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Abstract
Cr-pyrope is one of the most abundant mineral inclusions in peridotitic diamonds and its thermal equation of state (EoS) is a 
prerequisite for accurately determining its entrapment pressure (Pe), which is important to understanding the physicochemi-
cal environment of diamond formation. We present in situ single-crystal X-ray diffraction (XRD) experimental results of 
five natural Cr-pyropes (Cr# = 0.3–22.4, Cr# = Cr/(Cr + Al)) at high pressure (P), high temperature (T), and high P–T up to 
13.2 GPa and 950 K. The obtained P–volume(V)–T data were used to derive EoS parameters. The results indicated that the 
compressional behaviors of these Cr-pyropes are close (up to 2.8% difference), but the differences between their thermal 
expansivities are up to 8.8%. The thermal expansivities of the Cr-pyropes are significantly higher than that of end-member 
garnets (pyrope, almandine, and grossular) obtained by room-P high-T XRD, but they are consistent with the end-member 
thermal expansivities obtained by high P–T XRD. To investigate the compositional effects on the estimation of Pe of Cr-
pyrope, the obtained EoS parameters were used to calculate the Pe in diamond. The results indicated that the variation 
in thermal expansion behavior plays a more significant role in influencing the Pe in comparison with the compressional 
behavior. In addition, the Pe of the Cr-pyropes are compared with the Pe of end-member garnets (pyrope, almandine, gros-
sular, and uvarovite), which indicates that the low-Cr (Cr# = 0.3–4.4) pyropes are closer to pyrope in Pe while the high-Cr 
(Cr# = 9.3–22.4) pyropes are closer to grossular.
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Introduction

Some natural diamonds that have been brought to the surface 
contain mineral inclusions, which provide samples of the 
deep Earth. To investigate the formation of diamond and the 

composition and structure of the Earth’s interior, one needs 
to determine the pressure/depth of the inclusion entrapment. 
Recently, elastic geo-barometry has been used to determine 
the entrapment pressure (Pe) during the growth of a dia-
mond based on the elasticity theory (e.g., Angel et al. 2014a, 
2017; Gilio et al. 2021; Milani et al. 2015). This method has 
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advantages in determining Pe in comparison with the other 
well-known method which is based on the cation distribu-
tion between coexisting phases (Nestola 2021). The elastic 
geo-barometry calculates the isomeke, which is a curve in 
the pressure (P)–temperature (T) space and defines the con-
ditions that the void of the host (e.g., diamond in our case) 
and inclusion (Cr-Pyrope in our case) would have the same 
P, T, and volume (V). The isomeke is calculated based on 
the residual pressure of an inclusion (Pi) and the thermal 
equation of state (EoS) parameters (e.g., bulk modulus and 
thermal expansion coefficient) of the host and the inclu-
sion, and represents possible entrapment conditions (e.g., 
Angel et al. 2017). Therefore, the thermal EoS parameters 
of relevant minerals (host and inclusion) are necessary for 
the application of this geo-barometer (Mazzucchelli et al. 
2021). Thermal EoS parameters of a mineral describe how 
its V changes with the varying P and T and can be derived 
by fitting the measured P–V–T data to an established EoS.

According to the statistic by Stachel and Harris (2008), 
more than 1/3 of lithospheric diamonds are of peridotitic 
origin. Garnet is one of the most abundant minerals occur-
ring as inclusion in peridotitic diamonds. Natural garnets, 
with a general formula of  X3Y2Si3O12, are generally formed 
in multi-component solid solutions and are the result of the 
flexible cation substitution in both X  (Mg2+,  Fe2+,  Ca2+, 
 Mn2+) and Y  (Al3+,  Fe3+,  Cr3+) sites (e.g., Geiger 2008; 
Grew et al. 2013). Garnet inclusions in peridotitic diamonds 
are Cr-pyropes, and their  Cr2O3 contents vary from ~ 1 
wt.% to larger than 20 wt.% (Stachel and Harris 2008). 
Natural Cr-pyropes are mainly composed of pyrope  (Prp100; 
 Mg3Al2Si3O12), almandine  (Alm100;  Fe3Al2Si3O12), grossu-
lar  (Grs100;  Ca3Al2Si3O12), uvarovite  (Uvr100;  Ca3Cr2Si3O12), 
knorringite  (Knr100;  Mg3Cr2Si3O12), andradite  (Adr100; 
 Ca3Fe3+

2

Si3O12) and spessartine  (Sps100;  Mn3Al2Si3O12), 
the last two of which are usually very minor (Stachel and 
Harris 2008).

The thermal EoS of diamond has been well established 
by literature studies (e.g., Angel et al. 2015; Dewaele et al. 
2008; Gillet et al. 1999; Prencipe et al. 2014), but the ther-
mal EoS parameters of Cr-pyrope are still lacking for accu-
rately determining Pe of Cr-pyrope inclusions in diamond 
using elasticity geo-barometry. To date, numerous studies 
have been performed on the EoS (P–V, T–V or thermal EoS) 
and elasticity of  Prp100 (e.g., Chantel et al. 2016; Chen et al. 
1999; Du et al. 2015; Fan et al. 2019; Levien et al. 1979; 
Milani et al. 2015; Wang and Ji 2001),  Alm100 (Arimoto 
et al. 2015; Conrad et al. 1999; Milani et al. 2015),  Grs100 
(Bass 1989; Milani et al. 2017),  Uvr100 (Bass 1986; Fan et al. 
2015; Gréaux and Yamada 2019), some binary [Prp-Alm 
(Huang and Chen 2014), Prp-Grs (Du et al. 2015) and Grs-
Adr (Fan et al. 2017; Wei et al. 2021)] and Prp-Alm-Grs 
ternary (Beyer et al. 2021; Chai et al. 1997; O'Neill et al. 
1989; Xu et al. 2019). Studies on the EoS of  Knr100 are still 

unavailable as  Knr100 synthesized from pure  Mg3Cr2Si3O12 
always contained a significant amount of majorite (Maj; 
 Mg4Si4O12) component (Dymshits et al. 2014; Zou and Iri-
fune 2012). Studies on thermoelastic properties of Cr-pyrope 
are very limited (Babuška et al. 1978; Suzuki and Anderson 
1983). Babuška et al. (1978) measured the elastic proper-
ties of four Cr-pyropes  (Cr2O3 < 3 wt.%; Mg# = 81–84 and 
Cr# = 5–9; Mg# = Mg/(Mg + Fe) and 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 a natural Cr-pyrope (Mg# = 82 
and Cr# = 6) to 1000 K at room P. To the best of our knowl-
edge, there are still no thermal EoS studies of Cr-pyrope at 
high P–T.

