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Abstract The thermoelastic parameters of the CAS phase

(CaAl4Si2O11) were examined by in situ high-pressure (up to

23.7 GPa) and high-temperature (up to 2,100 K) synchro-

tron X-ray diffraction, using a Kawai-type multi-anvil press.

P–V data at room temperature fitted to a third-order Birch–

Murnaghan equation of state (BM EOS) yielded:

V0,300 = 324.2 ± 0.2 Å3 and K0,300 = 164 ± 6 GPa for

K00,300 = 6.2 ± 0.8. With K00,300 fixed to 4.0, we obtained:

V0,300 = 324.0 ± 0.1 Å3 and K0,300 = 180 ± 1 GPa. Fit-

ting our P–V–T data with a modified high-temperature BM

EOS, we obtained: V0,300 = 324.2 ± 0.1 Å3, K0,300 =

171 ± 5 GPa, K00,300 = 5.1 ± 0.6 (qK0,T/qT)P = -0.023 ±

0.006 GPa K-1, and a0,T = 3.09 ± 0.25 9 10-5 K-1.

Using the equation of state parameters of the CAS phase

determined in the present study, we calculated a density pro-

file of a hypothetical continental crust that would contain*10

vol% of CaAl4Si2O11. Because of the higher density com-

pared with the coexisting minerals, the CAS phase is expected

to be a plunging agent for continental crust subducted in the

transition zone. On the other hand, because of the lower

density compared with lower mantle minerals, the CAS phase

is expected to remain buoyant in the lowermost part of the

transition zone.

Keywords CAS phase � CaAl4Si2O11 � Thermal

expansion � Compressibility � High pressure � In situ X-ray

diffraction

Introduction

The CAS phase is a Ca-rich aluminosilicate that was first

observed with the composition Ca0.8Al3.6Si2.4O11 (with a

small amount of Na2O and K2O) in the decomposition

product of sediments and continental crust at P, T condi-

tions of the mantle transition zone (Irifune et al. 1994).

Later, experiments also found CAS as a liquidus phase in

melting experiments on mid-ocean ridge basalt (MORB)

compositions at 26–27 GPa and *2,500 K (Hirose and Fei

2002; Wang and Takahashi 1999). According to the pre-

vious studies, the CAS phase could represent up to 10 vol%

of the subducted continental crust or 30 vol% of the solid

fraction of partially molten MORBs in the deep mantle.

The Ca-rich end-member of CAS was first observed

with composition CaAl4Si2O11 in the high P, T assemblage

of CaAl2Si2O8 anorthite at 14 GPa and *1,800 K (Gau-

tron et al. 1996). The calcium end-member is also reported

as an accessory phase in solid–solid reactions of formation

of actinide-bearing Ca-perovskites at 18 GPa and 2,000 K

(Gautron et al. 2006; Gréaux et al. 2009). A natural

occurrence of the Na-rich CAS phase with the composition

Ca0.29Na0.83Al2.91Si2.95O11 has been discovered in heavily

shocked Martian meteorites (Beck et al. 2004). Thus, the

CAS phase might be an important constituent mineral of

sediments and basalts subducted into the deep mantle, and

therefore, the description of its thermoelastic behavior is

important to infer the appropriate mineralogical model of

basaltic and continental crust subducted at the depths of the

mantle’s transition zone.
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The CAS phase with the composition CaAl4Si2O11 is

known to have a ‘‘barium ferrite’’-type hexagonal structure

with the P63/3mmc space group (Gautron et al. 1999). The

structure consists of one dodecahedral site occupied by Ca,

and two octahedral (M1, M2) and one trigonal bipyramidal

(T) sites that are occupied by Al and Si. A recent deter-

mination of Si–Al distribution in CaAl4Si2O11 phase syn-

thesized at 20 GPa and 1,700–1,900 K showed a

disordered Si–Al distribution in the M1 and T sites,

whereas M2 site is fully occupied by Al (Xue et al. 2009).

Only a few studies have been devoted to the CAS phase

at high P and T. Only recently, the high P, T phase relations

(up to 23 GPa and 2,100 K) and the stability limit of

CaAl4Si2O11 were investigated by Ishibashi et al. (2008),

Zhai and Ito (2008), and Akaogi et al. (2009), showing that

the CAS phase becomes stable at about 12–14 GPa and

*1,600 K. The dissociation of the CAS phase to an

assemblage of CaSiO3 perovskite, Al2O3 corundum, and

SiO2 stishovite was reported above 30 GPa and 2,000 K by

Ishibashi et al. (2008) who used a laser-heated diamond

anvil cell. Ono et al. (2005) reported the room temperature

compressibility of the CAS phase up to 44 GPa, using a

laser-heated diamond anvil cell.

Here, we report the pressure–volume–temperature

(P–V–T) relations of the CAS phase based on multi-anvil press

experiments coupled with energy-dispersive X-ray diffraction

(EDXRD) using synchrotron radiation at beamline BL04B1

(SPring-8, Japan). The use of a large-volume apparatus

allowed a precise control of the experimental conditions over

a large range of pressure and temperature (Rubie 1998).

