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Compressibility of phase A, Mg,Si,HsO,4 up to 11.2 GPa

Takahiro KURIBAYASHI", Yasuhiro KUpOH" and Hiroyuki KAGI™

*Institute of Mineralogy, Petrology and Economic Geology, Graduate School of Science,
Tohoku University, Sendai 980-8578, Japan
**Laboratory for Earthquake Chemistry, Faculty of Science, University of Tokyo, 113-0033, Japan

A single crystal high-pressure X-ray diffraction study of phase A was performed using a diamond anvil cell up
to 11.2 GPa at ambient temperature. The chemical formula of this sample, determined by EPMA from an aver-
age of 18 data points, was Mg esSi; 90He0sO1s. Axial linear compressibilities of phase A were 5,=2.92(2) and .=
2.17(3) (x107°/GPa). The isothermal bulk modulus, calculated using the Birch-Murnaghan equation of state,
was K7,=105(4) GPa with a pressure derivative K'=3.9(8) and V=512.2(6) A% The bulk modulus correlates
with the summation of the filling factor of the tetrahedral site and the octahedral site, as shown for the minerals

on the forsterite-brucite join in the system MgO-SiO,-H,O.

Introduction

Ringwood and Major (1967) studied experimentally
the system of Mg,Si0,~-MgO-H,0 in order to clarify
its phase relations under high temperature and pressure
conditions. They discovered new types of hydrous mag-
nesium silicate minerals. They denoted these minerals as
phase A, phase B and phase C. Kanzaki (1991) has been
reported later that phase C is the same phase as super
hydrous phase B. Yamamoto and Akimoto (1974; 1977)
investigated the phase relationships in the system MgO-
Si0,-H,0 (MSH) under pressures between 2.9 GPa and
7.7 GPa and at temperatures between 500°C and 1200°C.
Then they determined the lower stability limits of phase A
and OH-chondrodite (OH-chondrodite was originally de-
noted as phase D in their study). Phase equilibrium in the
MSH system has recently been reinvestigated to study the
stability fields of humite minerals and phase A (ex. Burn-
ley and Navrotsky, 1996; Wunder, 1998; Pawley, 2000).
These studies showed that the stability fields of phase A,
OH-chondrodite and OH-clinohumite expanded higher
pressure regions. Ulmer and Trommsdorff (1994) showed
the breakdown of antigorite, which produced enstatite +
phase A at pressures > 6.6 GPa and at temperatures > 550
°C. Phase A may play an important role in hydration and
dehydration processes in subduction zones as a reservoir
and a carrier of water. The presence of water in the struc-
ture of a mineral may also change its physical properties
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(for example, bulk modulus and elastic constants). The
isothermal bulk moduli of minerals are closely related to
the bulk sound velocity of seismic wave. For this reason,
bulk moduli of minerals need to be investigated.

Parise et al. (1998) showed a simple positive cor-
relation between isothermal bulk modulus (K) versus
density (p) for dense hydrous magnesium silicate miner-
als (DHMS) and hydroxides. However, Pawley et al.
(1995) reported an isothermal bulk modulus of phase A
(K7;=145(5) GPa, assuming K'=4) from high-pressure
powder X-ray diffraction with a diamond anvil cell (DAC).
This value is significantly higher than that of forsterite
(K7=122.6 GPa, Kudoh and Takeuchi, 1985; K;=125(2)
GPa with K'=4.0(4), Downs et al., 1995) although the
density of phase A (2.96 g/cm?) is lower than that of for-
sterite (3.22 g/cm®). Similarly, Faust and Knittle (1994)
reported the isothermal bulk modulus of natural chon-
drodite (K7p=136.2(8.8) GPa with a pressure derivative
K'=3.7(4)) from high-pressure powder X-ray diffraction
using a DAC. This value is also slightly higher than that
of forsterite. These minerals on the forsterite-brucite join
in the MSH system showed differences from these char-
acteristic relationships in physical properties. The crystal
structure of phase A, which is different from those of hu-
mite minerals such as OH-chondrodite and OH-clinohu-
mite, might be caused to this irregular relation, although
the chemical formula of phase A, 2Mg,Si0,-3Mg(OH), is
similar to those of humite minerals, mMg,Si0,- Mg(OH),
(m=1-4). On the other hand, Sinogeikin and Bass (1999)
determined the elastic constants of natural chondrodite
(p=3.227(10) g/cm?) using the Brillouin scattering method
and reported a Ks of 118.2(2) GPa, which was lower than
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that of forsterite. Moreover, Ross and Crichton (2001)
reported the isothermal bulk modulus of OH-chondrodite
and OH-clinohumite to be Kp=115.7(8) GPa with K'=
4.9(2) and K7=119.4(7) with K'=4.8(2) using high-
pressure single crystal X-ray diffraction. Kuribayashi et
al. (1999) reported the isothermal bulk modulus of phase
A was K;,=104.8(4.0) GPa with K'=4.4(1.1). Compared
to the results of Crichton and Ross (2002) and Ross and
Crichton (2001), who reported a bulk modulus of phase
A (K7=97.5(4) GPa with K'=5.97(14)) and that of OH-
chondrodite and OH-clinohumite, these results are at odds
with the earlier studies. It is important crystallographi-
cally to resolve this problem in order to understand the
compression mechanism of homologous series minerals
such as phases on the forsterite-brucite join in the MSH
system under high-pressure conditions. In this paper, we
report the compression and the crystal structure data of
phase A under high-pressure conditions up to 11.2 GPa to
understand the effect of pressure on its crystal structure.
Compared to the humite minerals, which have similar
chemical compositions, the compression mechanism of
minerals in the forsterite-brucite join is discussed.

