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Abstract

Phase egg (AISiO;0H), an important hydrous phase in the Al,0;-Si10,-H,0 ternary system, was found in the superdeep
diamond from the mantle transition zone. Here, we have investigated the compressibility and the crystal structural evolu-
tion of phase egg using the synchrotron-based single-crystal X-ray diffraction and infrared spectroscopy combined with
diamond anvil cells up to 32 GPa and 900 K. Present results show that the hydrogen atom flips its position and forms a new
hydrogen bond configuration at~ 14 GPa and room temperature, leading to a first-order phase transition of phase egg, but
this behavior is smeared out because of thermal disordering of hydrogen atom at high temperatures. These findings provide
important implications for revealing the complex state of hydrogen in the deep earth. Along the cold and warm subducting
slab geotherms, the density and bulk velocity of phase egg are greater than those of preliminary reference Earth model in
the mantle transition zone, presenting negative buoyancy force for deep-water transportation. Based on the obtained thermal
elastic parameters, we further demonstrate that topaz-OH transforms to phase egg with a~11.7% increase in bulk velocity
and a~4.2% increase in density, and phase egg decomposes into 8-AIOOH and stishovite with a~6.2% increase in bulk
velocity and a~4.0% increase in density under subduction zone conditions.

Keywords Phase egg - Mantle transition zone - Hydrogen bond - Subducting slab

Introduction

The occurrence and distribution of water in Earth’s inte-
rior is one of the most important topics in mineral physics,
geophysics and geodynamics, because it significantly affects
the elasticity, rheology and transport properties of miner-
als at high-pressure and high-temperature (HPHT) condi-
tions (e.g., Ohtani 2005; Litasov and Ohtani 2007; Liu et al.
2018; Muir and Brodholt 2018). Recently, observations of
hydrous ringwoodite and ice-VII inclusions in the super-
deep diamonds have provided direct evidences to support
a hydrous mantle transition zone, at least locally beneath
subduction zones (Pearson et al. 2014; Tschauner et al.
2018). One source of the water (or hydrogen) in the deep
earth is believed to be the Earth’s surface (e.g., sediments
and oceanic crusts) and such surface water is transported
to the deep earth by subducting slabs (Ohtani et al. 2004;
Faccenda 2014; Howe and Pawley 2019). Though sediments
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dehydrate significantly at depths shallower than 230 km (van
Keken et al. 2011; Yoshino et al. 2019), according to the
HPHT experiments, aluminous hydrous phases in pelagic
sediments of the Al,05;-Si0,-H,0 (ASH) system are known
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to be stable in the deep earth (Ohtani et al. 2001; Pamato
et al. 2014; Fukuyama et al. 2017) and even at the bottom
of the lower mantle (Duan et al. 2018), or the rehydration of
subducted sediments may occur and help to reserve water
(Yoshino et al. 2019). HPHT experiments on hydrated sedi-
mentary rocks suggested that topaz-OH (Al,SiO,(OH),) is
likely to be stable up to 12 GPa and then transforms to the
high-pressure hydrous aluminosilicate mineral phase egg
(ideal formula is AISiO;OH) (Ono 1998). Phase egg is sta-
ble up to 23 GPa above 1473 K, and then decomposes into
stishovite and 5-AIOOH (Sano et al. 2004). Further experi-
ments demonstrate that 5-AIOOH is stable at the whole
lower mantle P-T conditions and decomposes at the core-
mantle boundary (Nishi et al. 2014; Duan et al. 2018). Phase
egg, as a classic aluminous hydrous phase in ASH ternary
system, plays a key role in water transportation at the depth
of mantle transition zone. Thus, the properties of phase egg,
such as structural stability and sound velocity, can provide
important constraints on deep water cycle and seismic veloc-
ity anomalies in the mantle transition zone (Fukuyama et al.
2017; Mookherjee et al. 2019).

