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Abstract We investigated the combined effect of pressure and temperature on the elasticity of
single-crystal superhydrous phase B (Shy-B) using Brillouin scattering and X-ray diffraction up to 12GPa
and 700 K. Using the obtained elasticity, we modeled the anisotropy of Shy-B along slab geotherms, showing
that Shy-B has a low anisotropy and cannot be the major cause of the observed anisotropy in the region.
Modeled velocities of Shy-B show that Shy-B will be shown as positive velocity anomalies at the bottom
transition zone. Once Shy-B is transported to the topmost lower mantle, it will exhibit a seismic signature of
lower velocities than topmost lower mantle. We speculate that an accumulation of hydrous phases, such as
Shy-B, at the topmost lower mantle with a weight percentage of ~17–26% in the peridotite layer as
subduction progresses could help explain the observed 2–3% low shear velocity anomalies in the region.

1. Introduction

Water can be delivered to the Earth’s mantle through sinking subduction slabs carrying a number of hydrous
minerals in the layers of mantle lithosphere and oceanic crust [Hacker et al., 2003;Ohtani, 2005; Peacock, 1990;
Stern, 2002]. The discovery of a diamond with a hydrous ringwoodite inclusion containing as much as 1.5wt
%water has revealed that some regions of the Earth’s transition zone could be highly hydrated [Pearson et al.,
2014; Thomas et al., 2015]. Meanwhile, recent seismological studies have presented evidence of low-velocity
layers at the topmost lower mantle, which have also been interpreted to be caused by the presence of
melting associated with dehydration reactions [Liu et al., 2016; Schmandt et al., 2014]. All of these findings
indicate that some hydrous minerals can survive the dehydration process in the subduction zone and be
transported to depths at the bottom transition zone and the topmost lower mantle through sinking subduc-
tion slabs [Liu et al., 2016; Pearson et al., 2014; Schmandt et al., 2014].

Sincemost hydrousminerals in the subduction slabs, such as antigorite, lawsonite, andamphibole, decompose
and release water to the overlying mantle wedge at depths less than 300 km, dense hydrous magnesium sili-
cates (DHMSs), particularly superhydrous phase B (Shy-B), have been proposed to be one of the major phases
to transport water to the bottom transition zone and the topmost lower mantle [e.g., Fumagalli and Poli,
2005;Ohtani, 2005; Schmidt, 1995; Shieh et al., 2000;Ulmer and Trommsdorff, 1995]. Shy-Bwith an ideal chemical
formulaofMg10Si3H4O18 containing5.8wt%water canbe formedbyamantle assemblagewithaMg/Si ratioof
1.5–2.0 below 1200°C and is stable up to 30GPa and 1400°C [Gasparik, 1993; Komabayashi, 2006; Ohtani et al.,
1995; Ohtani et al., 2003; Pacalo and Parise, 1992; Shieh et al., 2000]. Although the maximum amount of Shy-B
in the peridotite slab layer was estimated to be 22–31wt % based on a mass balance calculation from the
partitioningofwater betweenhydrousmantleminerals, the abundanceof Shy-B in the slabs is highly uncertain
[Ohtani et al., 2004;Ohtani, 2005]. Identifying thepresence of Shy-B remains to be a key subject for understand-
ing water transportation and the cause of the observed low-velocity layers in the topmost lower mantle.