Experimental procedure

The sample used for this study was synthesized at 10
GPa, 1000°C in the USSA 2000 uniaxial split-sphere ap-
paratus at SUNY Stony Brook (Kagi et al., 2001). The
Mg/Si ratio of this sample was 3.51, as determined by
EPMA analysis (JEOL, JXA-8800M) and its chemical for-
mula, averaged by 18 data points, was Mg 81 .06He.06014-

Hydrogen content was estimated by the deficit from total
weight. A single crystal of phase A (60x50x30 ym in
size) was used for all X-ray diffraction measurements. A
modified Merrille-Bassett type diamond anvil cetl (Kudoh
and Takeda, 1986) was used for the high-pressure experi-
ment. The SUS301 stainless steel plate with a 200 ym
diameter hole in the center was used as a gasket. A 4:1
fluid mixture of methanol and ethanol was used for the
pressure medium. Pressure at each data point was deter-
mined by the ruby fluorescence method (Piermarini et al.,

Table 1. Variations of each cell parameter of phase A with pressure
up to 11.2 Gpa

GPa a (A) ¢ (A) v (AY
0.0 7.8604 (7) 9.5702 (8) 512.1 (1)
36 7.768 (1) 9.496 (4) 496.2 (3)
4.4% 7.751 (1) 9.475 (2) 493.0 (2)
62 7.708 (1) 9.435 (5) 485.4 (3)
6.4 7.706 (1) 9.427 (4) 484.8 (3)
9.1 7.649 (1) 9.381 (5) 4753 (3)
9.4% 7.644 (1) 9.372 (1) 474.2 (2)
9.6 7.640 (1) 9.373 (5) 473.8 (3)
10.8 7.624 (1) 9.347 (4) 4705 (2)
11.2 7.607 (1) 9.339 (7) 468.0 (4)

* Results of 2nd run using the same sample with another orientation
in DAC.

Table 2. Structural refinement information and latest R and R,, value of phase A at each pressure

Pressure 0 3.6 4.4* 6.2 9.1 9.4* 10.8
Scan method  w-20 w-20 w-26 w-20 w-26 w-26 w-20
Collected reciprocal region  h+k+,1+ h+,k+, 1+ ht,k+,1+ h+,k+,1+ h+k+,1+ ht k+,1+ h+,k+,1+
Measured reflections 1204 4138 3115 4083 4129 2986 2859
Reflections for analysis 378 97 104 83 81 105 102
Number of variable 34 33 28 30 29 29 31
Space group P6, Pé6, P6, Pé6, P6, P6, P6,
RandR, 5.6 6.4 8.1 6.7 9.3 6.8 6.2
4.8 6.4 8.6 6.8 9.2 7.5 6.3

*Results of 2nd run using the same sample with another orientation in DA.

R=3||Fo|-|Fc|[/|Fol
R,=Cw (|Fol-[Fc)zw Fo)™?
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Table 4. Selected bond distances (A) of phase A at each pressure condtions
Pressure (GPa) 0 3.6 4.4* 6.2 9.1 9.4* 10.8
Tetrahedron

Si1-03 [x3] 1.649 (5) 1.70 (3) 1.59 (5) 1.62 (4) 1.6 (1) 1.59 (4) 1.65 (3)
Si1-05 1.713 (10) 1.83 (9) 1.75 (10) 1.82 (10) 1.6 (2) 1.72 (9) 1.82 (9)

Mean Si1-O 1.665 (6) 1.73 (5) 1.63 (7) 1.67 (5) 1.6 (2) 1.62 (5) 1.69 (5)

Si2-01 [x3] 1.670 (6) 1.60 (3) 1.64 (4) 1.51 (3) 1.8 (1) 1.66 (4) 1.61 (4)
Si2-06 1.632 (10) 1.74 (10) 1.61 (10) 1.74 (10) 1.6 (3) 1.58 (10) 1.70 (10)

Mean Si2-O 1.653 (7) 1.64 (5) 1.63 (6) 1.57 (5) 1.8 (1) 1.64 (6) 1.63 (6)

Octahedron

M1-01 1.990 (6) 191 (3) 1.97 (4) 1.96 (5) 2.1(1) 1.94 (3) 1.92 (4)
M1-02 1.987 (7) 1.94 (3) 1.93 (4) 1.98 (4) 22(1) 1.99 (4) 1.91 (4)
M1-03 2.241 (7) 2.13 (4) 2.28 (5) 2.07 (6) 2.1 (1) 2.18 (4) 2.05 (5)
MI1-04 2.105 (7) 2.05 (5) 2.05 (5) 2.00 (5) 2.2 (1) 2.06 (4) 2.03 (5)
MI1-04' 2.388 (7) 2.29 (5) 2.36 (5) 2.26 (5) 23 (1) 2.25 (4) 2.22 (5)
M1-05 2.109 (6) 2.01 (4) 2.07 (4) 2.11 (6) 22 (1) 2.06 (4) 2.03 (5)

