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INTRODUCTION

A high-pressure clinoenstatite (space group: C2/c) of
MgSiO3 was confirmed by the in-situ high pressure single crys-
tal X-ray diffraction (Angel et al. 1992). The high-P
clinoenstatite is believed to exist in the upper mantle. How-
ever, because this phase is stable only at high pressures above
about 8 GPa (Angel et al. 1992), its compressional process of a
high-P clinoenstatite has not been investigated by single-crys-
tal XRD, except for measurements at one pressure (Angel et
al. 1992).

 Germanate pyroxenes, MGeO3 (M = Co, Mn, Mg, Fe), are
known to have the same structures as silicates, but at the ambi-
ent pressure (Peacor 1968; Hirano et al. 1980; Yamanaka et al.
1985) they can be considered as analogs for the silicate high-P
clinopyroxene. The structure is based on the regular cubic clos-
est packing (CCP) of oxygen. The tetrahedral chains are highly
kinked compared with those in silicate pyroxenes, such as Ca-
rich clinopyroxene (C2/c), high-temperature clinopyroxene (C2/c),
orthoenstatite (Pbca) and low-clinoenstatite (P21/c) (Cameron
and Papike 1980). The kink is clearly shown by the small O3-
O3-O3 angle, where O3 is the bridging oxygen of the tetrahe-
dra. The kink angles of germanate clinopyroxenes (C2/c) are
close to 120° for the ideal structure (Thompson 1970) and are
smaller for all pyroxenes. The M1 and M2 octahedra in the

high-P pyroxene are very regular compared with those of the
above mentioned other pyroxenes. The germanate clinopyroxenes
(C2/c) are often compared to the ideal clinopyroxene structure in
terms of the above mentioned characteristics (Papike et al. 1973).

Previous results on pyroxenes (Levien and Prewitt 1981;
Zhang et al. 1997; Hugh-Jones and Angel 1994; Hugh-Jones et
al. 1997) suggest that compression of pyroxenes is mainly con-
trolled by compression of the soft octahedra rather than the
rigid tetrahedra. The tetrahedra only rotate to accommodate
the octahedral bands. Consequently, the tetrahedral chains be-
come more kinked with increasing pressure. Structure refine-
ment results show that the O3-O3-O3 angles of the germanate
and silicate high-P clinopyroxenes (C2/c) are 129.03° for
MgGeO3 and 131.1° for FeGeO3 at ambient pressure, and 133.4°
for MgSiO3 at 7.94 GPa and 138.4° for FeSiO3 at 1.84 GPa
(Yamanaka et al. 1985; Yamanaka, personal communication;
Hugh-Jones and Angel 1994; Hugh-Jones et al. 1997).

In the present study, single crystal X-ray diffraction was
carried out on FeGeO3 clinopyroxene up to 8.2 GPa to reveal
the compression process of high-P clinopyroxene and to com-
prehend the structure of high-P clinopyroxene at higher pres-
sure above 8 GPa.

EXPERIMENTAL METHODS

Sample preparation

The specimen was synthesized after Takayama and
Kimizuka (1981). Reagent-grade powders in molar ratio of
Fe:Fe2O3:GeO2 = 1:1:3 were mixed homogeneously by mortar
and formed into pellets. They were sealed in evacuated silica
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tubes and heated at 1000 °C for 14 days. The single crystals
with the linear sizes of ~100 µm were obtained. Electron mi-
croprobe analyses showed that the synthetic sample had the
chemical composition of FeGeO3 within the experimental un-
certainty. The space group of C2/c was confirmed by the pre-
cession photographs. Single-crystals free from twins or optical
imperfections were selected for intensity measurements. One
single-crystal with dimensions of 140 × 110 × 105 µm3 was
used for structure refinement at ambient pressure. Another
single crystal with about 80 × 80 × 40 µm3 was used for struc-
ture refinements at high pressures.