As an analogy to the Vegard’s law for volume–composi-
tion relationship, the bulk modulus of garnet solid solution is 
often considered to be calculated from the bulk moduli of its 
end members assuming a linear relationship between com-
position and bulk modulus (e.g., Beyer et al. 2021; Ita and 
Stixrude 1992; O'Neill et al. 1989), although some studies 
suggested that bulk modulus of a solid solution containing 
grossular could be nonlinearly dependent on varying compo-
sition (Du et al. 2015; Xu et al. 2019). However, the compo-
sitional effects on the thermal EoS of Cr-pyrope have not yet 
been investigated. In this study, we report synchrotron-based 
single-crystal X-ray diffraction (SCXRD) measurements on 
five natural Cr-pyropes with various  Cr2O3 contents (0.1–7.3 
wt.%) at high P and high T to ~ 13 GPa and 950 K, from 
which complete thermal EoS parameters are extracted. The 
compositional effects on the thermal EoS parameters are 
discussed. We apply the obtained thermal EoS parameters 
of Cr-pyrope to the diamond–garnet geo-barometry to inves-
tigate the effects of thermal EoS parameters on the Pe of 
Cr-pyrope.

Sample and methods

Five natural Cr-pyropes used in this study are collected from 
lamproite in Zhenyuan, Guizhou Province, China. We chose 
several grains (hundreds of micrometers) for each Cr-pyrope 
for electron microprobe analyses (EMPA). These grains were 
first placed at the bottom of a cylindrical vessel (~ 20 mm 
in diameter), then the vessel was filled with freshly mixed 
epoxy and vacuum degassed. After the epoxy was cured, 
the epoxy plug was taken out of the vessel and was polished 
and carbon-coated for the final EMPA analyses. The EMPA 
analyses were carried out with a JXA 8230, operating at 
an acceleration voltage of 25 kV, beam current of 10 nA, 
and focused electron beam of approximately 5 μm. Count-
ing times were 10 on the peak and 5 s on the background 
for each element. Natural pyrope was used as the standard 
for Fe, Mn, Ti, Cr, Si, Al, Mg and Ca, olivine for Ni, albite 
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for Na, and orthoclase for K. Analyzing crystal was LIFH 
for Fe, Ni, and Mn, PETJ for Ti and Cr, TAP for Na, Si, Al, 
and Mg, and PETH for K and Ca. The results are shown 
in Table S1, and the compositions of these five Cr-pyropes 
expressed in end-member molar percentages are shown 
in Table 1. The end-member proportions were calculated 
according to the method proposed by Locock (2008). The 
 Fe3+ contents were estimated based on the charge balance. 
For simplicity, we designate these five garnets Prp-Cr#0.3, 
Prp-Cr#4.4, Prp-Cr#9.3, Prp-Cr#15.1, and Prp-Cr#22.4 in 
turn. Prp-Cr#3.5, Prp-Cr#9.3, Prp-Cr#15.1, and Prp-Cr#22.4 
have similar compositions as the Cr-pyropes found as inclu-
sions in peridotitic diamonds (Fig. 1). Backscattered electron 
(BSE) images reveal that these garnets are not zoned into 
different chemical domains (Figure S1) and that Prp-Cr#15.1 
contains several inclusions. The crystals used for SCXRD 
were inclusion-free and of high diffraction quality. 

Three runs of SCXRD experiments were conducted for 
these Cr-pyropes. In the first run (run #1), room-T high-P 
SCXRD was performed to 9.5 GPa. In run #2, the SCXRD 
data were collected at high P–T up to 13 GPa and 700 K. 
The room-P high-T experiments from room T up to 950 K 
were performed in run #3. One crystal was used for each 
Cr-pyrope in each run.

In run #1, a BX90 diamond anvil cell (DAC) equipped 
with two 500-μm-culet diamonds and WC seats was used; 
an externally heated DAC was used in run #2, which was 
the same DAC used in run #1 but equipped with a micro-
resistive heater made from alumina ceramic and coiled Pt 
wires and a K-type thermocouple attached to one of the dia-
mond anvils approximately 500 μm away from the culet. In 
run #1 and run #2, 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 on the indented area and 
was used as the sample chamber. A gold foil and five crystals 
(square (irregular) shape with side lengths of 30–60 μm and 
thicknesses of 10–15 μm) were loaded together into the sam-
ple chamber (Figure S2) followed by gas-loading with neon 
as the pressure medium using the COMPRES/GSECARS 
gas-loading system (Rivers et al. 2008). The pressure was 
measured using the EoS of gold (Dorogokupets and Dewaele 

2007). In run #3, each sample was loaded into a fused silica 
capillary with a 100 μm inner diameter, and nearly cubic 
crystals (~ 100-μm side lengths) were used. The sample tem-
perature was achieved by helium flow heated with a tungsten 

Table 1  End-member molar percentage of the Cr-pyropes in this study

Pyrope  Mg3Al2Si3O12, Almandine  Fe3Al2Si3O12, Grossular  Ca3Al2Si3O12, Andradite  Ca3Fe3+2Si3O12, Spessartin  Mn3Al2Si3O12, Uvaro-
vite  Ca3Cr2Si3O12, Knorringite  Mg3Cr2Si3O12, Schorlomite-Al  Ca3Ti2Al2SiO12, Skiagite  Fe3Fe3+2Si3O12

Sample Pyrope Almandine Grossular Andradite Spessartine Uvarovite Knorringite Schorlomite-Al Skiagite

