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Thermal equation of state of omphacite
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ABSTRACT

In-situ synchrotron X-ray diffraction experiments were conducted using the MAX-III multi-
anvil press of KEK on an omphacite (DigJds;), for which Di = Ca(Mg,Fe)Si,04 and Jd = NaAlSi,Og.
Pressure-volume-temperature data were collected at up to 10 GPa and 1000 K. A fit to the high-
temperature Birch-Murnaghan equation of state yielded an isothermal bulk modulus K;, = 126(1)
GPa, an assumed pressure derivative of the bulk modulus K; = 4.0, a temperature derivative of the
bulk modulus (0K;/0T), = —0.015(4) GPa/K, and a volumetric thermal expansivity o.=2.2(1) x 107 K,
when the equation of state of NaCl by Brown (1999) is adopted for the pressure scale. The derived
K1 value is consistent with the linear interpolations from Ky, values for diopside and jadeite in the

literature.

INTRODUCTION

Subducted mid oceanic ridge basalt (MORB), which is rich
in components of pyroxene and garnet, may be the source of
the most important chemical heterogeneity in the olivine-rich
Earth’s mantle. It is well understood that the MORB compo-
nent exists as eclogite at pressure conditions of 3—15 GPa (e.g.,
Irifune et al. 1986). Omphacitic clinopyroxene, which consists
essentially of solid solution of a diopside (CaMgSi,Os) and ja-
deite (NaAlSi,Oq), is the major mineral phase in eclogite.
Knowledge of the physical properties of omphacite is very
important in clarifying the behavior of subducted MORB in
the deep mantle.

Some experimental results have been reported for density
changes of omphacites at high-temperature or high-pressure
(McCormick et al. 1989; Pavese et al. 2000, 2001). McCormick
et al. (1989) conducted room-temperature compression experi-
ments to 6 GPa with the diamond-anvil cell using a liquid pres-
sure medium on both vacancy-rich and vacancy-poor natural
omphacites, and Pavese et al. (2001) reported similar experi-
ments to 13 GPa on a P2/n-omphacite. Pavese et al. (2000)
recorded thermal expansive properties for the same P2/n-
omphacite that was used in Pavese et al. (2001). Thermal equa-
tion of states on some end-member clinopyroxenes have also
been investigated (e.g., diopside; Zhao et al. 1998, jadeite; Zhao
et al. 1997). However, simultaneous in situ measurements of
thermoelastic properties of omphacite at high-pressure and high-
temperature are still needed to derive complete equation of state
for this mineral.

In this study, pressure-volume-temperature (P-V-T) rela-
tions of synthetic omphacite were measured at pressure and
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temperature conditions up to 10 GPa and 1000 K with syn-
chrotron radiation, and the thermal equation of state was
determined. The results are compared to previously reported
thermoelastic parameters of omphacites and end-member py-
roxenes.

EXPERIMENTAL PROCEDURE
Samples

Based on the results of the previous phase equilibrium ex-
periments on the MORB composition, we synthesized
omphacite to have an appropriate chemical composition for an
eclogitic clinopyroxene. Chemical compositions of
clinopyroxene in MORB at 5 GPa and 1773 K (Aoki 1999),
and at 5.6 GPa and 1473 K (Irifune et al. 1986) are shown in
Table 1. Although the experimental conditions and starting com-
positions are similar, compositions of these two clinopyroxene
minerals differ significantly in SiO, and AL,O;. This may be
due to the different starting materials (dried natural MORB in
Aoki 1999 vs. glass in Irifune et al. 1986). Reagents were mixed
to match the former composition. Trace elements were ignored
and reagents of SiO,, Al,O;, Fe,0;, MgO, CaCO;, and Na,CO;
were used. The mixture was ground and heated slowly from
873 to 1173 K and kept at 1173 K for more than 12 hours for
decarbonation. The decarbonated sample was then melted for
10 min at 1622 K at the fayalite-magnetite-quartz buffer in a
one atmosphere furnace. The quenched glass was confirmed to
be homogeneous by microprobe analysis. Omphacite was syn-
thesized from the glass using the SPI-1000 1000 ton multi-
anvil press at the Magma Factory, Tokyo Institute of
Technology. The glass was enclosed in a Re foil capsule (3.2
mm in diameter, 3.4 mm in length), and experimental condi-
tions were P =5 GPa, T=1773 K, and ¢ = 30 min. Experimen-
tal techniques and the cell assembly used in the synthesis
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experiments are similar to those of Takahashi et al. (1993) and
Tsuruta and Takahashi (1998).

