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ABSTRACT

The distribution of water reservoirs in the deep Earth is critical to understanding geochemical evo-
lution and mantle dynamics. Phase D is a potential water carrier in the slab subducted to the uppermost
lower mantle (ULM), and its seismic velocity and density characteristics are important for seismologi-
cal detection in water reservoirs, but these properties remain poorly constrained. Here, we calculate the
seismic velocities and density of Mg-end-member phase D (MgSipH,Og¢) under the ULM conditions
using first-principles calculations based on the density functional theory. The velocities of phase D are
higher than those of periclase and slightly lower than those of bridgmanite by 0.5-3.4% for Vp and by
0-1.9% for Vs between 660 and 1000 km depths. Considering its relatively low content, phase D can
hardly produce a low-velocity anomaly in the ULM observed by seismological studies. However, its
strong elastic anisotropy may contribute significantly to the observed seismic anisotropy at a similar
depth. Additionally, phase D dehydrates into bridgmanite and stishovite at the ULM, producing insig-
nificant velocity changes but a substantial density increase of ~14%. Therefore, the dehydration is
probably too weak to generate discontinuities associated with velocity jumps. In contrast, it may
account for seismic discontinuities sensitive to impedance changes, particularly density jumps, near
the dehydration depth observed in some subduction zones.

Keywords: Phase D, dense hydrous magnesium silicate, high-pressure phase transition, dehydration,
impedance jump, seismic discontinuity, Physics and Chemistry of Earth’s Deep Mantle and Core

INTRODUCTION magnesium silicates (DHMSs) (Angel et al. 2001). Some geo-

Water in the Earth’s interior exerts significant influences on ~ Physical anomalies, such as high Vp/Vs, high electrical conduc-
geochemical evolution and mantle dynamics because a small tlylty, and low-velocity anomalies, were 1nterpreted as locally
amount of water can significantly change the rheological prop- ~ high water content released by the dehydration of DHMSS
erties, melting temperature, diffusion rate of materials, and phase ~ (Karato 2.01 I; Li et al. 2013; Savage 2012} or merely their exis-
stability (Hirschmann 2006; Karato and Jung 2003; Mei and tence owing to their low-velocity characteristics (Liu et al. 2016;
Kohlstedt 2000). For example, water can reduce the viscosity Sc.hmandt etal. 2014; Yang et al. 2017). Meanwhile, th.e gener-
and solidus temperature of mantle rocks, significantly influenc- gtlon/breakdown of DHMSS C'O‘ﬂd alsg cause. conS{delTa'ble
ing the pattern and velocity of mantle flow. It has been shown impedance contrasts, glVlIl.g. rise to seismic discontinuities.
that wadsleyite and ringwoodite, candidate nominally anhy- For example, the decomp9s1t10n of a small amount of .sup.erhy-
drous minerals in the mantle transition zone (MTZ), could incor- ~ drous phase‘ B may cor.ltrlbute to the 800-km discontinuity in
porate several weight percent of HyO (Bell and Rossman 1992; ~ Western Pacific subduction zones (.Yal.lg etal. 2.017.)..The dehy-
Inoue et al. 1995, 2010; Jacobsen et al. 2005; Smyth 1987) dration of phase H could produce significant seismic impedance
while the hydrous ringwoodite and ice-VII discovered in super- increases in the mid-mantle (Song et al. 2022). Combining these
deep diamonds (Pearson et al. 2014; Tschauner et al. 2018) seismological observations with the velocity and density charac-
provide direct evidence for the existence of the non-negligible ~ teristics, phase transitions, and corresponding impedance con-
amount of H>O in the deep mantle. Water can likely be trans- trasts of DHMSs could help constrain the water content in the
ported into the MTZ and the lower mantle via subducting slabs deep interior and provide insights into water circulation in the

through the formation and dehydration of dense hydrous entire planet. ' o ] )
Phase D is considered a significant carrier of water in slabs

* Cormesponding author E-mail: wuzq10@ustc.edu.cn subducted to the uppermost lower mantle (ULM). The ideal
+ Special collection papers can be found online at our website in the Special Col- chemical formula of phase D is MgSioH»O¢ containing 10 wt%

lection section. ) _ ) ) _ water, whereas the synthesized phase D shows a wide variation
q‘jPresent address: Instltute' of Qeophysws and' Planetar?/ Physics, Scripps Institu- in Mg/Si ratio from 0.53 to 0.71 and the water content varies
tion of Oceanography, University of California San Diego, La Jolla, CA 92037, . .

