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Jadeite is a major mineral phase (up to 50 vol%) in the subducted sediments/crust with continental origin,
which are one of the major heterogeneities and important enriched geochemical reservoirs (such as EM-
1 and EM-2) for incompatible elements in the Earth’s interior. Identifying and locating the enriched
geochemical heterogeneities requires knowledge of the elastic properties of relevant mineral phases at
high pressure-temperature conditions. Unfortunately, the single-crystal elastic properties of jadeite have
never been measured at high-pressure conditions, partially due to its low crystal symmetry. In this study,
we have experimentally determined the single-crystal elastic moduli of jadeite at high pressures for the
first time up to 18 GPa at the ambient temperature condition using Brillouin spectroscopy. Fitting the
third-order finite strain equation of state to the velocity-pressure data yields Kg;=3.9(1), G;=1.09(4) with
0£0=3.302(5) g/cm3, Ksp=138(3) GPa, and Go=84(2) GPa. In addition, we have also conducted synchrotron
single-crystal X-ray diffraction experiments up to 25 GPa and 700 K. The fitting of a Holland-Powell type
thermal-pressure Birch-Murnaghan equation of state yields K;,=3.8(2) and cp=3.4(5) x107> K~1. Based
on the obtained thermoelastic parameters of jadeite, the density and seismic velocities of continent-
derived sediments/crust are modeled at the depth range from 200 to 500 km. The seismic velocities of
the subducted continental sediments/crust become extremely fast at depths greater than ~300 km, up
to 11.8% and 14.7% faster than the Vp and Vs of the ambient mantle, and 5.6% and 7.3% faster than
the Vp and Vs of the subducted oceanic crust. The existence of even a small amount of the subducted
continental sediments/crust can result in strong seismic anomalies in the Earth’s interior.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction sources are consistent with the recycled ancient continental sedi-

ments/crust and the enriched mantle 2 (EM-2) sources are polluted

Jadeite (NaAlSi»Og) is a major mineral phase (up to 50 vol%) in
the subducted sediments/crust with continental origin and can ex-
ist up to 500 km depth in the Earth’s interior (Irifune et al., 1994;
Wu et al, 2009). The geochemical data, especially isotopic and
trace-element geochemistry of oceanic island basalts (OIB), show
that the subducted continental sediments/crust are one of the
major enriched geochemical heterogeneities in the Earth’s man-
tle (Hofmann, 1997). In particular, the enriched mantle 1 (EM-1)
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by continent-derived sediments (e.g. Chauvel et al., 1992). Both
EM-1 and EM-2 are the main geochemical reservoirs for the in-
compatible elements (e.g. U, Th, and K) and isotopes (e.g. *3Nd,
87sr, and “0Ar) in the Earth'’s interior (e.g. Hofmann, 1997). The en-
riched geochemical reservoirs have important geophysical implica-
tions as well. For example, the enrichment of K plays a significant
role in the thermal evolution of the Earth (e.g. Arevalo et al., 2009).
Considering the incompatible nature of K, continental crust and the
continent-derived sediments on the ocean floor are the primary
sources of the K in the Earth’s interior, in addition to the possible
important primitive K reservoirs formed early in the Earth’s history
(e.g. Corgne et al., 2007). Therefore, identification of the subducted
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sediments/crust in the mantle is crucial for both the geochemical
and geophysical evolution of the Earth (e.g. Kufner et al., 2016).

Seismology provides by far the most precise images of the
Earth’s interior. Identifying the locality and estimating the size of
the subducted continental sediments/crust in the Earth’s interior
requires the knowledge of the elastic properties of all the relevant
mineral phases, especially jadeite, due to its high volume frac-
tion (Irifune et al., 1994; Wu et al., 2009). Previous studies have
suggested the possible fast seismic velocities of the subducted con-
tinental sediments/crust in the deep upper mantle in presence of
stishovite (e.g. Kawai and Tsuchiya, 2015). However, if jadeite is
acoustically very slow at high-pressure (P) conditions, due to its
abundance (Irifune et al., 1994; Wu et al., 2009), the continen-
tal sediments/crust can be seismically slow even with stishovite’s
presence. In addition, constraining the thermoelastic properties of
jadeite is also helpful for modeling the velocity profiles of the sub-
ducted oceanic slab crust, considering the fact that the seismic
velocities of the slab crust also strongly depend on the molar frac-
tion of the jadeite component in the eclogitic omphacite crystals
(Hao et al., 2019a). Thus, in order to model the seismic properties
of these geochemical heterogeneities in the Earth’s interior, mea-
surements of the single-crystal thermoelastic properties of jadeite
under relevant P-temperature (T) conditions are necessary.