High-pressure X-ray diffraction technique

The single crystal experiment at ambient condition was car-
ried without the diamond anvil cell (DAC) on Rigaku-AFC5
4-circle diffractometer at Yamanaka laboratory at Osaka Uni-
versity. High-pressure experiments were carried in the DAC
on a Nonius CAD4 κ-type diffractometer at München Univer-
sity. The X-rays were generated by a Mo sealed tube and
monochromatized by a pyrolytic graphite.

A modified Merrill-Bassett DAC, which was developed by
the München group, was used in the high-pressure experiments
(Werner et al. 1996). A pair of diamonds with the culet sizes of
400 µm and 600 µm was used. The diamonds were supported
by the beryllium backing plates. In the high-pressure experi-
ment, the single crystal was sealed in the gasket hole together
with pressure marker (ruby chips) and the pressure transmit-
ting medium (a mixture of methanol and ethanol in volume
ratio of 4:1). A spring steel gasket was preindented to 80 µm in
thickness beforehand, and a hole of 250 µm was made in the
center of the gasket by a spark erosion system. The applied
pressure on the sample was measured by the ruby fluorescence
method (Mao et al. 1986).

In the high-pressure experiments, it was difficult to put the
sample in DAC on the cross center of the goniometer by opti-
cal microscope because of apparent shift of the image of the
sample due to differences of the refractive indexes between
diamond and air. Therefore, the sample in DAC was set to the
center by checking the profile of the direct beam through the
gasket hole (Primary beam profile method, Werner et al. 1996).
This method allows location of the crystal in the center within
an accuracy of 30 µm. Lattice parameters were determined from
the positions of more than 20 reflections with 2θ > 20° by em-
ploying least squares refinements. Each reflection was centered
at four equivalent positions to reduce systematic errors which
were introduced by the misalignment of the sample crystal on
the diffractometer.

Intensity data collection and data reduction

Intensity data were collected at five pressure points (ex-
perimental conditions are in Table 1). The intensity data for the
sample at ambient pressure were collected by using the ω-scan-
ning mode at the bisecting positions.

For the high-pressure experiments, the X-ray diffraction
intensities were measured at phi-fixed position (φ = 0°) (Finger
and King 1978), using the ω-scanning mode to reduce effects
of the Debye-Scherrer rings from beryllium or gasket. For data
collection at 7.4 GPa, the diffraction intensities were also mea-

sured at two different ψ positions (ψ = ±0.2°) to reduce errors
caused by “dips,” originating from the diamonds (Loveday et
al. 1990). The X-ray diffraction intensities were measured up
to 2θ  near 67°. All diffraction peak profiles were checked in
terms of the background height and the consistency of diffrac-
tion intensities among the equivalent reflections. The data re-
duction utilized REDA, a program developed by Munchen
group for special purposes of high-pressure structure analysis.
The absorption correction of the diffraction intensities by the
diamonds and beryllium backing plates were determined by
measuring transparency of the direct beam as a function of in-
clination of the DAC. Raw intensity data were corrected for
this X-ray absorption and Lorentz-polarization factor. The cor-
rection of the absorption by sample itself was negligibly small.
Diffraction intensities were integrated after these corrections.

Structure refinement

Reflections with structure factors of |Fo| > 6 σ(|Fo|) were
used for structure refinements. Full matrix least-squares refine-
ments were conducted by using the program RADY (Sasaki
1987). Atomic scattering factors and anomalous dispersion
parameters were taken from the International table for X-ray
Crystallography (Ibers and Hamilton 1974). The lattice param-
eters, number of the reflections used for refinements and the
final residuals, R and wR are listed in Table 1. The atomic co-
ordinates at various pressures are in Table 2. Interatomic dis-
tances, polyhedral volumes and distortion parameters for the
polyhedra, edge distance ratios of polyhedra and the tetrahe-
dral chain angles are in Table 3. The uncertainties (estimated
standard deviations, e.s.d.s) of the calculated parameters, such
as polyhedral volumes and chain angles were estimated on the
basis of the error propagation of those in the lattice parameters
and atomic positions.

