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The incorporation mechanisms and elastic properties of hydrous Bridgmanite (Brg) and post-Perovskite
(PPv) are investigated by using first principles calculations at the lower mantle pressures. The elastic
properties calculations in both (Al, Fe)-free and (Al, Fe)-bearing systems give evidences that hydrogen
has less effect on the elastic wave velocities and moduli in (Al, Fe)-free and Al-bearing system. However,
the elastic wave velocities and moduli, especially the shear velocity Vs and the shear modulus G, are
remarkably sensitive to the presence of hydrogen in the Fe-bearing system. The calculated shear velocity

Keywords: anomaly (dVs) are —2.9% for Fe3+5iH-Brg and —3.1% for Fe3*H-PPv, which are very close to the average
hydrogen anomaly value of LLSVPs. This result may imply the Ferric-bearing hydrous MgSiOs is likely a dominated
bridgmanite mineral in LLSVPs. Density functional perturbation theory (DFPT) and QHA calculation have also been

post-Perovskite performed to determine the P-T phase diagram for different hydrous systems. The phase transition

phase transition
elasticity property

boundary between Brg and PPv shifts to higher or lower pressures when the hydrogen atom substitutes
in the Mg or Si sites in the lattice, respectively. The existence of volatiles such as hydrogen may account

first-principal

for the strong lateral chemical heterogeneity in lowermost mantle.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Seismic investigations have shown that there is a seismic dis-
continuity region, or called the D” layer, above the CMB. Geo-
physical and geodynamic researches in the D” layer have been
kept on after it was discovered. The D” layer contains strong
seismic anisotropy and is characterized by an anticorrelation be-
tween the shear and bulk wave velocities, seismic discontinuity,
large low-shear-velocity provinces (LLSVPs) with —1 to —5% S-
wave velocity anomaly (Ford et al, 2006; He and Wen, 2012),
and a strong topography with laterally varying thickness from 0 to
over 300 km (Cobden et al., 2015; Garnero and McNamara, 2008;
Lay and Garnero, 2011). These features have commonly been ex-
plained by chemical heterogeneity (Wicks et al, 2010), partial
melting (Fiquet et al., 2010), preferred orientations (Murakami
et al., 2004), and mineral phase transitions (Murakami et al., 2004;
Oganov and Ono, 2004). The discovery of the phase transition
from Bridgmanite (Brg) to post-Perovskite (PPv) at the pressure—
temperature condition corresponding to the top of the D” layer has
been invoked to explain those of the anomalous features within
the D” region (Nowacki et al, 2010; Oganov and Ono, 2004;
Tsuchiya et al., 2004).
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MgSiO3 Brg to PPv phase transformation was reported at the
conditions of 125-127 GPa and 2500-3000 K, corresponding to
about 2740 km depth (Murakami et al., 2004; Oganov and Ono,
2004; Tsuchiya et al., 2004). However, recent experimental and
theoretical studies have shown that the real phase transition be-
tween Brg and PPv in lowermost mantle is much more compli-
cated than that in the pure MgSiO3 system (Dorfman et al., 2013).
The presence of Al and Fe can affect the transition thickness and
depth of transition boundary between Brg and PPv. Most of the
experimental and theoretical studies indicate the addition of Al
will stabilize Brg at higher pressure region relative to PPv (Tateno
et al,, 2005; Zhang and Oganov, 2006a). However, the effect of Fe
has been controversial. Some experimental and theoretical studies
demonstrated that the presence of Fe could lower the phase tran-
sition pressure (Mao et al., 2004; Zhang and Oganov, 2006b), yet
other groups suggested that Fe can stabilize Brg relative to PPv in
lower mantle (Murakami et al., 2005).

The effects of major element impurities in the phase transition
have been studied for a long time. Recently, geochemical evidence
suggests that an isolated primordial volatile reservoir should exist
in the lowermost mantle to explain isotope features (Gonnermann
and Mukhopadhyay, 2007; Hallis et al., 2015). The effect of these
volatile such as water on the Brg-PPv phase transition and phys-
ical properties has not been deeply explored. Water incorporates
into the crystal lattice as hydrogen defect through charge-coupled
substitution mechanism, which is formed by Si, Mg vacancy de-
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fect or coupled substitution of other cations (Keppler and Bolfan-
Casanova, 2006; Wright, 2006). The transition zone has a large
water storage capacity, where Olivine polymorphs, Wadsleyite, and
Ringwoodite can incorporate 1-2 wt.%H,0 into mineral structures
(Inoue et al, 2010). Recent evidence from deep diamond, which
included in Ringwoodite, indicates that that water content of tran-
sition zone is up to 1 wt.% (Pearson et al., 2014). The water stor-
age capacity of the lower mantle remains controversial due to
the inconsistent estimate of the water content of lower mantle
mineral. Previous experimental evidence suggests that the water
storage capacity of Bridgmanite and Ferropericlase would be no
more than ~ 20 ppm (Bolfan-Casanova et al., 2003; Panero et al.,
2015), some synthesis experiments, however, indicate more wide
contents ranging from 50 ppm to 0.4 wt.% (Litasov et al., 2003;
Murakami et al., 2002). Recently, Hernandez et al. (2013) used
the first-principles method to calculate the hydrogen partition be-
tween Ringwoodite, Ferropericlase, and Bridgmanite, which con-
cludes that Bridgmanite may contain up to 1000 ppm water or
even more. Townsend et al. (2016) argued that significant water
could be hosted in Al-bearing post-Perovskite in lowermost man-
tle.

