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Abstract: The electrical conductivity of minerals under extreme conditions is governed by their variations in composition and structure.
Constitution water, which is present in various polymorphic phases of olivine, can significantly enhance electrical conductivity under
mantle pressure—temperature conditions, therefore playing a key role in proton transport. Despite this, the conductive mechanisms in
hydrous olivine, particularly in hydrous ringwoodite, and the dynamic behavior of hydrogen at elevated temperatures, remain poorly
understood. In this study, we investigated the proton conduction mechanisms in hydrous ringwoodite through first-principles
calculations. Several hydrous models were considered, and ab initio molecular dynamics (AIMD) simulations were employed to simulate
hydrous configurations at high temperatures. Calculations based on density functional perturbation theory (DFPT) and vibrational
density of states (VDOS) analyses were conducted to probe the stability of hydrous structures, and investigate the dynamic behavior of
internal hydrogen. Our results indicate that hydrogen trapped in Mg+ and Fe3+ defects exhibits significantly higher mobility than
hydrogen trapped in Si*+ defects. At elevated temperatures, we observed the ionization of hydrogen from cationic defects, leading to
high and highly anisotropic proton conductivity along the [100] crystallographic direction. This thermal ionization-induced anisotropic
conductivity is consistent with experimental observations of olivine single crystals. Finally, the conductivity of the 0.79 wt% hydrous
ringwoodite structure was found to range from 10793 to 1094 S/m, the 1.19 wt% structure ranged from 10%4 to 109 S/m in the transition
region, and the 1.62 wt% structure exhibited conductivity ranging from 10°%7 to 1072 S/m. These results are in excellent agreement with
prior experimental data, providing further insight into the proton conduction mechanisms of hydrous olivine under extreme mantle
conditions.
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1. Introduction electrical conductivity anomalies at various depths within subduc-

The formation of deep-seated Earth rock structures is highly sensi-
tive to changes in the chemical composition of minerals and
rocks, as well as the presence and distribution of fluids within the
geological system (Huang XG et al,, 2005; Yang XZ et al., 2011).
Magnetotelluric (MT) sounding studies have identified significant
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tion zones (Wannamaker et al., 2009; Worzewski et al., 2011; Evans
etal., 2014; McGary et al.,, 2014). It is well-established that minerals
exhibit a significant reduction in electrical conductivity when
exposed to temperatures below their respective melting points.
Consequently, a widely accepted hypothesis is that these
instances of anomalously high electrical conductivity in the
Earth's depths may be a result of partial melting in mineral rock
formations (Roberts and Tyburczy, 1999). In contrast to the
predominant semiconducting and insulating minerals within the
Earth's deep interior, a subset of minerals—such as graphite,
ilmenite, and magnetite—is characterized by exceptional electrical
conductivity. Moreover, mantle rocks are not only capable of ionic


http://www.eppcgs.org/
https://doi.org/10.26464/epp2025049
https://doi.org/10.26464/epp2025049
https://doi.org/10.26464/epp2025049
mailto:zhousiyu@stu.cdut.edu.cn
mailto:zhangchuanyu10@cdut.edu.cn
mailto:wxb@cdut.edu.cn

and electronic conduction in certain minerals, but may also
exhibit proton conduction (Dai LD and Karato, 2014). A compre-
hensive analysis of both partial melting and recrystallization
models was provided by Karato (2019), emphasizing the complex-
ity of partial melting processes and proposing that hydrogen ion-
induced enhancement of mineral electrical conductivity at high
temperatures could explain certain geophysical observations.

The presence of even trace amounts of constitutional water in
high-pressure minerals can significantly alter their physical and
chemical properties, thus influencing the dynamic behavior of the
mantle. Constitutional water, in particular, plays a crucial role in
modifying the rheological behavior of these minerals. For
instance, Wang WZ et al. (2021) employed the Quasi-Harmonic
Approximation (QHA) to compute the elastic constants of water-
bearing ringwoodite, showing that constitutional water softens
the elastic constants under mantle transition zone and lower
mantle conditions, influencing both compressional and shear
wave velocities. Since the 1960s, research on nominally anhydrous
minerals (NAMs) has led to the discovery of OH and H,O in
several NAMs. Notably, wadsleyite and ringwoodite have been
shown to contain up to 3 wt% constitutional water (Kohlstedt et
al., 1996; Rossman, 1996). Karato (1990) was the first to propose
that constitutional water within upper mantle olivine significantly
enhances its electrical conductivity, primarily due to the high
mobility of H" ions within the olivine lattice. In further studies,
Yoshino et al. (2009) replicated upper mantle conditions using a
multi-anvil press, measuring the electrical conductivity of both
hydrous and anhydrous olivine at 10 GPa and 2000 K, and revealing
a substantial effect of water content on olivine conductivity.
Despite these advances, significant challenges remain in under-
standing the mechanisms underlying the incorporation of water
and the effect of H" adsorption and dissociation on conductivity
in different olivine phases (Du Frane and Tyburczy, 2012). For
example, observing the movement of particles in olivine under
mantle conditions remains challenging, and existing experimental
data have yet to provide a robust theoretical framework for
explaining anomalous conductivity changes in the upper mantle
and transition zone (Yoshino et al., 2008).

