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Elasticity of single-crystal San Carlos olivine has been derived from sound velocity and density 
measurements at simultaneous high pressure–temperature conditions up to 20 GPa and 900 K using in 
situ Brillouin spectroscopy and single-crystal X-ray diffraction in externally-heated diamond anvil cells. 
These experimental results are used to evaluate the combined effect of pressure and temperature on full 
elastic constants of single-crystal olivine to better understand its velocity profiles and anisotropies in 
the deep mantle. Analysis of the results shows that the shear moduli display strong concave behaviors 
as a function of pressure at a given high temperature, while the longitudinal modulus, C11, and the 
off-diagonal moduli, C12 and C13, exhibit greater temperature dependence at higher pressures than at 
relatively lower pressures. Using a finite-strain theory and thermal equation of state modeling for a 
pyrolitic mantle composition along an expected mantle geotherm, our results show that the magnitude 
of the V P and V S jumps at the 410-km depth are 6% and 6.4%, respectively, which are greater than 
that found in seismic observations, suggesting a mantle olivine content of 40–50 vol%, which is less than 
what is expected for the pyrolite model. Our modeled velocity profiles for a metastable olivine wedge 
in the subduction slabs along a representative cold slab geotherm are 6% and 10% lower than those of 
wadsleyite and ringwoodite, respectively, at corresponding depths of the normal mantle. Our modeled 
results also show that metastable olivine in the cold slabs could have strong V P and V S anisotropies. The 
maximum V P anisotropy is estimated to be 19–22% at transition zone depth, whereas the maximum V S

splitting is 13–23% and increases with depth. As a result, the presence of a metastable olivine wedge at 
the transition zone depth would exhibit a seismic signature of low velocity and strong seismic anisotropy 
which are consistent with recent seismic observations for various locations of the slabs and can be used 
as mineral physics constraints for future seismic detections of the metastable olivine wedges in the deep 
mantle.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Seismological studies have provided some of the most direct in-
formation for understanding the physical properties of the Earth’s 
deep interior (e.g. Dziewonski and Anderson, 1981; Kennett et al., 
1995; Romanowicz, 1991; van der Hilst et al., 2007). Interpreta-
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tion of seismic images and profiles requires detailed knowledge 
of the elasticity of major mantle minerals at relevant pressure–
temperature (P–T) conditions (Bass et al., 2008; Cammarano et 
al., 2005a; Duffy and Anderson, 1989; Ita and Stixrude, 1992;
Marquardt et al., 2009; Murakami et al., 2012). As one of the 
most abundant minerals in the Earth’s upper mantle, olivine has 
the volume percentage of 60% in a pyrolitic mantle composition 
(Ringwood, 1975). Studying the elasticity of olivine at P–T condi-
tions relevant to the Earth’s mantle is of fundamental importance 
in constraining the composition and understanding the structure 
of the region.

http://dx.doi.org/10.1016/j.epsl.2015.06.045
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:zhumao@ustc.edu.cn
http://dx.doi.org/10.1016/j.epsl.2015.06.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2015.06.045&domain=pdf
SH-USER1
Text Box
HPSTAR
0107-2015



Z. Mao et al. / Earth and Planetary Science Letters 426 (2015) 204–215 205
Experimental studies on the elasticity of olivine date back to 
1930s when Adams (1931) studied the compressibility of fay-
alite, an Fe-endmember olivine (Fe2SiO4), at ambient temperature. 
With the development of high pressure techniques, the elasticity 
of olivine was extensively studied at high pressures and 300 K or 
high temperatures and 1 bar in the past few decades (Abramson et 
al., 1997; Duffy et al., 1995; Webb, 1989; Zha et al., 1996, 1998). 
Although Liu et al. (2005) reported the aggregate bulk and shear 
moduli of San Carlos olivine at simultaneous high P–T conditions 
up to 8 GPa and 1073 K using ultrasonic interferometry technique, 
in situ high P–T measurements on the elasticity of single-crystal 
olivine remain unavailable. Much of our understanding of upper-
mantle seismic structures and mineralogy still heavily relies on the 
extrapolated elasticity of the candidate upper-mantle minerals, in-
cluding olivine, enstatite, and garnet (e.g. Abramson et al., 1997;
Chai et al., 1997; Duffy and Anderson, 1989; Duffy et al., 1995;
Jackson et al., 2007; Jiang et al., 2004a; Li and Liebermann, 2007;
Webb, 1989; Zha et al., 1996, 1998). It is widely accepted that the 
olivine content in the upper mantle can be constrained by com-
paring the velocity contrast across the olivine–wadsleyite phase 
transition to seismic observations for the 410-km discontinuity 
(Cammarano et al., 2005b; Duffy et al., 1995; Liu et al., 2005). In 
this case, the olivine content in the upper mantle is estimated to 
be 30–50 vol%, a value much lower than 60 vol% in the pyrolite 
model. Such a low olivine content model challenges the traditional 
pyrolite compositional model and calls for an answer in order to 
reliably understand the upper mantle mineralogy (Cammarano et 
al., 2005b; Duffy et al., 1995; Li and Liebermann, 2007; Liu et al., 
2005). The difference in the olivine content between these mod-
els could be attributed to our limited knowledge of the combined 
effect of P–T on the elasticity of olivine and wadsleyite at rel-
evant mantle conditions. Therefore, high P–T measurements on 
the elasticity of olivine and other candidate mantle minerals are 
needed to provide a better constraint on the upper mantle miner-
alogy.

