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Redetermination of high-temperature heat capacity of Mg,SiO, ringwoodite:
Measurement and lattice vibrational model calculation
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ABSTRACT

Isobaric heat capacities (Cp) of Mg,SiO, forsterite and ringwoodite were measured by differential
scanning calorimetry in the temperature range of 306-833 K. The measured C, of Mg,SiO, forsterite
was consistent with those reported by previous studies. On the other hand, the present Cp of Mg,SiO,
ringwoodite was about 3—5% larger than those measured by previous researchers. The calorimetric
data of Mg,SiO, ringwoodite were extrapolated to 2500 K using a lattice vibrational model calcula-
tion, which well reproduced the low-temperature C,» data measured by thermal relaxation method.
The calculated C, shows good agreement with the present calorimetric data. The obtained C, was
expressed by the polynomial of temperature: Cp=164.30+ 1.0216 X 10T+ 7.6665 < 10°T' — 1.1595
x 10772+ 1.3807 x 10°T [J/(mol-K)] in the range of 250-2500 K.

Keywords: Mg,SiO,, ringwoodite, heat capacity, DSC, Kieffer model calculation, thermodynamic
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INTRODUCTION

It is widely accepted that magnesium-rich (Mg,Fe),SiO,
olivine, which is the most abundant mineral in the Earth’s
upper mantle, transforms to wadsleyite and then ringwoodite
in the mantle transition zone and, furthermore, ringwoodite
dissociates into magnesium-rich (Mg,Fe)SiO; perovskite and
ferropericlase at the 660-km boundary between the transition
zone and the lower mantle. Therefore, thermodynamic property
of Mg,Si0O, ringwoodite, which is the dominant end-member of
the ringwoodite phase, is key to understand the Earth’s structure
from the mantle transition zone to the uppermost lower mantle.

In a thermodynamic calculation, isobaric heat capacity (Cp)
is necessary to calculate enthalpy and entropy at high tempera-
tures from those at standard state (298.15 K). Because C, data
of Mg,SiO, ringwoodite observed at high temperatures have
been limited to only those reported by Watanabe (1982) and
Ashida et al. (1987) using the differential scanning calorimetry
(DSC), many researchers have used the C» based on them for
thermodynamic calculations (e.g., Akaogi et al. 1984; Fei and
Saxena 1986; Bina and Wood 1987; Saxena et al. 1993; Jacobs
and Oonk 2001; Fabrichnaya et al. 2004). However, results of
a lattice dynamics calculation by Price et al. (1987), of a lattice
vibrational model calculation based on Raman spectroscopy by
Chopelas et al. (1994) and of ab initio calculations by Yu and
Wentzcovitch (2006) and Ottonello et al. (2009) indicated larger
C5 than those obtained in the two experimental studies beyond
the experimental errors. Recently, Akaogi et al. (2007) measured
low-temperature Cp of Mg,Si0, ringwoodite in a temperature
range of 2-305 K with thermal relaxation method using the
Physical Property Measurement System (PPMS). The C, by
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Akaogi et al. (2007) showed about 4% larger value than that of
Ashida et al. (1987) in a range of 210-300 K. These discrepan-
cies have required a re-determination of high-temperature Cp of
Mg,SiO, ringwoodite.

There are two methods to obtain Cp from DSC data, namely,
“scanning method” and “enthalpy method” (Mraw and Naas
1979). In the scanning method, Cp of a sample is determined
using a ratio of heat flow signal intensity from a baseline for the
sample to that for a standard (e.g., 0-Al,O;) at a certain tempera-
ture during a temperature scan. The two previous measurements
(Watanabe 1982; Ashida et al. 1987) adopted this method. On the
other hand, in the enthalpy method, C5 is determined by divid-
ing heat content by temperature difference during a scan. The
heat content is obtained by integrating an area surrounded by
a heat flow signal and a baseline over the scan duration. Mraw
and Naas (1979) recommended the enthalpy method because of
established equilibrium initial and final temperatures before and
after energy input, respectively, which eliminate uncertainties
from sample temperature lag during the scan. In this study, Cp
of Mg,Si0, forsterite and Mg,Si0, ringwoodite were measured
by the differential scanning calorimetry in a temperature range
of 306-833 K using the enthalpy method. Obtained C, data of
Mg,Si0, ringwoodite were extrapolated to temperatures higher
than 830 K using the lattice vibrational model calculation.