Chemical analyses were done with a JEOL-8800 micro-
probe. Accelerating voltage and beam current of 15 kV and 12
nA, respectively, were used with counting times of 10 s for the
peak and 5 s for the backgrounds on either side of the peak.
The standards used were: SiO,, wollastonite; Al,Os, corundum;
FeO, hematite; MgO, periclase; CaO, wollastonite; and Na,O,
natural albite. The microprobe analyses showed that most of
the sample consisted of omphacite, although minor amounts of
garnet and coesite were also identified. The weight ratios of
omphacite, garnet, and coesite were calculated to be 87%, 10%,
and 4%, respectively, on the basis of mass balance equations.
The chemical composition of the synthesized omphacite is listed
in Table 2. The omphacite has lower Al,O; and FeO contents
than the model clinopyroxene (Aoki 1999, Table 1). This
omphacite contains a relatively high content of Ca-Eskola end-
member (9 mol% Ca,sl 1ysAlSi,0¢). After the P-V-T experi-
ments, the chemical compositions of the omphacite samples
were examined, and no changes were detected.

Angular dispersive X-ray powder diffraction with CrKo. ra-
diation was carried out using the synthesized sample at ambi-
ent conditions. The results also showed the existence of minor
garnet and coesite. The unit-cell parameters of the omphacite
were calculated to be a = 9.607(2) A, b = 8.774(2) A, ¢ =
5.254(2) A, B=106.85(4)°, and V = 423.8(2) A® from the posi-
tions of 20 diffraction peaks. It is well known that the order-
disorder phase transition occurs in omphacite (e.g., Carpenter
1980). It is quite difficult to distinguish between C2/c- and P2/n-
omphacite samples from powder X-ray diffraction, because all
the reflections due to ordering are very weak (Clark and Papike
1968). P2/n-omphacite is stable only at low temperature (< ~700

TABLE 1. Chemical composition of clinopyroxene in MORB

Wit% Aoki* Irifunet
SiO, 53.92 51.60
TiO, 0.50 0.70
Al,O, 12.53 15.71
FeO 6.03 5.36
MnO 0.06 -
MgO 9.33 8.73
CaO 13.58 14.37
Na,O 3.39 3.20
KO 0.04 -
P,Os 0.08 -
Total 99.46 99.67

* Clinopyroxene in MORB composition at 5 GPa and 1773 K (Aoki 1999).
1 Clinopyroxene in MORB composition at 5.6 GPa and 1473 K (Irifune et
al. 1986).

TABLE 2. Chemical composition of omphacite

Chemical analysis Pyroxene end-members

Cation Weight percent ~ Number of Component Mole
oxide cations (O = 6) percent
Si 55.08(47) 1.954(12) NaAISi,Os 28.4(19)
Al 11.12(46) 0.465(19) CaAl,SiOg 4.6(12)
Fe 4.52(40) 0.134(12)  Cags1osAISiOg 8.9(37)
Mg 10.40(25) 0.550(13) Ca,Si,0¢ 23.9(13)
Ca 14.94(40) 0.568(15) Mg,Si,Os 27.5(7)
Na 4.13(28) 0.284(19) Fe,Si,06 6.7(6)
Total 100.18 3.956 100.0

Note: Estimated standard deviations in parentheses are based on 16
analyses.

°C, Carpenter 1980). Judged from its chemical composition
and our synthesis conditions, the space group of our omphacite
is C2/c rather than P2/n. These two structures are quite similar
and the phase transition would have no significant effect on
the P-V-T data.

