
1. Introduction
Seismic studies suggested the existence of 3%–5% low compressional-wave velocity (VP) anomalies with strong 
shear-wave (VS) splitting within sinking subduction slabs at 410 to 520-km depths of the mantle transition zone 
(Jiang et  al.,  2008; Kaneshima et  al.,  2007; Liu et  al.,  2008; Pankow et  al.,  2002; Tono et  al.,  2009). These 
observed velocity anomalies were previously proposed to be related to the existence of metastable wedge, 
because the velocity of metastable olivine is a few percent lower than its high-pressure polymorphs at the tran-
sition zone depths (Mao et al., 2015). The observed VS-splitting could be explained by the deformation of the 
olivine wedge when its volume percentage is over 40% (Bernard et al., 2021; Kirby et al., 1996; Mao et al., 2015; 
Mosenfelder et al., 2001; Raterron et al., 2002). Besides olivine, orthopyroxene is one of the major constituent 
minerals in the harzburgite layer of the sinking slab and could also remain metastable at the transition zone 
depth within the cold slab which is 700–1000 K colder than the surrounding mantle (Ganguly et al., 2009; King 
et al., 2015; Nishi et al., 2013; Van Mierlo et al., 2013). However, the contribution of metastable orthopyroxene 
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to the velocity profiles of the coldest harzburgite layer has not been considered, and knowledge about the elastic-
ity of the high-pressure orthopyroxene phases is thus key to decipher the formation mechanism of the observed 
low-velocity anomalies within the cold slabs.

Under ambient conditions, orthopyroxene crystallizes in an orthorhombic structure with the space group of Pbca 
(α-orthopyroxene) (Cameron & Papike, 1981). The elasticity of α-orthopyroxene at ambient conditions has been 
extensively studied using various experimental techniques (Angel & Jackson, 2002; Bass & Weidner, 1984; Chai 
et al., 1997; Duffy & Vaughan, 1988; Jackson et al., 1999; Kumazawa, 1969; Webb & Jackson, 1993; Weidner 
& Vaughan, 1982; Weidner et al., 1978; Zhang & Bass, 2016). Elevating the temperature at ambient conditions 
was observed to cause a linear decrease in all elastic moduli (Hogrefe et al., 1994; Jackson et al., 2004, 2007; 
Reynard et al., 2010; Zhao et al., 1995). Along a slab geotherm that is 700–1000 K colder than the surrounding 
mantle, metastable α-orthopyroxene in the harzburgite layer of the sinking slab will transform into the monoclinic 
β-phase (P21/c space group) with a Clapeyron slope of −8.9 to 20 MPa/K which could be carried down to 500-km 
depth (Lin, 2004; Xu et al., 2018, 2022; J. S. Zhang et al., 2012, 2014). However, experimental constraints on the 
elasticity of β-phase at high pressures are rather limited, and the influence of the α- to β-phase transition on the 
elasticity of orthopyroxene is still under debate (Kung et al., 2004; Zhang & Bass, 2016; D. Zhang et al., 2013).

A previous Brillouin study has shown that the α- to β-phase transition at 12 GPa and 300 K can cause a ∼1% 
jump in both compressional (VP) and shear-wave (VS) velocities (Zhang & Bass, 2016). However, this conclusion 
heavily relied on one experimental data point for the elasticity of the β-phase, and the pressure dependence on 
the elasticity of the β-phase could not be constrained (Zhang & Bass, 2016). In contrast, ultrasonic measure-
ments observed a strong softening in the VP and VS across the phase transition, indicating that the presence of 
β-orthopyroxene could also be responsible for the origin of the low VP anomalies within the subducting slab 
instead of the metastable olivine alone (Kung et al., 2004). In addition, nuclear resonant inelastic X-ray scattering 
(NRIXS) measurements reported similar softening in the VS but no anomalous change was detected in the VP 
across the α- to β-phase transition (Kung et al., 2004; D. Zhang et al., 2013). High-pressure studies on the elas-
ticity of orthopyroxene across this phase transition are thus needed to resolve the conflicting results in previous 
studies.