Energy-dispersive powder diffraction pattern profiles were

measured in situ at high pressure and at high temperature.

Our results are compared with previous data and discussed

with respect to a model of continental crust subducted to the

P, T conditions of the mantle transition zone.

Experimental methods

A glass of CaAl2Si2O8 anorthite composition was first

prepared by mechanical mixing of commercial oxides in

molar proportions, CaCO3 Al2O3 2SiO2, and placed for

24 h at 1,173 K in order to remove any carbonates. The

mixture was then melted at *1,700 K (Osborn and Muan

1960), which after quenching produced a homogeneous

glass with the following composition (in wt%): CaO,

19.60; Al2O3, 35.87; SiO2, 45.04 (i.e. Ca0.96Al1.93Si2.06O8).

The starting material for high-pressure experiments was

prepared by mixing the anorthite glass with Al2O3 in the

molar proportions: 1CaAl2Si2O8 1Al2O3.

In situ high-pressure and high-temperature experiments

were carried out using a Kawai-type multi-anvil press

apparatus, SPEED-1500, located at beamline BL04B1 at the

synchrotron radiation facility, SPring-8 (Hyogo Pref.,

Japan). High pressure was generated within the so-called 8/3

assemblies, which consist of a Co-doped MgO octahedron

pressure medium, with a side length of 8.0 mm, and tungsten

carbide anvils with a 3.0-mm truncation edge length, sup-

ported by pyrophilite gaskets. A cylindrical TiB2-doped BN

heater that is transparent to X-rays was equipped with

LaCrO3 thermal insulators and molybdenum electrodes, in

order to generate high temperature during the HP experi-

ments (see details in Fig. 1). Temperature was measured by a

W97Re3-W75Re25 thermocouple, which was prevented from

touching the furnace by Al2O3 tubes on both sides. The

thermocouple was maintained between the two capsules and

protected by MgO powder that also served as soft pressure-

transmitting medium inside of the furnace. Capsules con-

sisted of cylindrical graphite with gold foils at each end.

Powder of the starting material was mixed with gold powder

(*10/1 wt). Pressure was calibrated using the equation of

state of gold proposed by Tsuchiya (2003).

Four experiments were performed at high pressure and high

temperature, in the P, T range of 0.0–23.7 GPa and

300–2,100 K (see Fig. 2; Table 1). The general procedure for

each heating cycle was to compress the sample and then heat

up to a target temperature. Data were collected at high tem-

perature by intervals of 200 K, in the P, T stability field of the

CAS phase, following previous studies (see Fig. 2 and refer-

ences therein). The samples were then quenched to room

temperature and heated a second time up to 700 K while data

were collected in steps of 200 K. The aim of this procedure

was to avoid the decomposition of the CAS phase at inter-

mediate temperatures (*800–1,400 K) to the phase assem-

blage made of grossular garnet? stishovite? corundum

(Akaogi et al. 2009; Zhai and Ito 2008). The next heating cycle

started after the sample was quenched to room temperature,

and the press load increased in order to reach higher pressure.

Energy-dispersive X-ray diffraction (EDXRD) data at

HP-HT were collected at the beamline BL04B1 at SPring-8

(project 2009A1300). Ge-solid detector was calibrated using

Fig. 1 Schematic drawing of the experimental cell assembly. Dashed
lines represent the path for the thermocouple through the pressure

medium and furnace
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characteristic fluorescence lines of metal standards (Cu, Mo,

Ag, Ta, Pt, Au, and Pb). In all the measurements, we used a

2-theta angle of 6�, which was calibrated prior to experiments

from the diffraction lines of Au. Collection time for each XRD

pattern was about 300 s. Unit-cell parameters of recovered

samples were also examined using a micro-focused X-ray

diffractometer, Bruker M21X-SRA (Model No 3100-VR),

equipped with a Cu rotating target, at the Geodynamics

Research Center (Ehime University). The X-ray diffractom-

eter was operated at 40 kV and 200 mA, and the profiles were

collected for a 2-theta range of 20�–90�, for approximately

30 min for each pattern. Analysis of the X-ray diffraction

patterns was carried out by means of the Le Bail multiphase

profile-fitting technique implemented in the EXPGUI/GSAS

software package (Le Bail et al. 1988; Larson and Von Dreele

2000; Toby 2001). Figure 3 shows two representative dif-

fraction patterns collected in situ at high P, T conditions

(Fig. 3a) and after quenching at room P, T conditions

(Fig. 3b), respectively. The diffraction patterns are well

explained by diffraction peaks of the CAS phase, stishovite,

and gold. In all our diffraction profiles, we observed small

peaks of stishovite coexisting with the CAS phase at high P, T.

The relative peak intensities of both phases indicate that the

CAS is the major phase in all samples and that stishovite can

be considered as an accessory phase in the present high P, T

experiments. The lattice parameters of the CAS phase mea-

sured in the quench samples are in good agreement with the

literature (see Table 2 and references therein).