P-V-T experiments

P-V-T experiments were conducted using the MAX-III
multi-anvil apparatus installed on a synchrotron beam line
(BL14C2) at the Photon Factory at the National Laboratory for
High Energy Accelerator Research Organization, Tsukuba, Ja-
pan. Six sintered diamond anvils (4 X 4 mm? truncation size)
were used for high-pressure generation. Figure 1 shows a sche-
matic cross-section of the cell assembly. A cubic pressure me-
dium (7 X 7 x 7 mm?*) made up of a mixture of boron and epoxy
resin (weight ratio 4:1) with a tubular graphite heater was used.
Powdered omphacite and a mixture of NaCl and BN (weight
ratio 6:1) were packed into the BN sample chamber separately.
Temperature was measured with a W5%Re-W26%Re thermo-
couple, and pressure was determined by the thermal equation
of state of NaCl (Decker 1971; Brown 1999).

A solid-state detector connected to a multi-channel analyzer
was used for data collection. The multi-channel analyzer was
calibrated with the characteristic X-rays of Mo, Ag, Dy, Ta,
Au, and Bi. The diffracted X-rays from the sample were col-
lected at a fixed 20 angle of ~6.0° by the energy dispersive
method. The 26 angle was calibrated with the unit-cell volume
of NaCl. The incident X-ray beam was collimated to 0.05 mm
and 0.2 mm in the vertical and horizontal dimensions, respec-
tively. Three thin slits between the sample and the detector,
0.05 and 0.2 mm in the vertical dimension and 0.5 mm in hori-
zontal, were used to eliminate diffracted X-rays from the pres-
sure medium. The X-ray diffraction data were collected at
positions 0.2 mm above and below the thermocouple junction
for the sample and the pressure marker, respectively. Typical
exposure times for collecting diffraction patterns of the sample
and pressure marker were 600 and 300 s, respectively. Tem-
perature variation indicated by the thermocouple was within 5
K. Figure 2 shows an example of the diffraction spectrum of
omphacite. The unit-cell parameters were calculated from peak
positions by the least-squares technique. Because of overlap-
ping diffraction peaks from both omphacite and other materi-
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FIGURE 1. Schematic cross section of the cell assembly.
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FIGURE 2. Example of diffraction spectra of omphacite at 10.15
GPa (Brown’s scale, Brown 1999) and 1000 K. Diffraction peaks for
coesite (Coe) and garnet (Grt), which coexist with omphacite, and the
sample capsule of boron nitride (BN) are also detected.

als, the number of reflections used was limited to 8—11. The
use of 8 to 11 peaks to fix the lattice parameters of a mono-
clinic symmetry compound results in under-estimation of a, b,
¢, and PB. The pressure was determined from the observed cell
volume of NaCl using the pressure scales of Brown (1999) and
Decker (1971). The cell volumes of NaCl were calculated from
four diffraction lines; 200, 220, 222, and 400. The errors in the
calculated pressures were estimated from the difference of cal-
culated pressure from different peaks of NaCl. The estimated
errors were 0.04 GPa on average, and 0.15 GPa at the maxi-
mum.

Two P-V-T experiments (no. 1 and no. 2) were conducted.
The sample was compressed to the desired pressure at room
temperature and heated to the maximum temperature (1000 K)
to release non-hydrostatic stress. X-ray diffraction data for both
the sample and the pressure marker were collected at fixed tem-
peratures with 100 K intervals under constant ram load. After
the data collection at room temperature, the sample was fur-
ther compressed, and the heating and data collection cycle was
repeated again. The procedure was repeated for up to 7 tem-
perature excursions in two experiments. Figure 3 shows the P-
T paths in the two experiments. In Figure 3, pressure values
calculated by the Brown (1999) equation of state (EOS) are
indicated. Brown’s EOS yields a revised pressure scale for NaCl
proposed as an update to the 30-year-old work of Decker (1971).
As mentioned by Brown (1999), the pressure differences be-
tween these two scales are larger at higher pressure and lower
temperature. Although the pressure differences are not so great
(<0.3 GPa), they affect significantly the derived EOS of
omphacite. In this study, the pressure values based on Brown’s
pressure scale were used after comparison with those based on
Decker’s scale.

RESULTS AND DISCUSSION
Thermal equation of state

The unit-cell parameters of omphacite at various P-T con-
ditions are given in Table 3. Only the data collected during
cooling (and data at ambient conditions), which are considered
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FIGURE 3. Pressure-temperature paths of present experiments. Solid
and open circles are experiments no. 1 and no. 2, respectively. The
pressures are calculated using the Brown (1999) EOS for NaCl.

to be closer to hydrostatic conditions, are listed in Table 3 and
used in subsequent calculations. Figure 4 shows the volume
data measured at 300, 500, 700, 900, and 1000 K.