U.S.A. Orcid https:/orcid.org/0000-0002-3724-9657 from 10 to 18 wt% (Yang etal. 1997; Frost and Fei 1999; Litasov
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et al. 2007; Shinmei et al. 2008; Hushur et al. 2011; Rosa et al.
2012, 2013a; Chang et al. 2013; Wu et al. 2016; Xu et al. 2020,
2021b). Many hydrous phases exhibit low velocities (Mao et al.
2012; Rosa et al. 2012, 2015; Li et al. 2016; Yang et al. 2017)
and could be identified by seismic observations. The weight
fraction of phase D can be as high as 57% in hydrous peridotite
(Ohtani et al. 2004), which also might possibly generate seismic
velocity anomalies in the MTZ and the ULM. On the other hand,
phase D will dehydrate into bridgmanite and stishovite at low
temperatures at the ULM (Nishi et al. 2014). Correspondingly,
many seismic studies detected discontinuities exhibiting large
impedance contrasts at the ULM in subduction zones (Courtier
and Revenaugh 2008; Schumacher and Thomas 2016; Waszek
et al. 2018). The overlap of these depths may suggest a connec-
tion between these discontinuities and the dehydration of phase
D. However, the velocities and density of phase D under the
lower mantle conditions, which are crucial for deciphering its
role in such seismic observations, remain unknown.

The crystal structure and equation of state of phase D have
been widely studied (Liu 1987; Kudoh et al. 1997; Yang et al.
1997; Frost and Fei 1998, 1999; Liu et al. 1998; Litasov et al.
2007; Shinmei et al. 2008; Xue et al. 2008; Shieh et al. 2009;
Hushur et al. 2011; Rosa et al. 2012, 2013a; Wu et al. 2016)
and the elastic properties of Mg-end-member phase D were
investigated by first-principles calculations at static conditions
(Mainprice et al. 2007; Tsuchiya and Tsuchiya 2008; Thompson
et al. 2022) and Brillouin scattering and ultrasonic measure-
ments at ambient conditions (Liu et al. 2004; Rosa et al. 2012;
Xu et al. 2021b). The sound velocities of Al-bearing phase D up
to 22 GPa and 1300 K were also determined by ultrasonic mea-
surements (Xu et al. 2020). However, there are no elasticity data
of Mg-end-member phase D under both high-temperature and
high-pressure conditions. These are crucial to understanding
its characteristics and constraining its distribution. In this contri-
bution, we obtained the elastic properties of Mg-end-member
phase D (MgSi;H,Og) and its velocity and density characteris-
tics under the lower mantle conditions using first-principles
calculations within the generalized gradient approximation.
Combining our results with available data from other minerals,
we calculated the velocity and impedance contrasts caused by
the dehydration of phase D and discussed its close relationship
to seismic observations in the ULM.

COoMPUTATIONAL DETAILS

The Mg-end-member phase D (MgSi;H,Og) is trigonal and
in the P31m space group, with MgOg and SiOg octahedra in two
separate layers stacked along the c-axis (Fig. 1). The H-O bonds
of phase D are located between adjacent octahedra in the MgOg
layer and the hydrogens are only 1/3 occupied (Xue et al. 2008;
Yang et al. 1997). To maintain the symmetries of phase D and
satisfy the fractional occupancy of H atoms, instead of using a
triclinic unit cell as the one in Tsuchiya et al. (2005), we con-
structed a supercell following Mainprice et al. (2007) (Fig. 1).
The basic vector (a, b, ¢) in this supercell is equal to (a—b,
a+2b, ¢) in the unit cell, and thus it consists of 3 unit cells
(33 atoms) and has a slightly different space group, P3m1.

All calculations in this study were performed based on the
density functional theory (DFT) using the open source Quantum
Espresso package (Giannozzi et al. 2009) with the generalized
gradient approximation (GGA) (Perdew et al. 1996; Hamann
1997). The energy cutoff for the plane wave was set to 70 Ry.
Structural optimizations were performed using the variable
cell-shape damped molecular dynamics method (Wentzcovitch
et al. 1993) at certain pressures with a k-point mesh of 6 x 6 X 6.