Mean M1-O 2.136 (7) 2.06 (4) 2.11 (5) 2.06 (5) 22 (1) 2.08 (4) 2.03 (5)
M2-01 2.069 (7) 2.20 (5) 2.02 (5) 2.08 (6) 2.1 (1) 2.02 (5) 2.11 (5)
M2-0O1' 2.209 (7) 2.28 (5) 2.14 (5) 2.18 (6) 2.1 (1) 2.16 (4) 2.15 (5)
M2-02 2.032 (7) 2.05 (4) 2.02 (5) 1.98 (5) 1.9 (1) 1.95 (4) 2.03 (4)
M2-03 2.000 (7) 2.11 (4) 1.97 (4) 215 (7) 1.8 (1) 2.03 4) 2.11 (5)
M2-04 2.144 (7) 2.14 (4) 2.12 (4) 2.18 (5) 2.0 (1) 2.10 (4) 2.12 (5)
M2-06 2.168 (6) 2.11 (5) 2,16 (7) 2,18 (7) 1.9 (1) 2.09 (4) 2.03 (5)

Mean M2-O 2.103 (7) 2,15 (5) 2.07 (5) 2.13 (6) 2.0 (1) 2.06 (4) 2.09 (5)

M3-02 [x3] 2.065 (7) 2.09 (4) 2.03 (5) 2.15 (5) 2.0 (1) 2.05 (4) 2.05 (4)

M3-04 [x3] 2.075 (7) 2.12 (6) 2.08 (5) 2.01 (6) 1.8 (1) 2.05 (5) 2.09 (6)

Mean M3-0O 2.070 (7) 2.11 (5) 2.06 (5) 2.08 (6) 1.9 (1) 2.05 (5) 2.07 (5)

*Results of 2nd run using the same sample with another orientation in DAC.

1975). All X-ray diffraction measurement was performed
using an automated four-circle X-ray diffractometer
(Rigaku, AFC-7S) with graphite monochromatised MoK
« radiation (4=0,71069 A, 50 kV 40 mA). The cell pa-
rameters of phase A under each pressure condition were
determined by 18-25 centered reflections in the 26 range
between 10° and 29°. Refined cell parameters are listed in
Table 1. Crystal structures of phase A under high-pressure
conditions were refined at ambient pressure, 3.6, 4.4, 6.2,
9.1, 9.4 and 10.8 GPa. The X-ray diffraction intensities
of phase A were measured up to sind<0.7 by 28-@ scan
with fixed ¢ method. The reflection data with Io>1.50(Io)
were used for structure refinements at each pressure point.
After Lorentz-polarization corrections, the intensities of
symmetrically equivalent reflections were averaged in the
Laue group of 6/m. No crystal absorption correction was
applied because of the small 4 value (£=8.72 cm™) and
the size of crystal. The initial parameters of phase A with
space group P6; were from Horiuchi et al. (1979). The
value of 1/0” was used as weight for structure analysis at

ambient pressure. The unit weight was used for the other
analyses under high-pressure conditions. All calculations
were performed using the teXsan crystallographic soft-
ware package of Molecular Structure Corporation (1992).
The conditions of structure refinements are summarized in
Table 2. Final atomic coordinates and the selected bond
distances of phase A at each pressure are given in Tables 3
and 4. The observed and calculated structure factors for
phase A at each pressure point are given in Appendixes
1-7.

Results and discussion

Although the pressure medium of 4:1 fluid mixture of
methanol and ethanol is considered to change a vitreous
state under pressure higher than 10 GPa, no anomalous
broadening of the ruby fluorescence peaks or the X-ray
diffraction peaks from the sample were observed up to
11.2 GPa. We assumed that the specimen was approxi-
mately under hydrostatic condition in the pressure range
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up to 11.2 GPa.

Figure 1 shows a plot of each axial length of phase
A with increasing pressure up to 11.2 GPa. Each axial
length gradually decreased over this pressure range. The
axial linear compressibilities of phase A, which we deter-
mined, are 8,=2.92(2) and 8,.=2.17(3) (x107%/GPa). The

c-axis, which is perpendicular to the oxygen packing layer
of phase A, was less compressible than the [100] direc-
tion. Ross and Crichton (2002) performed high-pressure
single crystal X-ray diffraction experiment using a DAC
up to 7.6 GPa and reported axial compressibility and
isothermal bulk modulus. Our results are in good agree-
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ment with those of Crichton and Ross (2002), 8,=3.00(5)
and 5.=2.30(4) (x107%/GPa). Compared to other minerals
on the forsterite-brucite join such as OH-chondrodite and
OH-clinohumite (the packing direction of oxygen is [100]
in both minerals and compression data are from Ross
and Crichton, 2001), the linear compressibility of the
packing direction of phase A (8.=0.00217(3)/GPa) was
greater than that of OH-chondrodite (3,=0.00188(3)/GPa)
and OH-clinohumite (5,=0.00175(2)/GPa). In contrast,
the linear compressibility of [100] direction of phase A
(B8.=0.00292(2)/GPa) is slightly higher than those of OH-
chondrodite (8,=0.00280(3)/GPa and 5.=0.00279(3)/GPa)
and is nearly the same as that of OH-clinohumite
(8,=0.00290(4)/GPa). The . value (0.00258(3)/GPa) of
OH-clinohumite is less than the 8, value of phase A. The
compression process of phase A is different from those of
humite minerals.

