
1. Introduction
The subcontinental lithospheric mantle (SCLM) is the uppermost rigid part of the Earth's mantle overlain by 
the Earth's continental crust. Studies on xenoliths, xenocrysts, and mineral inclusions in igneous rocks suggest 
that garnet-peridotite is the representative rock of the SCLM (Griffin et al., 2009). Natural garnet commonly has 
complex composition, which is generally described as a solid solution of end members. The general formula of 

Abstract Single-crystal X-ray diffraction and Brillouin spectroscopy experiments were performed on a 
natural Cr-pyrope (Prp71.0Alm12.6Sps0.7Grs3.5Uvr12.2) at high pressure and high temperature up to 11.0 GPa 
and 800 K. Fitting the collected data to the third-order finite strain equation yields bulk modulus (KS0), shear 
modulus (G0), their pressure ((∂KS/∂P)T and (∂G/∂P)T) and temperature ((∂KS/∂T)P and (∂G/∂T)P) derivatives, 
KS0 = 167.7(8) GPa, G0 = 91.5(5) GPa, (∂KS/∂P)T = 4.3(1), (∂G/∂P)T = 1.4(1), (∂KS/∂T)P = −0.0175(1) GPa/K 
and (∂G/∂T)P = −0.0073(1) GPa/K. Using the obtained results, we examined whether the elastic properties of 
the Cr-pyrope can be accurately calculated from those of endmembers including pyrope, almandine, grossular, 
and uvarovite assuming a linear relationship between elastic properties and composition (end-member model). 
The results indicate that the end-member model provides a sufficient approximation for the elastic properties 
of Cr-pyrope in calculating the density and velocity of the subcontinental lithospheric mantle (SCLM). 
We modeled the densities and velocities of three typical types of SCLM (Archon, Proton, and Tecton) in 
order to investigate how the variation of chemical composition influences the SCLM. We obtained that 
the compositional change from the Archon to the Tecton increases the density of the SCLM significantly, 
which can be an important prerequisite for SCLM delamination. However, the compositional variation 
only slightly  changes the velocity of the SCLM and the change is within the uncertainty of the calculation. 
Moreover, in comparison to the velocity, ρ/VP and ρ/VS are much more sensitive to the compositional change of 
the SCLM.

Plain Language Summary Cr-pyrope is a major mineral of the subcontinental lithospheric mantle 
(SCLM). Determination of its thermoelastic parameters is thus important for modeling the density and seismic 
velocity of the SCLM. Due to the complex composition of SCLM Cr-pyrope in the evolution of the SCLM, it 
is necessary to examine whether the elastic properties of SCLM Cr-pyrope can be accurately calculated from 
those of end-member garnets. Here, we measured the single-crystal elastic properties of a natural Cr-pyrope 
at high pressure and high temperature. The results suggest that the elastic properties of Cr-pyrope at high 
pressure-temperature conditions in the SCLM can be reasonably calculated using the elastic parameters of 
the component end-member garnets. In combination with literature results, we investigated how the variation 
of chemical composition influences the density and seismic velocity of the SCLM. The results show that the 
compositional variation significantly influences the density of the SCLM, which can be an important factor in 
controlling the stability of the SCLM. By contrast, the compositional variation does not significantly influence 
the seismic velocity of the SCLM, and the effect is very limited in comparison to the effect of temperature 
variation.
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the velocity of the subcontinental 
lithospheric mantle
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silicate garnet is X3Y2Si3O12, and its common end members include pyrope (Prp100; Mg3Al2Si3O12), almandine 
(Alm100; Fe3Al2Si3O12), grossular (Grs100; Ca3Al2Si3O12), spessartine (Sps100; Mn3Al2Si3O12), uvarovite (Uvr100; 
Ca3Cr2Si3O12), knorringite (Knr; Mg3Cr2Si3O12), and andradite (Adr100; Ca3𝐴𝐴 Fe

3+

2
 Si3O12). However, garnet in 

SCLM peridotite is characterized by its high Cr2O3 content (Griffin et al., 1999). The chemical properties of 
SCLM have been established based on mantle xenoliths and xenocrysts brought by igneous rocks to the surface 
(e.g., Griffin et al., 2003). The volumes of SCLM are classified based on the tectonothermal age of the overly-
ing crust into Archons (≥2.5 Ga), Protons (2.5–1.0 Ga), and Tectons (<1.0 Ga; Griffin et al., 2009). Although 
the silicate Earth contains Cr2O3 less than 0.5 wt.%, the Cr2O3 content in SCLM Cr-pyrope is much higher, as 
shown in Griffin et al. (1999), the statistics for Cr-pyrope show that the median Cr2O3 contents are 5.3, 4.1, and 
2.0 wt. % for the Archon, Proton and Tecton Cr-pyrope, respectively. Fluid/melt metasomatism in the SCLM 
was proposed to be an important cause to form Cr-pyrope (Malkovets et al., 2007), and has been identified in 
peridotitic xenoliths from various cratons (e.g., Agashev et al., 2013; Shchukina et al., 2015; Shu & Brey, 2015). 
Therefore, the elastic properties of Cr-pyrope are necessary to interpret the seismic data of the SCLM obtained 
by seismology and further model the seismic velocity.

To date, many experimental studies have reported the elastic properties of pyrope since Leitner et  al.  (1980) 
and O'Neill et al. (1991) measured the single-crystal elasticity of Prp100 at ambient conditions by the Brillouin 
light scattering (BLS) method. With the development of high-pressure (P) techniques, the high-P elasticity 
of pyrope was studied by BLS (Fan et al., 2019; Sinogeikin & Bass, 2000) and ultrasonic interferometry (UI; 
Chantel et al., 2016; Chen et al., 1999; Gwanmesia et al., 2006; Zou, Irifune, et al., 2012) methods. Meanwhile, 
several studies reported the elasticity of pyrope and Fe-rich pyrope at high P and high temperature (T) (Chantel 
et al., 2016; Fan et al., 2019; Gwanmesia et al., 2007; Lu et al., 2013; Zou, Irifune, et al., 2012). By compar-
ison, elastic property studies on Cr-pyrope are very limited (Babuška et al., 1978; Suzuki & Anderson, 1983). 
Babuška  et al. (1978) measured the elastic properties of four Cr-pyropes (Cr# = 5–9; Cr# = Cr/(Cr + Al)) by 
means of the rectangular parallelepiped resonance (RPR) method at room P-T. Using the same method, Suzuki 
and Anderson (1983) investigated the high-T elasticity of a natural Cr-pyrope (Cr# = 6) to 1000 K at room P. To 
the best of our knowledge, there is still no elastic property study of Cr-pyrope at high P and high T.