Understanding the hydrogen-assisted enhancement of conductiv-
ity is thus critical for interpreting the high conductivity anomalies
observed in the mantle transition zone (MTZ). This study aims to
investigate the microscopic mechanisms of hydrogen-assisted
conductivity enhancement in ringwoodite at the atomic scale
using first-principles methods. The conceptual framework is
inspired by the high mobility of cations in the superionic phase of
solid electrolytes (He Y et al., 2021a), which share structural simi-
larities with aqueous ringwoodite and Li,O, both exhibiting
hexagonal crystal structures. These compounds primarily exhibit
ionic bonding, which is highly sensitive to temperature and pres-
sure conditions. Under high-temperature and high-pressure
conditions, Li,O transforms into a superionic conductor, similar to
the conditions in the Earth's transition zone, where ringwoodite is
located. Consequently, we hypothesize that the conduction
mechanism in water-bearing NAMs at high temperatures involves
the ionization of constitutional water within ringwoodite, driven
by elevated temperatures. This process leads to the formation of a
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quasi-fluidic proton state with extremely high diffusion rates
within the lattice. The electrical conductivity associated with
protons in this fluidic state can be described by the Nernst-
Einstein relationship:

2
o= fDﬂl (’|)

ksT
where o is the electrical conductivity of corresponding cation, f is
an analytical factor approximately equal to unity, D is the diffusion
coefficient, C signifies the ions concentration, g is the electric
charge of the cation, kg is the Boltzmann constant, and T is the

absolute temperature.

In summary, through theoretical calculations, this study investi-
gates the diffusion properties of hydrous ringwoodite under the
pressure—temperature conditions typical of the MTZ, focusing on
evaluating its electrical conductivity characteristics.

2. Structural Details of Hydrous Ringwoodite
Ringwoodite, located within the cubic crystal system (space
group: Fd-3m) is characterized by its spinel structure, resulting
from the structural transformation of olivine under high pressure.
Its chemical formula is typically represented as A;B404. The struc-
tural composition of the mineral consists primarily of two alternat-
ing types of atomic layers along the [111] direction. One layer
contains MgOg octahedra and SiO4 tetrahedra, while the other
layer consists solely of MgOg octahedra (Kudoh et al., 2000; Li L et
al., 2009).

Previous research has claimed that there are various mechanisms
that account for the presence of water in hydrous ringwoodite.
The preferred mechanism for water doping in hydrous ringwoodite
in nature has been demonstrated to be the hydration mechanism
of octahedral cationic vacancies by X-ray single-crystal diffraction
(Smyth et al., 2003). Furthermore, under defined thermodynamic
conditions, constitution water can coexist in a variety of substitu-
tional forms within a single system (Purevjav et al., 2014). In this
investigation, we construct and subsequently perform individual
molecular dynamics simulations for five distinct hydrous ring-
woodite models.

The first water doping mechanism involves the substitution of
two H* ions for a single Mg2* vacancy to achieve charge equilib-
rium, an octahedral cation vacancy hydration mechanism (Smyth
et al,, 2003), and the stability of the structure is in agreement with
what has been observed in practice. The second mechanism
entails the substitution of one Mg2?* ion and two H* ions to
occupy a Si** vacancy, leading to an anti-site substitution mecha-
nism [(Mg)s;(2H)™* ], whereby cations originally belonging to the
cationic site are removed and anions originally belonging to the
anionic site occupy the cationic site (Walker et al., 2007; Verma
and Karki, 2009). In the third mechanism, a Si** vacancy is
replaced with four H* ions, indicated as (4H);; (Umemoto et al.,
2011). Besides, when trivalent Fe3* ions are present within the
system, a single H* ion couples with Fe3*+ and becomes integrated
into the ringwoodite lattice. Therefore, we have conducted calcu-
lations for two coupled substitution hydrous models, where Fe3+
and H* jointly replace the nearest two Mg?+ vacancies to form
[(Fe)ug(H)u ]+ or both jointly substitute a Si*+ vacancy for charge
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balance, resulting in [(Fe)s;(H)*T (Zhao YH et al., 2004; Withers et
al.,, 2011; Blanchard et al., 2017). It is noteworthy that the protona-
tion sites are located near the edges of the O-O octahedra, with
OH vectors subparallel to Mg-O (at an angle of 27.0 ), and at
distances of 1.29 A and 2.06 A for Mg-H and Si-H, respectively
(Ross et al., 2003). This is analogous to the concept that the possible
sites lie between the O-O pairs around the vacant octahedral 16¢
site (octahedral-tetrahedral hybrid layer) and the 16d site (octahe-
dral layer) (Kudoh et al., 2000).