Comparing the velocity-density profiles of Shy-B modeled using its elasticity at high pressure-temperature
(P-T) with the seismic images of the mantle is of particular importance because it can help decipher the
presence of Shy-B in the mantle transition zone and topmost lower mantle. High P-T X-ray diffraction
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(XRD) has been applied to investigate the equation of state (EoS) parameters of Shy-B up to 27GPa and 1400°C
[Crichton et al., 1999; Inoue et al., 2006; Kudoh et al., 1994; Litasov et al., 2007]. At ambient conditions, the
obtained isothermal bulk modulus, KT0, ranges from 132 to 145GPa, much lower than that of transition zone
majorite and ringwoodite and lower mantle ferropericlase, bridgmanite, and CaSiO3-perovskite [Crichton
et al., 1999; Inoue et al., 2006; Irifune et al., 2008; Jacobsen et al., 2002; Kudoh et al., 1994; Mao et al., 2015;
Sinogeikin et al., 1998]. It should be noted that KT0 cannot be independently constrained by the XRD
measurements because of the well-known trade-off between KT0 and its pressure derivative, KT0′. Elasticity
of single-crystal Shy-B has been investigated by Brillouin spectroscopy up to 17GPa and 300 K, which yields
crucial constraints on the shear modulus and the anisotropy of Shy-B [Pacalo and Weidner, 1996; Rosa et al.,
2015]. The adiabatic bulk modulus, KS0, at ambient conditions has been determined to be 150–154GPa with
its pressure derivative, KS0′= 4.7(2), while the shear modulus, G0, is 97–99GPa with G0′= 1.44(5) [Pacalo and
Weidner, 1996; Rosa et al., 2015]. Compared to the experimental results, a theoretical study predicted a higher
KS0 of 161.8(0.1) GPawith KS0′=4.4(0.1) andG0 = 102.5 GPawithG0′=1.6 [Mookherjee and Tsuchiya, 2015]. Most
importantly, the combined effect of pressure and temperature on the elasticity of Shy-B is unknown. The
elasticity of Shy-B at high P-T is needed to reliablymodel its velocity profiles in the transition zone and topmost
lower mantle in order to reveal the role of the presence of Shy-B on seismic signatures in the region.

In this work, we have performed high P-T Brillouin scattering and single-crystal XRD measurements to
determine the elasticity of single-crystal Shy-B up to 12GPa and 700 K in an externally heated diamond anvil
cell (EHDAC) [Kantor et al., 2012]. Using the obtained elasticity, we have modeled the anisotropy and velocity
of Shy-B at P-T conditions relevant to the subduction slabs to examine its seismic signatures. Comparing the
modeled results of Shy-B to the velocity profiles of the normal mantle provides new insight in our under-
standing of the potential water-rich region in the mantle, including the observed low-velocity layers at the
topmost lower mantle.

2. Experiments

Single crystals of Shy-B were synthesized at 20GPa and 1573 K for 20 h from a mixture of MgO (52.06wt %),
SiO2 (29.1wt %), and Mg(OH)2 (18.83wt %) powders by using the USSA-5000 ton Kawai-type apparatus
installed at the Institute for Study of Earth’s Interior, Okayama University. We performed single-crystal X-ray
diffraction (XRD) at ambient conditions to confirm that the obtained crystals were in Shy-B structure with
Pnnm space group. The lattice parameters of Shy-B samples at ambient conditions are a= 14.028(6) Å,
b=5.103(1) Å, and c= 8.719(1) Å. The obtained single crystals were also examined by the electron microprobe
at Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of
China, showing a composition of 28.06wt % SiO2 and 62.92wt % MgO. The water content of 9.0wt % for
the synthesized Shy-B was calculated using the weight deficiency in the sum of all oxides, yielding a compo-
sition of Mg9.38Si2.81H6.01O18 with a density of 3.197(5) g/cm3.

We selected two pieces of Shy-B single crystals that possessed nearly orthogonal crystallographic orientation.
The crystallographic planes of the two pieces are (0.91, 0.28, 0.30) and (�0.20, 0.60, 0.80), as determined by
single-crystal XRD at beamline sector 13-BMD of the Advanced Photon Source (APS). We double-side
polished both sample pieces to thin platelets ~30μm in thickness. Re was used as the gasket material with
a 300μm hole drilled at the center of the indentation. We selected one platelet from each orientation and
loaded it into the sample chamber of the EHDAC. A ruby sphere and Pt foil of ~10μm were loaded next to
the sample platelets. Ne was used as the pressuremedium, while the Pt foil was used as the pressure calibrant
during the high P-T measurements. Heating at high pressures was achieved by supplying electricity to a
cylindrical alumina ceramic heater equipped in the EHDAC. The alumina heater was coiled by Pt wires
200μm in diameter. An R-type thermocouple used as the temperature calibrant was glued ~500μm away
from one of the diamond anvils. The uncertainty of the temperature measurements is less than ±5 K.