The high-temperature Birch-Murnaghan (HTBM) equation
of state is often used to fit the P-V-T data (e.g., Funamori et al.
1996; Wang et al. 1998). The equation of state is given by the
following expression:

P=312K (Vi 1 V)" = (Vi / v)”]{l +314(K; —4)|(Vr 1 V)" - 1]} (1)

where K, Vi, V, and K; are the isothermal bulk modulus, zero-
pressure volume, high-pressure volume, and pressure deriva-
tive of Ky, respectively. The temperature effects for K and Vi,
are expressed as follows:

Ky = Ky + (QKA/OT) (T — 300) 2)

7
Vor= Voexp|: | och} 3)
300
where (0K,/0T), and o, are the temperature derivative of the
bulk modulus and the volumetric thermal expansion at atmo-
spheric pressure, respectively. The o, K7, and (K/dT), values
are assumed to be constant. In the case of angle dispersive X-
ray diffraction, the observed diffraction lines are relatively sharp
and the overlap of diffraction lines is not so great, compared
with the case of energy dispersive X-ray diffraction. Thus, the
Vor value determined by the angle dispersive method is expected
to be more accurate. In the following calculations, V,; was fixed
to be the value determined by angle dispersive X-ray diffrac-
tion (Vo = 423.8 A%).

The experimental P-V-T data (Table 3) were fitted to HTBM
equation of state, and results are listed in Table 4. The fits with-
out constraint on K7 yielded relatively high values of K7 ( K7 =
7). However, the limited pressure range and limited precision
of volume data in our experiments prevented us from resolv-
ing the K7 value with confidence. We also calculated the equa-
tion of state by fixing K7 at 4 and 5. K7 = 4 is the most common
value for silicate minerals and corresponds to a second-order
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TABLE 3. Unit-cell parameters of omphacite at various P-T conditions