Previous equation of state (EOS) studies of jadeite are limited in
both P and T (e.g. Zhao et al., 1997; Cameron et al., 1973; Nestola
et al.,, 2006; McCarthy et al., 2008; Tribaudino et al., 2008; Posner
et al., 2014; Pandolfo et al., 2015). For example, Posner et al. (2014)
performed single-crystal X-ray diffraction (XRD) measurements of
jadeite up to 30.4 GPa at 300 K. Pandolfo et al. (2015) measured
the thermal expansion coefficients of jadeite up to 1073 K at 1
atm. Zhao et al. (1997) performed the only in situ high P-T EOS
study for polycrystalline jadeite up to 8.2 GPa, which is not enough
to cover its entire stability range in the Earth’s upper mantle. On
the other hand, as the acoustically fastest chemical endmember of
Clinopyroxene (Cpx), the single-crystal elastic properties of jadeite
have been only experimentally determined at ambient condition
(Kandelin and Weidner, 1988; Hao et al., 2019a; Norris, 2008) or
computed at 0 K and high-P conditions using first-principles cal-
culation (Kawai and Tsuchiya, 2010; Walker, 2012).

Therefore, in this study, we conducted single-crystal Brillouin
spectroscopy measurements of natural jadeite crystals up to 18
GPa 300 K at the high-P laser spectroscopy laboratory at University
of New Mexico (UNM), and also investigated the thermal EOS of
jadeite by performing synchrotron single-crystal XRD experiments
on the same crystals up to 25 GPa and 700 K at GeoSoilEnviro-
CARS (GSECARS), Advanced Photon Source (APS), Argonne National
Laboratory (ANL). We then calculated the seismic properties of the
subducted oceanic crust and continent-derived sediments/crust us-
ing the thermoelastic properties of all relevant phases determined
in this and previous studies.

2. Experimental methods

The jadeite crystals (space group C2/c) were hand-picked from
a natural jadeitite. The chemical composition of the jadeite crys-
tals was determined using a JEOL 8200 Electron Microprobe with
20 nA beam current and 15 kV accelerating voltage at the In-
stitute of Meteoritics, UNM. The composition was determined
as Nag.954Mgo.021Cap.029Fe0.019Al0.9665i2.00206. Table S1 shows the
detailed analysis results. The selected crystals were then double-
side polished into platelets with ~15 pm thickness. They were
scratch-free under optical examination. The polished samples were
then cut into pieces with ~45 pm width for diamond anvil cell
(DAC) loading.

Symmetric piston-cylinder DACs and BX90 DACs with standard
60° and 90° opening WC backing seats and 300-350 pum cutlet di-

amonds were used for Brillouin and XRD experiments. Re gaskets
were pre-indented to 45-55 pm thickness. 210-235 pm diame-
ter holes were drilled into the pre-indented gaskets and served
as sample chambers. Neon was gas-loaded as the P-transmitting
medium at GSECARS, APS, ANL. Gold EOS was used for estimat-
ing the experimental Ps for XRD measurements (Fei et al., 2007).
For Brillouin measurements, 2 ruby spheres were loaded into each
DAC and used as the P standard (Mao et al., 1978). The P differ-
ences between the Ps measured from the 2 ruby spheres before
and after the completion of the Brillouin scattering measurements
at 13 different crystallographic angles of each individual run were
smaller than 0.2 GPa.

High-P single-crystal XRD experiments were carried out at GSE-
CARS experimental station 13-BM-C. The X-ray opening angles for
symmetric piston-cylinder DACs and BX90 DACs are +14° and
+24°, respectively. The X-ray beam energy is 28.6 keV and the
beam size is ~12 pm x 18 nm. A MAR165 Charge Coupled Device
placed on a dedicated rotational arm was used as the detector.
NIST standard LaBg powder was used to calibrate the detector ge-
ometry parameters. 2 different detector positions were used: one
was perpendicular to the incident X-ray beam and the other was
rotated about the horizontal axis by 20°. We collected both the
wide-scan and 1°/step step-scan images with 2 s/° exposure time.

