest along c-axis in the experimental
temperature range. The linear relation in Arrhenian plot indicates that diffusion in
wadlseyite is controlled by thermally activated process, and allows us to determine the

parameters Do and H as follows,

— 1(0—826%0.33 _75%6 kj/mol 2

DH(001) =10 * exp( a0l ) m“/s (3.3)
— 1(—5.7410.48 142410 kj/mol 2

DH(010) =10 * exp( ~sonRT ) m“/s (3.4)
— 10—-7.4440.90 _100+19 kj/mol 2

Drcioo = 10 * exp(——, ) m/s, (35)

The H increases from 75 to 142 kJ/mol in an order of (001), (100) and (010), while
the Do increases in the opposite order. Since the highest activation enthalpy for
hydrogen diffusion was obtained along the slowest crystallographic orientation, there
is only small anisotropy of hydrogen self-diffusion at temperatures relevant to the
mantle transition zone.

Geometric average of three principle crystal orientations yields the

1077154046 m2 /s and the activation enthalpy, H, =

pre-exponential term, Dy =
106 + 11 kJ/mol, at 16 GPa (Fig. 3.2). The hydrogen diffusivity in Fe-bearing

38



wadsleyite at 16 GPa is negligibly small with Fe-bearing ringwoodite at 21 GPa and
about 1 order of magnitude higher than that of olivine determined at 2 GPa from Du
Frane and Tyburczy [2012] (Fig. 3.2). On the other hand, hydrogen diffusion
coefficients in wadsleyite and ringwoodite are several orders of magnitude higher than
diffusion coefficients of Si and O from Shimojuku et al. [2009] at the same
temperatures.

3.2.2 H-D inter-diffusion in wadsleyite with low Fe content (Mg#95)

Fig. 3.5 shows the H-D inter-diffusion profile in Fe-bearing wadsleyite (Mg#95)
normalized to ag-axis at 1200 K and 16 GPa (Run. 5K2802). Total (H+D)
concentration in H-doped wadsleyite is a little higher than D-doped one, which is
consistent with results of FTIR measurements obtained from the synthesized crystals.
The diffusion profile reveals similar but asymmetric than Fe-free wadsleyite. The 1-D
solution of Fick’s second law was also used to simulate diffusion profiles in
Fe-bearing wadsleyite (Mg#95). Fitting result yields ~0.7 order of magnitude lower
than diffusivity from wadsleyite with higher Fe content at the same condition (Fig.

3.6).

3.3 H-D inter-diffusion in Fe-free wadsleyite

Fig. 3.7 shows a representative H-D diffusion profile in Fe-free wadsleyite from
Run. 1K2409. Total H and D concentration diffusion profiles are much shorter than
H-D inter-diffusion profiles, suggesting that the influence of concentration diffusion is
negligible compared to the H-D inter-diffusion though bulk water content in D-doped

39



crystals is ~40% lower than H-doped ones for 5k2141 and 1k1710 pairs. H-D
exchange profiles between crystals and water with natural isotopic composition
residing in gold powder were also found at the crystal edges (the opposite side of the
interface between two wadsleyite crystals, Fig. 3.7).

All D/(D+H) profiles in Fe-free wadsleyite revealed obviously asymmetric shape
(Fig. 3.8). Diffusion length in the H-doped crystals seems to be longer than length in
the D-doped ones, suggesting that deuterium self-diffusion in Fe-free wadsleyite is
distinctly faster than hydrogen self-diffusion. Thus, analyzed method using Fe-bearing
symmetric profiles is not suitable to apply the diffusion profile analysis for the Fe-free
asymmetric ones. We introduced Finite-difference numerical simulation similar to the
method available in former Fe-Mg inter-diffusion asymmetric profile studies (ref.)

based on an empirical expression:

Dy = Do - exp(a - Cupy * —22) (3.6)
where D(yy is deuterium profile diffusion coefficient at profile position x and time
t, Dy is deuterium self-diffusion coefficient in Fe-free wadslyite, C(y ) 1is
normalized deuterium concentration at profile position x and time t and a is
asymmetric factor indicate the differences between hydrogen and deuterium

diffusivities. Profile smooth function is introduced from former asymmetric studies

[Petry, 1999, Mackwell et al., 2004]:

Cor= h
)™ (1+exp(P,—P3x)) /P4

(3.7
where P;, P,, P; and P, is smoothing constant. The step-by-step algorithm (Eq.
3.8) were conducted by Fortran language with five self-consistent loops: x, Ciy ), a,
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Dy, I, where [ indicates interface migration length.

oc ac a%c
—-=a-Do-exp(a- Cu)(G) Do - exp(a- Cryy) 5 (3.8)
with error function is
(C X _Cr X )2
Z fx) (x) (3.9)

n

where Cryy and Cp(y) 1s simulation deuterium concentration at profile position x
after experimental duration and experimental deuterium concentration, respectively,
n is simulation nodes number.

Numerical simulation results showed similar asymmetric factors at various
temperatures and for three principle orientations, a = —2.64 £ 0.29. A presence of
the single consistent value suggests that deuterium self-diffusion in Fe-free wadsleyite
is about one order faster than hydrogen. The diffusion for both isotopes showed a
linear relationship against the reciprocal temperature (Fig. 3.9). The determined
hydrogen and deuterium diffusion coefficients were fitted to the Arrhenius equation.
The pre-exponential term D, and activation enthalpy H, at 16 GPa in Fe-bearing

wadsleyite were calculated as follows:

Dy(100) = 10761 % exp(— %) m?/s (3.10)
Dyo10) = 107757 % exp(— %) m?/s (3.11)
Dirgoor) = 107683 x exp(— =202 m? /s (3.12)
Dp(100) = 107> % exp(— %) m?/s (3.13)
Dp(o10) = 107%%7 % exp(— %) m?/s (3.14)
Dp 901y = 10778 % exp(— %) m?/s (3.15)

The variation of H, for each isotope is quite small and in a range between 150 and
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170 kJ/mol. In addition, H, for each principle crystallographic directions are almost
constant. In contrast, Do for H are nearly one order of magnitude smaller than that for
D.

Geometric average of three principle crystal orientations in Fe-free wadsleyite
yields the pre-exponential term, Dy = 107%8> and 107588 m2/s, and the
activation enthalpy, H, = 158 and 155 kJ/mol for hydrogen and deuterium diffusion
in Fe-free wadslyite at 16 GPa, respectively. Hydrogen diffusion in Fe-free wadsleyite
has the same anisotropy and ~1 order of magnitude lower than deuterium diffusion.