EXPERIMENTAL METHODS

Sample preparation

Single crystal of Mg,SiO, forsterite for a starting material of high-pressure
synthesis of Mg,SiO, ringwoodite was synthesized using the Czochralski method.
It was crushed and ground into powder. High-pressure synthesis of Mg,SiO,
ringwoodite was made using a Kawai-type multi-anvil high-pressure apparatus
at GRC, Ehime University. A Pt heater-capsule was used. For details of the high-
pressure high-temperature technique, see Higo et al. (2006). The starting sample
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of Mg,SiO, forsterite was held at 22 GPa and 1473 K for 1 h and then temperature
quenched and decompressed to ambient pressure. The recovered sample was
crushed and ground into powder. Mg,SiO, forsterite used for C» measurement
was synthesized by heating a mixture of reagent-grade MgO and SiO, powder
with a mole ratio of 2:1 at 1773 K for 130 h in air. Powder X-ray diffraction mea-
surements of the synthesized samples confirmed that they were single phases of
Mg,SiO, ringwoodite and Mg,SiO, forsterite, respectively. The lattice parameter
of the synthesized Mg,SiO, ringwoodite was determined to be a = 8.0647(2) A,
which is the same within the uncertainties as 8.0649(1) A reported by Sasaki et
al. (1982). The composition analysis of the Mg,SiO, ringwoodite sample using a
scanning electron microscope with an energy-dispersive spectrometer (SEM-EDS)
showed that there was no impurity and that its composition was stoichiometric.

Heat-capacity measurement

Heat capacity of Mg,SiO, ringwoodite was measured using a differential scan-
ning calorimeter (DSC) (PerkinElmer Diamond DSC). Calorimetric temperature
was calibrated using the melting points of indium, tin, and zinc. A purge gas of
nitrogen was flown during the measurements. In the temperature range from 298
to 573 K, the heating rate was 10 K/min and data were obtained with a step of 5 K.
In the range 553-843 K, the step was 20 K with a heating rate of 20 K/min. Data
acquisition interval was 1 s. 0-Al,O3, which was prepared by heating a reagent-
grade chemical at 1773 K for 12 h in air, was used as the calorimetric standard.
The weights of Mg,SiO, forsterite, Mg,SiO, ringwoodite, and o-Al,O; samples
were 12.68, 10.56, and 14.04 mg, respectively. Each sample was packed in an
aluminum pan. In a calorimetric run, a set of measurements for the empty pan,
a-Al,O; and Mg,SiO, forsterite/Mg,SiO, ringwoodite was made in a temperature
range of about 100 K . Observed heat data were analyzed using the enthalpy method
(Mraw and Naas 1979). At each step, the middle temperature was taken as the
measurement one. Heat capacities for Mg,SiO, forsterite and ringwoodite were
calibrated by those for c-Al,O; obtained just before each measurement using heat
capacity data of o-Al,O; by Ditmars et al. (1982). Three to seven data measured
at each temperature were averaged.

RESULTS AND DISCUSSION
Heat capacity of Mg,SiO, forsterite and ringwoodite

The results of C» measurements of Mg,Si0O, forsterite are
shown in Table 1 and Figure 1. The C, values are compared with
well-constrained previous data determined using the adiabatic
calorimetry of Robie et al. (1982), the DSC measurements of
Watanabe (1982) and Ashida et al. (1987), and the least-squares
fitting to heat content data of Orr (1953) where the Maier-Kelley