Prp-Cr#0.3 73.9 15.5 7.7 1.3 0.4 0.3 0.0 0.8 0
Prp-Cr#4.4 69.3 17.6 7.4 0.2 0.7 4.4 0.0 0.4 0
Prp-Cr#9.3 70.6 15.7 3.1 0.5 0.6 9.2 0.0 0.3 0
Prp-Cr#15.1 69.1 14.8 0.3 0.0 0.6 15.1 0.0 0.1 0
Prp-Cr#22.4 64.3 13.2 0.0 0.0 0.6 16.0 5.1 0.2 0.6
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Fig. 1  End-member proportions of Cr-pyrope inclusions found in 
diamonds (black ball) and of the five Cr-pyropes in this study (red 
star). Prp = pyrope  (Mg3Al2Si3O12); Uvr = uvarovite  (Ca3Cr2Si3O12); 
Knr = Knorringite  (Mg3Cr2Si3O12). Other end members include 
almandine  (Fe3Al2Si3O12), grossular  (Ca3Al2Si3O12), andra-
dite  (Ca3Fe3+2Si3O12), schorlomite-Al  (Ca3Ti2Al2SiO12), mori-
motoite  (Ca3TiFe3+Si3O12), majorite  (Mg4Si4O12), spessartine 
 (Mn3Al2Si3O12), and skiagite  (Fe3Fe3+

2

Si3O12). Data for Cr-pyrope 
inclusions are from previous studies Banas et  al. (2007, 2009), Chi 
(1996), Davies et al. (2004a, b), Deines et al. (1991), Deines and Har-
ris (2004), Donnelly et al. (2007), Griffin et al. (1993, 2001), Harris 
et  al. (2004), Hunt et  al. (2012), Koornneef et  al. (2017), Kopylova 
et  al. (1997), Kurat and Dobosi (2000), Meyer and Svisero (1975), 
Miller et al. (2012, 2014), Ntanda et al. (1982), Phillips et al. (2004), 
Prinz et  al. (1975), Qi et  al. (1999), Schulze et  al. (2008), Shatsky 
et al. 2015), Sobolev et al. (2004, 2009), Stachel and Harris (1997), 
Stachel et  al. (1998, 2000, 2003, 2004a, b, 2006), Tappert et  al. 
(2005a, b, 2006), Taylor et  al. (2003, 2016), Viljoen et  al. (2014), 
Wang et  al. (2000), Wang and Guo (1994), Wiggers de Vries et  al. 
(2013), Zedgenizov et  al. (2016), Zhang (1991). The data of Cr-
pyrope inclusions are available in the supplementary
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heater (Zhang et al. 2021), and a K-type thermocouple was 
used to monitor the temperature.

Run #1 and run #2 were performed at the 13-BM-D 
station of the Advanced Photon Source (APS), Argonne 
National Laboratory (ANL). The incident X-ray had a 
wavelength of 0.3344 Å and a beam size of 3 × 7 μm2. 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/º, were col-
lected. The range of the ω-rotation was 30 º. The ω rotation 
axis was vertical and perpendicular to the incident beam. 
Run #3 was performed at the 13-BM-C experimental sta-
tion of APS, ANL. The incident X-ray beam at 13-BM-C 
was monochromated to 0.4340 Å with a focal spot size of 
12 × 18 μm2 (Xu et al. 2022; Zhang et al. 2017). The SCXRD 
was carried out with a six-circle diffractometer and a Pila-
tus3 1 M Si detector. Stepped φ exposures were collected 
at each P–T point with an exposure time of 0.5 s/º, and the 
φ scan rotation axis was horizontal and perpendicular to 
the incident X-ray direction. In all these three runs,  LaB6 
was used as the diffraction standard. The diffraction images 
(Fig. S3) collected in run #1 and run #2 were analyzed with 
the ATREX software package (Dera et al. 2013), while the 
Bruker APEX3 software suite was used for the diffraction 
images collected in run #3. The obtained unit-cell param-
eters of each Cr-pyrope are shown in Table S2.

Results

Room‑T P–V EoS

At room-T, the unit-cell volume of each of the five Cr-
pyropes decreased smoothly with increasing pressure up to 
9.5 GPa without indication of phase transitions (Fig. 2a). 
To obtain the EoS parameters, we fit the P–V data to a 
third-order Birch–Murnaghan (BM3; Birch (1947)) EoS 
using the Eosfit7 package (Angel et al. 2014b; Gonzalez-
Platas et al. 2016). The resulting EoS parameters includ-
ing zero-P unit-cell volume (VT0), zero-P isothermal 
bulk modulus (KT0), and its pressure derivative (K′T0) are 
reported in Table 2. As a comparison, the P–V data were 
also fitted to a third-order Tait EoS (Freund and Ingalls 
1989; Holland and Powell 2011), which shows that the 
Tait EoS and BM3 EoS fitting yield indistinguishable 
EoS parameters within the uncertainty. The obtained 
VT0, KT0 and K′T0 are within 1529.1(2)-1551.8(3) Å3, 
165.4(27)–170.2(35) GPa and 3.9(9)–5.1(9), respectively. 
As shown in Fig. 2a, the EoS fit represents the P–V data 
very well for each Cr-pyrope. The fE–FE plot (Angel 2000) 
was used for better visualization of the quality of the EoS 
fit. As shown in Fig. 2(b-f), for Prp-Cr#0.3, Prp-Cr#4.4, 
Prp-Cr#9.3 and Prp-Cr#15.1, the fE–FE data points lie on 

a horizontal line, indicating a K′T0 value very close to 4; 
while the fE–FE data of Prp-Cr#22.4 lie on an inclined line 
with a positive slope which indicates a K′T0 value larger 
than 4. Thus, the fE–FE plot is consistent with our BM3 
EoS parameters.

Thermal EoS

We used an isothermal EoS model (Text S1) to fit the 
P–V–T data (Fig. 3(a-e)) by combining the BM3 EoS with 
the Fei-type (Fei 1995) thermal expansion model, and the 
temperature derivative of the bulk modulus ((∂KT/∂T)P; 
(Angel et al. 2014b). The VT0, KT0 and K′T0 were fixed 
at the value obtained from the room-T EoS fitting when 
we performed the thermal EoS fitting. The results are 
reported in Table  3, showing α0 = 2.65(9)–3.41(9) 
×  10−5   K−1, α1 =  − 0.05(8)–1.41(11) ×  10−8   K−2, 
α2 =  − 0.75(9)–− 0.03(6) K, and (∂KT/∂T)P =  − 0.031(4)–
− 0.019(3) GPa/K. Figure 3a–e indicates a good thermal 
EoS fit to the high P–T data for each Cr-pyrope. 