The quenched samples were examined using a JEOL

JSM-5610LV scanning electron microscope (SEM)

Fig. 2 Pressure–temperature conditions during in situ measurements

at high P, T. Each symbol represents a P, T condition where XRD

pattern of the CAS phase was collected (yellow S2210, red S2402,

green S2458, blue S2460). Solid and dashed lines indicate the

transition boundaries of CaAl4Si2O11 determined, respectively, by

Akaogi et al. (2009), and Zhai and Ito (2008). Dotted line represents

the high-pressure stability limit of the CAS phase as reported by

Ishibashi et al. (2008). Gr Ca3Al2Si3O12 grossular garnet, Ky Al2SiO5

kyanite, Cor Al2O3 corundum, St SiO2 stishovite, CAS CaAl4Si2O11

CAS phase, CPv Al-bearing CaSiO3 perovskite

Table 1 Pressure, temperature, and lattice parameters of the CAS

phase

P (GPa) T (K) a (Å) c (Å) V (Å3) c/a

Run S2210

18.88 (4) 1,500 5.3509 (3) 12.2931 (13) 304.81 (3) 2.2974 (4)

19.25 (2) 1,500 5.3480 (2) 12.2812 (8) 304.20 (2) 2.2964 (2)

17.09 (1) 300 5.3198 (2) 12.1946 (9) 298.87 (2) 2.2923 (3)

14.32 (1) 300 5.3353 (3) 12.2509 (9) 302.01 (2) 2.2962 (3)

12.20 (2) 300 5.3470 (2) 12.3020 (10) 304.60 (2) 2.3007 (3)

1.59 (6) 300 5.4143 (4) 12.6351 (6) 320.77 (3) 2.3337 (3)

0.00 300 5.4270 (6) 12.7209 (23) 324.47 (7) 2.3440 (7)

Run S2402

19.25 (3) 1,900 5.3620 (4) 12.3634 (14) 307.84 (4) 2.3057 (4)

18.15 (5) 1,700 5.3629 (2) 12.3659 (12) 308.00 (3) 2.3058 (3)

18.71 (3) 1,900 5.3689 (3) 12.3674 (13) 308.73 (4) 2.3035 (4)

13.79 (2) 300 5.3347 (3) 12.2912 (11) 302.93 (3) 2.3040 (3)

14.78 (1) 500 5.3354 (3) 12.2971 (11) 303.16 (3) 2.3048 (3)

15.46 (2) 700 5.3382 (3) 12.2998 (9) 303.54 (3) 2.3041 (3)

14.65 (3) 300 5.3287 (2) 12.2570 (7) 301.42 (2) 2.3002 (2)

15.63 (4) 300 5.3268 (2) 12.2496 (9) 301.01 (2) 2.2996 (2)

21.06 (2) 1,900 5.3549 (4) 12.2933 (13) 305.29 (3) 2.2957 (4)

20.16 (8) 1,700 5.3488 (3) 12.3050 (13) 304.88 (3) 2.3005 (4)

20.74 (5) 1,900 5.3525 (4) 12.3099 (14) 305.42 (4) 2.2999 (4)

14.93 (7) 300 5.3306 (3) 12.2396 (11) 301.19 (3) 2.2961 (3)

16.03 (2) 500 5.3311 (5) 12.2417 (21) 301.31 (5) 2.2963 (6)

16.73 (8) 700 5.3350 (3) 12.2518 (11) 302.00 (3) 2.2965 (3)

16.36 (2) 300 5.3212 (2) 12.2287 (7) 299.87 (2) 2.2981 (2)

22.27 (6) 1,900 5.3458 (3) 12.2776 (11) 303.86 (2) 2.2967 (3)

21.43 (10) 2,100 5.3559 (3) 12.3302 (7) 306.31 (2) 2.3022 (2)

21.51 (10) 1,900 5.3516 (4) 12.2977 (12) 305.01 (3) 2.2979 (4)

21.62 (7) 1,700 5.3396 (2) 12.2780 (6) 303.17 (2) 2.2994 (2)

16.77 (9) 300 5.3224 (4) 12.2086 (12) 299.52 (4) 2.2938 (4)

17.26 (15) 500 5.3225 (3) 12.2188 (9) 299.77 (3) 2.2957 (3)

18.03(7) 700 5.3246 (3) 12.2342 (10) 300.38 (3) 2.2977 (3)

18.27(9) 300 5.3110 (7) 12.1951 (26) 297.90 (6) 2.2962 (8)

22.68 (8) 1,900 5.3391 (3) 12.2775 (10) 303.10 (3) 2.2995 (3)

22.10 (5) 1,700 5.3356 (4) 12.2660 (14) 302.42 (4) 2.2989 (4)

23.73 (21) 2,100 5.3422 (5) 12.2838 (12) 303.60 (5) 2.2994 (4)

22.72 (2) 1,800 5.3396 (2) 12.2621 (17) 302.77 (3) 2.2964 (4)

17.36 (3) 300 5.3180 (3) 12.2045 (13) 298.91 (3) 2.2949 (4)