3. Computational Details

A series of hydrous ringwoodite models were constructed by
substituting the appropriate atoms in the Mg,SiO4 supercells.
Detailed information regarding the atomic numbers and water
content of these models is provided in Table 1. Firstly, a series of
simulations were carried out using the NPT system at a pressure of
20 GPa, varying the simulation temperature, with a simulation
step size of 10,000 steps and a step size of 1.0 fs. Subsequently,
data was obtained on the volume evolution over time, and an
arithmetic average made of the data from the equilibrium stage,
to obtain the extracted data at 20 GPa for the different tempera-
tures. Finally, an equilibrium simulation was carried out using the
NVT system. Structural optimizations of all configurations and
atomic positions were carried out using the Vienna Ab Initio Simu-
lation Package (VASP) code (Kresse and Furthmdller, 1996),
employing the Projector-Augmented-Wave (PAW) method based
on density functional theory (DFT) (Kohn and Sham, 1965; Blochl,
1994). The exchange-correlation interactions were treated using
the generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) functional (Perdew et al., 1996). A plane
wave basis set for wave function expansion was used, with a
cutoff energy of 600 eV. The convergence criteria for electronic
self-consistent iterations and ionic relaxation steps were set to
10-8 eV and 0.01 eV/A, respectively, to optimize the hydrogen
positions at various sites in all models, thereby ensuring the stabil-
ity of the initial structures. The K-point mesh in reciprocal space
was set to 2n x 0.03 A-' to guarantee energy convergence. The
vibrational properties of hydrous ringwoodite were calculated at
0 K using the density functional perturbation theory (DFPT; Baroni
et al., 2001). The dynamical matrix was subsequently processed
using the PHONOPY code, employing a 24 x 24 x 24 g-point mesh
(Togo et al., 2023).

The diffusion properties of hydrous ringwoodite were investigated
using ab initio molecular dynamics (AIMD). To balance computa-
tional efficiency and accuracy in AIMD simulations, the cutoff

energy was reduced to 400 eV, and Brillouin zone integration was
restricted to the T point. To ensure convergence, the results were
cross-checked using a denser K-point mesh and higher cutoff
energy (Figure S1). The initial cell volume was adjusted by
expanding it by a factor of two along all three orthogonal crystal-
lographic directions, to create the basis for multiple AIMD simula-
tions conducted under the Nose-Hoover thermostat in the canon-
ical (NVT) ensemble. The Birch—Murnaghan equation of state,
derived from anhydrous ringwoodite, was used to calculate the
volume (Figures S2 and S3). AIMD simulations of hydrous ring-
woodite were performed from 1500 K to 2800 K and 20 GPa using
the NVT ensemble for at least 30 ps per simulation to ensure
system equilibrium.

4. Results

Based on the hydrous ringwoodite models presented in Table 1,
AIMD calculations were initially performed on Model 1, Model 2,
and Model 3 (M1, M2, and M3) at varying temperatures to investi-
gate their distinct diffusion behaviors. The mean square displace-
ment (MSD) of atoms as a function of time within the systems was
used to characterize the extent of migration at finite tempera-
tures. The MSD is mathematically defined as follows:

N

({[r(e)) = % 3 ([t + 1)1 = [r{to) ), @

i=1

where (r;(t)) is the reference position of the target atom at time ¢,
while N is the total number of atoms within the system, and (r;(t,))
signifies the position of reference time. Consequently, it allows
the computation of the diffusion coefficient D, which characterizes
the ionic diffusion properties within the system, using the
provided expression based on the MSD:

D = lim [L([r(t)f)]. 3)

tooo | 2dt

To investigate the diffusion coefficients of bulk materials, the
dimensionless constant d, representing the lattice dimension, is
consistently set to 3 within the formula. It is noteworthy that the
MSD computed by Equation (3) captures the three-dimensional
diffusion motion of ions. Furthermore, it can also be tailored to
investigate either the two-dimensional ion diffusion within a
specific plane, or the one-dimensional ion diffusion in a particular
direction.

The results suggest that at lower temperatures (1500 K for M1 and
M3, 1800 K for M2), hydrogen exhibits a propensity to predomi-
nantly occupy corresponding cationic vacancies (in M1 and M3),

Table 1. The ringwoodite model configurations for ab initio molecular dynamics simulations with different water and iron contents.

