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Abstract Omphacite is a major mineral phase of eclogite, which provides the main driving force for the
slab subduction into the Earth's interior. We have measured the single-crystal elastic moduli of omphacite at
high pressures for the first time up to 18 GPa at ambient temperature using Brillouin spectroscopy. A
least squares fit of the velocity-pressure data to the third-order finite strain equation of state yields Kgo' = 4.5
(3), Gy’ = 1.6 (1) with py = 3.34 (1) g/cm3, Ko = 123 (3) GPa, and G, = 74 (2) GPa. In addition, the
synchrotron single-crystal X-ray diffraction data have been collected up to 18 GPa and 700 K. The fitting to
Holland-Powell thermal-pressure equation of state yields Kro’ = 4.6 (5) and ap = 2.7 (8) x 10~> K~ *. Based on
the obtained thermoelastic parameters of omphacite, the anisotropic seismic velocities of eclogite are
modeled and compared with pyrolite between 200 and 500 km. The largest contrast between the eclogite and
pyrolite in terms of seismic properties is observed between ~310 and 410 km.

1. Introduction

Omphacite is a clinopyroxene (Cpx) solid solution of Fe-bearing diopside (CaMgSi,O¢) and jadeite
(NaAlSi,Og) and is stable up to about 500-km depth in the Earth's interior (Irifune et al., 1986). It is also a
major mineral component of eclogite (up to 75 vol%). Basalt, which makes up most of the Earth's oceanic
crust, transforms into eclogite at the depth >~60 km (Ahrens & Schubert, 1975). Previous studies have sug-
gested that eclogite remains denser than the surrounding mantle down to the base of the transition zone and
therefore is considered one of the main driving forces for the slab subduction (Anderson, 2007; Moghadam
et al., 2010; Peacock, 1996; Xu et al., 2008). Subducted eclogite is also an important source of the chemical
heterogeneities in the Earth's mantle (Anderson, 2007; Kay & Kay, 1993; Moghadam et al., 2010; Peacock,
1996; Xu et al., 2008). Previous studies have proposed to utilize the unique seismic properties of eclogite
to identify possible subduction channels and eclogite-rich regions in the Earth's interior (e.g., Abalos
et al., 2011; Mauler et al., 2000). Due to the elastically isotropic nature of garnet and the relatively small pro-
portion (<10 vol%) of the silica minerals in eclogite (e.g., Aoki & Takahashi, 2004; Irifune et al., 2008; Liu
et al., 2000; Sinogeikin & Bass, 2002), the seismic anisotropy of eclogite is primarily caused by the lattice pre-
ferred orientation of omphacite, including L type, S type, and SL type (e.g., J. Zhang et al., 2006; J. Zhang &
Green, 2007). Thus, in order to model the seismic properties of eclogite in the Earth's interior, measurements
of the density and single-crystal elastic properties of omphacite under relevant pressure (P)-temperature (T)
conditions are needed.

Depending on the thermal history, natural omphacite crystals can display either a disordered C2/c or an
ordered P2/n symmetry (Clark & Papike, 1968; Fleet et al., 1978). The P2/n and C2/c structures are similar,
and the P2/n — C2/c phase transition at high T has no resolvable effect on the equation of state (EOS) of
omphacite (Nishihara et al., 2003; Pandolfo et al., 2012a, 2012b). This study primarily focuses on the evolu-
tion of the elastic properties rather than the crystal structure of omphacite as a function of depth in the
Earth's interior. Therefore, we do not differentiate the two structures of omphacite here.

Previous EOS studies on omphacite are mainly limited by the investigated P or T range or both (e.g.,
McCormick et al., 1989; Nishihara et al., 2003; Pandolfo et al., 2015, 2012a, 2012b; Pavese et al., 2000,
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2001). For example, D. Zhang et al. (2016) performed single-crystal X-ray diffraction (XRD) experiments on
omphacite up to 47 GPa at 300 K. Pandolfo et al. (2012b) measured the thermal expansion coefficients of
omphacite up to 1073 K at 1 atm. The only available in situ high P-T EOS study for omphacite is
performed on polycrystalline samples using multianvil press up to 10 GPa and thus is unable to cover the
entire P stability field of omphacite in the Earth's interior (Nishihara et al., 2003). On the other hand,
although the sound velocities of the Mg,Ca end member diopside have been studied at various P-T
conditions (Isaak et al., 2006; Isaak & Ohno, 2003; Levien et al., 1979; Li & Neuville, 2010; Matsui &
Busing, 1984; Sang et al., 2011; Sang & Bass, 2014; Walker, 2012), the single-crystal elastic properties of
omphacite have only been measured at ambient condition (Bhagat et al., 1992) or investigated
computationally at high-P 0-K conditions (Skelton & Walker, 2015). The lack of experimentally
determined thermoelastic properties of omphacite, which is the most abundant mineral phase in eclogite,
restricts our understanding of the subduction process as well as the possible seismic identification of
eclogitic materials in the Earth's interior.