The elastic properties of solid solution composition are often thought to be calculated from the end-member elas-
tic properties assuming a linear dependence of the elastic properties with composition (e.g., Ita & Stixrude, 1992; 
O'Neill et al., 1989). Two kinds of cation substitution can occur at the X- (dodecahedral coordination) and Y-site 
(octahedral coordination) in silicate garnets. To date, several studies have investigated the relationship between 
the bulk modulus and the garnet composition. The cation substitution on the X-site is thought to result in a 
linear relationship between bulk modulus and composition (Beyer et al., 2021; Chai et al., 1997; Fan, Xu, Ma, 
Liu, & Xie, 2015; Huang & Chen, 2014; Milani et  al., 2015; O'Neill et  al., 1989) but nonlinear relationship 
was also suggested by studies on solid solutions containing grossular (Du et al., 2015; Xu et al., 2019), which 
is consistent with the fact that the incorporation of grossular has been shown to cause excess volume for garnet 
solid solutions (e.g., Bosenick & Geiger, 1997; Du et al., 2016; Ganguly et al., 1993). For the cation substitution 
on the Y-site, the results of previous studies on the Grs-Adr solid solution also show discrepancies in the bulk 
modulus-composition relationship. The BLS study by Wei et al. (2021) and the high-P X-ray diffraction study 
by Fan et al. (2017) suggested that the bulk modulus of the Grs-Adr solution changes linearly with composition, 
while the RPR study indicated that the bulk moduli of the intermediate Grs-Adr composition significantly deviate 
from the linearity (Babuška et al., 1978; Bass, 1986; O'Neill et al., 1989).

Natural Cr-pyrope as a major mineral of the SCLM has cation substitutions on both the X- (e.g., Mg 2+/Fe 2+/
Ca 2+) and Y-site (e.g., Al 3+/Cr 3+). So far, studies on the elastic properties of binary Uvr-Adr or Uvr-Grs solid 
solutions are unavailable, thus the effects of Cr-substitution on the elastic properties are not clear. Furthermore, it 
remains unclear whether the elastic properties of Cr-pyrope at high P-T can be calculated from the end-member 
elastic properties based on a linear dependence with composition. Although the elastic properties of end-member 
garnets related to Cr-pyrope have been measured both at high P and high T (e.g., Arimoto et al., 2015; Bass, 1989; 
Fan, Xu, Ma, Wei, et al., 2015; Gréaux & Yamada, 2019; Isaak et al., 1992; Milani et al., 2017; Sinogeikin & 
Bass, 2000), the elastic properties of Cr-pyrope have been measured only at room P-T and high T in two separate 
studies (Babuška et al., 1978; Suzuki & Anderson, 1983). Therefore, it is necessary to measure the elasticity of 
Cr-pyrope at high P and high T to examine whether the elastic properties of Cr-pyrope can be accurately calcu-
lated using a linear interpolation of end-member elastic properties.
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Before measuring the elasticity of Cr-pyrope, it is necessary to know the major element compositional character-
istics of the SCLM Cr-pyrope, which helps to choose a proper Cr-pyrope sample to measure. Here, we calculated 
the mineral proportions and mineral compositions of the average Archon, Proton and Tecton (Table S1 in Support-
ing Information S1; Griffin et al., 2009) along the SCLM P-T geotherms (Deen et al., 2006) using the Perple_X 
software package (Connolly, 2005). A detailed description of the calculation is shown in the next section. The 
results (Figures S1–S3 and Table S2 in Supporting Information S1) indicate that the Cr-pyropes of the Archon, 
Proton, and Tecton contain 4–14 mol. % Uvr + Knr, 5–11 mol. % Uvr + Knr, and 5–7 mol. % Uvr + Knr, respec-
tively. Therefore, in this study, we obtained the single-crystal elastic properties of a natural Cr-pyrope (Prp71.0
Alm12.6Sps0.7Grs3.5Uvr12.2) containing 12.2 mol. % Uvr at high P and high T using the BLS method, and we 
examined whether the elastic properties of Cr-pyrope can be reasonably calculated using a linear interpolation of 
end-member elastic properties. Furthermore, we discussed the effects of chemical evolutions on the density and 
velocities of the SCLM.

2. Sample and Method
A natural single-crystal Cr-pyrope was extracted from lamproite in Zhenyuan, Guizhou Province, China. Its 
chemical composition was determined by electron microprobe analysis using a JXA 8230, operating at an accel-
eration voltage of 15 kV, with a beam current of 20 nA, and a focused electron beam of approximately 5 μm. The 
results are shown in Table S3 of Supporting Information S1, and the composition of the Cr-pyrope expressed 
in end-member molar percentages is Prp71.0Alm12.6Sps0.7Grs3.5Uvr12.2. In the following pages, we designate this 
Cr-pyrope Prp-Cr#12 for simplicity.

The high-P and high-T BLS measurements were carried out at the 13-BM-D beamline station of the Advanced 
Photon Source, Argonne National Laboratory. The high-P BLS up to 11.0 GPa (∼2 GPa pressure interval) was 
performed with a short symmetric diamond anvil cell (DAC) equipped with a pair of 500-μm-culet diamonds. 
A rhenium gasket was pre-indented to a thickness of ∼60 μm by the diamond anvils, and a 350-μm hole was 
subsequently laser-drilled in the indented area and was used as the sample chamber. Then, the selected crystal, 
which was double-side polished with random orientation to ∼20-μm thickness and was square shape (side length 
of ∼80 μm), was loaded into the sample chamber together with a ruby sphere which served as the pressure marker 
at high P (H. Mao et al., 1986). Neon was then loaded as pressure medium, using the COMPRES/GSECARS 
gas-loading system (Rivers et al., 2008). The high-T BLS from room T to 800 K (100 K temperature interval) was 
performed with an externally heated DAC (EHDAC) which was a BX90 DAC equipped with a micro resistive 
heater made from alumina ceramic and Pt wires and a K-type thermocouple attached to one of the anvils approx-
imately 500 μm away from the diamond culet. The sample chamber and single-crystal sample were prepared in 
the same way as what we did for the high-P BLS measurements.

