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Abstract

High-pressure high-temperature phase relation experiments in Mg;4SisO,4 were

performed using a 6-8 multi-anvil high-pressure apparatus in the pressure range of 12—
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22 GPa and temperature range of 1673-2173 K. We first found that Mg;4SisOo4

anhydrous phase B (Anh-B) dissociates to Mg;SiO4 wadsleysite (Wd) and MgO

periclase (Per) at about 18 GPa and 1873 K. From the results of the high-pressure

experiments, the phase boundaries of 5 Mg,SiO4 forsterite (Fo) + 4 Per = Anh-B and

Anh-B = 5 Wd + 4 Per were determined. In addition, the isobaric heat capacity (Cp) of

Anh-B was measured by differential scanning calorimetry in the temperature range of

300-770 K and the thermal relaxation method using a Physical Property Measurement

System (PPMS) in the range of 2-303 K. From the measured low-temperature Cp, the

standard entropy (S%9s.15) of Anh-B was determined to be 544.4(2) J/mol-K. We also

performed high-temperature X-ray diffraction measurements in the range 303—773 K to

determine the thermal expansivity (o) of Anh-B. The obtained Cp and o were

theoretically extrapolated to higher temperature region using a lattice vibrational model

calculation partly based on Raman spectroscopic data. Thermodynamic calculations by

adopting the thermochemical and thermoelastic data for Anh-B obtained in this study

and the estimated formation enthalpy for Anh-B of —13208 kJ/mol-K gave phase

equilibrium boundaries for 5 Fo + 4 Per = Anh-B and Anh-B =5 Wd + 4 Per that were

consistent with those determined by the present high-pressure high-temperature

experiments. The results clarified that, in the Mg4SisO.4 system, Anh-B is stable
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between 12 and 18 GPa at the expected temperatures of the Earth’s mantle.

Keywords: anhydrous phase B, phase boundary, heat capacity, entropy, thermal

expansivity, Raman spectrum, wadsleyite, ringwoodite
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Introduction

A high-pressure dense magnesium silicate Mg;4SisO,4 anhydrous phase B (Anh-B)

was first synthesized by Herzberg and Gasparik (1989) and its crystal structure was

determined by Finger et al. (1989, 1991). The crystal structure contains two different

stacking layers. One is a forsterite-like layer consisting of MgQOg octahedra and SiO4

tetrahedra, and the other is a layer consisting of MgOg and SiO¢ octahedra. The structure

is closely related to that of hydrous Mg;,Si4O19(OH), phase B, as the name indicates

(Finger et al. 1989; 1991). Due to the SiO¢ octahedra, Anh-B has a density higher than

that of 5 Mg,SiO;4 forsterite (Fo) + 4 MgO periclase (Per). Ganguly and Frost (2006)

investigated the phase boundary between 5 Fo + 4 Per and Anh-B by using

high-pressure high-temperature experiments and thermodynamic calculation. Moreover,

by examining the phase stability field of Anh-B + 2 SiO, stishovite (St) in the

Mg 4Si70,5 system using a thermodynamic calculation, they suggested the possibility of

the existence of Anh-B in cold subducted oceanic plates around 15 GPa and 800 K.

Crichton et al. (1999) determined an equation of state (EoS) of Anh-B by

high-pressure in situ X-ray diffraction (XRD) measurement at room temperature and

proposed a bulk modulus and its pressure derivative of 151.5 GPa and 5.5, respectively.
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On the other hand, there have been no other experimentally determined thermoelastic

data, such as the temperature derivative of the bulk modulus and thermal expansivity,

and no thermochemical data on ehthalpy, heat capacity or entropy. Ottonello et al.

(2010) made a calculation of the phase equilibrium boundary for 5 Fo + 4 Per = Anh-B

using the thermodynamic parameters of Anh-B predicted by ab initio calculation and

gave a phase boundary very similar to that obtained in Ganguly and Frost (2006).

It has also been observed by Presnall and Gasparik (1990) that, in a high-pressure

high-temperature run at 16.5 GPa and 2623 K, Anh-B coexists with liquid on the

incongruent melting process of Fo. This fact suggests that around 15 GPa Anh-B may

be stable at not only low temperature of about 800 K as described above but also high

temperature over 2500 K.

Recently, Bindi et al. (2016) reported that Cr-bearing Anh-B appeared as a

high-pressure stability phase in the Mg,SiOs~MgCr,04 system at 12 GPa and 1873 K.

The Mg,Si04~MgCr,04 system can be a simplified model for podiform chromitites

consisting of chromites surrounded by peridotites such as dunite and harzburgite, which

are found in ophiolites and are probably formed by reactions between peridotite and

melt (Arai 1997; Arai and Miura 2016). Since ultrahigh-pressure (UHP) minerals of

coesite and diamond have been found in the podiform chromitites, it is interpreted that
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the UHP chromitites may have undergone deep mantle recycling (e.g., Yamamoto et al.

2009). Therefore, if Anh-B is discovered in the UHP podiform chromitites, its existence

could be a good geobarometer for constraining the origin of the chromitites.

It is important to clarify the thermodynamic stability of Anh-B in order to properly

interpret the melting relation of Fo at high pressure and high temperature and the origin

of the UHP chromitites. However, the detailed phase stability field of Anh-B in a P-T

space, especially at an upper limit in pressure, is still unknown. In this study, we

performed high-pressure and high-temperature experiments in the Mg;4SisOo4 system

up to 22 GPa and 2073 K to experimentally determine the high-pressure phase relations.

In addition, the stability field of Anh-B was also examined by a thermodynamic

approach. Thermal expansivity of Anh-B was determined by high-temperature X-ray

diffraction (XRD) measurement, and the low- and high-temperature heat capacities of

Anh-B were measured using a Physical Property Measurement System (PPMS) and a

differential scanning calorimeter (DSC), respectively. From the measured

low-temperature heat capacity, the standard entropy of Anh-B was also obtained. The

measured heat capacity and thermal expansivity were extrapolated to a higher

temperature region using a lattice vibrational model calculation partly based on the

Raman spectrum observed in this study. The thermodynamic data thus obtained were
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applied to estimation of the stability field of Anh-B in the ranges of 10-21 GPa and

300-2700 K by a thermodynamic approach.

Experimental methods

High-pressure high-temperature experiments and sample characterization

Starting materials of high-pressure high-temperature experiments on anhydrous

phase B were synthesized as follows. Mg;SiOs Fo was prepared from a mixture of

analytical grade reagents of MgO Per and SiO, quartz with a 2:1 mole ratio by heating

at 1773 K for 56 h, and it was confirmed to be a single-phase by the powder XRD

method. An intimate mixture of Fo and Per with a mole ratio of 5:4 was used as the

starting material for most of the high-pressure high-temperature experiments.