Figure 2 shows the compression curve of phase A
up to 11.2 GPa. The isothermal bulk modulus of phase
A, calculated from the Birch-Murnaghan equation of
state, was 105(4) GPa with a pressure derivative K'=
3.9(8) and V,=512.2(6) A%, This value is consistent
with that of Crichton and Ross (2002) (K7=97.5(4) GPa
with K'=5.97(14)), but significantly smaller than that of

Pawley et al. (1995) (K7,=145(5) GPa assuming K'=4).
Our K’ value is significantly lower than that of Crichton
and Ross (2002). But both values are within three times
the estimated standard deviation. A 4 :1 fluid mixture of
methanol and ethanol was used as a pressure medium in
both studies, but Crichton and Ross (2002) determined
pressure using the equation of state for quartz (Angel et
al., 1997), while we used the ruby fluorescence method
(Piermarini et al., 1975). In high-pressure single crystal
X-ray diffraction experiments, it is well known that the
use of the unit cell parameters determined outside the
pressure cell biases the results because of the restriction of
the measurable area in a reciprocal space. These affected
the calculations for the Ky, and K’ values. Moreover,
because the K’ value reflects the initial compression of
material, the data around the lower pressure points, es-
pecially at ambient pressure, are important. In our study,
the estimated standard deviation for K’ is higher than that
of Crichton and Ross (2002) because of the lack of lower
pressure data (under 3 GPa) and the probability of non-
hydrostatic conditions in a DAC over 10 GPa. On the
other hand, Pawley et al. (1995) carried out high-pressure
powder X-ray diffraction study with a DAC up to 10 GPa
using a non-dried 4:1 methanol and ethanol mixture as a
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b

Figure 6. (a) Crystal structure of phase A
viewed down from the c-axis (corresponds
to A2 layer). (b) Crystal structure of phase
A viewed down from the ¢-axis (corresponds
to Al layer).
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pressure transmitting fluid and NaCl powder as an internal
pressure standard. Although a 4 :1 methanol and ethanol
pressure medium is known to be hydrostatic to at least
10 GPa, the phase A powder in a DAC, which Pawley et
al. (1995) used, would not be in hydrostatic condition be-
cause of insufficient pressure transmitting fluid. Frost and
Fei (1999) reported that non-hydrostatic conditions would
be generated in high-pressure X-ray powder diffraction
experiments. The high-pressure results of Pawley et al.
(1995) suggested the experimental conditions were not
under hydrostatic condition.

Parise et al. (1998) showed simple correlations
between bulk modulus (K) and density (p) for dense hy-
drous magnesium silicate minerals and hydroxides (Fig.
3). Our results are consistent with that trend. However, a
plot of packing index versus bulk modulus (Fig. 4) shows
another trend. The packing index (Berry and Mason,
1959) is defined as the percentage of the total volume of
substance occupied by atoms/ion. This concept assumes
that ions behave like spheres supporting each other in a
crystal structure and, even with the same numbers of ions,
different modes of packing having with different volume
requirements, are possible. We assumed the ionic radius
of Mg, Si, and O as 0.8, 0.3 and 1.4 (A), respectively. It
is derived from crystal structure data in the following
way: packing index (P.I.) = (volume of ions / volume of
unit cell)x10. Forsterite and humite minerals fall on one
trend but phase A does not. Figure 4 shows that although
the packing index of phase A has the nearly same value
as those of humite minerals, the bulk modulus of phase A
is significantly smaller. Other dense hydrous magnesium
silicate minerals show the same trend as that of phase A.
This suggests that the compression mechanism for phase
A is different from that of humite minerals.

In all structures of forsterite, humite minerals and
phase A, one half of the octahedral sites are occupied, but
the occupancies of the tetrahedral site for these minerals
are different (1/8 for forsterite, 1/10 for chondrodite, 1/9
for clinohumite and 1/16 for phase A). The filling factor
for polyhedral (tetrahedral and octahedral) sites is defined
as the ratio of (the occupied polyhedral site) / (the total
number of each polyhedral site) in its structure. A plot of
bulk modulus versus the summation of filling factor for
tetrahedral and octahedral sites shows a good correlation
for humite minerals but not for phase A (Fig. 5). This
indicates that the tetrahedral site should affect the com-
pression mechanism of these minerals. In humite miner-
als, the crystal structure consists of a slightly distorted
ABAB type hexagonal closest packing. The replacements
of Si*+40% < [ + 4(OH, F) are generated in humite
homologous series, which are described as Mg,,Si,.1Oux.4
(OH, F); (x=3,5,7, and 9). In contrast, the crystal struc-