The sample orientation was determined by single-crystal X-ray diffraction (XRD) at the beamline station with an 
incident X-ray beam of 0.3344 Å wavelength focused to a beam size of 3 × 7 μm 2. The diffraction images were 
acquired using a stationary Perkin-Elmer area detector. At each P-T, a series of ω-scan steps, with one-degree 
step and exposure time of 5 s per degree, were collected. The ω rotation axis was vertical and perpendicular to 
the incident beam. The ATREX software package (Dera et al., 2013) was used to analyze the diffraction images.

The BLS spectra were collected in a symmetric forward-scattering geometry with an external scattering angle 
(θ) of 50.0° and a JRS six-pass tandem Fabry-Pérot interferometer. A Coherent Verdi V2 solid-state laser with 
a wavelength of 532 nm was used, and the laser beam size was ∼15 μm in diameter. At each P-T, BLS spectra 
were collected at 10 different crystallographic directions from 0 to 90° of the azimuthal angle at every 10°, 
which was sufficient to determine the three elastic moduli (C11, C12, and C44) of garnet. The measured Brillouin 
frequency shifts of the crystal were first converted to the compressional (VP) and shear (VS) wave velocities using 
the equation:

𝑉𝑉𝑃𝑃 𝑃𝑃𝑃 = 𝜆𝜆0Δ𝜈𝜈𝐵𝐵∕(2 sin(𝜃𝜃∕2))𝑃 (1)

where the λ0 is the incident laser wavelength, the ΔνB is the Brillouin frequency shift, and the θ is the external 
scattering angle. Then the individual elastic moduli (C11, C12, and C44) were obtained by fitting the measured 
velocity-orientation data to the Christoffel's equation:
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|𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖 − 𝜌𝜌𝜌𝜌
2
𝑃𝑃 𝑃 𝑃𝑃

𝛿𝛿𝑖𝑖𝑖𝑖| = 0𝑃 (2)

using the least square method (Every,  1980), where Cijkl is written in full 
suffix notation in this equation but its reduced notation Cij is used when 
we report the values, ni and nj are the direction cosines of the phonon wave 
vector, ρ is the density, and δik is the Kronecker delta function. Density at 
each P-T was determined by collecting XRD data before and after the collec-
tion of BLS data.

P-T pseudosections for the average Archon, Proton and Tecton SCLMs were 
constructed using the Perple_X software package (Connolly, 2005) and an 
internally consistent thermodynamic database for minerals (hp633ver.dat, 
Holland & Powell, 2011). The bulk compositions for the Archon, Proton and 
Tecton were from Griffin et al.  (2009), which are also shown in Table S1 
of Supporting Information S1. The following thermodynamic solid-solution 
models (Holland et al., 2018) were used for the calculations: O (HGP) for 
olivine, Opx (HGP) for orthopyroxene, Cpx (HGP) for clinopyroxene and Gt 
(HGP) for Cr-pyrope. The temperature ranges are 830–1500 K, 1030–1600 K, 
and 1270–1800 K for the Archon, Proton, and Tecton, respectively, while the 
pressure ranges are the same (3–8 GPa) for all the three SCLMs. The calcu-
lated pseudosections are shown in Figure S1 of Supporting Information S1. 
The mineral proportions and compositions of the Archon, Proton, and Tecton 
along their geotherms are shown in Table S2 of Supporting Information S1.

3. Results
Typical Brillouin spectra at high P and high T are shown in Figure 1. At each 
P-T, Brillouin spectra were collected in 10 different directions, thus yield-
ing velocities in 10 different directions (Figure 2). Individual elastic moduli 
(Cij) of Prp-Cr#12 (Tables 1 and 2) at each P-T were obtained by fitting the 
corresponding velocity-orientation data to Equation  2. At room P-T, we 
obtained C11 = 291.4(6) GPa, C12 = 105.9(4) GPa, and C44 = 90.6(3) GPa. 
The aggregate bulk (KS) and shear (G) moduli were calculated using the 
Voigt-Reuss-Hill (VRH) average scheme (Hill, 1952). For garnet, which is 

cubic, KS (V) =  (C11 + 2C12)/3 and KS (R) =  (3S11 + 6S12) −1, where V and R represent the Voigt and Reuss 
average scheme, respectively, and S11 and S12 are elastic compliances. Since S11  =  (C11  +  C12)/((C11  –  C12) 
(C11 + 2C12)) and S12 = –C12/((C11 – C12) (C11 + 2C12)), KS (R) = (C11 + 2C12)/3. KS (VRH) = 0.5(KS (V) + KS (R)). 
G (V) = (C11 – C12 + 3C44)/5, G (R) = 5(C11 – C12)C44/(4C44 + 3C11 – 3C12), and G (VRH) = 0.5(G (V) + G (R)) 
(Duffy, 2018). We obtained KS = 167.7(8) GPa and G = 91.5(5) GPa at room P-T for Prp-Cr#12. The aggregate 
compressional (VP = 8.85(1) km/s) and shear (VS = 4.97(1) km/s) velocities were calculated using the derived KS, 
G, and ρ to the equations:

𝑉𝑉𝑃𝑃 =

√

𝐾𝐾𝑆𝑆 +
4𝐺𝐺

3

𝜌𝜌
, (3)

𝑉𝑉𝑆𝑆 =

√
𝐺𝐺

𝜌𝜌
. (4)

Using the same method, the Cij, KS, G, VP, and VS of Prp-Cr#12 at each P-T were obtained, which are shown in 
Tables 1 and 2 and Figures 3–5.