18.42 (4) 500 5.3188 (3) 12.2099 (13) 299.14 (3) 2.2956 (4)

19.14 (5) 700 5.3224 (2) 12.2178 (14) 299.74 (3) 2.2956 (4)

0.62 (2) 300 5.4189 (3) 12.6963 (12) 322.87 (3) 2.3430 (4)

0.00 300 5.4227 (6) 12.7381 (27) 324.40 (7) 2.3490 (7)

Run S2458

20.90 (2) 1,700 5.3468 (3) 12.2926 (11) 304.35 (3) 2.2990 (3)

16.10 (3) 300 5.3225 (2) 12.2305 (10) 300.05 (3) 2.2979 (3)

16.96 (3) 500 5.3248 (2) 12.2369 (11) 300.47 (3) 2.2981 (3)

17.82 (2) 700 5.3270 (2) 12.2459 (9) 300.95 (3) 2.2988 (3)

17.71 (3) 300 5.3115 (2) 12.2011 (9) 298.11 (2) 2.2971 (2)
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equipped with an energy-dispersive X-ray spectrometer

(EDXS). The average chemical composition of the

CAS phase in all the run products was Ca0.99Al3.94-

Si2.04O11, which is consistent with that reported by previ-

ous studies (Gautron et al. 1996; Ono et al. 2005; Zhai and

Ito 2008).

Results and discussion

Pressure–volume data at room temperature

P–V data between 0.0 and 18.6 GPa, weighted by the

uncertainties in pressure and volume, were fitted with a

third-order Birch–Murnaghan equation of state (BM3

EOS), with the general form as follows:

PðV ; 300Þ ¼ 3

2
K0;300 �

V0;300

VP;300

� �7
3

� V0;300

VP;300

� �5
3

" #

� 1� 3

4
4� K 00;300

� �
� V0;300

VP;300

� �2
3

�1

" #( )

ð1Þ

where K0,300, K00,300, and V0,300 are the isothermal bulk

modulus, its pressure derivative, and the unit-cell volume

at room P, T conditions, respectively. Figure 4 shows the

refined isothermal compression curve at room temperature.

Fitting the Eq. 1 with K0,300, K00,300 and V0,300 as free

parameters, we obtain a bulk modulus of

K0,300 = 164 ± 6 GPa, with its first pressure derivative

K00,300 = 6.2 ± 0.8 and V0,300 = 324.2 ± 0.2 Å3 (see

Table 3). When K00,300 is fixed to 4.0, the fitting gives

K0,300 = 180 ± 1 GPa and V0,300 = 324.0 ± 0.1 Å3. The

refined room P volume is similar to that of Ono et al.

(2005) (V0 = 324.7 ± 0.8 Å3) and also to XRD measure-

ments from the current and various studies on samples

quenched from high P and T (see Table 2 and references

therein). However, the unit-cell volumes measured at high

pressure and the bulk modulus values derived from the

BM3 EOS show a significant disagreement with those of

Ono et al. (2005), who reported a refined K00,300 of

4.7 ± 0.7 for K0,300 equal to 229 ± 9 GPa.

Ono et al. (2005) calculated the compressibility of the

CAS phase based on 7 data-points collected during one run

up to 44 GPa. In the present study, 38 data-points were

collected inside and outside the stability field of the CAS

phase over 4 different runs at high P, T (see Fig. 2). Based

on our room temperature data, the CAS phase would be

*25% more compressible than that reported by Ono et al.

(2005). One of the possibilities to explain such an incon-

sistency could be the different P-calibrant. Ono et al.

(2005) used platinum and its EOS derived by Holmes et al.

(1989), whereas we used gold and its EOS proposed by

Tsuchiya (2003). Another possibility is the differential

stress in the diamond anvil cell, which could have a sig-

nificant effect on the compressibility measurements of the

CAS phase. However, Ono et al. (2005) claimed that their

experimental conditions were near hydrostatic conditions

up to 44 GPa after annealing their sample at about

*2,000 K. It is then difficult to discuss the different results

obtained in this study and those of Ono et al. (2005), and

therefore, alternative methods (i.e. Brillouin scattering and

high-pressure interferometry) are needed to resolve the

current discrepancies.

P–V–T data and thermoelastic parameters

The pressure–volume–temperature relations were descri-

bed with a modified HT-Birch–Murnaghan equation of

state, with the following form:

PðV ; TÞ ¼ 3

2
� K0;T �

V0;T

VP;T

� �7
3

� V0;T

VP;T

� �5
3

" #

� 1� 3

4
4� K 00;T

� �
� V0;T

VP;T

� �2
3

�1

" #( )
ð2Þ

Table 1 continued

P (GPa) T (K) a (Å) c (Å) V (Å3) c/a

22.65 (2) 1,700 5.3362 (3) 12.2505 (10) 302.10 (3) 2.2957 (3)

17.81 (2) 300 5.3121 (2) 12.1945 (10) 298.01 (2) 2.2956 (3)

18.61 (2) 500 5.3130 (2) 12.1950 (7) 298.12 (2) 2.2953 (2)