Helffrich and Connolly (2009) suggested that using a 
constant (∂KT/∂T)P in thermal EoS fitting could lead to 
the prediction of non-physical thermal expansion at high 
pressures, thus they proposed an equation (HC2009) to 
describe the temperature effects on KT0 (Text S1) using 
the Anderson–Grüneisen parameter (δ). Therefore, we 
also fitted our P–V–T data to the isothermal EoS model 
described in the preceding paragraph, but the HC2009 
equation instead of the (∂KT/∂T)P was used for the varia-
tion of bulk modulus with temperature. The EoS fit yielded 
δ = 3.83(68)–5.53(74), α0 = 2.65(9)–3.40(9) ×  10−5  K−1, 
α1 =  − 0.05(8)–1.41(11) ×  10−8  K−2, and α2 =  − 0.75(9) to 
− 0.04(6) K. The results are also shown in Table 3, indi-
cating that using the HC2009 equation did not yield much 
difference in the EoS parameters in comparison to using 
the linear relationship between KT0 and temperature.

We also used the thermal-pressure EoS (Text S2) pro-
posed by Holland and Powell (2011) to fit the P–V–T data. 
The Einstein temperature (θE) of the Cr-pyropes was cal-
culated according to the method described by Holland and 
Powell (2011), yielding θE = 508–522 K. Again, the VT0, 
KT0 and K′T0 were fixed at the value obtained from the 
room-T EoS fitting when we performed the thermal EoS 
fitting. The obtained EoS parameters are shown in Table 3, 
and the thermal expansion coefficients at 300 K (α300) are 
2.568(4)–2.908(3) ×  10−5  K−1. The isotherms generated 
using these EoS parameters are also shown in Fig. 3a–e, 
showing good EoS fit for each Cr-pyrope.

The input and output files for each EoS fitting are avail-
able in the supplementary.
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Fig. 2  a The unit-cell volume of the five Cr-pyropes as a function of pressure. b–f fE–FE plot for each Cr-pyrope. The solid lines represent the 
BM3 EoS fitting for the data. Error bars may be smaller than the symbol size
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Discussion

Comparing the EoS results of these five Cr-pyropes indi-
cates that the compositional effects are very limited for KT0 
and K′T0. As shown in Table 2, the KT0 of Prp-Cr#0.3, Prp-
Cr#4.4, and Prp-Cr#9.3 KT0 are around 170 GPa (168.7(35)-
170.2(35) GPa). In comparison with these three Cr-pyropes, 
Prp-Cr#15.1 and Prp-Cr#22.4 have only slightly smaller 
KT0 (165.4(27)–165.7(35) GPa). In addition, the K′T0 of 
Prp-Cr#0.3, Prp-Cr#4.4, Prp-Cr#9.3 and Prp-Cr#15.1 are 
very close to 4, while the K′T0 of Prp-Cr#22.4 is greater 
than 4 (5.1(9); Fig. 2f). The higher K′T0 of Prp-Cr#22.4 
could be caused by the presence of a Knr component since 
a previous study (Dymshits et al. 2014) reported a high K′T0 
(5.4(12)) for  Knr81Maj19. The obtained KT0 of Prp-Cr#0.3, 
Prp-Cr#4.4, and Prp-Cr#9.3 are comparable to the KT0 of 
Cr-pyropes (Cr# = 5–9; KT0 = 168.3(18)-169.8(13) GPa) 
reported by Babuška et al. (1978) using the RPR method.

We also compared our KT0 with the KT0 of end-mem-
ber garnets related to Cr-pyrope, including  Prp100,  Alm100, 
 Grs100 and  Uvr100 from previous studies (Fig. S4 and 
Table S3; Arimoto et al. 2015; Bass 1986, 1989; Chantel 
et al. 2016; Chen et al. 1999; Conrad et al. 1999; Diella et al. 
2004; Du et al. 2015; Fan et al. 2015, 2019; Gréaux et al. 
2011; Gréaux and Yamada 2019; Gwanmesia et al. 2006, 
2007, 2014; Hazen and Finger 1978; Isaak et al. 1992; Kono 
et al. 2010; Leger et al. 1990; Leitner et al. 1980; Levien 
et al. 1979; Milani et al. 2015, 2017; O'Neill et al. 1991; 
Olijnyk et al. 1991; Pavese et al. 2001a, b; Sato et al. 1978; 
Sinogeikin and Bass 2000, 2002; Suzuki and Anderson 
1983; Takahashi and Liu 1970; Wang et al. 1998; Wang and 
Ji 2001; Weaver et al. 1976; Zhang et al. 1998, 1999; Zou 
et al. 2012a, b). We did not include spessartine, andradite, 
and knorringite as they are minor components of the Cr-
pyropes in this study.  Prp100 is the most studied end-member 

garnet, and more than twenty studies have reported the bulk 
modulus of  Prp100. As shown in Figure S4 and Table S3, the 
results are quite scattered, from 133(3) GPa to 212(8) GPa; 
however, the KT0 obtained by direct measurements (such as 
Brillouin light spectroscopy (BLS), ultrasonic interferom-
etry (UI) and RPR) are concentrated around 170 GPa. Up 
till now, there have been six direct measurements on  Prp100 
by various methods (Chantel et al. 2016; Chen et al. 1999; 
Gwanmesia et al. 2006; Leitner et al. 1980; Sinogeikin and 
Bass 2000; Zou et al. 2012b), of which the most recent five 
studies came to KT0 = 168.5(2)–170.5(16) GPa that are lower 
than KT0 = 175(1) reported by Leitner et al. (1980).

Four XRD studies have been performed on  Alm100, and 
the results were within 173(2)–190(5) GPa; two UI stud-
ies have reported very close KT0 (172.7(10) and 173.6(9) 
GPa). For  Grs100, the KT0 reported by XRD studies was 
139(5)–170.2(35) GPa. The direct measurements conducted 
by methods of BLS (Bass 1989; Conrad et al. 1999), UI 
(Wang and Ji 2001), and RPR (Isaak et al. 1992) arrived 
at very similar KT0 (165.0(27)-167.1(7) GPa), which are 
smaller than the KT0 reported by the other two UI studies 
(169.7(1) and 170.3(8) GPa; (Gwanmesia et al. 2014; Kono 
et al. 2010). In comparison to  Prp100,  Alm100, and  Grs100, 
the bulk modulus of  Uvr100 is smaller. The XRD studies 
obtained KT0 = 157(3)–164(3) GPa, and the BLS and UI 
study obtained comparable KT0 (160.0(20)–163.0(22) GPa).