All the elastic moduli (Cij, KS and G) of Prp-Cr#12 follow a linear increase/decrease with P/T (Figures 3 and 4). 
The pressure derivatives of aggregate moduli ((∂KS/∂P)T and (∂G/∂P)T) are obtained by fitting the moduli 
obtained at high P to the third-order finite-strain equation (Birch, 1978), and the KS0 and G0 were fixed at the 

Figure 1. Representative Brillouin spectrum of Cr-pyrope at high P and high 
T. (a) 11.0 GPa and room T; (b) room P and 800 K. The collected data and 
fitted results are represented by circles and red solid lines, respectively.
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values measured at room P-T when we performed the fitting. The (∂KS/∂P)T  
and (∂G/∂P)T were determined to be 4.3(1) and 1.4(1). The temperature 
derivatives of KS ((∂KS/∂T)P) and G ((∂G/∂T)P) were determined by linear 
fitting of the high-T data, resulting in (∂KS/∂T)P = −0.0175(1) GPa/K and 
(∂G/∂T)P = −0.0073(1) GPa/K.

The density data (Figure  6) collected at high P and high T were fitted to 
the third-order Birch-Murnaghan equation of state (BM3 EoS; Birch, 1947) 
combined with the thermal-P model proposed by Holland and Powell (2011) 
using the Eosfit7c software package (Angel et al., 2014), in order to obtain 
the EoS parameters. The BM3 EoS was chosen for the EoS fitting as the 
pressure derivative of bulk modulus ((∂KT/∂P)T) of garnet is often larger 
than 4. Figure 6a shows that the BM3 EoS is a good choice for fitting the 
high-P data. The thermal EoS fitting yielded the following EoS parameters: 
density at zero P (ρT0 = 3.6968(5) g/cm 3), isothermal bulk modulus at zero 
P (KT0 = 168.7(25) GPa), (∂KT/∂P)T = 4.1(5), and thermal expansion coeffi-
cient (α0 = 2.82(4) × 10 −5 K −1). The Einstein temperature (θE = 514 K) was 
calculated according to the method described by Holland and Powell (2011).

4. Discussion
4.1. Comparison With Previous Studies

We first compared the elastic moduli of Prp-Cr#12 with literature values 
of Prp100 (Table S4 in Supporting Information  S1). Up to date, a few 
studies have reported the elastic properties of pyrope obtained by BLS 
(Fan et  al.,  2019; Leitner et  al.,  1980; O'Neill et  al.,  1991; Sinogeikin 
& Bass,  2000,  2002) or UI (Chantel et  al.,  2016; Chen et  al.,  1999; 
Gwanmesia et al., 2006, 2007; Zou, Irifune, et al., 2012) methods. The Cij 
of anhydrous pyrope at room P-T have been reported by three BLS studies 
(Leitner et al., 1980; Sinogeikin & Bass, 2000, 2002). Except for the results 
reported by Leitner et al.  (1980), the other two studies reported consistent 
values of Cij, and C11 = 297(3)–298(3) GPa, C12 = 107(2)–108(2) GPa and 
C44  =  93(2)–93(2)  GPa. Two BLS measurements performed on hydrous 

pyrope indicated that several hundred ppm water has no discernible effect on the elasticity of pyrope (Fan 
et  al.,  2019; O'Neill et  al.,  1991). In this study we obtained C11  =  291.4(6)  GPa, C12  =  105.9(4)  GPa, and 
C44 = 90.6(3) GPa for Prp-Cr#12 at room P-T. Therefore, the values of C11, C12, and C44 of Prp-Cr#12 are very 
close to the C11, C12, and C44 of the anhydrous pyropes (Sinogeikin & Bass, 2000, 2002) within the uncertainty. 
Since the Cij between the Prp100 and the Prp-Cr#12 is close, their aggregated moduli (KS = 167.7(8)–171(2) GPa 
and G = 91.5(5)–94(2) GPa) are also comparable (Table S4 in Supporting Information S1).

Figure 2. Representative acoustic velocities of Cr-pyrope at high P and high 
T. (a) 11.0 GPa and room T; (b) room P and 800 K. The measured velocities 
and fitted results are represented by circles and solid lines, respectively.

Pressure (GPa) C11 (GPa) C12 (GPa) C44 (GPa) KS (GPa) G (GPa) VP (km/s) VS (km/s) Density (g/cm 3)

0.0001 291.4(6) 105.9(4) 90.6(3) 167.7(8) 91.5(5) 8.85(1) 4.97(1) 3.6973(7)

0.5(1) 295.1(6) 107.7(5) 91.2(5) 170.2(8) 92.2(6) 8.89(1) 4.99(1) 3.7080(8)

1.5(1) 300.9(5) 110.8(4) 92.5(6) 174.2(9) 93.5(5) 8.95(1) 5.01(1) 3.7295(7)

2.2(1) 305.2(8) 113.1(6) 93.6(5) 177.1(7) 94.6(6) 9.00(1) 5.03(1) 3.7433(9)

4.6(1) 318.4(7) 121.1(4) 97.1(4) 186.9(7) 97.7(6) 9.14(1) 5.08(1) 3.7931(7)

6.8(1) 332.3(9) 128.5(7) 99.9(4) 196.4(8) 100.7(5) 9.28(1) 5.12(1) 3.8380(8)

9.1(1) 346.1(8) 135.9(5) 103.2(6) 206.0(9) 104.0(7) 9.42(1) 5.18(1) 3.8823(9)

11.0(1) 355.4(6) 141.7(8) 105.3(4) 212.9(8) 105.9(7) 9.51(1) 5.20(1) 3.9164(10)

Table 1 
Single-Crystal Elastic Properties of the Cr-Pyrope at Room T and High P

 15252027, 2022, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010393 by A

rgonne N
ational L

aboratory, W
iley O

nline L
ibrary on [09/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

XU ET AL.

10.1029/2022GC010393

6 of 16

To date, five UI studies (Chantel et al., 2016; Chen et al., 1999; Gwanmesia et al., 2006, 2007; Zou, Irifune, 
et al., 2012) have reported KS and G of Prp100 at room P-T, and these values except those reported by Gwanmesia 
et al. (2006) are very consistent to each other (KS = 170.0(2)–172.0(16) GPa and G = 89.1(5)–93.2(1) GPa) and 
are also close to the KS and G of Prp-Cr#12 obtained in this study.