RESULTS

Oxygen packing

In the clinopyroxene C2/c structure, the lattice parameters
are closely related to the oxygen arrangement. The calculated
lattice parameters of the ideal pyroxene with the complete CCP
of oxygen are in Table 1. The relative differences between the
observed and ideal lattice parameters at 1 atm are a = 5.51%, b
= 8.81%, c = 7.32%, and β = 1.77%. FeGeO3 clinopyroxene
has the largest deviation along the b-axis compared to the ideal
clinopyroxene at ambient pressure. With increasing pressure,
the b-axis is most largely compressed (Fig. 1). The linear
compressibilities of the three axes are β = 0.00262(11)/GPa, βb

= 0.00343(11)/GPa and βc = 0.00242(18)/GPa, respectively.
The axial ratios of a/b, and c/b increase and approach to those
of the ideal clinopyroxene. The β-angle decreases continuously
toward 100.025°, the value of the ideal clinopyroxene. These
imply that the oxygen packing approaches toward the ideal CCP
with increasing pressure. The change of the lattice parameters
is well consistent with the results of the powder diffraction
(Hattori et al. 1999).

To confirm the inference that the oxygen arrangement ap-
proaches to the ideal CCP from the point of atomic positions,
the observed atomic positions of O atoms are compared with
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those of the ideal CCP. The atomic coordinates of the ideal
clinopyroxene in Table 2, are based on the rigid oxygen pack-
ing model. The deviation of the oxygen arrangement from the
ideal CCP can be represented by the sums of root squares of
displacements of the crystallographically independent O atoms,
O1, O2, O3, from their ideal positions. The deviations are ex-
pressed in terms of the three directions of (1) along an arbi-
trary direction (total), (2) along the stacking direction (//a*)
and (3) within an oxygen stacking layer (b-c plane) by the fol-
lowing equations:
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where ∆xi, ∆yI, and ∆zi are the differences of the x, y, and z
coordinates for the i th oxygen between the observed and ideal
structures, respectively. All the deviation parameters are equal

TABLE 1. Lattice parameters (Å) and the factors of refinements

Pressure (GPa) 10–4 1.5 2.9 4.1 4.5 5.4 6.0 7.4 8.2 Ideal *
a (Å) 9.798(2) 9.746(1) 9.714(7) 9.682(6) 9.651(5) 9.649(10) 9.636(4) 9.600(5) 9.583(3) 2 √11r = 9.287
b (Å) 9.140(1) 9.084(1) 9.043(3) 9.014(1) 8.988(1) 8.962(4) 8.946(1) 8.912(1) 8.883(3) 6r = 8.400
c (Å) 5.205(1) 5.177(1) 5.156(6) 5.141(2) 5.136(1) 5.110(3) 5.119(1) 5.108(1) 5.093(2) 2√3r = 4.850
β (˚) 101.80(1) 101.52(2) 101.27(1) 101.11(5) 100.97(2) 100.85(10) 100.82(2) 100.67(2) 100.56(4) tan–1(-4√2) = 100.025
a/b 1.072 1.073 1.074 1.074 1.074 1.077 1.077 1.077 1.079 √11/3 = 1.1055
c/b 0.569 0.570 0.570 0.570 0.571 0.570 0.572 0.573 0.573 1/√3 = 0.5774
V (Å3) 456.3(1) 449.1(1) 444.2(6) 440.3(3) 437.3(3) 434.0(6) 433.4(2) 429.5(2) 426.2(2) 96√2r3 = 372.54
(A, B)† (1.30, 0.35) (0.61, 0.47) – – (0.61, 0.47) – – (0.61, 0.47) (0.61, 0.47) –
2θ range (°) 117.6 67.6 – – 63.3 – – 67.9 63.4 –
No. of reflections 2763 1083 – – 978 – – 2821 957 –
No. of reflections ‡

1145 274 – – 253 – – 232 303 –
R  (%) 5.77 6.67 – – 5.57 – – 5.11 6.93 –
wR  (%) 5.97 8.02 – – 7.06 – – 5.16 6.19 –
Notes: Weighting scheme is 1/σ2(|Fo|).
* Ionic radius of oxygen  [r (O) = 140 Å] is based on Shannon (1976).
† Scan width, ∆ω (°) = A + B tanθ.
‡ After averaging with |Fo| > 6 σ(|Fo|).

