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The structures and elasticities of phase B silicates with different water and iron (Fe) content are obtained by first-
principles simulation to understand the effects of water and Fe on their properties under high pressure. The lattice constants
a and b decrease with increasing water content. On the contrary, ¢ increases with increasing water content. On the other
hand, the b and ¢ decrease with increasing Fe content while a increases with increasing Fe content. The decrease of
M (metal)-O octahedral volume is greater than the decrease of SiO polyhedral volume over the same pressure range. The
density, bulk modulus and shear modulus of phase B increase with increasing Fe content and decrease with increasing water
content. The compressional wave velocity (V;) and shear wave velocity (Vs) of phase B decrease with increasing water and
Fe content. The comparisons of density and wave velocity between phase B silicate and the Earth typical structure provide
the evidence for understanding the formation of the X-discontinuity zone of the mantle.

Keywords: structural and elastic properties, phase B silicates, high pressure, first principles simulation
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1. Introduction

Water and iron play important roles in the Earth evolu-
tion and dynamics because they have strong influences on the
physical and chemical characters of minerals. Water can be
transported into the Earth interior through hydrous minerals in
subducting slabs.!? As an important potential hydrous sili-
cate phase, phase B (particular for hydrous phase B) was first
identified by Ringwood and Major.3! The phase B can be syn-
thesized by heating a powder mixture of forsterite and peri-
clase under hydrous conditions, above 15 GPa and 1500 °C,
and will be decomposed into an assemble of liquid and per-
iclase above its incongruent melting temperature (2300 °C at
23 GPa).!*l Akaogi and Akimoto!! synthesized phase B with a
crystal structure of Mg»3SigO4,Hg, and this structure was then
revised into Mgy4SigO4Hy by Finger et al.l%! Studies about
phase equilibrium in the system MgO-SiO,-H,0 at 8.5 GPa—
16 GPa and 750 °C-1200 °C showed dehydration of phase B
might play an important role in the forming of the low-Q low-
velocity zone in the depth about 300 km—500 km. ! Finger ez
al.'! described the details of crystallographic data of the phase
B and anhydrous phase B (Anhy-PhB) that each SiOg octahe-
dron shares all 12 edges with neighboring MgOg octahedra. A
large number of edges shared among the octahedral make the
high densities of the phase B and Anhy-PhB. The H bonding
tends to increase, rather than reduce the structure density be-
cause all H bondings in phase B occurs within the humite-like
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layer, rather than between layers. The Anhy-PhB, which pos-
sesses the Mg end-member stoichiometry of Mg4Si5054, was
first synthesized by Herzberg and Gasparik.!®! Ganguly and
Frost!! determined the stability of Anhy-PhB and the equi-
librium boundary of the reaction forsterite + periclase = an-
hydrous phase B at 900 °C-1600 °C, and suggested that the
reaction might lead to the formation of the X-discontinuity
at 275 km-345 km depth in the subcontinental and subduc-
tion zone. High-pressure single crystal x-ray diffraction re-
sults of the Anhy-PhB at 7.3 GPa and room temperature show
that the c-axis is most compressible (K. = 137.3 GPa) and
the b axis is least compressible (K, = 175.4 GPa), and the
rigid edge-sharing chains of MgOg and SiOg octahedra in the
octahedral layer control its compressibility.!!'’) The thermo-
chemical and -physical properties of the Anhy-PhB were sim-
ulated using hybrid B3LYP density functional theory from 0
to 20.3 GPa and the results are in agreement with the exper-

imental data.[-1!

I The partitioning of Fe into one of the six
symmetrically distinct octahedral sites made the properties of
Fe-bearing phase B (Mg ssFeg.12) 14SisO24 (Fe-PhB), synthe-
sized at 15 GPa and 1800 °C, remarkably different from those
of phase B and the presence of Fe expands the stability of an-
hydrous phase B into the Earth’s transition zone.!'?! The prop-
erties of minerals under high pressure are important for under-
standing the structure and composition of the Earth. However,

the research of the crystal structural and elastic properties of
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the phase B (including phase B, Anhy-PhB and Fe-PhB) under
high pressure has been relatively rare. Only two results about
crystal structures of Anhy-PbB were reported.!!%!!] Theoreti-
cal simulations can establish a link between the experimentally
observed peaks in the spectra and the underlying atomic dy-
namics and structure. First principles have been successfully
applied to geosciences for understanding mineral properties
of the crystal structure, elasticity, diffusion, melt, etc. under
high pressure and temperature.!!3->#! Differences among the
different cases of phase B with different water and Fe content
are important for understanding the effects of water and Fe
content on mineral properties, the structure and composition
of the mantle. Therefore, we investigate the crystal structural
and elastic properties of Anhy-PhB, phase B, and Fe-PhB un-
der high pressure by using first-principles calculations.

