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Abstract Seismic tomography has shown that the shear wave velocities (Vs) under continents, especially
under cratons, are extremely fast at 100-200 km depth, which is difficult to explain by low temperatures or high
Mg#. Alternatively, delaminated eclogitic lower continental crust has been proposed to account for these fast
seismic anomalies. However, the thermoelastic properties of jadeite which constitutes up to 60-80 mol% of
clinopyroxene in the potentially delaminated lower continental crust are not well constrained. In this study, we
measured the single-crystal elasticity of jadeite by Brillouin spectroscopy under simultaneous high pressure and
temperature conditions for the first time. We found that the temperature dependence of Vs of jadeite is
extremely small if not negligible. The seismic velocities of the potentially delaminated lower continental crusts
were subsequently modeled and found to match the widely observed fast seismic anomalies under cratons
between 100 and 200 km depth.

Plain Language Summary The seismic wave velocity variation images show the potential
composition and temperature heterogeneities inside the Earth. Fast shear wave velocities (~7% higher than the
global average) have been observed under continents at 100-200 km depths. A candidate explanation of this fast
shear wave velocity anomaly is the existence of delaminated eclogitic lower continental crust. However, due to
the lack of knowledge of the thermoelastic properties of clinopyroxene, which is the dominant mineral phase (up
to 60 vol%) in delaminated eclogitic lower continental crust, evaluation of this hypothesis is difficult.
Clinopyroxene in the potentially delaminated lower continental crust is jadeite-rich (up to 60-80 mol%) due to
its high Na content (2.5-3.5 wt%). In this study, we report single-crystal elasticity of jadeite at high pressure-
temperature conditions. We found the Vs of jadeite is much higher than all the other major upper mantle
minerals under upper mantle conditions. The calculated seismic velocities of the potentially delaminated lower
continental crusts could easily account for the fast shear wave anomalies observed under cratons.

1. Introduction

Global seismic shear wave velocity tomography models (e.g., SEMum2, GLAD-M25, and DR2020s) have
suggested an elevated Vs (up to 4.8-4.9 km/s) under continents, especially under continental cratons (e.g., North
American Cratons, Australian Cratons, and Scandinavian Cratons) at ~100-200 km depth (Debayle et al., 2020;
French et al., 2013; Lei et al., 2020). Popular explanations for these fast seismic anomalies include low tem-
peratures under stable cratons (Dalton & Faul, 2010; Reston & Morgan, 2004), high Mg#s resulting from
chemical depletion (Dalton & Faul, 2010; Lee, 2003; Schutt & Lesher, 2006), higher olivine fractions (James
et al., 2004), and the existence of diamond (Garber et al., 2018). As an alternative explanation, the potentially
delaminated lower continental crust (PDLCC) has been proposed to be responsible for the fast seismic anomalies
under continents as well (e.g., Wang et al., 2016). Under high pressure-temperature conditions, the basaltic lower
continental crust transforms into intrinsically fast and dense eclogitic materials. The gravitationally unstable
eclogitic lower crust can then delaminate and sink into the Earth's upper mantle (Kay & Kay, 1993).

To evaluate these hypotheses, especially the existence of PDLCC, for explaining the fast seismic anomalies under
cratons, the high pressure-temperature composition-dependent elastic properties of relevant minerals are needed.
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Under high pressure-temperature conditions, the eclogitic PDLCC contains up to 60 vol% clinopyroxenes. Due to
the high Na content of the lower continental crust (Rudnick & Fountain, 1995), the jadeite component in the
PDLCC clinopyroxene is up to 60-80 mol%. Therefore, the thermoelastic properties of jadeite under high
pressure-temperature conditions are crucial to constrain the seismic properties of PDLCC. However, the elastic
properties of jadeite have not been measured under simultaneous high pressure-temperature conditions (Hao
et al., 2020; Kawai & Tsuchiya, 2010; Walker, 2012). In this study, we performed single-crystal Brillouin
spectroscopy experiments on jadeite at various pressures (up to 16.7 GPa) and temperatures (up to 700 K) at
University of New Mexico (UNM). We also conducted phase equilibrium calculations with Perple_X using the
most recent thermodynamic database from Stixrude and Lithgow-Bertelloni (2022) to obtain the mineral pro-
portions and compositions of the PDLCC under mantle conditions. Finally, combining the Perple_X calculation
results with the experimentally determined thermoelastic properties of relevant minerals in PDLCC, we modeled
the seismic properties of PDLCC from 30 to 500 km depth and evaluated different hypotheses for explaining the
fast seismic anomalies under continents at 100-200 km depth.