Mg 4Si50,4 Anh-B and a mixture of Mg,SiO4 wadsleyite (Wd):Per = 5:4 in mole ratio

were used as the starting materials for reverse runs. The Anh-B sample for the reverse

run was synthesized from the mixture of Fo and Per with a mole ratio of 5:4 at 15 GPa

and 1873 K for 3 h, and Wd was prepared by holding Fo at 16 GPa and 1873 K for 2 h.
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High-pressure high-temperature experiments were performed at 12-23 GPa and

1673-2073 K using a Kawai-type 6—8 multi-anvil apparatus at Gakushuin University.

Tungsten carbide anvils with a truncated edge length (TEL) of 2.5 and 5.0 mm were

used in combination with a semi-sintered 5 wt% Cr,O3-doped MgO octahedron of 7 and

10 mm-edge, respectively, as the pressure media. Pressure calibration was made at room

temperature using pressure-fixed points of Bi I-II (2.55 GPa), Bi IlI-V (7.7 GPa), ZnS

(15.5 GPa), GaAs (18.3 GPa) and GaP (23 GPa) (Dunn and Bundy, 1978; Ito, 2007).

The pressure was corrected at 1873 K using coesite—stishovite transition in SiO; (Zhang

et al., 1996), forsterite—wadsleyite transition (Morishima et al. 1994) and wadsleyite—

ringwoodite transition (Inoue et al. 2006) in Mg;SiO4, and akimotoite—bridgmanite

transition in MgSiO; (Ono et al. 2001). The pressure calibration was also made at 1673

K and 2073 K in a similar manner to that at 1873 K. The uncertainties in the generated

pressures and temperature in the present experiments were estimated to be less than

about £0.3 GPa and +20 K, respectively. In the high-pressure phase relation

experiments, a tubular rhenium heater was placed in the central part of the pressure

medium of magnesia octahedron. A LaCrOs sleeve and end-plugs were inserted between

the Re heater and the pressure medium for thermal insulation. The starting materials

were placed directly in the Re furnace, and kept at desired pressure and temperature
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conditions for 1-3 h, then quenched, and returned to ambient conditions. The run
temperature was measured at the central part of the outer surface of the Re heater by a
Pt/Pt—=13%Rh thermocouple. The pressure effect on emf of the thermocouple was
ignored.

The recovered samples were examined by microfocus and powder X-ray
diffractometers (RINT 2500V; Rigaku). Cr Ko radiation with a rotating anode was used
at 45 kV and 250 mA for both the XRD measurements. For the microfocus XRD
measurement, a collimated X-ray beam of 50 um diameter was used. Lattice parameters
of anhydrous phase B were determined by using a powder X-ray diffractometer with the
step-scan method at 0.02” step.

A part of the run product of anhydrous phase B was mounted on a slide glass plate
with epoxy resin, and polished for compositional analysis by a scanning electron
microscope (SEM) (JMS-6360; JEOL) with the energy dispersive X-ray spectrometer
(EDS) (Sirius SD 10133BE-IS; SGX Sensortech). The SEM was operated with an
acceleration voltage of 15 kV and probe current of 0.55 nA. The composition analysis
was made at 12 analysis points. Standard material for Mg and Si was a synthetic
MgSiOs orthoenstatite.

Anh-B samples for the PPMS measurement were also synthesized with the
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Kawai-type multianvil apparatus using the second stage tungsten carbide anvils with

TEL of 5.0 mm. The pressure medium was the 5 wt% Cr,O3-doped MgO octahedron

with 10 mm edge. The LaCrO; sleeve was used as a heater. Inside the LaCrOs sleeve,

two Pt capsules containing the starting sample were placed symmetrically. The Pt

capsules were surrounded by MgO sleeves in order to electrically insulate them from

the LaCrOs heater. The temperature was monitored by a W5%—Re95%/W26%—Re74%

thermocouple whose hot junction was placed at the center between the two Pt capsules.

The starting sample of the mixture of Fo:Per = 5:4 in mole ratio was kept at 15 GPa and

20732273 K for 3 h and then quenched by turning off the electric power and

decompressed to ambient pressure. Composition analysis indicated that the synthesized

sample consisted of MgO of 66.18(33) wt% and SiO, of 34.41(40) wt% with total

100.59(60) wt%, resulting in an Mg:Si atomic ratio of 14.1(1):4.9(1) on a 24-oxygen

basis from the average of 12 data points, where the numerals in parentheses represent

twice the standard deviation of the mean.

High-temperature X-ray diffraction measurement

To measure the thermal expansion of Anh-B, high-temperature XRD experiments

10
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168  were carried out using a powder X-ray diffractometer (RINT 2100; Rigaku) with a
169  high-temperature cell. The diffractometer with CuKo. radiation was operated at 40 kV
170 and 40 mA in the 26 range of 10-70 with steps of 0.02". High-purity Si was used as the
171  internal 20 standard. The sample temperature was monitored with a Pt/Pt-13%Rh
172  thermocouple. Before the high-temperature XRD experiments, the Anh-B sample was
173  heated at 773 K for 2 h to confirm that this treatment heat did not change the crystal
174  structure of the sample. The XRD data were collected at temperatures between 303 and
175 773 K with a 50 K interval in both the heating and cooling processes. At each fixed
176  temperature, the diffraction pattern was taken for 50 min. The obtained diffraction
177  patterns were analyzed by the Le Bail profile fitting method using RIETAN-FP software
178  (Izumi and Momma 2007) to calculate lattice parameters.

179

180 Raman spectroscopy

181

182 The run product of Anh-B was fixed on a slide glass with epoxy resin and was well
183  polished for Raman spectra measurements. A micro-Raman spectrometer (NRS-3100;
184  JASCO) was used for the spectra measurements. The excitation light was a Nd:YAG

185  laser with a wavelength of 532 nm. The slit width was 0.1 mm. The Raman shifts were

11
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calibrated using trichloroethylene and a Ne lamp. The Raman spectrum was collected
by 3 rounds of 50-second exposures with an interval of 0.05 cm”. The measured

spectrum was analyzed using PeakFit software.

Calorimetry

Isobaric heat capacity (Cp) was measured using a differential scanning calorimeter
(DSC) (Diamond DSC; PerkinElmer) in the temperature range of 300-770 K. The
measurement temperature range was divided into four sections, i.e., 300—400, 380—480,
460-560 and 530-770 K. The ends of the temperature ranges of each section were
overlapped. The DSC temperature was calibrated with reference to the melting points of
indium, tin and zinc. The purge gas was nitrogen. In the temperature range of 300—560
K, data were obtained with a step of 5 K in the heating rate of 10 K min". In the range
of 530-770 K, the step was 20 K with a heating rate of 20 K min '. The set of
measurements was repeated 4—7 times in each section, and the results at each
temperature were averaged. The data acquisition interval was one second. A special
reagent grade a-Al,Os was used as the calorimetric standard. Prior to Cp measurements

of Anh-B, the Cp of Mg,SiOs Fo was measured to confirm the accuracy of the

12
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measurements, as done by Kojitani et al. (2012a). The sample weights were 9.970,

10.150 and 10.074 mg for Fo, a-Al,O3 and Anh-B, respectively. Each sample was

packed in an aluminum pan. A set of measurements for the empty pan, a-Al,Os, and Fo

or Anh-B was made over a single day run, and several measurements were made in the

above two temperature ranges. The measured heat data were analyzed by the enthalpy

method by Mraw and Naas (1979). The Cp of Fo and Anh-B were calibrated with

reference to those for a-Al,O3; obtained just before each measurement using the heat

capacity data for a-Al,O3 by Ditmars et al. (1982).