TABLE 2. Atomic coordinates of the observed and ideal pyroxenes

0 GPa 1.5 GPa 4.5 GPa 7.4 GPa 8.2 GPa Ideal
Fe1 x 0.0 0.0 0.0 0.0 0.0 0.0
       y 0.9076(1) 0.9084(3) 0.9101(3) 0.9111(3) 0.9115(2) 11⁄12

       z 0.25 0.25 0.25 0.25 0.25 1⁄4
      Beq 0.56(1) 1.48(5) 1.43(5) 1.49(4) 1.32(4)
Fe2 x 0.0 0.0 0.0 0.0 0.0 0.0
       y 0.2709(1) 0.2715(3) 0.2723(3) 0.2727(3) 0.2728(2) 1⁄4
       z 0.25 0.25 0.25 0.25 0.25 1⁄4
      Beq 0.54(1) 1.45(6) 1.38(6) 1.48(5) 1.26(4)
Ge  x 0.3006(1) 0.3011(4) 0.3015(3) 0.3023(3) 0.3022(3) 5⁄16

       y 0.0925(1) 0.0927(2) 0.0936(2) 0.0941(2) 0.0943(1) 1⁄12

       z 0.2161(1) 0.2155(3) 0.2145(3) 0.2138(2) 0.2136(2) 3⁄16

      Beq 0.362(6) 1.38(4) 1.27(4) 1.41(3) 1.27(3)
O1  x 0.1186(3) 0.1193(22) 0.1181(23) 0.1193(20) 0.1197(17) 1⁄8
       y 0.0899(4) 0.0891(9) 0.0910(10) 0.0910(9) 0.0898(7) 1⁄12

       z 0.1388(6) 0.1366(18) 0.1350(18) 0.1360(15) 0.1340(15) 1⁄8
      Beq 0.54(4) 1.52(18) 1.37(17) 1.39(14) 1.49(14)
O2  x 0.3840(4) 0.3875(21) 0.3860(23) 0.3806(21) 0.3820(16) 3⁄8
       y 0.2402(4) 0.2418(11) 0.2440(10) 0.2465(10) 0.2463(8) 1⁄4
       z 0.3833(7) 0.3845(18) 0.3879(18) 0.3867(17) 0.3848(14) 3⁄8
      Beq 0.58(5) 1.87(20) 1.47(17) 1.67(16) 1.63(14)
O3   x 0.3583(4) 0.3601(24) 0.3645(22) 0.3654(21) 0.3629(15) 3⁄8
        y 0.0647(4) 0.0661(10) 0.0657(10) 0.0656(9) 0.0680(7) 1⁄12

        z 0.9161(7) 0.9127(20) 0.9134(19) 0.9098(17) 0.9081(14) 7⁄8
      Beq 0.58(5) 1.57(19) 1.44(18) 1.63(17) 1.37(14)

FIGURE 1. Normalized lattice parameters at high pressure. Error
bars = estimated standard deviations. The normalized lattice parameters
are fitted linearly.
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to zero when the oxygen arrangement becomes complete CCP.
The β-angle is not considered in the above equations, because
its effects on the deviations is found to be negligibly small. All
the deviation parameters (Table 4) decrease with pressure. No
remarkable differences in the three directions are observed.
These results confirms that the O atoms shift their positions
toward those of CCP under pressure. Completion of the oxy-
gen arrangement to the CCP is not observed within the pres-
sure range up to 8.2 GPa.

Compression of polyhedra

Normalized volumes of the polyhedra, void space and unit
cell (Fig. 2) suggest that the compression process may be di-
vided into two stages below and above 4.5 GPa, in terms of
polyhedral volume compressibilities. Volume compressibilities
of these polyhedra are βv [M1O6] = 0.0134(27)/GPa, βv [M2O6] =
0.0175(13)/GPa, and βv [TO4] = –0.00055(50)/GPa below 4.5 GPa.
M1 and M2 octahedra are about 3 times more compressible than
the tetrahedron. No significant compression of the tetrahedron is
not observed. This compressional behavior has been observed in
many pyroxenes (Levien and Prewitt 1981; Zhang et al. 1997).