Phase egg (space group P2,/n and Z=4) was first syn-
thesized by Eggleton et al. (1978) at approximately 1273 K
and pressures greater than 10 GPa. It is hence named after
Eggleton (Schmidt et al. 1995). In 2007, tetragonal phase
egg as nanocrystalline inclusion was found in the superdeep
diamond from Rio Soriso, Juina area, Brazil (Wirth et al.
2007). The ideal phase egg AISiO;O0H contains 7.5 wt%
H,O0 and hydrogen atoms lie in the vacant spaces formed by
the corner linked columns consisting of edge-shared octahe-
dra (Schmidt et al. 1998). Previous studies show that phase
egg is stable at relevant P—T conditions of the mantle transi-
tion zone (Sano et al. 2004; Fukuyama et al. 2017) or even
down to the top of the lower mantle (Pamato et al. 2014).
The compressibility of phase egg at room temperature has
been studied based on the powder X-ray diffraction (XRD)
up to 40 GPa (Vanpeteghem et al. 2003) and single-crystal
XRD with a maximum pressure of 23 GPa (Schulze et al.
2018). Both experimental results have confirmed the aniso-
tropic compression response of phase egg, i.e., the short-
est unit-cell axis b is the most compressible direction and
the longest unit-cell axis a is the hardest direction. Previous
studies are consistent in bulk modulus K|, using the third-
order Birch—-Murnaghan equation of state (B-M EoS), but
have a relatively large discrepancy in the pressure derivative
of bulk modulus K’ (6.5 from powder XRD, Vanpeteghem
et al. 2003; 8.6 from single-crystal XRD, Schulze et al.
2018). A recent first-principle simulation based on density
functional theory indicates that phase egg exhibits an anom-
alous behavior in the pressure dependence of the elasticity at
approximately 15 GPa, which is attributed to the change of
hydrogen bond configuration (Mookherjee et al. 2019). It is
necessary to carry out experimental simulations to constrain
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the relationship between the hydrogen bond behavior and the
compressibility, especially at relevant mantle temperatures.
Study on the structure and elasticity of phase egg under
HPHT conditions is also essential to understand its influ-
ences on subduction zones.

Here we present single-crystal XRD and infrared spec-
troscopy (IR) experiments of phase egg up to 25 GPa at
room temperature to reveal its detailed structure and crystal
chemistry properties. We have also measured its thermal
equation of state up to approximately 32 GPa and 900 K
using an externally heated diamond anvil cell (DAC). From
the data we obtain the thermal elastic parameters, hydro-
gen bond evolution, axial compressibility, density, and
bulk velocity of phase egg at mantle conditions. Based
on these results, we discuss the state of hydrogen in phase
egg at the conditions of Earth’s interior and its geophysical
implications.

Materials and methods
Samples synthesis and characterizations

High-quality single-crystal phase egg samples labeled S6946
were synthesized using a kawai-type multi-anvil press at the
Bayerisches Geoinstitut (BGI), University of Bayreuth, Ger-
many. We mixed the powder of Al(OH);:Si0, in a molar
ratio of 1:1, and then loaded it into an Aug,Pd,, capsule
that is 2 mm in length and 1.6 mm in diameter. A Cr-doped
MgO octahedron with an edge length of 10 mm was adopted
as pressure medium. Eight tungsten carbide anvils with a
truncation of 5 mm were used as the second-stage anvils
and LaCrO; was used as the heater. This assembly was com-
pressed to 19 GPa and then heated to 1373 K for 6 h. The
recovered samples were colorless single crystals with small
grain sizes of 10-80 pm. Sample characterizations were per-
formed at ambient conditions using scanning electron micro-
scope (SEM) equipped with energy dispersive spectrometer
(EDS) (Quanta 450 FEG), XRD (Rigaku XtaLAB PRO
MMOO07HF) and Raman spectroscopy (Horiba LabRAM HR
Evolution). The SEM and EDS results indicated that sam-
ples were chemically homogeneous with polyhedral shape
(Fig. S1) and the average ratio of Al to Si of 10 grains is
0.99:1, the chemical formula of phase egg is normalized to
Al 99SiO4H, o5 accordingly. The crystal structure was deter-
mined to be monoclinic phase (P2,/n and Z=4) with lattice
constants of a=7.1500(6) A, b=4.3309(3) A, c=6.9517(6)
A, $=98.348(8)° and V=212.99 (3) A’ by a micro-focused
X-ray diffractometer equipped with Mo Ka radiation. The
unit-cell volume in this study is slightly smaller than that of
Al 9gSi 9,0;0H, 39 (214.43 A3) reported by Schulze et al.
(2018), but agrees well with that of Al ¢9Si; 3;030H o9
(212.99 A3) (Schmidt et al. 1998). Raman spectra of 12
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grains picked randomly were the same and in agreement
with the results reported by Xue et al. (2006) (Fig. S2).