Isothermal elastic constants can be expressed as (Barron and
Klein 1965):

1( &*F 1
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where V, T, P, e;;, 8;;, and F represent the volume, temperature,
pressure, infinitesimal strain, Kronecker delta, and Helmholtz
free energy, respectively. Adiabatic elastic constants can be fur-
ther calculated by:
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where S and Cy represent the entropy and isochoric heat capacity,
respectively. According to Equation 1, Helmholtz free energy F'is
required to obtain these elastic constants, which, in quasi-har-
monic approximation, is expressed as:
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FIGURE 1. (a and b) Crystal structure of phase D at 0 GPa. The yellow, blue, red, and white balls are Si, Mg, O, and H atoms, respectively. Images
were generated in VESTA (Momma and Izumi 2008). (¢) The relationship between the O---O and the O-H distances of phase D in our study is shown
in blue, and Tsuchiya et al. (2005), shown in orange. The dashed line represents the relationship of hydrogen bond symmetrization. (Color online.)
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The three terms on the right side are static internal, zero point, and
vibrational energy, where kg and % are Boltzmann and reduced
Planck constants, respectively, and wqm is the vibrational fre-
quency. Equations 1 and 3 suggest that determining all elastic con-
stants requires the computation of vibrational frequencies, wqm, for
many (~10) strained configurations, which is computationally
demanding. To address this challenge, we employ the semi-
analytical method developed by Wu and Wentzcovitch (2011)
to calculate the thermal elasticity of phase D, which requires only
the computation of vibrational frequencies under unstrained con-
ditions and static elastic constants. The static elastic constants were
calculated according to the stress-strain relationship with +1%
strain. The dynamical matrices with a 4 x 4 x 4 g-point mesh were
calculated using density functional perturbation theory (Baroni
et al. 2001) and further interpolated in a denser mesh to obtain
the vibrational density of state. This method accelerates the
computational efficiency by approximately tenfold while main-
taining high accuracy, and it has been successfully applied to
numerous minerals (Wu and Wang 2016; Yang et al. 2017; Qian
etal. 2018; Yao etal. 2018; Zou et al. 2018; Hao etal. 2019; Wang
et al. 2019, 2020). At each pressure, we calculate the volume and
corresponding vibrational frequencies under the unstrained condi-
tion, which are utilized to compute the Helmholtz free energy at
different temperatures and volumes based on Equation 3. Finally,
we apply the semi-analytical method developed by Wu and
Wentzcovitch (2011) to calculate the adiabatic elastic constants.

REsuLTS
Absent H-bond symmetrization in optimized structures

Previous theoretical studies (Tsuchiya et al. 2005; Tsuchiya
and Tsuchiya 2008; Thompson et al. 2022) predicted that the
hydrogen bond symmetrization (HBS) (where the H atom is
located at the middle point of two neighboring O atoms) takes
place in phase D at the pressure of ~40 GPa, causing a ~20%
increase in the bulk modulus. However, HBS is absent in the
optimized structures up to 80 GPa in both Mainprice et al.

(2007) and our study (Fig. 1c), and neither of the studies showed
an abrupt increase in the bulk modulus (see “Thermal elastic
properties” section). The discrepancy is probably caused by dif-
ferent structural models of phase D related to the fractional occu-
pancy of hydrogen, as discussed in Tsuchiya and Tsuchiya
(2008). In the unit cell of Mg-end-member phase D in their stud-
ies, H atoms occupied 2 of 6 sites, and the structure distorted
from trigonal to triclinic symmetry, whereas we use a triple cell
to keep the symmetry.

Despite this discrepancy, infrared spectroscopic studies on
phase D (Mg23Si;.18H2.8006) observed neither significant
changes in the frequency or intensity of OH stretching vibrations
nor the merging of the separate OH peaks with increasing pressure
up to 42 GPa (Shieh et al. 2009). In a recent study, Meier et al.
(2022) suggested that the minima in the pressure dependence
of the NMR resonance linewidths of Al- and Fe-bearing phase
D [(Mgo.ssFeq.12)(Sip.9Alp.1)OgHz], which represents the maxi-
mum in hydrogen mobility, can be regarded as the precursor to
HBS. However, based on first-principles calculations, Thompson
et al. (2022) showed that phase D with 50% Al-substitution
(AlMgy 5Si; 506H>), containing 8 unit cells in their setting, does
not show HBS in the pressure range of 0—75 GPa, whereas both
Mg- and Al-end-member phase D, containing 1 and 2 unit cells,
respectively, undergo pressure-induced HBS. The discrepancy in
experiments and calculations suggests that the presence of HBS
could be affected by both the structural models and compositions
of phase D. Our results provide the optimized structures of
Mg-end-member phase D based on the super-cell configuration
and corresponding elastic properties at high temperatures, which
can be combined with prior results to explore the effect of cell
setting and Al content on the elasticity of phase D.