Ps* Pot T a b c B V
(GPa) (GPa) (K) (A) (A) (A) ) (A

Experiment no. 1
0.00 0.00 294 9.596(7) 8.765(2) 5.277(8) 106.89(8) 424.7(7)
4.05 4.05 1000 9.553(2) 8.721(4) 5.214(4) 106.62(2) 416.2(4)
3.94 3.94 900 9.546(4) 8.718(7) 5.211(7) 106.63(4) 415.5(7)
3.82 3.81 800 9.546(3) 8.711(5) 5.214(5) 106.64(3) 415.4(5)
3.70 3.69 700 9.536(2) 8.709(5) 5.213(4) 106.60(2) 414.9(4)
3.55 3.52 600 9.533(4) 8.703(7) 5.209(7) 106.59(4) 414.2(7)
3.45 3.41 500 9.530(3) 8.699(6) 5.211(5) 106.58(3) 414.1(5)
3.36 3.29 400 9.527(3) 8.690(6) 5.210(6) 106.55(3) 413.5(6)
3.32 3.23 303 9.526(9) 8.687(18) 5.215(17) 106.67(9) 413.4(17)
6.61 6.58 1000 9.485(9) 8.681(5) 5.174(18) 106.52(14) 408.5(14)
6.49 6.45 900 9.475(6) 8.675(3) 5.172(11) 106.37(9) 407.9(9)
6.40 6.35 800 9.483(8) 8.667(5) 5.171(15) 106.45(12) 407.6(12)
6.27 6.21 700 9.469(6) 8.667(4) 5.168(12) 106.36(10) 407.0(10)
6.15 6.07 600 9.466(6) 8.658(3) 5.171(11) 106.36(9) 406.7(9)
6.05 5.94 500 9.465(3) 8.650(2) 5.172(6) 106.26(4) 406.5(5)
5.98 5.85 400 9.470(4) 8.649(2) 5.168(8) 106.31(6) 406.2(7)
5.94 5.77 303 9.463(5) 8.647(3) 5.166(9) 106.29(7) 405.7(7)
7.96 7.91 1000 9.456(7) 8.650(4) 5.155(13) 106.38(10) 404.6(11)
7.78 7.72 900 9.450(4) 8.641(2) 5.161(7) 106.28(6) 404.5(6)
7.66 7.58 800 9.445(5) 8.639(3) 5.157(9) 106.26(7) 404.0(8)
7.52 7.42 700 9.446(4) 8.633(2) 5.159(7) 106.23(5) 403.9(6)
7.38 7.27 600 9.449(4) 8.626(3) 5.158(8) 106.29(7) 403.5(7)
7.23 7.09 500 9.441(4) 8.625(2) 5.154(7) 106.18(5) 403.1(6)
717 7.00 400 9.437(3) 8.616(2) 5.157(6) 106.14(4) 402.8(5)
711 6.89 303 9.441(4) 8.611(2) 5.155(7) 106.18(5) 402.5(6)
9.31 9.23 1000 9.441(6) 8.603(3) 5.155(11) 106.38(9) 401.7(9)
9.08 8.99 900 9.432(5) 8.604(3) 5.150(9) 106.23(8) 401.3(7)
8.95 8.84 800 9.429(4) 8.600(2) 5.150(8) 106.14(6) 401.2(6)
8.77 8.64 700 9.420(5) 8.594(3) 5.154(9) 106.05(8) 400.9(8)
8.66 8.51 600 9.418(4) 8.584(2) 5.165(8) 106.18(7) 401.1(7)
8.55 8.37 500 9.421(3) 8.592(2) 5.148(6) 106.16(5) 400.2(5)
8.44 8.23 400 9.418(4) 8.583(2) 5.155(7) 106.20(6) 400.2(6)
8.40 8.15 302 9.421(4) 8.582(2) 5.149(8) 106.20(7) 399.8(6)
10.15 10.06 1000 9.425(3) 8.590(2) 5.142(5) 106.29(4) 399.6(4)
9.92 9.81 900 9.416(3) 8.590(2) 5.144(6) 106.19(4) 399.6(4)
9.67 9.54 800 9.426(4) 8.583(2) 5.152(8) 106.25(6) 400.2(6)
9.53 9.38 700 9.423(5) 8.578(3) 5.150(10) 106.27(7) 399.6(8)
9.41 9.23 600 9.419(5) 8.574(3) 5.149(10) 106.25(8) 399.2(8)
9.34 9.13 500 9.424(6) 8.569(3) 5.148(11) 106.27(9) 399.0(9)
9.22 8.98 400 9.417(6) 8.568(3) 5.143(11) 106.24(9) 398.4(9)
9.20 8.92 302 9.419(5) 8.568(3) 5.131(11) 106.23(8) 397.6(9)
0.00 0.00 299 9.603(3) 8.770(1) 5.259(4) 106.87(4) 423.8(4)

Experiment no. 2
0.00 0.00 300 9.603(3) 8.767(2) 5.271(6) 106.81(5) 424.8(5)
3.06 3.07 1000 9.569(2) 8.763(1) 5.239(3) 106.62(2) 421.0(3)
2.86 2.87 900 9.565(2) 8.758(1) 5.233(4) 106.57(3) 420.2(3)
2.76 2.77 800 9.560(2) 8.750(1) 5.236(3) 106.59(2) 419.7(3)
2.67 2.67 700 9.562(1) 8.745(0) 5.233(2) 106.62(1) 419.3(1)
2.56 2.55 600 9.557(1) 8.742(1) 5.230(2) 106.60(1) 418.7(2)
2.50 2.47 500 9.552(2) 8.734(1) 5.230(3) 106.58(2) 418.2(2)
2.44 2.40 400 9.541(1) 8.731(1) 5.229(2) 106.56(2) 417.6(2)
2.40 2.34 303 9.541(1) 8.723(1) 5.230(2) 106.57(2) 417.2(2)
5.56 5.55 1000 9.506(4) 8.704(2) 5.192(8) 106.38(6) 412.2(7)
5.42 5.40 900 9.505(4) 8.698(2) 5.191(8) 106.38(6) 411.7(7)
5.32 5.30 800 9.501(5) 8.692(3) 5.190(10) 106.38(7) 411.2(8)
5.20 5.16 700 9.502(5) 8.690(3) 5.186(9) 106.39(7) 410.8(7)
5.07 5.01 600 9.499(4) 8.685(2) 5.185(8) 106.37(6) 410.4(6)
4.95 4.88 500 9.500(5) 8.680(3) 5.186(10) 106.43(8) 410.1(8)
4.89 4.79 400 9.498(7) 8.675(4) 5.188(13) 106.48(10) 409.9(11)
4.84 4.70 303 9.487(5) 8.673(3) 5.188(10) 106.40(7) 409.5(8)
0.02 0.02 300 9.603(3) 8.767(2) 5.271(6) 106.81(5) 424.8(5)
* Pressure scale by Brown (1999).
T Pressure scale by Decker (1971).
TABLE 4. Thermoelastic parameters of omphacite