2. Materials and Methods
2.1. High Pressure-Temperature Brillouin Experiments

The jadeite crystals used in this study were selected from a natural jadeitite sample that has been used for the
measurements in Hao et al. (2019, 2020). The chemical composition, Naggs4Mgg21Cag0n9-
Feg 010Al) 06651200206, Was determined by the JEOL 8200 Electron Microprobe at UNM (Text S1 in Supporting
Information S1). The hand-picked inclusion-free crystals were polished into platelets with 15-20 pm thickness.
Then the scratch-free crystals were broken into small pieces with diameters of 40—50 pm and loaded into diamond
anvil cells (DACs). The plane normals of the three selected and polished crystals were (—0.692, —0.714, 0.106),
(0.116, 0.993, —0.021), and (—0.896, —0.338, 0.289) and determined at Sector 13-BMC, GeoSoilEnviroCARS
(GSECARS), Advanced Photon Source (APS), Argonne National Laboratory (ANL) and the X-ray Atlas
Diffraction Lab, University of Hawai'i at Manoa (Text S1 in Supporting Information S1). The first two crystals
were used in Hao et al. (2020), while the third crystal with plane normal (—0.896, —0.338, 0.289) was newly
prepared and not used in Hao et al. (2020). As shown in Figure S1 in Supporting Information S1, the measured Vp
and Vs of the selected three jadeite crystals are enough to constrain the 13 independent single-crystal elastic
moduli (Cys) of jadeite.

450 pm culet diamonds were glued on WC seats with 90° optical opening and installed inside BX90 DACs for
high pressure-temperature Brillouin experiments. ~280 pm diameter holes were drilled into the pre-indented 50—
55 pm thick rhenium gaskets and served as sample chambers. Neon was gas-loaded into sample chambers as
pressure transmitting medium at GSECARS, APS, ANL (Rivers et al., 2008). Two ruby spheres were loaded into
the sample chamber as pressure markers (Text S2 in Supporting Information S1; Datchi et al., 2007; Mao
etal., 1986). The pressure uncertainties were determined from the four ruby fluorescence pressure readings before
and after the experiments. Pt wires were twined on pyrophyllite as heaters, and two K-type thermocouples were
placed in contact with the diamond and near the culet for temperature measurements. The differences between the
temperature readings from two thermocouples were less than 10 K.

A single-mode 300 mW 532 nm solid-state laser was used for Brillouin spectroscopy experiments at UNM. A
standard silica glass (Corning 7980) was used to calibrate the scattering angle as 50.6(1)° under symmetric
forward scattering geometry. The three jadeite crystals with known plane normal were measured at 13 different
Chi angles (0°, 30°, 60°, 90°, 120°, 150°, 180°, 195°, 225°, 255°, 285°, 315°, 345°) to reduce the geometrical
errors. Figure S2 in Supporting Information S1 shows a typical Brillouin spectrum.