Brillouin spectroscopy was performed at beamline sector 13-BMD of APS up to 12GPa and at 300 K, 500 K,
and 700 K, in a symmetric forward scattering geometry [Sinogeikin et al., 2006]. With measured Brillouin
frequency shift, ΔυB, the acoustic velocities, v, can be calculated as follows:

v ¼ ΔυBλ0
2sin θ=2ð Þ (1)
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where θ is 50° of the external scattering angle, and λ0 is the laser wavelength of 532nm. The density of the Shy-B
sample at each P-T condition after the Brillouin measurements was determined by the single-crystal XRD.

3. Results

Shy-B in the orthorhombic setting can be characterized by nine independent elastic constants. Following the
Christoffel’s equation, we simultaneously fitted the velocity of two platelets obtained at various azimuthal
angles over a range of 180°, which yields crucial constraints on nine elastic constants [Every, 1980]:

cijklnjnl � ρν2δik
�
�

�
� ¼ 0 (2)

where nj and nl are the direction cosines of the phonon along the propagation direction, ρ is the density at
each P-T condition, and δik is the Kronecker delta function. Cijkl is the elastic constant in full suffix notation,
but we used the reduced notation, Cij, in our study.

At a given temperature, all but one elastic constant increases linearly with pressure, whereas the longitudinal
modulus, C22, shows a slight downward curvature (Figure 1). Although increasing temperature offsets all of
the longitudinal and shear moduli to a lower value at a given pressure, elevated temperature has a negligible
effect on the off-diagonal moduli (C12, C23, and C13) after considering experimental errors. With the obtained
Cijs (Table S1 in the supporting information), we calculated the adiabatic bulk and shear moduli (KS and G) at
each experimental P-T condition using the Voigt-Reuss-Hill average. The adiabatic bulk and shear moduli at
ambient conditions (KS0 and G0) are 143(1) and 94(1) GPa, respectively.

Combining the Brillouin and XRD measurements allows us to establish an equation of state (EoS) for Shy-B,
which is independent of any pressure scale (supporting information) [Li et al., 2006a; Zha et al., 2000].
Using the literature thermal expansion coefficient, α=3.6 × 10�5 K�1, and Grüneisen parameter, γ= 1.8
[Komabayashi and Omori, 2006; Inoue et al., 2006; Litasov et al., 2007; Rosa et al., 2015], we convert KS of
Shy-B at 300 K into the isothermal bulk modulus, KT, following (Table S2):

KT ¼ KS= 1þ αγTð Þ (3)

Fitting the KT-ρ data sets at 300 K using the third-order finite-strain equations allows us to constrain the pres-
sure derivative of the bulk modulus, KT0′= 4.0(1). With known KT0, KT’, and ρ, we determined the primary P-ρ-T

Figure 1. High P-T elasticity of single-crystal Shy-B. Blue, green, and red solid circles: this study at 300 K, 500 K, and 700 K,
respectively; open circles: results at ambient conditions from Pacalo and Weidner [1996]; solid lines: fitting results using the
third-order finite strain theory; dashed lines: results at 300 K from Rosa et al. [2015].
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EoS of Shy-B with a (∂KT/∂T)P value of �0.021(1) GPa/K
and (∂KS/∂T)P=�0.012(1) GPa/K [Speziale and Duffy,
2002], and then calculated the absolute values of
pressures at each experimental conditions, which are
independent of any pressure scales (Table S1). We
note that the difference in pressure computed using
the primary P-ρ-T EoS of Shy-B and that from Pt placed
next to the Shy-B sample is up to 0.3 GPa at 10.7 GPa
and 700 K. For each individual Cij and the shear moduli,
their pressure and temperature derivative were
determined by fitting the elastic moduli at high P-T
using the third/fourth-order finite strain EoS
(Figures 1 and 2 and Table S2).