Temperature (K) C11 (GPa) C12 (GPa) C44 (GPa) KS (GPa) G (GPa) VP (km/s) VS (km/s) Density (g/cm 3)

296 291.4(5) 105.9(5) 90.6(4) 167.7(7) 91.5(5) 8.85(1) 4.97(1) 3.6973(7)

400 289.1(6) 104.5(4) 89.8(4) 166.0(7) 90.8(6) 8.83(1) 4.96(1) 3.6850(7)

500 286.4(5) 103.1(6) 89.1(3) 164.2(7) 90.1(5) 8.80(1) 4.95(1) 3.6724(6)

600 283.8(8) 101.8(4) 88.2(5) 162.5(7) 89.3(6) 8.77(1) 4.94(1) 3.6588(7)

700 281.2(7) 100.4(7) 87.3(4) 160.7(7) 88.5(5) 8.74(1) 4.93(1) 3.6469(7)

800 278.9(8) 99.1(7) 86.5(5) 159.0(8) 87.8(6) 8.72(1) 4.92(1) 3.6348(6)

Table 2 
Single-Crystal Elastic Properties of the Cr-Pyrope at Room P and High T

Figure 3. (a) C11, C12, and C44 of Cr-pyrope at high P and (b) high T in this study are compared with those of previous studies (Fan et al., 2019; Sinogeikin and 
Bass, 2000, 2002; Suzuki & Anderson, 1983). The error bars may be smaller than the symbol size. Prp-Cr#12 = Prp71.0Alm12.6Sps0.7Grs3.5Uvr12.2; Prp100 = pyrope; 
Prp-Cr#6 = Prp72.6Alm15.7Grs0.6Adr4.3Sps0.7Uvr6.1.
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Suzuki and Anderson  (1983) reported C11  =  296.6(15)  GPa, C12  =  108.5(16)  GPa, C44  =  91.6(2)  GPa, 
KS = 171.2(8) GPa, and G = 92.6(3) GPa for a natural Cr-pyrope (Prp-Cr#6) at room P-T, and these values are 
very close to the Cij, KS, and G of Prp-Cr#12 obtained in this study within the uncertainty. Babuška et al. (1978) 
reported KS = 170.0(18)–171.6(13) GPa and G = 90.7(1)–92.6(2) GPa for four natural Cr-pyropes (Cr# = 5–9) 
at room P-T, and these values are quite consistent with the results reported by Suzuki and Anderson (1983) and 
those presented in this study. Therefore, the compositional variation in natural Cr-pyropes seems to have no 
significant effect on the room P-T elastic moduli and the elastic moduli of Cr-pyropes are very close to Prp100 
(Table S4 in Supporting Information S1).

The pressure derivative of KS ((∂KS/∂P)T = 4.3(1)) and G ((∂G/∂P)T = 1.4(1)) of Prp-Cr#12 obtained in this 
study are very close to the (∂KS/∂P)T (4.1(3)) and (∂G/∂P)T (1.3(2)) of anhydrous Prp100 obtained by BLS method 
(Sinogeikin & Bass, 2000) within the uncertainty, respectively. Four UI studies have reported (∂KS/∂TT)P and 
(∂G/∂P)T for anhydrous Prp100 (Chantel et al., 2016; Chen et al., 1999; Gwanmesia et al., 2006; Zou, Irifune, 
et  al.,  2012). As shown in Table S4 of Supporting Information S1, Chen et  al.  (1999) reported much higher 
(∂KS/∂P)T (5.3(4)) than the BLS results, and the other three studies reported more close values (4.3(3)–4.51(2)) to 
the BLS results. The UI studies reported slightly higher values of (∂G/∂P)T (1.5(2)–1.66(5)) than those of the BLS 

Figure 4. (a) KS and G of Cr-pyrope at high P and (b) high T in this study are compared with previous studies (Fan et al., 2019; Sinogeikin &  Bass, 2000, 2002; Suzuki 
& Anderson, 1983). The error bars may be smaller than the symbol size. Prp-Cr#12 = Prp71.0Alm12.6Sps0.7Grs3.5Uvr12.2; Prp100 = pyrope; Prp-Cr#6 = Prp72.6Alm15.7Grs0.

6Adr4.3Sps0.7Uvr6.1.
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results. Therefore, our results of (∂KS/∂P)T and (∂G/∂P)T are close to previous BLS values of anhydrous Prp100, 
indicating that such composition variation does not influence the (∂KS/∂T)P and (∂G/∂P)T significantly.

The temperature derivative of KS ((∂KS/∂T)P =  −0.0175(1) GPa/K) of Prp-Cr#12 is slightly smaller than 
that of anhydrous Prp100 (−0.014(2)  GPa/K; Sinogeikin & Bass,  2002) obtained by BLS method. The 
UI studies (Chantel et  al.,  2016; Gwanmesia et  al.,  2007; Zou, Irifune, et  al.,  2012) reported (∂KS/∂T)P 
= −0.0193(4) – −0.0170(1) GPa/K which are very close to the value of Prp-Cr#12 obtained in this study. 
The temperature derivative of G ((∂G/∂T)P = −0.0073(1) GPa/K) is close to the values of Prp100 (−0.009(1) –  
−0.008(1)  GPa/K) obtained by the BLS method (Fan et  al.,  2019; Sinogeikin & Bass,  2002); Chantel 
et  al.  (2016) reported (∂G/∂T)P = −0.008(1)  GPa/K for Prp100 obtained by UI method, which is close to 
(∂G/∂T)P of Prp-Cr#12 obtained in this study. However, using the same method, Gwanmesia et al.  (2007) 
and Zou, Irifune, et  al.  (2012) reported smaller values of (∂G/∂T)P (−0.0107(1) – −0.0104(2) GPa/K) for 
Prp100. Suzuki and Anderson (1983) reported for Prp-Cr#6 (∂KS/∂T)P = −0.0193(2) GPa/K and (∂G/∂T)P = 
−0.0102(1) GPa/K, which are smaller than the values of Prp-Cr#12 obtained in this study.