TaBLE 1. Isobaric heat capacities of Mg,SiO, forsterite measured
using differential scanning calorimetry
T (K) Cp [J/(mol-K)] T(K) G [J/(mol-K) T(K) G [J/(mol-K)]
306 118.6(6) 421 140.7(11) 536 153.0(6)
31 119.7(9) 426 141.1(11) 541 153.3(4)
316 121.1(10) 431 141.7(11) 546 153.7(5)
321 122.2(12) 436 142.1(12) 551 154.1(4)
326 123.4(12) 441 143.2(11) 556 154.5(4)
331 124.5(11) 446 144.1(11) 561 154.8(6)
336 125.7(11) 451 145.1(13) 566 155.3(4)
341 126.5(13) 456 146.5(19) 571 155.7(4)
346 128.1(12) 461 146.3(9) 576 156.1(4)
351 129.0(11) 466 145.9(11) 581 156.5(7)
356 129.9(12) 471 146.6(10) 586 156.8(6)
361 130.8(12) 476 147.5(7) 591 157.4(7)
366 131.7(12) 481 147.9(12) 633 158.7(17)
371 132.8(11) 486 148.4(14) 653 159.9(15)
376 133.6(12) 491 148.9(12) 673 161.1(17)
381 134.3(12) 496 149.5(5) 693 162.3(16)
386 135.0(12) 501 150.1(5) 713 163.2(18)
391 135.9(12) 506 150.7(7) 733 163.9(19)
396 136.7(12) 511 150.7(9) 753 165.0(19)
401 137.4(11) 516 151.1(6) 773 165.5(21)
406 138.8(18) 521 151.6(5) 793 166.4(20)
411 139.3(11) 526 152.1(5) 813 167.0(24)
416 140.1(10) 531 152.5(6)

Note: Errors in parentheses are twice the standard deviation of the mean.
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equation, Cp = a + bT + ¢T2, was used for the fitting. The Cp
values measured in this study agree with those by the previous
workers within the discrepancies of about 0.6%, except for only
the data by Ashida et al. (1987). Their data indicate smaller val-
ues than the others, particularly in the range of 450-620 K with
average discrepancy of 1.2%. Our data are very close to those by
Orr (1953) and also show good agreement with C proposed by
Gillet et al. (1991), which was based on their high-temperature
heat content measurements above 780 K. These facts strongly
suggest that the Cp data measured in this study are reliable.

Cp values of Mg,Si0, ringwoodite measured in this study
are listed in Table 2. Experimental errors were £0.5-2.6%,
depending on temperature. In Figure 2, they are compared with
those measured by Watanabe (1982) and Ashida et al. (1987)
using DSC. Our Cp data are 3—5% larger than those observed by
Ashida et al. (1987) over the temperature range of 300-700 K.
As mentioned above, the Cp data for Mg,Si0, forsterite above
400 K by Ashida et al. (1987) are about 0.5-2% smaller than
those constrained by the present and the other previous stud-
ies. As pointed out by previous workers (Hofmeister and Ito
1992; Chopelas 1999; Karki and Wentzcovitch 2002; Akaogi et
al. 2008), C» for MgSiO; akimotoite reported by Ashida et al.
(1988), which was measured using the same calorimeter as that in
Ashida etal. (1987), also contains systematic error. For example,
the C, values of MgSiO; akimotoite measured by Ashida et al.
(1988) are about 4% smaller than those measured by the PPMS
(Akaogi et al. 2008). Therefore, it is implied that the C, values
for Mg,Si0, ringwoodite of Ashida et al. (1987) contain a simi-
lar degree of systematic error as well. Furthermore, a sintered
Mg,Si0O, ringwoodite sample was used in the measurement of
Ashida et al. (1987). Since a sintered sample has less contact
with an aluminum pan than a powder of the same sample with