This study demonstrates that influence of difference of water content between H-
and D-doped pairs on the diffusitivity is negligibly small because diffusion profiles of
bulk water diffusion are much shorter than those of H-D inter-diffusion profiles.
Asymmetric feature of diffusion profile from Fe-free wadsleyite is not attributed to
water content dependence since parallel experiments conducted in 5k2033 and
5k2038 pairs, which have similar water content in H- and D-doped crystals (Table
2.2), also produced obvious asymmetric profiles and similar simulation asymmetric
factor (Fig. 3.10). On the other hand, H-D inter-diffusion experiments in Fe-bearing
ringwoodite behave 30% higher water content in H-doped ringwoodite than D-doped
ones (Table 2.2), similar to 5k2141 and 1k1710 Fe-free wadsleyite pairs, but
inter-diffusion profiles are symmetric (Fig. 3.1). These comparisons suggest observed
asymmetric inter-diffusion profiles in Fe-free wadsleyite might depend on variations
of chemistry point defects adjusting to the Fe concentration instead of difference of
water content in crystal pairs.
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Table 3.1. H-D inter-diffusion runs conducted in a Kawai-type multi-anvil apparatus

Fe-bearing ringwoodite

Run. axis Mg# T(K) P(GPa) dur(min) logDH(m?/s) a
5k2515 91 1000 21 51 -12.51 0
5k2534 91 1000 21 30 -12.60 0
5k2535 91 1100 21 17 -12.21 0
5k2586 91 1200 21 8 -11.58 0
5k2587 91 1300 21 4 -11.39 0

Fe-bearing wadsleyite
1k1943 a 90 1200 16 21 -11.55 0
1k2066 b 90 1000 16 124 -13.07 0
1k2075 b 90 1100 16 41 -12.51 0
1k2102 c 90 1000 16 132 -12.60 0
5k2493 b 90 1000 16 90 -13.20 0
1k2181 b 90 1200 16 5 -11.89 0
1k2184 a 90 1100 16 12 -11.83 0
1k2193 c 90 1200 16 5 -11.73 0
1k2198 c 90 1100 16 11 -12.27 0
1k2403 a 90 1000 16 77 -12.20 0
5k2802 a 95 1200 16 12 -12.40 <0
Fe-free wadsleyite
1k1717 b 100 1200 16 12 -13.92 -2.7
1k1782 c 100 1200 16 13 -13.57 -2.0
1k1789 b 100 1200 16 13 -14.27 -2.7
1k1790 a 100 1300 16 8 -13.00 -2.6
1k1791 c 100 1000 16 104 -14.92 -2.8
1k1872 a 100 1200 16 22 -13.15 -2.6
5k2266 a 100 1000 16 280 -14.89 -3.0
1k2049 b 100 1000 16 1020 -15.61 -2.6
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Fig. 3.1. An example of diffusion profile in Fe-bearing ringwoodite from 5K2587
measured by SIMS. (A) SEM micrograph of sample showing array of craters from
SIMS spot line analyses. (B) Diffusion profiles from one crystal edge to another
crystal edge perpendicular to the interface on the polished surface. Red squares denote
a line profile of D/(D+H) for calculating the diffusion coefficients. In the edge of the
D-doped crystal, unavoidable exchange with H20 in surrounding Au generated
another diffusion profile similar to the interface one. However, D/(D+H) almost
remains constant concentration, which is same as that of the sample before the H/D
diffusion experiments. Therefore, a part of constant concentration was defined to be
initial concentration for fitting. Blue diamond indicates a line profile of (H+D)/3Si
ratios calculated from sum total counts of H and D divided by three times of ?°Si

counts, which represent the variation of total water content in the profile.

44



T (K)
1500 1400 1300 1200 _ 1100 1000

-10

1
-—
A

1

rw (101+10kJ/mol)

a
n

ol from D12 (137kJ/mo

a
®

06£11kJ/

Log D (m%s™)

LY
£

-15 I L I ¥ 1 ! 1

0.7 0.8 0.9 1.0 1.1
1000/T (K™)

Fig. 3.2. Arrhenius plot of hydrogen self-diffusion in Fe-bearing ringwoodite and

comparison with hydrogen self-diffusion in Fe-bearing wadsleyite, and olivine from
previous study. The red symbols represent the diffusion coefficients obtained at
different temperatures calculated from 1-D solutions to Fick’s second law,
respectively. The red line is a linear regression of the data at 21 GPa. The fit of Eq.
(3.2) to the experimental data for hydrogen self-diffusivity of Fe-bearing ringwoodite
at 21 GPa yields activation energy H, = 101£10 kJ/mol and Dy =

1077294046 'm2 /s Dark blue line shows the geometric mean of hydrogen
self-diffusivities of three orientations in Fe-bearing wadsleyite of this study at 16 GPa
with H,= 106x11 kJ/mol and Dy = 1077151046 m2/5 Green line displays the

geometric mean of hydrogen self-diffusivities in olivine at 2 GPa [Du Frane and

Tyburczy, 2012].
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Fig. 3.3. An example of diffusion profile in Fe-bearing wadsleyite (Mg#90) from Run.
5K2493 measured by SIMS. (A) SEM micrograph of sample (5K2493) showing array
of craters from SIMS spot line analyses. (B) Diffusion profile 1 from one crystal edge

to another crystal edge perpendicular to the interface on the polished surface.
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Fig. 3.4. Arrhenius plot of hydrogen self-diffusion in Fe-bearing for three principle

crystallograhic orientations.

47



profile1
] 4 y

0.6 Q‘o : }o ’:
S o Qs f
T o+ n(H+D)/Si
e s ®X(D)

. wfit

° 0 160 260 i 300 400 500

distance(um)
Fig. 3.5. Inter-diffusion profile in Fe-bearing wadsleyite (Mg#95) normalized to
a-axis at 1200K, 16 GPa from Run. 5K2802 measured by SIMS. (A) SEM
micrograph of sample showing array of craters from SIMS spot line analyses. (B)
Diffusion profile 1 from one crystal edge to another crystal edge perpendicular to the
interface on the polished surface. The diffusion profile reveals similar but obviously

smaller asymmetric property than Fe-free wadsleyite.
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Fig. 3.6. Comparison of self-diffusivities normalized to a-axis between H(D) in
Fe-bearing wadsleyite (Mg#90) (dark red line), H(D) in Fe-bearing wadsleyite
(Mg#95) (blue point), H (red line) and D (green line) in Fe-free wadsleyite.
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Fig. 3.7. An example of diffusion profile in Fe-free wadsleyite from Run. 1K2049
measured by SIMS. (A) SEM micrograph of sample showing array of craters from
SIMS spot line analyses. (B) Diffusion profile from one crystal edge to another crystal