Thermodynamic properties

The calculated equations of state of phase D are shown
together with the experimental results in Figure 2. The differences
among experiments primarily result from the wide variations in
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FIGURE 2. (a) The equation of states of phase D, (b) the relative volume change (¥/V)), and (c¢) lattice constant (a/ag, ¢/cp) as a function of pressure
(this study: static results; experiments: data at 300 K). Solid lines represent our calculation results, and the experimental results are shown with
scatters. Chemical formulas: MgSi;H2O¢ (this study), Mg 11Si1.89H22206 (Yang et al. 1997), Mg 14Sij 73H2810¢ (Ohtani et al. 1997),
Mg 118i11.6H3.606 (Frost and Fei 1999), Mg 02Si11.73H3.0306 (Shinmei et al. 2008), Mgj 0Si; 7H3 006 (Hushur et al. 2011), Mg 1Si;.9H2 406 (Rosa
etal. 2012), MngSiLgszO() (Rosa etal. 20133, 2013b), Mg1A14Si1'73H2A3106 (Wu etal. 2016), Mgo‘ggsi1‘30A10A64H3A1006 (Al—bearing phase D) (Xu

et al. 2020), Mgj 03Si1.71H3.,0506 (Xu et al. 2021b). (Color online.)
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Mg/Si ratio and aluminum and water contents in the synthesized
phase D. Except the Al-bearing phase D (Xu et al. 2020), most
measured unit-cell volumes (Frost and Fei 1999; Ohtani et al.
2004; Shinmei et al. 2008; Hushur et al. 2011; Rosa et al. 2012,
2013a, 2013b; Wu et al. 2016; Yang et al. 2017; Xu et al.
2021b) are slightly smaller than our calculated results due to the
overestimation of GGA, but there is much better consistency in
the relative change of volume (V/V) with pressure (Fig. 2c).
Our calculated volumes lie between the experimental data of
Shinmei et al. (2008) and Wu et al. (2016) within a broad pressure
range and agree with those of Rosa et al. (2013a) at all pressures
(Fig. 2c). Furthermore, the calculated relative changes in cell
parameters are also consistent with the experimental results. Com-
pared with the absolute values at different pressures, the relative
changes in volume (V/V}) and lattice constants (a/ag, c/cg) play
a more important role in determining compressional properties.
The calculated thermal expansion coefficient (a=79%) of
phase D, as well as the experimental data (Shinmei et al. 2008),
are shown in Figure 3a. The blue dashed line represents the
experimental results at 0 GPa (Shinmei et al. 2008), which are
larger than our calculated values. The thermal expansion coeffi-
cient reported in Shinmei et al. (2008) was calculated using
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high-temperature Birch-Murnaghan equation of state (HTBM
EOS) based on the P-V-T data of phase D. It should be noted
that there are only two room-temperature volume data points
at ambient pressure in their study, whereas most of the data were
measured at 17-46 GPa. Therefore, the thermal expansion coef-
ficient of phase D at high pressures should be more reliable than
that at 0 GPa. These high-pressure data do agree better with our
calculated results (Fig. 3a). The calculated thermal Griineisen
parameter, v, = V(%)V (U is the internal energy), decreases
with pressure (Fig. 3b). The heat capacity at constant volume
[Cy= (%) y] and constant pressure [Cp= %) p] (H is the
enthalpy) increase significantly with temperature but slightly
decreases with pressure (Figs. 3c—3d).