FIGURE 1. Comparison of heat capacity of Mg,SiO, forsterite
measured in this study using the differential scanning calorimetry (DSC)
with those by previous calorimetric studies. Open circles show the present
DSC data. Solid diamonds and solid circles are the previous DSC data
reported by Watanabe (1982) and Ashida et al. (1987), respectively.
Solid squares are data from adiabatic calorimetry of Robie et al. (1982).
Solid inverted triangles represent re-fitted data from the least-squares
fitting of the equation Cp(7) = a + bT + cT to heat content data by Orr
(1953). (Color online.)
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TABLE 2. Isobaric heat capacities of Mg,SiO, ringwoodite measured
using differential scanning calorimetry
T(K)  Co[J/(mol-K)] T(K)  Cp[)/(mol-K)] T(K) G [J/(mol-K)]
306 117.2(12) 436 141.0(6) 556 153.0(14)
311 118.4(12) 441 141.5(6) 561 153.7(14)
316 119.9(11) 446 142.0(6) 563 153.5(12)
321 121.3(12) 451 142.4(7) 566  153.9(12)
326 122.6(12) 456 142.5(10) 571 154.6(9)
331 123.8(11) 461 144.1(6) 583 154.9(10)
336 124.9(11) 466 144.7(7) 603 156.5(10)
341 126.0(11) 471 145.3(5) 623 157.9(13)
346 127.2(11) 476 145.5(6) 643 158.8(13)
351 128.5(15) 481 146.0(7) 653 159.5(30)
356 129.3(13) 486 146.6(7) 663 160.0(13)
371 130.3(13) 491 146.8(11) 673  160.9(27)
376 131.1(14) 496 147.3(14) 683  161.3(13)
381 132.2(12) 501 147.7(10) 693 161.7(29)
386 133.1(12) 506 148.2(13) 703 162.0(13)
391 135.1(7) 511 148.5(10) 713 162.8(30)
396 135.9(9) 516 149.2(13) 733 163.8(31)
401 136.7(7) 521 149.5(11) 753 164.5(32)
406 136.9(7) 526 150.1(13) 773 165.4(32)
41 137.8(9) 531 150.6(12) 793 166.5(34)
416 138.1(8) 536 151.1(14) 813 167.1(33)
421 139.0(5) 541 151.3(12) 833 167.9(35)
426 139.7(6) 546 152.1(14)
431 140.4(6) 551 152.8(12)

Note: Errors in parentheses are twice the standard deviation of the mean.

FIGURE 2. Comparison of the heat capacity of Mg,SiO, ringwoodite
measured in this study (open circles) with those determined by previous
researchers. Solid circles and solid triangles indicate DSC data measured
by Watanabe (1982) and Ashida et al. (1987), respectively. The data
points of Watanabe (1982) were obtained from the fitted equation given
in the literature. Dashed and dashed-and-dotted curves represent heat
capacities from ab initio calculations by Yu and Wentzcovitch (2006)
and Ottonello et al. (2009), respectively. Solid and dotted curves indicate
heat capacities calculated from lattice vibrational calculation by Chopelas
et al. (1994) and lattice dynamics calculation by Price et al. (1987),
respectively. (Color online.)

the same weight, the sample temperature lag from the monitored
temperature for the former is probably larger than that for the
latter. This means that, in the scanning method for analysis of
observed heat data, C» of the sintered sample would not be
correctly calibrated by that observed with powdered o-Al,O;
standard because of the difference in the sample temperature
lag between them. Hence, their use of the sintered Mg,SiO,
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ringwoodite sample would be another possible explanation for
the large deviation from our data.

The Cp values for Mg,SiO, ringwoodite reported by Watanabe
(1982) are 2-4% smaller than the present results, as well as those
by Ashida et al. (1987). Although the reasons of the difference
between Watanabe’s (1982) data and ours are not clear, the fol-
lowing issue may be suggested. The Mg,SiO, ringwoodite sample
used in Watanabe (1982) was synthesized in a Ni-Cr capsule. If
a little amount of Ni component was contained in the Mg,SiO,
ringwoodite sample, it might partly contribute to his smaller Cp
values because the use of the formula weight of pure Mg,SiO,
for a (Mg,Ni),Si0, solid-solution sample provides a larger mole
number of the sample, resulting in a smaller molar heat capacity.

The present C, data show good agreement with those de-
termined especially from the vibrational model calculation by
Chopelas et al. (1994) and from the ab initio calculation by Ot-
tonello et al. (2009), rather than those determined by the previous
DSC measurements.

Vibrational model calculation of heat capacity

Since Mg,Si0, ringwoodite is stable at pressures higher than
about 18 GPa at 1700 K, heating above 900 K at ambient pressure
results in back transformation to Mg,SiO, forsterite (Akaogi et al.
1984). For this reason, measured C; data of Mg,SiO, ringwoodite
above 830 K were not available. Therefore, the high-temperature
Cp data determined in this study were extrapolated to 2500 K by
a vibrational model calculation using the Kieffer model (Kief-
fer 1979a, 1979b) taking into account the low-temperature Cp
measured by Akaogi et al. (2007).