For measurements at ambient condition, the polished plate-
like crystals were oriented with their plane normals parallel to
the incoming X-ray beam. The averaged unit cell parameters from
the measured 3 crystals at ambient condition were: a=9.439(5) A,
b=8.583(4) A, ¢=5.228(1) A, and $=107.50(2)°. The calculated am-
bient density po was 3.302(5) g/cm>. The plane normals of the
measured 3 samples were (-0.692, -0.714, 0.106), (0.116, 0.993, -
0.021), and (-0.905, 0.302, 0.302). The angular uncertainties were
approximately 0.5°. For high P-T single-crystal XRD measurements,
we used Pt heaters to heat the sample chamber to 373 K, 500 K,
and 700 K at high-P conditions. 2 K-type thermocouples were at-
tached to the diamonds to measure the T. The difference between
the 2 T readings was always smaller than 10 K up to the maximum
experimental T of 700 K.

Brillouin spectroscopy experiments were performed at the
high-P laser spectroscopy laboratory at UNM. The light source was
a 300 mW 532 nm single-mode diode-pumped solid-state laser.
The measurements were carried out using a 50° symmetric for-
ward scattering geometry. Using a standard silica glass Corning
7980, the scattering angle was calibrated to be 50.42(5)°. The
fast and slow directions of the 2 diamond anvils were oriented
to match each other. We used the 3 pre-oriented jadeite crystals
for the Brillouin measurements at 7 different Ps. To avoid any geo-
metrical errors, compressional (Vp) and shear (Vs) velocities were
measured at 13 different Chi angles (0, 30, 60, 90, 120, 150, 180,
195, 225, 255, 285, 315, 345) along the 360° azimuth at each P.
All Brillouin spectra show excellent signal-to-noise ratios. Figure
S1 shows a typical Brillouin spectrum collected at 18 GPa.

3. Results and discussion
3.1. Thermal EOS of jadeite

Using the ATREX IDL software package (Dera et al., 2013), the
single-crystal XRD images were analyzed to obtain the unit cell
parameters at each P-T condition (Table S2). Then we performed
thermal EOS fit of the obtained unit cell volumes. The conven-
tional isothermal EOS (e.g. Birch-Murnaghan EOS) assumed con-
stant 9Kr/dT and K in the P-T space, which is thermodynamically
problematic because 9Ky/dT = 0 at T=0 K and K} should increase
with T (Angel et al., 2018). Thus, the EOS used in this study was
modified based on the Birch-Murnaghan EOS with the isochoric
thermal-P correction term from Holland and Powell (2011). The
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Fig. 1. P-V-T EOS of jadeite with calculated isothermal compression curves.

details of the thermal-P EOS are summarized in the Supporting In-
formation Text S1.1 (Equation S1-S3).

The well-known trade-offs between the ambient isothermal
bulk modulus Ko and its P derivative K, resulted in the large
variations in previous studies, with Kro and K7, ranging from 125
GPa, 5.0 to 136 GPa, 3.3, respectively (Zhao et al., 1997; Nestola
et al, 2006; McCarthy et al., 2008; Posner et al., 2014). There-
fore, in this study, we fixed Ktp to 134.6 GPa based on the Reuss
bound of the adiabatic bulk modulus Kso® determined from high-
precision Brillouin spectroscopy experiments (Supporting Informa-
tion, Text S1.2, Equation S4). With fixed Vg and Kro, the thermal
EOS fitting yielded Kj,=3.8(2) with ag=3.4(5) x10~> K~ (Fig. 1).
Compared with previous studies, oy is slightly higher whereas K7,
is in the middle of the range determined from previous studies
(Nestola et al., 2006; McCarthy et al.,, 2008; Posner et al., 2014;
Zhao et al., 1997; Figure S2).