In this study, we perform first-principles calculations to inves-
tigate in details the hydrogen incorporation mechanisms and the
energetic stabilities of several systems, i.e. (Al, Fe)-free, Al-bearing,
Fe-bearing Bridgmanite and post-Perovskite systems. We have also
calculated the elastic constants of hydrous Brg and PPv in order to
determine the hydration effect on the elastic properties and elas-
tic wave velocities. The density functional perturbation theory is
employed to calculate the quasi-harmonic free energies of hydra-
tion mechanisms, the P-T phase diagram of hydration system is,
therefore, re-plotted.

2. Computational details
2.1. First principles calculations

Our simulations were performed using the VASP code (Kresse
and Furthmuller, 1996), an efficient program that implements den-
sity functional theory (DFT) using the all-electron PAW method
(Kresse and Joubert, 1999). In all calculations, the exchange-
correlation energy was computed using the PBE form of General-
ized Gradient Approximation (GGA) (Perdew et al., 1996), and we
used 152 core (radius 1.52 a.u.) for O, 15%2S? core (radius 2 a.u.) for
Mg, 1522s22p® core (radius 1.9 a.u.) for Si, 1s22s*2p® core (radius
1.9 a.u.) for Al, 1s225%2p83s23p® core (radius 2.3 a.u.) for Fe and
ultrasoft pseudopotential for H. We used 2X2X1 and 4X1X1 super-
cells with 80-atom for Bridgmanite and post-Perovskite, respec-
tively. The plane-wave cut-off of 600 eV was set for representing
the wave functions. The K-space mesh was generated by the 3X3X4
Monkhorst-Pack grid (Monkhorst and Pack, 1976) for the 80-atom
supercells. All incorporation structures were relaxed at static con-
ditions (0 K) and pressure range of 70-130 GPa, with an interval of
10 GPa. Structural optimization was performed by the conjugate-
gradients method until the total energy changes were less than
1076 eV. A force convergence criterion was set to 0.01 eV/A. The
force constant matrixes were calculated by using density functional
perturbation theory (DFPT) (Gonze and Lee, 1997), and the phonon
dispersion curve obtained by using PONONPY code (Togo et al.,
2010) with 2X2X2 g-point mesh.

To be noticed, in this study, we mainly compare the energy
differences between different hydrous lower mantle minerals. The
energy contribution of the +U term will be canceled when we cal-
culate the energy difference between iron-bearing systems. There-
fore, we are only discussing the results produced from PBE without
adding the empirical Hubbard parameter U correction term to the
strongly correlated electrons in Fe bearing systems.

2.2. Quasi-harmonic approximation (QHA) calculation

We performed the QHA calculations to obtain the Gibbs free-
energy (G) at high pressures and temperatures, which can be ex-
pressed as a minimization problem in the equilibrium volume (V)
at the certain pressure (P) and temperature (T) conditions (Togo
et al,, 2010):

G(P,T)= mvin[Ustatic(V) + Fphonon(T; V) + PV] (M

where Uga.iic is the total energy of the static lattice at volume V.
Under the QHA framework the phonon vibrational contribution to
the Helmholtz free energy Fphonon(P; V) can be written as:

1
Fphonon(T; V) = Zq Shos(@; V)

-HqﬂZln(l —exp(—%)) (2)
5,9

where g and s are the wave vector and band index, respectively,
and ws(q; V) is the frequency of the phonon at g and volume V.
kgT and h are the Boltzmann constant and reduced Planck con-
stant, respectively.

3. Results and discussion
3.1. Substitution mechanism of hydrogen

Generally, the incorporation of hydrogen into nominally an-
hydrous minerals is related to the protonation of O atoms that
controlled by charge balance in the mineral structure and is
achieved by Si, Mg vacancy substitution or coupled substitution
with other cations. Bridgmanite and post-Perovskite both are or-
thorhombic and have the similar feature of crystal chemistry
with Si in sixfold coordination, Mg in eightfold coordination, and
two distinct oxygen sites, i.e, O1 and 0. In order to investi-
gate the stability of potential hydrogen defect configuration, and
confirm the appropriate hydrogen substitution mechanism, we
considered seven hydrogen defects: Vyg2H defect (Vf\/,[g + 20H")
(1.140 wt.%H0), Vs;4H defect (V¢ +40H") (2.284 wt.%H,0), Als;H
defect (Alg; + OH’) (0.563 wt.%H;0), AlygH defect (Vyy, + Alyg +
OH’) (0.570 wt.%H,0), Fe>TsH defect (Feg;+OH") (0.552 wt.%H,0),
Fe>wgH defect (Vy, +Fey,, +OH’) (0.559 wt.%H,0), Fe**yg2H de-
fect (Vf(,[g + Fe’,(/[g + 20H") (1118 wt.%H,0); (defects are described
using Kroger-Vink defect notation, - and ' superscripts represent a
positive or negative net charge on the site, respectively). The ini-
tial H-atom positions for Mg site were determined according the
studies of Townsend et al. (2015, 2016). The initial H-atom posi-
tions for Si site were determined by the OH bond along the edge
of SiOg octahedron. Through calculation of phonon dispersion and
enthalpy of all defect configurations at mantle pressure conditions,
we have eliminated those structures that have unstable phonon
dispersion and relatively high energy. The enthalpy of different
configurations for the same hydrogen substitution mechanism is
presented in Supplementary material (Table A.1-A.3). The crystal
structures which are used for subsequent property calculation are
shown in Fig. 1-3. We will divide above seven hydrogen defects
into three systems to discuss: (Al, Fe)-free system, Al-bearing sys-
tem, and Fe-bearing system.