19.55 (2) 700 5.3153 (2) 12.2054 (10) 298.63 (2) 2.2963 (2)

19.10 (2) 300 5.3081 (2) 12.1647 (14) 296.83 (3) 2.2917 (3)

23.68 (4) 1,700 5.3304 (3) 12.2297 (14) 300.93 (3) 2.2944 (4)

18.59 (2) 300 5.3096 (2) 12.1712 (12) 297.16 (3) 2.2923 (3)

19.50 (3) 500 5.3103 (2) 12.1776 (11) 297.39 (3) 2.2932 (3)

20.34 (3) 700 5.3117 (3) 12.1867 (13) 297.78 (3) 2.2943 (4)

0.93 (1) 300 5.4185 (3) 12.6715 (10) 322.19 (3) 2.3386 (3)

0.00 300 5.4261 (4) 12.7165 (16) 324.25 (4) 2.3436 (5)

Run S2460

22.76 (5) 1,700 5.3347 (3) 12.2496 (13) 301.91 (3) 2.2962 (4)

17.57 (4) 300 5.3133 (3) 12.1999 (11) 298.28 (3) 2.2961 (3)

16.40 (3) 300 5.3230 (3) 12.2250 (11) 299.99 (3) 2.2966 (3)

18.27 (3) 700 5.3260 (3) 12.2375 (12) 300.63 (3) 2.2977 (3)

17.31 (3) 500 5.3245 (3) 12.2316 (12) 300.31 (3) 2.2972 (4)

16.23 (3) 300 5.3233 (3) 12.2278 (12) 300.08 (3) 2.2970 (4)

15.03 (3) 700 5.3474 (3) 12.2997 (12) 304.59 (3) 2.3001 (4)

14.25 (2) 500 5.3453 (3) 12.2913 (12) 304.14 (3) 2.2995 (4)

13.31 (2) 300 5.3433 (3) 12.2901 (13) 303.88 (3) 2.3001 (4)

7.54 (2) 500 5.3847 (3) 12.4677 (15) 313.06 (3) 2.3154 (4)

6.14 (2) 300 5.3802 (3) 12.4929 (9) 313.19 (3) 2.3220 (3)

0.64 (2) 300 5.4203 (3) 12.6826 (10) 322.69 (3) 2.3398 (3)

0.00 300 5.4259 (4) 12.7218 (21) 324.36 (5) 2.3446 (6)
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In Eq. 2, we assumed that the bulk modulus P-derivative

(K00,T) is constant with temperature, and therefore

K00,T = K00,300. The thermal dependence of the unit-cell

volume (at ambient pressure) is given by the thermal

expansion coefficient a0,T (Eq. 3), with the empirical

assumption: a0,T = a0 ? b0T. The temperature

dependence of the bulk modulus is expressed by a linear

function of the temperature, assuming the T-derivative

(qK0,T/qT)P to be constant (Eq. 4).

V0;T ¼ V0;300 � exp

ZT

300

a0;xdx

2
4

3
5 ð3Þ

Fig. 4 P–V data for the CAS phase at room temperature and the

isothermal curve at 300 K obtained by a third-order Birch–Murna-

ghan equation of state fit (V0,300 = 324.2 ± 0.2 Å3 and

K0,300 = 164 ± 6 GPa for K00,300 = 6.2 ± 0.8). Error bars are of

the same size of the symbols. P–V data (black dots) and isothermal

curve (dashed line) at 300 K obtained by Ono et al. (2005) are also

shown for comparison (V0,300 = 324.7 ± 0.8 Å3 and

K0,300 = 229 ± 9 GPa for K00,300 = 4.7 ± 0.7)

Fig. 3 Two examples of

diffraction patterns collected in

the same sample a in situ at high

pressure and high temperature

(24 GPa, 1,700 K) and b after

quenching to room P, T
conditions (0 GPa, 300 K). CAS
CAS phase, St stishovite, G gold

diffraction lines, F gold

fluorescence lines, *unidentified

peaks

Table 2 Comparison of lattice parameters of CAS phase at room P,

T conditions

References a0 (Å) c0 (Å) V0 (Å3) c0/a0

This study

Run S2210 5.4270 (6) 12.7209 (23) 324.47 (7) 2.3440 (7)

Run S2402 5.4227 (6) 12.7381 (27) 324.40 (7) 2.3490 (7)

Run S2458 5.4261 (4) 12.7165 (16) 324.25 (4) 2.3436 (5)

Run S2460 5.4259 (4) 12.7218 (21) 324.36 (5) 2.3446 (6)

Akaogi et al.

(2009)

5.4239 (2) 12.6805 (5) 323.06 (3) 2.3379 (2)

Zhai and Ito

(2008)

5.435 (1) 12.711 (6) 325.2 (3) 2.3387 (15)

Ono et al. (2005) 5.428 (4) 12.728 (26) 324.7 (8) 2.3449 (65)

Gautron et al.