3.2. High-P single-crystal elastic properties of jadeite

The best-fit values for the 13-independent elastic moduli (Cj;) of
jadeite at ambient condition were obtained using a least-squares
inversion of the Christoffel equation with known pg The root-
mean-square (RMS) residuals between the observed and modeled
velocities of the results were less than 50 m/s. The ambient adia-
batic bulk (Ksp) and shear moduli (Gg) were calculated using the
Voigt-Reuss-Hill (VRH) averaging scheme. The high-P densities and
elastic properties were iteratively calculated. First, using the least-
squares inversion of the Christoffel equation, the Cjs, Ks, G, Vp,
and Vs can be calculated at each P with an initial guess of the
sample’s density. The Vp and Vs are independent of the assumed
density values and therefore represent the true high-P aggregate
velocities. Fixing 0o, Ksp, and Gg to 3.302(5) g/cm?, 138(3) GPa,
and 84(2) GPa, respectively, we can then use the 3rd order finite-
strain EOS to fit the P-Vp-Vs data to obtain the P derivatives of Ks
and G, as well as the true high-P densities (Davies and Dziewon-
ski, 1975). Finally, we updated the high-P Cjjs, Ks, and G with true
densities. For low symmetry minerals, such as monoclinic jadeite,
it is essential to choose the proper combination of crystallographic
orientations in order to reliably invert the full single-crystal Cjs.
Therefore, we performed the inversion sensitivity test for the 13
Cjjs using the velocities measured along the 39 different crystal-
lographic directions. All the technical details are shown in the
Supporting Information Text S1.3, Equation S5. The sensitivity test
results are shown in Figure S3. According to Figure S3, the only Gj
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Fig. 2. The high-P Ks, G, Vp, and Vs of jadeite in this study are compared with
diopside (Sang and Bass, 2014) and omphacite (Hao et al., 2019b).

that can be improved with more measurements along more crys-
tallographic directions is Cy5, which plays a very minor role in
calculating the anisotropic aggregate elastic properties. Figure S4
shows the measured velocities and the calculated velocities from
the best-fit Cj model at 18 GPa, and the RMS error is 32 m/s. All
the Vp, Vs, Gjs, Ks, G, and density values at each P are listed in
Table 1.

The Kg, and Gj were determined to be 3.9(1), 1.09(4) with
fixed pp=3.302(5) g/cm3, Ks9=138(3) GPa, and G¢=84(2) GPa. The
K, is consistent with Ki, considering their experimental uncer-
tainties. The Ks, G, Vp, and Vs of jadeite, omphacite, and diop-
side at different Ps are plotted together in Fig. 2 for comparison
(Hao et al.,, 2019b; Sang and Bass, 2014). We chose to plot the
elasticity data measured using Brillouin spectroscopy method only
for consistency, although the experimental results obtained using
other experimental methods do not deviate far away from the val-
ues determined by Brillouin spectroscopy (e.g. sound velocities of
diopside determined by Li and Neuville (2010) and Sang and Bass
(2014) agree with each other very well). As shown in Fig. 2, jadeite
is clearly the fastest Cpx endmember for both Vp and Vs in the en-
tire P range of this study.