The compressibilities for the polyhedra are βv [M1O6] =
0.0042(36)/GPa, βv [M2O6] = 0.0021(1)/GPa and βv [TO4] =

TABLE 3. Interatomic distances (Å), polyhedral volumes (Å3), and the distortion parameters for polyhedra, the edge distance ratios of
polyhedra and tetrahedral chain angles (°)

Pressure (GPa) 10–4 1.5 4.5 7.4 8.2
Fe1-O1(1, 2)* 2.176(4) 2.159(16) 2.133(17) 2.114(15) 2.103(17)
Fe1-O1(3, 4) 2.117(3) 2.104(22) 2.086(25) 2.089(26) 2.078(44)
Fe1-O2(5, 6) 2.107(4) 2.070(16) 2.058(17) 2.062(17) 2.047(19)
Mean Fe1-O 2.133(3) 2.111(18) 2.092(20) 2.088(19) 2.076(27)
Mean O-O  3.014(4) 2.977(25) 2.956(28) 2.937(27) 2.934(38)
Volume 12.79(3) 12.39(18) 12.06(19) 12.04(17) 11.84(14)
Q.E 1.0086(2) 1.0084(15) 1.0085(16) 1.0057(14) 1.0050(12)
A.V 28.5(8) 27.8(51) 28.4(54) 19.3(48) 17.0(40)

Fe2-O1(1, 2) 2.168(4) 2.171(16) 2.135(17) 2.126(15) 2.134(17)
Fe2-O2(7, 8) 2.014(3) 1.993(21) 1.978(25) 2.000(27) 1.999(43)
Fe2-O3(7, 8) 2.329(4) 2.281(19) 2.225(19) 2.192(19) 2.183(22)
Mean Fe2-O 2.170(4) 2.148(19) 2.113(20) 2.106(20) 2.105(27)
Mean O-O 3.069(6) 3.036(27) 2.985(28) 2.981(28) 2.972(38)
Volume 13.41(4) 12.99(16) 12.37(16) 12.28(14) 12.27(11)
Q.E 1.0145(3) 1.0149(12) 1.0135(13) 1.0105(12) 1.0109(9)
A.V 29.7(7) 32.8(29) 32.6(31) 28.1(27) 29.7(22)

Ge-O1(1) 1.746(3) 1.738(23) 1.739(23) 1.728(21) 1.722(23)
Ge-O2(1) 1.720(3) 1.736(14) 1.735(15) 1.715(14) 1.710(18)
Ge-O3(1) 1.784(4) 1.790(18) 1.784(18) 1.787(17) 1.774(23)
Ge-O3(4) 1.797(3) 1.794(12) 1.796(12) 1.780(12) 1.784(15)
Mean Ge-O 1.762(3) 1.765(16) 1.764(17) 1.753(16) 1.748(20)
Mean O-O 2.872(5) 2.876(26) 2.874(28) 2.863(26) 2.848(33)
Volume 2.782(7) 2.792(35) 2.785(35) 2.742(32) 2.716(26)
Q.E 1.0058(2) 1.0069(6) 1.0069(7) 1.0056(6) 1.0059(5)
A.V 25.4(7) 30.9(28) 30.5(30) 24.2(27) 26.2(21)

Void space (Å3) 329.2 325.2 317.3 310.3 308.1

dtet/doct † 0.944(2) 0.957(12) 0.967(13) 0.967(13) 0.965(17)

O3-O3-O3‡ 131.1(3) 130.2(7) 130.6(7) 130.8(6) 129.3(5)
Ge-O3-Ge‡ 120.1(2) 119.0(10) 117.9(9) 117.9(9) 117.9(7)
Tilting angle§ 5.8 6.1 4.8 3.3 4.2
Note: Standard deviations are given in parentheses. QE= quadratic elongation for each polyhedra (Robinson et al. 1971). AV= angle variance for
each polyhedra (Robinson et al. 1971).
* Symmetry operation for each oxygen is shown in the parentheses.
† The edge distance ratio of polyhedra is dtet/doct= O-Otet/[(O-OM1oct+ O-OM2oct)/2].
‡ Tetrahedral chain angles.
§ Angle between the normals of basal plane of a tetrahedron and  of the b-c plane.