High-pressure synchrotron radiation XRD
experiments

A short symmetry-type DAC fitted with Boehler-type
diamond anvils of 400-um flat culets with 60° opening
was employed to achieve high pressure at room tempera-
ture experiments. A hole of 240-um-diameter was drilled
in the pre-indented rhenium gasket of 39 um thickness
as the sample chamber. A single-crystal sample of grain
size ~20x20x 15 um?® was loaded into the sample chamber,
as well as a piece of platinum for pressure calibration (Fei
et al. 2007). Neon was employed as the pressure transmit-
ting medium using the COMPRES/GSECARS gas-loading
system and ruby sphere was used as the pressure indicator
(Rivers et al. 2008; Mao et al. 1986). In situ high-pressure
single-crystal XRD experiments were carried out at beam-
line 16-IDB at Advanced Photon Source (APS), Argonne
National Laboratory (ANL). A monochromatic X-ray
beam with the wavelength of 0.40663 A was focused on a
5.5%3.2 um? spot. XRD patterns were recorded with the
Pilatus detector on compression and the MAR165 charge-
coupled device detector on decompression. Wide-scan and
stepped exposures were collected in a rotation range from
—30° to 30° in 1° steps, and the exposure time was one
second per degree. Experimental data were analyzed using
the GSE_ADA/RSYV software package (Dera et al. 2013).
Polarization, Lorentz and empirically determined diamond
absorption corrections were applied to the peak intensities.
Lattice parameters and the orientation matrix were obtained
using RSV. Crystal structure refinements were performed
on the decompression data by SHELXL software facilitated
by Olex2 general user interface at five different pressures
(Dolomanov et al. 2009). The resulting discrepancy fac-
tors, R1, varied between 3.27 and 7.35% with R, ranged
from 3.11 to 5.08%. The crystal chemical characters of bond
lengths and distortions were calculated by the VESTA soft-
ware (Momma and Izumi 2008). The wide-scan diffraction
patterns were indexed using the GSE_ADA program and the
lattice parameters were calculated by the program Unit Cell
(Holland and Redfern 1997).

HPHT synchrotron radiation XRD experiments

In situ HPHT single-crystal XRD experiments were conducted
up to 32 GPa at five given temperatures of 300 K, 450 K,
600 K, 750 K and 900 K at beamline 13-BMC at APS, ANL.
A BX90-type DAC also fitted with 400-um flat culets diamond
anvils was used combined with external heater. A single-crys-
tal sample polished on both sides of grain size ~30x30x 15
um? was loaded into the chamber which was prepared in the

same steps as the room-temperature experiments. Platinum
and neon were employed as the pressure calibration and pres-
sure transmitting medium, respectively. Alumina ceramic
coiled by one platinum wire of 200 um in diameter and~45 cm
in length was used as the heater where the resistance was
approximately 2 Q. K-type thermocouple attached to one of
the diamond anvils was used to determine the temperatures.
The GE membrane pressure controller for DAC at beamline
13-BMC was employed to automatically increase the pressure.
We increased the temperature to three (or four) expected value
at a given original pressure and cooled to 300 K after this run,
then we increased the pressure to a higher value for a new
run. For each heating run, the sample chamber was stabilized
for at least 20 min at the given temperature to minimize tem-
perature gradient and pressure instability. A monochromatic
X-ray beam with the wavelength of 0.43409 A was focused
on an approximately 15 15 um? spot and XRD patterns were
recorded with the Pilatus3 1 M detector. Due to the limita-
tion of heater geometry and diamond anvil cell opening angle,
3D-reconstruction of the lattice in reciprocal space and reliable
structural refinement are unavailable with the GSE_ADA/RSV
software package. The collected patterns were integrated using
the program FIT 2D (Hammersley 2016) and then Unit Cell
program (Holland and Redfern 1997) was used to calculate
the lattice parameters.