Comparing the velocities of all the major upper mantle minerals
with jadeite (Figure S5), olivine and pyroxenes are all acoustically
slower. It is worth noting that there are some discrepancies be-
tween previous EOS and elasticity studies of olivine when the P
significantly exceeds its P stability range (Angel et al., 2018). How-
ever, within the P range we were modeling in this study, the
difference is very small. Stishovite, as expected by its dense struc-
ture with 6 coordinated Si, is the fastest mineral phase. The Vp of
jadeite is slightly slower than the garnet, whereas its Vs exceeds
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Table 1
Single-crystal and aggregate elastic properties of jadeite at different Ps determined in this study.
1 3.0(1) 6.0(1) 9.0(1) 12.0(1) 15.0(1) 18.0(1)
atm GPa GPa GPa GPa GPa GPa
p (g/cm?) 3.302(5) 3.372 3.437 35 3.56 3.617 3.671
C11 (GPa) 265.4(9)  281(1) 3024(8) 3129(9) 3353(8)  353(1) 365.3(8)
Cy (GPa) 247(1) 267(1) 279(1) 292(1) 308(1) 317(1) 328(1)
C33 (GPa) 274(1) 284.5(7)  300.6(6) 3171(6)  332.2(6) 346.7(7)  360.1(6)
Cy4 (GPa) 85.8(7) 89.5(5) 94.3(5) 95.0(5) 97.4(5) 102.6(7) 107.1(5)
Cs5 (GPa) 69.3(5) 70.1(4) 73.5(3) 78.4(3) 76.6(3) 79.4(4) 82.4(3)
Ces (GPa) 93.0(7) 98.0(9) 100.5(7)  108.8(6)  109.4(7)  112(1) 115.2(9)
C12 (GPa) 85(1) 93(2) 108(1) 117(1) 130(1) 153(2) 165(1)
C13 (GPa) 66(1) 70.5(9) 79.8(8) 93.8(8) 99.2(7) 1072(9)  116.8(7)
Cy3 (GPa) 87(2) 91(1) 96.5(9) 102(1) 113(1) 126(1) 134.6(9)
C15 (GPa) 5.4(7) 7.0(5) 6.9(4) 8.0(4) 10.3(4) 10.1(5) 8.9(4)
Cys (GPa) 17(1) 18(1) 27.3(8) 24.2(9) 22.2(7) 13(1) 10.3(9)
Cs5 (GPa) 28.7(6) 26.3(5) 27.4(4) 25.9(4) 26.8(4) 26.4(5) 26.7(3)
Cug (GPa) 14.6(6) 9.5(5) 12.0(4) 9.8(4) 11.6(5) 16.4(7) 17.5(5)
KR (GPa) 135.9(7) 1446(6) 1552(4) 166.5(4) 1791(4)  195.0(6)  206.4(4)
GR (GPa) 82.7(3) 86.8(3) 89.5(3) 92.6(2) 95.2(3) 96.7(4) 99.1(3)
KY (GPa) 140.1(7)  148.9(6)  1612(4)  171.8(4)  184.5(4) 198.8(6)  209.7(4)
GV (GPa) 86.3(3) 90.0(3) 93.5(3) 96.3(2) 98.9(3) 100.8(4)  103.4(3)
KsVRH (GPa)  138(3) 147(3) 158(2) 169(3) 182(3) 197(2) 208(2)
GVRH (GPa) 84(2) 88(2) 91(2) 94(2) 97(2) 99(2) 101(2)
Vp (km/s) 8.71(4) 8.86(3) 9.03(4) 9.18(3) 9.35(3) 9.53(3) 9.67(3)
Vs (km/s) 5.06(3) 512(3) 5.16(3) 5.19(3) 5.22(3) 5.23(3) 5.25(3)
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Fig. 3. Single-crystal elastic moduli of jadeite at high-P conditions. The dashed lines represent the best fit finite-strain elastic models.

the garnet (Figure S5). Overall, jadeite is among the fastest mineral
phases in the Earth’s upper mantle.

Fig. 3 shows the finite strain fitting results of all Cjs. Those are
the first experimentally determined values for jadeite under high-P
conditions. Kawai and Tsuchiya (2010) and Walker (2012) obtained
the Cjs of jadeite at 0 K used first-principles calculations (Figure
S6). Many of the computed Cj;s follow similar trends as the exper-
imentally determined values in this study. For example, C11, Ca2,
and Cs3 all increase with P; Cs3 is higher than Cy; and Cy; in the
entire P range. However, it is also worth noting that the two com-

putational studies at 0 K (Kawai and Tsuchiya, 2010; Walker, 2012)
are not entirely consistent with each other. For some diagonal and
off-diagonal Cjjs, such as Css, Cq5, Cz5, and C3s, the two compu-
tational studies yield dramatically different results. It seems that
the Cy5 and C3s5 values predicted by Kawai and Tsuchiya (2010)
are closer to what were experimentally determined in this study,
whereas the Css calculated by Walker (2012) better matched the
values measured in this study. Although both calculations were
based on density functional theory, Kawai and Tsuchiya (2010) uti-
lized the ab initio approach, whereas Walker (2012) utilized the
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plane wave and pseudopotentials in his calculation. These different
technical treatments may contribute to the discrepancies shown in
Figure S6. Further computational studies at higher Ts may help to
resolve these issues.