(1999)

5.4223 (4) 12.7041 (6) 323.28 (5) 2.3429 (3)
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K0;T ¼ K0;300 þ
oK0;T

oT

� �
P

� T � 300ð Þ ð4Þ

Our P–V–T data were fit using the Eq. 2, refining all 6

parameters V0,300, K0,300, K00,300 (qK0,T/qT)P, a0 and b0

simultaneously. Figure 5 shows the isothermal compression

curves at different temperatures, and Table 4 lists the

thermoelastic parameters and the root-mean-square (RMS)

misfit in pressure. The values of K0,300 = 171 ± 5 GPa and

K00,300 = 5.1 ± 0.6 differ slightly from those determined

from the fit at room temperature. The large uncertainties of b0

(Eq. 3) is due to the lack of data-points in the range

700–1,700 K. Unfortunately, this issue cannot be solved

experimentally due to the relatively narrow P, T stability

field of the CAS phase.

Variations of a- and c-axis against P and T

Figure 6 shows the compression curves of the lattice

parameters at different temperatures. The ‘‘linearized’’ HT-

Birch–Murnaghan equation of state was used to fit the data,

assuming that K00,T is constant with temperature, as

described in the previous section. All the thermoelastic

parameters were not resolvable simultaneously, so we fixed

K00,300 = 5.1, which corresponds to the value obtained for

the HT-BM EOS fit of the unit-cell volume. Table 5

summarizes the compressibility and thermal expansivity of

the a- and c-axis. To avoid confusion, the thermal expan-

sion was rewritten as s0,T = x0 ? y0T.

The calculated unit-cell parameters at zero pressure and

room temperature are in good agreement with the XRD

data obtained from the quenched samples and with the data

reported in the literature (see Table 2 and references

therein). The values of the ‘‘linearized’’ bulk moduli at

room temperature suggest that the c-axis is remarkably

more compressible than the a-axis. These results agree well

with the previous experimental observations at high pres-

sure and room temperature (e.g. Ono et al. 2005). Figure 7

shows the variation against temperature of the isothermal

bulk modulus, K0,T (Fig. 7a), the thermal expansion, a0,T

(Fig. 7b), and the thermal pressure estimated by

PTh = a0,T 9 K0,T 9 T (Fig. 7c), for the a- and c-axis.

When temperature increases, our data show that the a-axis

softens faster than the c-axis (Fig. 7a). However, even at

high temperature, the c-axis remains more compressible

than the a-axis. The c-axis has a larger thermal expansivity

than the a-axis, but this difference decreases considerably

at high temperature (Fig. 7b). The calculated thermal

pressures are higher for the a-axis at any temperature.

These results suggest that the stiffness of the a-axis is

significantly larger than the c-axis both in compression and

in thermal expansion.

The different behaviors of the unit-cell axes under high

P, T could be explained on the basis of the crystal structure

of the CAS phase, and in particular by the linkage of

(Si,Al)O6 octahedra. The spinel-like sheet of M1 octahedra

forms, along the a-axis, a column of edge-sharing octahe-

dra that are expected to be stiff and therefore less flexible at

Table 3 Elastic parameters of CaAl4Si2O11 CAS phase compared

with Ono et al. (2005)

This study (P–V) Ono et al. (2005)

P = 0–19 GPa,

T = 300 K

P = 0–44 GPa,

T = 300 K

V0 (Å3) 324.0 (1) 324.2 (2) 324.7 (8) 324.7 (8)

K0,300 (GPa) 180 (1) 164 (6) 239 (2) 229 (9)

K00,300 4.0* 6.2 (8) 4.0* 4.7 (7)

RMS misfit (GPa) 0.218 0.190 – –

* Fixed

Table 4 Thermoelastic parameters of the CAS phase

CAS phase

(P = 0–24 GPa,

T = 300–2,100 K)

HT-BM

V0 (Å3) 324.2 (1)

K0,300 (GPa) 171 (5)

K00,300 5.1 (6)

(qK0,T/qT)P (GPa K-1) -0.023 (6)

a0 (10-5 K-1) 2.94 (17)

b0 (10-8 K-2) 0.51 (27)

a0,300 (10-5 K-1) 3.09 (25)

RMS misfit (GPa) 0.218

Fig. 5 Unit-cell volume of the CAS phase as a function of pressure

and temperature. Error bars are of the same size of the symbols. The

solid and dashed lines represent the HT-Birch–Murnaghan equation

of state fit at 300, 500, 700, 1,500, 1,700, 1,900, and 2,100 K,

respectively, with the following parameters: V0,300 = 324.2 ±

0.1 Å3, K0,300 = 171 ± 5 GPa, K00,300 = 5.1 ± 0.6, a0,300 = 3.09 ±

0.25 9 10-5 K-1, and (qK0,T/qT)P = -0.023 ± 0.006 GPa K-1

(RMS misfit = 0.218 GPa)
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high P, T than the corner-sharing network of M1 and M2

octahedra along the c-axis. Also, the CAS phase displays

two half-occupied tetragonal sites, which form a trigonal

bipyramid (T-site) oriented parallel to the c-axis. Dis-

placement of (Si, Al)-atoms in the mirror plan of the T sites

are also expected to favor the compressibility along the

c-axis. Note that such a mechanism would trigger the

transition of Si and/or Al to a fivefold coordination. Silicon

coordinated by five oxygen atoms is believed to play an

important role in the transport properties of minerals

through the formation of oxygen vacancies (e.g. Angel

et al. 1996).