edge perpendicular to the interface on the polished surface.
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Fortran step-by-step simulation.
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Fig. 3.9. Arrhenius plot of hydrogen and deuterium self-diffusion in Fe-free
wadsleyite and comparison with hydrogen (deuterium) self-diffusion in Fe-bearing
wadsleyite (Mg#90). The upper three dashed lines represent the diffusivities obtained
from Fe-bearing wadsleyite. The middle and under three lines are simulation results of
deuterium and hydrogen self-diffusivities in Fe-free wadsleyite, respectively. For
every group, different colors represent normalized to different typical orientations.
The activation enthalpise H, of hydrogen and deuterium self-diffusion in Fe-bearing

wadsleyite with different typical orientations are similar, ~157 kJ/mol.
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Fig. 3.10. Comparison of H-D inter-diffusion profiles in Fe-free wadsleyite at 1200 K
between different crystal pairs from (A) 5K2141 and 1K1710 group and (B) 5K2033
and 5K2038 group. Though bulk water content in crystals from 5K2033 and 5K2038

are similar (Table 2.2), Run. 1K1717 revealed nearly same asymmetric property as

Run. 1K2049.
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Chapter 4

Discussions and implications

4.1 Multiple hydrogen diffusion mechanism
4.1.1 Hydrogen migration along interstitial sites

Statistical mechanics diffusion (random walk) function suggests that diffusion
coefficient of species i (D;) is largely influenced by points defect condition (Shewmon,
1989):
D; = Ax,[; (4.1)
where A is empirical constant, x, is the fraction of vacant, namely, sum
concentration of unfilled and partially-filled defects and I; is the probability of atom
i jump when the neighboring site is partly-filled or empty. For hydrogen migration
along Mg defects, the concentration of unfilled Vy/, and partially-filled Hy, defects
in Fe-free wadsleyite are extremely low (~10712, Verma and Karki, 2009). In
Fe-bearing wadsleyite, the concentration of effective vacant for hydrogen jumping
would significantly augment according to the charge equilibrium with Fey . Thus as
Fig. 4.1 showed, in Fe-free condition, since low concentration of vacant for jumping
cruelly stagnates hydrogen self-diffusivities along Mg defects, we might observe
another diffusion mechanism which is concealed in Fe-bearing condition and
substantially irrelevant with Fe content, for examples, hydrogen diffusion along
interstitial sites or Si defects.

As for effective defects in bulk diffusion, the mechanism allows either higher
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hydrogen concentration or higher self-diffusivity than hydrogen diffusion along Mg
defects. Si defects can be excluded because the previous study on neutron powder
diffraction of hydrous wadsleyite demonstrated that dominant concentration of
hydrogen (D) accommodate in M3 sites [Sano-Furukawa et al., 2011] and both
hydrogen diffusion experiments and ab initio simulations suggested lower mobility of
hydrogen in Si and O sites [Shimojuku et al., 2009, Verma and Karki, 2009,
Padron-Navarta et al., 2014]. Although concentration of interstitial proton in
wadsleyite is relatively low, free proton mobility could be much larger than hydrogen
along Mg defects [Verma and Karki, 2009] and seems to be the sole candidate for the
new mechanism observed in Fe-free wadsleyite. It is extreme lack of experimental
proof about interstitial proton diffusion mechanism before present study though there
has been theoretical model [Karato, 2013] and simulation support [Verma and Karki,
2009]. Our results provided strong evidence of multiple hydrogen diffusion species in
wadsleyite.
4.1.2 Evolution of asymmetry in Fe-free condition

In multiple hydrogen mechanism, there are three types of hydrogen migration: (1)
along Mg defects (2) along interstitial sites and (3) from Mg sites to interstitial sites.
Based on Boltzmann distribution expression, jumping probability [; usually
functions to migration energy E; and temperature:
I =A% exp(;—?) (4.2)
Thus, at a given temperature, the difference of jumping or diffusion probabilities
between hydrogen isotopes is inverse proportion to absolute difference of migration
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energy.

2 = exp (2) = exp(2.64) ~ 14, namely, Ey — Ep ~ 22kj /mol (4.3)
Iy RT
Asymmetry factor calculated from our experiments is ~ -2.64, representing that

deuterium diffuses about 14 times faster than hydrogen in Fe-free wadsleyite. In
migration types (1) and (2), to product 14 times difference between diffusivities, it
needs the migration energy for deuterium is ~22 kJ/mol smaller than that for hydrogen
at 1000 K (Eq. 4.3). Considering relative smaller migration barrier, <150 kJ/mol
referred from former [e.g., Kohlstedt and Mackwell, 1998; Demouchy and Mackwell,
2003; Dufrane and Tyburczy, 2012; Karato, 2013; Yoshino et al., 2013] and present
studies for migration along Mg defects and <80 kJ/mol referred from ab initio
calculation [Verma and Karki, 2009] for migration along interstitial sites, respectively,
22 kJ/mol is amplified and leads to unreasonable large difference in proportion
between hydrogen isotopes, 15% and 22% in migration types (1) and (2), respectively.
Thus there is no expectation on large difference between hydrogen and deuterium
self-diffusivities along either interstitial sites or Mg defects. In migration type (3), the
differences between hydrogen isotopes of jump possibilities from Mg sites to
interstitial sites could diversify the isotopes fraction in interstitial sites from bulk
isotopes concentration to produce profound asymmetric properties. Smaller absolute
differences of migration barrier between hydrogen and deuterium, ~11 kJ/mol could
explain observed asymmetry factor, -2.64 in Fe-free wadsleyite as Eq. 4.4 showed

(demonstrated in later simulation parts).

