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The CAS phase is a major constituent phase for the continental crust and basaltic compositions at the P-T conditions of the
Earth’s mantle, and potentially plays an important role in the geodynamic processes related to slab subduction. Its equation of
state has been investigated here at ambient temperature up to about 25 GPa by using a diamond-anvil cell and synchrotron X-
ray radiation. Its P-V data, fitted to the third-order Birch-Murnaghan equation, yield an isothermal bulk modulus (K7) of 185 (9)
GPa and first pressure derivative ( K;) of 7.2 (12). If KT' is fixed at 4, the derived Ky is 212 (4) GPa. Additionally, the CAS

phase is strongly elastically anisotropic, with its g-axis direction much less compressible than c-axis direction: K7.,: K7.. = 2.19.
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A CaO-, Al,O;- and SiO,-rich phase (CAS) was observed
by Irifune et al. [1] when they experimentally investigated
the phase relationships of the continental crust composition
at pressures of the mantle of the Earth. Subsequently the
CAS phase was compositionally and structurally con-
strained in the system CaO-Al,05-SiO, [2-5], with its
composition close to CaAl,Si,O;; and its structure of
P6s;/mmc. Later this phase was observed in the high-P ex-
periments using the basaltic compositions as the starting
materials, although its composition was slightly different to
CaAl4Si,0q; [6-8]. According to recent high-P experi-
mental exploration [9-11], the CAS phase is stable from
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about 10 to about 30 GPa. On the other hand, the CAS also
occurs as a natural mineral, and has been identified in
shocked Martian meteorites [12].

Both continental crust material and basaltic material
could be subducted to great depths of the Earth along the
subduction zone, and later either be digested by the sur-
rounding mantle material to create some compositional het-
erogeneity in the mantle [13] or be quickly exhumed to the
surface of the Earth [14—16]. Obviously, this dynamic pro-
cess is largely dependent on the equations of states (EoS) of
the constituent phases of the continental crust/basaltic mate-
rial and the mantle composition. As one of the involved
phases, the CAS phase might be important to this process.
However, the knowledge of the CAS phase at high pres-
sures has not been satisfactory, and the EoS of this phase
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has been investigated only in one experimental study [17].
Even in that experimental investigation [17], no P-V data
were reported from O to about 16 GPa, leaving the EoS not
well constrained. Here we synthesized the CAS phase in the
system Ca0-Al,0;-Si0, with a multi-anvil (MA) press, and
investigated its EoS from 0 to about 25 GPa with a dia-
mond-anvil cell (DAC) and synchrotron X-ray radiation.

1 Experimental details

The CAS phase of the composition CaAl;Si,O;; was syn-
thesized at 20 GPa and 1400°C with a 5000-ton Kawai-type
double-stage uniaxial split-sphere MA press installed at the
Institute for Study of the Earth’s Interior, Okayama Univer-
sity (Run-1472) [18]. The experimental details were given
in Xue et al. [18]. The experimental product contained the
CAS phase only, with its composition and structure con-
firmed by electron microprobe analyses and powder XRD,
respectively. This material was mixed with a small amount
of Au powder, and then used as the starting material in the
compression experiments with the DAC.

With a symmetrical DAC, we conducted in situ high-
pressure angle dispersive X-ray powder diffraction experi-
ments at the beamline X17C, National Synchrotron Light
Source, Brookhaven National Laboratory. We used T301
stainless steel plates as the gaskets and a 4:1 methanole-
thanol mixture as the pressure medium. In order to deter-
mine the experimental pressure by the ruby fluorescence
method [19], we loaded with the sample a couple of tiny
ruby balls. The experimental pressure was also estimated
using the EoS of Au [20], but the quality of the pressure
estimates with this method was generally low (see later
discussion). An online CCD detector was used to collect the
X-ray diffraction patterns, and the data-collecting time was
20 minutes. The X-ray diffraction patterns were later pro-
cessed with the Fit2D program to generate the conventional
one-dimension profile [21]. These high-P experimental and
data-processing techniques have been well established and
used in our previous experimental investigations [22-26].
The hexagonal unit-cell parameters of the CAS phase at
different pressures were calculated by refining the unit cells
using the strongest diffraction peaks 101, 102, 004, 110,
104, 112, 202, 203, 206, 214 and 302, whose positions were
determined by a full spectrum refinement of the powder
X-ray patterns. The unit-cell parameters of Au were derived
using the reflections 111, 200 and 220.