3.3. Elastic anisotropy of jadeite at high-P conditions

Seismic anisotropy is a powerful tool for studying the flow field
and identifying possible chemical heterogeneities in the Earth’s up-
per mantle (Hao et al., 2019b). During the slab subduction, the
flow-induced lattice preferred orientation of omphacite, which is
the solid solution of jadeite and diopside, is the main contribu-
tor of the seismic anisotropy of slab crust (e.g. Zhang et al., 2006)
due to the elastically isotropic nature of the garnet (e.g. Sinogeikin
and Bass, 2000). As the primary phase up to 50 vol% in the sub-
ducted continental sediments/crust, determination of the elastic
anisotropy of jadeite is also crucial for locating the enriched man-
tle reservoirs in the Earth’s deep interior.

In this study, we used 4 different elastic anisotropy indices:
Universal Anisotropy Index (AY), the Vp and Vs azimuthal aniso-
tropy AP and AY®, and Vs polarization anisotropy DY (Supporting
Information, Text S1.4, Equation S6-S9) to describe the anisotropy
of jadeite.

We calculated the anisotropy indices of jadeite up to 18 GPa
and compared them with other major upper mantle anisotropic
minerals (Fig. 4, Zhang et al., 2018; Sang and Bass, 2014; Zhang
and Bass, 2016; Hao et al., 2019b). The P dependences of the Cjs
for all the other major upper mantle minerals can be found in Ta-
ble S3. The decrease of the 4 anisotropy indices as a function of

P is smaller for jadeite than the other minerals. When P exceeds
~5 GPa, the AY of jadeite becomes the highest among all minerals.
Olivine has the highest AYP in the entire P range. The AYS of jadeite
remains the highest among all 5 minerals up to 16 GPa. Jadeite be-
comes more anisotropic in DVS than olivine and omphacite when P
is higher than 4 GPa. These calculations suggest that the subducted
sediments/crust can be highly anisotropic due to the enrichment of
the jadeite component with strong intrinsic acoustic anisotropy.

3.4. Geophysical implications

Previous geochemical and petrological studies have suggested
that the sediments/crust with continental origin may be recycled
back into the deep mantle, down to perhaps the transition zone
depth range (e.g. Chauvel et al,, 1992; Liu et al., 2007). Due to
the difference in major element composition, the seismic veloci-
ties of the subducted eclogitic oceanic crust, the subducted sedi-
ments/crust with continental origin, and the ambient mantle are
different (Hao et al., 2019b; Irifune et al., 1994; Wu et al., 2009).
In this study, utilizing the thermoelastic parameters of jadeite and
other relevant mineral phases (Wu et al, 2009; Irifune et al,
1994), we modeled the density and velocities of the subducted
sediments/crust with continental origin along 1000 K (cold) and
1600 K (ambient) mantle adiabats from 200 km to 500 km depth
(Stixrude and Lithgow-Bertelloni, 2005; Katsura et al., 2010). In a
realistic case, the geotherm may lie in between the two. We also
compared our results with the velocities calculated for oceanic
crust (Aoki and Takahashi, 2004), the global 1-D seismic model
AK135 (Kennett et al., 1995), and the ambient pyrolitic mantle
(Xu et al., 2008). Table S4 shows the thermoelastic parameters
we used for all the relevant mineral phases. We adopted the ex-
perimentally constrained high-P petrological models by Aoki and
Takahashi (2004) for the density and velocity calculation of the
basaltic oceanic crust, Wu et al. (2009) and Irifune et al. (1994)
for the subducted continent-derived sediments/crust. The mineral
proportions, as well as compositions, are both calculated as depth-
dependent (Fig. 5, Table S5). We assumed ideal mixing between
different mineral endmembers. Voigt-Reuss-Hill averaging scheme
is used for estimating the densities and elastic moduli of the multi-
component lithologies (Supporting Information, Text S1.5 equation
S10-S12). It is worth noting that the starting materials used in the
2 existing studies Irifune et al. (1994) and Wu et al. (2009) are
similar yet both slightly different from the averaged upper con-
tinental crust composition (Rudnick and Fountain, 1995). The ob-
tained petrological models of the subducted sediments/crust with
continental origin are also different between Irifune et al. (1994)
and Wu et al. (2009). In particular, the jadeite content in Irifune
et al. (1994) decreased dramatically with P, and at 17 GPa it was
less than 10 vol%. However, the jadeite content in Wu et al. (2009)
was always higher than 30 vol%. In order to explore the effect of
the small compositional difference of the starting materials on the
high-P phase diagram of the continental sediments/crust (Irifune
et al., 1994; Rudnick and Fountain, 1995; Wu et al., 2009), we
performed additional PerpleX calculations to obtain the possible
phase diagrams at high P-T conditions (Connolly, 2009; Support-
ing Information, Text S1.6, Figure S7). As shown in Figure S7, the
calculated and experimentally determined jadeite volume propor-
tion (~30%-50%) in Wu et al. (2009) is closer to the calculated
value (~30%-39%) for the average upper continental crust (Rudnick
and Fountain, 1995). However, due to the limitations of PerpleX
software package (e.g. treatment of K), the calculation is still pre-
liminary. It is also worth noting that the experimental run time in
Wu et al. (2009) is significantly longer than Irifune et al. (1994).
However, evaluating which petrological model is more reliable is
beyond the scope of this study. Further high P-T phase equilib-
rium studies are needed to clarify the discrepancies between the