Low temperature Cp of Anh-B was measured by the thermal relaxation method

using a PPMS apparatus (Quantum Design). The Cp measurement was performed in the

temperature range of 2.0-302.6 K and at intervals of about 2 K. The sintered sample had

a weight of 10.988 mg and cylindrical shape with about 0.5 mm in height and 1 mm in

diameter. For better thermal contact, the surface at the bottom was flattened and

polished well. Apiezon N grease was placed between the sample and a sample platform

for the same purpose. More details of the measurement method are given in Akaogi et al.

(2007).
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Results and discussion

High-pressure phase relations

Table 1 shows the results of high-pressure high-temperature experiments in

Mg14Si5s024, and the phase relations are illustrated in Figure 1. The phase boundary of

Fo + Per = Anh-B was determined to be P = 0.0013(8) X7 + 10.3(14) by least-squares

fitting to the experimental data, where P and 7 are in GPa and K, respectively. This

boundary is located at 1-3 GPa lower pressure than that of the Fo—Wd transition

reported by Morishima et al. (1994). We found that Anh-B dissociates into a mixture of

Wd + Per at 18-20 GPa and 1600-2100 K. The phase transition pressure at 2073 K was

tightly constrained between 19.3 and 19.5 GPa by the normal and reverse runs. The

least-squares fitting to the experimental data with a fixing point of 19.4 GPa and 2073 K

provides the phase boundary equation of P = 0.0025(5) x (7=2073) + 19.4. In addition,

the high pressure-recovered sample from 22 GPa and 1873 K was a mixture of Rw +

Per, not Wd + Per. This was consistent with the Wd—Rw transition boundary reported by

Inoue et al. (2006), which was recalibrated using Tsuchiya’s (2003) Au EoS. These

results indicate that Anh-B is stable in a pressure range from 13 to 18 GPa around 1900

14
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K. Our boundary of 5 Fo + 4 Per = Anh-B was placed at slightly higher pressure by 0.5—
1.5 GPa than that determined by Ganguly and Frost (2006). This discrepancy is
discussed later.

Using the powder X-ray diffraction data, lattice parameters and volume of Anh-B at
room temperature and 1 atm were determined to be a = 5.8749(1) A, b = 14.1969(2) A,
¢ =10.0585(2) A, ¥ = 838.93(2) A?, i.e., molar volume of 252.61(1) cm’/mol. All the
determined lattice parameters and the volume showed good agreement with those of
Crichton et al. (1999), while the lattice parameters were about 0.1% larger than those of
Finger et al. (1991). Using our molar volume of Anh-B in combination with those of
Mg,SiO4 Fo (43.66 cm’/mol: Lager et al. 1981), Wd (40.53 cm’/mol: Finger et al. 1993)
and MgO Per (11.25 cm’/mol: Tange et al. 2009), the volume changes at ambient
conditions for the two reactions

5 Mg;SiO4 (Fo) + 4 MgO (Per) = Mg 4Sis0,4 (Anh-B) (1)
Mg4SisOz4 (Anh-B) = 5 Mg,Si04 (Wd) + 4 MgO (Per) 2)
were determined to be —24.14 and —5.06 cm’/mol; i.e., the density increases were 9.6%

and 2.0%, respectively.

Thermal expansivity
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The lattice parameters and cell volume of Anh-B determined by the
high-temperature XRD method are shown in Table 2. Figure 2 illustrates the measured
cell parameters and volumes as functions of temperature. At each temperature, the three
lattice parameters measured in both the heating and cooling processes agreed well,
within the range of experimental error. The volume data were used to obtain thermal
expansivity &= (1/V)(dV/dT)p. We examined three types of & expression: a constant, a

linear function & = a + b7 and a polynomial & = a + bT + c¢T"* where a, b and ¢ are

T

208 adT, where V and V are

parameters. The least-squares fittings of InV = InV,, +
volumes at 298 K and T K, respectively, gave the results of the constant « of
3.07(4)x10”° K and ¥, = 842.06(9) A (x> = 0.040), the linear o of 2.24(27)x10° +
1.6(5)x10°7 K and ¥, = 842.29(11) A’ ()* = 0.026) and the « polynomial of
2.4(16)x107 + 1.4 21)x10°7 - 0.1(12)xT K™ and ¥, = 842.30(13) A® (5 = 0.027). /*
represents a reduced chi-squared value calculated from the equation of

yobs_ycalc

2
X2 = [Z? M] /(n —m), where V°™; and o; are the measured volume and its

2
g

experimental error, respectively, V**; is the calculated volume, and n and m are the
number of data points and the number of fitted parameters, respectively. Since o

expressed by the linear function of temperature had the smallest y* and thus was the
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most appropriate, we adopted it for the o experimentally determined in this study.
Similarly, from the least-squares fittings to lattice parameter data, the linear
expansivities (/) in the a-, b- and c-axis directions were determined as /, = 1.05(2) x10~
K (*=0.024), I, = 1.01(4) x10° K™ (4 =0.217) and /. = 1.01(4)x10” K' (,* = 0.039),
respectively. Even if the linear function of temperature for the / expression is used, the
obtained y* values were almost the same as those by constant expression. The results
indicate that thermal expansion of Anh-B crystal is isotropic. Figure 3 compares the
obtained o with the « derived by Ottenello et al. (2010) using ab initio calculation.
Within the temperature range of 300-770 K where the high-temperature XRD
measurements were performed, our result was very consistent with that predicted by

Ottonello et al. (2010)

Heat capacities and standard entropy

The results of high-temperature Cp measurements by DSC are summarized in Table
3, and graphed in Figure 4. The DSC measurements were performed in the temperature
range of 300-770 K. For each 5 K interval in the temperature range of 300-560 K or

each 20 K interval in the temperature range of 530-770 K, the mean temperature was
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adopted as a measurement temperature. The Cp was measured 4-7 times at each
temperature, and the average value was determined. The experimental uncertainties
obtained from twice the standard deviation of the mean were less than 1.7%.