Therefore, if we only compare the KT0 obtained by direct 
measurements, we have  Alm100 >  Prp100 >  Grs100 >  Uvr100. 
As shown in Fig. 4,  Alm100 is the least compressible and 
 Uvr100 is the most compressible. The compression curves 
of Prp-Cr#0.3, Prp-Cr#4.4, and Prp-Cr#9.3 are very close 
to that of  Grs100; Prp-Cr#15.1 is more compressible than 
 Grs100, and Prp-Cr#22.4 is only slightly more compressible 
than  Grs100 (Fig. 4).

Comparing the volume thermal expansions of the five Cr-
pyropes indicates that Prp-Cr#0.3 and Prp-Cr#4.4 have very 
close thermal expansions, and the expansions of the other 
three Cr-pyropes are also close (Fig. 5). As shown in Fig. 5, 
the difference of VT/VT0 between Prp-Cr#0.3 and Prp-Cr#4.4 
is less than 0.02% within 296–1000 K; and the difference of 
VT/VT0 between Prp-Cr#9.3, Prp-Cr#15.1 and Prp-Cr#22.4 
is less than 0.03% within 296–1000 K. Prp-Cr#0.3 and Prp-
Cr#4.4 expanded more than the other three Cr-pyropes, as 
shown in Fig. 5, the VT/VT0 of Prp-Cr#4.4 is 0.37% larger 
than that of Prp-Cr#22.4 at 1000 K.

Several studies Milani et  al. (2015, 2017), Skinner 
(1956) have investigated the thermal expansion behavior of 
 Prp100,  Alm100 and  Grs100 at room P using XRD (Table S4 
and Fig. 5a), which indicates that their thermal expansions 
have the following relationship:  Prp100 >  Grs100 >  Alm100. 
As shown in Fig. 5a, the VT/VT0 of  Prp100 is 0.33% and 
0.12% larger than that of  Alm100 and  Grs100 at 1000 K, 
respectively. Currently, no room-P high-T XRD data 

Table 2  Zero-pressure volume (VT0), isothermal bulk modulus (KT0) 
and its pressure derivative (K′T0) of the Cr-Pyropes

a BM3 EoS
b Third-order Tait EoS

V T0 (Å3) KT0 (GPa) K′T0

Prp-Cr#0.3a 1529.1(2) 170.2(35) 4.0(9)
Prp-Cr#0.3b 1529.1(2) 170.2(35) 4.0(9)
Prp-Cr#4.4a 1535.6(2) 168.7(35) 3.9(9)
Prp-Cr#4.4b 1535.6(2) 168.7(35) 3.9(9)
Prp-Cr#9.3a 1539.1(2) 170.0(35) 4.0(9)
Prp-Cr#9.3b 1539.1(2) 170.0(35) 4.0(9)
Prp-Cr#15.1a 1547.1(3) 165.7(35) 4.2(9)
Prp-Cr#15.1b 1547.1(3) 165.7(35) 4.2(9)
Prp-Cr#22.4a 1551.8(3) 165.4(37) 5.1(9)
Prp-Cr#22.4b 1551.8(3) 165.4(37) 5.1(9)
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Fig. 3  a–e Unit-cell volume for the Cr-pyropes as a function of pres-
sure and temperature. The solid symbols represent data collected 
at room  T high  P and high P–T, while the open symbols represent 
data collected at room P high T. Isothermal curves at 296 K, 400 K, 
500 K, 600 K, 700 K, 850 K and 950 K are shown. f Unit-cell volume 

for the Cr-pyropes as a function of temperature and the EoS fitting 
curves are also shown. In (a–f), the solid lines are isotherms gener-
ated using the BM3 EoS parameters, while the dashed lines are gen-
erated using the thermal-pressure EoS parameters. Error bars may be 
smaller than the symbol size
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are available for  Uvr100, but Gréaux and Yamada (2019) 
reported the thermal expansivity of  Uvr100 based on their 
high P–T XRD data, indicating that the thermal expansion 
of  Uvr100 is higher than that of  Alm100 but lower than that 
of  Prp100 and  Grs100 (Fig. 5a). In comparison with the end-
member garnets, the five Cr-pyropes have larger expansivi-
ties. For instance, at 1000 K, the VT/VT0 of Prp-Cr#0.3 is 
0.58% larger than that of  Prp100, and the VT/VT0 of Prp-
Cr#15.1 is 0.20% larger than that of  Prp100 (Fig. 5a).

The α300 of the five Cr-pyropes are close within the uncer-
tainty. As shown in Table 3 and Fig. 6a, the α300 of the five 
Cr-pyropes are 2.73(15)–2.96(13) ×  10−5  K−1. These val-
ues of α300 are comparable to the α300 of  Prp100 reported by 
Milani et al. (2015) and Skinner (1956) within the uncer-
tainty but are larger than that reported by Thieblot et al. 
(1998) (Fig. 6 and Table S4). In comparison with these Cr-
pyropes,  Alm100 has a lower value of α300 (Skinner 1956); 
the α300 of  Grs100 reported by Milani et al. (2017), Skinner 

Table 3  Thermal EoS parameters obtained from the isothermal EoS and thermal-pressure EoS fittings for the Cr-pyropes in this study

a Isothermal BM3 EoS with (∂KT/∂T)P
b Isothermal BM3 EoS with δ
c Holland and Powell (2011) thermal-pressure EoS

α300 (×10−5  K−1) α0  (10−5  K−1) α1  (10−8  K−2) α2 (K) (∂KT/∂T)P (GPa/K) δ θE (K)