In this study, we have determined the full elastic moduli (Cij) of single-crystal Fe-bearing orthopyroxene using 
Brillouin scattering in short symmetric diamond anvil cells (DACs) up to 20 GPa. The results are used to constrain 
the velocity profiles of both α- and β-orthopyroxene at high pressures. Together with literature results, we have 
modeled the density and velocity profiles of the coldest harzburgite layer of the subduction slab with metastable 
orthopyroxene and olivine. These results provide additional information into understanding the origin of the 
observed low-velocity anomalies within the cold subduction slab.

2. Experiment
Natural single-crystal orthopyroxene from Yangon, Myanmar was analyzed for its composition using an elec-
tron microprobe in the Key Laboratory of Crust-Mantle Materials and Environments, University of Science 
and Technology of China (USTC). The analysis yielded a composition of Mg0.86Fe0.11Al0.02Ca0.01Si0.99O3 on the 
oxides basis. The density of 3.329(4) g/cm 3 with an orthorhombic structure at ambient conditions was deter-
mined by single-crystal X-ray diffraction at beamline 15U, Shanghai Synchrotron Radiation Facility. We chose 
one platelet of plane (010) based on the crystal cleavage. Other two sample platelets were cut from the same 
crystal perpendicular to the (010) platelet, and the two platelets are orthogonal to each other. Three platelets of 
∼100 μm in diameter were double-side polished to ∼25 μm in thickness and loaded into the sample chamber of 
the DAC equipped with a pair of 400 or 500-μm culet diamonds and Re as the gasket material. Two ruby spheres 
were loaded into the sample chamber as the pressure calibrant, and argon was used as the pressure medium for 
high pressure experiments (Dewaele et al., 2004). The deviatoric stress inside the DAC using Ar as the pressure 
medium was evaluated using the variations of the XRD peaks of Pt. We found that the deviatoric stress is 0.011(2) 
at 10.0 GPa and 0.011(3) at 15.4 GPa (Singh, 1993).

High pressure Brillouin measurements on the crystal platelets were conducted at the High-Pressure Mineral 
Physics Laboratory, USTC up to 20 GPa at 300 K (Figure S4 in Supporting Information S1). Experiments were 
performed in a forward scattering geometry using a six-pass Sandercock tandem Fabry-Perot interferometer. 
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The acoustic velocities of the orthopyroxene platelet along a specific direction were derived from the measured 
Brillouin frequency shift as follows:

𝑣𝑣 =
Δ𝜐𝜐B𝜆𝜆0

2sin(𝜃𝜃∕2)
 (1)

where ν is the acoustic velocity, ΔυB is the measured Brillouin frequency shift, λ0 is the laser wavelength (532 nm), 
and θ is the external scattering angle (49.3°). Due to the low-symmetry of orthopyroxene, there are 9 independent 
elastic moduli for the α-phase and 13 moduli for the β-phase. For each platelet at a given pressure, we thus meas-
ured the sound velocities of orthopyroxene at 10° steps in a total of 19 directions over a range of 180° (Figure 1). 
In total, the different crystallographic directions from 0 to 180° of the VP, VS1, and VS2 velocity data were used to 
derive the full elastic moduli (Cij) of the single crystal at each given pressure.