High-pressure synchrotron radiation IR experiments

A BX90-type DAC fitted with 300-um flat culets Moissan-
ite (SiC) anvils was used for high pressure IR experiments
which were carried out at beamline BLO1B at national syn-
chrotron radiation laboratory (NSRL), China. A hole of
150-pm-diameter was drilled in the pre-indented rhenium
gasket of 38 um thickness as the sample chamber and a
single-crystal sample of grain size ~20 x40 x 20 um® was
loaded. Argon was employed as the pressure transmitting
medium and ruby sphere was used as the pressure indica-
tor (Mao et al. 1986). IR spectra in the frequency range
5500-700 cm™~! were obtained using a Bruker 66 V spec-
trometer coupled with a KBr beam-splitter and liquid-nitro-
gen cooled FPA detector. The aperture size was set to be
20 %20 um?. In each measurement, 256 scans were acquired
with 4 cm™! resolution, and the background spectra were
measured through the SiC inside the Argon-filled gasket
hole.

Results and discussion
Equation of state

Phase egg was compressed up to 25 GPa at room tempera-
ture. The unit-cell volumes of phase egg monotonously
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decrease with increasing pressure (Fig. 1 and Table S1),
which is fitted to the B-M EoS to get the elastic param-
eters (Angel et al. 2014). The fitting results are as follows
with V, fixed at 212.99 A3 Ky,=160(3) GPa and K'=8.8(4)
for the third-order B-M EoS and K;,=190(2) GPa for the
second-order B-M EoS with a fixed K'=4. The derived
third-order B-M EoS parameters are in good agreement with
the previous values from single-crystal XRD data (Schulze
et al. 2018), while the first pressure derivative K’ is larger
than the powder XRD results (Vanpeteghem et al. 2003).
However, compared to the P-V fitting curve of third-order
and second-order B-M EoS, a kink on the P-V data was
observed at approximately 14 GPa. Therefore, we fitted the
data below 14 GPa to a third-order B-M EoS and yielded:
K,=169(2) GPa and K'=6.6(6). The difference of the first
pressure derivative K’ between the fitting results below 14
GPa and all data confirm the change in compressibility of
phase egg (Hushur et al. 2011). This critical pressure is also
consistent with that of a first-order phase transition caused
by the proton flipping (Mookherjee et al. 2019). Such transi-
tion is often associated with discontinuity in second-order
derivatives of bulk modulus. To further confirm this transi-
tion, the second-order B-M EoS has been used to fit our
data below and above 14 GPa, respectively. The fitting
yields: V;=212.94(6) A3 and K,=181(2) GPa for the data
below 14 GPa and V;=209.8(4) A3 and K,=244(7) GPa for
those from 14 to 25 GPa. In a word, our fitting results are

2'4'L 5 —&— —@— This study
212 F:Ngo o Schulze et al., 2018
210 p, @ Vanpeteghem et al., 2003
208 - “9 = = ==Mookherjee et al., 2019 (LP)
LY = = = =Mookherjee et al., 2019 (HP)
206 AKX
—~ 204 }
s 202 |
@
£ 200 |
=
= 198 |
= 196
194 |-
192
190
188 1 1 1 1 1 1 1 1 1 1 ! 1

Pressure (GPa)

Fig. 1 Unit-cell volumes of phase egg as a function of pressure. The
solid black and open gray circles and the circles with cross represent
the experimental data from this study, Schulze et al. (2018) and Van-
peteghem et al. (2003), respectively. The solid blue and red line rep-
resent the fitting results from our data using third-order B-M EoS for
0-14 GPa and second-order B-M EoS for 14-25 GPa, respectively.
The dashed blue and red line represent the results from literature data
(Mookherjee et al. 2019) using third-order B-M EoS for 0-15 GPa
(LP) and 15-25 GPa (HP). Error bars are smaller than the symbol
size for our data
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consistent well with those of theoretical calculation results
at 0 K (Fig. 1) (Mookherjee et al. 2019).