Thermal elastic properties

The elastic tensor of phase D with a trigonal symmetry can be
determined by six independent elastic constants (C11, C33, C12,
C13, C44, and C14). The calculated thermal elastic constants, adi-
abatic bulk (Ks) and shear (G) moduli, longitudinal (Vp) and
shear wave (Vs) velocities, as well as the experimental data
(Rosaetal. 2012; Xu et al. 2020, 2021b), are shown in Figure 4.
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FiGure 3. (a) Thermal expansion, (b) thermal Griineisen parameter, (¢) heat capacity at constant volume, and (d) heat capacity at constant
pressures of phase D. Solid lines represent our calculation results at various pressures, and dashed lines represent the experimental results from HTBM

EOS of phase D reported by Shinmei et al. (2008). (Color online.)
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FiGURE 4. (a and b) Elastic constants, (¢) bulk modulus and shear modulus, (d) compressional wave velocity, and shear wave velocity of phase D
at various pressures and temperatures. Solid lines represent our calculation results, and the experimental results are shown with scatters. Chemical
formulas: this study, MgSi,H>O¢; Rosal2, Mgj 1Sij 9H» 406 (Rosa et al. 2012); Xu20+Al, Mgo 89Sij 30Alp.64H3.1006 (Xu et al. 2020); Xu2l,

Mg .03Si1.71H3.0506 (Xu et al. 2021b). (Color online.)

The first and second derivatives of elastic moduli M (M = Cy;, K,
and G) with respect to pressure and temperature are shown in
Online Materials' Tables S1 and S2, respectively. The calcu-
lated compressional elastic constants (Cy; and C33) and shear
elastic constant (Ca4) are slightly larger than the experimental
results (Rosa et al. 2012), whereas the off-diagonal elastic con-
stants (C2, C13, and Cyq) are slightly smaller (Fig. 4). Since
there are no high-pressure experimental data of elastic constants
of phase D, we compared the linear compressibility calculated
from our elastic constants with that from the lattice constants
of experimental data, and they exhibit good consistency (Online
Materials! Text S1 and Fig. S1).

The adiabatic bulk moduli (K5) are in good agreement with the
experimental results of Rosa et al. (2012) and slightly larger than
that of Xu et al. (2020, 2021b), but our shear moduli (G) are sig-
nificantly larger than all experimental values, particularly those
reported in Xu et al. (2021b) (Fig. 4c). The deviations probably
result from different Al and H,O contents in phase D. Phase D
in this study contains 10 wt% H,O, whereas the synthesized sam-
ples in Rosa et al. (2012) and Xu et al. (2021b) include 12.1 and
16.1 wt% H,O, respectively, and the sample in Xu et al. (2020)

contains 18.8 wt% Al,O3 and ~16.0 wt% H,O. The negative
correlation between the HpO content and elastic moduli was
also observed in many other minerals, such as wadsleyite and
ringwoodite (Wang et al. 2019, 2020), but the effect of aluminum
content on the elastic moduli of phase D requires further investi-
gation. Since the density of phase D in this study is close to these
experiments and the compressional and shear wave velocities are

expressed by Vp=,/(Ks+3G)/p and Vs=/G/p, the larger
shear moduli further lead to higher velocities (Fig. 4d). The Vp
and Vs of phase D in this study are 3.0% and 5.8% larger than
those in Rosa et al. (2012) at ambient conditions and ~4-6%
and 8-9% larger than that in Xu et al. (2021b) at pressures of
3-13.6 GPa, respectively.

Our results do not show the abrupt increase in the bulk mod-
ulus of phase D up to 80 GPa, which disagrees with the result of
Tsuchiya et al. (2005). They attribute the jump of bulk modulus
to HBS at ~40 GPa, whereas the absent HBS in this study,
which is probably caused by different cell settings, does not
cause such a jump. Among experimental results, the dramatic
increase in bulk modulus observed by Hushur et al. (2011)
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probably results from the assumption of a fixed K|, (the pres-
sure derivative of the bulk modulus at 0 GPa) of 4, whereas
Rosa et al. (2012), Xu et al. (2020), and this study obtain a
value close to or larger than 5 (Online Materials' Table S1).
The large K(') can fit the equation of states well without an
abrupt increase in bulk modulus.

Anisotropy
The elastic wave velocities of single crystal usually exhibit
variations along different crystallographic orientations, and
the single-crystal anisotropy can be defined as in Karki et al.
(2001):
(VP, max — VP, min)
(VP,max + VP,min) ’
« (VS,max - VS,min)
(VS,max + VS,min) ’
o« Vst = Vso)max , @
Vs1+Vs2)

AP=2X
AS:2
A =2

where Ap, As, and Ag" represent the Vp, Vs, and Vs polarization
anisotropies, respectively. Vp, Vsi, and Vs, represent the wave
velocities along a given crystallographic orientation, which can
be calculated using the Christoffel equation (Musgrave 1970):

®)

Here, Cjjyy refers to the fourth-ranked elastic tensor, and the unit
vector n (nj, ny, n3) is the propagation direction of the elastic
wave. V and p represent velocity and density, respectively.