ture of phase A is composed of an ABCB type closest
packed anion array, forming two type layers, Al and A2,
which are stacked alternately along the c-axis (Fig. 6a,
b). The crystal structure of phase A has the characteristic
octahedral vacancy site. Kudoh et al, (2002) described
Al and A2 layers. The A2-layer is composed of SilO,
tetrahedra, Mg204 and Mg30; octahedra. The Mg20,
octahedron shares edges with other symmetrically equiva-
lent Mg20Qs octahedra to form Mg2;0,; group. This
group is linked to others by sharing edges with Mg30O,
octahedron. The Mg20q octahedron is the same type of
octahedron found in forsterite and humite minerals. The
Si10, tetrahedron shares corners with Mg2Qg octahedra.
The Sil10, tetrahedron shares no edge with octahedra. In
contrast, the Al-layer is composed of Si20, tetrahedra
and Mg10Qg octahedra. The MglOg octahedron forms
Mg1,;0,; group like Mg20; octahedron in the A2-layer.
Although these groups are isolated, they are linked to oth-
ers by sharing the corners with Si20, tetrahedra (Horiuchi
et al. 1979). While the crystal structures of humite miner-
als consist of only one type layer for each mineral, the
Al- and A2- layers in the phase A structure are connected
by two types of tetrahedra. The layers in humite minerals
are connected by only one type of tetrahedron similar to
the Si20, tetrahedron in phase A. The structure analyses
of phase A under high-pressure conditions showed that
the mean Sil-O and Si2-O bond distances in each tetra-
hedron remain almost unchanged, 1.662(6) A — 1.69(5)
A and 1.653(7) A — 1.64(6) A, respectively. This shows
that the tetrahedron should behave like a rigid body in
this pressure range. In contrast, for octahedral sites,
the decreasing ratios of the mean M-O distance in each
octahedron up to 10.8 GPa are 0.95 for Mg10Qs, 0.99 for
Mg20¢ and 1.00 for Mg30,. The mean M-O distance of
Mg10g octahedron, which forms isolated Mg1,0,5 block,
is most compressible. This octahedron is the character-
istic octahedron in the phase A structure compared with
the crystal structures of humite minerals. The total void
space volume is calculated from the deficit of the summa-
tion of all the polyhedral volume from the unit cell vol-
ume. The bulk modulus of total vacancy space in phase A,
calculated from the Birch-Murnaghan equation of state,
is K1=97(2) GPa, assuming Kp'=4. This result shows
that the void space of phase A is more compressible than
the occupied octahedral site in the phase A structure. The
characteristic large void space, which is present in the
phase A structure, corresponds to the octahedral vacancy
site. This site would control its compression. The oxygen
sites related to this octahedral vacancy site in the phase A
structure are O2 and O3. Over the same pressure range,
the 02-03 distance (2.900(7) and 2.897(7) A at ambient
condition — 2.69(8) and 2.61(8) A at 10.8 GPa), which
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corresponds to compression in the stacking direction,
decreases more than the 03-04 distance (3.092(8) A at
ambient condition — 2.99(3) A at 10.8 GPa), which cor-
responds to horizontal compression. Kagi et al. (2000) re-
ported the deuterium positions in phase A structure using
powder neutron diffraction. They reported that hydrogen
is located near the octahedral vacancy site and forms two
types of hydrogen bonding, which they described as
02-H--03 and 04-H---O3. Kudoh et al. (2001) reported
that the 02-03 bond distances decreased about 10% more
than the O4-O3 bond distance (6%) under pressures up to
9.4 GPa. Our result is consistent with that of Kudoh et al.
(2001). The characteristic compression of this vacancy
site should be influenced by the strength of the hydrogen
bonding.

The differences of the compression mechanisms
between phase A and humite minerals are shown using
the packing index and the filling factor. These parameters
may be useful to understand the effects of pressure for ho-
mologous series minerals. It is especially useful to clarify
the effects of the replacements between OH and F on the
pressure behavior in humite minerals. The detailed com-
pression mechanism was significantly different between
phase A and humite minerals. However, crystal structure
data of humite minerals under high-pressure condition is
lacking. Further data on the crystal structure of humite
minerals under high-pressure conditions is needed in or-
der to confirm the differences in the compression mecha-
nism between phase A and humite minerals.
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Appendix 1. (Continued)

T. Kuribayashi, Y. Kudoh and H. Kagi

h k ! Fo Fc h k ! Fo Fc h k ! Fo Fc
5 4 1 53 66 * 6 2 4 0 23* 7 2 0 232 224
5 4 2 98 108 6 2 5 116 115 7 2 1 198 200
5 4 3 223 226 6 2 6 118 114 7 2 2 145 157
5 4 4 90 84 6 2 7 244 266 7 2 3 0 37*
5 4 5 0 45* 6 2 8§ 100 124 7 2 4 0 23+*
5 4 6 212 235 6 3 0 855 878 7 2 5 205 191
5 4 7 216 224 6 3 1 0 45¢* 7 2 6 30 S51*
5 5 0 271 266 6 3 2 62 41* 7 3 0 0o 71+*
5 5 1 0 26¢* 6 3 3 43 38* 7 3 1 136 114
5 5 2 104 96 6 3 4 274 255 7 3 2 219 233
5 5 3 94 114 6 3 5 0 29* 7 3 3 107 92
5 5 4 128 108 6 3 6 166 136 7 3 4 44 56 *
5 5 5 110 125 6 3 7 33 33+ 7 3 5 28 70*
5 6 0 0 22+ 6 4 0 77 91*
5 6 1 21 72 * 6 4 1 88 92 8§ 0 0 68 59*
6 4 2 208 196 8 0 1 0 55+*
6 0 0 333 344 6 4 3 142 148 8§ 0 2 98 98
6 0 1 223 222 6 4 4 99 69 8 0 3 52 91*
6 0 2 51 100¢* 6 4 5 7 45¢* 8 0 4 168 168
6 0 3 234 256 6 5 0 0 37* 8§ 0 5 0 206*
6 0 4 212 208 6 5 1 110 136 8 0 6 87 103
6 0 5 147 154 8§ 0 7 171 190
6 0 6 0 41* 7 0 0 0 25* 8 1 0 191 185
6 0 7 243 258 7 0 1 63 58*% 8 1 1 161 164
6 0 8§ 40 44 % 7 0 2 280 304 8 1 2 278 278
6 0 9 0 7 * 7 0 3 277 301 8 1 3 0 24+*
6 0 10 43 88* 7 0 4 228 229 8 1 4 111 128
6 1 0 215 206 7 0 5 560 532 8 1 5 159 172
6 1 1 263 258 7 0 6 306 322 8 1 6 265 274
6 1 2 496 517 7 0 7 55 87* 8§ 2 0 178 164
6 1 3 173 178 7 0 8 31 18 * 8 2 1 180 181
6 1 4 170 178 7 0 9 219 219 8 2 2 97 126
6 1 5 147 147 7 1 0 141 119 8§ 2 3 166 173
6 1 6 379 379 7 1 1 110 114
6 1 7 101 108 7 1 2 125 126 9 0 0 339 311
6 1 8 212 193 7 1 3 21 76 * 9 0 1 46 59*
6 1 9 40 60* 7 1 4 85 88 9 0 2 146 145
6 2 0 163 178 7 1 5 0 21* 9 0 3 49 125+*
6 2 1 83 99 7 1 6 61 70 * 9 0 4 238 232
6 2 2 101 106 7 1 7 0 75* 9 1 0 0 31+*
6 2 3 148 141 7 1 8§ 64 118¢* 9 1 1 0 56*