In Table 4 and Figure 4, the results of low-temperature Cp measurements using
PPMS are shown. The experimental uncertainties are smaller than 2%. The data around
300 K are in very good agreement with those measured by DSC. This smooth
correspondence between the DSC and PPMS data suggests the validity of both. The Cp
polynomial adopted in Yong et al. (2006) and Akaogi et al. (2007),

Cor(D)=ko+ kiT ™" +loT 2+ kT + kyT+ ksT? + koT°, (3)
was fitted to the obtained Cp data where ko—k¢ are coefficients. The fitting range was
divided into four sections, 0-20, 20-70, 70200 and 200-380 K. The curve fitting was
individually performed in each section by the least-squares method. In the first section,
Cp= k(;T8 was fitted to the Cp data because it is known that Cp is in proportion to the
cubes of T in the temperature region close to zero. If data at a temperature higher than
22 K are included in the fitting, the goodness of fit goes down. Therefore, the upper
limit of the first section was determined to be 20 K. In the second section, the Cp curve
has a large curvature. For better fitting of such curves with large curvature, it is useful to

withhold the inflection point seen around 115 K. For this reason, the upper limit of the
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second section was set at 70 K. In the fourth section, since the errors in Cp data in the
temperature range of 284.7-302.6 K were larger than the errors in the other PPMS data
due to an anomalous heat effect from the grease used to improve the thermal contact,
those Cp data were excluded from the fitting. To make the interpolation of this region
with withheld data more reliable, the boundary between the third and fourth sections
was set at 200 K and the Cp data up to 382.5 K measured by DSC were also included in
the fitting. The polynomial for each section but the first was chosen by considering a
reduced chi-squared value. Some of data were overlapped to provide a smooth
correspondence with the neighboring polynomial at the section boundary. Cp (T) = k¢T
was fitted to the data in the range of 2.0-22.0 K, Cp (T) = ko + koT 2 + ks T+ ksT ? to the
data in the range of 17.9-74.9 K, Cp (T) = ko + T % + T 2+ kT > + kT + ksT? to
the data in the range of 65.0-210.8 K and Cp (T) = ko + ki T *° + kyT 2 + k3T to the
data in the range of 190.9-382.5 K. Coefficients derived from the fittings are given in
Table 5 together with the reduced chi-squared (5°) and correlation factor (R?) to indicate
the goodness of fit. The degree of agreement between the measured data and the fitted
curve in each section is also shown in Figure 4.

Once the low-temperature Cp is known, lattice vibrational entropy at 1 atm and

298.15 K (S°ib9s.15) can be calculated using the equation

19

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6115

° 298.15
Svib,298.15 = fo

Cp

?dT. 4
The fitted Cp polynomials shown in Table 5 were applied to this calculation. The
S%ib29s.15s of Anh-B was determined to be 544.4(2) J/mol-K. The uncertainty of the

entropy (Os298.15) Was obtained by propagation of the experimental errors in the

measured Cp (8¢p;) from the following equation:

n-1 1 1 5 1 2
652298.15 = Z Z (Ti+1 — Ti)z [(FL 6Cpi> + (m 6Cpi+1> ]
i=1

(%)
where n is the number of the data points, and it was assumed that the uncertainties in
measurement temperatures were negligibly small, namely 67 = 0. We adopted twice the
Os208.15 as the uncertainty of the obtained S°ip2905.15. According to the crystal structure
analysis by Finger et al. (1991), we can assume no cation disorder in the Anh-B
structure, i.e., no configurational entropy. Therefore, the standard entropy (S°9s.15) is
equal to S°ib290s.15. The experimentally determined S°g5 is very close to the 547.3
J/mol-K estimated from the entropies of constituent oxides by Ganguly and Frost (2006),
rather than the 561.2 J/mol-K derived by Ottonello et al. (2010) from ab initio

calculations.

Raman spectrum
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347

348 Figure 5a shows the measured Raman spectrum of Anh-B. The unit cell of Anh-B
349  contains two Mg 4SisO»4 units, namely, it contains 86 atoms. Therefore, the total degree
350  of freedom in lattice vibration was 258, with 3 of these 258 modes being acoustic
351 modes and the remaining 255 being optic modes. According to Ottonello et al. (2010),
352  the irreducible representation of the optic modes is given as

353 Topt = 35Ag + 25B + 35B;,, + 25B3, + 28A, + 40By, + 27B;, + 40B3, (6)
354  with an axis setting of the space group Pmcb. The optic modes consist of 120 gerade
355  modes which are Raman active and 135 ungerade modes which are infrared (IR) active
356  or silent. In this study, 36 Raman peaks were observed, and their wave numbers are
357  listed in Table 6. Figure 5a also includes wave numbers of the 255 optic modes obtained
358 by the ab initio calculation of Ottenello et al. (2010). The vibrational mode frequencies
359  of the observed Raman peaks were generally consistent with those of the calculated
360  optic modes. This suggests that the distribution of the wave numbers at I'-point for all
361  the calculated optic modes is acceptable. In the next section, we use the distribution of
362  the vibrational mode frequencies to model a vibrational density of state (VDoS) for the
363 lattice vibrational model calculation.

364
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Calculation of heat capacity

The high-temperature heat capacity of Anh-B above 760 K was extrapolated using
lattice vibrational model calculation with the Kieffer model (Kieffer 1979a, 1979b), in
which the heat capacity at constant volume (Cy) is calculated by modeling the phonon
density of state for acoustic and optic modes.

To calculate the contribution of the acoustic modes to Cy, directionally averaged
sound velocities (u1, uz, us) are used, which are derived from compressional and shear
wave velocities, v, and vs, respectively. The u; and u, are slower and faster transverse
wave velocities, respectively, and the us is a longitudinal wave velocity. In the manner
of Kojitani et al. (2003), we estimated the compressional velocity (v,) of Anh-B using
Birch’s (1961) law between v, in km/s and density (p) in g/em’, vp =—1.87 - 0.7(m-21)
+ 3.050, where m is a mean atomic weight. v; was calculated from
v, = %(vpz - K/ p), where Ky is the adiabatic bulk modulus, and it was assumed that
Ks was equivalent to the isothermal bulk modulus (K7). The directionally averaged
sound velocities were calculated from the v, and v using the method of Kieffer (1979a).
The u;, u, and u3 were determined to be 4.866, 6.671 and 9.194 km/s, respectively.

We adopted a four optic-continua model with wave-number ranges of 187-540,
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540-700, 790-910 and 950-1050 cm'l, which contained 190, 33, 26 and 6 optic modes,
respectively, based on the measured Raman spectrum and the vibrational mode
calculations by Ottonello et al. (2010). The vibrational density of state model is
illustrated in Figure 5b, and the parameters used for the Kieffer model calculation are
summarized in Table 7. Because, in general, C will be approximately equal to Cp at all
temperature below 200 K, the lower cutoff frequency of the first optic continuum,
which largely affects the calculated low-temperature Cp value, was adjusted to
reproduce the measured low-temperature Cp up to 200 K. The obtained Cy are listed in

Table 8.