A considerable number of seismic studies have shown that 
Earth’s upper mantle is seismically anisotropic in various loca-
tions (e.g. Assumpcao et al., 2006; Ekstrom and Dziewonski, 1998;
Long and Becker, 2010; Long and van der Hilst, 2005; Marone 
and Romanowicz, 2007). In the upper 200–250 km depth, shear 
waves with horizontal polarization travel faster than waves with 
vertical polarization. This difference between two shear waves 
[(V SH − V SV)/V Voigt%] can reach up to 4% (Ekstrom and Dziewon-
ski, 1998; Long and Becker, 2010; Marone and Romanowicz, 2007;
Nettles and Dziewonski, 2008). Since olivine as a major man-
tle phase has been shown to be strongly anisotropic in both 
compressional (V P ) and shear wave (V S ) velocities, the observed 
anisotropy has been suggested to be caused by the preferred align-
ment of olivine fabrics (Jung et al., 2009; Karato et al., 2008;
Mainprice et al., 2005). Knowledge of the elasticity of single-crystal 
olivine is thus the key to understanding the anisotropic seismic 
structures of the upper mantle (Mainprice, 2007; Mainprice et 
al., 2000; Nunez-Valdez et al., 2010; Zha et al., 1996). Further-
more, seismic anisotropies have also been observed in the sub-
duction slabs in the transition zone and used as potential evi-
dence for the presence of the metastable olivine wedge in the 
region (Chen and Brudzinski, 2003; Liu et al., 2008; Sandvol and 
Ni, 1997; Tono et al., 2009). We note that the phase transi-
tion of olivine to ringwoodite has been proposed to be a po-
tential mechanism for occurrence of the deep earthquakes (e.g. 
Green et al., 2010; Green and Houston, 1995; Kirby, 1995). Know-
ing the elasticity of single-crystal olivine at P–T conditions rel-
evant to the cold slab geotherm is thus essential for decipher-
ing the seismic properties of the metastable olivine wedge. To 
date, there is no data available for the elasticity of single-crystal 
olivine at simultaneous high P–T (Abramson et al., 1997; Speziale 
et al., 2004; Webb, 1989; Zha et al., 1996, 1998), significantly 
hindering our progress in understanding the observed seismic 
anisotropy in the upper mantle and subduction slabs in the transi-
tion zone.

In this study, we have investigated the single-crystal elasticity 
of San Carlos olivine at simultaneous high P–T conditions using 
Brillouin spectroscopy combined with single-crystal X-ray diffrac-
tion (XRD) and externally-heated DACs (EHDAC) up to 20 GPa and 
900 K. Using our experimental results, we have constructed a new 
velocity model in a pyrolite mantle composition to explore the 
nature of the 410-km discontinuity. We have also modeled the 
velocity and anisotropy profiles of the metastable olivine wedge 
in the subduction slabs to better understand its potential seismic 
structures in the transition zone.

2. Experimental details

Natural single-crystal San Carlos olivine [(Mg0.9,Fe0.1)2SiO4] 
from Arizona, USA, was examined for the chemical composi-
tion using the electron microprobe at The University of Texas 
at Austin. The single crystal was cut into two pieces orthogo-
nal to each other with random crystallographic orientations of 
(0.96, 0.12, 0.24) (platelet 1) and (0.49, −0.87, −0.03) (platelet 2), 
instead of with the principle orientations. For low-symmetry min-
erals, such as the orthorhombic olivine with nine independent 
elastic constants, a large number of velocity measurements from 
different crystallographic planes are typically needed to fully deter-
mine the elastic moduli of single crystals at a given P–T condition, 
though obtaining such measurements at extreme P–T is difficult 
in terms of the quantity of sample pieces and collection time 
needed. Compared to principle planes, crystal pieces in random 
orientations normally exhibit two polarized shear waves and one 
compressional wave velocity, which can be simultaneously used to 
greatly reduce the need for conducting extensive velocity mea-
surements in various orientations. Such velocity measurements 
from two random orientations also provide excellent constraints 
on the values and uncertainties of the derived single-crystal elas-
tic moduli (Mao et al., 2007; Speziale et al., 2004). Both of the 
randomly cut sample pieces were double-side polished to platelets 
of 30–35 μm in thickness and broken into several small platelets 
with a size of ∼80 × 100 μm for the high P–T Brillouin and XRD 
measurements. Single-crystal XRD patterns were used to deter-
mine the orientations, crystal structure, and density of the sample 
at GeoSoilEnviroCARS (GSECARS) of the Advanced Photon Source 
(APS), Argonne National Laboratory (ANL). The starting sample had 
an orthorhombic structure with a density of 3.343(3) g/cm3 at 
ambient conditions. Re–W alloy, which is more stable at high P–T 
conditions than typical Re gasket, was used as the gasket material 
for high P–T experiments. The gasket was pre-indented to a thick-
ness of ∼65 μm by a pair of diamonds of 500 μm culet size in an 
EHDAC, and a hole of 300 μm was subsequently drilled and used 
as the sample chamber. One selected platelet from each represen-
tative orientation of the olivine crystal was loaded into an EHDAC 
together with Pt powder which served as the pressure calibrant at 
high P–T (Fig. 1) (Fei et al., 2007). A ruby sphere of approximately 
5 μm was also loaded into the cell and used as the pressure indica-
tor for loading a Ne pressure medium as well as for high-pressure 
and room-temperature experiments. The temperature of the sam-
ple was determined by an R-type thermocouple attached to one 
of the diamond anvils approximately 500 μm away from the di-
amond culet. The EHDAC was equipped with an alumina ceramic 
heater that was coiled by two Pt wires of 200 μm in diameter and 
30 cm in length (Kantor et al., 2012).