Physical properties and parameters used in the Kieffer model
calculation are listed in Table 3. Chopelas et al. (1994) modeled
a vibrational density of states (VDoS) of Mg,SiO, ringwoodite
using several optic continua. In this study, the VDoS was rep-
resented by two optic continua considering Raman and infrared
(IR) spectroscopic data by Chopelas et al. (1994), Akaogi et al.
(1984), and McMillan and Akaogi (1987) and phonon disper-
sions from a first-principle calculation by Yu and Wentzcovitch
(2006). In the Kieffer model calculation, calculated C, in the
low-temperature range below about 300 K is largely affected

TABLE 3. Vibrational density of states model and physical properties
for heat capacity calculation using the Kieffer model

Lower limit (cm™")  Upper limit (cm™') Fraction

TA1 0 146* 0.0238

TA2 0 155% 0.0238

LA 0 255* 0.0238

oC1 240 600 0.7381

0C2 790 840 0.1905

Formula weight (g/mol) 140.69

Ve (A% 131.14+4

z 2t

Kor (GPa) 182(3)8

(Ko/3T), (GPa/K) -0.025(1)]|

Yin 1.10#

Note: TA: transverse acoustic mode; LA: longitudinal acoustic mode; OC: optic
continuum.

* Calculated from sound velocities reported by Jackson et al. (2000) and Li (2003).
1 Reduced cell.

# Sasaki et al. (1982).

§ Meng et al. (1994).

|| Katsura et al. (2010).

# Chopelas et al. (1994).
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by the lower-cutoff frequency of the first optic continuum.
The lowest frequency of optic continua for the VDoS model
by Chopelas et al. (1994) is about 300 cm™, probably based
on only the observed Raman and IR spectra. However, the
phonon dispersions of Yu and Wentzcovitch (2006) show that
the lowest frequency in the optic modes is about 230 cm™! for
a T,, mode, which is inactive for both Raman and IR. Taking
the T,, mode into account, the lowest frequency of 240 cm™
was chosen in this study to reproduce the low-temperature Cp
data measured by Akaogi et al. (2007). As no Raman and IR
band was observed between 600 and 790 cm™!, the frequency
region was regarded as a stopping band that is supported by the
phonon dispersions of Yu and Wentzcovitch (2006). The upper
cutoff of 840 cm™ for the second optic continuum was deter-
mined from the Raman band of T,, mode observed at 834-836
cm' (McMillan and Akaogi 1987; Chopelas et al. 1994). The
first and the second optic continuum contain 31 and 8 modes,
respectively (Chopelas et al. 1994). The fractions for the optic
continua were calculated using them. The cutoff frequencies
for the three acoustic modes were derived from the acoustic
velocity data of Jackson et al. (2000) and Li (2003). Cp is cal-
culated by adding anharmonic effect to isochoric heat capacity
(Cy) obtained from the lattice vibrational model calculation,
using the following equation

C,=C,+a’K,V,T (1

where o, Ky, and V' are thermal expansivity, isothermal bulk
modulus, and volume at 1 atm and 7 K, respectively. The o for
Mg,Si0O, ringwoodite has not yet been constrained well. For
example, o equations of Suzuki et al. (1979) and of Katsura et al.
(2010) give 2.53 x 10 and 2.72 x 1075 K~! at 600 K, respectively,
and the constant o value in a temperature range of 293-973 K
determined by Inoue et al. (2004) is 3.07(6) x 10> K'. This
causes large uncertainty in calculated Cp at high temperature. In
this study, using the following thermodynamic relation

o= tulr @)
KOTVT

Equation 1 was changed to the expression without o

L WG>T
KOTVT

C,=¢C

P Vv

)

where v, represents thermal Griineisen parameter. For the 7y,
a weighted average mode Griineisen parameter, <y>, of 1.10
determined from high-pressure Raman spectroscopy of Chopelas
et al. (1994) was used. The 7, was regarded approximately as
a constant value due to almost no dependency on temperature
above about 500 K for mantle constituent minerals (Anderson and
Isaak 1995). Vr was assumed to be constant with Vo3 because a
small change in V" hardly affects the resultant Cy. Kyrat 7K was
calculated using Ky, at 298 K (K »95) and its temperature deriva-
tive at constant pressure (0K,/07), with the following equation