High-temperature extrapolation of thermal expansivity

Since the a determined by the high-temperature XRD measurement was limited up
to 773 K in this study, the experimentally determined values of a were extrapolated to

higher temperature using the Griineisen relation equation

_ YenCy(T)
a(T) = Kr(TVo(T) Q)

where pn, CA{T), KH(T) and Vo(T) represent the thermal Griineisen parameter, isochoric

heat capacity, isothermal bulk modulus and volume at 7 K and ambient pressure,
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respectively. The Cp values obtained in the previous section were applied to this
calculation. Ky at T K was obtained by the equation

Ko (T) = K;(298) + (%)P (T — 298), (8)
where (OK7/0T)p is a temperature derivative of K at constant pressure. Since there was
no experimentally determined (0K7/0T)p for Anh-B, the value was estimated from the
equation proposed by Anderson (1995):

(55), = —akr (Kr' = q" + 1), ©)

where aK; and K’ refer to an averaged aKr and pressure derivative of Kr,

respectively. ¢ is a parameter defined by the following equation:
ht = aa”ll—:;/m (10)

where »" is a Griineisen parameter at high temperature. In the present study, the g™
value was approximated to be unity (Anderson 1995). Vo(T) was calculated by the
equation:

Vo(T) = V,(298) - exp [szgS a dT]. (11)
As shown in Equations 9 and 11, the calculations of (6K7/0T)p and Vo(T) include a.
Therefore, o was calculated using the iteration calculation method with an initial Vo(7),

keeping V(298) constant, and an initial (OK7/0T)p of a proper value. The final (0K/0T)p

thus obtained does not depend on the initial value. Five iterations provided a converged

24

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6115

a. The detailed methods used for the iteration calculation of a are described in Kojitani
et al. (2012b).

Since the yx, of Anh-B has not yet been tightly constrained, we calculated a different
o using different yy, values of 1.1, 1.2 and 1.3 at 298 K by adopting K(298) of 151.5
GPa and K7’ of 5.5 as reported by Crichton et al. (1999) and a Vy(298) of 252.61
cm’/mol as obtained in the present study, where the volume dependency, i.e., practical
temperature dependency, of y,, was included with consideration for the ¢" value of unity
as shown in Equation 10. The results of the calculations are shown in Figure 3. In the
temperature range of 300-800 K, the a calculated with a yy5 of 1.2 is in very good
agreement with that determined by the present high-temperature XRD measurement.
Therefore, we adopted the o obtained with a yg of 1.2, which gave an (0K/0T)p of —
0.0275 GPa/K. The o calculated with a yy of 1.2 was also consistent with that of
Ottonello et al. (2010) below 800 K. However, above 800 K the former was larger than

the latter and the difference between them became larger with increasing temperature.

Isobaric heat capacity calculation

The isobaric heat capacity (Cp) is calculated within the quasi-harmonic
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approximation from the equation
CHT) = CAT) + o T)’K(DVo(DT . (12)

The physical properties used for the Cp calculation of Anh-B are summarized in Table 9.
The calculated Cp values of Anh-B are listed in Table 8 together with Cy and a, and they
are also shown in Figure 6 in comparison with the measured Cp values in this study and
those predicted by Ottonello et al. (2010). The calculated Cp values well-reproduced not
only the Cp data up to about 300 K by PPMS but also those by DSC within the
experimental uncertainties. The present Cp calculation result was quite close to that of
Ottonello et al. (2010) over the temperature range of the calculation; nonetheless, the
former was up to 0.7% higher than the latter. This was mostly due to the higher a of the

present study compared to that of Ottonello et al. (2010), as shown in Figure 3.

Calculation of the phase boundaries on Anh-B

Thermodynamic calculations of the phase equilibrium boundaries for the reactions

of Equations 1 and 2 were performed by applying the thermodynamic properties of

Anh-B obtained in this study, using the following equation:
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AG(P,T):AH%(T)—T-AS°(T)+L’;mAV(p,T)dp -0, (13)
where AH°(T) and AS°(T) are the enthalpy and entropy of a phase transition at 1 atm
and T K, respectively, and AV(p,T) is the volume change at p GPa and 7 K. The AH°(T)
and AS°(T) were calculated using AH°(298), AS°(298) and isobaric heat capacities at 1

atm, Cp, as shown by the following equations:

AH(T)=AH"(298)+ [ AC,(T")dT’ (14)
AS°(T)=AS°(298)+L;%M’. (15)

Volumes at given pressures and temperatures, V, were calculated using a third-order
high-temperature Birch-Murnaghan equation of state (EoS) or a Mie—Griineisen—Debye

EoS. The third-order high-temperature Birch-Murnaghan EoS is represented as

_E . L —7/3_ L -5/3 . é IT— . L —2/3_
B ) =2 K(T) KVO(T)) (V()(T)j ] 1+4(K * [(VO(T)) 1}

(16)
where Pr(V) represents the pressure as a function of V at 7' K and V(7)) is the volume at

1 atm and 7 K. On the other hand, the Mie—Griineisen—Debye EoS is expressed as

Py =Py )+ " B, 7.7y - B, (7.298)]
v (17)

where y and Ey, are a Griineisen parameter and the internal thermal energy, respectively.

The Pyos(V) term was calculated using Equation 16 or a Vinet EoS:
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=@ (VomJ [1 (Vom] ]exp - {1 [Vomj ]

(18)
Ew(V,T) was obtained from the Debye model as follows:
_3 3
E,(V.,T)= 9nRT[9D(V)} J‘HD(V)/T X
T 0 ex _ 1 (19)

where n, R and 6 are the number of atoms per formula, the gas constant and a Debye

temperature, respectively. The models for y and 6p are expressed as

yV)=7p,11+ I{(VJ - 1]
Vo (20)

=% (1-k)
6,(V) = 9@} xexp{— W)q‘q
0

1)
by following the equations of Tange et al. (2009), where y, and p( represent y and 6, at
Vs, respectively, and ¢ and k are constants.

Prior to the phase boundary calculations of the reactions of Equations 1 and 2, we
performed thermodynamic calculations of the Fo—-Wd and Wd-Rw phase transition
boundaries to optimize enthalpy data and check the reliability of the other
thermodynamic parameters for Fo and Wd. Thermodynamic parameters for the three

phases are listed in Table 9.

Since a, Cp and (0K7/0T)p of Wd have not yet been well constrained, we optimized
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them using the same approach as for Anh-B. Cy of Wd was calculated by the Kieffer

model calculation using the VDoS model shown in Table 7, which reproduces the

low-temperature Cp data measured by Akaogi et al. (2007). The calculated Cy of Wd are

given in Table 8 and Figure 7. The obtained Cy was applied to a, (0K7/0T)p and Cp

calculations. In the a calculation, a y, of 1.3 was used because it gave consistent o with

the a values measured by Suzuki et al. (1980) and Trots et al. (2012) below 1000 K, as

shown in Figure 8. At the same time, the yy of 1.3 provided (0K/0T)p of —0.0237

GPa/K. The Cp calculated using the obtained Cy, a and (0K7/0T)p are given in Table 8

and Figure 7. The present calculations yielded 3—4% higher Cp values than the previous

DSC measurements by Watanabe (1982) and Ashida et al. (1987), which were rather

comparable to the Cy values calculated in this study.