Models Composition Defects Water Contents Fe/(Mg+Fe)
Model 1 Mg15SigO3H; (2H) g 1.63 wt% 0%
Model 2 Mg;7Si;03,H; [(Mg)s(2H)™T" 1.60 wt% 0%
Model 3 Mg165i7032Ha (4H)s; 3.27 wt% 0%
Model 4 Mg14Fe3+SigO3,H [(Fe)g(H)g )" 0.79 wt% 6.67%
Model 5 Mg16SisFe3+03,H [(Fe)s(H)'T* 0.78 wt% 5.88%
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significantly limiting its internal lattice diffusion. Additionally,
within M2, hydrogen tends to localize within anti-site defects,
where it replaces Mg2+ in the position of Si**, indicating a slightly
higher hydrogen diffusion transition temperature compared to
the M1 configuration. At high temperatures, prolonged thermal
excitation prompts hydrogen to gradually vacate the correspond-
ing cationic vacancies, liberating itself from the cationic defects
and diffusing into the interstices of the lattice. As depicted in
Figure 1, thermal excitation leads to a gradual increase in MSD
over time, approximately demonstrating a proportional growth
trend. Nevertheless, within the M3-type hydration mechanism,
even at the extremely high temperature of 2400 K, both the time-
dependent behavior of MSD in Figure 1a and the paths of hydrogen
ions in Figures 1f and 1g reveal restricted hydrogen diffusion. This
observation suggests that the strong stability of the hydration
mechanism involving Si*+ vacancy substitution under high pres-
sure is also indicative of a robust interaction between hydrogen
and the Si*+ vacancy.

To gain a better understanding of the interaction between two
atoms in this condensed system, we investigate the radial distri-
bution function (RDF) g(r), which provides information on the
probability of locating a target atom at various distances from a
reference atom. This analysis contributes to a deeper understand-
ing of the interatomic interactions and the overall structure of the
system. The RDF is defined as:

200
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where dN is the number of atoms of the target type in the shell of
thickness dr and distance r, p represents the system density, and
dV represents the shell volume.

The RDF derived from AIMD simulations of hydrogen-doped
structures in M1 is shown in Figure 2. The RDF obtained from the
simulations presents different interaction modes among the
target atomic pairs at both low and high temperatures. In Figure
2a, the RDF variations with distance r between oxygen (as the
reference) and hydrogen atoms (as targets) are displayed. Simula-
tions of both low and high temperatures reveal the isolated peaks
in the RDF for O-H pairs around 1.02 A, indicating the distance
where hydrogen atoms in the system are most likely to exist in the
space around oxygen atoms during the AIMD simulations, where
the corresponding interaction type is the oxygen-hydrogen bond.

For the second peak, corresponding to the second coordination
layer of oxygen atoms, the interaction observed for the O-H
atomic pairs is indicative of the weak interaction of hydrogen
bonds within the system (Kuhne and Khaliullin, 2014; Kim et al.,
2020). However, analysis of the second RDF peak reveals that at
the low-temperature conditions, the peak exhibits a tall and
narrow shape, contrasting the broader and shorter pattern
observed at high-temperatures. The discrepancy observed in the
second peak of the RDF at different temperatures can be
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Figure 1. Temporal evolution of the mean square displacement (MSD) of hydrogen ions from AIMD simulations at different temperatures, along
with schematic representations of hydrogen migration trajectories within Model 1, Model 2, and Model 3 systems. (a) lllustration of the trend in
MSD over time, with dashed lines depicting MSD at lower temperatures (1500 K for Model 1 and Model 3, and 1800 K for Model 2) and solid lines
representing MSD at higher temperatures. Over the course of the simulations, Model 1 and Model 2 exhibit a notable increase in MSD over time,
while Model 3 displays a considerably stable trend in MSD. Hydrogen migration trajectories within Mg2* vacancies at (b) 1500 K and (c) 2400 K,
and within anti-site defects at (d) 1800 K and (e) 2400 K. Additionally, hydrogen motion trajectories confined within Si** vacancies at (f) 1500 K
and (g) 2400 K. The cyan spheres are trajectories of proton migration. Green, orange, and red respectively denote Mg, Si, and O atoms in Mg-pure

ringwoodite crystal.
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Figure 2. Diagram of the RDFs g(r) for (a) O-H, (b) Mg-O, and (c) Si-O in Model 1 at different temperatures. In particular, the O-H atomic pairs
display a non-zero quantity between the first and second coordination peaks, the Mg-O atomic pairs exhibit nearly zero values between the first

and second coordination peaks, and between the first and second coordination peaks for Si-O atomic pairs zero value.

attributed to the milder lattice vibrations at lower temperatures,
which favor the formation of hydrogen bonds. Conversely, height-
ened lattice vibrations at high temperatures render atomic inter-
action severely unstable, resulting in a substantial weakening and
potential breakdown of weak bonds like hydrogen bonds. Conse-
quently, increasing temperatures lead to a further reduction in the
effects of hydrogen-oxygen and weak hydrogen bonds, evidence
of which were observed in the diminishment of the first two
values of the RDF peaks and an intensification in proton diffusion.
Additionally, a non-zero RDF density exists between the first and
second peaks of O-H pairs, with a larger non-zero value at high-
temperatures than at low-temperature, suggesting potential
breakage and recombination reactions of hydrogen-oxygen
bonds during AIMD simulations. At low-temperatures, the lowest
non-zero density signifies the localized diffusion behavior of
protons within Mg2+ vacancies, as represented in Figure 1b, while
the highest value at high-temperatures corresponds to proton
diffusion in a liquid-like state, diffusing within the interstitial crystal
lattice as depicted in Figure 1c.