Implications for subducted continental crust

We calculated density of a model of hypothetical sub-

ducted continental crust containing 10 vol% CaAl4Si2O11,

using the CAS phase’s EOS parameters obtained in the

present study and those of other constituent minerals pro-

posed by previous studies. Former studies have shown that

the proportion of minerals in subducted slabs might sig-

nificantly vary depending on temperature, pressure, and

bulk composition (Irifune et al. 1994; Ono et al. 2001;

Rapp et al. 2008). Yet, it is difficult to provide quantitative

analyses on subducted slabs as their compositions and

temperature might significantly vary from one region to

another. Irifune and coauthors calculated that under con-

ditions corresponding to the mantle transition zone, the

continental crust is mainly composed of K-hollandite,

majorite garnet, stishovite, and some amount of CAS phase

(*10 vol%).

We first calculated densities of a hypothetical conti-

nental crust (HCC), which consists of stishovite, majorite,

and K-hollandite with 1:1:1 ratio in volume (i.e. conti-

nental crust minus CAS composition). At P [ 20 GPa,

CaSiO3 perovskite is gradually exsolved from the majorite

garnet (Saikia et al. 2008) and would constitute *6 vol%

of the continental crust (Irifune et al. 1994). Therefore, at

P [ 20 GPa, the HCC model becomes stishovite, majorite,

K-hollandite, and Ca-perovskite with the ratio 1:0.8:1:0.2

in volume. We calculated densities of a model of conti-

nental crust (CC) based on the combination of the HCC

model with constituent minerals of the CaAl4Si2O11 system

Fig. 6 Variation of the normalized lattice parameters a/a0 (circle
symbols) and c/c0 (square symbols) as a function of pressure and

temperature. Error bars are of the same size of the symbols. The solid
and dashed lines represent the linearized HT-Birch–Murnaghan

equation of state fit at 300, 500, 700, 1,500, 1,700, 1,900, and

2,100 K, respectively

Table 5 Thermoelastic parameters of the a- and c-axis by linearized

HT-Birch–Murnaghan equation of state fit

a c

d0 (Å) 5.427 (1) 12.711 (6)

K0,300 (GPa) 239 (3) 103 (2)

K00,300 5.1* 5.1*

(qK0.T/qT)P (GPa K-1) -0.049 (10) -0.013 (7)

x0 (10-5 K-1) 2.56 (19) 3.91 (49)

y0 (10-8 K-2) 1.02 (46) 0.54 (61)

a0,300 (10-5 K-1) 2.87 (33) 4.07 (67)

RMS misfit (GPa) 0.411 0.414

* Fixed

Fig. 7 a Isothermal bulk

modulus

K0,T = K0,300 ? (qK0,T/
qT)P 9 (T–300), b thermal

expansion a0,T = x0 ? y0 9 T,

and c thermal pressure

PTh = a0,T 9 K0,T 9 T against

temperature for the lattice

parameters of the CAS phase.

Solid and dashed lines represent

the a-axis and the c-axis,

respectively
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with the ratio 0.9:0.1 in volume (e.g. Irifune et al. 1994). In

this model, we assumed that the formation and proportions

of CAS phase and Ca-perovskite are unrelated, and there-

fore, those two Ca-rich silicates could coexist in a large

range of P and T as proposed by a recent study (Gréaux

et al. 2011b).

Previous studies showed that the phase relation of the

CaAl4Si2O11 system present three domains: (1) grossular

garnet, kyanite, and corundum below *14 GPa; (2) gros-

sular garnet, stishovite, and corundum above 14 GPa and

below 1,400 K; and (3) the CAS phase at above 14 GPa

and 1,400 K. Thus, the triple point of the CaAl4Si2O11

system is located at 14.7 GPa and *1,550 K (Akaogi et al.

2009; Zhai and Ito 2008). Here, we adopted the phase

boundaries calculated by Akaogi et al. (2009) using ther-

modynamics data (see Fig. 8b). In their calculations, they

also proposed that the CAS phase dissociates to a mixture

of Al-bearing Ca-perovskite, stishovite, and corundum at

*25 GPa and T [ 1,500 K, which is consistent with the

previous experimental determination of Ishibashi et al.

(2008).

Three density profiles are proposed here, which differ by

their temperature profiles and mineral proportions. We first

assumed that minerals are thermally equilibrated with the

surrounding mantle and used the geotherm proposed by

Brown and Shankland (1981). Then, we used two geo-

therms of cold and hot subducted slabs, respectively, which

are based on the temperature profiles proposed by

Thompson (1992). For comparison, we plotted the densities

of the CAS phase along the mantle geotherm as well as a

seismological 1D density profile (PREM, Dziewonski and

Anderson 1981).