* Unobserved refrection.



Appendix 2. The observed and calculated structure factos for phase A at 3.6 GPa
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h k / Fo Fe h k / Fo Fe h k / Fo Fe
1 0 1 51 67 3 1 1 208 226 6 0 4 191 214
1 1 0 498 420 3 1 3 292 335 6 1 2 364 353
1 1 1 380 415 3 2 0 233 255 6 1 3 158 179
1 1 2 136 166 3 2 1 188 191 6 2 2 279 293
1 2 2 1049 1051 3 2 2 152 117 6 3 3 73 76
1 3 2 377 392 3 3 0 179 182 6 4 0 210 184
I 3 3 141 149 3 3 1 296 278 6 4 1 215 166
1 4 0 437 452 3 3 2 171 151
1 4 2 180 206 3 3 3 258 284 7 0 2 293 268
1 4 3 252 248 3 5 3 254 233 7 0 3 288 289
1 5 2 405 377 3 6 0 728 768 7 0 4 188 197
1 5 3 131 129 3 6 4 240 233 7 1 0 303 316
1 6 2 471 458 3 7 2 147 191 7 1 4 322 343
1 6 3 183 167 7 2 1 153 144
1 6 4 171 154 4 0 0 283 318
1 8 0 164 142 4 0 1 197 191 8 0 4 153 147
1 8 2 258 246 4 0 2 230 243 8 1 0 149 156

4 0 3 362 371 8 1 2 126 158
2 0 1 214 220 4 1 0 1977 1922 8 2 0 506 556
2 0 2 659 720 4 1 2 111 117
2 1 0 187 182 4 1 4 474 468 9 0 2 159 120
2 1 1 255 259 4 2 2 232 243
2 1 2 615 653 4 3 1 141 161
2 2 1 210 240 4 3 2 382 386
2 2 2 155 159 4 4 0 436 407
2 2 3 159 176 4 4 4 384 381
2 3 0 215 225 4 5 3 184 169
2 3 1 317 340 4 6 2 221 183
2 3 2 638 653
2 3 3 136 143 5 0 0 239 226
2 4 2 502 469 5 0 3 251 256
2 4 3 485 443 5 1 1 143 130
2 4 4 398 372 5 1 2 294 284
2 5 0 201 193 5 1 3 175 166
2 5 4 265 282 5 2 0 227 241
2 6 0 175 159 S 2 1 295 281
2 7 0 214 193 5 2 4 212 224
2 7 1 164 168 5 3 2 273 286
2 8 0 17 144 5 3 3 274 276
2 8 1 140 133 5 4 2 169 154
3 0 0 443 435 6 0 3 252 249
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Appendix 3. The observed and calculated structure factors for phase A at 4.4 GPa

h k i Fo Fe h k [ Fo Fe h k / Fo Fe
1 0 0 110 129 2 7 1 259 202 5 2 1 307 310
1 0 1 67 117 5 2 3 309 311
1 0 2 179 185 3 0 0 428 423 5 3 2 280 307
1 0 3 321 369 3 0 4 392 443 5 3 3 337 289
1 1 0 458 470 3 1 3 319 369 5 3 5 549 543
1 1 1 405 393 3 1 4 171 169 5 3 6 348 351
1 1 2 168 172 3 1 7 369 396
1 1 3 422 501 3 2 0 233 265 6 0 1 208 215
1 2 2 1188 1066 3 2 1 211 228 6 0 3 284 250
1 2 5 1281 1257 3 2 3 197 215 6 0 4 223 225
1 2 6 692 661 3 3 1 294 312 6 1 2 409 447
1 3 4 183 169 3 3 7 221 271 6 2 2 364 360
1 4 0 440 477 3 5 1 227 183 6 2 6 234 238
1 4 2 214 210 3 5 3 308 280 6 4 1 247 199
1 4 3 266 277 3 5 6 302 265 6 4 2 361 338
1 4 4 333 307 3 6 0 881 896
1 5 5 280 310 3 6 4 299 271 7 0 2 292 291
1 6 1 260 259 7 0 3 273 297
1 6 2 480 502 4 0 0 293 319 7 0 5 535 547
1 6 6 334 354 4 0 1 176 214 7 0 6 423 329
1 6 8 266 210 4 0 2 243 225 7 1 4 327 384
1 8 2 316 290 4 0 4 187 185 7 2 3 225 173