Figure 2 plots unit-cell volumes of phase egg at HPHT
conditions (data presented in Table S2). We fitted the
experimental data using third-order B-M thermal equa-
tion of state (Text S1) up to 35 GPa and 900 K (Angel
et al. 2014). The thermoelastic parameters derived from
the fitting with V|, fixed at 212.99 A3 are as follows:
K,=167(8) GPa, K’ =5.5(10), 0K/0T=—0.023(5) GPa/K,
ayp=4.2(11) % 107> K~!. The bulk modulus and first pressure
derivative derived from the thermal equation of state are
consistent with the fitting results based on the experimental
data from O to 14 GPa at room temperature within accepted
uncertainties. We note that the kink found at~ 14 GPa in
the P-V data at room temperature is not observed in all of
the P-V data from HPHT experiments. The hydrogen atom
might be in a state of thermally induced disordering under
high temperature condition, which might smear over the
hydrogen bond configuration. This disordered behavior can
be attributed to the exquisite sensitivity of hydrogen bond
to both temperature and pressure (Dougherty 1998). Thus,
it is more likely that the transition still occurs same as the
behavior at room temperature, or the transfer of proton is
suppressed by high temperature, we lack sufficient evidence
to determine whether the proton flips its position at HPHT
conditions. But the complex state of hydrogen at high tem-
peratures does influence the thermal elasticity of phase egg.
In addition, all our HPHT experimental P-V data at 300 K
above 14 GPa were annealed from high temperature condi-
tion and the hydrogen bond equilibrium was not reached
on the experimental time scale, leading to the absence of
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Fig.2 P-V-T data obtained for phase egg in this study. The solid
or dashed lines represent the isothermal compression curves from
the high-temperature third-order B-M EoS at 300 K, 450 K, 600 K,
750 K and 900 K. The gray circles represent the high-pressure experi-
mental data at room temperature in this study
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the new hydrogen bond configuration at 300 K at HPHT
experiments.

Axial compressibility

The trend of lattice parameters relative a (a/a,), b (b/b), ¢
(c/cy) and B angle with pressure are plotted in Fig. 3. The
compressibility of unit-cell axes is significant anisotropic
below 14 GPa at room temperature, the shortest axis b is
the softest direction and the longest axis a is most com-
pressible direction. The kink is also observed in the trend
of b-axis and c-axis versus pressure at~ 14 GPa, i.e., b-axis
and c-axis become harder to compress. A linearized second-
order B-M EoS fitting where each axial dimension is cubed
and treated as volume in the B-M formulation was used to
compare the axial compressibility. The zero-pressure axial
compressibility of linear dimension /, defined as f,=—(I"")
(81/8P)p_,, is related to the linear modulus by My,=(f,))~".
The fitted linear moduli of a-axis is 1116(27) GPa among the
entire experimental pressure range, and those of b and ¢ axes
are 312(4) GPa, 585(29) below 14 GPa and 539(37) GPa,
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Fig.3 a Normalized lattice parameters (a/a,, b/by, and c/c,) and p
angle of phase egg as a function of pressure at room temperature.
Filled symbols, open symbols and symbols with cross represent the
data from this study, Schulze et al. (2018) and Vanpeteghem et al.
(2003), respectively

855 (14) GPa above 14 GPa respectively, corresponding to
axial compressibility values of ,=0.90(2)x 107> GPa™!,
B,=321(4)x 107 GPa™!, B.=1.71(9)x 107> GPa™! (B,
By: B.=1:3.57:1.90) below 14 GPa and 8, =1.86(12)x 10~
GPa™!, .=1.17(2)x 10 GPa™! (B,: B,: f.=1:2.07:1.30)
above 14 GPa. The f angle reduces to ~97.86° rapidly from
0 to 9 GPa and it reduces slowly by ~0.03° between 9 and
14 GPa, then remains at a constant value of ~97.83° up to
the highest pressure in this study, meaning that the crystal
shape is almost no longer distorted above 14 GPa. Present
results are in agreement with those of previous single-crys-
tal XRD results except that a-axis is stiffer than the results
from Schulze et al. (2018), but consistent with the powder
XRD results (Vanpeteghem et al. 2003). The crystal chemi-
cal characteristics at high pressures of phase egg reveal that
the distortions of Si and Al octahedra accompanied with
volume compression in the studied pressure range (Fig. S3)
are consistent with the variation of # angle. The Si—O(4)
bond distance is decreased rapidly from O to 14 GPa (Fig.
S4), which mainly contributes to the compression of b-axis
and c-axis (Schulze et al. 2018). On the other hand, the axial
compressibility of phase egg at high P-T conditions (Fig.
S5) shows that the obvious kink on b-axis is not observed,
indicating that the anisotropy is still significantly under high
temperature.