= exp (?) = Jexp(2.64) ~3.7, namely, E, — Ep ~ 11kJ /mol (4.4)

Iy

56



On the other hand, ab initio simulation concluded relative large barrier energy, ~250
kJ/mol for hydrogen jumping from Mg site to interstitial site [ Verma and Karki, 2009].
Thus ~4% energy difference required in proportion suggests distinguish jumping
possibilities from Mg sites to interstitial sites between hydrogen isotopes might be the
logical origin which lead to significant asymmetry in H-D inter-diffusion profiles.
Since stoichiometry must be preserved in H-D inter-diffusion process [Karato,
2013], the ratio k between total water concentration in interstitial sites, C%, and
bulk water content, CA%¥ must be fixed at arbitrary profile position x and duration ¢.
The local equilibrium condition between hydrogen isotopes accommodated in
interstitial sites and Mg defects can be expressed:
PDCDb?Jg,Ig)

Chery = x kCAYE 4.5
DGt) = ppchilk ppychil * KCH+D (4.5)

bulk

. PyCh
in [€A3) bulk

= X kC 4.6
H(x,t) PoCBUTE +PyCE H+D (4.6)

where C g&x't) , C ,f']éx't) , C ,‘;}*,ﬁfg) and C ,31(‘;'2) are the deuterium and hydrogen
concentrations in interstitial sites and bulk concentrations, respectively. P, and Py
are the jump probabilities from a Mg site to an interstitial site for deuterium and
hydrogen (deuterium and hydrogen concentrations in Mg sites are approximately
equal to bulk ones), respectively. If the Pp is not equal to Py, the isotopic gradient in
interstitial sites is different from bulk isotopic gradient.

Karato [2013] put forward a theoretical inter-diffusion model for multiple
hydrogen species characterized by dividing single diffusion step into two stages: (1)
isotope jump and (2) local exchange. At arbitrary profile position x and duration ¢,
local equilibrium conditions from Eq. 4.5 and 4.6 suggest that there are same isotopic
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fractions in interstitial sites and Mg defects when P, = Py (Fig. 4.2A). At first stage,
when multiple species are present, concentration gradient must be present for each
species that varies as a function of position. Consequently, each species will diffuse
driven by the concentration gradient, and the diffusion flux should be proportional to
the diffusion coefficient of each species. Thus at duration t + 6t;,,, isotope fraction
variations in interstitial sites is larger than ones in Mg defects because of higher
self-diffusivities along interstitial sites, leading to breakdown of local isotopic
equilibrium between each species (Fig. 4.2A). It must cause a H-D exchange between
local interstitial sites and Mg sites in following stage (2). At duration t + 6t;5, +
O0tpc , the new isotopic equilibrium is reconstructed (Fig. 4.2A) and H-D
inter-diffusion turns into next single step. Based on Karato (2013)’s calculation, 0t;g,
is much larger than 6t;,. and it means that local equilibrium must be well achieved

during an isotope diffusion experiment.

(;T ~ (2> 1 4.7)
where / is the diffusion length in pm unit and a is the distance between hydrogen
atoms in nm unit.

However, in the present study where P, might not be equal to Py, local
isotopic equilibrium achieving to the bulk isotopic fraction and isotopic gradient in
interstitial sites is always different from bulk isotopic gradient (Fig. 4.2B).
Developing from Karato (2013)’s model, a coupled-diffusion model was constructed
by introducing interstitial proton mechanism in addition to diffusion mechanism in

Mg sites and distinguish jump probabilities from Mg site to interstitial site for
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hydrogen and deuterium (Fig. 4.3). The simulation results reveal that bulk hydrogen
diffusion profile feature is mostly controlled by ratio R = % and insensitive to
H+DVself
asymmetric factor A = ﬁ—g except at high R value (> 5), where C¥%p, and C ,1;' fD are
bulk hydrogen concentrations in interstitial and Mg sites, respectively, D;Zlf and
D;Z‘ff are hydrogen self-diffusivities along interstitial sites and Mg defects,
respectively. If R > 1, free proton migration along interstitial sites controls the
diffusion process and if R < 1, dominant kinetics mechanism is diffusion along Mg
defects. In Fe-bearing (Mg#90) wadsleyite, hydrogen diffusion along Mg defects
dominates the kinetics process and inter-diffusion profiles are symmetric (Fig. 3.3
and 4.3E). In wadsleyite (Mg#95), partially-filled Hy, concentration decreases and
R value increases (~1), the resultant H-D inter-diffusion is determined by both
migration mechanisms. At R < 5, asymmetric profile is not comparable and consistent
with inconspicuous asymmetry obtained from wadsleyite with low Fe content (Fig.
3.5 and 4.3C). Asymmetric profiles are observed evidently in Fe-free condition since

interstitial proton migration controls the diffusion process correspond to decease of

D;Z‘ff to more forward (Fig. 3.8 and 4.3A). In Fe-free condition, profile diffusion

Dinl )
%f, respectively,

coefficients at H-doped and D-doped infinite end are AD%, ¢ and
indicating asymmetric factor obtained from empirical Eq. 3.6 equal to In(42). The
different magnitudes and anisotropies in H-D inter-diffusion between Fe-free and
Fe-bearing wadsleyite are owing to the different dominant migration mechanisms
adjusting to the vacant concentration (Vi plus Hy).

4.1.3 Comparison with Karato (2013)’s model
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Because of low ferric iron solubility in olivine, present multiple hydrogen model
predicts observation of transformation of dominant hydrogen diffusion mechanism as
temperature increases, which has been reported by recent electrical conduction
experiments on hydrous olivine single crystals [Dai and Karato, 2014]. However, the
present model suggests at high temperature, diffusion or proton conduction are
controlled by free proton migration while at low temperature, hydrogen diffusion
along Mg defects dominates the kinetics process, which is opposite to the Karato
(2013)’s model. Regarding Arrhenius plot fitting is based on bulk water content no
matter which mechanisms dominate the diffusion process, the obtained activation
enthalpy should be controlled by both (1) temperature dependence of hydrogen
self-diffusion along interstitial sites and (2) variation of concentration of interstitial

proton as temperature when migration of free proton dominates the diffusion process.

in 2
Dselfq
KpT

Opc = Clgulk * k(T,P) * (4.8)

Ch“k is bulk hydrogen concentration,

where oy 1s measured proton conductivity,
q is charge, K}, is the Boltzmann constant, 7 is absolute temperature and £ is the ratio
k between total water concentration in interstitial sites and bulk water content. & also
has temperature-dependence and direct evidence is that free proton never been
detected at room temperature in olivine and its high pressure polymorphs. Although
ab initio simulation concluded lower activation enthalpy for free proton migration
than diffusion along Mg defects, sum of enthalpy (1) and (2) might be larger than
enthalpy for hydrogen diffusion along Mg sites and the mechanism transformation

observed at high temperature mainly attributes to increasing concentration of
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interstitial proton. On the other hand, multiple hydrogen mechanism would also
contribute effectively to H-D differentiation in the upper mantle, where Fe3*/ZFe is
relative low, ~3% [O’Neill et al, 1993; McCammon et al, 2004]. Observed
depleted-6D in NAMs from xenolith [Bell and Ihinger, 2000] might ascribe to kinetic

fractionation in dehydration during magma rising.