The EoS fitting of our XRD data of Prp-Cr#12 yielded KT0 = 168.7(25) GPa and α0 = 2.82(4) × 10 −5 K −1. The KT0 
was converted to KS0 = 169.3(25) GPa (KT0 = KS0/(1 + αγT), where α and γ are the thermal expansion coefficient 

Figure 5. (a) VP and VS of Cr-pyrope at high P and (b) high T in this study are compared with previous studies (Fan et al., 2019; Sinogeikin & Bass, 2000; Zou, Irifune, 
et al., 2012). The error bars may be smaller than the symbol size. Prp-Cr#12 = Prp71.0Alm12.6Sps0.7Grs3.5Uvr12.2; Prp100 = pyrope; Prp-Cr#6 = Prp72.6Alm15.7Grs0.6Adr4.3
Sps0.7Uvr6.1.
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and Grüneisen parameter, respectively), using the obtained α0 from this study 
and γ = 1.15 from Zou, Gréaux, et al. (2012). Although, the uncertainty of 
KT0 obtained from EoS fitting is large, the KS0 calculated from KT0 and the 
measured KS0 (167.7(8) GPa) show good agreement. As shown in Figure 6 
and Table S5 in Supporting Information S1, the obtained α0 for Prp-Cr#12 is 
larger than that of Prp100. For example, the recent high-T single-crystal XRD 
study (Milani et  al.,  2015) reported α0  =  2.543(5)  ×  10 −5  K −1 for Prp100, 
which is 9.8% smaller than the α0 of Prp-Cr#12.

4.2. High-P and High-T Elastic Properties of Cr-Pyrope Calculated 
Using End-Member Component Properties

To examine whether the elastic properties of Cr-pyrope at high P and high 
T can be calculated using the end-member component elastic properties, we 
calculated the elastic properties (ρ, KS, G, VP, and VS) of Prp-Cr#12 at high 
P and high T using the directly measured elastic parameters (Table S4 in 
Supporting Information S1) in this study and then compared the results to 
those calculated using the elastic parameters interpolated from linear mixing 
of end-member elastic parameters (end-member model; Table S5 in Support-
ing Information S1; Angel et al., 2018; Arimoto et al., 2015; Bass, 1986, 1989; 
Cameron et al., 1973; Chantel et al., 2016; Dymshits et al., 2014; Faccincani 
et  al.,  2021; Fan et  al.,  2020; Gréaux & Yamada,  2019; Gwanmesia 
et al., 2014, 2006; Hao et al., 2020; Hugh-Jones, 1997; Isaak et al., 1992; 
Jackson et  al.,  2007; Jacobsen et  al.,  2010; Jeanloz & Thompson,  1983; 
Klemme et al., 2005;  Kroll et al., 2012; Li & Neuville, 2010; Ma et al., 2009; Z. 
Mao et al., 2015; Milani et al., 2015, 2017; Ohashi, 1984; Sang & Bass, 2014; 
Sinogeikin & Bass, 2000, 2002; Soga, 1967; Tribaudino et al., 2008; Wang 
& Ji,  2001; Xu et  al.,  2018,  2020,  2022; Yang & Ghose,  1994; Zhang & 
Bass, 2016a, 2016b; Zhang et al., 1998; Zhao et al., 1997, 1998; Zou, Gréaux, 
et al., 2012). We calculated the elastic properties at pressures of 3–8 GPa at 
1000 and 1600 K, which are the lower and upper bound of typical SCLM 
P-T conditions where garnet-peridotite stabilizes. At high P and high T, 
the density of Cr-pyrope is calculated using the thermal-P EoS (Text S1 in 
Supporting Information S1), the KS and G are calculated using the third-order 
finite strain equation (Text S2 in Supporting Information S1), and the VP and 
VS are calculated using Equations 3 and 4. The uncertainties of the calcu-
lated elastic properties are estimated based on the uncertainties of the elastic 
parameters.

The calculated results are shown in Figure S4 of Supporting Information S1 
and Figure 7. At 8 GPa, the density of Prp-Cr#12 calculated using the directly 
measured elastic parameters (ρdm) is 0.2% and 0.6% smaller than the densities 
calculated using the end-member model elastic parameters (ρem) at 1000 and 

1600 K, respectively. The 𝐴𝐴 𝐴𝐴𝑆𝑆dm
 is 1.5% and 1.3% smaller than 𝐴𝐴 𝐴𝐴𝑆𝑆em

 at 1000 and 1600 K, respectively. At 1000 K 
the 𝐴𝐴 𝐴𝐴dm is very close to the 𝐴𝐴 𝐴𝐴em (0.05% difference), while the latter is 2.0% smaller than the former at 1600 K 
(Figure S4 in Supporting Information S1). The differences between 𝐴𝐴 𝐴𝐴𝑃𝑃dm

 and 𝐴𝐴 𝐴𝐴𝑃𝑃em
 are 0.4% and 0.3% at 1000 and 

1600 K, respectively (Figure 7). By comparison, 𝐴𝐴 𝐴𝐴𝑆𝑆dm
 is only 0.09% larger than 𝐴𝐴 𝐴𝐴𝑆𝑆em

 at 1000 K, but the latter is 
1.2% smaller than the former at 1600 K (Figure 7). At 8 GPa, the uncertainties of the calculated ρdm and ρem are 
∼0.1%, while the uncertainties of the calculated KS and G are 2.0%–3.0%. The uncertainties of the VP and VS 
are less than 2.0% (Figure 7). Therefore, the differences between the calculated elastic properties except for the 
density of Prp-Cr#12 at high P and high T using the directly measured elastic parameters and those calculated 
using the end-member model elastic parameters are at the same level as their uncertainties (Figure S4 in Support-
ing Information S1 and Figure 7).