2. Simulation methods

The anhy-PhB and Fe-PhB are orthorhombic (Pmcb, Z =
2) phases with 43 atoms per unit cell. When Fe is present,
it is positioned into one of the six symmetrically distinct oc-
tahedral sites, although it prefers the M3 position.!®! For the
Fe atom, we did not calculate spin polarized. In contrast, the
phase B crystallizes into the space group P21/C (Z = 4) with
39 atoms per unit cell.[’! All the above phases involve the or-
dered intergrowth of two structural elements along the b-axis
direction. One is a layered structure containing octahedrally
coordinated Mg and tetrahedrally coordinated Si. The other is
the layered structure only containing octahedrally coordinated
Mg and Si.l6!

In this study, first-principles calculations are performed
by using density functional theory?>?0! with the plane-
wave pseudopotential. The calculations are implemented
in the CASTEP code,”’! and the generalized gradient ap-
(28] is used
Ultrasoft

proximation (GGA) with PW91 parameterization
to describe exchange—correlation interactions.

291 are used to model electron—ion interac-

pseudopotentials
tions with a plane-wave energy cutoff of 700 eV. A 3 x 1 x 2
Monkhorst Pack grid of k-points is adopted for sampling the
Brillouin zone. A convergence criterion of 5 x 10~ a.u. for
total energy is used in the self-consistent-field calculations.
The structures of the phase B at given pressures are calcu-
lated by simultaneously optimizing both atomic positions and
lattice constants under Hellmann—Feynman forces and stresses
acting on nuclei and lattice parameters, respectively.*’ The
elastic constants are determined by stress—strain relations. 3]
The magnitudes of all applied strains are 0.003 and the linear

relation was ensured to be enough for this strain range.

3. Results and discussion
3.1. Benchmark calculation

To assess the performance of the total-energy density
functional theory approach used here, we calculate the cell pa-
rameters and elastic constants of the Anhy-PhB, phase B, and
Fe-PhB and compare them with the reported values (Table 1).

As shown in Table 1, the differences between the calcu-
lated lattice parameters and the reported values in previous
studies are less than 2%, and the differences in volume are
between 4% and 5%. The differences in elastic properties be-
tween our calculations and reported simulations and experi-
ments are in a range of 4%—11.2%. These differences may be
attributed to under-binding resulting from the use of the GGA
in our calculations, in spite of differences in pressure and tem-
perature. Our calculations are carried out at 0 GPa and 0 K,
whereas the results reported in the literature were obtained un-
der atmospheric conditions. Thermal and zero-point correc-
tions to the elastic constants will very likely improve the agree-
ment between the calculated and reported results. The general
agreement of our calculations with previous results demon-
strates the validity of our computational method and its ability
to reproduce the properties of the phase B.

Table 1. Structural and elastic constants of phase B.

Lattice constants

Elastic modulus

Phase Reference
alA blIA clA VIA3 K/(GPa) GI/GPa
5914 14.299 10.142 857.6 155.0 103.9 [11]
ERINTSE i
5.978 14.414 10.231 881.5 1394 92.3 this study
A 1.5% 1.3% 1.4% 4.2% 10.1% 11.2%
10.588 14.097 10.073 1458.4 [6]
Phase B Mg;,Si4O19(OH), 10.599 14.109 10.082 1462.4 [32]
10.787 14.316 10.255 1536.2 136.4 88.1 this study
A 1.8% 1.5% 1.7% 4.9%
Fe-PhB
(Feo.12Mgo .88)14Si5024 5.908 14.241 10.069 847.2 142.6 [12]
Mgo 4Feq 4Si3.1014(OH)4 [10]
(Feo.14Mg0 g6) 14Si5024 5.979 14.298 10.081 8125 149.1 96.3 this study
A 1.2% 0.4% 0.1% —4.3% 4.3%

Note: A denotes the difference between the result in this study and the mean of previously reported results.
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3.2. Crystal structure under high pressure

Lattice constants (a, b, and ¢) of the phase B are calcu-
lated from O GPa to 30 GPa (Fig. 1). The results of previous
studies are also included in Fig. 1. Both the previously cal-

(111 and our calculations are lower than experi-

culated results
mental values.!'" As mentioned above, the calculated lattice
constants in this study are generally lower than the previously
reported values, which is primarily because of under-binding
resulting from the use of the GGA in our calculations. Al-
though the calculated lattice parameters are lower than the ex-
perimental data, the calculated change trends in lattice con-
stants with pressure are consistent with the previous results.
The lattice constants a and b decrease with increasing wa-
ter content, on the contrary ¢ increases with increasing water
content. The lattice constants b and ¢ decrease with increas-
ing Fe content, on the contrary a increases with increasing Fe
content. Different occurrences of H and Fe atoms in crystal
structure of the phase B lead to those different effects.