To fill in this knowledge gap, we performed high P-T single-crystal XRD measurements on natural P2/n
omphacite crystals up to 18 GPa 700 K at GeoSoilEnviroCARS (GSECARS), Advanced Photon Source,
Argonne National Laboratory, as well as single-crystal Brillouin spectroscopy measurements of the same
crystals up to 18 GPa at 300 K at the high-P laser spectroscopy laboratory at University of New Mexico
(UNM). The thermal EOS, single-crystal elastic moduli (Cyj), aggregate compressional (Vp) and shear (Vs)
velocities, adiabatic bulk modulus (Ks), shear modulus (G), and their P dependences are determined and
then utilized for calculating the seismic properties of eclogite in this study.

2. Experimental Methods

The P2/n omphacite crystals were hand-picked from a natural eclogite rock. The composition
Nag 280Mgo 633Ca0 68F€0.108Al0.323511.97506 Was determined by electron probe microanalysis (EPMA), using
the JEOL 8200 Electron Microprobe facility hosted by the Institute of Meteoritics at UNM. The JEOL 8200
Electron Microprobe is equipped with five wavelength dispersive X-ray spectrometers and an ultrathin-
window energy dispersive X-ray spectrometer. The wavelength dispersive spectrometers are fitted with mul-
tiple analyzing crystals to provide quantitative analysis of all elements from Be to U. Selected crystals with
~1-mm size were used for EPMA analysis, operating at 15-kV accelerating voltage and 20-nA beam current.
The beam spot size is smaller than 1 pm. The detailed analysis results can be found in Table S1 in the sup-
porting information. Normalizing the chemical analysis in terms of diopside and jadeite yields a simplified
composition of Diopsideq sJadeite,q 5. The crystals were then double-side polished into pellets with ~15-pum
thickness. They were scratch free and inclusion free under optical examination. The polished samples were
then cut into pieces with ~40-um width for diamond anvil cell (DAC) loading.

Symmetric piston-cylinder DACs and BX90 DACs with standard 60° and 90° opening tungsten carbide back-
ing seats were used for Brillouin and XRD measurements (Kantor et al., 2012). Re gaskets were preindented
to 50- to 55-um thickness with a pair of 350-um culet diamonds, and 235- to 240-pum-diameter holes were
drilled into the gaskets and served as sample chambers. Neon was gas loaded as the P-transmitting medium
at GSECARS, Advanced Photon Source, Argonne National Laboratory (Rivers et al., 2008). For synchrotron
high P-T XRD experiments, gold EOS was used for estimating the experimental Ps. The P derivatives of the
isothermal bulk modulus (Kty") of gold vary from 5.0 to 6.2 in previous EOS studies (e.g., Anderson et al.,
1989; Dorogokupets & Oganov, 2007; Fei et al., 2007, 2004; Greeff & Graf, 2004; Shim et al., 2002;
Tsuchiya, 2003). At 18 GPa and 700 K, the maximum difference between the Ps determined using different
gold EOSs is ~0.3 GPa. In this study, we adopted the internally consistent thermal EOS of gold from Fei et al.
(2007). For ambient-T high-P Brillouin spectroscopy experiments, two ruby spheres were loaded into each
DAC and used as the P standard (Mao et al., 1978). The maximum P difference between the ruby spheres
before and after the experiment is 0.2 GPa.