For (Al, Fe)-free system, Vmg2H and Vs;4H are comparatively
common hydrogen defects in research about aquosity of minerals
(Wright, 2006). As illustrated in Fig. 1A and Fig. 1B, in the case
of Vyg2H defect in Bridgmanite, we have found a stable structure
in which two hydrogen atoms occupy the site of an Mg vacancy
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V.4H-Brg

V. 4H-PPv

Fig. 1. Crystal structures used in the (Al, Fe)-free system. (A). Vig2H-Brg crystal structure. (B). Vimg2H-PPv crystal structure. (C). Vs;4H-Brg crystal structure. (D). Vs;4H-PPv
crystal structure. In all structures orange, dark blue, red and black spheres represent magnesium, silicon, oxygen, and hydrogen, respectively. (For interpretation of the colors

in the figure(s), the reader is referred to the web version of this article.)

and bond with two O atoms as hydroxyl. Similarly, the structure
of Vyg2H defect in post-Perovskite, an Mg vacancy is occupied by
two protons, which bond with two O, atoms as well. Fig. 1C and
Fig. 1D illustrate the structure of Vsj4H defect in Bridgmanite and
post-Perovskite. The Si vacancy is filled by four hydrogen atoms.
Each hydrogen bond with an O, atom at SiOg octahedron as a
hydroxy group, which connects to one of the two unbonded O
through hydrogen bond.

In Al-bearing system, the stable structure of Als;H-Brg and
AlgiH-PPv at 120 GPa are illustrated in Fig. 2A and Fig. 2B. In this
case, an aluminum atom and a hydrogen atom jointly incorporate
into the lattice at the Si site, where the hydrogen occupies an in-
terstitial site and bonds with O; atom. Alternatively, in order to
evaluate the effect caused by the Al atom that occupies different
sites, we have modeled the configuration with the Al atom occupy-
ing an Mg vacancy site, (AlygH defect) for Brg and PPv. The stable
structures of AlygH-Brg and AlygH-PPv are shown in Fig. 2C and
Fig. 2D respectively. The hydrogen atom occupies another nearest
Mg vacancy. Note that the hydrogen is bonding with 01 in AlygH-
Brg, with Oy in AlygH-PPv.

The presence of Fe has a significant effect on the chemical and
physical properties of dry Brg and PPv, such as density, elastic-
ity, and phase transition boundary (Fukui et al., 2016; Muir and
Brodholt, 2015; Sun et al., 2018). However, the coupled influence

of iron and hydrogen has not been determined yet. Hence, we con-
sidered Fe3* giH, Fe**ygH, and Fe?*y42H defects to determine this
influence. In Fe3*5H defect, coupled Fe>* and hydrogen occupy Si
site by replacing the Si atom, in which hydrogen atom bonds with
01, which are shown in Fig. 3A and Fig. 3B. For the Fe3+MgH defect
in Brg and PPy, the stable structure we have found is that a Fe3*
occupies an Mg site via removing an Mg atom, and a hydrogen
atom that bonds with O1, occupies an adjacent Mg vacancy site
as illustrated in Fig. 3C and Fig. 3D. Fe”MgZH defect has a stable
structure as like with AlygH, which is shown in Fig. 3E and Fig. 3F.
Fe?t substitutes into the lattice at the Mg site, and two hydrogen
atoms occupy another nearest Mg vacancy, bonded with 0.

The hydrogen bond geometry for all the stable configurations
at 120 GPa is presented in Table 1, and at 70 GPa is presented
in Supplementary material (Table A.4). In all simulated structures,
both d(0...0) and d(O...H) are shortened with pressure in-
creases. This trend is consistent with previous results reported by
Blanchard et al. (2009). From the pressure of 70 GPa to 120 GPa,
the degree of decrease of d(O...H) in Fe3+MgH-Brg is the largest
among all studied structures, which is reduced by 0.198 A (10%).
In contrast, the degree of decrease of d(O...H) is the smallest in
Fe3+gH-Brg, with about 0.034 A (2.4%). d(0...0) in PPv is gener-
ally shorter than that in Brg, therefore the hydrogen bond will be
stronger in PPv, which is agreed well with the recent calculations
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Al H-Brg

(D)

Al ,H-PPv

Fig. 2. Crystal structures used in the Al-bearing system. (A). AlsjH-Brg crystal structure. (B). AlsjH-PPv crystal structure. (C). AlygH-Brg crystal structure. (D). AlygH-PPv crystal
structure. In all structures orange, dark blue, red, light blue and black spheres represent magnesium, silicon, oxygen, and hydrogen, respectively.

Table 1

Hydrogen-bond geometries at 120 GPa for Brg and PPv-phase used in this study.
Structure d(0-H) d(0...0) d(O...H) H-bond

(A) (A) (A) angle

(°)

Vmg2H-Brg 0.999 2399 1.819 113.54

Vwg2H-PPv 0.995 2.305 1.704 114.76

(Al Fe)-free  4H-Brg 1.030 2307 1.288 168.70
Vsi4H-PPv 1.063 2324 1267 171.68

AlgiH-Brg 1.049 2371 1372 156.42

Al-bearin Alg;H-PPv 1.067 2341 1325 156.15
& AlygH-Brg 1014 2,570 1767 133.28
AlygH-PPv 0.994 2276 1.683 114.01

Fe3+;H-Brg 1.039 2.367 1.381 155.71

Fe3+gH-PPv 1.083 2330 1.297 156.40

Fe-bearing Fe3*ygH-Brg 1.013 2.580 1.776 133.56
Fe3+ygH-PPv 1.031 2.285 1.402 139.42