FIGURE 2. Normalized volumes of the polyhedra, void space and
unit cell. Error bars = estimated standard deviations.

TABLE 4. Deviation parameters (Å) of the oxygen arrangement in
the three directions along an arbitrary direction (total),
along the stacking direction (//a*) and within an oxygen
stacking layer (b-c plane)

Pressure(GPa)
10–4 1.5 4.5 7.4 8.2 Ideal

Dtotal 0.188(1) 0.179(3) 0.173(3) 0.148(2) 0.142(2) 0.0
D//a* 0.105(1) 0.107(5) 0.092(4) 0.067(4) 0.078(3) 0.0
Db-c 0.155(1) 0.140(2) 0.141(2) 0.131(2) 0.117(2) 0.0
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0.0066(11)/GPa between 4.5 GPa and 8.2 GPa. The difference
of the volume compressibility of tetrahedron at high and low P
is more than 3 σ(βv [TO4])|4.5<P<8.2, where σ(βv [TO4])|4.5<P<8.2 is
the e.s.d.s of the compressibility of TO4 tetrahedra between 4.5
and 8.2 GPa. This indicates a change in compression behavior
at 4.5 GPa. In this pressure range, the GeO4 tetrahedra are com-
pressed by 2.4% relative to their room pressure volume. The
amount corresponds to 2.5 σ(V)|P=8.2GPa. This compression is
therefore significant. The compressibility of the GeO4 tetrahe-
dron is similar to that of MgGeO3 clinopyroxene (C2/c) (βv

[GeO4] = 0.0074/GPa) determined by EXAFS (Andrault et al.
1992). On the other hand, the compressibility of M1 and M2
octahedra above 4.5 GPa are smaller than those below 4.5 GPa.
The tetrahedra are as compressible as, or more compressible
than, the octahedra in this pressure region. On the other hand,
through the whole pressure region, void space and unit cell are
compressed linearly.

Deformation of polyhedra

Below 4.5 GPa, the M-O bonds in each M1 and M2 octahe-
dron shorten at similar rates with increasing pressure. Quadratic
elongations (QE) and angle variances (AV) of M1 and M2 oc-
tahedra are almost constant with increasing pressure. The
changes of quadratic elongations of M1 and M2 octahedra are
within 0.13 σ(QE)|P=4.5GPa and 1.1 σ(QE)|P=4.5GPa, respectively.
On the other hand, the longer M-O bonds decrease continu-
ously and the shorter M-O bonds remain constant with increas-
ing pressure between 4.5 and 8.2 GPa within each octahedron.
Consequently, the M-O bonds in each octahedron become more
equal distance. The quadratic elongation and angle variance
in both M1 and M2 octahedra decrease with pressure below
4.5 GPa. The decrease of the quadratic elongations of M1
and M2 octahedra are respectively 2.9 σ(Q.E)|P=8.2GPa and 1.6
σ(Q.E)|P=8.2GPa. These observations show that the M1 and M2
octahedra become more regular above 4.5 GPa.

No significant change of the tetrahedral dimension is ob-
served below 4.5 GPa. Above 4.5 GPa, all the T-O bonds start
to decrease at similar rates without deformation of the tetrahe-
dron.

In summary, the M1 and M2 octahedra are compressed by
decrease of all M-O bonds below 4.5 GPa and are compressed
by polyhedral deformation toward more regular octahedra above
4.5 GPa. On the other hand, the tetrahedra do not show any
change below 4.5 GPa and are compressed isotropically by
shortening all the T-O bonds above 4.5 GPa.