4.2 Implication to water distribution in the transition zone
4.2.1 Bulk hydrogen diffusivities in the transition zone

Hydrogen diffusivities in Fe-bearing wadsleyite polycrystals have been first
reported by Hae et al. [2006]. Based the expression proposed by Balluffi et al. [2005],
i/’ = b + G’ (4.9)
where Dflf ! , DL and ng are hydrogen diffusivities for bulk, lattice and grain
boundary, respectively. d is the grain size, 9 pum for wadsleyite aggregates from Hae et
al. [2006] and & is the grain boundaries width. Imaging of grain boundaries using
transmission electronic microscopy permitted the measurement of grain boundaries
widths and to date is considered to be 0.75 nm (two monoatomic layers) (Hiraga and
Kohlstedt, 2007, 2009). Comprehend with present average self-diffusion coefficient,
hydrogen grain boundary diffusivities in Fe-bearing wadsleyite can be estimated as

follows (Fig. 4.4).

125 kj/mol

b -
Dg =10 8 * eXp( 2.303*RT )

m?/s (4.10)
At the transition zone condition, hydrogen grain boundary diffusivities are ~2

orders of magnitude higher than lattice diffusivities. Grain sizes in normal mantle
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transition zone might be relatively large (>100 um) and lattice diffusion might be
dominant for hydrogen transportation (Fig. 4.5). Due to grain size reduction during
phase transformation under stress condition [Rubie and Brearley, 1990; Ito and Sato,
1991; Riedel and Karato, 1997], grain boundary mechanism might control the
hydrogen migration in the subduction zone. However, considering relative low
temperature conditions expected from the subduction zone, the hydrogen diffusivities
D;f 7 in the mantle transition zone is estimated to be lower than -9 log units of m?/s
(Fig. 4.5). Note that the present result yielding self-diffusion cannot be simply
compared with the results from Hae et al. [2006] because the former study determined
diffusion diffusivities of hydrogenation. However, currently available data is limited.
In addition, the calculated grain boundary diffusion coefficient is similar to that
obtained from olivine [Demouchy, 2010]. Therefore, the present results will be
applied to hydrogenation process in the following discussion.
4.2.2 Water heterogeneity in the transition zone

Assuming upper limit of DE in the mantle transition zone is -9 log units of m%/s,
we can estimate the characteristic hydrogen diffusion distance in the mantle transition
zone at a given duration using the following equation [Crank, 1979]:
e \/E (4.11)
where x is the characteristic distance in meter and ¢ is the duration in second. The
characteristic distance for hydrogen diffusion is found to be ~1.8 km after 100 Myr,
leading to the heterogeneity of water distribution in the mantle transition zone
estimated from the electrical conductivity and seismic velocity [Hae et al., 2006; Mao
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et al., 2012; Yoshino and Katsura, 2013].

The time scale of water heterogeneity persistence in the transition zone is also
discussed assuming a spherical geometry with diameter d. The boundary condition is
a constant normalized concentration of 1 at the surface of the sphere, representing a
new equilibrium concentration. The initial condition is a normalized concentration
Co = 0 throughout the sphere. The appropriate solution for the concentration at the

center of the sphere is given [Crank, 1979]:

eff 2.2
Dy’ n°m

=) (4.12)

Coy =1+227(—1)"exp(—
where C(;) is normalized concentration, d is the radius of the sphere, and D;f s
estimated to upper limit in the transition zone, -9 log units of m?/s from present study.
In Fig. 4.6, the equilibration time of a heterogeneity with a certain diameter d is
shown in a log-log plot. The equilibration time t,g95 is defined as the time needed to
equilibrate the grain to such an extent that the normalized concentration at the center
is 0.95. Fig. 4.6 shows that on experimental timescales of 1 hour, equilibrium can
only be achieved on the scale of a few millimeters. For heterogeneity with a diameter
of several meter, equilibrate on timescales equivalent to a human lifetime or longer.
During a timescale of the typical subduction slab age, assumed to be 50-200 Myr
[Mosenfelder et al., 2001], the size of a heterogeneity completely re-equilibrating
would be tiny, less than 1 km (Fig. 4.6), comparing with heterogeneity scales
observed in wedge mantle by geophysics technical such as magneto-telluric (MT) and
seismic velocity methods [e.g., Fukao et al., 2004; Ichiki et al., 2006; Kelbert et al.,
2009; Baba et al., 2010].
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4.2.3 Long-term preserved supercritical fluid in wedge mantle

Low mobility of hydrogen in transition zone condition suggests water
heterogeneity in subduction slabs can be long-term preserved and hydration of
surrounding dry mantle is not so effective. On the other hand, thermal diffusivities are
~3 orders magnitudes larger than hydrogen diffusivities [Xu et al, 2004] in the
transition zone condition, leading to temperature homogenization between wedge and
surrounding mantle is more rapid. Thus maximum water solubility in wet slab
wadsleyite and ringwoodite decrease sharply during slab water sluggish diffusion out
to dry surrounding mantle. Consequently, supercritical fluid might occur and
long-term preserve in some range of mantle transition zone, for example, at top of the
stagnant slab, rich in water because of decomposition of phase A [Ohtani et al., 2003,
2004] when the maximum water solubility lower than bulk water content.

Based on above coupled-diffusion mechanism, we have simulated the evolution
of supercritical fluid at the interface between stagnant slab and surrounding mantle to
investigate the possibility and locality of fluid in the wedge mantle. Initial condition
for surround mantle is well constrained by former [Katsura et al., 2010; Yoshino and
Katsura, 2013] and present studies, assuming to 0.1 wt.% water content and 1900 K.
Simulation were performed on various initial slab temperatures, 1000-1600 K and
water contents, 1-2.5 wt.% to determine the function between initial slab temperatures
and the minimum initial water contents to generate supercritical fluids. Log thermal
and hydrogen diffusivities are -6 and -9 m?%s referred from Xu et al. [2004] and
present study, respectively. The temperature dependence of the maximum water
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solubility in wadsleyite was calculated based on the expression from Kohlistedt et al.

[1996] (Fig. 4.7):

39kj/mol
RT

Crnax = 0.079wt. % * exp(. ) (4.13)
Our results demonstrated that amount of water might exsolve from minerals to
generate supercritical fluids at the top of stagnant slabs according to sluggish water
homogenization process although water content in the slabs is much lower than
maximum water solubility at the beginning (Fig. 4.8). After fluids generation, it could

be constrained within a narrow range and long-term preserved after more than 100

Myr, a typical slab age, at the top of the stagnant slabs (Fig. 4.9).