The RDF profiles for Mg-O and Si-O atomic pairs shown in Figures
2b and 2c exhibit prominent, towering peaks at both high and
low temperatures, indicating the strong stability of Mg-O and Si-O
bonds under high temperature conditions. Notably, the non-zero
density between the first and second peaks in the RDF for Mg-O
pairs at 1500 K and 2400 K suggests Mg-O chemical bond breakage
and reformation during the AIMD simulation. Nevertheless, these
tiny fluctuations do not appear to support the phenomenon of
Mg diffusion within the crystal (Figure S4).

In addition, the DFPT method was adopted by Yu YG and Wentz-
covitch (2006) to calculate the vibrational properties of anhydrous
ringwoodite at high pressures. Here we also used the M1 structure
as the initial configuration, deriving the kinetic matrix from vibra-
tional frequencies computed using the DFPT method (Baroni et al.
2001), and post-processing the force constants and phonon
frequencies extracted from the kinetic matrix eigenvalues using
the PHONOPY code (Togo et al., 2023), to obtain the phonon
density of states (PDOS) and dispersion curves reflecting the
structural stability of hydrous ringwoodite on the kinetic scale.

The vibrational density of states (VDOS) of hydrous ringwoodite
with a water content of 1.63 wt% is compared at different temper-
atures to estimate the effect of constitution water on the vibra-
tional modes of ringwoodite.

At finite temperatures, the VDOS of the system particles can be
extracted from the Fourier transform of the velocity autocorrelation
function (VACF) of the corresponding particles, denoted as:

ﬁ (D vito) - vilto + 1))
o () vito) - vilto)

where v((ty) is the particle velocity vector at reference time, and
v,(t) is the particle velocity vector at correlation time, (--) denotes
the desired value, g(w) is the vibrational state density, w is the
frequency, and i denotes the number of particles.

e—ZTLiwtdt’ (5)

g(w)

The normalized PDOS and VDOS are depicted in Figure 3. When
temperature increases, as illustrated in Figure 3a, the high-
frequency vibration peak of hydrogen gradually increases from
about 1000 cm~' to about 1250 cm~, while the low-frequency
vibrational peak decreases rapidly. At 1500 K, hydrogen is
confined within the sublattice and cannot diffuse into the intersti-
tial space, and a high probability density distribution is observed
in the high-frequency channel. At 2400 K, as shown in the subplot
of Figure 3a, hydrogen exhibits a non-zero probability density
within the zero-frequency channel, which suggests that hydrogen
undergoes thermal dissociation and migration in the system, and
this transition is further manifested by the shift of hydrogen from
avibrational mode mediated by chemical bonding to the dominant
mode characterized by proton translation within the system.
However, for both Mg and Si VDOS (shown in Figure 3b and 3c,
respectively) the diffusion coefficients in the zero-frequency chan-
nel are zero, representing the fact that both elements are fixed in
their sublattices at both low and high temperatures. It is worth
mentioning that the similarity of both the VDOS and PDOS of
magnesium and silicon at high temperatures is due to the fact
that both act as backbone components of the ringwoodite, main-
taining the stability of the whole crystal, and are not involved in
conduction, whereas H is mainly involved in conduction at high
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Figure 3. Schematic of the normalized VDOS for the M1 configuration of hydrous ringwoodite. The profile formed by the black curves depicts
the PDOS for (a) H, (b) Mg, and (c) Si obtained from static phonon calculations at 0 K. The blue and red curves correspond to the VDOS derived
from the Fourier transform of the VACF at 1500 K and 2400 K, respectively. The low-frequency region is locally enlarged in subgraphs, and the
zero/non-zero VDOS at zero frequency channel shows the fixed/diffusive behavior of the particles at different temperatures, respectively.

temperatures instead of maintaining the ringwoodite structure.
Comparing temperatures of 2400 K to 1500 K, in the case of the
2400 K temperature the protons involved in the conduction states
are more gentle, and the number of states in which protons are
involved in the conduction states is higher. At the same time, at
0K, His obviously not involved in conduction, but as a component
of the structure, suggesting that H is dominated by chemical
bonding vibration at low temperatures, while the vibrational
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mode of H is dominated by translational motion at high tempera-
tures.