2.2. Perple_X Calculations

To calculate the mineral proportions and compositions of the PDLCC under high pressure-temperature condi-
tions, we used Perple_X software (Connolly, 2009) with the most recent thermodynamic database from Stixrude
and Lithgow-Bertelloni (2022), which offers improved constraints for assemblages involving multiple compo-
nents and phases, considering phase transformation and chemical exchange effects. The starting compositions of
lower continental crust under different tectonic settings (Platform Shield, Mesozoic-Cenozoic Contractions,
Mesozoic-Cenozoic Extensions, Continental Arcs, and Active Rifts) are obtained from Rudnick and Foun-
tain (1995) (Table S1 in Supporting Information S1). We calculated the phase proportions and chemical
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compositions of individual mineral phases from 30 to 500 km depth. It is worth noting that not only do the mineral
proportions change as a function of depth, the chemical compositions of the mineral phases also vary significantly
with depth. Different geotherms were used in our calculations based on their tectonic settings (Artemieva, 2019;
Katsura, 2022; Reston & Morgan, 2004). Using the database from Stixrude and Lithgow-Bertelloni (2022), the
element K cannot be included in Perple_X calculations. Since K,O content is relatively low (<1 wt%) in the lower
continental crust and the behavior of K is similar to Na in the eclogitic materials at low concentration (K,O ~ 0.2
wt.%) or at lower pressures (<~10 GPa; Agashev et al., 2018; Aoki & Takahashi, 2004; Wang & Takaha-
shi, 1999), we treated all the K as Na in this study. At pressures higher than ~10 GPa, small amount of K-
hollandite may form as shown in previous studies on K-rich lithologies (K,O > 1.3 wt.%; e.g., Irifune
et al., 1994; Wang & Takahashi, 1999). However, considering the main purpose of this study is to investigate the
continental lithosphere (100-200 km depth) and the lack of experimental constraints for the presence of K-
hollandite in lithologies with moderate K,O content (0.4—1.0 wt.%), we did not consider the presence of K-
hollandite in this study.

3. Results
3.1. High Pressure-Temperature Single-Crystal Elasticity of Jadeite

We conducted least-squares inversions of the Christoffel equation to obtain the best-fit C;; model and then Vp and
Vs at every pressure-temperature condition which were used for deriving the pressure and temperature derivatives
of the elastic moduli using temperature-dependent finite-strain equation of state (Text S3 in Supporting Infor-
mation S1; Davies, 1974; Davies & Dziewonski, 1975; Duffy & Anderson, 1989). Voigt-Reuss-Hill (VRH)
averaging scheme was employed to obtain the aggregate elastic properties (Hill, 1963).

During the inversion process, the elastic properties of jadeite at ambient conditions (Kg, = 138(3) GPa, G, = 84
(2) GPa, and p, = 3.302(5) g/cm) from Hao et al. (2020) were fixed. The Kg, G, and Cys at each pressure-
temperature condition are then recalculated utilizing the updated densities from the finite strain fitting (Table
S2 in Supporting Information S1). Figure S3 in Supporting Information S1 shows the measured velocities at
different Chi angles and the velocities predicted from the best-fit C; model at 16.7(2) GPa 500 K.

Using the experimentally determined thermal expansion coefficient , = 3.4(5) X 107> K™ for the same jadeite
sample in Hao et al. (2020), the fitting of high pressure-temperature data yields Kg,' = 3.76(5), Gy’ = 1.11(2),
0Kgo/0T = —0.028(2) GPa/K, and 0Gy/dT = —0.004(1) GPa/K with Kgq = 138(3) GPa, G, = 84(2) GPa, and
po = 3.302(5) g/lem®. The K, and G, determined in this study are consistent with the values reported in Hao
et al. (2020) within uncertainties. We also tested two additional fitting approaches: one includes previous high
pressure-temperature X-ray diffraction measurements, and the other one excludes the room-temperature high-
pressure elasticity data from Hao et al. (2020). Both yield similar results to what were shown above. Details
can be found in Texts S4 and S5 in Supporting Information S1. To estimate the uncertainties of the velocities
under high pressure-temperature conditions, we used Monte Carlo method. At 4 GPa and 1273 K, which is the
approximate pressure-temperature condition at the middle of continental lithosphere, the estimated Vs uncertainty
is 66—-67 m/s (Text S6 in Supporting Information S1).