4. Discussion

Combining Brillouin spectroscopy and single-crystal
XRDmeasurements, we have determined the elasticity
of Shy-B at simultaneous high P-T conditions.
Compared to previous experimental results [Pacalo
and Weidner, 1996], the obtained Cijs, aggregate KS,
and G at ambient conditions, with the exception of
C44 and C12, are 3–17% lower, potentially due to the
higher water content of our synthesized Shy-B single

crystals. The shear modulus, C44, and longitudinal modulus, C12, are not sensitive to the variation of the water
content. The Shy-B samples used in this study contain 9.0wt % water with a composition of
Mg9.38Si2.81H6.01O18, which is greater than the water content of 5.8wt % in an ideal formula of Mg10Si3H4O18.
Although composition of our starting material corresponds to an ideal formula of Shy-B (Mg10Si3H4O18), the
synthesized Shy-B single crystals have a higher concentration ofMg and Si defects. In this case, our Shy-B could
accommodateagreateramountofwater than thecorrespondingphasewith the ideal formulaof5.8wt%water
and thus has a lower elastic moduli than found in previous studies [Pacalo and Weidner, 1996].

In addition, a recent Brillouin study on the elasticity of Shy-B reported that Cijs, aggregate KS, and G at
high pressures and 300 K are greater than our values [Rosa et al., 2015]. We note that the water content
in Rosa et al. [2015], calculated from the deficiency of the total sum of oxides, should be 7.54wt %, which
is inconsistent with the value of 3.85wt % from their reported chemical formula. The chemical formula of
Shy-B in Rosa et al. [2015] is thus problematic. We revaluated the elasticity of Shy-B in Rosa et al. [2015]
with a correct density of 3.240(4) g/cm3. Together with the XRD results, we note that the elasticity of
Shy-B exhibits a linear reduction with increasing water content (Figure S2 in the supporting information).
We further compared the experimental results to the theoretical prediction (Figure S3) [Mookherjee and
Tsuchiya, 2015]. The pressure dependence of most elastic moduli from theoretical predictions is similar
to the experimental results, although their absolute values are greater (Figure S3 and S4) [Mookherjee
and Tsuchiya, 2015].

Using the obtained elasticity at high P-T, we calculated the maximum azimuthal VP anisotropy [AP= (VP,
max� VP,min)/VP,avg] and VS splitting [AS

PO = (VS2� VS1)/VS,avg] of Shy-B along hot and cold slab geotherms,
respectively, and compared them with the anisotropy of major mantle minerals calculated using literature
results (Figure 3). Here the temperature of the hot slabs is 400°C lower than the mantle 1400°C adiabat, while
the temperature of the cold slabs is 800°C lower [Komabayashi et al., 2002; Litasov and Ohtani, 2003;
Thompson, 1992]. Both AP and AS

PO of mantle minerals, including anhydrous and hydrous ringwoodite, bridg-
manite, ferropericlase, and CaSiO3-perovskite, were calculated along a 1400°C adiabat [Jacobsen et al., 2002;
Jackson et al., 2006; Kawai and Tsuchiya, 2015;Mao et al., 2012; Sinogeikin et al., 2003; Shukla et al., 2015]. Since
we lack constraints on the effect of temperature on the elasticity of single-crystal majorite, and majorite is
nearly elastically isotropic at high pressures and 300 K [Murakami et al., 2008], the anisotropy of majorite is

Figure 2. High P-T bulk and shear moduli of Shy-B. Blue,
green, and red solid circles: this study at 300 K, 500 K,
and 700 K, respectively; open circles: results at ambient
conditions from Pacalo and Weidner [1996]; solid lines:
fitting results using the third-order finite strain theory;
dashed lines: results at 300 K from Rosa et al. [2015].
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not considered here. CaSiO3-perovskite exhibits a
pretty high anisotropy due to a small shear modulus
suggested by a recent theoretical study [Kawai and
Tsuchiya, 2015].

Our modeling shows that both AP and AS
PO of Shy-B

display a weak dependence on temperature from
the bottom transition zone to the topmost lower
mantle (Figure 3). Along both hot and cold slab
geotherms, AP and AS

PO of Shy-B are comparable to
those of anhydrous ringwoodite but slightly greater
than that of ringwoodite with 1wt % water.
Although increasing pressure (depth) from 24GPa
to 30GPa leads to an increase in AP of Shy-B from
4% to 8%, AP of Shy-B is still much smaller than that
of CaSiO3-perovskite, and is comparable to that of
bridgmanite, but greater than ferropericlase. AS

PO

of Shy-B is smaller than that of CaSiO3-perovskite
and bridgmanite and only slightly greater than that
of ferropericlase. Due to the small value of AP and
AS

PO, Shy-B cannot be the major cause for the
observed seismic anisotropy at the bottom transition
zone and the topmost lower mantle [e.g., Chen and
Brudzinski, 2003; Long, 2013; Mookherjee and
Tsuchiya, 2015; Rosa et al., 2015].