Ambient and high P-T single-crystal XRD experiments were carried out at GSECARS experimental station
13-BM-D and 13-BM-C. The X-ray opening angles for symmetric piston-cylinder DACs and BX90 DACs
are +14° and +24°, respectively. At 13-BM-D, the X-ray is monochromated to 37.0 keV and focused to
6 um X 15 um. A stationary Perkin-Elmer image plate is used as a detector. Diffraction images were collected
at 1° per step under step-scan mode, and the exposure time was 5 s per degree. At 13-BM-C, the X-ray beam
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Figure 1. P-V-T data of omphacite with calculated isothermal compression
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Figure 2. Measured acoustic velocities of omphacite as a function of labora-
tory Chi angles within the sample plane at 18 GPa. Dashed lines are the
acoustic velocities calculated from the best fit single-crystal elasticity model;
diamonds are the experimentally determined velocities. Errors are within

the size of the symbols.

energy is 28.6 keV and the beam size is ~15 um X 15 pum. The MAR165
Charge Coupled Device detector is placed on a rotational detector arm.
Two different detector positions were used. One detector position was per-
pendicular to the incident X-ray beam, and the other detector position was
rotated about the horizontal axis by 20° (D. Zhang et al., 2017). We col-
lected both the wide-scan and 1° per step step-scan images with 3 s per
degree exposure time. LaB6 powder was used to calibrate the detector geo-
metry parameters in both stations.

For measurements at ambient condition, the polished plate-like crystals
were oriented with their plane normals parallel to the incoming X-ray
beam. The obtained ambient unit cell parameters were averaged from
the three grains measured with different orientations: a = 9.584 (7) A,
b=8.83(2)A, c=5.2504(4) A, and 8 = 105.27(9)°. The calculated density
Po is 3.34 (1) g/cm3 at ambient condition. The face normals of the mea-
sured three samples are (—0.1516, —0.9691, 0.1947), (0.2421, 0.2987,
—0.9231), and (0.6512, —0.759, —0.0050), close to (010), (001), and (1-10)
directions. The angular uncertainties for the measured face normals are
approximately 1-2° (Weidner & Carleton, 1977). For high P-T single-
crystal XRD measurements, we used resistively heated DACs with Pt hea-
ters to reach 373, 500, and 700 K at high-P conditions. The DACs were
oriented in the way that the DAC axes were parallel to the incoming X-
ray beam. The T was estimated from the two K-type thermal couples
attached to the diamond anvils. The difference between the two T read-
ings was smaller than 10 K.

The Brillouin spectroscopy experiments were performed at the high-P
laser spectroscopy laboratory at UNM up to 18 GPa. A 300-mW 532-nm
single-mode diode-pumped solid-state laser was used as a light source.
The measurements were carried out using a 50° symmetric forward scat-
tering geometry. The scattering angle was calibrated to be 50.37 (5)° using
a standard silica glass Corning 7980 (J. S. Zhang et al., 2011, 2015). The
pair of diamonds were oriented to ensure that the fast and slow directions
matched each other. We used the three preoriented omphacite crystals
measured at 13-BM-D for the Brillouin measurements at seven different
Ps. At each P, Vp and Vs were measured at 13 different Chi angles (0,
30, 60, 90, 120, 150, 180, 195, 225, 255, 285, 315, and 345) along the 360°
azimuth to avoid any geometrical errors. All Brillouin spectra are with
excellent signal-to-noise ratios. A typical Brillouin spectrum collected at
18 GPa is shown in Figure S1.

3. Results and Discussion
3.1. Thermal EOS of Omphacite

The single-crystal XRD images were analyzed using the ATREX IDL soft-
ware package (Dera et al., 2013) to obtain the unit cell parameters (Table
S2). Due to the use of crystals with different orientations in different
experimental runs, we only performed thermal EOS fit to the unit
cell volumes.

The ambient isothermal bulk modulus Kty was calculated from the Reuss
bond of the adiabatic bulk modulus KgoX using equation (S1) (supporting
information), and the value of 118.7 GPa was fixed in the thermal EOS fit-
ting process. As pointed by Angel et al. (2018), the use of thermal Birch-
Murnaghan EOS may suffer from the unphysical assumptions of constant
O0Kt/0T and K¢’ within the explored P-T range; thus, we chose to use the

HAO ET AL.

2370



100 Journal of Geophysical Research: Solid Earth 10.1029/2018JB016964
(i)\ —r Holland-Powell thermal-P EOS instead in this study (Holland & Powell,
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Figure 3. (a and b) The high-P Kg, G, Vp, and Vs of omphacite in this study
are compared with the previous study of diopside (Sang & Bass, 2014).