Figure 1 shows the measured Vp, Vs, Kg, and G of jadeite under high pressure-temperature conditions. The most
interesting feature is the extremely small temperature dependence of G and Vs of jadeite. As a result, at 1700 K in
the upper mantle, the Vs of jadeite is much higher than all the other major upper mantle minerals (Figure 1c),
including pyrope. Figure S5 in Supporting Information S1 shows all the high pressure-temperature C;s of jadeite
determined in this study. Most of the Cy;s increase with pressure and decrease with temperature. The temperature
dependences of many Cys (e.g., Css, Ceq, and Cy3, etc.) are very small, which explains the extremely small
temperature dependence of G.

3.2. The Compositions and Proportions of the Major Minerals in PDLCC at High Pressure-Temperature
Conditions

Figure 2 shows the calculated mineral proportions of the PDLCC under different tectonic settings from 30 to
500 km depth. From the top of the upper mantle down to the middle of the mantle transition zone, clinopyroxene
and garnet are always the dominant mineral phases (sum up to ~70-80 vol%) regardless of the tectonic envi-
ronments. The proportion of silica phases (~10-20 vol%) remains constant throughout the entire upper mantle.
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Figure 1. (a, b) The high pressure-temperature aggregate elastic moduli and sound velocities of jadeite. Solid lines are finite strain equation of state fitting results. (c) The
Vs of various major upper mantle minerals at 1700 K.

Due to the high Al content in the PDLCC (Rudnick & Fountain, 1995), kyanite (Al,SiOs) exists at the top of the
upper mantle and gradually dissolves into garnet and/or clinopyroxene at 100-150 km depth. Plagioclase is
primarily a crustal phase whose stability field depends on the tectonic environment. After plagioclase dissolves
into clinopyroxene at depths of 50-100 km, jadeite becomes the dominant component in clinopyroxene ranging
from 50 mol% to 85 mol%. The chemical compositions of clinopyroxene and garnet gradually change with depth
as well, as shown in Figure 2.

4. Implications

The potential existence of the PDLCC in the mantle has been supported by geochemical observations in previous
studies. For example, the oxygen isotopes of the mantle xenoliths found underneath the North China Craton
(NCC) suggest the intracontinental recycling of delaminated crust (e.g., Wang et al., 2018). As explained in the
introduction section, we would like to evaluate different hypotheses, in particular the existence of PDLCC, that
have been proposed to explain the fast seismic anomalies at 100-200 km depth under continental cratons. Uti-
lizing the calculated mineral proportions/compositions and the experimentally determined elasticity of jadeite and
other minerals from previous studies (Table S3 in Supporting Information S1), we calculated the density and
seismic velocities of PDLCC under different tectonic environments from 30 to 500 km depth. To estimate the
densities and elastic moduli of the multi-phase aggregates, we used the VRH averaging scheme (Text S7 in
Supporting Information S1). Since the measurements conducted in this study were limited to 700 K, we estimated
the velocity uncertainties propagated from the uncertainties of 0K/dT and dG/dT. They are ~10 m/s for both Vp
and Vs at relevant pressure-temperature conditions, which is too small to significantly affect the modeling results
(Text S8 in Supporting Information S1).

4.1. 1-D Seismic Properties of PDLCC

As shown in Figure 3, compared to the 1-D seismic model Ak135 or pyrolite model along a cold geotherm, the
density of the PDLCC along cold geotherms (active rifts, continental arcs, platform shield, and average) is higher
than ambient mantle at depths greater than 40—50 km. This clear density contrast between 40 and 200 km depth
makes the thickened continental crust gravitationally unstable. At 200-300 km depth, the density of the PDLCC
becomes comparable to the ambient mantle. The Vp of the PDLCC along cold geotherms is similar to, or higher
than the Ak135 seismic model at depths greater than ~50 km. At depths of ~50-90 km, ~200-300 km, and ~400—
500 km, the Vp of the PDLCC along cold geotherms is similar to ambient upper mantle. However, at depths of
~90-200 km and ~300—410 km, the Vp is higher than the Ak135 seismic model by ~5% and 6%, respectively.
The Vs of the PDLCC along cold geotherms is higher than the Ak135 seismic model at depths greater than 40 km.
The largest Vs contrast between the PDLCC along cold geotherms and normal mantle exists at 100-200 km depth
(~5%—7%) and 300—410 km depth (~7.4%-10.7%). At 300 km depth, due to the coesite to stishovite phase
transition, both density and velocities of PDLCC increase significantly (Yang & Wu, 2014).