Fe?*yg2H-Brg  0.998 2.405 1.787 116.59

Fe?+yg2H-PPv 0995 2.302 1.705 114.40

(Townsend et al., 2016). We have also found that the hydrogen
bond in Silicon-site related Vgi4H, AlgiH, and Fe3*gH configura-
tions, with the hydrogen bond angle of around 170.19°, 156.29°,
and 156.06° respectively, are comparatively more linear than that
in Magnesium-site related Vyig2H, AlygH, Fe>*ygH, and Fe?*yg2H
configurations. The calculated O-H distances in Silicon-site related

configurations are relatively longer than that in Magnesium-site re-
lated configurations

The hydrogarnet-type substitution, where the Si vacancy is
charge-compensated by four protons, usually presences in upper
mantle minerals, especially in Ringwoodite (Wright, 2006). How-
ever, the number of Si vacancies produced by water is extremely
low compared with the Mg vacancies in Bridgmanite at lowermost
mantle (Muir and Brodholt, 2018). In our studied model, we have
confirmed the Silicon vacancy mechanism (MgSig9375H02503) de-
fect is energetically unstable than Magnesium vacancy mechanism
(Mgp.9375SiHp12503) by 0.11 eV/f.u. and 0.12 eV/f.u. in Bridgmanite
and post-Perovskite, respectively.

To evaluate the relative water storage stability in Al-bearing and
Fe-bearing systems for both Brg and PPv phase, we have consid-
ered following two reactions (x = 0.0625):

[(Mg;_2,Al)SiO3Hx | g pp, +3xMgO

< [Mg(Sil—xAlx)OB HX]Brg/ppv + XMgSiO3p;g/ppy (3)
[(Mg; _2yFex)SiOsHx g, ppy + 3XMgO
< [Mg(Sil —xFex)0s3 HX]Brg/PPv + xMgSiO3p;g/ppy (4)

the left-hand side of the equations represents AlygH and Fe3+MgH
defect, and right-hand side is AlgH and Fe3tgH defect for Al-
bearing and Fe-bearing systems, respectively. The calculated reac-
tion enthalpies AH as a function of pressure are shown in Fig. 4.
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Fe*,,2H-Brg

(F)

Fe®,,2H-PPv

Fig. 3. Crystal structures used in the Fe-bearing system. (A). Fe>TgH-Brg crystal structure. (B). Fe’tsH-PPv crystal structure. (C). Fe3+MgH—Brg crystal structure.
(D). Fe3+MgH-PPv. (E). Fe2+M52H-Brg crystal structure. (F). Fe2+MgZH-PPv crystal structure. In all structures orange, dark blue, red, gray and black spheres represent magne-

sium, silicon, oxygen, iron, and hydrogen, respectively.

In consistent with recent work (Muir and Brodholt, 2018), we con-
clude that the Fe3*gH and AlgH defects are energetically more
favorable than Fe3+MgH and AlygH defects for both Brg and PPV
phases under all the lower mantle pressures.

3.2. Elastic properties

In order to investigate the effect of hydrogen on the elastic
properties of Brg and PPv, the nine elastic constants of all hy-
drous structures have been calculated by a stress-strain relation
with four different strain magnitudes (£0.005 and +0.01), which
are given in Supplementary material (Table A.5 and Table A.6). We
found that the elastic constants of pure-Brg and PPV are com-
pared favorably with previous studies (Oganov and Ono, 2004;
Zhang et al., 2013). The effects of iron and aluminum on the elas-
ticity properties of dry Brg and PPv have been investigated before
(Li et al., 2005; Tsuchiya and Tsuchiya, 2006). Here, we focus on
the hydration effect on the elasticity properties in both (Al, Fe)-free
and (Al, Fe)-bearing systems.

3.2.1. (Al, Fe)-free system

The existence of hydrogen in Vyg2H and Vsi4H defects will
mainly reduce the elastic constant of Brg and PPv phase. However,
we have also observed some odd variations on elastic constant, for
instance, the incorporation of hydrogen increases the Cgg and Ca3
in both (Al, Fe)-free systems.

The pressure dependence of the isotropic bulk (K) and shear
(G) moduli for Brg and PPv phase obtained from the Voigt-Reuss—
Hill averaging scheme are shown in Fig. 5A and Fig. 5C, respec-
tively. We find that, K and G of both phases are decreased by
hydration. In Brg-phase, K and G of Vsi4H defect structure are
smaller than those of Vyg2H defect under the studied pressure
range, which indicates that the reduced degree of K and G will be
affected by water content. However, in PPv-phase, the G moduli
of Vig2H and Vs;4H defect structures are very similar throughout
most of the pressure ranger of the lower mantle.

The isotropic averaged P-wave (Vp), S-wave (Vs) and bulk
sound velocities (V) are illustrated in Fig. 5B and Fig. 5D. At
120 GPa, the presence of hydrogen decreases the Vp and Vs in
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Fig. 4. The reaction enthalpy for Al-bearing system (A) and Fe-bearing system (B)
as a function of pressure. The MgO structure is optimized at the pressures of
70-130 GPa. Blue: Brg-phase. Green: PPv-phase.

both Brg and PPv phases. In Brg-phase, Vsi4H defect structure’s
Vp and Vs are smaller than those of Vyg2H defect structure at
the low-pressure area (70-100 GPa). This difference is diminished
at the high-pressure area over 100 GPa. However, the Vp and Vg
of these two defects (Vimg2H and Vsi4H) are very comparable at
entire pressure range in PPv-phase. The bulk sound velocity is re-
markably insensitive to the incorporation of hydrogen, especially in
the PPv-phase, which consist with previous study (Townsend et al.,
2015).