0K
Kor =K 0 +[ a;T ]P «(T-298). “4)
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The K, is tightly constrained to be ~182 GPa by high-
pressure X-ray diffraction measurement of Meng et al. (1994) and
calculation from K5 obtained from the Brillouin scattering experi-
ment of Weidner et al. (1984). In this study, the K| ,s of 182(3)
GPa determined by Meng et al. (1994) was adopted. (dKy;/0T)»
values have been reported to be —0.027(5) GPa/K by Meng et al.
(1994) and —0.025(1) GPa/K by Katsura et al. (2010). The latter
was used in the present calculation because it was determined
based on data measured in a temperature range of 300-2000
K, which is much wider than those in the former (300-700 K).

The calculated C, data were expressed using a polynomial
of temperature proposed by Fei and Saxena (1987)

C,=k,+kT+kT" +kI>+kT" (5)

in a valid temperature range of 250-2500 K. Determined heat
capacity coefficients are tabulated in Table 4. The calculated Cp
is compared with the calorimetric data measured in this study
and by Akaogi et al. (2007) in Figure 3. Errors of the C» were
estimated to be 0.4-1.7%, increasing with increasing tempera-
ture, from uncertainties of the lower-cutoff frequency of the first
optic continuum (£5 ecm™), vy, (£0.1), K¢ (3 GPa), (dK+/dT),
(£0.001 GPa/K), and V595 (£0.003 cm*/mol). Our VDoS model
reproduces well not only the low-temperature C» data of Akaogi
et al. (2007) but also the present calorimetric data. This result
suggests that the C, calculation using Equation 3 together with
Cy calculated from the lattice vibrational model by taking into
account low-temperature calorimetric data provides a good ex-
trapolation to high temperature. The C, values calculated in this
study are listed in Table 5 compared with those determined from
the lattice vibrational model calculation by Chopelas et al. (1994),
from the ab initio calculations by Ottonello et al. (2009) and Yu
and Wentzcovitch (2006), from the lattice dynamics calculation
by Price et al. (1987), and the calorimetric data of this study and
Akaogi et al. (2007). Although our C, calculated above 600 K
is almost the same as that calculated by Chopelas et al. (1994),
the latter indicates smaller values than the former below 300 K
because of their higher lower-cutoff frequency of the first optic
continuum. The Cp values computed by Ottonello et al. (2009)
also agree with our calculation results over the whole temperature
range within the uncertainties. The results of lattice dynamics
calculation by Price et al. (1987) and the ab initio calculation by
Yu and Wentzcovitch (2006) indicate smaller and larger values
than ours, respectively. The weighted average thermal Debye
temperature, 0, of Mg,SiO, ringwoodite was obtained to be
935 K for our Cy from 350 to 700 K by following the method
used in Watanabe (1982). The value is smaller than 1012 K of
Watanabe (1982) because of our larger Cp.

Entropy

Cp calculated with the procedure mentioned above is used to
determine vibrational entropy from the following equation

TABLE4. Heat capacity coefficients of Mg,SiO, ringwoodite
Cr=kot ki T+ T +KT2+ kT J/(mol-K)]
ko k, x 102 k,x 1073 ks x 107 ks x 107
164.30 1.0216 7.6665 -1.1595 1.3807

Note: Valid temperature range is from 250 to 2500 K.
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FIGURE 3. Isobaric (Cp) and isochoric (C)) heat capacities of Mg,SiO, ringwoodite calculated in this study using the Kieffer model. (a) In a
low-temperature region of 0-350 K, the calculated Cj is compared with calorimetric data by Akaogi et al. (2007). (b) In a temperature region of
300-900 K, the calculated C» (solid curve) is compared with those measured in this study. The calculated C) is shown with a dotted curve.