(c) The high-P normalized volumes V/Vj, calculated from the finite strain
inversion of the sound velocity data are compared with direct measurements
from X-ray diffraction (XRD) experiments.

can then fit the obtained P-Vp-Vs data set to the third-order finite strain
EOS (Davies, 1974; Davies & Dziewonski, 1975) and calculate the true
high-P densities as well as the P derivatives of K5 and G. Finally, we recal-
culated the high-P single-crystal elasticity models with updated true den-
sities. The calculated velocities from the final single-crystal Cj; model at
18 GPa are plotted with the measured velocities in Figure 2. The V/V,
values calculated from the finite strain EOS also agree well with the
XRD measurements (Figure 3c). All the Cys, Ks, G, Vp, Vs, and density
values at different Ps are listed in Table 1.

The aggregate elastic properties of omphacite are found to display a close-to-linear P dependence within the
explored P range. Ko’ and Gy’ are determined to be 4.5 (3) and 1.6 (1) with fixed po = 3.34 (1) g/cm3,
Kso =123 (3) GPa, and Gy = 74 (2) GPa. The K’ is indistinguishable from Kt,’ considering their experimen-
tal uncertainties. Figures 3a and 3b show the Kg, G, Vp, and Vs of the omphacite in this study and the com-
parison with previous measurements of diopside (Sang & Bass, 2014). The Ky and G, of jadeite (Kandelin &
Weidner, 1988) are ~27% and ~19% higher than those of diopside, suggesting that the increase of jadeite com-
ponent in Cpx stiffens the crystal structure and results in higher Kgy and G,. However, the Kgo' and Gy’ of
diopside are slightly larger than omphacite. Thus, the Ks and G differences between diopside and omphacite
decrease with P (Figure 3a). As a matter of fact, the shear moduli of omphacite and diopside are indistin-
guishable at P higher than 6 GPa. The Vp and Vs of diopside and omphacite are very similar over the entire
P measurement range (<0.05 km/s difference, Figure 3b).

This study provides the first set of experimentally determined Cjs of omphacite under high-P conditions
(Table 1 and Figure 4). The dashed lines in Figure 4 are the finite strain fitting results of all Cys following
the procedures listed in J. S. Zhang et al. (2018). Most of the Cjs have close to linear P dependences up to
18 GPa, except C3s and Cye. Skelton and Walker (2015) have calculated the P derivatives for all the Cjjs of
omphacite at 0 K. According to their results, Cys, C,5, C3s, and Cyg have negative P derivatives, which are
in agreement with the experimental measurements of diopside (Sang & Bass, 2014). In this study, dC,s/dP
is slightly positive and dC;s/dP is close to 0. Compared with previous studies, Skelton and Walker (2015) cal-
culated the high-P elastic properties at 0 K which is different from 300 K in this study. Sang and Bass (2014)
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Table 1
Single-Crystal and Aggregate Elastic Properties of Omphacite at Different Pressures Determined in This Study
Pressure 1 atm 3.0 (1) GPa 6.0 (1) GPa 8.9 (1) GPa 12.0 (1) GPa 15.0 (1) GPa 18.0 (1) GPa
P (g/cm3) 3.340 3.419 3.492 3.558 3.625 3.686 3.744
C11 (GPa) 231.5 (8) 259 (1) 277.2 (8) 294.3 (7) 315.3(8) 333.2(7) 348.6 (6)
C», (GPa) 201 (1) 213 (2) 229 (1) 247 (1) 262 (1) 277 (1) 289 (1)
Cs3 (GPa) 253.8 (8) 275 (1) 297.6 (8) 3142 (7) 326.3 (8) 346.8 (8) 356.7 (6)
Cy4 (GPa) 79.1 (5) 82.3 (6) 86.0 (6) 87.6 (5) 91.0 (6) 92.5 (6) 97.7 (6)
Css (GPa) 68.9 (4) 70.7 (5) 74.0 (5) 78.4 (4) 81.9 (4) 84.5 (4) 88.1(3)
Ces (GPa) 74.0 (4) 80.3 (7) 89.7 (5) 95.7 (6) 101.4 (5) 109.6 (5) 119.1 (5)
C1, (GPa) 84.4 (9) 96 (1) 107.6 (8) 120.7 (8) 131.6 (9) 144.5 (9) 146.7 (9)
Cy3 (GPa) 76 (1) 85 (1) 93 (1) 104.2 (9) 118 (1) 122 (1) 132.6 (8)
C,3 (GPa) 60 (2) 71 (2) 77 (2) 89 (2) 89 (2) 99 (2) 120 (2)
C15 (GPa) 7.6 (5) 5.6 (6) 5.6 (5) 4.4 (4) 4.6 (5) 6.3 (5) 6.5 (4)
C»5 (GPa) 5.4 (10) 4(1) 5.9 (9) 6(1) 10 (1) 11 (1) 22 (1)
Css (GPa) 39.8 (5) 33.2(6) 28.5 (5) 26.4 (4) 23.8 (5) 21.5(5) 232 (4)
C4g(GPa) 5.9 (4) 6.4 (6) 7.0 (5) 7.2 (6) 6.5 (6) 2.2(6) —1.8(5)
K" (GPa) 119.9 (5) 134.7 (6) 146.7 (6) 161.3 (5) 171.3 (6) 183.4 (6) 193.6 (5)
G" (GPa) 71.9 (2) 76.7 (3) 822 (3) 85.8 (3) 90.0 (3) 94.0 (3) 97.8 (2)
K%V (GPa) 125.3 (5) 138.8 (6) 150.8 (6) 164.8 (5) 175.8 (6) 187.6 (6) 199.2 (5)
G’ (GPa) 754 (2) 79.7 (3) 85.0 (3) 88.4 (3) 92.5(3) 96.7 (3) 100.7 (2)
K%VRH (GPa) 123 (3) 137 (3) 149 (2) 163 (2) 174 (3) 186 (3) 196 (3)
G "R (GPa) 74 (2) 78 (2) 84(2) 87(2) 91 (2) 95 (2) 99 (2)
Vp (km/s) 8.13 (4) 8.40 (3) 8.63 (3) 8.86 (2) 9.02 (3) 9.21 (3) 9.37 (3)
Vs (km/s) 4.70 (3) 4.78 (3) 4.89 (3) 4.95(2) 5.02(2) 5.09 (2) 5.15(2)
Note. VRH = Voigt-Reuss-Hill.
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Figure 4. Single-crystal elastic moduli of omphacite at high-P conditions. The dashed lines represent the best fit finite strain elastic models.
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0.35 ' - - Omprllacite ('this stL'de) I i performed the measurements for pure diopside end member, whereas the
0.28 L - _Z 8',';,'2;(:,22:2 f;,?;ngz A g)ass‘ 2016)_- omphacite crystals used in this study have ~29.5% jadeite component. The