Behavior of hydrogen atoms

Although it is hard to determine the atomic coordinates
of hydrogen atom by single-crystal XRD at high pressure,
we managed to conduct the crystal structure refinements
which reported in the Table S3 at six different pressures
and obtained site parameters of hydrogen atom. The length
of O-H covalent bond and hydrogen bond are plotted in
Fig. 4a. It is worth noting that the hydrogen site parameters
have larger errors due to the small X-ray scattering cross-
section of hydrogen, but the trend is reliable. The hydrogen
atom moves its position and forms covalent bond with O(3)
above 14 GPa in the experimental pressure range, leading to
a different hydrogen bond configuration from O(4)-H - O(3)
to O(4) -H-O(3) (Fig. 4b), which is consistent with the
first-principles calculations (Mookherjee et al. 2019). Our
high pressure IR spectra (Fig. 5) provide additional evidence
for this structure change. The O-H stretching frequency
decreased gradually with increasing of pressure up to~ 8
GPa, which indicated that the absorption band is controlled
by strong hydrogen bond (Libowitzky 1999). However, the
absorption band is broadened and the frequency remains
relatively constant at about 3040 cm™! between 8 and 13
GPa. The length of H- O hydrogen bond gets shorter and
O-H covalent bond gets longer with the increase of pres-
sure. And the energies of the low- and high-pressure phase
are very close near the transition pressure according to the
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Fig.4 a The evolution of hydrogen bond in phase egg under pressure
at room temperature. The hydrogen atom flips its position at~ 14 GPa,
and hydrogen bond configuration changes from O(4)-H:-O(3) to
0O(4)--H-O(3). b The crystal structure of phase egg at ambient con-
dition and at 25.4 GPa and room temperature. The structure model
reported by Schmidt et al. (1998) was used to conduct the structure
refinement at ambient condition and the atomic coordinates of pre-
vious pressure were used as starting parameters at high pressures.
Light-blue and dark-blue octahedra represent AlO4 and SiO4. Hydro-
gen atoms and oxygen atoms are shown in black and red balls, respec-
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Fig.5 a In situ typical IR spectra of phase egg at high pressures and
room temperature. b IR absorption bands of phase egg were plotted
as a function of pressure
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theoretical calculations (Mookherjee et al. 2019). Thus, the
behaviors of IR absorption band between 8 and 13 GPa are
most likely caused by the disordered state of hydrogen atom,
i.e., partial occupancy of the two sites. A similar disordered
state of hydrogen atoms in 5-AIOOH has been observed
before hydrogen bond symmetrization based on the neu-
tron diffraction experiments at room temperature (Sano-
Furukawa et al. 2018). In addition, this variation character
corresponds to the variation trend of beta angle, indicating
the effects of the state of hydrogen bond on compressibility.
The IR absorption band jumped back to the high frequency
side, revealing that a new shorter O-H bond formed and the
configuration of hydrogen bond changed at~ 13 GPa. The
small discrepancy on the transition pressure between the
XRD and IR results may be caused by the different pressure
indicator and transmitting medium.