HAO ET AL.

4 of 10

85U801 7 SUOWIWIOD 381D 3(cedldde ayy Aq peusenob afe el VO ‘SN 0 SaInJ 10y Akeiq 18Ul UO AB|IM U (SUOIPUOD-PUE-SWRIALIOY A8 |1 A1 1[Bu UO//Sthy) SUORIPUD PUe SIS 1 8up 89S *[7202/50/82] Uo ARiqiTauljuo A8|im ‘Alorelode ] feuolieN auuobiy Aq £6/¥0T 19E202/620T 0T/10p/u0o A8 Areiqipul|uo'sandnfey/sdny woij papeojumoa ‘6 202 ‘L008YY6T



I .¥eld
.
N\\I Geophysical Research Letters 10.1029/2023GL104797
ADVANCING EARTH
AND SPACE SCIENCES
Mesozoic-Cenozoic Contractions Mesozoic-Cenozoic Extensions
100 T T 100 12 - T
Ky Y
P A, Gt S
030Gy,
iy Pl s
i 3
s | ’%ay,e,o i awatay, | 80 | ~ 75‘4”’6.%% i
5164, 2005 031Gy, ooz,
16Am, 0%
“ booasany;
= < sy
S 0 3 60
<] F 170 B
Cpx
\Z’ Cpx % P
5 5,0y 1y S Jd, ., Di
E-] 146Hed, = 053150 1 46He:
é — J%%,D(} mZCen”‘s § Jq):ﬁ D'% 107Cen, o
g w0 orsHec , Con, 18 f 1 b0rHeds  Cen, ]
049
o o
20 | E 20 E
Qtz Coe St Qtz Coe St
0 1 . . 0 L L L
30 100 200 300 400 500 30 100 200 300 400 500
Depth (km) Depth (km)
Active Rifts Continental Arcs
100 T T T T 100 T T T T
Ky Ky
Gt Gt
Pl Poswcy, Pl
80 | SN 1 e} Doy, i
031,Gy, rdaly, ~a M asal
5204 oo e hooy g,
'?’SM"%JUM o324 m Yooo,
—_ —_ 24
9 %055 @ 2 junﬂngdML "
g 60 {75 60 21 J
< <
= =
g Cpx g
2 40 L 550D o ot g 40 Cpx 4
o -~ 2920‘ 00syCeng ;o o
o 810/ o 2
5132Hedm2Cen”26 Jd, wDhsbiod,
> Jd,, p; o Mor
803Db 2igHed, e
20 E 20 | 520y
Coe
hi " Qtz Coe st
0 . . 0 | |
30 100 200 300 400 500 30 100 200 300 400 500
Depth (km) Depth (km)
Platform Shield Average
100 T T T T 100 T T T T
Ky i Ky
Gt
Pl Pl
80 - - 80 B
Poaney oy Z’:saefﬂ Hy
= A"lawG:?:\;I%m\/dM‘; Bzt ’M‘JmﬂldeDﬂ
—_ '33; —_ i
x %3'5’"1& ‘; X
S 60 R {3 60 E
< <
= =
S kel
g = =
2 40 Cpx 2 40
g | 9y 1,01 1# b305Di e ]
=" ;3‘7Zeda.naaCenwn g honsCen,
i 7z
0741 ’O199Hed004206nu 26 hzmHedamCen”"
o1
20 - - 2 | ]
Qtz Coe St otz Coe st
0 . . 0 1 !
30 100 200 300 400 500 30 100 200 300 400 500
Depth (km) Depth (km)