= 0.21 - :\_ -~ Diopside (Sang & Bass, 2014) ] T and compositional difference might cause the deviation from these two
“ T TR T ] previous studies.
0.14 L __ —m------- - === | ] 3.3. Elastic Anisotropy of Omphacite at High-P Conditions
o ! o b Omphacite, garnet, and high-P silica phase are the major constituents of
0.25 F < :\‘\ _______________ ] eclogite. Omphacite is the major anisotropy contributor due to the small
$ 020 RN - - . volume percent of the silica phase and the elastically isotropic nature of
< 015 i S~ : : : ________ ] the garnet. Thus, in order to study the anisotropic seismic properties of
C - m - - ____ T TTm==-] eclogite in the Earth's interior, it is important to understand the evolution
0.10 - — T - _I — 7] of the elastic anisotropy of omphacite at high-P conditions.
L ] In order to describe the elastic anisotropy of minerals, we have used four
N 0.24 E : S T e e e e = -7 _ different anisotropy indices: Universal Anisotropy Index (A"), the Vp and
< 020 L T~ ~<_ | Vs azimuthal anisotropy A"? and A"*, and Vs polarization anisotropy D",
L = L mmmm e - - ] which are defined in equations (S5)—(S8) in the supporting information.
016k __ - E AY is used as a measure of the overall elastic anisotropy for materials with
—+—F—+— "t arbitrary symmetry (Ranganathan & Ostoja-Starzewski, 2008). A"? or A”*
0.24 - b represents the maximum velocity difference of all Vp or Vs propagating
€ 590 : Tt~ __-- ---" ] along different directions. D"* describes the maximum velocity difference
[0 - i between two orthogonally polarized shear waves propagating along the
0.16 | I i 3 same direction.
012 ittt ettt e e it R Utilizing the obtained Cj;s for omphacite, we calculated all four anisotropy
0 3 9 12 15 18 indices up to 18 GPa and also compared our obtained values with olivine,
Pressure (GPa) diopside, and orthopyroxene (Figure 5; J. S. Zhang et al., 2018; Sang &

Figure 5. The anisotropy indices (AU, A
vine (J. S. Zhang et al., 2018), and orthopyroxene (J. S. Zhang & Bass, 2016).