Figure 6. (a) Densities of Prp-Cr#12 (red circles) at high P and (b) high 
T. The red curves represent the thermal-P EoS fit of the data. The obtained 
values of the EoS parameters are also shown. The blue curves represent the 
EoS of Prp100 obtained from Milani et al. (2015).
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We also provide an assessment of the influence of using the end-member model elastic parameters of Cr-pyrope 
on the calculated density and velocity of the SCLM. We choose the mineral proportions and mineral composi-
tions of the Proton at 6 GPa, because the composition of the Cr-pyrope at 6 GPa is very close to Prp-Cr#12 in this 
study (Figures S2, S3, and Table S2 in Supporting Information S1). As shown in Figure S2 of Supporting Infor-
mation S1, the Proton consists of olivine, orthopyroxene, clinopyroxene and Cr-pyrope (replaced by Prp-Cr#12 
in this study). We calculated the density and velocity of the Proton in two models (model#1 and model#2). In 
both models, the used elastic parameters of olivine, orthopyroxene and clinopyroxene are interpolated from linear 
mixing of their end-member component elastic parameters (Table S5 in Supporting Information S1). However, 
the directly measured elastic parameters of Cr-pyrope are used in model#1, while the end-member model elastic 
parameters of Cr-pyrope are used in model#2. At high P and high T, for each mineral, the density is calculated 
using the thermal-P EoS (Text S1 in Supporting Information S1). The third-order finite strain equation (Text 
S2 in Supporting Information S1) is used to calculate the bulk moduli of olivine and Cr-pyrope and the shear 
modulus of Cr-pyrope, while the fourth-order finite strain equation (Text S2 in Supporting Information S1) is 
used to calculate the bulk moduli of orthopyroxene and clinopyroxene and the shear moduli of olivine, orthopy-

Figure 7. (a) VP and (b) VS of Prp-Cr#12 along isotherms at 1000 and 1600 K over 3–8 GPa. The solid curves represent 
values calculated using the elastic parameters (Table S4 in Supporting Information S1) fitted to the Prp-Cr#12 data. The 
dashed curves represent values calculated using the end-member model (linear average of garnet end-member parameters; 
Table S5 in Supporting Information S1) elastic parameters determined for the Prp-Cr#12 composition. Error bars are shown 
at selected pressures.
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roxene, and clinopyroxene. The density, bulk modulus and shear modulus 
of the mineral aggregate are calculated using the Voigt-Reuss-Hill average 
scheme. The velocities are then calculated using Equations  3 and  4. The 
density and velocity of both models are calculated at pressures of 3–8 GPa 
and temperatures of 1000 and 1600 K.

The calculated results are presented in Figure  8, indicating that using the 
end-member model elastic parameters of Cr-pyrope has very limited effects 
on the calculations of density and velocity of the SCLM. As shown in 
Figure 8, at 8 GPa and 1600 K, the differences between model#1 and model#2 
are 0.05%, 0.03%, and 0.1% in the density, compressional velocity, and shear 
velocity, respectively, which are within their uncertainties (Figure 8). There-
fore, the end-member model provides a sufficient approximation for the elas-
tic properties of Cr-pyrope at the P-T conditions of the SCLM, especially 
when calculating the elastic properties of the SCLM mineral aggregate.

4.3. Densities and Velocities of SCLM and the Compositional Effects

It is well known that the Earth's upper mantle is heterogeneous in seismo-
logical structure, which is probably associated with the heterogeneity in 
the lithosphere thermal and compositional structure (e.g., Li et  al.,  2008). 
The classification of SCLM into the Archon, Proton and Tecton (Griffin 
et  al.,  2009) reflects this heterogeneity to some extent. In this study, our 
experimental results indicate that the density and velocity of Cr-pyrope at 
the SCLM P-T conditions can be reasonably modeled using the end-member 
elastic properties. In this section, we calculated the densities and velocities of 
the Archon, Proton and Tecton at pressures of 3–8 GPa and at temperatures of 
1300 and 1500 K, in order to understand the effects of chemical evolution on 
the density and velocity of the SCLM. The mineral proportions and mineral 
compositions under the P-T conditions are calculated using the Perple_X 
software package (Figure S5 and Table S6 in Supporting Information  S1; 
Connolly, 2005). The densities and velocities of each mineral and the mineral 
aggregates are calculated using the same method as described in Section 4.2.

The calculated densities as a function of P and T for the Archon, Proton, 
and Tecton are shown in Figure 9, indicating that the density of the SCLM 
increases from Archon to Tecton. As shown in Figure 9, at 8 GPa and 1300 K 
the densities of the Proton and Tecton are 1.1% and 1.8% higher than that of 
the Archon, respectively; at 8 GPa and 1500 K, the Archon is 1.1% and 2.4% 
less dense than the Proton and Tecton, respectively.

The calculated velocities as a function of P and T for the Archon, Proton, and 
Tecton are shown in Figures 10a and 10b, indicating that the velocities of the 
SCLM do not change significantly as the chemical evolution proceeds from 
the Archon to Tecton. As shown in Figure 10a, at 3 GPa and 1300 K, the VP 
of the Archon is 0.3% and 0.8% lower than the VP of the Proton and Tecton, 
respectively, and the differences between the Archon, Proton and Tecton 

decrease to 0.2% as the P increases to 8 GPa. The differences in VP are at the same level as the uncertainties 
(Figure 10a). Likewise, at 1500 K, the differences in VP between the Archon, Proton and Tecton decrease from 
1.1% at 3 GPa to 0.3% at 8 GPa. By comparison, the differences in VS between the Archon, Proton and Tecton 
are ∼0.3% under the P-T conditions, which are within the uncertainty of the VS (Figure 10b). The results indicate 
that the chemical evolution of the SCLM from the Archon to Tecton does not change the velocities significantly 
if the temperature effect is not considered.