In situ Raman and single-crystal XRD measurements were also conducted to confirm the crystalline phase of 
the platelets in short symmetric DACs at the High-Pressure Mineral Physics Laboratory, USTC and the 13-ID-D 
experimental station of the Advanced Photon Source, Argonne National Laboratory, respectively. An Olympus 
flat field achromatic objective lens was employed for the collection of Raman spectra with a 532 nm wavelength 
laser line. The Raman spectra were measured in a backscattering geometry in a confocal configuration. We have 
performed two runs of Raman measurements. The Raman spectra were collected every 0.1–1.7 GPa up to 20 GPa 
at 300 K (Figures S1 and S2 in Supporting Information S1). High-quality diffraction images of the orthopy-
roxene were analyzed to determine the unit-cell parameters before and after phase transition with the known 
structures (Figure S3 in Supporting Information S1). The obtained the lattice parameters for α-orthopyroxene 

Figure 1. Representative acoustic velocities of orthopyroxene measured at 2.7 and 20.1 GPa as a function of azimuthal 
angles. Circles: measured velocities; lines: fitting results; black: quasi-longitudinal modes; red: fast quasi-shear mode; blue: 
slow quasi-shear mode. The orientations of each crystal platelet are shown in the figure.
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are a = 18.0334(8) Å, b = 8.5630(5) Å, c = 5.0621(5) Å at 10.0 GPa, while a, b, c, and β for the beta-phase are 
17.839(1), 8.556(1), 4.9376(3), and 92.873(5) Å at 15.4 GPa, respectively.

3. Results
Analysis of the Raman spectra shows that α-orthopyroxene can be confidently identified using the observed 25 
active Raman modes at ambient conditions and at pressures (Figures S1 and S2 in Supporting Information S1). 
The frequency of all the Raman modes in α-orthopyroxene followed a nearly linear increase with pressure up to 
15 GPa. At pressures above 15 GPa, 11 new Raman modes were present, and 6 modes belonging to the α-phase 
disappeared. The XRD results indicated that the orthopyroxene crystal underwent pseudomerohedral twinning 
and developed two twin domains connected by the (001) twinning mirror plane after transitioning into the β-phase 
(Dera et al., 2013; Finkelstein et al., 2015). Since all three platelets used in our Brillouin measurements are nearly 
perpendicular to the X-Y plane, the influence of twinning is minimal on our Brillouin measurements.

The single-crystal elastic compliances of orthopyroxene were calculated by fitting the measured acoustic veloc-
ities using the Christoffel equation (Brown, 2018; Brown et al., 1989; Every, 1980) (Figures 1 and 2, Figure S11 
and Table S1 in Supporting Information S1):

|𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖 − 𝜌𝜌𝜌𝜌
2
𝛿𝛿𝑖𝑖𝑖𝑖| = 0 (2)

where Cijkl is the elastic tensor (with the full suffix notation of the elastic matrix), nj and nl are the direction 
cosines in the photon propagation direction calculated by the azimuthal angles of different platelets, respectively, 
ρ is density, ν is the acoustic velocity, and δik is the Kronecker delta function. The orientations of each platelet 
were determined by an iterative inversion process (Text S1 in Supporting Information S1). For α-orthopyroxene, 
ρ at high pressures was determined following a self-consistent procedure using the Brillouin data (Speziale & 
Duffy, 2002). At ambient conditions, the bulk (KS0) and shear (G0) moduli of α-orthopyroxene calculated from 
the single-crystal elasticity were 107.8(7) and 77.1(6) GPa, respectively (Figure 2). Analysis of the sensitivity of 
the crystal orientations between each Cij, the direction-dependent velocities (VP, VS1, and VS2), and the number of 
measured phonon directions show that the crystal orientations in this study are appropriate for constraining all 
Cijs in Figure S7 in Supporting Information S1.