Bass, 2014; J. S. Zhang & Bass, 2016). For consistency, we adopted the
,and D"*) of omphacite, oli- same finite strain approach used in this study to reanalyze all the data pre-
sented in previous studies. The calculated P dependences of all the Cj;s for
olivine, diopside, and orthopyroxene are shown in Table S4. Among all
four different minerals, orthopyroxene has the lowest elastic anisotropy indices in its entire P stability field
(3. S. Zhang et al., 2012). At ambient-T high-P conditions, diopside has the highest anisotropy of AY, A”*, and
D"®, whereas olivine has slightly higher A"? than diopside. At P < ~12 GPa, the elastic anisotropy of olivine,
omphacite, and diopside all decrease with P. At P > ~12 GPa, the AY, A5 and DV* of diopside, as well as the
D" of omphacite, increase with P. This is in agreement with previous theoretical calculation results on
omphacite and jadeite (Skelton & Walker, 2015; Walker, 2012). Within the investigated P range, omphacite
has higherAVS and D"® yet lower A" compared with olivine. Omphacite is a strong anisotropy contributor in
the regions where eclogite lithology is expected.

Vp AVs

3.4. Geophysical Implication

Recycled eclogitic, or basaltic component, is one of the most important chemical heterogeneities in the
Earth's interior (Stixrude & Lithgow-Bertelloni, 2012; Xu et al., 2008). Due to the slow chemical diffusion
and inefficient mixing, those chemical heterogeneities could be preserved through geological time
(Ballmer et al., 2017). Locating the potentially eclogite-rich regions in the Earth's interior requires a better
understanding of the seismic properties of eclogite (e.g., Abalos et al., 2011). Utilizing the thermoelastic para-
meters of omphacite and other relevant minerals, we modeled the isotropic Vp, Vs, and the elastic anisotropy
profiles of eclogite along mantle adiabats from 200- to 500-km depth (Katsura et al., 2010). Then we com-
pared our results of eclogite with the ambient upper mantle model rock pyrolite. The thermoelastic para-
meters for the relevant mineral phases are listed in Table S5 (Arimoto et al., 2015; Chen et al., 2017; Fei,
1995; Gwanmesia et al., 2014; Irifune et al., 2008; Kulik et al., 2018; Li & Neuville, 2010; Liu et al., 2000;
Reichmann et al., 2002; Sang & Bass, 2014; Sinogeikin & Bass, 2002; Suzuki & Anderson, 1983; Yang &
Wu, 2014; J. S. Zhang et al., 2018; J. S. Zhang & Bass, 2016).

The aggregate velocities of eclogite are calculated based on the petrological models of Aoki and Takahashi
(2004) from 200- to 500-km depth, and the velocities of pyrolite are adopted from Xu et al. (2008; Figure 6a).
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(@) 10.0 | _ '_ ed'o o ;600 Iladial‘)at L It is worth noting that both the phase proportions and the chemical compo-
- - eclogite 1000 K adiabat === sitions of the minerals in eclogite change with depth. Previous studies have
i 9.5 [T T Pyrolile Te00Kadiabat __ -zZ- :/= === suggested different high-P petrological models of eclogite. Irifune et al.
F= 90 | - ,', -7 ;. Vp _ (1986) proposed that stishovite gradually exsoluted from the eclogite matrix,
< -~ --~ - ’ whereas Aoki and Takahashi (2004) and Xu et al. (2008) claimed that the
_8 85 - - C_---"" - T coesite could be stabilized at depths <300 km. In the latter case, the
"§ 8.0;; - ;: coesite-stishovite transition can result in a velocity jump at ~310-km depth.

2 ) - 1 Further studies are needed to clarify this issue.
z 3 o _: -ZC T --- /"/'-'"_'—'—_ The maximum A" and D"® anisotropy of pyrolite and eclogite are esti-
48pFp---""_-- ____ ’ Vs n mated based on the proportions and P-dependent elastic anisotropy of
a4 - .: -7 —__| o different anisotropic minerals (Figure 6). We only considered the P
(b) el ] T Iecloéite j effect due to the lack of the single-crystal elasticity measurements at
05+ 7Tl - - - - pyrolite ] high-T conditions. Finite strain approach was employed to reanalyze
S 010 _ | _ all previous data to ensure the consi'stency of the anisotropy .compari—
< | l son. Unfortunately, the Cys of coesite have not been experimentally
005  TTteeelll il _ determined at high-P conditions. Thus, a constant elastic anisotropy
3 L value was assumed within its stability field (Weidner &

©) 0.00 |- \f.\l\ —t——t—+ —:-—-Ieclo:gite' Carleton, 1977).