Pressure (GPa)

6.4 8.1 9.9 11.7 13.5 15.2 17.0

M. Hao et al. / Earth and Planetary Science Letters 543 (2020) 116345

Pressure (GPa)

S L o
IS o =3
T T

Cogtinental Sediments/Crust
o
T r

z T
K-holl

Jd

Coe

]

St

| DisJd,,He,, === Dj. Jd, He,,

Phase Proportion (vol.%)
o
[e]

0.8 | -
I Cpx
g
5 0.6 -
0 L Gt
C
004 F -
[
(@]
0.2 I Py ,Mj,Gr,, Am,,Mj(jd), s Py,Mj,,Gr,,Am,,Mj(jd).,
0.0 Coe N | " 1 . St N 1 "
200 250 300 350 400 450 500
depth (km)

Fig. 5. Phase proportions of the continental sediments/crust (Wu et al., 2009) and
the oceanic crust (Aoki and Takahashi, 2004) as a function of depth (Coe: coesite;
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Mj(jd): jadeite-majorite; Cpx: clinopyroxene; Di: diopside; Jd: jadeite; He: heden-
bergite; Phn: phengite; K-holl: K-hollandite).

2 existing studies. In this study, we calculated the high P-T seis-
mic properties of the continental sediments/crust based on both
Wu et al. (2009) and Irifune et al. (1994), shown as Fig. 6 and Fig-
ure S8 in the Supporting Information, respectively. The differences
in terms of seismic properties are small between the two mod-
els, and we focus on discussing the results based on the Wu et al.
(2009) in the remainder of the text.

As shown in Fig. 6, at depths shallower than ~300 km, the den-
sity of the continent-derived sediments/crust is significantly less
than the oceanic crust and the ambient mantle. This is caused by
the low densities of jadeite, phengite, and coesite compared with
the major upper mantle mineral phases, such as olivine and garnet
(Zhang et al., 2018; Chen et al., 2017). Although the seismic veloc-
ities of phengite and coesite in the continental sediments/crust are
much slower than the most abundant upper mantle mineral olivine
(Zhang et al.,, 2018; Chen et al,, 2017; Vaughan and Guggenheim,
1986), the high jadeite content in the continental sediments/crust
results in the similar Vp of the continental sediments/crust and the
ambient mantle. On the other hand, the Vs of the continental sed-
iments/crust is significantly lower than the ambient mantle. Thus,
the elevated Vp/Vs values (1.88-1.92) are expected in regions en-
riched in continentally derived sediments/crust. This can be used
as an alternative explanation for the high Vp/Vs regions in the
shallower upper mantle in addition to partial melt (e.g. Nakajima
et al,, 2001).