Figure 8. (a) Density ρ, (b) compressional VP, and (c) shear wave velocity 
VS of the Proton (Prp-Cr#12 is its Cr-pyrope) along isotherms at 1000 and 
1600 K over 3–8 GPa. The solid curves represent results for which the elastic 
parameters (Table S4 in Supporting Information S1) fitted to the Prp-Cr#12 
data are used. The dashed curves represent values for which the end-member 
model (linear average of garnet end-member parameters; Table S5 in 
Supporting Information S1) elastic parameters determined for the Prp-Cr#12 
composition are used. Error bars are shown at selected pressures.
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The velocity/density ratio (ρ/VP and ρ/VS) of the Archon, Proton, and Tecton 
as a function of P are also shown in Figures 10c and 10d, indicating that, 
in comparison to VP and VS, the ρ/VP and ρ/VS are more sensitive to the 
compositional change of the SCLM, which could be used as indicators of 
compositional anomalies (Afonso et al., 2010; Deschamps et al., 2002; Forte 
& Perry, 2000). As shown in Figures 10c and 10d, at 1300 K, the ρ/VP of 
the Proton and Tecton are 0.9%–1.2% and 1.1%–1.7% higher than that of 
the Archon within 3–8 GPa, respectively; and increasing the temperature to 
1500 K increases the ρ/VP of the Archon, Proton and Tecton by 0.5%–0.8%, 
0.5%–0.7% and 0.4%–0.5% within 3–8  GPa, respectively. By comparison, 
at 1300 K, the ρ/VS of the Proton and Tecton are ∼1.4% and ∼1.8% higher 
than that of the Archon within 3–8  GPa, respectively; and increasing the 
temperature to 1500 K increases the ρ/VS of the Archon, Proton and Tecton 
by 0.8%–0.9%, 0.7%–0.9%, and 0.7%–0.8% within 3–8 GPa, respectively.

The chemical evolution of the SCLM from the Archon to Tecton is likely 
caused by mantle metasomatism, as suggested by dozens of studies on peri-
dotite xenoliths from various cratons (e.g., Agashev et al., 2013; Malkovets 
et al., 2007; Shu & Brey, 2015; Shu et al., 2013). In addition, the temperatures 
of metasomatically modified peridotites are generally ∼200 K higher than 
that of the original Archon (Agashev et al., 2013; Ionov et al., 2010). There-
fore, the temperature increase should be considered when we investigate the 
effects of chemical evolution on the density and velocity of the SCLM.

Figure 9. Calculated density-P profiles of the Archon, Proton, and Tecton 
along isotherms at 1300 K (solid curves) and 1500 K (dashed curves) over 
the pressure range of 3–8 GPa. The density of the asthenosphere (Djomani 
et al., 2001) is also shown. Error bars are shown at selected pressures.

Figure 10. Velocity and density/velocity ratio of the Archon, Proton, and Tecton at pressures of 3–8 GPa along isotherms at 1300 K (solid curves) and 1500 K (dashed 
curves). (a) VP, (b) VS, (c) ρ/VP, and (d) ρ/VS. Error bars are shown at selected pressures.
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Considering the temperature increase induced by metasomatism (Agashev et al., 2013; Ionov et al., 2010), the 
density increase induced by the compositional evolution is diminished. As shown in Figure 9, at 8 GPa the densi-
ties of the Proton and Tecton at 1500 K are ∼0.6% lower than their densities at 1300 K, respectively. Density is a 
key factor that controls the evolution of the SCLM, its increase may cause the regional gravitational instabilities 
and then the occurrence of delamination of the lower lithosphere into the asthenosphere when other factors like 
viscosity are available. Delamination was proposed to be a mechanism for the destruction of the ancient cratons, 
and a famous example is the destructed lithosphere under the eastern block of North China (Zhu et al., 2012). In 
Figure 9, the density-P profile of the asthenosphere along 1600 K (Djomani et al., 2001) is shown for comparison. 
The density of the Archon is 1.2% lower than that of the asthenosphere at 8 GPa (Figure 9), which could have 
ensured the longevity of the ancient cratons (Wu et al., 2019). However, as a result of the mantle metasomatism, 
the Archon would evolve to the Tecton (Griffin et al., 2009), and the density of the SCLM would increase. As 
shown in Figure 9, at 8 GPa and 1500 K, the Proton is 0.6% less dense than the asthenosphere, while the density 
of the Tecton at the same P-T condition is very comparable to that of the asthenosphere. At 8 GPa and 1300 K, 
the density of the Proton is very close to that of the asthenosphere and the Tecton is 0.6% denser than the astheno-
sphere. This indicates that if the composition of the Archon modified by metasomatism is comparable with that 
of the Tecton, the modified region of the SCLM is likely to be gravitationally instable during the cooling process, 
which would facilitate the subsequent delamination.

Although the chemical evolution of the SCLM from the Archon to Tecton does not change the velocities 
significantly, the metasomatism of the SCLM can cause a low-velocity feature due to the temperature increase 
through the metasomatic process. As shown in Figures 10a and 10b, the 200 K temperature increase would cause 
1.0%–1.6% and 1.3%–1.7% decreases in the VP and VS, respectively. Therefore, the mantle metasomatism could 
cause low-velocity anomalies within the SCLM, but the anomalies essentially originate from the temperature 
variation. The low-VS anomalies (∼1%) observed beneath some cratons such as the Kaapvaal craton (Fouch 
et al., 2004) could be explained by the metasomatic modification of the original Archon. As increasing tempera-
ture increases the ρ/VP and ρ/VS, the differences between the Archon, Proton and Tecton in ρ/VP and ρ/VS would 
be enlarged if the temperature increase caused by the metasomatism is considered. As shown in Figures 10c 
and 10d, the ρ/VP of the Proton and Tecton SCLM (1500 K) is 1.6%–1.8% and 1.7%–2.1% higher than that of the 
Archon (1300 K), respectively; and the ρ/VS of the Archon (1300 K) is ∼2.2% and ∼2.6% lower than the ρ/VS of 
the Proton and Tecton SCLM (1500 K), respectively. Therefore, in comparison with VP and VS, ρ/VP and ρ/VS are 
better indicators of chemical variations from the Archon to the Proton and Tecton.

5. Conclusions
Single-crystal elastic properties of SCLM Cr-pyrope were measured at high P and high T using the BLS method. 
The obtained elastic parameters were used to examine whether the elastic properties of SCLM Cr-pyrope at the 
SCLM P-T conditions can be accurately calculated from those of end-member garnets (end-member model). 
The results indicate that the end-member model provides a sufficient approximation for the elastic properties 
of Cr-pyrope in calculating the elastic properties of the SCLM peridotite. The densities and velocities of the 
Archon, Proton and Tecton are modeled, indicating that the chemical evolution of the SCLM from the Archon 
to the Tecton significantly increases the density of the SCLM. On the contrary, the chemical evolution does not 
significantly influence the velocities (VP and VS) of the SCLM. By comparison, ρ/VP and ρ/VS are more sensitive 
to the chemical variations of the SCLM.
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