High P–T Brillouin measurements were conducted at up to 
14 GPa at three given temperatures of 500 K, 750 K, and 900 K 
at GSECARS of the APS, ANL, while complimentary high-pressure 
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Fig. 1. Representative Brillouin spectrum of olivine at 13.3 GPa and 900 K. Black line: collected data; red, blue, green and orange lines: fitting results. Insert figure is a 
representative sample photo taken at ∼6 GPa and 300 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)

Fig. 2. Representative acoustic velocities of olivine measured at high P–T conditions 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. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
Brillouin measurements at room temperature were also performed 
up to 20 GPa at the Mineral Physics Laboratory of The University of 
Texas at Austin. To avoid potential oxidation of the diamond anvils 
and Pt wires at high temperatures, Ar with 2% hydrogen was con-
tinuously blown into the EHDAC while the cell was heated. A solid 
state laser with a wavelength of 532 nm and a power of 0.4 mW 
was used for the Brillouin measurements in which Brillouin spectra 
were collected at the forward scattering geometry with an external 
scattering angle of 50◦ using a six-pass Sandercock tandem Fabry–
Perot interferometer. The acoustic velocities of the Brillouin spectra 
were derived from the measured Brillouin frequency shift as fol-
lows:

v = �υBλ0 (1)

2 sin(θ/2)
where v is the measured acoustic velocity, �υB is the Brillouin 
frequency shift, λ0 is the laser wavelength of 532 nm, and θ is the 
external scattering angle. For each platelet, we have collected the 
spectra at a 10◦ step vertically rotating over a range of 180◦ in the 
azimuthal direction (Fig. 1). For platelet 2, two quasi-transverse 
modes were observed for most directions, whereas only one quasi-
transverse mode was detected in platelet 1 (Figs. 1 and 2). For 
the high-temperature measurements, the pressure was determined 
from the X-ray diffraction patterns of the Pt powder before and 
after each Brillouin measurement (Fei et al., 2007). We have also 
collected X-ray diffraction patterns of olivine at each given high 
P–T condition to determine the density of the sample. For the 
300 K measurements at The University of Texas at Austin, the ruby 
fluorescence line was used to determine the pressure (Mao et al., 
1986).
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Fig. 3. Elastic moduli of single-crystal San Carlos olivine at high P–T. Blue: at 300 K; green: at 500 K; orange: at 750 K; red: at 900 K; solid circles: this study; open circles: 
Isaak (1992); dashed line: Abramson et al. (1997); dotted line: Zha et al. (1998); dashed–dotted line: Webb (1989). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
3. Results

At a given P–T condition, nine single-crystal elastic constants of 
olivine were obtained by simultaneously fitting the velocity data 
of two sample platelets with varying azimuthal angles using the 
Christoffel’s equation (Figs. 2 and 3, Table S1) (Every, 1980):

|Cijklnin j − ρv2δik| = 0 (2)

where v is the measured velocity, ρ is the density determined 
by single-crystal XRD, and δik is the Kronecker delta function. The 
single-crystal elastic constants, Cijkl , are written in full suffix nota-
tion in the equation, although we have used reduced notation, Cij , 
for our reported values (Table S1). ni represents the direction co-
sine of the phonon propagation direction, which can be described 
by three Eulerian angles (θ , χ , φ) and determined using single-
crystal XRD measurements.

At 300 K, all of the longitudinal and off-diagonal moduli follow 
a nearly linear increase with pressure, whereas the shear mod-
uli, C44, C55, and C66, exhibit a downward trend towards higher 
pressures (Fig. 3). The aggregate bulk (K S ) and shear moduli (G) 
in the Voigt–Reuss–Hill average are then calculated using these 
single-crystal elastic moduli (Figs. 4 and 5). At ambient condi-
tions, our Brillouin measurements yield the adiabatic bulk mod-
ulus, K S0 = 129.8(9) GPa, and shear modulus, G0 = 77.8(5) GPa, 
which are in excellent agreement with literature results (Abramson 
et al., 1997). Although K S increases almost linearly with pressure, 
G at 300 K exhibits a downward trend with pressure due to the 
softening of the shear moduli, C44, C55, and C66 (Figs. 4 and 5). El-
evating temperature at a given pressure decreases all of the elastic 
moduli. In general, most of the elastic moduli exhibit similar pres-
sure dependence at the investigated temperature range (Fig. 3 and 
Table S2). However, the off-diagonal moduli, C12 and C13, show 
temperature-induced reduction more significantly at higher pres-
sures (Fig. 3). The longitudinal modulus, C11, also displays similar 
temperature-dependent trend at a higher pressure.

The P–T derivatives of the elastic moduli were obtained by fit-
ting the experimentally-derived elastic constants using the third-
order or fourth-order finite-strain equations as follows (Fig. 3 and 
Table S2) (Birch, 1978):

Cij0(T ) = Cij0(300 K) + (T − 300)(∂Cij/∂T )P (3)

Cij = (1 + 2 f )7/2[Cij0(T ) + a1 f + a2 f 2] + a3 P (4)

a1 = 3KT 0
(
C ′′

i j − 3
) − 7Cij0(T ) (5)

a2 = 9K 2
T 0(T )C ′′

i j + KT 0(T )
(
9K ′

T 0 − 48
)(

C ′
i j − 3

) + 63Cij0(T ) (6)

f = (1/2)
[
(V 0/V )2/3 − 1

]
(7)

where Cij0(300 K) is the derived zero-pressure constant from am-
bient measurements and is thus fixed for the modeling, Cij0(T )

is the elastic constant at high temperature and 1 bar, f is the 
finite strain, V is the volume at high P–T determined by single-
crystal XRD, V 0 is the volume at 1 bar and high temperature, 
C ′

i j = (∂Cij/∂ P )T is the pressure derivative of the elastic constants, 
C ′′

i j = (∂2Cij/∂
2 P )T is the second pressure derivative of the elas-

tic constants, KT 0(T ) is the isothermal bulk modulus at 1 bar and 
high temperature, K ′