Phase transition enthalpies at 298 K [AH°(298)] for the Fo—-Wd and Wd-Rw

transitions can be obtained using drop-solution enthalpies (AH,.s) of the three phases. In

the drop-solution enthalpy measurement, a material is dropped from outside of a

calorimeter at room temperature into molten oxide solvent inside the calorimeter at high

temperature, and the enthalpy difference between the crystalline state at room

temperature and dissolution state in the solvent at high temperature is measured. In this

approach, materials with the same composition can be assumed to have the same
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dissolution state; for example, AH°(298) of the Fo—Wd transition is calculated from

AHg4s(Fo) — AHq4(Wd) (cf., Akaogi et al. 2007). In Table 10, drop-solution enthalpies of

the related materials in 2PbO-B,0; solvent at 978 K are summarized. The internal

consistency of AH,.s data among Fo, Per and SiO, quartz has already been confirmed in

Kojitani et al. (2016). Therefore, the AH,.; data for Fo and Per by Kojitani et al. (2016)

were used. Since AHy.s(Rw) has also been well constrained from the data by Akaogi et

al. (2007) and Kojitani et al. (2016), we adopted the average of their AH,.(Rw) values.

For AH,.s(Wd), only the value measured by Akaogi et al. (2007) was used. The phase

equilibrium boundaries calculated by adopting AHy.s of 168.2 + 0.4 kJ/mol for Fo, 142.2

+ 1.3 kJ/mol for Wd and 129.0 £ 1.0 kJ/mol for Rw, which give AH*(298) of 26.0 + 1.4

kJ/mol for the Fo—-Wd transition and 13.2 + 1.6 kJ/mol for the Wd—Rw transition, are

shown in Figure 9. The calculated Fo-Wd boundary agrees well with that by the

high-pressure and high-temperature in situ experiments of Morishima et al. (1994).

On the other hand, the calculated Wd-Rw boundary is also consistent with those

determined by the high-pressure and high-temperature in situ experiments of Inoue et al.

(2006) and Suzuki et al. (2000), where the pressure data of Inoue et al. (2006) were

re-scaled using Tsuchiya’s (2003) Au EoS. These findings confirm the validity of the

thermodynamic parameters used for Fo and Wd.
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AH°(298) for the reactions of Equations 1 and 2 are obtained from 5 AHgy.4(Fo) + 4

AHgys(Per) — AHys(Anh-B) and AH4s(Anh-B) — 5 AH4.«(Wd) — 4 AHg4s(Per), respectively.

Measured AHgys data of Anh-B have not been yet reported, because it is difficult to

synthesize the large amount of single-phase sample required for drop-solution

calorimetry. For this reason, the phase boundary calculations of the reactions of

Equations 1 and 2 were performed using the expected AHqys values of Anh-B in the

range from 904 to 912 kJ/mol at intervals of 2 kJ/mol. The results of the calculations are

shown in Figure 10. A higher AHy.((Anh-B) value results in a lower transition pressure

for the reaction of Equation 1 and a higher one for the reaction of Equation 2, as shown

in Figures 10a and 10b, respectively. The transition pressure of the latter is especially

sensitive to the AHy(Anh-B) values. It is important to note that both of the

experimentally determined boundaries can be explained within the experimental errors

by the thermodynamic calculations using the same AHy.s(Anh-B) of 908 + 1 kJ/mol.

As described earlier, the experimentally determined transition pressure for the

reaction of Equation 1 is about 1 GPa higher than that of Ganguly and Frost (2006). The

calculation with AH4.s(Anh-B) of 917 kJ/mol gives a phase boundary very close to that

reported by Ganguly and Frost (2006), as shown in Figure 10a. However, when the

same AH,.s(Anh-B) is applied to the phase boundary calculation of the reaction of
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Equation 2, the transition pressure is calculated to be 22.2 GPa at 1873 K, which is

much higher than the value of about 18.5 GPa determined experimentally in this study,

and is beyond the phase stability region of Wd (Figure 10b). On the other hand,

although the boundary for the reaction in Equation 1 calculated by Ottonello et al.

(2010) is consistent with both our high-pressure experimental data above 1873 K and

the thermodynamic calculation with AHy(Anh-B) of about 913 kJ/mol, the boundary

by Ottonello et al. (2010) does not agree with the high-pressure experimental data at

1673 K. This discrepancy is probably attributable to the fact that the S°5.15 of Anh-B

(561.2 J/mol-K) estimated by Ottonello et al. (2010) is higher than that measured in this

study (544.4 J/mol-K) because the higher S%9¢s5 of Anh-B results in a steeper

Clapeyron slope. Therefore, the present phase boundary would appear to be more

appropriate than the previous ones for the reaction of Equation 1.

From the above discussion on the phase boundaries, it is concluded that, in the

Mg 14Si50,4 system, Anh-B is stable in the pressure range from 13 to 18 GPa at 1873 K.

In addition, AH,.(Anh-B) is expected to be around 908 kJ/mol, suggesting that the

formation enthalpy from elements at the standard state (AgH95) is —13208 kJ/mol, as

calculated from the enthalpy difference between 5 Fo + 4 Per and Anh-B and A¢H%9s

values of Fo and Per listed in Table 9.

32

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6115

Implications

The stability field of Anh-B in the Mg;4SisO4 system was thermodynamically

calculated in the temperature range of 3002700 K and the pressure range of 10-21 GPa

using the optimized AHy(Anh-B) of 908 kJ/mol, namely AtH°93(Anh-B) of —13208

kJ/mol. The thermodynamic parameters used are listed in Table 9. Our thermodynamic

calculation results shown in Figure 11 indicate that the stability field of Anh-B places

between 5 Fo + 4 Per and 5 Wd + 4 Per with a 3-7 GPa interval over the whole

calculation temperature range of 300-2700 K. The interval of pressure of the Anh-B

stability field becomes narrower with increasing temperature. This suggests that Anh-B

can be stable in relatively wide pressure and temperature ranges if the local bulk

composition of a mantle rock is enriched with an MgO component because of, for

example, selective dissolution of the Si component into fluid. Furthermore, in the

Mg,Si04—MgCr,04 system, it is expected that the Cr-bearing Anh-B synthesized by

Bindi et al. (2016) would also be allowed to exist in a similar pressure range between 13

and 18 GPa at 1873 K if it is assumed that the effect of the Cr component on the
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stability pressure is negligibly small.