Figure 2. The mineral proportions of the PDLCCs under different tectonic environments calculated using Perple_X. The
compositional change of garnet and clinopyroxene between the two gray dashed lines are shown by the gray arrows. At
pressures <~10 GPa, the element partitioning behavior of K is similar to Na and mainly exist in Cpx. At pressures
>~10 GPa, small amount of K-hollandite may present. (Pl: plagioclase; Ky: kyanite; Gt: garnet; Cpx: clinopyroxene; Qtz:
quartz; Coe: coesite; St: stishovite; Jd: jadeite; Di: diopside; Hed: hedenbergite; Cen: clinoenstatite; Py: pyrope; Gr:
grossular; Alm: almandine; Mj: majorite; JAMj: jadeite majorite).

4.2. The Fast Seismic Anomalies at 100-200 km Under Continental Cratons

The fast Vs anomalies under continental cratons have been observed globally between 100 and 200 km depth. The
SEMum?2, GLAD-M25, and DR2020s models all show similar geographic distributions of fast Vs anomalies at
~150 km depth with the highest Vs ranging from ~4.8 km/s to 4.9 km/s (Figure 4a; Figure S6 in Supporting
Information S1; Debayle et al., 2020; French et al., 2013; Lei et al., 2020). The discussion below focuses on the
GLAS-M25 model, and the results based on the other two models are presented in Text S9 and Figure S6 in
Supporting Information S1.

HAO ET AL.

5of 10

85U801 7 SUOWIWIOD 381D 3(cedldde ayy Aq peusenob afe el VO ‘SN 0 SaInJ 10y Akeiq 18Ul UO AB|IM U (SUOIPUOD-PUE-SWRIALIOY A8 |1 A1 1[Bu UO//Sthy) SUORIPUD PUe SIS 1 8up 89S *[7202/50/82] Uo ARiqiTauljuo A8|im ‘Alorelode ] feuolieN auuobiy Aq £6/¥0T 19E202/620T 0T/10p/u0o A8 Areiqipul|uo'sandnfey/sdny woij papeojumoa ‘6 202 ‘L008YY6T



I Vedl
.
M\I Geophysical Research Letters 10.1029/2023GL104797
AND SPACE SCIENCES
Temperature (K) Depth (km)
300 600 900 1200 1500 1800 100 200 300 400 500
(a) 0 T (b) 4.0 T T T T
100 4
~3.6
~
’g 200 | \ 4 g
= S
=
QA 300 — % 4 7 Contractions
) T 32K Extensions i
——— Contractions - 4 Active Rifts
—— Extensions Continental Arcs
400 | i Platform Shield
COId average
Extremely cold - ak135
== - Pyrolite along cold geotherm
500 1 1 1 1 2.8 1 1 1 1
(C) 10 T T T T (d) T T T T S —
5.2
9|
4.8
Q) 2
£ sf g
5 " (% 44
> Contractions =t - Contractions
/ Extensions Extensions
l / Active Rifts Active Rifts
70 / Contngna arest o / —— Continental Arcs
4 Platform Shield 4.0 14 / Platform Shield =
¥ 4 ———average N / average
L - ak135 - ak135
6 4 1 1 1 1 36 1 1 1 1
30 100 200 300 400 500 30 100 200 300 400 500

Depth (km) Depth (km)

Figure 3. (a) The geotherms used for the Perple_X calculations. The cold geotherm (after Reston & Morgan, 2004) is used for Platform Shield, Continental Arcs, Active
Rifts, and average lower continental crust. The extremely cold geotherm and ambient mantle temperature (1600 K adiabat) are adopted from Artemieva (2019) and
Katsura (2022). (b—d) are the density, Vp, and Vs of the PDLCCs under different tectonic environments from 30 to 500 km depth, respectively.