T 0 = (∂ KT 0/∂ P )T is the pressure derivative of 
the bulk modulus. The parameter a3 is 3 for the longitudinal mod-
uli, C11, C22, and C33, and is 1 for the rest of the elastic moduli. 
KT 0(T ) and K ′

T 0 are calculated from the adiabatic bulk modulus 
K S0 and K ′

S0 as follows:

KT 0(300 K) = K S0/(1 + αγ T ) (8)

KT 0(T ) = KT 0(300 K) + (∂ KT /∂T )P (T − 300) (9)
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Fig. 4. Aggregate elastic moduli of San Carlos olivine at high pressures and temperatures. Blue: at 300 K; green: at 500 K; orange: at 750 K; red: at 900 K; solid circles: this 
study; open circles: Isaak (1992). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Aggregate elastic moduli of San Carlos olivine. (a) At 300 K. Literature results are also plotted for comparison. Blue: this study; grey: Zha et al. (1998); orange: 
Abramson et al. (1997); green: Webb (1989). (b) Calculated with increasing temperature at a given pressure. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
K ′
T 0 = (1 + αγ T )−1[K ′

S0 − γ T /KT 0(T )(∂ KT /∂T )P
]

(10)

(∂ KT /∂T )P ∼= (∂ K S/∂T )P /(1 + αγ T )

− K S(T )/(1 + αγ T )2[αγ + (∂α/∂T )γ T
]

(11)

Here we have used a literature value of 1.11 for the Gruneisen 
parameter, γ (Liu and Li, 2006). Fitting the K S at high pres-
sures and 300 K using the third finite equation with a fixed 
K S0 = 129.8(9) GPa and a self-consistent density model (Speziale 
and Duffy, 2002), we have obtained K ′

S0 = 4.45(5) (Figs. 4 and 
5). The obtained K ′

S0 is slightly greater than that in the literature 
(Abramson et al., 1997; Zha et al., 1998). With the determined K ′

S0
value and high P–T K S results, the temperature derivative of the 
bulk modulus, (∂ K S/∂T )P , is determined to be −0.020(2) GPa/K. 
The derived thermal expansion coefficient at ambient conditions is 
3.47 × 10−5 K−1.

As noted above, there is an enhanced effect of temperature on 
C12 and C13 towards higher pressures (Fig. 3). An extra term in 
the second pressure derivative of the C12 and C13 is needed in our 
modeling in order to fully describe the enhanced temperature de-
pendence at higher pressures: C ′′

12 = −0.015 −0.00021 ×T (GPa/K), 
and C ′′

13 = −0.015 − 0.00021 × T (GPa/K). For C11, the pressure 
derivative is derived from the high P–T data. The P–T derivatives 
of the shear modulus, G , are evaluated using the following equa-
tions:

G0(T ) = G0(300 K) + (∂G/∂T )P (T − 300) (12)

G = (1 + 2 f )5/2[G0(T ) + b1 f + 1/2b2 f 2] (13)
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b1 = 3KT 0(T )G ′
0 − 5G0(T ) (14)

b2 = 9
{

K 2
T 0(T )

[
G ′′

0 + 1/KT 0(T )
(

K ′
T 0 − 4

)
G ′

0

] + 35G0(T )/9
}

(15)

We thus obtain: G ′
0 = 1.80(3), G ′′

0 = −0.10(3) GPa−1 and 
(∂G/∂T )P = −0.010(2) GPa/K.

4. Discussion and geophysical implications

4.1. Single-crystal elasticity of olivine at high P–T

We have derived all of the nine elastic constants of single-
crystal San Carlos olivine (Fig. 3 and Table S1). At ambient con-
ditions, all of the elastic moduli are in excellent agreement with 
results in literature (Abramson et al., 1997; Webb, 1989; Zha et al., 
1998). At 300 K, the longitudinal, off-diagonal and aggregate bulk 
moduli at high pressures are consistent with results by Abramson 
et al. (1997) and Webb (1989) within experimental uncertainties. 
Moreover, we have observed a softening in the shear moduli, C44, 
C55, C66 and G , with increasing pressure when approaching the 
olivine to wadsleyite phase transition (Fig. 3). Similar softening of 
elastic constants with pressure due to a structural phase transi-
tion has also been shown in other minerals, including stishovite, 
enstatite and orthoferrosilite (Kung and Li, 2014; Li et al., 2014;
Yang and Wu, 2014). The softening of elastic constants, however, 
is not observed by Webb (1989) likely because of the limited ex-
perimental pressure range (up to 3 GPa). Abramson et al. (1997)
reported the softening in C55. However, other shear moduli, C44, 
C66 and G , in Abramson et al. (1997) were only determined up 
to 12 GPa, where the softening started to occur. Although simi-
lar softening in the shear moduli has been shown by Zha et al.
(1998) using the same Brillouin technique, C55 and C66 in this 
study exhibit a stronger downward curvature than those in Zha et 
al. (1998) (Fig. 3). Moreover, C11 and C13 at high pressures in Zha 
et al. (1998) are much lower than our results. To independently 
determine all elastic constants of minerals in the orthorhombic 
system, previous studies have shown that measuring velocities us-
ing platelets close to basal planes, such as (100), (010), and (001), 
permits reliable derivations of all elastic constants (Jiang et al., 
2006; Speziale et al., 2004; Wang et al., 2014), because some of the 
longitudinal and/or shear moduli in such planes are not covariance 
with other elastic constants and can be better constrained. Even 
so, it is still necessary to measure the velocity in two or three 
different crystal planes, because single-crystal elastic moduli of a 
given orthorhombic mineral may not be well constrained when 
lacking sufficient velocity measurements (Every, 1980; Fan et al., 
accepted). It should be noted that the elastic moduli in Zha et al.
(1998) were retrieved from the velocity data in the (111) plane 
with 19 measurements at each given pressure such that some 
of the obtained Cijs in Zha et al. (1998) are expected to suffer 
from a stronger tradeoff with each other because these Cij s cannot 
be well-constrained. Therefore, we have conducted our measure-
ments using two platelets in different crystallographic orientations 
in which one platelet is close to the basal plane while another is a 
random plane in order to better constrain all nine elastic constants 
for the orthorhombic olivine crystal.