The single crystal elastic wave velocities were obtained by solv-
ing the Christoffel equation:

det|Cijklnkn1 - ,OVZSU =0 (5)

where Cjj, n, p, V and §;; are the elastic tensor, propagation di-
rection, density, wave velocity, and Kronecker delta, respectively.
The single crystal elastic wave velocities of Brg-phase (top) and
PPv-phase (bottom) as the function of propagation directions at the
pressure of 120 GPa are shown in Fig. 6. The presence of hydrogen
does not noticeably change the maximum or minimum velocity
propagation directions for both phases. However, the variation of
single crystal wave velocities are still affected by incorporation of
hydrogen, and the S wave velocities are more sensitive to hydra-
tion compared with P wave. Fig. 6A indicates that, at 120 GPa, the
Vmg2H-Brg's Vsy (horizontally polarized) which along [010] direc-
tion is slightly faster than pure-Brg, but Vsy of Vs;4H-Brg is slower

than pure-Brg along the same direction. Besides, Vsy of Vyg2H-Brg
and Vsi4H-Brg are slower than pure-Brg along all directions, espe-
cially along [001] and [110] for V\g2H-Brg. In PPv-phase (Fig. 6B),
we observe certain interesting variations of Vs that along some
specific propagation direction, for instance, the Vsy of Vg;4H-PPv is
slightly greater than pure-PPv’s along [100], [101], [011] and [010]
directions, and the Vsy of Vyg2H-PPv, whereas, is less than pure-
PPv along identical directions. This could attribute to the hydrogen
occupied different vacancy in the structure.

3.2.2. Al-bearing system

Tsuchiya and Tsuchiya (2006) have demonstrated that Al and
Fe impurity reduce the shear elastic moduli (C44, Css, Ceg) of Brg
and PPv observably. Here, we estimate the coupled effect caused
by Al and hydrogen on the elasticity property. For Brg-phase, AlsiH
defect structure that an Al and hydrogen jointly occupied a Si va-
cancy decreases Cy1, C33, C12, C44, and Cs5 mightily, yet increase
Ces slightly. AlygH defect structure, with coupled an Al and two
hydrogens at two Mg vacancies, has an opposite variation on Cqq
compared with AlsjH-Brg. For PPv-phase, AlgiH defect reduces the
longitudinal moduli (C11, Cy2, and C3z3) and shear moduli (Cyg,
Css, and Cgg). However, in AlyigH-PPy, the Cq1, C33, C23, and shear
moduli are decreased with hydration.

Fig. 5A and 5C present the aggregate bulk and shear moduli of
AlsiH-Brg/PPv and AlvgH-Brg/PPv calculated from the Voigt-Reuss-
Hill average. Compared to pure-Brg phase, the incorporation of
aluminum and hydrogen reduces the K and G of Brg-phase under
the lower mantle pressures. At 120 GPa, the bulk moduli of AlgiH-
Brg and AlygH-Brg are ~ 10.7 GPa per wt.%H>0 and ~ 3.5 GPa per
wt.%H;0 smaller than pure-Brg; the shear moduli are ~ 10.7 GPa
per wt.%H,0 and ~ 8.8 GPa per wt.%H,0 smaller, respectively.
For PPv-phase, AlsiH and AlygH decrease the K and G of PPv as
well, and the effect of hydration on shear moduli is more sensitive
than Brg-phase. The bulk moduli of Als;H-PPv and AlygH-PPv are
smaller than pure-PPv by ~ 10.7 GPa per wt.%H,0 and ~ 5.3 GPa
per wt.%H,0, and the shear moduli are ~ 16.0 GPa per wt.%H,0
and ~ 19.3 GPa per wt.%H,0 smaller than pure-PPv.

The calculated P-wave (Vp), S-wave (Vs) and bulk sound (V)
velocities of Al-bearing system are demonstrated in Fig. 5B for Brg-
phase and Fig. 5D for PPv-phase, respectively. The isotropic veloci-
ties of AlsjH-Brg are smaller than those of pure-Brg at 120 GPa by
~ 0.9% per wt.%H,0 for P-wave (Vp) and ~ 1.2% per wt.%H,0 for
S-wave (Vs). AlygH-Brg's Vp and Vs are ~ 0.5% per wt.%H0 and
~ 1.2% per wt.%H,0 lower than those of pure-Brg. In PPv-phase,
velocities of AlgiH-PPv at 120 GPa are smaller than those of pure-
PPv by ~ 1.1% per wt.%H,0 for Vp and ~ 2.0% per wt.%H,0 for Vs.
AlygH-PPv have ~ 2.6% per wt.%H;0 and ~ 2.5% per wt%H;0
smaller Vp and Vg than pure-PPv. We note that the bulk sound
velocities (V¢ ) are remarkably insensitive to the presence of hy-
drogen with a variation that less than ~ 0.3%.

The effect of coupled Al and H on the single crystal elastic wave
velocities calculated from Eq. (5) at 120 GPa are shown in Fig. 6.
In Brg-phase (Fig. 6C), AlsjH defect does not change the propaga-
tion directions of fastest and slowest wave velocity. The fastest and
slowest propagation directions for Vp is along [010] and [100], re-
spectively. The fastest and slowest propagation directions for Vs
is along [001] and [110], respectively. However, for AlygH-Brg, the
slowest direction of Vs changes to [100], due to the small Cs5 of
AlygH-Brg. In PPv-phase (Fig. 6D), AlygH-PPv has a propagation
direction dependence of wave velocities which is identical with
pure-PPv. Here its Vp is fastest and slowest in the [100] and [010]
directions respectively, as determined by ordering C11 > C33 > Ca.
The fastest Vs propagate along [101] direction, and the slowest
propagation direction is in [100] and [001] respectively, consistent
with the small Css. This result is consistent with the observa-
tion by Tsuchiya and Tsuchiya (2006). For AlsiH-PPv, the Vp is still
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function of pressure. Isotropic bulk wave velocities for Brg-phase (B) and PPv-phase (D) as a function of pressure.

fastest along [100] and slowest along [010] direction. The fastest
direction of Vs remain unchanged, yet one of the slowest Vs prop-
agation directions changes to [010] which correspond to small Ca4.