To evaluate different hypotheses for explaining the fast Vs anomalies under continental cratons, we calculated the
Vs (Voigt bound) of pyrolite, harzburgite, and eclogite at 150 km depth under different temperatures assuming
different Mg#s in the constituting mafic minerals (Figure 4b). To be consistent, we used exactly the same method
(Perple_X with Stixrude and Lithgow-Bertelloni (2022) thermodynamic database) to calculate the mineral
proportions and compositions of pyrolite and harzburgite at different depths. Voigt bound was used since the
seismically observed Vs of cratonic lithosphere is actually the Voigt-average isotropic shear wave velocity
(French & Romanowicz, 2014; Lei et al., 2020). Pyrolite, harzburgite, and eclogite represent ambient mantle (~60
vol% olivine), olivine-rich lithosphere (~80 vol% olivine), and PDLCC, respectively. The bulk chemical
composition of the eclogite here, which represents the PDLCC, is the average lower continental crust chemical
composition from Rudnick and Fountain (1995) (Table S1 in Supporting Information S1). Two different tem-
peratures are assumed at 150 km depth under craton: one is 300 K lower than the adiabatic ambient mantle (at
~1400 K) representing cold temperatures expected under the “normal” cratons; the other one is at ~1000 K,
which is expected to be seen only under extremely cold cratons (Figure 3a). According to previous mantle xe-
noliths studies, the Mg# of the mafic minerals can increase from ~89 in the ambient mantle to ~92-93 in the
cratonic lithosphere (e.g., Jaques et al., 1990; Kopylova & Russell, 2000). Thus, we considered pyrolite, harz-
burgite, and eclogite with ~30% less Fe (Mg# ~92.3) compared with the ambient mantle.

As shown in Figure 4b, along normal cold geotherms, even with Mg# as high as 92.3, the Vs of pyrolite/harz-
burgite could only reach ~4.7 km/s, whereas the Vs of eclogite with ~30% less Fe is higher than 4.8 km/s. Along
an extremely cold geotherm (1000 K at 150 km depth), the Vs of pyrolite/harzburgite is ~4.82 km/s, whereas the
Vs of eclogite could reach 4.9 km/s. We identified two regions in GLAD-M25 model (Figure 4c): blue regions
with Vs higher than 4.82 km/s, which could only be explained by delaminated eclogitic PDLCC and green regions
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Figure 4. (a) The global Vs map at 150 km depth from the GLAD-M25 model (Lei et al., 2020). (b) The Vs (Voigt bound) of pyrolite, harzburgite, and eclogite with
different temperatures and Mg#s. The blue and green dashed lines marked the Vs of 4.82 km/s and 4.7 km/s, respectively. (c) The global distribution of potentially
delaminated eclogitic materials based on the global Vs model. Blue and green regions are with Vs > 4.82 km/s and Vs between 4.82 and 4.7 km/s, respectively. The heat
flux data are obtained from Mareschal and Jaupart (2013). (d) The critical instability time to initiate the delamination of a 10-km thick eclogitic lower continental crust
changes with varying Moho temperature and density contrast, adopted from Jull and Kelemen (2001) and Hacker et al. (2015). The gray line shows the Moho
temperature along a regular cold cratonic geotherm. (NCC: North China Craton; BS: Baltic Shield).

with Vs between 4.7 and 4.82 km/s, which could be explained by either the extremely low temperatures and/or the
presence of small amounts of PDLCC (e.g., mixing 18% of eclogitic PDLCC with pyrolite/harzburgite is enough
to increase the Vs to 4.7 km/s along a normal continental cold geotherm). As shown in Figure 4c, the blue regions
only exist in Eastern Canada, Western Australia, and Eastern Europe, where previous xenoliths or petrogenesis
studies support potential delamination processes taking place in the past (Kovalenko et al., 2005; Smithies &
Champion, 1999; Whalen et al., 2010). The green regions, on the other hand, are widely distributed under
different cratons, including Northern North America, Central Southern America, Western Australia, Southern and
Northern Asia, Southern and Eastern Africa, and Eastern Europe, suggesting the likelihood of a combination of
multiple causes, including chemical depletion, cold temperature, and PDLCC.