Prp-Cr#0.3a 2.96(13) 2.89(9) 1.41(11)  − 0.32(8)  − 0.031(4)
Prp-Cr#0.3b 2.96(13) 2.89(9) 1.41(11)  − 0.32(8) 5.53(74)
Prp-Cr#0.3c 2.908(3) 522
Prp-Cr#4.4a 2.73(15) 3.25(11) 1.04(12)  − 0.75(9)  − 0.025(4)
Prp-Cr#4.4b 2.72(15) 3.24(10) 1.04(12)  − 0.75 (9) 4.58(70)
Prp-Cr#4.4c 2.884(5) 518
Prp-Cr#9.3a 2.78(10) 3.41(7)  − 0.05(8)  − 0.55(6)  − 0.022(4)
Prp-Cr#9.3b 2.77(10) 3.40(7)  − 0.05(8)  − 0.55(6) 4.33(74)
Prp-Cr#9.3c 2.603(5) 515
Prp-Cr#15.1a 2.87(10) 2.65(7) 0.83(8)  − 0.03(6)  − 0.019(3)
Prp-Cr#15.1b 2.85(10) 2.65(7) 0.83(8)  − 0.04(6) 3.83(68)
Prp-Cr#15.1c 2.568(4) 512
Prp-Cr#22.4a 2.75(10) 3.21(7) 0.17(8)  − 0.46(6)  − 0.023(3)
Prp-Cr#22.4a 2.76(8) 3.22(6) 0.17(8)  − 0.46(5) 4.64(61)
Prp-Cr#22.4b 2.569(5) 508

)b()a(

Fig. 4  V/VT0 as a function of pressure for the Cr-pyropes and end-
member  Prp100,  Alm100,  Grs100 and  Uvr100. a 0–4 GPa; b 4–10 GPa. 
The data of the end-member garnets are from previous studies Gré-

aux and Yamada (2019), Milani et al. (2015, 2017), while the data of 
the Cr-pyropes are from this study. Error bars may be smaller than the 
symbol size
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(1956) and Thieblot et al. (1998) are smaller than the α300 of 
the Cr-pyropes (Fig. 6 and Table S4). Gréaux and Yamada 
(2019) reported for  Uvr100 α300 = 2.37(20) ×  10−5  K−1 which 

was smaller than that of Cr-pyropes in this study while Fan 
et al. (2015) reported an α300 (2.72(14) ×  10−5  K−1) that was 
comparable to that of the Cr-pyropes.

We also compared our high P–T data with previous 
studies to determine if the Cr-pyropes have higher thermal 
expansivities than the end-member garnets at high P. We 
selected Prp-Cr#9.3 and compared its high P–T data with 
those of  Prp100 (Zou et al. 2012a),  Alm100 (Arimoto et al. 
2015),  Grs100 (Gréaux et al. 2011) and  Uvr100 (Gréaux and 
Yamada 2019). As shown in Fig. 7a, b, at high P,  Prp100 and 
Prp-Cr#9.3 have very close thermal expansivities;  Alm100 
has distinctively higher thermal expansivity than Prp-
Cr#9.3, while the thermal expansivity of the latter is observ-
ably higher than that of  Grs100 and  Uvr100 (Fig. 7c, d). To 
make the comparisons straightforward and include the other 
four Cr-pyropes, we compared the VT/VT0 of the Cr-pyropes 
and end-member garnets as a function of temperature at 
10 GPa (Fig. 5b). As shown in Fig. 5b, when T < 550 K, 
the Cr-pyropes,  Prp100, and  Alm100 have very close thermal 
expansivities, the differences in VT/VT0 are below 0.02%. 
However, the differences increase with increasing tempera-
ture.  Alm100 has distinctively higher thermal expansivity 
than  Prp100 at T > 550 K, as shown in Fig. 5b, the VT/VT0 of 
the former is 0.16% higher than that of the latter at 1000 K. 
For the Cr-pyropes, the thermal expansivity of Prp-Cr#0.3 
is between that of  Prp100 and  Alm100, and the VT/VT0 of Prp-
Cr#0.3 is 0.07% higher than that of  Prp100 but 0.09% lower 
than that of  Alm100 at 1000 K; the VT/VT0 of Prp-Cr#4.4 is 
0.03% higher than that of  Alm100 at 1000 K; the thermal 

(b)(a)

Fig. 5  VT/VT0 as a function of temperature for the Cr-pyropes and 
 Prp100,  Alm100,  Grs100 and  Uvr100 at room P (a) and 10 GPa (b). The 
data of the Cr-pyropes are from this study, while the data of the end-
member garnets are from previous studies Arimoto et al. (2015), Gré-

aux et  al. (2011), Gréaux and Yamada (2019), Milani et  al. (2015, 
2017), Skinner (1956), Zou et al. (2012a). Error bars may be smaller 
than the symbol size
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Fig. 6  Thermal expansion coefficients at 300 K (α300) for Cr-pyropes 
(a) in this study and end-member (b) pyrope, almandine, grossular 
and uvarovite from previous studies. Light blue balls represent results 
obtained from room-P high-T XRD studies Milani et al. (2015, 2017), 
Skinner (1956), Thieblot et al. (1998) while light green triangles rep-
resent results obtained from high P–T XRD studies Arimoto et  al. 
(2015), Fan et al. (2015), Gréaux et al. (2011), Gréaux and Yamada 
(2019), Zou et al. (2012a)
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Fig. 7  a–d the normalized 
unit-cell volume of Prp-Cr#9.3 
as a function of pressure and 
temperature in comparison 
with the end-ember  Prp100 
(a),  Alm100 (b),  Grs100 (c) and 
 Uvr100 (d); e–h unit-cell volume 
of Cr-pyropes Prp-Cr#0.3 (e), 
Prp-Cr#4.4 (f), Prp-Cr#9.3 (g), 
Prp-Cr#15.1 (h) as a function 
of pressure and temperature in 
comparison with end-member 
mixing unit-cell volume. The 
solid symbols represent data 
of the Cr-pyropes collected at 
room T high P and high P–T, 
while the open symbols repre-
sent that collected at room P 
high T. Isothermal curves at 
296 K, 400 K, 500 K, 600 K, 
700 K, 850 K and 950 K are 
shown. Solid curves are gener-
ated using the EoS parameters 
of the Cr-pyropes. The dashed 
curves in (a-d) are generated 
using the EoS parameters of 
the end-member garnets from 
previous studies Arimoto et al. 
(2015), Gréaux et al. (2011), 
Gréaux and Yamada (2019), 
Zou et al. (2012a). In (e–h), 
the dotted curves represent 
end-member mixing unit-cell 
volumes, while dashed curves 
represent the corrected end-
member mixing unit-cell vol-
umes. Error bars may be smaller 
than the symbol size
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expansivities of the other three Cr-pyropes are lower than 
that of  Prp100, as shown in Fig. 5b, at 1000 K, the VT/VT0 
of  Prp100 is 0.07%, 0.02%, and 0.11% higher than that of 
Prp-Cr#9.3, Prp-Cr#15.1 and Prp-Cr#22.4, respectively. By 
comparison,  Grs100 and  Uvr100 have distinctively lower ther-
mal expansivities than Prp100, Alm100, and the Cr-pyropes. 
As shown in Fig. 5b, at 1000 K, the VT/VT0 of  Grs100 and 
 Uvr100 are 0.16% and 0.31% lower than that of Prp-Cr#22.4, 
respectively. Therefore, at high P, the thermal expansivities 
of Prp-Cr#0.3 and Prp-Cr#4.4 are higher than that of  Prp100, 
while the other three Cr-pyropes have lower thermal expan-
sivities than  Prp100.