We have further compared our elasticity results to literature 
values for San Carlos olivine at high temperatures (Figs. 3 and 4, 
Table S2) (Isaak, 1992). Extrapolating our elastic constants at high 
P–T back to 1 bar and high temperature demonstrates agreement 
with Isaak (1992), with the exception of the effect of tempera-
ture on C44 and C23. We note that the temperature derivatives at 
1 bar and high temperatures for some of the elastic moduli (in-
cluding C22, C33, C44, C55, and C66) are indistinguishable from the 
Fig. 6. Compressional (V P ) and shear wave (V S ) velocities of the mantle in a py-
rolite composition compared with seismic profiles. Red line: calculated velocities 
of mantle in a pyrolite composition; black line: AK135 (Kennett et al., 1995); blue 
line of V P : CJF (Walck, 1985); green line of V P : S25 (Lefevre, 1989); blue line of 
V S : SNA (Grand and Helmberger, 1984); green line of V S : TNA (Grand and Helm-
berger, 1984). For modeling the elasticity of wadsleyite at relevant high pressure–
temperature conditions of the transition zone, the effect of high pressure is taken 
from Wang et al. (2014), while the effect of temperature is from Isaak et al. (2010). 
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

values obtained from the high P–T measurements within experi-
mental uncertainties (Table S2) (Isaak, 1992). However, the temper-
ature dependence of C11 derived after considering the combined 
effect of P–T is smaller than the one at 1 bar and high temper-
atures, whereas the temperature dependence of C23 is larger. Of 
particular importance is the enhanced temperature dependence 
of the off-diagonal moduli, C12 and C13, at high pressures. The 
softening behavior observed at high P–T may be associated with 
the olivine–wadsleyite transition that is prohibited because of 
the kinetic energy barrier (Kung and Li, 2014; Li et al., 2014;
Yang and Wu, 2014). We have also plotted K S and G as a function 
of temperature at various pressures to show the effect of temper-
ature on the elasticity of olivine at a given pressure (Fig. 5). At the 
investigated P–T range, K S and G exhibit a nearly linear decrease 
with increasing temperature at a given pressure.

4.2. The velocity contrast at the 410-km depth

The seismic 410-km discontinuity is associated with a 4–5% 
increase in V P and a 4–4.6% increase in V S , and it has been 
widely accepted to be caused by the olivine to wadsleyite phase 
transition (Grand and Helmberger, 1984; Kennett et al., 1995;
Lefevre, 1989; Walck, 1985). A long-standing problem in mineral 
physics is that the calculated V P and V S jumps in a pyrolite 
composition using literature elasticity results of olivine and wad-
sleyite are 6–8% after accounting for their relative proportions. 
These values are greater than the aforementioned seismic discon-
tinuities of 4–5% at the 410-km depth (Cammarano et al., 2005b;
Duffy and Anderson, 1989; Li and Liebermann, 2007; Li et al., 
2001). To understand the difference between the pyrolite model 
and seismic observations at the 410-km depth, we have con-
structed a new pyrolitic velocity model for the upper mantle and 
transition zone using our elasticity of olivine at high P–T (Fig. 6).

In the pyrolite compositional model, the volume percentage 
of olivine is approximately 60% (Ringwood, 1975), while pyrox-
ene and garnet, so-called basaltic components, account for another 
40% of the system (Irifune, 1987; Jeanloz and Thompson, 1983). 
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Table 1
Elasticity of minerals in the upper mantle and transition zone.

Mineral ρ
(g/cm3)

K S0

(GPa)
K ′

S0 ∂K S /∂T
(GPa/K)

∂2 K S /∂T 2

(GPa/K2)
G
(GPa)

G ′
0 G ′′

(1/GPa)
∂G/∂T
(GPa/K)

∂2G/∂T 2

(GPa/K2)

Olivinea 3.227 + 0.012XFe
i 128.8 + 0.08XFe 4.47 −0.02 81.6 − 0.38XFe 1.8 −0.1 −0.01