2 Result and discussion

We conducted the compression experiments up to about 44
GPa at ambient temperature, and did not observe any phase
transition, which is in good agreement with the result of

Ono et al. [17]. Although the pressure media of the 4:1
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methanol-ethanol mixture solidified at about 10 GPa [27],
no significant peak-broadening of the X-ray diffraction pat-
terns was observed for the high-P experiments up to ap-
proximately 25 GPa. Consequently, we report in this paper
the P-V data up to this pressure only. Peak-indexing of the
high-P powder X-ray diffraction patterns of the CAS phase
has been done and shown in Figure 1, according to the sin-
gle crystal X-ray diffraction data in Gautron et al. [4]. Typi-
cal powder X-ray diffraction patterns for the CAS phase are
illustrated in Figure 2. From these X-ray diffraction
patterns, we can see that the Au peaks have some general
problems which strongly affect their accurate peak-position
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Figure 1 Indexing the X-ray diffraction patterns. (a) Pattern calculated
from the data in ref. [4]; (b) synchrotron data collected at 1.60 GPa. Peaks
for Au are denoted by the asterisks. Wave length is 0.4066 A.
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Figure 2 Representative X-ray diffraction patterns of the CAS phase at

3.55 GPa (a), 9.12 GPa (b) and 25.41 GPa (c). Peaks for Au are denoted by

the asterisks. As pressure increases, the diffraction peaks of the CAS phase
become weaker.
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determination: peak 111 occurs at low 26 angle so that its
position bears relatively low accuracy, peak 200 overlaps
with the peak 203 of the CAS phase, and peak 220 is some-
times absent. As a result, the pressures estimated by using
the Au EoS [20] are much less interconsistent than those
estimated by using the ruby florescent method [19]. In our
later discussion, therefore, we only use the pressures esti-
mated by the ruby florescent method. The unit-cell parame-
ters at different pressures derived from the X-ray diffraction
patterns are listed in Table 1, and graphed in Figure 3.

High pressure reduces the size of the unit cell of the CAS
phase (Figure 3). For the investigated pressure interval, the
reduction of the lattice parameters a and ¢ with pressure is
apparently non-linear, and can be empirically described as:
a=5.432(2)-0.0065(4)P+0.00004(2)P* and c=12.708(8)—
0.0291(17)P+0.00026(6)P* with a and ¢ in A and P in GPa.
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Figure 3 Pressure dependence of the unit-cell parameters of the CAS
phase. (a) a-axis; (b) c-axis; (c) volume. Filled circles represent data col-
lected during compression whereas empty circle represents data collected
during decompression. The data from ref. [17] are shown for comparison.
Thick curves represent empirical fittings to our data, as described by the
equations.
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Table 1 Unit-cell parameters of the CAS phase at different pressures

P, (GPa)® P, (GPa)®  a(A) cA) V(A% alc

0.0001° 0.0001 5.428 (4) 12.728 (26) 324.7 (8) 0.426 (1)
0.72 (7)Y 0.70  5.429(2) 12.703 (11) 324.28 (23) 0.427 (0)
1.60 (3) 198  5421(1) 12.667 (4) 322.37 (12) 0.428 (0)
2.53(8) 292 5416(1) 12.629 (5) 320.83 (10) 0.429 (0)
3.55(5) 3.65  5.406(1) 12.607 (3) 319.02(7) 0.429 (0)
472 (8) 491 5403 (1) 12.566 (2) 317.67(7) 0.430 (0)
5.75 (0) 6.86 5393 (1) 12.547 (6) 315.96 (14) 0.430 (0)

7.40 (13) 7.07
9.12 (12) 8.46
1191 (14) 1121
1558 (11)  14.21
19.03(16) 1628
2224 (5) 21.32
2541(28)  25.95

5388 (2) 12.503 (11) 314.28 (27) 0.431 (0)
5.380 (4) 12.450 (18) 312.08 (45) 0.432 (1)
5361 (4) 12.406 (17) 308.72 (40) 0.432 (1)
5.344 (3) 12.319 (15) 304.70 (34) 0.434 (1)
5.321 (12) 12.260 (39) 300.6 (12) 0.434 (2)
5306 (3) 12.204 (14) 297.50 (32) 0.435 (1)
5298 (3) 12.119 (16) 294.64 (36) 0.437 (1)

a) Pressure determined by the ruby fluorescence method [19]; b) pres-
sure determined by the EoS of Au [20]; c¢) data from ref. [17], collected
after decompression; d) number in parentheses representing one standard
deviation in the rightmost digit; e) data collected during decompression.