In evaluating the hydrous models M4 and M5 featuring the trivalent
state of iron ions, the AIMD method was employed to explore the
thermal dissociation of hydrogen and resulting proton thermal
diffusion effects within Fe-bearing hydrous ringwoodite. As
depicted in Figure 4, at low-temperature, both water incorporation

1800 K
[(Fe)y(H) )

2800K
Fes+H"

lonization

[(Fe)s(H) 1

Figure 4. Diagram of the MSD for hydrogen ions and proton migration trajectories of Model 4 and Model 5 (M4 and M5) at different
temperatures, obtained from the AIMD. The trend of MSD over time, where dashed lines at low-temperature conditions and solid lines at
high-temperature conditions (2500 K for M4 and 2800 K for M5). The trajectories of protons of Fe3* replacing Mg2* vacancies simulated at

(b) 1800 K and (c) 2500 K, respectively, while the trajectories of protons of Fe3+ replacing Si*+ vacancies simulated at (d) 1800 K and (e) 2800 K,
respectively. Red arrows signify the primary migration paths of hydrogen along the [100] crystal orientation in M4 and M5, and these trajectories
are represented by cyan spheres. Green, orange, red, and dark brown correspond to Mg, Si, O, and Fe atoms in the ringwoodite crystal,

respectively.
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configurations of M4 and M5 exhibit distinctive low diffusion
rates, which are characterized as the localized hydrogen entrap-
ment in the corresponding defects. Conversely, at high-tempera-
tures (2500 K for M4, 2800 K for M5), hydrogen becomes thermally
dissociated, escaping the corresponding defects and diffusing
into the interstices of the lattice, resulting in significant proton
mobility. In addition, the directed protons’ motion trajectories are
observed in Figure 4c and 4e, indicating a predominant migration
along the [100] crystal orientation.

To further investigate the anisotropic migration phenomenon
observed in the proton trajectories, the mobility of protons along
the three mutually orthogonal directions of [100], [010], and [001]
under high-temperature conditions was calculated by using one-
dimensional MSD. As shown in Figure 5, the MSD values along the
[100] crystallographic direction are significantly larger than those
along the other crystallographic directions, which confirms the
anisotropic migratory behavior of thermally dissociated protons in
Fe-containing hydrated magnesite under high-temperature
conditions. This reconfirms the significant effect of Fe3* doping on
the proton migration behavior.

5. Discussion
5.1 Behavioral Dynamics of Hydrous Configuration

The results presented in Section 4 comprise a detailed exposition
of the dynamic behaviors of hydrous ringwoodite under high-
temperature conditions, providing a more intuitive understanding
of the phenomena observed in previous high-temperature, high-
pressure experiments. In the majority of configurations, hydrogen
trapped in cation defects can be ionized at high temperatures.
Subsequently, ionized protons can diffuse into lattice interstices,
displaying enhanced proton mobility that augments proton
conductivity.

In exploring the impact of water on the lattice dynamics of ring-
woodite, we then select the M1 structure as the initial configuration
to calculate the RDF and VDOS of the water-bearing system. The

100
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RDF results reveal instances of breakage and reformation in the
Mg-O bond within the simulated temperature range, while the
probability density of the Si-O pairs between the first two peaks of
RDF shows that the Si-O bond remains stable at high-tempera-
ture. Previously, Ye Y et al. (2012) conducted high-temperature,
high-pressure experiments on ringwoodite with an average water
content of 2.5 wt%, observing in thermal expansion data that
MgOs octahedra exhibit a more pronounced distortion at high
temperatures than SiO,4 tetrahedra. The SiO4 tetrahedra exhibit
lower compressibility in space compared to MgOs octahedra,
which indicates that Si-O bonds are stronger than Mg-O bonds
under the corresponding conditions. This observation aligns with
AIMD simulations of the M1 configuration (water content of
1.63 wt%), where the strength of Mg-O bonds is weaker than that
of Si-O bonds. In addition, Shimojuku et al. (2009) and
Chakraborty (2010) also investigated and summarized the bulk
diffusion coefficients of the anhydrous ringwoodite, respectively,
showing a diffusion rate of Si that is four orders of magnitude
smaller than that of Mg, establishing Si as the predominant rate-
controlling species in lattice deformation at the MTZ region.

On the other hand, as shown in Figure 2a, the average hydroxide
bond length in hydrous ringwoodite is around 1.0 A , which is
similar to the hydroxide bond length of 1.025 A calculated by
Wang WZ and Wu ZQ (2022). This difference arises due to the ability
of hydrogen in the system to migrate within cation vacancies or
lattice interstices at finite temperatures, weakening the interac-
tions of hydrogen bonds, which manifests as a decrease in the
RDF peak. The high mobility of ionized hydrogen at elevated
temperatures leads to more frequent collisions and dissociation of
hydrogen in the lattice that in turn promotes more efficient
energy transfer, contributing to the observed trend of increasing
thermal conductivity in hydrous ringwoodite with rising tempera-
ture (Marzotto et al., 2020).