4.3 Implications for electrical conduction

Electrical conductivity of mantle minerals is generally controlled by a
combination of ionic conduction (g;), hopping of electron holes between ferrous and
ferric iron (oy), and migration of protons (g;,). At wet condition, proton conductivity
is usually orders magnitude higher than the others and dominates the bulk
conductivity at low temperatures. If we consider the general case, the bulk
conductivity is expressed by
0 =0, 40, + 0, (4.14)
In this study, proton conductivities from hydrogen self-diffusion coefficients in

Fe-bearing wadsleyite and ringwoodite were calculated based on the Nernst-Einstein

relation,
_ DuCuq?
O-p - KpT (4.15)
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where Dy is the hydrogen self-diffusion coefficient, Cu is concentration of hydrogen,
q is charge, K, is the Boltzmann constant, and 7 is absolute temperature. Bulk
conductivities are summation of all conduction processes based on Eq. 4.14. To
estimate the bulk conductivity of wadsleyite and ringwoodite, ionic and hopping
conductions of wadsleyite and ringwoodite were taken from those of dry wadsleyite
and ringwoodite polycrystals of Yoshino et al. [2008]. Huang et al. [2005] determined
only bulk conductivities for hydrous ringwoodite so that their proton conductivities by
subtracting the dry data from Yoshino et al. [2008] were estimated.
4.3.1 Electrical conductivity in Fe-bearing wadsleyite

In Fe-bearing wadsleyite, proton conductivity estimated from hydrogen
self-diffusion coefficients has similar magnitudes with data of Yoshino et al. [2008] at
a wide range of water content and transition zone condition but ~1 order of magnitude
lower than results from Dai et al. [2009] (Fig. 4.10A). 1t is indistinguishable between
bulk conductivities obtained from this study and results of Yoshino et al. [2008] with a
wide range of water content (Fig. 4.10B and 4.11A). The activation enthalpy Ha of
proton conduction of wadsleyite from these studies are similar, with value ~100
kJ/mol).
4.3.2 Electrical conductivities in Fe-bearing ringwoodite

In Fe-bearing ringwoodite, proton and bulk conductivities of ringwoodite with
water content < 1000 ppmw are consistent with that measured by Yoshino et al. [2008]
but ~2 orders of magnitude lower than Huang et al. [2005] (Fig. 4.12). At higher
water content, the present results are lower than results from both Yoshino et al. [2008]
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and Huang et al. [2005] conspicuously (Fig. 4.11B). Yoshino et al. [2008] observed a

large reduction of Ha as water concentration in hydrous ringwoodite increases (Fig.

1

4.12), and introduced a term of water content dependence of Ha (aCI?IZO) to fit the

conductivity data. However, in this study, the diffusion profiles in Fe-bearing
ringwoodite revealed symmetrical characteristics (Fig. 3.1) although the total water
contents in D-doped crystals are 30% lower than in H-doped ones (Table 2.2),
suggesting an insignificant influence of water concentration on the activation enthalpy
Ha for hydrogen self-diffusion. Because of its reduction with increasing water content,
the activation enthalpy in hydrous ringwoodite from Yoshino et al. [2008] is lower
than results from Huang et al. [2005] and this study at high water content (Fig. 4.12).

At high temperatures corresponding to the mantle transition zone, the other
conduction mechanisms become dominant, since activation energy for small polaron
conduction in Fe-bearing olivine and its high-pressure polymorphs are higher than
that for proton conduction [Yoshino, 2010]. Fig. 4.13 shows the bulk electrical
conductivity of ringwoodite taking into consideration of the small polaron conduction.
Small amount of water in ringwoodite insignificantly contributes to the conductivity
due to large contribution of hopping conduction at the transition zone condition.
Assuming that Mg# of ringwoodite is 90, even 1 wt.% H20 would only increase the
electrical conductivity of ringwoodite of ~0.3 log unit.
4.3.3 Origin of discrepancy of proton conduction data

If supercritical fluid exists along the grain-boundaries, it is likely to establish
three-dimensional interconnected network in finer grain-size samples during heating.
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Generally direct measurements on finer grain-size samples would be affected more
seriously by dehydration and yielded larger electrical conductivities. The present
results estimated from lattice inter-diffusivities in Fe-bearing wadsleyite and
ringwoodite agree better with results from Yoshino et al. [2008] possible due to
relative larger grain size (100-500 um) used in Yoshino et al. [2008] than those (5-10
um) used in Dai et al. [2009] and Huang et al. [2005]. The discrepancy between
electrical conductivity data from Yoshino et al. [2008] and this study on ringwoodite
at high water content might also be in consequence of unavoidable dehydration.
4.3.4 Estimation of water content in the transition zone

Comparing electrical conductivity in hydrous wadsleyite and ringwoodite
calculated from diffusion coefficient with the global average model by Kelbert et al.
[2009], water content in the lower part of the transition zone is found to be less than
0.1 wt.% (Fig. 4.11 and 4.14A), which is consistent with Yoshino’s model and recent
studies using seismicity [Mao et al., 2012]. In contrast, the hydrogen diffusion model
cannot explain high conductivity anomalies beneath the Philippine Sea and
northeastern China where descending slab stagnates at the transition zone (4.14B). In
addition, it is difficult to explain these anomalies by hydration of wadsleyite and
ringwoodite based on all the electrical conductivity databases because ~1 wt.% water
content in wadsleyite and ringwoodite leading to the higher conductivity [Huang et al.,
2005; Yoshino and Katsura, 2013] will largely decrease Vp and Vg [Mao et al.,
2012]. It is not consistent with seismic observations, which are characterized by
higher Vp and Vs beneath the Phippine Sea and northeastern China compared to
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values from Preliminary reference Earth model (PREM) (1.5 and 2% higher,
respectively) [Fukao et al., 2004]. These conductivity anomalies could attribute to
variations in chemical composition (major or trace elements), oxidation state (oxygen
fugacity level) and supercritical-fluids in some regions in or near stagnant slabs
[Manthilake et al., 2009; Yoshino et al., 2009].