Another potential explanation for the fast Vs anomalies under cratons is the presence of a small fraction of
diamond. Garber et al. (2018) considered 2 vol% of diamond plus 20 vol% of eclogite as a better explanation since
eclogite is not fast enough. However, the Vs of jadeite in Garber et al. (2018) is 0.15-0.35 km/s lower than what
was determined in this study (Figure S7 in Supporting Information S1), resulting in an underestimated Vs of
eclogite. Utilizing the updated thermoelastic properties of jadeite, the vol.% of eclogite that is needed to increase
Vs to 4.7 km/s is less than 18% along a normal continental geotherm (Artemieva, 2019; Reston & Morgan, 2004).
In addition, the ultra-small volume fraction of diamond found in the cratonic lithosphere (<0.0001-0.01%;
Pearson et al., 2003) makes it difficult to be detected by typical teleseismic waves with ~10-100 km wavelengths.
Therefore, based on the elasticity of jadeite determined in this study, the existence of diamond is not required to
explain the fast seismic anomalies under craton, although local diamond enrichment may help.

Delamination of lower continental crust has been extensively studied in the past (e.g., Jull & Kelemen, 2001), and
it depends on many factors, such as Moho temperature, density contrast, and the thickness of the eclogitic layer.
Adopting the crustal delamination model presented in Jull and Kelemen (2001) and Hacker et al. (2015), we
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plotted the critical instability time that is needed to initiate the delamination of a 10 km thick dense eclogitic lower
continental crust layer as a function of Moho temperature and density contrast (Figure 4d). The Moho temperature
has a strong effect on the critical instability time. Under normal cold cratons, the instability time is between
100 Ma to 1 Ga. If the Moho temperature is high (e.g., NCC), the critical instability time can be as short as ~10 Ma
or even less. However, if the Moho temperature is extremely low (e.g., Baltic Shield), the instability time in-
creases to >1 Ga, and delamination of the lower continental crust is extremely difficult to occur in geological
time. It is worth noting that the critical instability time represents the time that is needed for the lower crust to
initiate the delamination. As shown in Figure S8 in Supporting Information S1, the formation and sinking of a
“lower crustal drip” takes at least several critical times. It is possible that the cratons were colder or warmer in the
past, and delamination might have been more difficult or easier at other times in their geological history. The
thermal history of cratons is hard to constrain, and thus we used the present-day heat flux to estimate the current
Moho temperatures under cratons and the dynamic stability of lower continental crust (Mareschal & Jau-
part, 2013). For example, the high heat flux of NCC (>100 mWem™?) suggests a hot Moho, and short critical
instability time on the order of 10 Ma or less. The eclogitic materials under NCC may have already sunk to the
deeper part of the Earth, which explains the disappearance of fast Vs anomalies under NCC. On the other hand,
the heat flux of Eastern Canada, Western Australia, and Eastern Europe, which are the blue regions in Figure 4c, is
~30-50 mWem >, suggesting a reasonably cold Moho which yields hundreds of Ma critical instability time.
Although the eclogitic lower crust is not gravitationally stable in the lithosphere, it would take billions of years for
them to fully peel off and sink into the deeper mantle. Typical cratons are ~1.5-2.5 Ga old. Consequently, we can
observe the ongoing sinking process (e.g., 3—11 critical instability time as shown in Figure S8 in Supporting
Information S1) in cold continental cratons now at many places over the world. Moreover, the slowly delami-
nating eclogitic lower continental crust can be mixed with ambient mantle at 100-200 km depth under these
cratons, which can increase the actual time that is needed to fully sink down to the deep mantle (>200 km)
compared to the estimated time from simplified delamination models similar to what is shown in Figure S8 in
Supporting Information S1.

Data Availability Statement

All the data can be found in Mendeley Data Repository (Hao, 2023).
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