To determine if the EoS of the Cr-pyropes predicts sig-
nificant larger volumes than the mix (Vegard’s law) of the 
end-member volumes at high P–T, we compared the high 
P–T data and the EoS of the Cr-pyropes with the end-mem-
ber mixing volumes derived from established EoS based on 
high P–T data. We adopted EoS parameters (Tables S3–S5) 
of  Prp100 (Zou et al. 2012b),  Alm100 (Arimoto et al. 2015), 
 Grs100 (Gréaux et al. 2011),  Adr100 (Pavese et al. 2001a), 
 Sps100 (Gréaux and Yamada 2014), and  Uvr100 (Gréaux 
and Yamada 2019) to calculate the end-member volumes 
at high P–T, and then we calculated the corresponding end-
member mixing volumes according to the compositions of 
Cr-pyropes (Table 1). We did not include other end mem-
bers (e.g., schorlomite-Al, skiagite) into the calculation as 
they are very minor components in the Cr-pyrope. We did 
not include Prp-Cr#22.4 in the comparison, as it contains 
5.0 mol. %  Knr100 and the EoS parameters are currently una-
vailable for pure  Knr100. The results are shown in Fig. 7e–h, 
indicating that the EoS of the Cr-pyrope predicts larger vol-
umes than the end-member mixing models, as the VT0 of 
the former are larger than that of the latter (Table S6). After 
the discrepancy in VT0 is corrected, the EoS of Cr-pyrope 
predicts much more consistent values with the end-member 
mixing model. As shown in Fig. 7e–f, the EoS of Prp-Cr#0.3 
and Prp-Cr#4.4 predict consistent volumes with the end-
member mixing model at T < 700 K, and the discrepancies 
increase with increasing temperature while decrease with 
increasing pressure. For instance, at 950 K the EoS of Prp-
Cr#0.3 predicts 0.16% and 0.05% higher volumes than the 
end-member mixing model at 0 GPa and 10 GPa, respec-
tively. By comparison, the EoS of Prp-Cr#9.3 predicts con-
sistent volumes with the end-member mixing model at high 
P–T, and the maximum difference is 0.1% within the P–T 
range (Fig. 7g); the EoS of Prp-Cr#15.1 predicts smaller vol-
umes than that of the end-member mixing model, as shown 
in Fig. 7h, the former are 0.07–0.09% smaller than the latter 
at 950 K.

Previous room-P high-T XRD studies Milani et al. (2015, 
2017), Skinner (1956); Thieblot et al. (1998) reported much 
lower thermal expansivities for  Prp100,  Alm100, and  Grs100 
(Tables S4–S7), in comparison with the results reported by 

the high P–T XRD studies Arimoto et al. (2015), Gréaux 
et al. (2011), Zou et al. (2012a). In this study, the thermal 
expansivities of the Cr-pyropes are higher than the end-
member garnets  (Prp100,  Alm100, and  Grs100) when compared 
with the room-P high-T data from previous studies (Fig. 5a). 
However, the thermal expansivities of the Cr-pyropes are 
comparable to that of  Prp100 and  Alm100, although they are 
higher than that of  Grs100 and  Uvr100 when compared with 
the high P–T data from previous studies (Figs. 5b). There-
fore, the higher thermal expansivities of the five Cr-pyropes 
in comparison with the results from previous room-P high-T 
XRD studies do not necessarily indicate high excess ther-
mal expansivity in Cr-pyropes. Moreover, the EoS of the 
Cr-pyropes predicts comparable volumes to that of the end-
member mixing models (Fig. 7(e–h)), and the maximum 
discrepancy is ~ 0.2% which is small considering the uncer-
tainties of thermal expansivity (~ 10%; Table S4), although 
the larger VT0 in comparison with the end-member mixing 
model indicate positive excess volume (0.2–0.4%; Table S6). 
Therefore, the excess thermal expansivity in Cr-pyrope, if 
any, should be rather small.

The (∂KT/∂T)P of the five Cr-pyropes are within − 0.031(4) 
to − 0.019(3) GPa/K. As shown in Fig. 8 and Table 3, Prp-
Cr#0.3 has distinctly smaller (∂KT/∂T)P (− 0.031(4) GPa/K) 
than the others, while the other four Cr-pyropes have close 
values of (∂KT/∂T)P (− 0.025(4) to − 0.019(3) GPa/K). 
Few studies reported the (∂KT/∂T)P of end-member garnets 
(Arimoto et al. 2015; Fan et al. 2019; Gréaux et al. 2011; 

Fig. 8  KT/KT0 as a function of temperature for the Cr-pyropes and 
 Prp100,  Alm100,  Grs100 and  Uvr100. The data of the end-member gar-
nets and one of the Cr-pyropes (Prp-Cr#6) are from previous studies 
Arimoto et al. (2015), Gréaux and Yamada (2019), Isaak et al. (1992), 
Suzuki and Anderson (1983), Zou et al. (2012b), while the data of the 
other Cr-pyropes are from this study
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Gréaux and Yamada 2019; Isaak et al. 1992; Sinogeikin and 
Bass 2000; Zou et al. 2012a, b), and their results revealed 
that  Prp100,  Grs100, and  Uvr100 have very close values of 
(∂KT/∂T)P (− 0.021(1) to − 0.017(2) GPa/K; Fig. 8 and 
Table S5), while  Alm100 has a significantly lower (∂KT/∂T)P 
(− 0.043(14) GPa/K). Thus, for the five Cr-pyropes, the 
(∂KT/∂T)P of Prp-Cr#4.4, Prp-Cr#9.3, Prp-Cr#15.1, and Prp-
Cr#22.4 are close to the trend of  Prp100,  Grs100, and  Uvr100, 
while Prp-Cr#0.3 is closer to the  Alm100 trend (Fig. 8) than 
the other four Cr-pyropes. Moreover, utilizing RPR, Suzuki 
and Anderson (1983) measured the high-T elasticity of a 
natural Cr-pyrope (Prp-Cr#6) whose chemical composition 
was close to the Prp-Cr#4.4 in this study, and they obtained 
a close value of (∂KT/∂T)P (− 0.025(1) GPa/K; Fig. 8 and 
Table  S5), indicating that the EoS fitting of this study 
yielded comparable values of (∂KT/∂T)P to that obtained by 
direct measurement of elasticity.