3.2.3. Fe-bearing system

We have investigated the coupled hydrogen and iron effect on
elasticity properties of Brg and PPv, and the results are summa-
rized in Supplementary material (Table A.5 and Table A.6). Various
iron valence states have been considered. In Brg-phase, we find
that the joint substitution of a Fe3* and a hydrogen for one Si va-
cancy (Fe3*H-Brg) reduces the longitudinal moduli (C11, Cy2, and
C33) and shear moduli (C44, Css5, and Cgg), and increases the off-
diagonal moduli (Cq2, C13, and Cy3). The similar trend on elastic
moduli can be observed in Fe3+MgH—Brg as well except that the
C11 and Cgg are relatively unchanged. For Fe?"yy2H-Brg, a Fe?"

and two hydrogen atoms occupy two Mg vacancies, reduces the
C11, Cy and shear moduli (C44, Cs5, and Cgg), and leaving the
Cs3, Cq3 relatively unchanged. For PPv-phase, we find a common
variation trend in Fe3*sH-PPv, Fe3*y H-PPv, and Fe?*ys2H-PPv,
which is decreases on the longitudinal moduli (C11, C22, and Cs3)
and shear moduli (C44, Cs5, and Cgg), and increases on the Cqa,
C13. The Cy3 of Fe3+MgH—PPV and Fe2+Mg2H-PPv are reduced with
the incorporation of iron and hydrogen.

Aggregate bulk and shear moduli of Brg and PPv phases are
shown in Fig. 5A, 5C and Supplementary material (Table A.5, A.6).
Compared to pure-Brg and PPv phase at 120 GPa, the bulk moduli
(K) of Fe3*5H are ~ 9.1 GPa per wt.%H,0 (Brg) and ~ 7.2 GPa per
wt.%H,0 (PPv) smaller, and Fe3+MgH have ~ 3.6 GPa per wt.%H,0
(Brg) and ~ 7.2 GPa per wt.%H0 (PPv) smaller bulk moduli. The
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incorporation of coupled ferrous and hydrogen reduces the bulk
moduli as well, with ~ 3.6 GPa per wt.%H,0 for Brg and ~ 5.4 GPa
per wt.%H,O for PPv. The bulk moduli are less sensitive to the
substitution of iron and hydrogen. In contrast, the effects of iron
and hydrogen on the shear moduli (G) are significant. At 120 GPa,
Fe3*gH have ~ 27.2 GPa per wt.%H,0 (Brg) and ~ 30.8 GPa per
wt.%H,0 (PPv) smaller G, Fe3+MgH have ~ 17.9 GPa per wt.%H;0
(Brg) and ~ 23.3 GPa per wt.%H,0 (PPv) smaller G. Shear moduli
of Fe”MgZH are ~ 13.4 GPa per wt.%H,0 (Brg) and ~ 14.3 GPa
per wt.%H,O (PPv) smaller. These findings indicate that the pres-
ence of iron (ferric or ferrous) and hydrogen strongly reduce the
shear moduli G of the lower mantle minerals, especially for PPv-
phase.

The isotropic averaged P-wave (Vp), S-wave (Vs) and bulk
sound (V) velocities of Fe-bearing system are plotted in Fig. 5B
and Fig. 5D, respectively. For Brg-phase, Vp in Fe3*sH, Fe*tygH
and Fe2+Mg2H systems are ~ 3.1% per wt%H;0, ~ 2.1% per
wt.%H20 and ~ 1.3% per wt.%H,0 smaller than that of pure dry
Brg, respectively and Vs are smaller than those of pure-Brg at
120 GPa by ~ 5.4% per wt.%H,0, ~ 3.9% per wt.%H,0, and ~ 2.5%
per wt.%H,0. In PPv-phase the Vp are smaller than those of pure
dry PPv at 120 GPa by ~ 3.1% per wt.%H,0, ~ 2.5% per wt.%H,0
and ~ 1.3% per wt%H,0 for Fe’*gH, Fe3*ygH and Fe?*yg2H,
which have ~ 5.4% per wt.%H;0, ~ 4.3% per wt.%H;0 and ~ 2.4%

per wt.%H,0 smaller Vs than pure-PPv, respectively. Here the bulk
sound velocities (V¢ ) for both Brg and PPv-phases are remarkably
insensitive to the incorporation of hydrogen and iron.

We determined the single crystal elastic wave velocities of Fe-
bearing system by solving the Eq. (5) at 120 GPa, which are plotted
in Fig. 6. For Brg-phase (Fig. 6E). The presence of Fe3* and hydro-
gen does not change the fastest and slowest Vp direction in the
Fe3TH defect structure, which are along [010] and [100], respec-
tively. The Vs fastest, [001] and [010], and the slowest, [110], di-
rections are also unchanged. However, for Fe3+MgH and Fe”MgZH.
the slowest direction of Vs changes to [100] from [110]. For PPv-
phase (Fig. 6F), Fe>*H, Fe3*ygH, and Fe?*yy2H defects do not
change the fastest and slowest Vp direction. We can see that their
Vp are fastest and slowest in the [100] and [001] directions re-
spectively, which correspond to Cq1 > C33 > Cyy. The fastest Vg
directions of Fe3*gH, Fe3*\ygH, and Fe?*\yg2H defect structures
are still unchanged, which are along [101] direction. However, one
of the slowest Vs directions for Fe3TH is altered from [100] to
[010], which caused by a small Cy4.