5. Geophysical Implications

Recent seismic studies using different methods have
identified the existence of a low-velocity layer at
depths of the topmost lowermantle near the subduc-
tion slabs [Liu et al., 2016; Schmandt et al., 2014; Tang
et al., 2014]. The observed low-velocity layer has been
explained either as a result of dehydration melting
[Liu et al., 2016; Schmandt et al., 2014] or decompres-

sion melting due to the mantle upwelling [Tang et al., 2014]. Since Shy-B is expected to be one of the carriers
of water to the bottom transition zone and topmost lower mantle, comparing the modeled velocity of Shy-B
to seismic images is of particular importance in understanding the cause for the observed low-velocity layers.

Here we have modeled VP and VS of Shy-B along both hot and cold slab geotherms using the obtained elas-
ticity (Figure 4) [Komabayashi et al., 2002; Litasov and Ohtani, 2003; Thompson, 1992]. Although modeling the
velocity of Shy-B requires extrapolating our experimental data to the relevant pressure and temperature
conditions of the mantle, our modeling provides a first-order estimation on how the presence of Shy-B
may influence the velocity structure at the bottom of the transition zone and the topmost lower mantle.
For the normal mantle, we assumed that it is in a pyrolitic composition along a 1400°C adiabat. VP and VS
of a pyrolitic mantle were modeled at both dry and hydrous conditions using the elasticity and density data
in literature (Table S4). In our hydrousmodel, we consider the effect of water on VP and VS of a pyrolitic mantle
in terms of its effect on the velocity of ringwoodite because the experimental constraints on the elasticity of
majorite are not available. The water content in ringwoodite is 1wt %, which is close to themaximum amount
of water that could be stored in ringwoodite at the bottom of the transition zone [Inoue et al., 2010; Kohlstedt
et al., 1996; Litasov and Ohtani, 2003; Pacalo and Weidner, 1996]. The lower mantle was assumed to be dry
because the water storage capacity of lower mantle minerals was previously reported to be significantly
lower than that of minerals in the subduction slabs and the transition zone [Bolfan-Casanova, 2005;
Hernandez et al., 2013; Inoue et al., 2010; Litasov and Ohtani, 2003; Murakami et al., 2002; Ohtani, 2005;
Palus, 2015].

Figure 3. Maximum azimuthal (a) VP anisotropy (AP) and
(b) VS splitting (AS

PO) of Shy-B along slab geotherms and
mantle minerals along 1400°C adiabat. Red lines: Shy-B
along hot slab geotherm, which is 400 K colder than the
1400°C adiabat [Brown and Shankland, 1981]; orange lines:
Shy-B along cold slab geotherm, which is 800 K colder than
the 1400°C adiabat [Brown and Shankland, 1981]; blue line:
Fe-Rwd, dry ringwoodite [Nishihara et al., 2004; Sinogeikin
et al., 1998; Sinogeikin et al., 2003; Watanabe, 1987]; blue
dashed line: Hy-Rwd, ringwoodite with 1 wt % water [Mao
et al., 2012; Nishihara et al., 2004; Watanabe, 1987]; black
dashed line: Pv, bridgmanite [Anderson et al., 1995;
Murakami et al., 2007; Murakami et al., 2012; Shukla et al.,
2015; Sinogeikin et al., 2004; Wang et al., 1994]; black
dash-dotted line: Ca-Pv, CaSiO3-perovsite [Kawai and
Tsuchiya, 2015; Li et al., 2006b]; black line: Fp with 17mol %
Fe, ferropericlase [Isaak et al., 1989; Jackson et al., 2006;
Jacobsen et al., 2002;Mao et al., 2011;Murakami et al., 2012;
Suzuki, 1975].
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At depths near the bottom transition zone, our model-
ing results show that Shy-B along a hot slab geotherm
has similar VP, VS, and VP/VS as those of a dry pyrolitic
mantle, indicating that no amount of Shy-B in the slab
would be detectible (Figure 4). Along a cold slab
geotherm, Shy-B has a VP and VS 2.3(3)% and 4.2(4)%
greater than that of the dry mantle, respectively, but
has a slightly lower VP/VS ratio. The difference in VP/
VS ratio between Shy-B and the dry pyrolitic mantle
could be negligible considering the errors in our mod-
eling. If the peridotite layer of some cold slabs con-
tains a maximum possible water storage capacity
with 22wt % Shy-B [Ohtani et al., 2004; Ohtani, 2005],
the presence of this amount of Shy-B will produce a
0.6–1.0(4)% positive velocity anomaly. We then consid-
ered a hydrous mantle transition zone with 1wt %
water in ringwoodite, which has a VP and VS 5.0(5)%
and 3.4(4)% lower than those of a dry pyrolitic mantle,
respectively (Figure 4). Along a hot slab geotherm, VP
and VS of Shy-B is ~4.3–6.0(5)% greater than that of a
hydrous mantle, while the difference in VP and VS
between Shy-B along the cold slab geotherm and the
hydrous transition zone is up to ~7.6(5)%. The pre-
sence of 22–31wt % Shy-B in a water-saturated peri-
dotite layer along a hot or cold slab geotherm would
produce an ~1.0–2.7(4)% positive velocity anomaly
using the velocity of the hydrous transition zone as
the reference [Ohtani et al., 2004; Ohtani, 2005]. As a
result, Shy-B in the slabs would be either seismically
invisible in hot regions or shown as positive velocity
anomalies in cold regions at depths of the bottom of
the transition zone.