The S wave polarization anisotropy of phase D is signifi-
cantly large (~18%) under the conditions of the MTZ and
ULM (Fig. 5). Rosa et al. (2013b) indicate that phase D exhibits
arelatively low strength under uniaxial compression and tends to
develop lattice-preferred orientations under plastic flow. They
also estimated that 16 vol% of phase D in hydrous subducted
peridotite could explain the shear wave splitting (0.9 +0.3%)
and the shear wave ray polarization geometry observed in a
detached fragment of the Tonga slab below the transition zone
(Chen and Brudzinski 2003). Our calculated anisotropies of
phase D are as strong as those in Rosa et al. (2012) (Fig. 5), fur-
ther corroborating this interpretation.

|Cyramimy — pV38y| =0.

DiscussioN

The velocities and density characteristics of phase D in the
MTZ and ULM

Phase D is stable at the lowermost MTZ and the ULM at low
temperatures (Nishi et al. 2014). The seismic velocities and den-
sities of phase D, ringwoodite, periclase, bridgmanite, and stisho-
vite along a cold geotherm 500 K lower than the normal geotherm
(Brown and Shankland 1981) are shown in Figure 6. Similar to
other hydrous phases, phase D has a significantly lower density
than all other minerals, especially at the ULM. The density con-
trast between phase D and bridgmanite is as large as ~13%. Thus,
it could contribute to the stagnation of slabs at a depth of ~600—
1000 km (Fukao et al. 2009) to a large extent. However, the seis-
mic velocities of phase D surpass or are comparable to those of
candidate minerals. Phase D shows relatively high velocities in
the MTZ, and the velocities of phase D increase faster with pres-
sure than those of candidate minerals in the MTZ and ULM
(Fig. 6) due to its large pressure derivatives of Ky and G (Online
Materials' Table S1). Its Vp and Vg are 1.5-3.0% and 6.5-8.7%
higher than ringwoodite at depths of 500-660 km, respectively.
Although phase D exhibits significantly lower velocities than
bridgmanite at ambient conditions as described in Rosa et al.
(2012), the velocity contrasts between phase D and bridgmanite
are not prominent for both Vp (0.5-3.4%) and Vs (0—1.9%) within
the depth range of 660—1000 km (Fig. 6). Moreover, the velocities
of phase D are larger than those of periclase in the same depth
range (Fig. 6). Stishovite, one of the dehydration products of phase
D (Nishi et al. 2014) and an important component in the oceanic
crust, has significantly high velocities in the MTZ (Karki et al.
2001; Yang and Wu 2014; Zhang et al. 2021). The velocity con-
trasts between phase D and stishovite are 11.1-13.1% for Vp and
10.2-12.7% for Vs at depths of 500-660 km. However, due to the
softening of shear modulus of stishovite (Karki et al. 2001; Yang
and Wu 2014; Zhang et al. 2021) and the large pressure depen-
dence of velocities of phase D, the Vp and Vg of stishovite are only
5.6% and 1.6% higher than those of phase D at 1000 km depth,
respectively, which become even smaller at larger depths (Fig. 6).

The comparable velocities of phase D to candidate minerals in
the ULM suggest that the accumulation of phase D can hardly pro-
duce prominent low-velocity anomalies in the ULM observed by
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FIGURE 5. Anisotropy of phase D as a function of pressure. (a) 4p, (b) 4s, and (c) 4%° of phase D at various pressures and temperatures. Blue
circles represent the experimental results at ambient conditions obtained by Rosa et al. (2012). (Color online.)
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some seismological studies (Brudzinski and Chen 2003; Liu et al.
2016), which is inconsistent with the conclusion drawn at ambient
conditions (Rosa et al. 2012). H>O and Al have a significant effect
on the velocities and density of phase D. The velocities of phase D
are negatively correlated with the HO content (Fig. 4), so a higher
H,O content may increase the possibility of generating low-
velocity anomalies, but it still requires more quantitative investiga-
tions. Xu et al. (2020) used the data of Al-bearing phase D, which
includes 18.8 wt% Al,O3 and ~16.0 wt% HO, to calculate the
velocities and density contrasts between the dry and hydrous harz-
burgite. Their calculation indicated that the hydrous harzburgite
with ~1.2 wt% HpO exhibits slightly lower velocities at the
ULM, -0.5% and —1.0% for Vp and Vs, respectively, hardly
accounting for the —3% velocity anomalies for both Vp and Vg
in Tonga slab (Brudzinski and Chen 2003), although their Al-bear-
ing phase D has lower velocities than the Mg-end-member phase D
in our study under such conditions. This calculation provides an
approximate estimation of the H,O effect; that is, such a water con-
tent is not enough to cause obvious low-velocity anomalies, but the
contribution of Al to the velocities remains to be explored.