Analysis of the derived elastic results shows an obvious softening in the shear waves in third platelet with azimuthal 
angles of 10°, 20°, and 30° between 10 and 15 GPa (Figure S5 in Supporting Information S1). Together with 
the Raman and SCXRD results, we determined the phase transition from the α- to β-phase to be at 15 GPa and 
300 K (Figures S2 and S3 in Supporting Information S1). For α-orthopyroxene with an orthorhombic structure, 
all the shear moduli C44, C55, and C66 exhibit an obvious softening starting from 10 GPa (Figures 2a and 2b). The 
third- or fourth-order finite equations were used to fit all the Cijs for α-orthopyroxene. We considered a 2.3(1)% 
jump in density across the α- to β-phase using literature results (Figure S8 in Supporting Information S1) (Dera 
et al., 2013; Finkelstein et al., 2015; Xu et al., 2018, 2020, 2022; Zhang & Bass, 2016; D. Zhang et al., 2013; 
J. S. Zhang et al., 2012). The density of the β-phase between 15 and 20 GPa was also derived following the 
self-consistent procedure using the Brillouin data (Sata et al., 2002). All the 13 single-crystal elastic moduli of 
the β-phase exhibit a linear dependence on pressure up to 20 GPa. An increase in C22, C44, C55, and C23 as well 
as an apparent drop in C66 occur across the α- to β-phase transition. Other moduli show a change in the pressure 
dependence across this phase transition. The values of the C15, C25, C35, and C46 elastic moduli of the monoclinic 
β-phase are small (close to zero) compared to other elastic moduli. In particular, both C35 and C46 are negative 
and slightly decrease with increasing pressure. We note that negative elastic moduli have been reported for simi-
lar monoclinic silicates and oxides, such as diopside, chondrodite, and epidote (Bass, 1995; Sang & Bass, 2014; 
Sinogeikin & Bass, 1999).

4. Discussion
Our orthopyroxene contains 11 mol.% Fe, and the obtained results was first used to understand the influence of Fe 
on the density and elastic moduli of α-orthopyroxene at ambient conditions (Figure S9 and Table S3 in Supporting 
Information S1). Here, we focus on the density and elasticity of orthopyroxene along the enstatite-ferrosilite join 
while ignoring the influence of Al. These analyses show that increasing the Fe content leads to a linear decrease 
in both KS0 and G0 of α-orthopyroxene but results in an linear increase in density (Angel & Jackson,  2002; 
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HughJones et al., 1996; Jackson et al., 2007; Webb & Jackson, 1993; Zhang & Bass, 2016). Addition of Fe was 
noted to have a stronger effect on G0 than KS0. The substitution of 10 mol. % Mg by Fe lowers the G0 by 3.3(5)% 
but could only cause a 1.1(2)% reduction in the KS0. The addition of 10 mol.% could increase the density of 
α-orthopyroxene by 2.9(4)%.

Combining our Raman and Brillouin measurements, the α- to β-phase transition in orthopyroxene was deter-
mined to occur at 15 GPa (Figures S1, S2, and S5 in Supporting Information S1). We also analyzed the veloc-
ity data using the orthorhombic structure for the β-phase. However, there are several apparent misfits when 
fitting the measured velocities using the orthorhombic structure, and the root-mean-square (RMS) is 130 m/s 
which is much greater than RMS of 80 m/s by using the monoclinic structure for the β-phase (Figure S10 in 
Supporting Information  S1). For α-orthopyroxene, all the Cijs at high pressures are in good agreement with 
previous single-crystal experimental results, although the longitudinal modulus, C11, is slightly lower than liter-
ature results, whereas shear moduli, C55 and C66, are greater (Figures 2a and 2b) (Chai et al., 1997; Webb & 
Jackson, 1993; Zhang & Bass, 2016). The only single-crystal elasticity data for the β-phase before this study is 
from Zhang and Bass (2016), although they have only one elasticity data point for the β-phase. A sudden increase 
in all longitudinal moduli except C55 was observed across the α- to β-phase transition (Zhang & Bass, 2016). 