Parameters

Pressure Scale Brown Brown Brown Decker Decker Decker
K (GPa) 117(4) 126(1) 123(1) 114(4) 123(1) 119(1)
Kr 6.9(12) [4] [5] 6.7(11) [4] [5]
(0K#/9T)p (GPa/K) —0.026(5) —-0.015(4) —0.019(3) —0.024(5) —0.013(4) —-0.018(3)
o (10° K™) 2.7(3) 2.2(1) 2.4(1) 2.8(3) 2.3(1) 2.5(1)

Notes: Vo is fixed to be 423.8 A% in the calculation. Square brackets indicate fixed parameters in the fit.
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FIGURE 4. P-V-T data of omphacite with calculated isothermal
compression curves. Open circle is the result of angle dispersive X-
ray diffraction at ambient condition. Pressures are based on Brown’s
scale (Brown 1999). Data collected at 300 K, 500 K, 700 K, 900 K,
and 1000 K are shown. The isotherms (from lower cell volumes, 300,
500, 700, 900, 1000 K) are calculated from thermoelastic parameters
derived at K= 4.0 (Table 4).

390

Birch Murnaghan equation of state. Similar to this study, Zhao
etal. (1997, 1998) conducted P-V-T experiments on jadeite and
diopside, and their results showed K7 = 5. For comparison with
these previous studies, the Kr was also fixed at 5. The same
calculations were carried out based on the two pressure scales
for NaCl (Brown 1999; Decker 1971).

The calculated thermal expansivity o. does not change sig-
nificantly with the value chosen for K;. However, the calcu-
lated bulk modulus and its temperature derivative depend
strongly on the assumed K7 value. The tradeoffs between Kpn,
and K7 are indicated in Figure 5. It is well recognized that the
calculated Ky, value decreases with increasing Ky. The (dK,/
d7T), value also shows a significant correlation with K}, and we
could not strictly constrain it. Because Brown’s scale results in
slightly higher pressures than Decker’s, the bulk moduli based
on Brown’s scale are larger than those based on Decker’s scale
at the same K7. The thermal expansivity o does not change sig-
nificantly with the choice of pressure scale. In Figure 4, the
isothermal compression curves calculated from the fitted
thermoelastic parameters (Brown’s pressure scale, Ky = 4) are
illustrated. The differences between the experimental results
and calculated compression curves are generally within experi-
mental uncertainties (error bars in Fig. 4).