Presnall and Gasparik (1990) observed the coexistence of Anh-B with silica-rich

liquid in the Mg,SiO4 system under the conditions of 16.5 GPa and 2623 K. This

temperature was about 100 K higher than the upper temperature limit of the stability

field of Anh-B at 16.5 GPa (Figure 11). However, the higher temperature limit at 16.5

GPa becomes 80 K higher with the use of AgH%9s (Anh-B) of —13211 kJ/mol, which is

just 3 kJ/mol larger than the —13208 kJ/mol optimized in this study. Therefore, it is

likely that the result of Presnall and Gasparik (1990) is consistent with our calculated

stability field of Anh-B, when considering both the errors in their high-pressure and

high-temperature experiment and our thermodynamic calculations.

Seismic discontinuities in the 250-350 km depth range in the Earth’s upper mantle,

or so-called X-discontinuity, have been observed beneath regions of the subduction zone

and continents (e.g., Schmarr et al. 2013). The depth range corresponds to a pressure

range of 8—11.5 GPa. If we consider that fluid in subducting slabs is enriched in the

SiO, component, it is possible that the reaction of 5 Fo + 4 Per = Anh-B proceeds in the

residual rock enriched with the MgO component. When we consider the slabs with an

internal temperature range of 800—1500 K at around 300-km depth as estimated by, e.g.,

Kirby et al. (1996), the reaction occurs at a pressure of 10—12 GPa based on our results
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shown in Figure 11. As Ganguly and Frost (2006) suggested, the effect of water on the

phase boundary can reduce the pressure of the reaction by about 1 GPa. By taking this

effect into account, it is likely that the reaction occurs at 9—11 GPa under wet conditions.

The obtained pressure range of the reaction overlaps with that of the X-discontinuity.

Therefore, the reaction 5 Fo + 4 Per = Anh-B under wet conditions would be another

candidate for the X-discontinuity, in addition to the coesite—stishovite phase transition in

SiO, (Williams and Revenaugh 2005), the hydrous phase A formation (Akaogi and

Akimoto 1980) and the orthorhombic to high-pressure monoclinic phase transition in

pyroxene (Woodland 1998).

We also performed thermodynamic calculations of the high-pressure

high-temperature phase relation in the Mg4Si;O0 (i.e., Mg;Si0O4) system to examine

the stability field of Anh-B + 2 St. In these calculations, Gibbs free energies at given P—

T conditions for Fo, Wd, Rw, 14 Per + 7 St, and Anh-B + 2 St were compared in the

pressure range of 10-21 GPa and the temperature range of 800-2500 K. The results of

the calculations are shown in Figure 12. We found that the Anh-B + 2 St field was stable

when A¢H%93(Anh-B) values negatively larger than —13235 kJ/mol were adopted. The

Anh-B + 2 St field has a lens-like shape along the phase boundary between Wd and Rw.

It starts to appear at around 17 GPa and 800 K. The stability pressure is higher than that
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of about 15 GPa previously suggested by Ganguly and Frost (2006). As described above,

the AH%03(Anh-B) value of —13235 kJ/mol is too large to explain the phase boundaries

for 5 Fo + 4 Per = Anh-B and Anh-B =5 Wd + 4 Per determined by our high-pressure

experiments. When a AgH%93(Anh-B) of around —13208 kJ/mol is adopted, the stability

field of Anh-B + 2 St never appears under any P—7 conditions. The calculation results

thus suggest that Anh-B would not be formed in peridotites under subsolidus and

anhydrous conditions. If the local bulk compositions of such rocks are enriched with an

MgO component or the Gibbs free energy of Anh-B is effectively reduced by some

other components, Anh-B might possibly exist in mantle peridotites.
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Figure captions

Figure 1. The results of high-pressure high-temperature experiments. Open, red solid,

gray solid and light blue solid triangles indicate that the recovered samples are

forsterite (Fo) + periclase (Per), anhydrous phase B (Anh-B), wadsleyite (Wd) + Per

and ringwoodite (Rw) + Per, respectively. Reverse triangles represent reverse runs.

Half red-half open triangles, half gray-half red triangles and the half light blue-half

gray triangle show mixtures of Anh-B + Fo + Per, Anh-B + Wd + Per and Rw + Wd

+ Per, respectively. Solid lines are the phase boundaries of Fo + Per = Anh-B and

Anh-B = Wd + Per determined using the least-squares method. Dashed lines show

their uncertainty. The dash-dotted line is the Wd—Rw phase boundary of Inoue et al.

(2006) rescaled using Tsuchiya’s (2003) equation of state of Au.

Figure 2. Temperature dependences of the lattice parameters and volume of anhydrous

phase B. The open circles and plus symbols are lattice parameters and volumes

measured in the heating and cooling processes, respectively. Red solid lines show

fitted curves by the least-squares method.

Figure 3. Thermal expansivity of anhydrous phase B. The red thick broken line

represents thermal expansivity determined by the high-temperature X-ray diffraction
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(HTXRD) method. The solid curves were calculated using thermal Griineisen
parameters (yw) of 1.1, 1.2 and 1.3. The dash-dotted line shows a curve previously
predicted by the ab initio calculations of Ottonello et al. (2010).

Figure 4. Measured isobaric heat capacity of anhydrous phase B. Red and blue open
circles show the data obtained by the thermal relaxation method and differential
scanning calorimetry, respectively. Insets show the results of the least-squares fitting
individually performed in the temperature ranges of 0-20, 20-70, 70-200 and 200—
380 K. The fitted curves are represented by solid lines.

Figure 5. Information on the lattice vibration of anhydrous phase B. (a) Observed
Raman spectrum of anhydrous phase B. Vertical bars below the Raman spectrum
indicate lattice vibrational mode frequencies for the Raman active modes (upper
ones) and infra-red (IR) active and silent modes (lower ones) calculated by Ottonello
et al. (2010). (b) Vibrational density of state model used for the Kieffer model
calculation. Three vertical lines around 100 cm™ indicate cut off frequencies of
Debye-like oscillators for acoustic modes. The distribution of the optic modes based
on the data shown in (a) is modeled using four rectangles (i.e., optic continua).
Numbers in or above the rectangles indicate the fraction of optic modes assigned to

each optic continuum.
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Figure 6. Comparison of observed and calculated heat capacities for anhydrous phase B.

Open circles are the isobaric heat capacity data observed in this study. Red and blue

curves indicate isobaric and isochoric heat capacities calculated using the Kieffer

model. The dashed line is the isobaric heat capacity obtained using ab initio

calculations by Ottonello et al. (2010).

Figure 7. Heat capacities of Mg,SiO4 wadsleyite calculated using the Kieffer model.

Red and blue open circles and blue diamonds are the isobaric heat capacity data

measured by Akaogi et al. (2007), Ashida et al. (1987) and Watanabe (1982),

respectively. Solid curves show isochoric and isobaric heat capacities obtained by the

Kieffer model calculation using a vibrational density of state model which well

reproduces the data of Akaogi et al. (2007).

Figure 8. Thermal expansivity of Mg,SiO4 wadsleyite. The solid curve shows a

calculated thermal expansivity using the Griineisen relation equation. Open squares

and open triangles are the data determined experimentally by Suzuki et al. (1980)

and Trots et al. (2012), respectively.