In parallel with the conductivity mechanisms of solid-state elec-
trolytes, the motion of highly mobile protons in hydrous ring-
woodite at high temperatures resembles the superionic state
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Figure 5. One-dimensional MSD of protons along the [100], [010] and [001] directions. The left side is the MSD of M4 along the respective
orthorhombic crystal orientations at 2500 K, and the right side is the MSD of M5 at 2800 K along the respective orthorhombic crystal orientations.
The increase of time-dependent MSD along the [100] direction is significantly larger than in other directions, which fully indicates the anisotropic

migration behavior of protons.
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observed in Li* in lithium compounds (He Y et al., 2021b; Krenzer
et al, 2022). Correspondingly, Liu C et al. (2019) observed a high
mobility phenomenon of superionic hydrogen and helium at high
temperatures based on the AIMD simulations of He-H,O
compounds.

5.2 Proton Diffusion Coefficient and Activation Enthalpy

In order to elucidate the dependency of proton diffusion rates on
temperature, we conducted extensive ab initio molecular dynamics
(AIMD) simulations for M1-M5 at various temperatures, subse-
quently calculating the corresponding proton diffusion coeffi-
cients, as shown in Figure 6. The diffusion coefficient, denoted as
D, demonstrates a robust correlation with temperature, a
phenomenon conventionally explicated by the Arrhenius equa-
tion:

D = Dyexp (—%_), 6)
where Dy represents the pre-exponential factor, AH is the activation
energy, kg is the Boltzmann constant, and T signifies the absolute
temperature. The activation enthalpies for proton diffusion in vari-
ous configurations were computed using Equation (6). For the
water incorporation configurations M1 and M2, the activation
enthalpies are determined to be 130.27 kJ/mol and 82.71 kJ/mol,
respectively. Meanwhile, the hydrous configurations of M4 and
M5 demonstrate similar activation enthalpies, approximately
186.42 kJ/mol, which are significantly higher than the hydrogen
diffusion activation enthalpies calculated in previous high-
temperature and high-pressure experiments on water-related
conductivity of ringwoodite (101 kJ/mol; Sun W et al., 2015) under
lower water content conditions.

The activation enthalpy of hydrogen diffusion in hydrous ring-
woodite configurations, where Fe3*+ replaces cations, exhibits
significant disparities compared to previous experiments. Our
conjecture is that the Fe, as a transition metal with correlated elec-

-6

Proton diffusion coefficient
-7 Pressure: 20 GPa

log[D (m?/s)]

0.3 0.4 0.5 0.6 0.7 0.8
1000/T (1/K)

Figure 6. Calculated proton diffusion coefficient as a function of the
reciprocal temperature for different models. The bulk diffusion
coefficients of the M1-M5 configurations are denoted by black
squares, red circles, blue stars, and orange diamonds, respectively.
Error bars correspond to the standard uncertainty with fitting the
MSD.
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tronic effects arising from its 3d orbitals, results in a strong
electron—electron (el-el) interaction within the system (Alexandrov
et al,, 2013). The el-el interaction is larger than the kinetic energy
of the atoms in the system, making the Coulomb repulsion result-
ing from their interaction non-negligible. Moreover, the calculated
M4 and M5 configurations reveal a pronounced anisotropic diffu-
sion of hydrogen at high temperatures, with the [100] direction
exhibiting the most distinct diffusion behavior. On the other
hand, a comparative analysis of hydrogen diffusion activation
enthalpies between M1 and M2 configurations indicates that M1
is more stable than M2 at high temperatures, aligning with previous
computational results (Panero, 2010).

5.3 Implications of the Electrical Conductivity of the MTZ

Previous experiments have shown that, for dry ringwoodite, the
conductivity of silicate minerals under mantle conditions is
primarily governed by ionic conductivity and small polaron
conduction. lonic conduction is characterized by the movement
of Mg?"ions into interstitial sites, while electronic conduction
involves small polaron conduction, including the transfer of elec-
trons or holes between Fe2" and Fe3*. Moreover, at high tempera-
tures, the conductivity of hydrous ringwoodite is mainly dominated
by proton diffusion, contributing to proton conductivity (Sun W et
al., 2015). We calculate the conductivity using the following equa-
tion:

Obulk = Odry + Owater- (7)

In this investigation, we determined the aggregate conductivity of
dry ringwoodite, including the sum of ionic conductivity and
hopping conductivity that are referenced from Yoshino et al.
(2008). Combined Equations (1) and (7), we conducted a compu-
tational analysis to describe the temperature-dependent trends in
proton and bulk conductivity for models with differing water
content, as depicted in Figure 7. Evidently, the conductivity of
hydrous ringwoodite is strongly contingent on its water content,
with an increase of approximately 1-2 orders of magnitude
observed at just about 1.0 wt% water content. It's pertinent to
highlight that, for the M5 hydrated configuration, our AIMD simu-
lations have a higher cutoff temperature relative to the M1-M4
configurations.