Figure 6 shows variations of the isothermal bulk modulus
K; for omphacite with temperature at Ky = 4.0. The symbols
show the calculated isothermal bulk moduli obtained by fitting
the data at each temperature to the Birch-Murnaghan equation
of state. The lines are the results of fits to the HTBM equation
of state for all of the data. Decreasing K, with increasing tem-
perature is represented by linear expression. In Figure 6, both
data based on Brown’s (1999) scale and Decker’s (1971) scale
are plotted. Because the differences of pressure values between
these two pressure scales are smaller at higher temperatures,
the difference of bulk modulus decreases with increasing tem-
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FIGURE 5. Dependence of K, on K' values for omphacite and
comparison to other pyroxene species. Bold (solid and broken) lines
represent the dependencies of K, on fixed K7. Solid symbols are fitted
Ky values without constraint on K7, and at K; = 4.0 and 5.0 (Table 4).
Solid lines and solid circles are based on Brown’s scale (Brown 1999).
Broken lines and solid diamonds are based on Decker’s scale (Decker
1971). Open symbols are diopside (circles, Levien et al. 1979; Levien
and Prewitt 1981; McCormick et al. 1989; Zhang et al. 1997; Zhao et
al. 1998), hedenbergite (squares, Kandelin and Weidner 1988a; Zhang
and Hafner 1992; Zhang et al. 1997), jadeite (diamonds, Kandelin and
Weidner 1988b; Zhao et al. 1997), orthoenstatite (triangles, Weidner
etal. 1978; Zhao et al. 1995; Flesch et al. 1998) and omphacite [squares
with cross, McCormick et al. 1989 (OM1, OM2); Bhagat et al. 1992
(OM3); Pavese et al. 2001 (OM4)]. OM2 and OM3 have identical
compositions. Data plotted in the left box are the results of Brillouin
scattering measurements (Kj)) at ambient conditions and their K' are
not determined. Previous high-P XRD results are comparable with
present results based on Decker’s scale (Decker 1971).
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FIGURE 6. Variations of the isothermal bulk modulus for omphacite
against temperature. Circles are isothermal bulk moduli calculated by
fitting the data at each temperature. Lines are the results of fits to the
HTBM equation of state (Table 4). Solid circles and the solid line are
based on Brown’s scale (Brown 1999); open circles and the broken
line are based on Decker’s scale (Decker 1971). K7 is fixed to be 4.0 in
the calculations.
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perature. As indicated in Table 4, this feature is expressed as
larger absolute values of (0K;/0T), when Brown’s scale is used.

COMPARISON WITH OTHER PYROXENES

Elastic properties of pyroxene minerals have been investi-
gated by various experimental methods. Most of the studies
are based on X-ray diffraction (XRD) at high-pressure and
Brillouin scattering at ambient conditions. The compression
curve from which the isothermal bulk modulus and its pres-
sure derivative can be determined is obtained by XRD at high
P. The calculated bulk moduli and their pressure derivatives
are generally highly dependent on each other because of the
limited experimental pressure range and the precision of vol-
ume data as described for our results (Table 4 and Fig. 5). The
elastic constants are derived from the single-crystal Brillouin
scattering, and from these the adiabatic bulk and shear moduli
at ambient conditions can be determined. The relation between
isothermal and adiabatic bulk moduli (K; and Kj, respectively)
is expressed as follows: K;= Ky/(1 + aygT) where o and Y are
thermal expansivity and the Griineisen parameter. Because the
term orys7 is estimated to be ~0.01 for pyroxene at 300 K and
the difference between K and K at ambient conditions is similar
in size to experimental uncertainties for bulk moduli, K; and
K, and are not distinguished in the following discussion.

As noted above, the choice of pressure scale significantly
affects the derived bulk modulus in the high-P XRD studies.
Most of previous studies are based on Decker’s (1971) NaCl
pressure scale or on the ruby scale (e.g., Piermarini et al. 1975;
Mao et al. 1986). The ruby scale is related to the Decker scale
since Piermarini et al. (1975) calibrated ruby fluorescence wave-
length shifts against NaCl volumes determined by X-ray dif-
fraction. The ultra high-pressure ruby calibrations (e.g., Mao
et al. 1986) use a functional representation that forces a match
to Piermarini et al.’s pressure derivative at low pressures. Thus,
previous results for other pyroxenes are comparable with the
present results based on Decker’s scale.

The comparison of the bulk modulus at the ambient condi-
tion K, and its pressure derivative K' for some end-member
pyroxenes (diopside; CaMgSi,O4, hedenbergite; CaFeSi,Oq,
jadeite; NaAlSi,O4 and orthoenstatite; Mg,Si,04) and
omphacites is shown in Figure 5. Data plotted in the left-hand
box are the results from Brillouin scattering measurements and
their K" were not determined. All the data in the right-hand box
are the results from high-pressure XRD except for a datum for
orthoenstatite (obtained by ultrasonic interferometry, Flesch et
al. 1998). The stiffer sample would be plotted toward the up-
per right in the diagram. Othoenstatite, which has a different
crystal structure, is characterized by relatively low K, and high
K' values compared to monoclinic pyroxenes. Diopside and
hedenbergite have similar compressibilities. The variation in
the results shown by high-pressure XRD of diopside (Levien
and Prewitt 1981; McCormick et al. 1989; Zhang et al. 1997;
Zhao et al. 1998) may show a tradeoff between K, and K'. Only
two K, values for jadeite are reported and they differ signifi-
cantly [143(2) GPa, Brillouin scattering by Kandelin and
Weidner 1988b, 125(4) GPa at K' = 5.0, high-P XRD by Zhao
etal. 1997]. The reason for the disagreement is not clear. How-

ever, it can be concluded that jadeite is the most incompress-
ible pyroxene end-member.