In reference to discussion in section 4.2.3, the presence of supercritical liquid can
be proposed as the most possible explanation for the high conductivity in the wedge
mantle. Melekhova et al. [2007] have shown that liquids in the MgO-SiO-H20
system become supercritical above 11 GPa. The composition of the supercritical
fluids coexisting with wadsleyite at 13.5 GPa and 1323 K is mainly H20 (60 wt.%)
MgO (33 wt.%) and SiO2 (7 wt.%) and H20 content slightly decreases with increasing
temperatures (52 wt.% in 1523K). Considering significantly low temperature in the
subduction zone compared to the normal mantle geotherm, the composition of
supercritical fluids should be dominated by H20 [Melekhova et al., 2007], which is
significantly different from hydrous melts in terms of H20 content [Demouchy et al.,
2005]. Electrical conductivity measurements of supercritical H2O based on shock
experiments at 15 GPa and 1273 K yielded a conductivity of around 100 S/m
(Mitchell and Nellis, 1982), which is ~4 orders of magnitude higher than
conductivities in hydrous wadsleyite with 1 wt.% water content at the same condition.
If supercritical fluids coexist with hydrous wadsleyite (without hydrous phase), tiny
fraction of supercritical fluids can govern bulk conductivity of rocks. As a first
approximation, a 0.1% volume fraction can duplicate the observed 0.1 S/m
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conductivity in the wedge mantle.

On the other hand, the effect of supercritical fluids on ¥} and Vs under transition
zone conditions might be negligible because of tiny volume fraction, <0.1%
considering the liquid or melt fraction dependence of seismic wave velocities
[Yoshino et al., 2005]. Seismic velocity observed from hydrous wadsleyite coexist
with supercritical fluids in the subduction zone is likely to be faster than that observed
by global average model mainly depending on subduction zone geotherm. A tiny
amount of supercritical fluid agrees with geophysical observations including both

high electrical conductivities and seismic velocities in the stagnant mantle.
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Fig. 4.1. Variation of hydrogen self-diffusivities along Mg defects at 1000 K as a
function to the Ferric Fe concentration normalized to Mg sites displayed by red curve.
Green range represents ferric concentration in mantle olivine. The upper and lower
limits for olivine are referred from Gudmundsson and Wood [1995] and Karato
[2008]. Wadsleyite in the transition zone estimated by McCammon et al. [2004]
within blue range has higher ferric Fe concentration than olivine. Ferric Fe
concentration in our Fe-bearing wadsleyite (Mg#90, yellow range) assumed equal to
sample SZ0005 from McCammon et al. [2004], which were synthetized in nearly
same condition as ours. Vertical axis means the log diffusivities normalized to the
diffusivity from present wadsleyite (Mg#90) at 1000 K. The purple dashed line
represents another hydrogen diffusion mechanism which do not migrate along Mg
defects, which might control the diffusion process in Fe-free condition because of

stagnation of hydrogen diffusion along Mg defects.
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Fig. 4.2. Schematic drawings of two-steps H-D inter-diffusion model associate with
interstitial free proton (A) assuming same jumping probabilities from Mg to
interstitial sites between hydrogen isotopes from Karato [2013] and (B) assuming
higher jumping probabilities of deuterium developed for present asymmetric
observation. Different colors represent multiple hydrogen or deuterium species and

square volumes represent specie fractions.
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Fig. 4.3. Comparison of simulated profiles based on coupled-diffusion mechanism
with various A and R values. Vertical axis indicates bulk deuterium fraction and
horizontal axis shows nodes and indicate profile position. Bulk diffusivities are same
for all profiles. Yellow curves show initial conditions with C(OD) = 0 at x > 0 and
C(OD) =1 at x <0. Blue and red curves represent diffusion profiles after 100 and 500

simulation steps, respectively, which mean duration.
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Fig. 4.4. Arrhenius plot of hydrogen grain-boundary diffusion and comparison with

hydrogen lattice diffusion in Fe-bearing wadsleyite. Light blue line shows hydrogen
grain boundary diffusivities in Fe-bearing wadsleyite with H,= 125 kJ/mol and Dy =

107325 m?/s . Dark blue line shows the geometric mean of hydrogen
self-diffusivities of three orientations in Fe-bearing wadsleyite of this study at 16 GPa
with H,=106x11 kJ/mol and D, = 1077151046 m2/g
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Fig. 4.5. Effect of the grain size, d on the hydrogen effective diffusion, DS in
wadsleyite, at different temperatures for a polycrystalline aggregate of wadsleyite.
The different color lines are calculated using Eq. 4.9 at different temperatures. Right
red region denotes normal mantle transition zone condition derived from Katsura et al.
[2010] with large grain size >100 pum. Left blue region indicates bulk hydrogen
diffusivities in subduction zone characterized by lower geotherm and smaller grain

size (<1 pm).
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Fig. 4.6. Equilibration times to.9s5 as a function of the size of a chemical heterogeneity
using the effective hydrogen diffusion coefficient assuming to 10° m?%s in the
transition zone. The heterogeneity is assumed to have the form of a sphere with
diameter d. Also shown are experimental timescales (purple range), the average
human lifetime (yellow range), the typical subduction slab ages (green range) and the

age of the Earth (blue range).
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Fig. 4.8. The minimum initial slab water content required to generate supercritical

fluids in the stagnant slabs as a function to the initial slab temperatures (red solid

curve), which is much lower than maximum water solubility (blue dashed curve).
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Fig. 4.9. An example of coupled-diffusion profiles at the junction part between
stagnant slab and surrounding mantle with initial slab temperature, 1100 K and water
content, 2 wt.% function to the diffusion length d and duration. Different colors mean
increasing time scales from 0 to 100 Myr. The dashed curves represent maximum
water solubility depending on thermal diffusion and solid curves represent water
distribution along the diffusion length depending on hydrogen diffusion. The
crossover between solid and dashed curves suggest water storage in the slab overflow
the maximum water solubility at the moment and supercritical fluids occur. After
fluids generation, crossover part is constrained within a narrow range at the top of

stagnant slab and long-term preserved more than 100 Myr.
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Fig. 4.10. (A) and (B) show proton conduction and bulk conductivity considering
small polaron conduction mechanisms in Fe-bearing wadsleyite with different water
content (100, 1000, 10000 ppmw represented by dotted, solid and dashed line,
respectively) as a function of reciprocal temperature, respectively. YO8 and D09
denote data from Yoshino et al. [2008] and Dai et al. [2009], which showed by purple
and blue line, respectively, while red line denotes the calculated conductivities from
this study. Small polaron conduction was applied from results of dry Fe-bearing