012 F==-— S —-—-pyrolite ] Between 200- and 500-km depths, the obtained isotropic velocities of
g)D 0.08 - l\ \\\\\\\\ \ _ eclogite are always higher than pyrolite along the 1600-K adiabat. The
| T~ - N i maximum Vp (~5.7%) and Vs (~7.1%) difference between the eclogite
0.04 L -\.\,':_':. e and pyrolite is at the depth range between 310 and 410 km, primarily
T due to the coesite-stishovite and olivine-wadsleyite transitions. The
200 250 300 350 400 450 500 coesite-stishovite transition increases the Vp and Vs of eclogite by 2.3%
Depth (km) and 3.3%, whereas the olivine-wadsleyite phase transition elevates the

Figure 6. The (a) Vp and Vs, (c) D**, and (b) A"? of pyrolite and eclogite in

the Earth's interior.

Vp and Vs of pyrolite by 5.1% and 6.2%, respectively. At depth
>410 km, the velocities of pyrolite and eclogite are essentially identical
(<0.9% difference), within the experimental uncertainty and seismic
resolution. This result implies that, at least within the upper part of
the transition zone, enrichment of eclogitic materials is unlikely to cause any compositional induced seis-
mic anomalies. Considering eclogite is recycled back into the Earth’'s mantle through slab subduction, the
T of eclogite can be several hundred kelvins lower than the ambient mantle (e.g., Syracuse et al., 2010).
We thus calculated velocity profiles along a colder 1000-K adiabat (Figure 6a), and the Vp and Vs of eclo-
gite are elevated by ~2.0% and 2.8%. In a realistic scenario, the maximum velocity difference of pyrolite
and eclogite could be anywhere between 5.7% and 7.7% for Vp and between 7.1% and 9.9% for Vs between
310 and 410 km.

The maximum difference of A" and D"* between pyrolite and eclogite is also observed between 310- and
410-km depths. At the 410 discontinuity, the olivine-wadsleyite transition decreases the A'P and D¥® of
pyrolite significantly due to the abrupt anisotropy drop across this phase transition (J. S. Zhang et al.,
2018). At about 400 km, the AP of pyrolite is ~3 times higher than eclogite. For the DYS, the trend is
more interesting. At shallower depth eclogite has higher D** than pyrolite because of the large proportion
and high anisotropy of omphacite. This difference diminishes with depth due to the fast decrease of
omphacite anisotropy as well as the dissolution of omphacite into the garnet structure. The coesite-
stishovite transition takes place at ~310-km depth. Stishovite is less anisotropic than coesite at this depth.
Thus, the D”* of eclogite drops from 10.7% to 8.1% at 310 km, and the D"* of pyrolite is ~75% higher than
eclogite at 410 km.

The maximum isotropic and anisotropic velocities contrast between pyrolite and eclogite is at 310-
410 km, making it an optimal depth range for seismologists to search for eclogite-rich heterogeneities
in the Earth's interior. The ~5-7% velocity difference between eclogite and pyrolite also needs to be taken
into account when estimating the slab temperatures between 310- and 410-km depths. Otherwise, the slab
temperature could be underestimated by a few hundred kelvins without considering the possible
lithology difference.
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4. Conclusion

We have determined the thermal EOS and the single-crystal elastic properties of omphacite using synchro-
tron single-crystal XRD and Brillouin spectroscopy. The derived thermoelastic properties for omphacite are
Kro = 118.7 GPa, Ko’ = 4.6 (5), ap = 2.7 (8) X 107> K™}, Kgo = 123 (3) GPa, G, = 74 (2) GPa, Kgo' = 4.5 (3),
and Gy’ = 1.6 (1). Based on the modeled isotropic and anisotropic seismic properties of eclogite along differ-
ent mantle adiabats, we found that the maximum isotropic and anisotropic velocity contrast between the
eclogite and ambient pyrolitic mantle is at 310- to 410-km depth. Due to the ~5% to 7% higher velocities of
eclogite compared with pyrolite between 310- and 410-km depth, the slab temperature estimation based
on pure T-induced seismic velocity increase can be off without considering the existence of
eclogitic lithology.
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