Wadsleyiteb 3.474 + 0.0159XFe 170 4.2 −0.171 112 − 0.4XFe 1.4 −0.0157
Ringwooditec 3.559 + 0.014XFe 184 4.1 −0.021 120 − 0.25XFe 1.4 −0.016
Clinopyroxened 3.327 117.2 4.2 −0.013 72.2 1.4 −0.01
Orthopyroxenee 3.306 115.5 7.82 −0.0238 78.1 1.45 −0.0125
HP clinopyroxenef 3.45 156.7 5.5 −0.017 98.5 1.5 −0.015
Pyrope garnetg 3.567 171.2 4.1 −0.0168 93.7 1.3 −0.0051
Majorited-garneth 3.605 164.4 4.2 −0.0091 −6 × 10−6 94.9 1.1 −0.0074 −5 × 10−6

a This study; Abramson et al. (1997); Zha et al. (1996).
b Isaak et al. (2007); Sinogeikin et al. (1998); Wang et al. (2014); Zha et al. (1997).
c Sinogeikin et al. (1998); Sinogeikin et al. (2003).
d Collins and Brown (1998); Duffy and Anderson (1989).
e Chai et al. (1997); Jackson et al. (2007); K S = 115.4 + 7.82P − 0.18P 2.
f Kung et al. (2005).
g Sinogeikin and Bass (2000); Lu et al. (2013).
h Irifune et al. (2008).
i Fe content in mole%.
Olivine transforms into wadsleyite at approximately 410-km depth 
and to ringwoodite at around 520-km depth, whereas pyroxene 
and garnet transform into majorite in the upper mantle and tran-
sition zone (Fei and Bertka, 1999). In our modeling, we have taken 
into account the phase relations as a function of depth as well 
as the partitioning of Fe between olivine polymorphs and be-
tween olivine and residual basaltic components at the phase equi-
libria using previous experimental and theoretical results (Akaogi 
et al., 1989; Angel et al., 1992; Irifune, 1987; Irifune and Is-
shiki, 1998; Irifune and Ringwood, 1987; Katsura and Ito, 1989;
Pacalo and Gasparik, 1990; Stixrude and Lithgow-Bertelloni, 2005;
Xu et al., 2008). After considering the variation in phases and com-
positions with depth, the velocity of pyrolite has been constructed 
using the elasticity of olivine in this study and elasticity of other 
mantle phases in previous studies (Table 1) (Chai et al., 1997;
Finger and Ohashi, 1976; Isaak et al., 2010; Jackson et al., 2003, 
2007; Jiang et al., 2004b; Lu et al., 2013; Sang and Bass, 2014; 
Sinogeikin and Bass, 2000, 2002; Sinogeikin et al., 1998, 2001; 
Wang et al., 2014; Zhao et al., 1997; Zou et al., 2012).

The computed velocity model for a pyrolitic composition is 
compared to literature seismic profiles (Fig. 6). In general, the 
modeled V P profile of the system is consistent with seismic obser-
vations in the upper mantle, whereas V S is slightly larger. Karato
(1993) has pointed out that the anelastic effects should be con-
sidered when applying the experimental data in interpreting the 
seismic velocities of the mantle. If we consider the anelastic ef-
fects due to temperature, the modeled V S profile can decrease 
by 0.6–1.4%, leading to a V S of the modeled pyrolitic mantle in 
a better agreement with seismic observations (Cammarano et al., 
2003). However, due to the discrepancy in the attenuation pro-
file of the upper mantle and transition zone in seismic studies 
(e.g. Romanowicz and Durek, 2000), the effect of anelasticity is 
not included in our modeling. On the other hand, a previous ex-
perimental study has shown that V S of mantle minerals, such 
as majorite, could suffer from an enhanced non-linear reduction 
with increasing temperature at high pressures (Irifune et al., 2008). 
Taking this non-linear temperature effect at high pressures into 
account could lower the modeled V P and V S profiles to be in 
a better agreement with the seismic velocity profiles (Irifune et 
al., 2008). Although the elasticity of Fe-bearing olivine has been 
found to decrease linearly with temperature in both this study and 
previous experiments performed up to 1500 K and 1 bar (Isaak, 
1992), it remains unclear whether or not the elasticity and sound 
velocities of olivine will suffer from a non-linear decrease with 
temperature above 900 K at high pressures. The aforementioned 
high-temperature effects on the attenuation and nonlinear velocity 
decrease should be further investigated in future studies in order 
to add to our understanding of the seismic features and mineralog-
ical models of the region.

For the 410-km discontinuity, the olivine to wadsleyite phase 
transition produces a sharp velocity jump with a width of ∼7 km 
(Fig. 6) (Frost, 2003). The calculated velocity jumps at the 410-km 
depth are 6.4% for V P and 6% for V S . Although the velocity jumps 
shown here are in a much better agreement with seismic observa-
tions as compared to previous velocity profiles for a pyrolitic upper 
mantle (Cammarano et al., 2005b; Duffy and Anderson, 1989; Li 
and Liebermann, 2007; Li et al., 2001), these values are still greater 
than the seismically-observed velocity increase of 4–5% at the 
410-km depth (Grand and Helmberger, 1984; Kennett et al., 1995;
Lefevre, 1989; Walck, 1985). To match a 4–5% velocity jump in 
seismic observations of the region, the olivine content in the man-
tle is estimated to be ∼40–50 vol%, a value that is lower than what 
is expected for a pyrolitic compositional model; though, future 
elasticity studies at compatible P–T conditions of the mantle with 
higher accuracy are needed to better address this issue. On the 
other hand, the presence of water in the upper mantle and transi-
tion zone may help to reconcile some of the differences between 
the pyrolite model and seismic images (Jacobsen et al., 2008;
Mao et al., 2008a, 2008b, 2011). Recent geological, mineralogical, 
and seismic studies have shown that various locations of the upper 
mantle and transition zone could be hydrated with up to 1 wt.% 
H2O in ringwoodite (Pearson et al., 2014; Schmandt et al., 2014;
Song et al., 2004; van der Meijde et al., 2003). Since hydration 
can cause a greater reduction in the velocity of wadsleyite than 
olivine at mantle P–T conditions, the presence of a certain amount 
of water in the mantle will lower the velocity jump at the 410-km 
depth (Jacobsen et al., 2008; Mao et al., 2008a, 2008b, 2010, 2011), 
therefore making the velocity of pyrolite agree better with seismic 
observations of the upper mantle and the transition zone (Mao et 
al., 2008a, 2008b, 2011). Future studies are needed to further ex-
amine the effect of water on the velocity of minerals in a pyrolitic 
composition in the upper mantle and transition zone.