As the subduction continues, Shy-B could be transported to the topmost lower mantle. Since the water sto-
rage capacity of lower mantle minerals is significantly lower than that of minerals in transition zone and
slabs, we have assumed a dry lower mantle. Along both hot and cold slab geotherms, Shy-B has a VP
and VS 5–10% lower than the topmost lower mantle, whereas its VP/VS ratio is slightly greater (Figure 4).
Considering its low density compared to lower mantle minerals, Shy-B may accumulate at depths of the
topmost lower mantle as long as the subduction continues. We estimated that an accumulation of Shy-B
with a weight percentage of 17–26% in the peridotite layer of the slabs at the topmost lower mantle
can produce an ~2–3% low shear velocity anomaly, which can help explain the observed low-velocity
layers in some regions of the lower mantle below the depressed 660–km discontinuity [Liu et al., 2016;
Schmandt et al., 2014; Tang et al., 2014].

It should be noted that themodeling above only calculated the velocities for Mg end-member of Shy-B. Shy-B
in the slabs may contain a certain amount of Fe. The presence of Fe can increase the density of Shy-B, which
can help Shy-B sink to the lower mantle, and affects VP and VS of Shy-B. However, the velocity of Fe-bearing
Shy-B cannot be modeled because the elasticity of Fe-bearing Shy-B at simultaneous high P-T conditions is
not known [Crichton et al., 1999]. Meanwhile, phase D is another important water-bearing phase at the bot-
tom transition zone and the topmost lower mantle [e.g., Ohtani, 2005]. We do not model the velocities of
phase D because the experimental constraints on the combined effect of pressure and temperature on the
elasticity of phase D are not available [Chang et al., 2013; Liu et al., 2004; Rosa et al., 2012]. Future studies
are thus expected to provide more detailed information on the elasticity of Fe-bearing Shy-B and phase D,
which are needed to identify the presence of hydrous phases, such as Shy-B and phase D, and understand
the potential cause for the low-velocity layers at the topmost lower mantle.

Figure 4. Longitudinal (VP) and shear wave (VS) veloci-
ties and VP/VS of Shy-B along slab geotherms compared
with those of a pyrolitic mantle. Red lines: Shy-B along
hot slabgeotherm,which is 400 Kcolder than the1400°C
adiabat [BrownandShankland, 1981]; orange lines: Shy-B
along cold slab geotherm,which is 800 K colder than the
1400°C adiabat [Brown and Shankland, 1981]; blue lines:
dry pyrolitic mantle along 1400°C adiabat; blue dashed
lines: hydrous pyrolitic mantle along 1400°C adiabat;
black dashed lines: AK135 [Kennett et al., 1995].
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