Similarly, the dependence of the volume on pressure can be
empirically fitted as: V = 324.70(22)-1.514(48)P+0.0132
(19) P* with V in A® and P in GPa. Figure 3 shows that the
result of this investigation is much comparable to that in
Ono et al. [17], with the largest difference associated with
the ag-axis: the a-P curve from this study is concave up
while that from Ono et al. [17] concave down (Figure 3(a)).
In addition, Figure 3 shows that the reduction rate of the
unit-cell volume by pressure determined in this study is
faster than that determined in Ono et al. [17] (Figure 3(c)),
which should lead to a smaller bulk modulus.

The evolution with pressure of the a/c ratios of the CAS
phase was not constrained by the data of Ono et al. [17]
(Figure 4). Our data, on the other hand, clearly show a rapid
increase of the a/c ratio with pressure, indicating the linear
compressibility of the CAS is significantly anisotropic for
the pressure range investigated in our study.

In order to determine the isothermal bulk modulus, the
P-V data of the CAS phase have been fitted to the third-
order Birch-Murnaghan equation of state (BM-EoS) by a

least-squares method [28]:
5

P=3K,f,(1+2f,)? [H%(K} —4)f5} ;

where P is the pressure, K7 the isothermal bulk modulus,
K, the first pressure derivative of K, and f the Eulerian
definition of finite strain, which is [(Vy/V)**~1]/2, respec-
tively. In the Eulerian definition of finite strain, Vj is the
volume at zero pressure whereas V is the volume at high
pressure. When K, is set as 4, the isothermal bulk modu-
lus (K7) of the CAS phase is 212 (4) GPa, and the zero-
pressure volume is 324.52 (15) A It K, is not fixed, the

results of our best data-fitting are Ky = 185 (9) GPa,



Liu X, etal. Sci China Earth Sci
0.442
0.440 | HI]
0.438 — HE HEI . EI] [j
0.436 — / EH
| -
0.434 —
o
(1]
0.432—

Y = 0.427(0) + 0.00052(7)X
~ 0.000007(3)X2

04307 R® = 0.9962
0.428 -
0.426 O . This study

[0 From ref. [17]

0 10 20 30 40 50

Pressure (GPa)

Figure 4 Correlation of the a/c ratio of the CAS phase and pressure.
Filled circles represent data collected during compression whereas empty
circle represents datum collected during decompression. The data from ref.
[17] are shown for comparison. Thick curve represents an empirical fitting
to our data, as described by the equation.

K; =72 (12) and V;, = 325.05 (22) A’. In contrast, the re-

sults from Ono et al. [17] were K7 = 239 (8) GPa and V;, =
324.63 (77) A’ (K, = 4), or K; = 227 (29) GPa, K, =
4.8(20) and V, = 324.72(79) A>. 1t follows that the bulk
modulus of the CAS phase determined in our study is about
10% smaller than that determined by Ono et al. [17] (K

set as 4).

As mentioned earlier, the pressure media in our com-
pression experiments solidified at about 10 GPa so that
complete hydrostatic conditions could not be met in the
experiments at higher pressures. Although we did not see
apparent peak-broadening in the X-ray diffraction patterns
collected at pressures above 10 GPa (Figure 2), it is still
necessary to do some checking. The P-V data collected in
the experiments at P < 10 GPa have been fitted to the
third-order BM-EoS, yielding K = 195 (8) GPa and V,, =
324.93 (24) A3 (K; = 4). These values agree very well

with the results derived from the whole datum set (K7 =212
(4) GPa and V, = 324.52 (15) A® with K set as 4), sug-
gesting that nonhydrostatic condition was fortunately not a
big issue in our experiments at P > 10 GPa. On the other
hand, the experiments done by Ono et al. [17], which sug-
gested K7 = 239 (8) GPa and V,, = 324.63 (77) A* (K] =4),
might have been affected by deviatoric stress in the DAC
although they used a laser to heat the sample. According to
He et al. [29], nonhydrostatic condition in the DAC experi-
ments should lead to larger bulk modulus if the sample is
probed by an X-ray that is positioned parallel to the loading
direction of the DAC; this was the experimental setup used
in Ono et al. [17] and this study. Alternatively, the potential
10% overestimation of the K7 in Ono et al. [17] might be
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readily explained by the lacking of P-V data in the pressure
interval of 0—16 GPa.