3.3. Equations of state and phase transition

We have fitted the isothermal 3rd-order Birch-Murnaghan
equations of state for all hydrogen defect configurations at the
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Table 2

Calculated equation of state (EOS) parameters of all hydrous structures for Bridgmanite and post-Perovskite. Ko, Vo and K; were

obtained by fitting 3rd-order Birch-Murnaghan equation of state.

Structure Ko Vo Ky Structure Ko Vo Ky
(GPa) (A%) (GPa) (A%)

pure-Brg 241 668.17 3.83 pure-PPv 218 666.77 4.02

(AL Fe)-free Vwmg2H-Brg 228 670.13 3.88 Vwmg2H-PPv 202 671.61 416
’ Vs;4H-Brg 223 67712 3.87 Vs;4H-PPv 198 676.77 416
Al-bearin AlgiH-Brg 232 675.71 3.84 Alg;H-PPv 206 675.91 413
s AlygH-Brg 233 664.80 3.87 AlygH-PPy 208 665.88 412
Fe3*sH-Brg 233 676.41 3.84 Fe3+gH-PPv 209 675.51 4.09

Fe-bearing Fe3*ygH-Brg 232 667.89 3.88 Fe3*ygH-PPv 205 670.19 415
Fe?* vg2H-Brg 231 670.98 3.87 Fe?* yg2H-PPv 204 672.77 414

ground state of 0 K. The EOS parameters of each configuration are
listed in Table 2. For all hydrogen defect configurations the in-
corporation of hydrogen lowers the zero pressure bulk modulus
(Ko) especially for PPv-phase, yet the value of K is insensitive to
the presence of hydrogen. which is similar to the transition zone
minerals such as Wadsleyite and Ringwoodite (Chang et al., 2015;
Wang et al,, 2019a). We have also found that, for (Al, Fe)-free and
Fe-bearing systems, the incorporation of hydrogen increase their
zero-pressure volume (Vo), however, for AlygH defect structure of
Al-bearing system, its Vq is slightly reduced by hydration.

We calculated the phase transition boundary for all configu-
rations which include pure system and hydrous system by the
quasi-harmonic free energy calculations, which is illustrated in
Fig. 7. For pure-Brg and pure-PPv phase, we obtain a positive
Clapeyron slop with 8.1 MPa/K, which consistent with previous
experimental and computational results (Oganov and Ono, 2004;
Ohta et al,, 2008). The Clapeyron slope of the hydrous system that
covers both (Al, Fe)-free, Al-bearing and Fe-bearing are calculated,
and the results are listed in Supplementary material (Table A.7).

It's concluded that when the hydrogen occupies Mg vacancy
site, the phase transition boundary between Brg and PPv will be
pushed to higher pressure, however the Brg-PPv boundary will be
reduced to lower pressure when the hydrogen atom substitutes
into Si vacancy site.

4. Discussion
4.1. The implications of hydrogen to LLSVPs

The cause of LLSVPs is always under debate. LLSVPs were first
considered as the result of thermal heterogeneity or superplumes.
However, several seismological observations including the anti-
correlation between shear wave and bulk sound velocity anoma-
lies, and the negative-correlation between density and seismic ve-
locity anomalies (Trampert et al.,, 2004), indicated that the purely
thermal effects are insufficient to explain the LLSVPs. It is thus in-
voked to explain the LLSVPs that compositional heterogeneity due
to the enrichment in iron and silicate (Deschamps et al., 2012) and
the primordial metallic melt trapped in the deep mantle (Zhang
et al., 2016). Recently, the chemical heterogeneity in lower man-
tle minerals caused by substitution of trivalent cation has been
reported to explain the origin of the LLSVPs (Fukui et al., 2016).
We calculate the contrast of S-wave velocity (dVs) and P-wave
velocity (dVp) for hydrogen incorporation system and dry sys-
tem respectively and use the results to match the S-wave veloc-
ity anomaly in LLSVPs (Fig. 8), the result of P-wave anomaly is
presented in Supplementary material (Fig. A.1). Fig. 8 shows dry
Al-bearing and 0.563-0.570 wt.%H,0O hydrous Al-bearing system
reduces the Vs by ~ 0.3% and ~ 0.9%, respectively, dry Fe-bearing
and 0.552-1.118 wt.%H,0 hydrous Fe-bearing system reduces the
Vs by ~ 1.7% and ~ 2.7%, respectively. (Al, Fe)-free system re-
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duces the Vs by ~ 1%, which is similar to the Al-bearing system.
Our results suggest that, in (Al, Fe)-free system, the reduction of
Vs that caused by incorporation of hydrogen and could not match
well with the Vs anomaly of LLSVPs. In the 6.25 mol% Al-bearing
systems, no matter it’s dry or hydrated, its anomalies of Vs are
too small to achieve the degree of dVs in LLSVPs. In both the
dry and the hydrous 6.25 mol% Fe-bearing systems, their dVs are
located in the range of values from seismic observations. Particu-
larly, the coupled hydrous and Fe bearing system has a stronger
reduction of S-wave velocity than those of dry Fe-bearing system.
We also noted that in 0.552 wt.%H,0 hydrous Fe-bearing sys-
tem, Fe’*gH-Brg and Fe3TgH-PPv reduce the Vs by ~ 2.9% and
~ 3.1% respectively, which are very close to the average value of
Vs anomaly in LLSVPs. Our simulations above indicate that the re-
gions depleted in Fe and Al or only Al-enriched in the lowermost
mantle might lack clear seismic signature of LLSVPs. The presence
of Fe and hydrogen, via the Fe>*H configuration, would make a
significant Vs anomaly in lowermost mantle. Literature estimates
the density anomaly of LLSVPs is ~ 1% positive (Ishii and Tromp,
1999). We have estimated the densities of hydrous Fe-bearing sys-
tem. The densities are ~ 0.82-1.15% and ~ 0.6%-1.04% heavier
than the pure Bridgmanite and post-Perovskite, respectively. Our
calculations are in agreement with the studies by Ishii and Tromp
(2004), Trampert et al. (2004) and Deschamps et al. (2012). There-
fore, we conclude that the hydrous Fe-bearing MgSiO3 might be a
dominant component in LLSVPs, and the origin of Vs anomaly in
LLSVPs may be due to the water in the lower mantle.