To summarize, the results of this study indicate that (a) 
the Cr-pyropes have KT0 very close to  Prp100 and the differ-
ence is less than 3% within the composition range in this 
study, (b) the Cr-pyropes have larger thermal expansivities 
than the end-member garnets when compared with the room-
P high-T XRD results, but they are comparable when com-
pared with the high P–T XRD results, and (c) the (∂KT/∂T)P 
of the Cr-pyropes are close to that of the end-member  Prp100, 
 Grs100, and  Uvr100 but are distinctively larger than that of 
 Alm100.

Application to calculating entrapment 
pressure of garnet in peridotitic diamond

Garnet inclusions in peridotitic diamond are Cr-pyropes 
(Stachel and Harris 2008). Therefore, our results on the 
thermal EoS of Cr-pyropes are applicable to calculating the 
entrapment pressure (Pe) of peridotitic diamonds that have 
garnet inclusions using the diamond–garnet geo-barometry. 
The results of this study also indicate the compositional 
effects on the thermal EoS parameters of Cr-pyropes. It is, 
therefore, necessary to investigate the compositional effects 
on calculated Pe. Therefore, we calculate Pe of the Cr-
pyropes in this study and end-member garnets as inclusions 
in diamond, and we analyze the calculated results to evaluate 
the compositional effects on calculated Pe.

The use of diamond–garnet geo-barometry to calculate 
Pe is based on the elasticity theory and several assumptions, 
which have been described in great detail by several stud-
ies (e.g., Angel et al. 2014a, 2017; Milani et al. 2015). The 
diamond–garnet geo-barometry uses the residual pressure 
(Pi) exerted by the host (diamond) on the inclusion (gar-
net) and the thermal EoS parameters of both the inclusion 
and host to generate an isomeke which represents possible 
entrapment P(Pe) – T conditions. Here, to calculate Pe, we 

assume Pi = 0.2 GPa which could be for garnet inclusion in 
peridotitic diamond (Izraeli et al. 1999). Using the EosFit-
Pinc software (Angel et al. 2017), we calculate Pe for the 
five Cr-pyropes in this study using the obtained thermal EoS 
parameters (Tables 2, 3). In the calculation, the BM3 EoS is 
used, and the used thermal EoS parameters of diamond are 
from Angel et al. (2015). Using the same method and the 
thermal EoS parameters summarized in Table S7 (Arimoto 
et al. 2015; Gréaux et al. 2011; Gréaux and Yamada 2019; 
Isaak et al. 1992; Milani et al. 2015, 2017; Sinogeikin and 
Bass 2000; Skinner 1956; Zou et al. 2012a), the Pe of  Prp100, 
 Alm100,  Grs100, and  Uvr100 are also calculated. The uncer-
tainty of the calculated Pe is estimated from the uncertainties 
of the measured thermal EoS parameters.

The results indicate that the discrepancy in thermal expan-
sivity largely influences the Pe of Cr-pyrope. As shown in 
Fig. 9 and Table S8, the Pe of Prp-Cr#0.3 and Prp-Cr#4.4 are 
close to each other, and Prp-Cr#9.3, Prp-Cr#15.1 and Prp-
Cr#22.4 have very close Pe, which is very consistent with 
the differences in their thermal expansion behavior, namely, 
Prp-Cr#0.3 and Prp-Cr#4.4 have comparable expansivities, 
while Prp-Cr#9.3, Prp-Cr#15.1 and Prp-Cr#22.4 are also 
very close in thermal expansion behavior (Fig. 5a). There-
fore, for the Cr-pyropes, the variation in thermal expansion 
behavior plays a more significant role in influencing the cal-
culated Pe in comparison with the compressional behavior. 
As shown in Table 2, the KT0 of the five Cr-pyropes are very 

Fig. 9  Calculated entrapment pressure (Pe) as a function of tempera-
ture for the Cr-pyropes and end-member garnets  (Prp100,  Alm100, 
 Grs100 and  Uvr100) in diamond assuming a residual pressure of 
Pi = 0.2 GPa. Solid curves represent Cr-pyrope Pe, dash-dotted and 
dotted curves represent Pe of end-member garnets calculated using 
thermal expansivities obtained from high P–T XRD and room-P 
high-T XRD, respectively. An error bar is shown for each curve. Data 
of this figure are also shown in Tables S8–9
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close to each other (KT0 = 165.4(37)–170.2(35) GPa), and 
the difference is up to 2.8% which is much smaller than the 
difference in the thermal expansivity (up to 8.8%).

Likewise, the discrepancies between the room-P high-T 
and high P–T XRD studies in the thermal expansivities of 
end-member garnets lead to very different Pe. As shown in 
Fig. 9 and Table S9, using the thermal expansivities obtained 
by the room-P high-T XRD studies yield distinctively lower 
Pe for  Prp100,  Alm100, and  Grs100 than using the thermal 
expansivities obtained by the high P–T XRD studies. The 
calculated Pe of Cr-pyropes are more consistent with the 
end-member Pe calculated using the thermal expansivities 
obtained by the high P–T XRD than by the room-P high-T 
XRD. As shown in Fig. 9, Prp-Cr#0.3 and Prp-Cr#4.4 have 
very close Pe to  Prp100, while the Pe of Prp-Cr#9.3, Prp-
Cr#15.1, and Prp-Cr#22.4 are much closer to  Grs100 and 
 Uvr100 (Fig. 9).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 022- 01932-7.
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