In contrast, superhydrous phase B, another stable hydrous
mineral in cold slabs in the ULM, may explain these low-velocity
observations. It has much lower velocities than bridgmanite and
periclase, and the released water by its dehydration at the depth of
~800 km should migrate upwards, causing the partial melt to
reduce the velocity at a shallower depth (Yang et al. 2017). How-
ever, under such conditions, superhydrous phase B has negligible
anisotropy compared with the strong anisotropy of phase D
(Fig. 5), which cannot explain the observed seismic anisotropy
in the same region (Chen and Brudzinski 2003). Previous studies
suggest that phase D and superhydrous phase B are likely to coex-
ist in the ULM at low temperatures (Nishi et al. 2014; Xu et al.
2021a). Therefore, the low-velocity anomaly could be mainly
caused by superhydrous phase B, whereas phase D may primarily
contribute to the seismic anisotropy.

Dehydration of phase D and implications on
discontinuities in the ULM

At the ULM, with increasing pressure and temperature, phase
D should dehydrate into bridgmanite and stishovite:

MgSi,Og (phase D) = MgSiO; (bridgmanite)
+ SiO, (stishovite) + H,O,

but the transition depth spans a wide range due to its significantly
large negative Clapeyron slope (dP/dT) (Nishi et al. 2014).
Assuming that the slab is around 400-500 K lower than the nor-
mal geotherm (Brown and Shankland 1981), the dehydration
could take place across a broad depth range of ~700-1000 km,
with potential deviations influenced by uncertainties in the phase
boundary (Nishi et al. 2014). The Vp, Vs, and density contrasts
between phase D and the aggregate of bridgmanite plus stisho-
vite along a cold isotherm 500 K lower than the normal geotherm
are shown in Figure 7. It is expected that the velocity jumps
caused by the dehydration of phase D decrease with increasing
pressure because the velocities of phase D increase faster with
pressure than those of bridgmanite and stishovite and the shear
modulus of stishovite softens at high pressures (Karki et al.
2001; Yang and Wu 2014; Zhang et al. 2021) (Fig. 6). The veloc-
ity jumps caused by the dehydration of phase D are 5.8% for Vp
and 4.4% for Vgat 700 km depth but reduce to 2.3% and 0.4% at
1000 km depth, respectively (Fig. 7). At deeper depths, the dehy-
dration of phase D even results in a decrease in Vs. In contrast,
the density jump caused by the dehydration of phase D is as large
as ~14% at a depth of ~700-1000 km. The impedance contrasts
[A(pV), where p and V represent the density and wave velocity,
respectively] caused by the dehydration of phase D are 20% and
16% for compressional wave and 19% and 14% for shear wave
at 700 and 1000 km depths, respectively, which are comparable
to the transformation from olivine to wadsleyite (Nufiez-Valdez
et al. 2013) accounting for the 410-km discontinuity. Such large
impedance contrasts indicate that a small amount of phase D
could produce seismically detectable discontinuities at the
ULM in subduction zones.