Figure 2. Single-crystal elasticity orthopyroxene at high pressures and 300 K. Blue: α-orthopyroxene in this study; 
red: β-orthopyroxene in this study. (a) Longitudinal and shear moduli. Circles: C11; triangles: C22; diamonds: C33; 
stars: C44; pentagons: C55; squares: C66; blue lines: the fitting results of α-orthopyroxene; red lines: the fitting results of 
β-orthopyroxene; (b) Off-diagonal moduli. Circles: C12; diamonds: C13; triangles: C23; squares: C15; stars: C25; pentagons: C35; 
hexagons: C46; blue lines: the fitting results of α-orthopyroxene; red lines: the fitting results of β-orthopyroxene; (c) KS and G. 
(d) VP and VS of orthopyroxene. Gray circles: Webb & Jackson, 1993; green circles: Chai et al., 1997; orange circles: Zhang 
& Bass, 2016; blue lines: the fitting results of α-orthopyroxene; red lines: the fitting results of β-orthopyroxene; open circles; 
Purple (Kung et al., 2004) and black (D. Zhang et al., 2013) open triangles; blue lines: the fitting results of α-orthopyroxene; 
red lines: the fitting results of β-orthopyroxene.
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Here, we analyzed the single-crystal elasticity of the β-phase using the monoclinic structure (Dera et al., 2013; 
J. S. Zhang et al., 2012). We only observed a sudden weak increase in C22, C44, C55, and C23 accompanied with 
a drop in the value of C66 across this phase transition, and other elastic moduli exhibit a change in the pressure 
dependence, which is in contrast to previous Brillouin results (Zhang & Bass, 2016).

Using the obtained single-crystal elastic moduli and density, we calculated the aggregate KS, G, and the sound 
velocities for both α- and β-phase (Figures 2c and 2d). Our calculated results have shown that the α- to β-phase 
transition leads to a 5.8(6)% sudden jump in the KS but a 3.7(5)% drop in G. Together with the density change, the 
transition from the α- to β-phase can produce a 1.6(5)% sudden drop in VS at 300 K which is much less than  the 
strong softening reported in previous NRIXS and ultrasonic measurements (Kung et  al.,  2004; J. S. Zhang 
et al., 2012). The major influence of this phase transition on VP is the change in the pressure dependence. This 
is also in contrast to the strong softening in VP shown in the ultrasonic measurements but in a general agreement 
with the NRIXS measurements, although the value of VP from the NRIXS study for both α- and β-phase is much 
greater than our measured results (Kung et al., 2004; J. S. Zhang et al., 2012). As we noted above, the measured 
VS along a few azimuthal angles between 10 and 15 GPa exhibit strong softening (Figure S5 in Supporting Infor-
mation S1). The polycrystalline orthopyroxene used in previous ultrasonic and NRIXS experiments may have 
developed a certain degree of lattice preferred orientation across the α- to β-phase transition (Kung et al., 2004; 
D. Zhang et al., 2013), which in turn could influence the reported elasticity results and cause the differences 
between this study and previous reports.

5. Geophysical Implications
To investigate the origin of the low-velocity anomalies inside the sinking subduction slab, here we have modeled 
the velocity profiles of the coldest subducting harzburgite layer along a slab geotherm 1000-K lower than the 
normal mantle (Brudzinski & Chen, 2000, 2003; Chen & Brudzinski, 2003; Kaneshima et al., 2007). Harzburgite 
is mainly composed of olivine and orthopyroxene with a small amount of clinopyroxene, whereas the volume 
ratio between olivine and pyroxene can exhibit a wide compositional range based on previous petrological obser-
vations (Figure 3) (Downes et al., 1992; Foley et al., 2006; Furnes et al., 1986; Raye et al., 2011). We first calcu-
lated the VP and VS of orthopyroxene, olivine, and clinopyroxene along a 1000-K colder slab geotherm (Collins & 
Brown, 1998; Jackson et al., 2003; Li & Neuville, 2010; Liu & Li, 2006; Mao et al., 2015; Zhao et al., 1995). Due 