At the depth ~300 km, the phase transformation from co-
esite to stishovite causes the density and velocity jumps observed
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Fig. 6. The density and seismic velocities of the subducted continental sedi-
ments/crust and oceanic crust, compared with the pyrolite model (Xu et al., 2008),
and AK 135 model (Kennett et al., 1995). The blue and pink regions are bounded by
Voigt and Reuss bounds at 1000 K and 1600 K adiabat, respectively. (For interpre-
tation of the colors in the figure(s), the reader is referred to the web version of this
article.)

for both the continent-derived sediments/crust and oceanic crust
(Chen et al., 2017; Yang and Wu, 2014). Due to the high silica con-
tent (>25 vol%), the density of the continental sediments/crust is
similar to oceanic crust and higher than the ambient mantle. How-
ever, the density of oceanic crust exceeds that of the continent-
derived sediments/crust at ~350 km depth because of the disso-
lution of Cpx into garnet (Aoki and Takahashi, 2004), though both
of them are denser than the ambient mantle. The seismic veloci-
ties of the continent-derived sediments/crust increase by 9.5% and
13.8% for Vp and Vs, respectively at ~300 km depth. This velocity
jump and the high volume fraction of jadeite make the continen-
tal sediments/crust the fastest petrological component in the deep
upper mantle. Assuming the continent-derived sediments/crust are
at the same T as the ambient mantle (along the 1600 K adiabat
geotherm), the Vp and Vs difference between the continental sed-
iments/crust and the ambient mantle can be as high as 11.8% and
14.7%, respectively at 300-410 km depth. If we consider the possi-
bly lower T of the continental sediments/crust, then the maximum
velocity contrast will be bracketed between 11.8%-13.9% and 14.7%-
17.5% for Vp and Vs, respectively. The Vp and Vs of continent-
derived sediments/crust are also 5.6% and 7.3% faster than those
of the subducted oceanic crust.
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At ~410 km depth, the density, Vp, and Vs of the ambient
mantle increase by 2.9%, 5.0%, and 6.2%, respectively, due to the
olivine to wadsleyite phase transformation (Xu et al., 2008). As
a result, the density contrast between the ambient mantle, con-
tinental sediments/crust, and oceanic crust decreases to as small
as 1.4%. The seismic velocities of the ambient mantle are similar
to oceanic crust. The Vp and Vs of the continental sediments/crust
are still significantly faster than the ambient mantle by 4.1% and
5.0%, respectively. At this depth, the Vs of the continental sedi-
ments/crust decrease with depth, because of the computationally
predicted softening of the elastic properties of K-hollandite at 0
K (Kawai and Tsuchiya, 2013). Future experimental investigations
may help us further understand this interesting beheavior.

As discussed above, the subducted continental sediments/crust
are extremely fast between 300 km to 500 km depth. The fast
seismic anomalies observed in the upper mantle can be eas-
ily explained by the existence of the recycled continental sedi-
ments/crust even without the need of any abnormal cold Ts. For
example, the fast seismic anomalies at 300-550 km depth under
Central Asia (Kufner et al., 2016) are as high as 4% for Vp, which
requires >1000 K T difference assuming a pure thermal origin.
However, a T of more than 1000 K lower than the surrounding
mantle seems unrealistic. Considering the possible subduction of
continental crust under the Tibetan plateau (e.g. Replumaz et al,,
2010), this 4% Vp anomaly can easily be explained by ~34% conti-
nental crust at the same T with the ambient mantle or ~29% conti-
nental crust at about 200-300 K lower T. In addition, a few distinct
enriched geochemical reservoirs have been identified under the
South Pacific Ocean from previous studies (Hofmann, 1997), which
is in agreement with the fast anomalies identified in global P-wave
tomography models in the deep upper mantle (e.g. Li et al., 2008).

4. Conclusions

We have determined the thermal EOS and the single-crystal
elastic properties of jadeite by synchrotron single-crystal XRD
and Brillouin spectroscopy. The derived thermoelastic properties
for jadeite are: Kro=134.6 GPa, K;,=3.8(2), arg=3.4(5) x107> K71,
Kso=138(3) GPa, Gp=84(2) GPa, K¢;=3.9(1), and G;=1.09(4). In the
entire stability P range, the acoustic velocities of jadeite are faster
than all the other Cpx. Based on the modeled density and seis-
mic velocities of the subducted sediments/crust with continental
origin, we found that the seismic velocities of the continental sed-
iments/crust are faster than the ambient upper mantle by ~11.8%
and ~14.7% at depths greater than ~300 km for Vp and Vs, re-
spectively. This huge velocity contrast can help to identify the
enriched geochemical reservoirs and heterogeneities in the Earth’s
interior.
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