6.0
—=— Anhy-PhB!
—e— phase B!
5:91 —— Fe-PhB!
;'\\ —«— Anhy-PhB?
< 581 —»— Anhy-PhB3
o Fe-PhB*
5.71 % phase B®
A phase BS
5.6 —m——m——m——m——m—r———T————T—T—TT
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~
&z
E 14.24x
iz N
§ < 1401
g
% 13.84
3
3.6 ——/—"->——"———">"""-"—-"+-—"—"F—"—""——"
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9.6 1

P/GPa
Fig. 1. (color online) Lattice constants of phase B varying with pressure
(P). Different results are indicated by superscript numbers as follows: 1:
this study; 2: Ottonello er al.!'!1; 3: Crichton ez al ;1'% 4: Hazen er al.;12]
5: Finger et al ;191 6-Crichton et al.3%

The changes of lattice parameters (e.g., bond length, bond
angle, and polyhedral volume) with pressure are important for
understanding mineral properties under high pressure. Be-
cause there are several different Si—O tetrahedra/octahedra
along with M(Mg/Fe)—-O octahedra in phase B, the lengths of
Si—O and M-O bonds differ from each other within individual

phases, but the differences are very slight. Therefore, we cal-
culate the mean Si—O bond distance and M—O bond distance
in each phase B. Hereafter, the calculated bond lengths in this

study refer to these mean values.
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Fig. 2. (color online) Lengths of Si—O bond of phase B as a function of
pressure.

The lengths of Si—O bond of a tetrahedron are shorter than
those of an octahedron (Fig. 2). Water and Fe have opposite
effects on the length of Si—O bond in octahedron and tetra-
hedron. The length of Si—O bond in the tetrahedron decreases
with increasing water content and increases with increasing Fe
content. However, the length of Si—O bond in the octahedron
increases with increasing water content and decreases with in-
creasing Fe content. The variations of SiO tetrahedral and oc-
tahedral volume with water and Fe contents coincide with the
behavior of Si—O bond length. The SiO polyhedral volumes
of Anhy-PhB, phase B, and Fe-PhB decrease by 6.5%, 7.4%,
and 6.4% for tetrahedron and 7.5%, 7.4%, and 7.2% for oc-
tahedron as the pressure increases from 0 GPa to 30 GPa, re-
spectively. Thus, the compression of the SiO tetrahedron is a
little more than that of the SiO octahedron.

Metal(Fe/Mg)-O (MO) octahedron plays an important
part in the crystal structure of phase B. The M—O octahedral
bond distances of the phase Bs are shown as a function of pres-
sure in Fig. 3. The lengths of Fe—O bonds are far shorter than
those of Mg—O bonds. The lengths of Mg—O bonds increase
with increasing water content and decrease with increasing Fe
content. The volumes of the MgO octahedron in Anhy-PhB,
phase B, and Fe-PhB decrease by 12.7%, 12.8%, and 12.6%,

respectively, as the pressure increases from 0 GPa to 30 GPa.
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The volume of FeO octahedron decreases by 11.3% over the
same pressure range. Thus, the decrease of MO octahedral
volume is greater than the decrease of SiO polyhedral volume
under the same pressure range.

2144 Mg-O = Anhy-PhB
219 ' ® phase B

i v Fe-bearing PhB
2.10 Fe—O bond length

M—O bond length/A
N
o
>
1

2.02
2.00
1.98
1.96 LI L L L L L B S B L B B B
0 4 8 12 16 20 24 28
Pressure/GPa

Fig. 3. (color online) Lengths of M—O bond of phase B as a function of
pressure.

The densities of the phase B and typical Earth density
structure are shown in Fig. 4. The density of Fe-PhB is 9.2%
higher than that of Anhy-PhB, whereas those of phase B are
1.4% lower than that of Anhy-PhB. Thus, the density of phase
B increases with increasing Fe content and reducing water
content because of changes of volume and mass caused by
H and Fe atom occupation or substitution in phase B crys-
tal structure. These results are consistent with the changes of

forsterite density with Fe and water contents. [33-34]

Density/g-cm—3

2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75
O_ T \K‘ ‘ T T T T T
{ Y — Anhy-PhB!
1 “ —— phase B!
1 L ~FePhB!
200 \ — Anhy-PhB?
4 \ —— Anhy-PhB?
\ PREM
g 400 AK135
4
~ A
= i
£ \
A 600
800
1000

Fig. 4. (color online) Densities of phase B along the Earth’s typical den-
sity structure. The different results are indicated by superscript numbers
as follows: 1: This study; 2: Ottonello et al. 2010;"1 3: Crichton et al.
1999.[10]

The densities of Anhy-PhB and phase B are close to the
Earth density structure at depths of ~ 50 km—410 km. How-
ever, the density of Fe-PhB is much higher than the Earth den-
sity within this depth range. The deeper the depth in the Earth

(~ 410 km—670 km), the closer to the Earth density the den-
sity of Fe-PhB becomes. However densities of the phase B and
Anhy-PhB become smaller than the Earth density. The forma-
tion of Anhy-PhB by the reaction between forsterite and peri-
clase may be responsible for the X-discontinuity at ~ 260 km—
330 km depth of the mantle.”! The densities of the phase B in
this depth range are close to the Earth density, which gives
evidence for the formation of X-discontinuity at the mantle.