Figure 3. Depth-dependent velocity profiles of harzburgite with three distinct mineral contents of olivine, orthopyroxene, 
and clinopyroxene. (a) Composition of harzburgite (Downes et al., 1992; Foley et al., 2006; Furnes et al., 1986; Raye 
et al., 2011); Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene-diopside; red circles: composition of harzburgite layer 
obtained by previous petrological observations; red, blue, and green stars indicate the composition of harzburgite used in 
velocity modelings in panel (b); (b) Velocity of the coldest harzburgite layer along a slab geotherm 1000 K colder than the 
normal mantle in three selected composition highlight in red, blue, and green stars in panel (a) (Ganguly et al., 2009). Red 
lines: velocity of harzburgite with 37 vol.% orthopyroxene, 62.5 vol.% olivine, and 0.5 vol.% clinopyroxene; blue lines: 
velocity of harzburgite with 3.5 vol.% orthopyroxene and 96.5 vol.% olivine; green lines: velocity of harzburgite with 5 vol.% 
orthopyroxene, 90 vol.% olivine, and 5 vol.% clinopyroxene. Model uncertainties are shown as vertical ticks on the right.
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to lack experimental constraints, here we considered the same temperature derivative of the elastic moduli for the 
β-phase as α-orthopyroxene (Table S4 in Supporting Information S1) (Jackson et al., 2003; Zhao et al., 1995). 
Literature results on the influence of temperature on the phase transition pressure of orthopyroxene were applied 
in our modeling (Table S5 in Supporting Information S1) (Xu et al., 2018, 2020; J. S. Zhang et al., 2014). In such 
a cold subduction environment, olivine will remain in the metastable phase up to 520-km depth in the mantle 
transition zone, and α-orthopyroxene transforms into the β-phase at depth of 460 km (Ishii & Ohtani,  2021; 
Kawakatsu & Yoshioka, 2011; Lidaka & Suetsugu, 1992; Xu et al., 2018, 2020).

Along the 1000-K colder slab geotherm, the difference in VP (VS) between α-orthopyroxene and olivine is less 
than 0.6(4)% (0.7(5)%) up to the depth of 450 km, which is negligible by considering the calculation uncer-
tainties (Figure S12 in Supporting Information  S1) (Liu & Li,  2006; Mao et  al.,  2015). The transition from 
α-orthopyroxene to the β-phase was noted to cause a 1.6(5)% sudden reduction in the VS but has a weak influence 
on the VP. Above 460-km depth, VS of the β-phase is 1.6(5)% lower than that of olivine, while the difference in 
VP is less than 0.2(5)%. Both olivine and α-orthopyroxene have sound velocities greater than clinopyroxene up to 
520-km depth. For a multiphase assemblage, the density and elastic moduli were calculated using the following 
equations (Cottaar et al., 2014):

𝜌𝜌 =
∑

𝜌𝜌i𝑉𝑉i (3)

𝑀𝑀 =
1

2

[
∑

𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖 +
(∑

𝑉𝑉𝑖𝑖𝑀𝑀
−1
𝑖𝑖

)−1
]

 (4)

where ρi, Vi, and Mi are the density, volume percentage, and elastic moduli (KS and G) of the ith phase, respec-
tively. Here, KS and G were calculated within the Voigt-Reuss-Hill average scheme. VP and VS of a multiphase 
assemblage were calculated as follows:

𝑉𝑉P =

√

𝐾𝐾S + 4𝐺𝐺∕3

𝜌𝜌
 (5)

𝑉𝑉S =

√
𝐺𝐺

𝜌𝜌
 (6)

where KS is the adiabatic bulk modulus, and G is the shear modulus. Considering how the variations in composi-
tion may influence the velocity of harzburgite in the subducting slab, we calculated the velocities of harzburgite 
in three different compositions: (a) olivine rich model with 3.5 vol.% orthopyroxene and 96.5 vol.% olivine; (b) 
orthopyroxene rich model with 37 vol.% orthopyroxene, 62.5 vol.% olivine, and 0.5 vol.% diopside; (c) higher 
clinopyroxene (diopside) content model with 5 vol.% orthopyroxene, 90 vol.% olivine, and 5 vol.% diopside 
(Figure 3). Considering the calculation uncertainties, varying the composition of harzburgite has minimal effect 
on its velocities up to 460-km depth. Due to a different orthopyroxene content, elevating the orthopyroxene 
content to 37 vol.% can lead to a maximum of 0.6(5)% reduction in the VS but can hardly affect the VP considering 
the calculation errors. As a result, harzburgite with 37 vol.% β-orthopyroxene at 460–520 km depth has the VS 
0.5(5)% lower than that with 3.5 vol.% β-phase.