Tetrahedral chain configuration

The kink of the tetrahedral chain is represented by the O3-
O3-O3 angle (Fig. 3a), and the tilt of a tetrahedron by the angle
between the normals of the basal plane of the tetrahedron and
the b-c plane (Fig. 3b). At the ambient pressure, the O3-O3-O3
angle (131.1°) and the tilt angle (5.8°) are slightly deviated
from their respective values of 120° and 0° of the ideal
clinopyroxene structure. With increasing pressure, the O3-O3-
O3 angle and tilt angle decrease, respectively, to 129.3° at a
rate of –0.11(9)°/GPa and 4.2° at a rate of –0.29(8)°/GPa. No
kink point is observed in both curves within experimental un-
certainty. The tetrahedral chain kinks more significantly and

approaches to the ideal configuration with increasing pressure.
The completely ideal configuration is not observed within the
pressure range of the present study.

The Ge-O-Ge angle is measured across the neighboring tet-
rahedra through the bridging oxygen (Fig. 3). The angle is
120.1° at ambient pressure and is significantly deviated from
the ideal angle of 109.5°. Below 4.5 GPa, the Ge-O-Ge angle
decreases smoothly to 117.9° with increasing pressure. Above
4.5 GPa, the Ge-O-Ge angle remains constant but do not ap-
proach the ideal angle (Fig. 4).

DISCUSSION

Compression behavior below 4.5 GPa

The edge distance ratio (Table 3 and Fig. 5)increases with
pressure below 4.5 GPa. This may be caused by the preferen-
tial compression of the octahedra. Based on Thompson’s model
of the ideal pyroxene structure (1970), where the polyhedra
are completely regular and the base of individual polyhedra is
parallel to the b-c plane, the following relation holds between
the edge distance ratio, dtet/doct, and the O3-O3-O3 angle (Fig.
3a).
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According to this relation, an increase in the edge distance
ratio leads to a decrease in the O3-O3-O3 angle. The observed
kinking of tetrahedral chain appears to be caused by the in-
crease of the edge distance ratio due to the preferential com-
pression of octahedra below 4.5 GPa.

The tilting of tetrahedron out of the b-c plane can be simi-
larly explained. The projection view of the clinopyroxene struc-
ture along the c-direction helps understand the nature of the
tetrahedral tilting (Fig. 3b). Two factors are responsible for
decreasing the tilt angle. One is an increase in the edge dis-
tance ratio and the other is deformation of the M1 and M2 oc-
tahedra. In the present study, the latter seems to have little effect
on the tilt angle because significant deformation of the M1 and
M2 octahedra is not observed below 4.5 GPa. Assuming that
the polyhedra are completely regular and the tetrahedra are fully
rotated in the b-c plane, the relation between the edge distance
ratio, dtet/doct and tilt angle, θtilt can be expressed as follows (Fig.
3b):
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This equation shows that an increase in the edge distance
ratio will give rise to a decrease in the tilt angle. This observed
tilting of the tetrahedra can be understood by the increase of
the edge distance ratio of polyhedra.

All the observed changes in the tetrahedral configuration
and oxygen arrangement below 4.5 GPa can be interpreted by
the preferential compression of the octahedra. The kinking of
tetrahedral chain and the rotation of tetrahedra make the oxy-
gen packing regular. Consequently, we conclude that the com-
pression behavior below 4.5 GPa is mainly controlled by
individual compressibilities of polyhedra.
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Compression behavior above 4.5 GPa