It should be noted that the effects of iron on the elasticity of
phase D are not considered above. Previous studies indicate that
the iron in Fe-Al-bearing phase D undergoes a high-spin to low-
spin transition, significantly reducing the bulk modulus of phase
D (Chang et al. 2013; Wu et al. 2016). The pressure range of the
spin transition in Fe-Al-bearing phase D is related to the valence
state of iron. The spin transition of Fe?>* occurs at 37-41 GPa,
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and the spin transition of Fe’* occurs at 40-65 GPa for
YFe’*/Fe=0.94 and at 6468 GPa for Fe’*/Fe = 0.40 (Chang
et al. 2013; Wu et al. 2016). Therefore, the spin transition of
Fe?* in phase D and the dehydration of phase D are likely to
occur simultaneously near the 1000 km depth if phase D con-
tains a certain amount of Fe?T. The spin transition of Fe’* in
phase D (Mgo.goFeo.11Alg.37S11.55H2.6506, YFe’t/Fe= 0.60)
will cause a 28% reduction of bulk sound velocity and 1.7%
reduction of volume (Wu et al. 2016). Iron in bridgmanite occu-
pies mainly the Mg site as Fe>* or Fe®*, and the iron does not
experience any spin transition over the entire pressure range of
the lower mantle. The Si site in bridgmanite may contain a
small amount of Fe’*, and the Fe’* undergoes a spin transition
at approximately 15-50 GPa (Lin et al. 2013), whose effect on
bulk modulus of bridgmanite is relatively small at relevant man-
tle conditions (Catalli et al. 2010, 2011; Badro 2014; Shukla and
Wentzcovitch 2016). Therefore, the spin transition of Fe?t may
significantly increase the Vp jump and slightly decrease the den-
sity jump caused by the dehydration of phase D at the depth of
~1000 km. Thus, the compressional impedance contrast caused
by the dehydration of Fe-bearing phase D may significantly
increase if the Fe>* in phase D undergoes a spin transition.

American Mineralogist, vol. 110, 2025

Besides the global 410-km and 660-km discontinuities, seis-
mological studies detected many local discontinuities in the
ULM, especially in subduction zones, and their origins have been
widely discussed (Courtier and Revenaugh 2008; Schumacher
and Thomas 2016; Waszek et al. 2018). These detections are sen-
sitive to the impedance contrasts across discontinuities, and the
most robust ones are at the depths of ~800 and ~1000 km.
The dehydration of superhydrous phase B may account for the
discontinuities at a depth of ~800 km in subduction zones (Liu
et al. 2016; Porritt and Yoshioka 2016; Yang et al. 2017), but
the ones at a depth of ~1000 km were ascribed to various mechan-
isms including viscosity jump (Marquardt and Miyagi 2015;
Rudolph et al. 2015), mineral phase transitions within subducted
slab (Kingma et al. 1995; King et al. 2015), and the impedance
contrasts between oceanic crust and other parts of a slab (Rost et al.
2008; Niu 2014). The dehydration of phase D causes substantial
impedance contrasts at the ULM, providing another mechanism
for these discontinuities. Most of these discontinuities are roughly
located within the fast anomalies in tomography models, i.e., sub-
ducted slabs, where the dehydration of phase D takes place. The
dehydration of phase D at the ULM mainly accounts for disconti-
nuities caused by large impedance contrasts, specifically, density
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contrast. Therefore, seismic observations that are mainly sensitive
to the velocity contrast, such as the S-to-P scatterers beneath the
circum-Pacific regions near 1000 km depth, may not result from
the dehydration of phase D, where the presence of oceanic crust is
more preferred (Kaneshima 2019).

IMPLICATIONS

In this study, we obtain the elasticity of Mg-end-member
phase D at high pressures and temperatures using first-principles
calculations based on the density functional theory with the gen-
eralized gradient approximation. Compared with other candidate
minerals, the low-density feature of phase D could contribute to
the stagnation of slabs at the ULM. On the other hand, phase D
has larger pressure derivatives of K and G than those of major
minerals in the MTZ and ULM,; thus, its velocities increase
much faster with depth. As a result, unlike other hydrous phases,
phase D exhibits higher velocities than ringwoodite at the tran-
sition zone and comparable velocities to bridgmanite, periclase,
and stishovite in the ULM. Therefore, the accumulation of phase
D is not likely to cause prominent low-velocity anomalies at the
ULM. In contrast, superhydrous phase B, another hydrous phase
coexisting with phase D at the ULM, may account for the low-
velocity anomalies, whereas phase D could explain the shear
wave splitting in the same region.

The velocity contrasts caused by the dehydration of phase D
into stishovite and bridgmanite are negligible at the ULM, but the
impedance contrasts are significantly large because of the large
density jump (~14%). Such large impedance contrasts may pro-
vide an alternative explanation for the discontinuities at the ULM
in subduction regions. The equations of state and elasticity of Mg-
end-member phase D obtained in this study can be combined with
other studies with different Al and water contents to explore the
effect of composition on these physical properties.
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