4.2. The implications of hydrogen to the variable topography of D" layer

High pressure and temperature experimental and theoretical
studies have suggested that the phase transition boundary be-
tween Brg and PPv would be affected strongly by the composi-
tion of mineral (Dorfman et al, 2013; Ohta et al, 2008). Both
experimental and theoretical studies have demonstrated the in-
corporation of Al and Fe could affects the phase transition and
coexistence domains between Bridgmanite and post-Perovskite,
and then effects the seismological anomalies in lower mantle
such as D” discontinuity(Sun et al., 2018; Wang et al., 2019b).
We calculate the variations of phase transition pressure which

due to the incorporation of hydrogen. Our results show that, in
(Al, Fe)-free system, the Viyg2H defect increases the transition
pressure by ~ 9.4 GPa and the Vsj4H mechanism decreases the
transition pressure by ~ 18.2 GPa. The effect on the Brg-PPv phase
boundary in AlgH (decreases by ~ 5.2 GPa), Fe>*H (decrease
by ~ 17.4 GPa) AlygH (increases by ~ 16.5 GPa), Fe3+MgH (in-
creases by ~ 6.6 GPa) and Fez+Mg2H (increases by ~ 8.9 GPa)
depends on the Al/Fe substitution site in the lattice. The shift
of the Brg-PPv transition pressure due to different incorporation
of hydrogen can be represented by the following partial deriva-

tive: S0t = —2.784 GPajmol%, gty = —0.832 GPa/mol%,

Sei o = 0712 GPajmol%, gy = 0.754 GPajmol% (where

dxFe? g

Py is the phase transition pressure and x is the molar concentra-
tion of hydrogen in percent). Both previous experimental and the-
oretical studies have demonstrated that Al is able to enhance the
Brg-PPv phase transition pressure (Tateno et al., 2005; Zhang and
Oganov, 2006a), and iron would reduce it (Dorfman et al., 2013;
Zhang and Oganov, 2006b). Here, an interesting phenomenon can
be found in our simulations: whether in (Al, Fe)-free or Al/Fe-
bearing system, it will stabilize Bridgmanite to a higher pressure
relative to post-Perovskite when the hydrogen incorporates into
Mg site. While it will stabilize PPv at a lower pressure when the
hydrogen atom incorporates into Si site, In other words, the depth
of transition boundary between Brg and PPv may be controlled by
the different positions of hydrogen in the mineral lattice, which
could explain the laterally varying thickness of D” layer between
0 and > 300 km. Our P-T phase diagram (Fig. 7) suggest that a
clear D” layer boundary in the lowermost mantle may not exist in
regions where the hydrogen substitutes into lattice via AlygH de-
fect. However, those D” layer regions, where the Fe3TgH as the
dominant defect, should be relatively thicker.

5. Conclusions

We have performed first principles calculations to investigate
the incorporation mechanisms of hydrogen in Bridgmanite and
post-Perovskite under the lower mantle conditions. In Al-bearing
or Fe-bearing system, the hydrogen would more preferentially sub-
stitute into the silicon site of the host mineral lattice via AlsiH
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(Alg; + OH") or Fe3tgH (Feg; + OH') defect configurations rather
than the magnesium site of AlygH (V;(,lg +A1iv1g + OH") or Fe3+MgH
( ;\’,lg + Fey;, + OH'). We have also calculated the elasticity prop-
erty of hydrous Brg and PPv. The incorporation of hydrogen in
the minerals reduces their K, G moduli and Vp, Vs. However the
bulk sound velocities (V) are rather insensitive to the presence
of hydrogen. The effect of hydration onto the elasticity properties
is more noticeable in the Fe-bearing system than (Al, Fe)-free or
Al-bearing system. In the Vg contrast (dVs) calculations, it is con-
cluded that the presence of coupled Fe and hydrogen would yield
an S-wave anomaly that is very close to the average anomaly value
of LLSVPs. This result implies the Fe-bearing hydrous MgSiO3 is
likely a dominated mineral in LLSVPs. The thermo-elasticity stud-
ies need to be conducted to constrain the thermal effect on the
wave velocity of hydrous silicates. The density functional pertur-
bation theory (DFPT) and QHA calculations have been employed
to determine the P-T phase diagram of hydrous MgsiO3 minerals
and the hydration effect to their phase transition. It is found that
hydrogen in the Mg site raise the phase transition boundary to
deeper regions in the lower mantle, and the hydrogen, which is
substituted at the Si site, will lower the phase transition boundary
to shallow parts.
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