The polyhedra are homogeneously compressed above 4.5
GPa, and the edge distance ratio remains constant (Fig. 5). This
compression behavior is different from that below 4.5 GPa.
Polyhedral compressibilities can be estimated from their em-
pirical relations to the polyhedral charge densities (Hazen and
Prewitt 1977). The estimated compressibilities of the respec-
tive polyhedra are βv[M1O6] = 0.0054 GPa–1, βv[M2O6] = 0.0057
GPa–1 and βv[TO4] = 0.0015 GPa–1 at 4.5 GPa. These values
suggest that the octahedra are more compressible than tetrahe-
dra even at 4.5 GPa and, therefore, the preferential compres-
sion of the octahedra should continue over 4.5 GPa. However,
the observed compressibilities of octahedra are smaller, and
the tetrahedra larger, than the estimated values. Thus, above
empirical relationship does not seem to be applicable to the
compression process above 4.5 GPa. The relationship was es-
tablished based mainly on compression data of simple oxides
(Hazen and Prewitt 1977). The interaction between the metal
cation and its first neighbor oxygen would play a main role in
compression of polyhedra in these oxides. However, the com-
pression of octahedra in high-P clinopyroxene seems to be con-
trolled not only by the above interaction but also the flexibility
of the tetrahedral chain. The presently observed cessation of
decrease in Ge-O-Ge angle at 4.5 GPa supports this idea.

Gibbs et al. (1987) have calculated the total energy of
H6Ge2O molecules as a function of Ge-O bond length and Ge-
O-Ge bond angle by molecular orbital (MO) calculation. The
molecule has an energy potential minimum at a Ge-O-Ge bond
angle of 133.4° and Ge-O bond distance of 1.756 Å. If this
result can be applied to FeGeO3 high-P clinopyroxene, then
the presently observed decrease of Ge-O-Ge angle from 120.1°
to 117.9° below 4.5 GPa would contribute to the instability of
the tetrahedral chain. It is considered from the calculated po-
tential curve of the Ge-O-Ge angle that further kinking of the
tetrahedral chain would be unfavorable in terms of local en-
ergy of the Ge-O-Ge linkage. In the pressure range above 4.5
GPa, both octahedra and tetrahedra would be compressed at
similar rates to avoid further decrease of the Ge-O-Ge angle.
These arguments suggest that compression of high-P
clinopyroxene above 4.5 GPa is strongly affected by the kink

of tetrahedral chain as well as the compressibilities of the poly-
hedra.

Unusual compression of polyhedra in silicate pyroxenes

Hugh-Jones and Angel (1994), and Hugh-Jones et al. (1997)
investigated the compression behavior of MgSiO3 and (Mg,Fe)SiO3

orthoenstatites (Pbca), respectively. Both orthoenstatites changes
the compressional mechanisms at about 4 GPa. Below 4 GPa,
the SiO4 tetrahedra are essentially incompressible with no

FIGURE 3. Projections of the
high-P clinopyroxene (C2/c)
structure (a) onto the b-c plane
and (b) along c direction. GeO4

tetrahedron are shaded; FeO6

octahedron are open.

FIGURE 4. Ge-O-Ge angles at high pressures.

FIGURE 5. Edge distance ratio, dtet/doct, of polyhedra at high
pressures. See Table 3.
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change in Si-O bond length, whereas the tetrahedra are signifi-
cantly compressed with shortening of Si-O bond above the pres-
sure. The tetrahedral chains also change the kink mode at 4
GPa: the B-chains (<O3B-O3B-O3B = 139° for MgSiO3, 141.9°
for (Mg,Fe)SiO3), which is kinked more compared to the A
chain, kink dramatically with increasing pressure up to 4 GPa,
and the kinking ceases at about 4 GPa. These results show that
the main compression mechanism of the orthoenstatites change
from the bending of tetrahedral chain into the shortening of Si-
O bond at 4 GPa which is the boundary pressure of the com-
pression mechanism. Our results of the compression on FeGeO3

clinopyroxene are similar to the above compression behavior
of the orthoenstatites. From the viewpoints of the crystal struc-
ture, silicate orthoenstatites and FeGeO3 clinopyroxene have
the highly kinked tetrahedral chain in common. Present study
on FeGeO3 suggests that the compression mechanism may be
induced from the avoidance of the high kinking of tetrahedral
chain. Judging from the structural similarity in the tetrahedral
chain configuration between orthoenstatite and FeGeO3

clinopyroxene, it is considered that the change of the compres-
sion behavior in orthoenstatites would be induced from the
avoidance of the kink of the SiO4 tetrahedral chain.
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