We further examined the seismic signature of the coldest harzburgite layer with or without considering the contri-
bution of metastable orthopyroxene. The velocities of subducted mid-ocean ridge basalts (MORBs), the lherzo-
lite layer of the sinking slab, and the pyrolitic mantle were also calculated for comparison (Table S4 and Figure 
S13 in Supporting Information  S1). The temperature of MORBs was assumed to be the same as that of the 
surrounding pyrolitic mantle (Brown & Shankland, 1981), while the velocity profiles of the lherzolite layer with 
65 vol.% olivine, 20 vol.% orthopyroxene and 15 vol.% clinopyroxene is modeled with a temperature profile of 
600 K lower than that of the pyrolitic mantle (Ganguly et al., 2009; Ringwood & Irifune, 1988). Here, we adopted 
a typical harzburgite composition from Tamura and Arai  (2006) with 22 vol.% orthopyroxene and 78 vol.% 
olivine (Tamura & Arai, 2006). Our modeled velocity profiles here show that the coldest harzburgite layer in the 
upper mantle up to 340-km depth with metastable orthopyroxene and olivine has the fastest VP and VS compared 
to the MORBs, underlying lherzolite, and the pyrolitic mantle due to its lower temperature profile (Figure 4). The 
VP of harzburgite is 3.0%–4.4(6)% greater than that of MORBs, lherzolite, and the pyrolitic mantle at 250-km 
depth, while its VS is 3.8%–6.2(6)% faster. Increasing depth can greatly reduce the velocity difference between the 
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coldest harzburgite layer and MORBs as well as lherzolite, because the phase transition from coesite to stishovite 
and from olivine to its high-pressure polymorphs can effectively increase the velocity of MORB and lherzo-
lite, respectively (Akimoto & Syono, 1969; Katsura et al., 2004; Schutt & Lesher, 2006; J. Zhang et al., 1996). 
The velocity crossover between harzburgite and MORBs (lherzolite) occurs at 350-km (340-km) depth. Above 
350-km depth, the coldest harzburgite layer with low-velocity olivine and orthopyroxene becomes the slowest 
part of the sinking slab but has the sound velocity still faster than that of the pyrolitic mantle.

At 410-km depth, both MORBs and lherzolite have sound velocities indistinguishable from or faster than the 
pyrolitic mantle (Figure 4). The coldest harzburgite layer begins to display slower velocities than the pyrolitic 
mantle because the phase transition from olivine to wadsleyite in the normal mantle can cause a 4%–5% sudden 
jump in the VP and VS, whereas both olivine and orthopyroxene in harzburgite remain in the metastable phases 
(Dera et al., 2013; Hogrefe et al., 1994; Kaneshima et al., 2007; Mao et al., 2015). If we ignore the contribution 
of metastable orthopyroxene but only consider metastable olivine in the coldest harzburgite layer below 410-km 
depth, metastable olivine should coexist with the high-velocity garnet and high-pressure clinopyroxene in the 
harzburgite layer at this depth range (Irifune & Ringwood, 1987). As a result, VP and VS of harzburgite are only 
2.3(6)% and 1.7(6)% lower than those of the pyrolitic mantle, respectively, which is not enough to interpret the 
observed 3%–5% low VP anomalies within the slab (Kaneshima et al., 2007; Lidaka & Suetsugu, 1992; Mao 
et  al.,  2015). Unless the olivine content in harzburgite is as large as 96 vol.%, this metastable wedge could 
have the VP 3%–4% lower than the pyrolitic mantle between 410 and 520-km depth (Figure S13 in Supporting 
Information S1).