wadsleyite [Yoshino et al., 2008].
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Fig. 4.11. Electrical conductivity as a function of water content of (A) Fe-bearing
wadsleyite at 1870 K, average geothermal temperature in the upper part of the
transition zone [Katsura et al., 2010] and (B) Fe-bearing ringwoodite at 1950 K,
average geothermal temperature in the lower part of the transition zone [Katsura et al.,
2010]. For YO8 (blue lines) and S15 (red lines) we calculated using fitting parameter
from Yoshino et al. [2008] and this study, respectively. The purple points are
experimental data from Dai et al. [2009] and Huang et al. [2005] for wadsleyite and
ringwoodite, respectively. The green region and AV denote a range of conductivity

values observed in the global average model by Kelbert et al. [2009]
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Fig. 4.12. (A) and (B) show proton conduction and bulk conductivity considering
small polaron conduction mechanisms in Fe-bearing ringwoodite with different water
content (100, 1000, 10000 ppmw represented by dotted, solid and dashed line,
respectively) as a function of reciprocal temperature, respectively. HOS and Y08
denote data from Huang et al. [2005] and Yoshino et al. [2008], which showed by
purple and blue line, respectively, while red line denotes the calculated conductivities
from this study. Small polaron conduction was applied from results of dry Fe-bearing

ringwoodite [ Yoshino et al., 2008].
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Fig. 4.13. Electrical conductivities of Fe-bearing ringwoodite as a function of total
iron content for different water contents at 2000K. Hopping conduction in
ringwoodite varied with Fe content introduced from Yoshino et al. [2009]. Proton
conductivities are calculated from hydrogen self-diffusivities in Fe-bearing

ringwoodite of this study.
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Fig. 4.14. Compilation of expected electrical conductivities of Fe-bearing wadsleyite
and ringwoodite from hydrogen self-diffusion coefficients as a function of water
content. (A) Profiles with various water contents showed as red lines are constructed
based on the mantle geotherm from Katsura et al. [2010]. The blue dashed line
denotes a range of conductivity values observed in the global average model by
Kelbert et al. [2009]. (B) Profiles with various water contents showed as red lines are
constructed based on 300 K lower than the mantle geotherm from Katsura et al.
[2010]. Because seismic tomography studies have suggested low-temperature
anomalies of 200-300 K associated with subduction slabs beneath the Philippine Sea

[Fukao et al., 2004], the conductivity-depth profiles were calculated assuming the
83



average geotherm [Katsura et al., 2010] minus 300 K. The green and purple dashed
lines denote ranges of conductivity values observed by the Magnetotelluric technique
beneath northwestern China [Ichiki et al., 2006] and the Philippine Sea [Baba et al.,

2010], respectively.
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Chapter 5

Concluding remarks

Knowledge of absolute water content in the Earth’s mantle is important to
understand the mantle dynamics because water strongly influences many
physicochemical properties such as melting temperature, seismic velocity, viscosity
and electrical conductivity of mantle rocks. In the mantle transition zone, it is well
known that the main constituent minerals such as wadsleyite and ringwoodite can store
the significant amount of water in their crystal structure based on the large numbers of
water solubility experiments. Therefore, the mantle transition zone could be a potential
water reservoir of the Earth. To understand role of the mantle transition zone as the
water budget, we have to know the absolute water content in this region. Electrical
conductivity is believed to be a useful physical parameter to determine the absolute
water content in combination between electromagnetic observation and laboratory
conductivity measurement. However, laboratory electrical conductivity measurements
of proton conduction in nominally anhydrous minerals have provided the large
discrepancies because of the experimental difficulty, especially dehydration during the
conductivity measurement is unavoidable at high temperatures. To overcome this
problem, the other approach to determine electrical conductivity is needed.

In this study, H-D inter-diffusion experiments have been performed in order to
determine the hydrogen lattice self-diffusion coefficients in wadsleyite and
ringwoodite, which are thought to be a main constituent mineral in the mantle
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transition zone, at high pressures and various temperatures in Kawai-type multianvil
apparatus. Large single crystals of H- and D-doped wadsleyite and ringwoodite
synthetized at 16 and 21 GPa by slow cooling method, respectively, were employed as
inter-diffusion couples. As for wadsleyite, single crystals with various Fe contents
were prepared to constrain the effect of Fe on the inter-diffusion. Diffusion
experiments were also conducted at the same pressures as synthesis and various
temperatures ranging from 1000 to 1300 K in Au capsules. Inter-diffusion profiles
were measured by secondary ion mass spectroscopy (SIMS). Symmetric diffusion
profiles were obtained from diffusion couple of Fe-bearing wadsleyite and ringwoodite.
1-D solutions to Fick’s second law indicate that hydrogen diffusivities in Fe-bearing
wadsleyite and ringwoodite are nearly the same and about 1 order of magnitude higher
than that of olivine determined at 2 GPa from Du Frane and Tyburczy [2012]. On the
other hand, inter-diffusion profiles obtained from the Fe-free wadsleyite crystal pairs
are characterized by much slower diffusion rate and asymmetric diffusion profiles. The
model calculation suggests that the dominant hydrogen migration mechanism changes
from Mg sites at high ferric concentration condition to interstitial sites with increasing
Fe content, and jump probabilities from Mg sites to interstitial sites between deuterium
and hydrogen are different.

It has been shown that the present H-D inter-diffusion experimental technique
using single crystal pair is capable of determining hydrogen lattice self-diffusion
coefficient controlling proton conduction with high accuracy. This method allows
distinguishing not only between grain boundary and lattice processes but also between
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incorporation and self-diffusion in crystal. Electrical conductivities based on the
Nernst-Einstein equation from present hydrogen self-diffusivities in Fe-bearing
wadsleyite and ringwoodite are consistent well with those of Yoshino et al. [2008]
under the transition zone pressure-temperature condition except for ringwoodite with
high water content but about 1-2 orders of magnitude lower than Dai et al. [2009] and
Huang et al. [2005]. The discrepancies between direct conductivity measurements and
this study were probably caused by various degrees of dehydration during heating in
the conductivity measurements. Estimated global average water concentration in the
mantle transition zone is less than 0.1 wt.%. In the mantle transition zone beneath the
northwestern China, only hydration of wadsleyite and ringwoodite cannot account for
both high conductivity and fast seismic velocity anomalies. The characteristic distance
for hydrogen diffusion in Fe-bearing wadsleyite is found to be ~1.8 km after 100 Myr.
It implies that the heterogeneity of water distribution in the mantle transition zone
detected by geophysics observations can be maintained for geologically long time scale.
Generation of the supercritical fluid at the top of subducted stagnant slab by heating
from the surrounding mantle could be the most plausible explanation for both high

conductivity and fast seismic velocity anomalies in the wedge mantle.
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