If we use Ca(Mg,Fe)Si,0¢ and (Mg,Fe),Si,0¢ as end-mem-
bers, instead of Ca,Si,04, Mg,S1,0¢, and Fe,Si,04, the contents
of both components in our omphacite are 47.8(27) and 10.3(16)
mol%, respectively. In this case, the dominant components are
Ca(Mg,Fe)Si,0¢ and NaAlSi,Oq. The contents of Di + Jd are
76 mol% in the clinopyroxene solid solution, and Di and Jd
represent Ca(Mg,Fe)Si,0, and NaAlSi,Oq, respectively. If we
ignore the other components and normalize to 100%, the com-
position of our omphacite can be expressed as DigJds;. As-
suming a linear relationship between K, and composition, and
using the results from Brillouin scattering of diopside [Ky, =
113(1) GPa, Levien et al. 1979] and jadeite [Ky = 143(2) GPa,
Kandelin and Weidner 1988b] to interpolate the bulk modulus
for DigJdss, one calculates K, = 124 GPa. The same interpola-
tion using the results from high-pressure and high-temperature
XRD [diopside, Ky = 109(4) GPa, Zhao et al. 1998; jadeite,
Kr=125(4) GPa, Zhao et al. 1997] yields K, = 115 GPa. These
are generally consistent with the results of the present experi-
ments (see Table 4).

The omphacites in Figure 5 are expressed as Diy,Jd;s (OM1;
vacancy-rich omphacite by McCormick et al. 1989, 75 mol%
Di + Jd content), DisJdgs (OM2 and 3; McCormick et al. 1989
and Bhagat et al. 1992, 88 mol%) and Dis,Jd,e (OM4; P2/n-
omphacite from Pavese et al. 2001, 91 mol%). OM2 and OM3
have identical compositions.

McCormick et al. (1989) performed single crystal XRD
experiments at high pressures on samples OM1 and OM2 us-
ing a multiple crystal mount in diamond anvil cell. OM2 shows
higher K, than OM1 in spite of its lower jadeite content. How-
ever, this is attributable to the higher Ca-Eskola (Cagsl lys
AlSi,04, vacancy-rich end-member) content (13 mol%) in OM1
(McCormick et al. 1989). It should be pointed out that their
results [diopside, K, = 122(2) GPa; OM2, 139(4) GPa at K' =
4.0] show higher bulk moduli than those obtained by Brillouin
scattering from the same materials (diopside, Levien et al. 1979;
OM3, Bhagat et al. 1992). The reason for the discrepancy in
bulk modulus is unclear. As described in Bhagat at al. (1992),
K, of OM3 can be explained by interpolation from the results
of the Brillouin scattering on diopside and jadeite. Similarly,
K, of OM4 and the interpolation from the results of the high-
pressure and high-temperature XRD show fairly good consis-
tency (Pavese et al. 2001).

Pavese et al. (2000) measured the thermal expansivity of an
omphacite, which is the same specimen used by Pavese et al.
(2001) for high-P XRD (OM4), from 298 to 1273 K at ambient
pressure. The results are o =2.76(4) and 2.51(3) x 10-5/K upon
heating and on cooling, respectively, and are consistent with
the results of the present experiments (Table 4).

Our data provide a direct assessment of thermoelastic be-
havior of omphacite at simultaneous high-pressure and high-
temperature. Although our omphacite contains some minor
end-member components (including vacancy-bearing Cag sl s
AlSi,0) other than diopside and jadeite, the results are gener-
ally consistent with a linear interpolation from the thermoelastic
parameters of diopside and jadeite given in the literature.
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