As a result, we have learned that different constitution water
configurations can co-exist in a wider range of systems (Purevjav
et al., 2014). Specially, Huang XG et al. (2005) conducted measure-
ments solely on the bulk conductivity of hydrous ringwoodite.
Therefore, we computed their proton conductivity by subtracting
the dry ringwoodite from Yoshino et al. (2008). In Figure 8, we
show the influence of water content and temperature on the
conductivity within the MTZ region for hydrous ringwoodite,
comparing results from previous high-temperature and high-
pressure experiments with those of our study. The calculated bulk
conductivity for models featuring high water content (exceeding
1.0 wt%) in this study exhibits lower deviation from the measure-
ments by Huang XG et al. (2005), but presents substantial dispari-
ties relative to the results of Yoshino et al. (2008) and Zhang BH et
al. (2019). In elucidating this conundrum, it is imperative to
consider two pivotal points. Firstly, the experiments of Huang XG
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Figure 7. Calculated proton conductivity (a) and bulk conductivity (b) as a function of the reciprocal temperature for different models. lon defect
conduction and small polaron conduction were determined from the conductivity of dry ringwoodite.

et al. (2005) employed smaller sample sizes of ringwoodite (5—
10 pum), introducing a significant two-order-of-magnitude reduc-
tion in electrical conductivity compared to the samples used by
Yoshino et al. (2008) (100—500 um). Secondly, from a microscopic
perspective, protons in high-water-content models exhibit
intense coupling with other charged defects through Coulomb
forces, the force strength of which depends on the average ion
distance. Consequently, both the small experimental sample sizes
and the theoretically high-water-content models can significantly
impact the results. As shown in Figure 8, the conductivity of the
model with a water content of 1.19 wt% in this study is higher at
high temperatures than that of the sample with a water content
of 1.0 wt% in the experiment of Yoshino et al. (2008). This sheds
light on previous analyses, suggesting the existence of a complex
and strong interaction between the protons and the defects in the
high-water-content model, as well as the potential effect of the
high density of hydrogen on the mobility of the protons. It is
worth mentioning that the results in the low-temperature section
are subject to some degree of error as they are fitted from the
results at high temperatures.

Moreover, in this investigation, a water content of 0.79 wt% effec-
tively explains the observed conductivities in both the deeper
MTZ in the Craton region and the shallower MTZ in the North
Pacific region. The water content in this study also aligns with the
ranges achieved in high-pressure experiments (Smyth et al., 2003).
In addition, the experimentally derived conductivity results from
previous comparisons of constructed water content models agree
reasonably well with the average of globally averaged actual
model-measured conductivity (Kelbert et al., 2009; Pearson et al.,
2014).

6. Conclusions

In summary, our calculations for the constructed low-water-
content model (0.79 wt%) show notable consistency with the
observed conductivity in the stable Craton region of the MTZ.
Importantly, these computations provide a useful reference for
exploring the conductivity mechanism of water-bearing minerals,
suggesting that constructing a larger model to reduce proton
density and minimize Coulomb interactions would yield more

accurate proton mobility. However, for the crystal lattice model of
ringwoodite, constructing a large system for AIMD simulations
while maintaining system symmetry is both challenging and
computationally expensive. Consequently, we aim to explore the

oL This study
........ 079 WtOA)
i ---- 119 wt%
TF Craton  —— 1.62 wt%
EOf : ~
a Ty, SRS
S -1} North pacific ., AR
> | e Fo,
L
=
) MY A e T
—4 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9

1000/T (1/K)

Figure 8. Plot of the conductivity of ringwoodite as a function of
temperature and water content. The dark brown and pink areas
(horizontal) represent the range of conductivity values observed in
the stable cratons region (Schultz et al., 1993; Lizarralde et al., 1995;
Neal et al., 2000; Jones, 2003; Evans et al., 2005; Kuvshinov et al., 2005;
Seama et al.,, 2007; Yoshino et al., 2009) and in the MTZ below of the
North Pacific region (Shimizu et al., 2010), respectively. H05, Y08, and
Z19 represent the conductivity data with different water contents
reported in the papers of Huang XG et al. (2005), Yoshino et al. (2008),
and Zhang BH et al. (2019), respectively, which are denoted by green,
blue and orange solid lines. The water contents in this study are
arranged in descending order using red lines (0.79 wt%), dashed lines
(1.19 wt%), and dotted lines (1.62 wt%). These values represent the
arithmetic mean conductivity at different averaged water contents:
0.79 wt% (Models 4 & 5), 1.19 wt% (Models 1, 2, 4, & 5), and 1.62 wt%
(Models 1 & 2). Previously calculated absolute temperatures at depths
of 520-660 km (from about 1700 K to about 2000 K; Katsura et al.,
2010) are also marked as light orange rectangular areas (vertical). The
hydrous ringwoodite conductivity was corrected by ionic conductivity
and hopping conductivity referred from dry ringwoodite reported by
Yoshino et al. (2008).
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integration of deep learning potentials with classical molecular
dynamics methods in the future, specifically using Deep Potential
Molecular Dynamics (DPMD), which strikes a balance between
efficiency and accuracy.
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