A linearized third-order BM-EoS [30] was used to obtain
the parameters of the equations of state for the crystallo-
graphic axes, yielding: ay = 5432 (2) A, Kz, = 256 (21)
GPa and K, = 7.0 (24) for the a-axis while ¢y = 12.721(6)

A, Kr.=117(8) GPaand K/ _=6.3 (11) for the c-axis. The

elastic anisotropy (Kr..:Kr..) of the CAS phase, therefore, is
about 2.19; in other words, the a-axis direction is much less
compressible than the c-axis direction.

The quality of the derived third-order Birch-Murnaghan
equations of state for the CAS phase can be evaluated by
using the fz-F plot (Figure 5); F is defined as F =
PI[3f(142f)*"]. Using F, the third-order BM-EoS can be
rewritten as:

F=Kr+ 32K (K. — 4)f,

so that the slope of the line defined by the experimental data
should be equal to 3/2K( K; — 4), and the intercept value is

the isothermal bulk modulus. Accordingly, a slope of zero
means K;= 4, a negative slope K;< 4, and a positive

slope K, > 4. Figure 5(a) clearly suggests that the K, of

the phase CAS is larger than 4, in agreement with our P-V
data-fitting results detailed above. Similarly, the quality of
the derived third-order BM-EoS for the axes of the CAS
phase has been evaluated by using the fz-F plot (Figure
5(b) and (c)).

For the continental crust and sediment compositions,
many phases including the CAS phase are stable at the P-T
conditions of the mantle [1, 32]. The compressibility of the
CAS has been compared in Figure 6 to that of coesite (Coe;
Si0,) [33], omphacitic clinopyroxene (Cpx) [34], majoritic
pyrope (Mj-Py; MjssPyey) [35], grossular (Gro; CazAl,Sis-
Oyp) [36], phase Egg (Egg; AISiOsOH) [37], KAISi;Os-
hollandite (K-Holl-I; KAISi;Og) [38], NaAlSiO4-CF (CF;
NaAlSiOy,) [39], kyanite (Ky; Al,SiOs) [23], calcium per-
ovskite (CaPv; CaSiOj3) [40], corundum (Cor; Al,O3) [41],
phase J-AIOOH (AIOOH) [42], and Al,O;-bearing
stishovite (St; SiO,) [43]. Two points should be pointed out
in Figure 6. Firstly, our present EoS investigation suggests
that the CAS is more compressible, or denser in other
words, than previously determined [17]. Secondly, the
compressibility of the anhydrous silicate phases generally
decreases with the increase of the Si atom-coordination
number (for example 4 in Coe or 6 in St). From this per-
spective, the compressibility of the CAS phase obtained by
Ono et al. [17] seems too small because its V/V,-P curve is
well located in the area for the phases with their Si atoms
in 6-fold coordination; some of the Si atoms in the CAS
are 4-fold coordinated while some are 6-fold coordinated
[4, 5, 18]. This argument apparently favours our experi-
mental result.
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Figure 5 Eulerian strain-normalized pressure (fz-F) plot of the CAS
phase. (a) Volume; (b) ag-axis; (c) c-axis. Estimated standard deviations
have been calculated according to the method in ref. [31]. The solid lines
are the weighted linear fit through the data at P > 1 GPa. The data at 1 atm
from ref. [17], with large uncertainties, were used in the calculation, which
led to overestimated standard deviations.

3 Conclusions

In this study we carried out, at ambient temperature and up
to 25 GPa, in situ synchrotron X-ray diffraction experiments
with the DAC to determine the EoS of the CAS phase. The
isothermal bulk modulus of the CAS is 185(9) GPa, and its
first pressure derivative is 7.2 (12). If the first pressure de-
rivative of the isothermal bulk modulus is fixed at 4, the
derived isothermal bulk modulus is 212 (4) GPa. Moreover,
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Figure 6 Comparison of the EoS of the phases related to the continental
crust/sediment compositions at the P-T conditions of the mantle. The
number following the name of the phase is the coordination number of the
Si atom.

the CAS phase is strongly elastically anisotropic, with its
a-axis direction much less compressible than c-axis direc-

tion: K7.,: K7.. = 2.19.
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