4 0 7 315 353 7 3 0 263 215
2 0 1 229 247 4 1 0 1988 2009
2 0 2 730 776 4 1 4 478 472 8 2 0 665 683
2 1 0 193 173 4 1 6 304 322
2 1 1 268 257 4 2 7 276 288 9 0 0 261 308
2 1 2 704 705 4 3 2 424 461 9 0 4 333 275
2 1 5 151 103 4 3 5 270 231
2 1 6 471 419 4 3 8 238 193
2 2 3 197 230 4 4 0 446 448
2 2 4 199 208 4 4 2 234 192
2 3 0 220 191 4 4 4 443 441
2 3 1 317 326 4 4 5 221 160
2 3 2 614 681 4 6 2 342 218
2 3 6 413 446
2 4 2 463 499 5 0 0 338 294
2 4 3 459 451 5 0 3 280 305
2 4 5 792 769 5 0 6 31 276
2 4 6 428 445 5 0 7 328 272
2 5 0 251 227 5 1 7 254 187
2 6 7 316 299 5 2 0 318 316
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Appendix 4. The observed and calculated structure factors for phase A at 6.2 GPa

h k / Fo Fe h k / Fo Fe h k / Fo Fe
1 0 0 116 127 3 2 2 143 136 6 4 2 256 288
1 0 1 65 60 3 2 3 171 171
1 1 0 520 473 3 3 0 186 169 7 0 2 304 261
1 1 1 366 407 3 3 1 311 268 7 0 3 322 313
1 1 2 153 181 3 3 2 194 175 7 1 0 323 304
1 2 2 1068 1028 3 3 3 234 276
1 3 1 185 170 3 4 2 242 210
1 3 2 398 377 3 5 3 231 224
1 3 3 128 121 3 6 0 682 741
1 4 0 401 444 3 7 2 212 205
1 4 2 200 184
1 4 3 255 248 4 0 0 242 275
1 4 4 239 256 4 0 1 187 203
1 6 0 235 236 4 0 2 217 254
1 6 1 264 228 4 0 3 311 349
1 6 2 462 453 4 1 0 1933 1890
1 6 4 183 179 4 1 4 365 357
1 8 2 224 231 4 2 2 238 274

4 3 2 392 376
2 0 1 205 227 4 3 4 165 149
2 0 2 621 713 4 4 0 381 382
2 1 0 189 195 4 4 2 165 176
2 1 1 277 254 4 4 4 361 335
2 1 2 657 660 4 6 2 202 176
2 2 1 223 221
2 2 3 163 179 5 0 0 232 222
2 3 0 221 230 5 0 3 221 215
2 3 1 339 360 5 1 2 347 322
2 3 2 626 650 5 2 0 272 259
2 3 4 171 192 5 2 1 280 277
2 4 2 436 470 5 2 3 313 297
2 4 3 461 466 5 3 2 286 290
2 4 4 389 384 5 3 3 296 295
2 5 4 210 252 5 5 0 226 188
2 7 0 225 193
2 7 1 220 187 6 0 0 273 323

6 0 1 211 191
3 0 0 475 436 6 0 3 240 252
3 1 1 240 227 6 1 2 348 350
3 1 3 295 319 6 1 3 198 200
3 2 0 236 244 6 2 2 300 295
3 2 1 212 213 6 4 0 220 180
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Appendix 5. The observed and calculated structure factors for phase A at 9.1 GPa

h k / Fo Fe h k / Fo Fc h k / Fo Fe
1 0 0 117 92 3 2 3 224 231 7 1 0 299 347
1 0 1 74 114 3 3 1 335 329
1 1 0 481 445 3 3 2 161 199 8 2 0 604 680
1 1 1 361 482 3 3 3 269 302
1 2 2 1051 1000 3 3 4 146 155 9 0 0 358 300
1 3 2 401 410 3 4 3 227 225
1 4 0 458 517 3 5 1 259 188
1 4 2 163 171 3 5 2 227 201
1 4 3 226 249 3 5 3 270 243
1 5 2 451 397 3 6 0 882 887
1 6 1 234 271 3 7 2 273 231
i 6 2 432 478
1 6 3 235 222 4 0 0 255 306
1 8 1 206 210 4 0 1 199 217
1 8 2 296 267 4 0 2 226 250

4 0 3 336 372
2 0 1 204 219 4 1 0 2080 2000
2 0 2 644 698 4 1 4 409 404
2 1 0 171 131 4 3 2 343 398
2 1 1 267 285 4 4 2 197 157
2 1 2 631 664 4 4 3 203 160
2 2 1 217 244 4 5 0 241 183
2 2 3 204 210 4 5 3 288 217
2 3 0 239 228
2 3 1 335 362 5 0 3 233 273
2 3 2 649 650 5 1 2 365 296
2 3 3 163 158 5 2 0 231 227
2 3 4 185 168 5 2 3 284 302
2 4 2 499 458 5 3 2 235 315
2 4 3 558 547 5 3 3 334 326
2 4 4 345 326 5 5 0 310 277
2 5 0 261 214
2 5 4 210 253 6 0 0 309 348
2 7 0 287 260 6 0 1 240 256
2 7 1 221 198 6 0 4 215 210