With considering the contribution of metastable orthopyroxene, VP of the coldest harzburgite layer is 3.0%–3.6(6)% 
lower than that of pyrolitic mantle between 410 and 460-km depth, and VS is 2.0%–2.9(6)% lower (Figure 4). The 
α- to β-phase transition in orthopyroxene along the 1000-K colder slab geotherm can further lower the VS of 
harzburgite but has a minimal effect on the VP. More importantly, both VP and VS of harzburgite with metastable 
olivine and β-orthopyroxene exhibit weaker pressure (depth) dependence than those of the pyrolitic mantle, and 
their difference in velocity thus increases with depth (Figure 4). As a result, the coldest harzburgite layer with the 
metastable β-orthopyroxene and olivine has the VP 3.6%–4.4(6)% less than the pyrolitic mantle at 460–520-km 
depth, better consistent with the observed 3%–5% low VP anomalies within the sinking slabs (Jiang et al., 2008; 
Kaneshima et al., 2007; Liu et al., 2008; Pankow et al., 2002; Tono et al., 2009). Meanwhile, this metastable 
wedge with both orthopyroxene and olivine has the VS 2.8%–4.3(6)% lower than the surrounding mantle. Increas-
ing the orthopyroxene content to 37 vol.% can generate a harzburgite layer with 2.9%–4.5(6)% lower VS than the 
pyrolitic mantle at 460–520 km depth but has a minimal effect on the VP, because the difference in the VP between 

Figure 4. Velocity of coldest harzburgite layer, lherzolite, mid-ocean ridge basalts (MORBs), and pyrolitic mantle. (a) 
Compressional wave velocity (VP); (b) shear-wave velocity (VS). Red lines: harzburgite with 22 vol.% orthopyroxene and 78 
vol.% olivine. Both orthopyroxene and olivine remain metastable up to 520-km depth; purple lines: velocity of lherzolite 
with 65 vol.% olivine, 20 vol.% orthopyroxene, and 15 vol.% clinopyroxene; orange lines: velocity of MORBs; green lines: 
velocity of the pyrolitic mantle. Model uncertainties are shown as vertical ticks on the left.
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metastable olivine and β-orthopyroxene is small (Figures S13 in Supporting Information S1). We thus propose 
that the observed 3%–5% low-velocity anomalies in the mantle transition between 410 and 520-km depth within 
the sinking slabs should be caused by the presence of metastable olivine, α- and β-phase orthopyroxene instead 
of metastable olivine alone (Jiang et al., 2008; Kaneshima et al., 2007; Liu et al., 2008; Pankow et al., 2002; Tono 
et al., 2009).

In summary, we have determined the single-crystal elasticity of α- and β-orthopyroxene at high pressures up to 
20 GPa at 300 K by combining Brillouin and Raman spectroscopies. At 300 K, the α- to β-phase transition occurs 
at 15 GPa and produces an obvious change in all the single-crystal elastic moduli. Together with literature results, 
we have established the velocity profiles of the coldest harzburgite layer within the sinking slab with metastable 
orthopyroxene and olivine as the major constituent phases up to 520-km depth. The coldest harzburgite layer with 
22–37 vol.% orthopyroxene and 62–78 vol.% olivine has the VP and VS 3.0%–4.4(6)% and 2.0%–4.5(6)% lower 
than those of the pyrolitic mantle in the mantle transition zone, respectively. Considering the contribution from 
both metastable orthopyroxene and olivine, the seismic signature of the coldest harzburgite layer is in a better 
agreement with the observed 3%–5% low VP anomalies within the sinking slab in various locations of the Earth 
at depth of 410–520 km in the mantle transition zone. The low-velocity metastable wedge within the sinking slab 
should thus be composed by orthopyroxene and olivine instead of metastable olivine alone.
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