Table 6 summarizes the thermoelastic parameters used

in our calculation. In the present models, we assumed pure

end-member compositions for all the phases and used the

thermal EOS parameters determined in the present study

for the CAS phase and those obtained in previous studies

for the grossular garnet (Gréaux et al. 2011a), kyanite (Fei

1995; Yang et al. 1997), stishovite (Nishihara et al. 2005),

corundum (Hama and Suito 2001), K-hollandite (Nishiy-

ama et al. 2005), and Ca-perovskite (Wang et al. 1996). It

is known that the composition of majorite garnet changes

with pressure (Irifune et al. 1994); indeed, we chose and

employed the EOS parameters of majorite garnet, proposed

by Wang et al. (1998).

According to the phase boundaries proposed by Akaogi

et al. (2009), the CAS phase should not crystallize along

the cold subduction geotherm; therefore, the larger densi-

ties of this model are essentially due to the presence of

stishovite and K-hollandite in the phase assemblages. The

density profile following the hot subduction geotherm is

generally similar to the cold subduction profile in the

upper-to-middle part of the transition zone and the lower

mantle, the differences being ascribed to the higher tem-

peratures in the hot slab. However, we observe a marked

decrease in the density at the depths of the middle-to-

lowermost part of the transition zone, which is due to the

crystallization of the CAS phase at *20 GPa and 1,500 K

(Fig. 8b). One can note that, in natural systems, corundum

often dissociates in surrounding minerals, and therefore,

Fig. 8 a Calculated density profiles of a hypothetical continental

crust ? 10 vol% CaAl4Si2O11 at pressure conditions of the mantle

transition zone, for the geotherms of an ‘‘average’’ mantle (Brown and

Shankland 1981; red solid line), a hot subduction (Thompson 1992;

purple solid line) and a cold subduction (Thompson 1992; blue solid
line). The densities of the CAS phase are shown (dashed line) for the

mantle geotherm. The black heavy solid line represents a

1-dimensional density profile that is plotted after the Preliminary

Reference Earth Model (PREM, Dziewonski and Anderson 1981).

b Pressure–temperature–composition relation along the geotherms

shown in Fig. 7a. The phase relations (black solid lines) are from

Akaogi et al. (2009). Gr Ca3Al2Si3O12 grossular garnet, Ky Al2SiO5

kyanite, Cor Al2O3 corundum, St SiO2 stishovite, CAS CaAl4Si2O11

CAS phase, CPv CaSiO3 perovskite
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the densities showed here might be a little lower at P, T

conditions where the CAS phase does not crystallize. The

density profile following a normal mantle geotherm shows

the smallest densities. The CAS phase is expected to form

at *14 GPa and 1,700 K and would be stable from the

uppermost transition zone to the shallower lower mantle. In

this region, the calculated densities for the CAS phase are

higher than the surrounding mantle minerals. In contrast,

the CAS phase is less dense than the surrounding minerals

in the uppermost lower mantle. The densities of the CAS

phase in the transition zone are qCAS = 4.02–4.20 g cm-3,

whereas the surrounding mantle is

qPREM = 3.72–4.00 g cm-3. Above 660 km depth, the

CAS phase is 0.18 g cm-3 less dense than lower mantle

minerals.

Conclusions

Using a Kawai-type multi-anvil press coupled with syn-

chrotron X-ray diffraction, we carried out P–V–T mea-

surements on the CAS phase with the composition

CaAl4Si2O11, at pressures between 0 and 24 GPa and

temperatures up to 2,100 K. This is the first report of a

complete thermal equation of state for the CAS phase.

The present results suggest that the CAS phase would

have intermediate densities compared with other coexisting

minerals stable at the P,T conditions of the transition zone.

Therefore, an increasing proportion of the CAS phase with

increasing temperature (T [ 1,500 K) would contribute to

plunge the slab deeper into the transition zone. For equal

proportions, the plunging efficiency of the CAS phase

would be comparable with K-hollandite but lower than

stishovite and Ca-perovskite. In natural systems, it is

known that the CAS phase incorporates some amount of

Na2O and K2O (Beck et al. 2004; Irifune et al. 1994), but to

this day, no study reports the effect of those elements on its

thermoelastic properties. Considering the low amount of

Na2O and K2O in natural mantle, it is indeed expected that

this effect could be negligible.

The densities calculated for a continental crust con-

taining 10 vol% CaAl4Si2O11 showed that reactions of

formation and dissociation of the CAS phase could explain

multiple seismic reflections in regions of hot slabs sub-

ducted to the upper-to-middle part of the MTZ and

uppermost lower mantle, respectively. However, the den-

sity crossover near the 660 km depth discontinuity might

hinder the subduction of the continental crust into the lower

mantle. Therefore, the CAS phase would act as an agent of

buoyancy within hot slabs in the lowermost part of the

transition zone. Thus, the CAS phase could play an

important role in hosting and recycling Ca and Al in

stagnant slabs and/or upwelling plumes in the deeper parts

of the mantle transition zone.
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