3.3. Elastic properties

The elastic parameters of minerals and their dependence
on pressure are important in the Earth science because these
properties are related to geophysical properties (e.g., seismic
velocity and Poisson’s ratio).

260 - bulk modulus (K)
240 1

220+
200+
180 1
160
v
140 1

130

| shear modulus (G)
1201

Elastic modulus/GPa

110

1004
s Anhy-PhB

90 e phase B
| v Fe-PhB
80 T T T T T T T T T T T T T T
0 4 8 12 16 20 24 28

Pressure/GPa

Fig. 5. (color online) Bulk and shear moduli of phase Bs as a function
of pressure.

The bulk modulus (K) and shear modulus (G) increase
with increasing Fe content and decrease with increasing water
content (Fig. 5). The pressure derivatives of the bulk modulus,
K’, are directly calculated from the pressure dependence of
K, yielding 3.79, 3.85, and 3.89 for Anhy-PhB, phase B, and
Fe-PhB, respectively. The calculated K’ values increase with
increasing Fe and water content. The pressure derivatives of
shear modulus (G’) are directly calculated from the pressure
dependence of G, yielding 1.42, 1.72, and 1.37 for Anhy-PhB,
phase B and Fe-PhB, respectively. The G’ increases with in-
creasing water content and decreases with increasing Fe con-
tent.

The effects of the Fe and water content on the elastic mod-
ulus of phase B presented herein are consistent with the gen-

eral trends in elastic behavior with water and Fe contents of
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minerals changing.3*33-37] For better understanding the elas-
tic properties of phase B under high pressure and the effects of
water and Fe, the 9 main elastic constants of the three cases of

phase B are also listed as supplementary in Table 1.

3.4. Wave velocity

The wave velocity of a mineral is an important parame-
ter for investigating the composition of deep Earth via com-
parison with the wave velocity structure of the Earth. The
wave velocities for different cases of phase B under high pres-
sure are plotted along with the typical Earth velocity struc-
ture in Fig. 6. The compressional wave velocity (V,) and
shear wave velocity (V) of phase B decrease with increas-
ing water and Fe content. The sound velocities of hydrous
and Fe-bearing (Mg, Fe, H),Si04 olivine are also lower than
that of the Mg end member.!333* Previous first-principles
calculations®®! and experimental studies®°! demonstrated that
the sound velocity of Fe-bearing (Mg, Fe)SiO3 perovskite is
slightly (several percent) lower than that of the MgSiO3 end
member. Thus, the changes of wave velocities of phase B with
water and Fe content presented from our simulations are con-
sistent with previous results. The difference in velocity be-

tween hydrous and anhydrous lithology is useful in the remote

sensing of water, [4041]
Wave velocity /km-s~!
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Fig. 6. (color online) Plots of the Earth depth versus wave velocity (Vs
and V,,) for different cases of phase B.
The compressional and shear wave velocities of the phase
B are higher than the Earth’s velocity where the depths are
less than about 450 km and 550 km, respectively. Then the

velocities of the phase B become close to the Earth velocity

at which depths are from about 550 km to 670 km. Phase B
is thought to be stable at the depth of the mantle transition
zone.!* The formation of anhydrous phase B by the reaction
between forsterite and periclase may be responsible for the
X-discontinuity at ~ 260 km-330 km depth of the mantle.l’!
At the same time, the wave velocities of phase B are higher
than those of olivine/forsterite.[*>~**1 So our results provide
evidence for the stability zone and the formation of an X-
discontinuity zone of the mantle.

4. Conclusions

The different ways for Fe and water atoms to occur in
phase B structure (Fe occurs in phase B structure by substi-
tuting Mg, and H occurs within the humite-like layer of phase
B), make different effects of water and Fe on lattice constants.
The result helps to understand the influence mechanisms of
water and Fe on properties of minerals. The decrease of M—-O
octahedral volume is greater than the decrease of SiO polyhe-
dral volume over the same pressure range. The bulk modulus
and shear modulus increase with increasing Fe content but de-
crease with increasing water content. The compressional wave
velocity and shear wave velocity of phase B decrease with in-
creasing water and Fe content. The results of density and wave
velocity of phase B provide evidence for understanding the
formation of the X-discontinuity zone of the mantle. However,
the behaviors of phase B with different water or Fe content at
high temperature need further investigating.
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