4.3. Velocity profiles of the metastable olivine wedge in the subduction 
slabs

The metastable olivine wedge in the subducted mantle litho-
sphere has long been proposed to exist below the 410-km dis-
continuity due to the relatively cold nature of the slabs that ki-
netically inhibits the transformation of olivine to wadsleyite in 
the region. According to previous petrological studies, subducted 
mantle lithosphere consists of harzburgite at the top and less de-
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Fig. 7. Compressional (V P ) and shear wave (V S ) velocities of olivine polymorphs in the Earth’s mantle. (a) Blue lines: velocities of olivine at 900 K, representing the velocities 
of olivine in the cold subduction slabs; red lines: velocities of olivine, wadsleyite and ringwoodite along an expected mantle geotherm (Brown and Shankland, 1981).
(b) Velocity difference between olivine at 900 K in the slabs and olivine polymorphs along an expected mantle geotherm (Brown and Shankland, 1981). Black line: V P ; red 
line: V S . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
pleted lherzolite at the bottom (Irifune and Ringwood, 1993; Poli 
and Schmidt, 2002; Stern, 2002). The volume percentage of olivine 
is typically greater than 60% in harzburgite and is approximately 
40% in lherzolite (Hacker et al., 2003; Poli and Schmidt, 2002;
Song et al., 2009; Stern et al., 2012). The relatively low temper-
atures in the cold slabs will kinetically inhibit the phase transition 
of olivine to wadsleyite at the depth of 410-km such that olivine 
in the slabs likely transforms to ringwoodite directly at a greater 
depth in the transition zone, potentially leading to the occurrence 
of deep earthquakes at greater than 410-km depth (Chen et al., 
2004; Green and Burnley, 1989; Green et al., 1990; Kirby, 1987;
Kirby et al., 1996; Mosenfelder et al., 2001; Raterron et al., 2002). 
If the phase transition of metastable olivine is the major cause 
for deep earthquakes, the answer to deep earthquakes resides in 
the seismic signatures and detectability of the metastable olivine 
wedge. Recently, a number of seismic studies have reported the 
existence of a low-velocity and anisotropic wedge with 3–5% lower 
velocities and shear-wave splitting of ∼1 s in the slabs below the 
410-km depth, which was viewed as evidence for the presence 
of the metastable olivine in the subducted slabs (e.g. Jiang et al., 
2008; Kaneshima et al., 2007; Liu et al., 2008; Pankow et al., 2002;
Tono et al., 2009). It is thus of great interest to model the ve-
locity of metastable olivine in the transition zone depth. Com-
paring the modeled velocity results to seismic observations will 
provide crucial mineralogical constraints on the seismic signatures 
of metastable olivine.

Using our new high P–T elasticity results, we have modeled the 
velocities and anisotropies of the metastable olivine in the cold 
slabs. Previous studies have shown that the kinetic cut-off tem-
perature for the existence of metastable olivine down to a depth 
of 600 km is ∼873–973 K which is similar to our maximum ex-
perimental temperatures (Liu, 1983; Sung and Burns, 1976). Here 
we assume that the core of the slabs is at 900 K at the transition 
zone for the computation of the sound velocities of olivine (Fig. 7). 
Above the 410-km depth, metastable olivine at 900 K has a V P and 
V S ∼4% greater than that of an expected normal mantle geotherm. 
Once the slab crosses the 410-km discontinuity, the V P and V S of 
olivine in the slabs will be ∼6% lower than that of wadsleyite in 
the normal mantle between 410 and 520-km depth and ∼8–11% 
lower than that of ringwoodite between 520 and 660-km depth. 
Assuming that the olivine content is 60 vol% in the mantle litho-
sphere as well as in the normal mantle, the velocity in the core of 
slabs will be ∼3.6% lower than that in the normal mantle at 410 
to 520-km depth and ∼4.8–6.6% lower than that at 520 to 660-km 
depth. In this case, the presence of metastable olivine in the slabs 
will produce a seismic signature with lower velocities than the sur-
rounding mantle materials, consistent with a number of seismic 
observations below the 410-km depth (Iidaka and Suetsugu, 1992;
Jiang et al., 2008; Kaneshima et al., 2007).