The hydrogen bond in high-pressure hydrous phases
has attracted much attention for years. It generally takes an
asymmetric configuration at ambient pressure, exhibiting
that the covalent bond O-H is shorter than H- O hydrogen
bond and the O-H- O configuration is nonlinear. However,
hydrogen bond is significantly affected by pressure and
the energy barrier between double-well energy potential
for the hydrogen motion will be depressed with increasing
pressure (Zha et al. 2016), it is predicted to become sym-
metric which proton located at the center of two oxygen
atoms at high pressure. The hydrogen bond symmetriza-
tion has been investigated in ice phases (Goncharov et al.
1996; Lu et al. 2010; Tsuchiya and Tsuchiya 2017) and many
hydrous phases including 5-AlIOOH (Sano-Furukawa et al.
2009, 2018; Tsuchiya and Tsuchiya 2009; Mashino et al.
2016; Kang et al. 2017), phase D (Tsuchiya et al. 2005;
Hushur et al. 2011; Wu et al. 2016), phase H (Tsuchiya and
Mookherjee 2015; Panero and Caracas 2017) and phase Pi
(Peng et al. 2017). However, phase egg exhibits another
configuration of hydrogen bond at high pressure based on
our single-crystal XRD and IR experiments as well as the
theoretical calculations (Mookherjee et al. 2019). The pres-
ence of hydrogen bond could affect the distortion degree of
the neighbor octahedron (Wu et al. 2016), which can help
to explain that the length of Si—O(4) is much longer than
the rest of bonds in Si—O octahedron at ambient condition.
The orientation of hydrogen bond in the crystal structure of
phase egg is mainly aligned along b-axis and has a compo-
nent along c-axis (Mookherjee et al. 2019), leading to the
obvious anisotropy of the axial compressibility below 14
GPa. On the other hand, the properties of hydrogen bond
affect the geometry of the neighbor Si—O bond under com-
pression, the length of Si—O(3) increased slightly below 14
GPa could be a response to the change of hydrogen bond
configuration. The compression mechanism of phase egg
is mainly driven by the shortening of Si—-O(4) bond below
14 GPa, but the new hydrogen bond configuration affects
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the compression mechanism and makes it difficult to com-
press above 14 GPa (Vanpeteghem et al. 2003; Mookherjee
et al. 2019). Therefore, the abnormal changes of volume and
the bond lengths of Si—O(4) and Si—O(3) below and above
14 GPa in this study should be attributed to the change of
hydrogen bond configuration in phase egg.

Hydrogen bond itself and its change induced by pressure
have significant effects on the properties of host phases. The
symmetric hydrogen bonds have predicted to increase the
bulk modulus K|, for 5-AIOOH by ~44% (Sano-Furukawa
et al. 2009), phase H by 31% (Tsuchiya and Mookherjee
2015) and phase D by 18% (Hushur et al. 2011) (Table S4).
Similarly, the change of hydrogen bond configuration for
phase egg also leads to an increase of K, by ~35% at room
temperature. Such a significant change in bulk modulus
will lead to important effects on geophysical observation.
Nevertheless, hydrogen bond equilibrium is controlled by
a combination of thermodynamics and quantum mechan-
ics (Dougherty 1998). The high-pressure experiments under
room temperature cannot reflect the properties of minerals
under the mantle conditions. Our HPHT experiments results
show that there is no discontinuity on compressibility,
implying the temperature effects on the state of hydrogen
atom. The thermally induced disordering of hydrogen atom
smears over its configuration under HPHT conditions and it
significantly affects the thermal elasticity of phase egg. The
consideration on temperature provides more uncertainties in
the research on physical properties of minerals. Therefore,
it is necessary to further study the state of hydrogen at the
HPHT conditions on other hydrous phases.

Implications for the subduction zone

Although the content of water in Earth’s interior is still
under debate, it has been estimated that about one third of
water trapped by the slabs could be transported into the deep
mantle (van Keken et al. 2011). Aluminous hydrous phases
have significant greater thermal stability than the magnesio-
silicate hydrous phases and are likely to be stabled along the
normal mantle geotherm (Nishi et al. 2019). Recent experi-
ments show that Al-phase D is stable at temperatures over
2000 °C at 26 GPa, at least 800 °C higher than the Mg-phase
D endmember (Pamato et al. 2014). The sediments and oce-
anic crusts contain greater amounts of alumina and silica
than the mafic mantle rocks, and the phases in ASH ternary
system are most likely to be the potential water carriers in
subduction zones. HPHT experiments have been conducted
to confirm the stability fields of topaz-OH, phase egg and
6-AIOOH accordingly, a series of reactions among these
phases provide a continuous chain which can transport water
from the upper mantle to the core-mantle boundary (Ono

1998; Sano et al. 2004; Fukuyama et al. 2017; Duan et al.
2018).