TABLE5. Results of isobaric heat capacity calculation of Mg,SiO,
ringwoodite, compared with those calculated by Chopelas
et al. (1994), Ottonello et al. (2009), Yu and Wentzcovitch
(2006), and Price et al. (1987) and those by calorimetric
measurements

T G5 [J/(mol-K)] T (6

(K) LVM* LVMt Abinitiot Abinitio§ LD|| (K) [J/(mol-K)]

50 3.99 3.66 3.84 3.37 50 3.43(3)#

100 24.45 20.39 25.54 23.76 101 25.25(7)#

150 53.22 48.10 54.99 52.19 149  53.61(13)#

200 79.18 74.95 80.98 77.62 200  79.51(15)#

300 1155 113.0 1129 117.0 113.2 301  114.65(30)#

400 136.6 135.2 137.3 137.9 1340 401 136.7(7)*

500 149.2 148.5 149.4 150.5 146.5 501 147.7(10)*

600 157.3 156.9 156.7 158.6 154.3 603  156.5(10)*

700 162.8 162.7 161.6 164.2 159.6 703 162.0(13)*

800 166.7 167.0 165.3 168.4 163.2 813  167.1(33)*

900 169.7 170.3 168.3 1715 165.9

1000 1721 173.0 170.8 1741 167.9

1200 175.8 174.9 1783

1400 178.7 178.2 181.8

1600 181.2 181.1 185.0

1800 183.5 183.5 188.1

2000 185.7 185.6 1914

2500 191.5 189.5 200.8

Note: LVM = lattice vibrational model calculation; LD = lattice dynamics cal-
culation.

*This study.

1 Chopelas et al. (1994).

# Ottonello et al. (2009).

§ Yu and Wentzcovitch (2006).

|| Price et al. (1987).

# Akaogi et al. (2007).

rC
G —_P
s =], 5. ©)
Vibrational entropies at 298 K (S%z) obtained by the present
and previous studies are compared in Table 6. In this study, S5og
was calculated to be 82.6(7) J/(mol-K). The error was estimated
by taking uncertainty of the lower cutoff frequency of the first

TaBLE6. Comparison of vibrational entropy at 298 K for Mg,SiO,
ringwoodite among calorimetric data, vibrational model
calculations, and ab initio calculation

S3os [J/(mol-K)]

This study 82.6(7)*
Akaogi et al. (2007) 82.7(5)t
Chopelas et al. (1994) 77.4(6)*
Ottonello et al. (2009) 80.2-81.7%

* Lattice vibrational model calculation.
1 Calorimetry with thermal relaxation method.
F Ab initio calculation.

TABLE7. Comparison of calculated vibrational entropies of Mg,SiO,
ringwoodite at 1 atm and high temperatures

T (K) S7 (This study) [J/(mol-K)] S? (Jacobs and Oonk 2001)* [J/(mol-K)]

300 83.47 83.48
400 119.82 118.39
500 151.80 148.77
600 179.80 17537
800 226.49 220.04
1000 264.29 256.60
1200 295.99 287.53
1400 323.30 314.34
1600 347.33 338.02
1800 368.81 359.24
2000 388.28 378.48

*Values were calculated using their C, equation based on the thermal expansivity
of forsterite by Kajiyoshi (1986).

optic continuum of £5 cm™ into account. Our value shows good
agreement with that obtained from the observed data by Akaogi
etal. (2007), indicating that, again, the present VDoS model well
reproduces the low-temperature C, of Akaogi et al. (2007). Also,
it is comparable to that by Ottonello et al. (2009). S5 determined
by Chopelas et al. (1994) shows a much smaller value than the
others, due to the relatively smaller C» than measured ones below
about 400 K (Table 5). In Table 7, the vibrational entropies at
1 atm and high temperatures using the C, calculated in this study
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are compared with those obtained from a Cp equation of Jacobs
and Oonk (2001), which was based on the calorimetric data by
Watanabe (1982) and Ashida et al. (1987) and was optimized
using the thermal expansivity by Kajiyoshi (1986). In the entropy
calculations, S5 of 82.7(5) J/(mol-K) by Akaogi et al. (2007)
was used as the standard value. The entropies calculated from
our Cp are about 3% larger above 600 K than those from C, of
Jacobs and Oonk (2001); this translates into a difference of about
10 J/(mol-K) at 2000 K. It is suggested that the newly obtained,
larger C» compared to those determined by the previous calori-
metric measurements, greatly affects the value of Gibbs energy
of Mg,Si0, ringwoodite at high temperatures and high pressures.
Re-investigation by a thermodynamic approach, particularly, on
the phase boundary between Mg,SiO, ringwoodite and MgSiO;
perovskite + MgO will be needed as a future work.
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