In addition to the low-velocity wedge in the slabs, seismic 
anisotropies have also been identified below the 410-km depth 
(Liu et al., 2008; Sandvol and Ni, 1997; Tono et al., 2009). The 
observed seismic anisotropy in the slabs in the mantle transi-
tion zone could be caused by the preferred alignment of the 
metastable olivine crystals (Liu et al., 2008; Mainprice, 2007;
Sandvol and Ni, 1997; Tono et al., 2009). Using the obtained single-
crystal elasticity, we have computed the maximum azimuthal 
compressional-wave anisotropy, A P [(V P ,max − V P ,min)/V P ,ave], and 
shear-wave splitting, APO

S [(V S2 − V S1)/V S,ave], of olivine at various 
slab temperatures (Fig. 8). In general, olivine has a much greater 
A P and APO

S than that of wadsleyite and ringwoodite along an 
expected mantle geotherm (Fig. 8). Decreasing temperature only 
slightly lowers the A P of olivine. Even if the temperature in the 
core of slabs is as low as 873 K, the A P of the metastable olivine 
in the transition zone is still twice as much as A P of wadsleyite 
in the normal mantle and is seven times greater than the A P of 
ringwoodite. Meanwhile, we have also noted that A P calculated 
using our elasticity of olivine considering the combined P–T ef-
fect is greater than those results obtained using literature results 
(Isaak, 1992; Zha et al., 1998), showing the importance of investi-
gating the elasticity of mantle minerals at simultaneous high P–T 
conditions relevant to the region.

In contrast to A P , APO
S of olivine exhibits a non-linear varia-

tion with depth caused by the softening of the shear moduli and 
the enhanced temperature dependence on the off-diagonal mod-
uli at high pressures (Fig. 8). In particular, APO

S of olivine along 
an expected mantle geotherm decreases with depth up to 290-km 
but starts to increase at greater depths. Such abnormal increase in 
APO

S at a greater depth cannot be recognized without the knowl-
edge of the combined P–T effect on the elasticity of single-crystal 
olivine (Fig. 8). In the cold slabs with a temperature of 873 K 
where the metastable olivine maybe present, APO will keep de-
S
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Fig. 8. Velocity anisotropy of olivine at different temperatures in the slab compared with olivine polymorphs along an expected mantle geotherm. (a) Maximum compressional 
wave anisotropy, A P . (b) Maximum shear wave splitting, APO

S . Red, orange, green, blue and black lines: olivine at 1200, 1000, 800, and 600 ◦C in the slabs, respectively; wine 
lines: olivine, wadsleyite and ringwoodite along the mantle geotherm (Brown and Shankland, 1981); dark yellow: calculated using the literature high pressure, 300 K and 
high temperature, 1 bar results of olivine along the mantle geotherm for comparison (Isaak, 1992; Zha et al., 1998). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
creasing with increasing depth up to the 410-km discontinuity, 
but it will become more enhanced in the transition zone region. 
Along the mantle geotherm, APO

S of olivine is much greater than 
that of wadsleyite and ringwoodite. According to our modeled re-
sults, the metastable olivine in the cold slabs with a temperature 
of 873–1273 K has an APO

S similar to that of wadsleyite in the nor-
mal mantle between 410 and 520-km depth. From 520-km depth 
to the bottom of the transition zone, APO

S of the metastable olivine 
is still significantly greater than that of ringwoodite.

Based on the aforementioned discussions, the presence of 
metastable olivine in the subduction slabs can be used to help 
explain the observed low-velocity layers and seismic anisotropies 
in the region. We need to point out that both A P and APO

S shown 
here represent the maximum velocity anisotropies of single-crystal 
olivine at mantle P–T conditions. Yet modeling the anisotropy of 
the mantle requires detailed knowledge of the evolution of the 
lattice preferred orientation (LPO) of polycrystalline olivine with 
increasing P–T together with our obtained elastic moduli of single-
crystal olivine (Mainprice, 2007; Mainprice et al., 2000). However, 
previous deformation experiments, which provide crucial con-
straints on the LPO and slip systems of olivine, have been rarely 
performed at transition zone pressures (e.g. Demouchy et al., 2009;
Durham et al., 1977; Faul et al., 2011; Hilairet et al., 2012; Jung 
and Karato, 2001; Katayama et al., 2004). Even the low pressure 
and high temperature experiments yield conflicting results (e.g. 
Demouchy et al., 2009; Durham et al., 2009; Kawazoe et al., 2009;
Li et al., 2006). In this case, modeling the anisotropy of subduc-
tion slabs using future deformation results for the LPO of olivine 
at relevant P–T conditions of the transition zone and our elastic 
moduli of olivine will provide more comprehensive and reliable 
constraints on the anisotropy of metastable olivine in the slabs.

In summary, the full set of elastic constants of single-crystal 
olivine has been measured for the first time using combined 
Brillouin spectroscopy and X-ray diffraction at high P–T condi-
tions. These results provide tight experimental constraints on the 
combined P–T effects on the sound velocity profiles and seis-
mic anisotropies of olivine in the upper mantle. Although most 
of the elastic moduli increase with increasing pressure at given 
high temperatures, three moduli, C11, C12 and C13 exhibit stronger 
temperature-induced reduction at greater pressures, showing the 
importance of the combined effects of high P–T on the elasticity 
of mantle minerals. The elasticity of single-crystal olivine at high 
P–T is modeled and applied to decipher the seismic discontinuity 
at the 410-km depth in a pyrolitic mantle composition as well as 
the velocity profiles of the metastable olivine wedge in the sub-
duction slabs. Considering the combined high P–T effects on the 
elasticity of olivine along an expected mantle geotherm, the ve-
locity jumps at the 410-km depth are 6.4% for V P and 6% for 
V S , which are more consistent with seismic observations, although 
other factors such as the addition of water or compositional effects 
may still be needed to reconcile the difference between current 
mineral physics results and seismic observations. We also found 
that the presence of the metastable olivine in the slabs can ex-
hibit both low velocities and strong seismic anisotropies that are 
consistent with seismic observations of the region and will help to 
locate the potential metastable olivine wedge in the slabs. Our in 
situ high P–T results, together with thermoelastic modeling, pro-
vide new insights on the composition and seismic structures of 
the Earth’s mantle.
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