6 1 2 339 368
3 0 0 468 454 6 2 2 365 326
3 1 1 231 208 6 4 2 298 319
3 1 3 325 333
3 2 0 246 275 7 0 2 290 287
3 2 1 165 192 7 0 3 325 338
3 2 2 185 152 7 0 4 218 206
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Appendix 6. The observed and calculated structure factors for phase A at 9.4 GPa

h k / Fo Fe h k / Fo Fc h k / Fo Fe
1 0 0 106 108 2 4 6 486 419 5 1 2 384 262
1 0 1 76 62 2 5 0 248 201 5 2 0 232 243
1 0 2 174 197 2 6 7 312 286 5 2 1 307 282
1 0 3 304 364 5 2 3 310 319
1 1 0 444 444 3 0 0 435 425 5 2 7 291 316
1 1 1 381 381 3 0 4 391 399 5 3 2 300 319
1 1 2 164 204 3 1 3 331 345 5 3 3 367 329
1 1 3 432 464 3 1 6 241 244 5 3 4 242 246
1 2 2 1197 1083 3 2 0 243 220 5 3 5 558 556
1 2 3 970 964 3 2 2 165 143 5 3 6 306 316
1 2 4 677 678 3 2 3 234 246
1 2 5 1234 1224 3 2 7 356 367 6 0 0 281 307
1 2 6 611 660 3 3 0 192 186 6 0 1 185 202
1 3 2 410 431 3 3 1 325 283 6 0 7 282 243
1 3 3 118 157 3 3 2 198 211 6 1 2 375 380
1 3 4 171 187 3 4 2 269 262 6 2 2 358 329
1 4 0 432 463 3 5 1 200 183 6 4 1 225 206
1 4 4 233 239 3 5 6 253 241 6 4 2 372 331
1 5 5 275 286 3 5 7 290 259
1 5 7 210 180 3 6 0 876 904 7 0 2 250 308
1 6 0 198 182 3 6 4 232 225 7 0 3 376 333
1 6 2 407 476 _ 7 0 4 285 262
1 6 6 325 304 4 0 0 283 273 7 0 5 545 558
1 8 2 265 296 4 0 1 196 165 7 0 6 343 301

4 0 2 220 237 7 1 4 308 329
2 0 1 224 226 4 0 3 349 368 7 2 1 230 167
2 0 2 727 751 4 0 6 319 357
2 0 4 238 225 4 1 0 2004 2018 9 0 0 366 294
2 1 1 277 268 4 1 4 427 431
2 1 2 699 702 4 1 6 304 291
2 2 1 235 226 4 2 7 218 213
2 2 3 214 206 4 3 2 394 455
2 2 4 206 214 4 3 5 247 224
2 3 0 235 212 4 3 6 281 269
2 3 1 322 335 4 4 0 362 425
2 3 2 616 680 4 4 2 196 215
2 3 4 182 182 4 4 4 337 333
2 3 5 198 167 4 5 0 193 185
2 3 6 403 436 4 5 6 227 233
2 4 2 473 503
2 4 4 401 397 5 0 0 217 229
2 4 5 843 773 5 0 7 264 286
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Appendix 7. The observed and calculated structure factors for phase A at 10.8 GPa

h k / Fo Fe h k / Fo Fe h k ! Fo Fc
1 0 0 118 101 3 1 1 217 215 5 3 2 320 332
1 0 1 45 47 3 1 2 138 162 5 3 3 329 338
1 1 0 486 446 3 1 3 307 366 5 3 4 188 230
1 1 1 351 391 3 2 0 215 231 5 4 2 193 178
1 1 2 151 192 3 2 1 159 163 5 5 0 304 263
1 2 2 1064 1070 3 2 3 224 239
1 3 1 196 167 3 3 0 184 179 6 0 0 295 335
1 3 2 406 420 3 3 1 287 277 6 0 | 249 213
1 3 3 170 176 3 3 2 170 167 6 0 3 274 275
1 4 0 456 468 3 3 3 299 296 6 0 4 254 227
1 4 2 199 211 3 3 4 145 164 6 1 2 382 392
1 4 3 235 263 3 4 2 274 244 6 1 3 220 199
1 5 1 188 164 3 5 1 178 162 6 2 2 318 324
1 5 2 385 396 3 5 2 199 177 6 2 3 203 193
1 6 1 280 275 3 5 3 260 251 6 4 2 351 344
1 6 2 473 486 3 6 0 917 909
1 6 3 203 193 3 6 4 227 213 7 0 2 323 313
1 8 2 320 293 3 7 2 245 214 7 0 3 346 350

7 0 4 264 242
2 0 1 205 233 4 0 0 275 290 7 1 0 357 339
2 0 2 684 721 4 0 1 191 163 7 1 4 351 350
2 1 0 164 154 4 0 2 221 232 7 3 0 251 224
2 1 1 270 270 4 0 3 339 371
2 1 2 626 666 4 1 0 2095 2013 8 2 0 660 699
2 2 0 228 180 4 1 4 395 406
2 2 1 214 225 4 2 2 250 231 9 0 0 313 287
2 2 3 199 204 4 3 2 416 439
2 3 0 223 178 4 4 0 357 424
2 3 1 337 353 4 4 2 248 217
2 3 2 649 674 4 4 4 352 370
2 4 2 509 504 4 5 0 200 204
2 4 3 489 510 4 5 3 161 187
2 4 4 383 384 4 6 2 206 185
2 5 0 211 223
2 5 4 275 286 5 0 0 248 241
2 6 0 176 168 5 0 3 265 257
2 7 0 255 229 5 1 2 259 269
2 7 1 219 172 5 1 3 156 164
5 2 0 228 248
3 0 0 445 431 5 2 1 273 292
3 0 2 210 236 5 2 3 290 312
3 0 3 222 223 5 2 4 224 239