We have evaluated the density and bulk velocity profiles
of phase egg as a function of pressure along 300 K, 1000 K,
1300 K, 1500 K and 1700 K isotherms (Fig. 6) using the
thermoelastic parameters at the mantle transition zone con-
ditions to understand the significance of our results in geo-
physics. Our modeled results show that the density of phase
egg is denser than the preliminary reference Earth model
(PREM) (Dziewonski and Anderson 1981) at the mantle
transition zone along both the cold and warm subducting
slab geotherms, indicating that the presence of phase egg
will contribute a positive force for subduction despite that

p (g/em’)

048 1 1 1 1 1 Il Il 1
10 12 14 16 18 20 22 24 26 28

Pressure (GPa)

Fig.6 Density (p), bulk sound velocity (V) and p/Vy, of phase egg
which have been compared with topaz-OH (To) at 1300 K (Gatta
et al. 2014), 6-AIOOH (8) + stishovite (Stv) at 1500 K (Duan et al.
2018) and the preliminary reference Earth model (PREM) (Dziewon-
ski and Anderson 1981). Here, we assumed that the geotherms of
cold, warm and hot subducting slabs and normal mantle geotherm are
1000 K, 1300 K, 1500 K and 1700 K at the depth of mantle transition
zone
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its proportion may be very limited. The velocity profiles of
phase egg along the cold and warm subducting slab geo-
therms and even the normal mantle geotherm are faster
than the PREM, but it has a lower p/V,, ratio (Dziewonski
and Anderson 1981). These results are useful to identify
the potential presence of phase egg and may provide a con-
straint on the velocity anomaly in subduction zones. It is
assumed that topaz-OH can react with stishovite and form
phase egg at 12 GPa and 1300 K (Ono 1998), while phase
egg decomposes into 3-AIOOH and stishovite at 23.5 GPa
and 1500 K (Fukuyama et al. 2017; Duan et al. 2018). We
modeled the changes of density and bulk sound velocity
across these phases transition. Here, we assumed that the
thermal elastic parameters of topaz-OH same as phase egg
for the reason that there are no available parameters, we
calculated its p and V, profiles combined with the elastic
parameters from Gatta et al. (2014). Our modeled results
show that the density and bulk sound velocity of phase
egg are much higher than topaz-OH, the phase transition
from topaz-OH to phase egg induces an abrupt increase in
p (~4.2%) and Vg, (~ 11.7%) along the warm subducting slab
geotherm at the base of upper mantle. As to the scene that
phase egg decomposes into d-AlIOOH and stishovite at the
base of mantle transition zone or the top of lower mantle, it
will lead to the density and bulk velocity increased by ~4.0%
and ~6.2% respectively along the hot subducting slab geo-
therm (Duan et al. 2018), providing a positive contribution
to the 660 km discontinuity. At Earth’s mantle conditions,
the effect of lattice preferred orientation (LPO) on seismic
velocity of hydrous minerals which may exist in subducted
slabs should be considered (Wu et al. 2017). Furthermore,
iron is the most abundant transition metal in Earth’s man-
tle and may significantly affect the physical properties of
mantle mineral phases. The spin transition of Fe-bearing
minerals in Earth’s mantle has been reported to have signifi-
cant effects on density, compressibility, elasticity, and sound
velocity of the host minerals (Wu et al. 2016), and the evolu-
tion of hydrogen bond might have relationship with the spin
crossover of Fe’* (Thompson et al. 2017). Therefore, the
further consideration on the effects of LPO and Fe-doped in
phase egg will give more implications on the aluminosilicate
hydrous phases.

Summary

In summary, we have observed that hydrogen atom flips its
position of phase egg at~ 14 GPa and room temperature,
confirming the opinion of previous theoretical prediction
at 0 K. However, this behavior is smeared out because of
thermal disordering of hydrogen atom at high temperatures.
We propose that the properties of hydrogen bond itself and
its effects on the hydrous phases reported at high pressure

@ Springer

and room temperature should be reappraised with the high
temperature effects. The obtained thermoelastic parameters
of phase egg were applied to model the density and bulk
velocity profiles along the subducting slab geotherm, which
is useful to decipher the seismic signature. We further simu-
lated the increase in density (~4.0% and ~4.2%) and bulk
velocity (~6.2% and ~11.7%) among the phase transition
from topaz-OH to phase egg and then to 5-AIOOH and sti-
shovite. The present results provide new constraints on the
existing state of hydrogen in Earth’s interior, deep-water
transportation and geophysical observation.
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