Figure 9. Forsteirte (Fo)-wadsleyite (Wd) and Wd-ringwoodite (Rw) phase boundaries

in Mg,SiO4. Solid curves are phase equilibrium boundaries calculated

thermodynamically in this study. Error bars indicate uncertainties in the calculated
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boundaries caused by the errors in the phase transition enthalpies. The dash-dotted

line is the Fo-Wd phase boundary determined by the high-pressure in situ

experiment by Morishima et al. (1994) and the dotted and broken lines are the Wd—

Rw phase boundaries determined by the high-pressure in situ experiments by Suzuki

et al. (2000) and Inoue et al. (2006), respectively. Note that the boundary of Inoue et

al. (2006) was recalibrated using the equation of state of Au by Tsuchiya (2003).

Figure 10. Thermodynamically calculated phase boundaries for (a) 5 Mg;SiOj forsterite

(Fo) + 4 MgO periclase (Per) = Mg;4Si5024 anhydrous phase B (Anh-B) and (b)

Anh-B = 5 MgSiO4 wadsleyite (Wd) + 4 Per. Solid curves indicate

thermodynamically calculated boundaries under the assumption of different

drop-solution enthalpies (AHq4) for Anh-B. Broken and dash-dotted lines are the

boundaries for 5 Fo + 4 Per = Anh-B determined by the high-pressure experiment of

Ganguly and Frost (2006) and calculations of Ottonello et al. (2010), respectively.

The dotted line is a Wd-ringwoodite (Rw) boundary determined by the high-pressure

in situ experiment of Inoue et al. (2006), rescaled with Tsuchiya’s (2003) equation of

state of Au. Triangles represent the results of the present high-pressure experiments.

Open, red solid, gray solid and light blue solid triangles indicate the phases of Fo +

Per, Anh-B, Wd + Per and Rw + Per, respectively. Reverse triangles represent reverse
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865 runs. Half red-half open triangles, half gray-half red triangles and the half light
866 blue-half gray triangle show phase assemblies of Anh-B + Fo + Per, Anh-B + Wd +
867 Per and Rw + Wd + Per, respectively.

868  Figure 11. Thermodynamically calculated phase relations in Mg4SisO2. Anh-B:

869 anhydrous phase B; Fo: forsterite; Wd: wadsleyite; Rw: ringwoodite; Per: periclase.
870 In this calculation, the optimized formation enthalpy from elements for Anh-B of —
871 13208 kJ/mol was adopted. Obtained phase equilibrium boundaries are shown by
872 solid curves. The star symbol indicates the run condition (16.5 GPa and 2623 K) of a
873 melting experiment of Fo performed by Presnall and Gasparik (1990), in which
874 coexistence of Anh-B with liquid was observed.

875  Figure 12. Thermodynamically calculated phase relations in Mg,SiO4. Solid lines are

876 calculated equilibrium boundaries. Anh-B: Mg4Si50,4 anhydrous phase B; St: SiO;
877 stishovite; Fo: Mg,SiO4 forsterite; Wd: Mg,SiO4 wadsleyite; Rw: Mg,SiOy
878 ringwoodite. The area surrounded by broken lines is the stability field of Anh-B + St
879 calculated by assuming the formation enthalpy from elements (AgH9s) for Anh-B of
880 —13236 kJ/mol. If a value of AeH’03 (Anh-B) negatively smaller than —13235 kJ/mol
881 is adopted, the stability field of Anh-B + St never appears.
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Table 1. Results of high-pressure high-temperature experiments

Run no. Starting P T Time Recovered phases
material (GPa) (K) (h)

25 Fo + Per 12 1673 3 Fo, Per

24 Fo + Per 13 1673 3 Anh-B, Fo, Per

9 Fo + Per 17 1673 3 Anh-B

10 Fo + Per 18 1673 3 Anh-B

12 Fo + Per 19 1673 3 Wd, Per

21 Fo + Per 12 1873 3 Fo, Per

27 Anh-B 12 1873 3 Anh-B, Fo, Per

22 Fo + Per 13 1873 3 Fo, Per, Anh-B

23 Fo + Per 13.5 1873 3 Anh-B, Fo, Per

26 Fo + Per 15 1873 3 Anh-B

6 Fo + Per 18 1873 1 Anh-B >> Wd, Per

8 Fo + Per 18 1873 2.5  Anh-B>>Wd, Per

17 Wd+Per 185 1873 3 Wd, Per, Anh-B

5 Fo + Per 19 1873 3 Wd, Per

11 Fo + Per 193 1873 3 Wd, Per >> Anh-B

4 Fo + Per 19 1873 3 Wd, Per

2 Fo + Per 20 1873 3 Wd, Rw, Per

1 Fo + Per 22 1873 3 Rw, Per

19 Fo + Per 12.5 2073 3 Fo, Per

28 Anh-B 12.5 2073 3 Anh-B, Fo, Per

20 Fo + Per 13.5 2073 3 Anh-B >> Fo, Per

14 Fo + Per 18 2073 3 Anh-B

16 Fo + Per 19 2073 2.5  Anh-B>>Wd, Per

18 Wd+Per 193 2073 3 Wd, Per, Anh-B

15 Fo + Per 19.5 2073 1.5 Wd, Per>>Anh-B

3 Fo + Per 20 2073 2.5 Wd, Per
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918  Table 2. Lattice parameters and unit cell volumes of anhydrous
919  phase B measured by high-temperature powder X-ray diffraction

920  method at ambient pressure

921 T a b c V
922 (K) (A) (A) (A) (&%)
923 303 5.887(6) 14.199(7) 10.081(7) 842.6(7)
924 373 5.890(5) 14.210(7) 10.085(7) 844.1(7)
925 423 5.893(6) 14.225(8) 10.089(7) 845.7(8)
926 473 5.896(5) 14.220(7) 10.100(7) 846.5(7)
927 523 5.898(5) 14.229(7) 10.102(7) 847.7(6)
928 573 5.902(5) 14.230(7) 10.106(7) 849.0(7)
929 623 5.905(5) 14.246(7) 10.111(7) 850.5(6)
930 673 5.909(5) 14.249(7) 10.117(7) 851.8(7)
931 723 5913(5) 14.258(7) 10.121(7) 853.3(7)
932 773 5915(5) 14.265(7) 10.128(7) 854.6(7)
933 723 5.912(5) 14.260(7) 10.122(6) 853.3(6)
934 673 5.910(5) 14.250(7) 10.116(6) 851.8(6)
935 623 5.905(5) 14.246(7) 10.111(7) 850.6(7)
936 573 5.902(5) 14.236(7) 10.105(6) 849.0(6)
937 523 5.900(5) 14.228(7) 10.101(7) 847.7(6)
938 473 5.895(5) 14.223(7) 10.090(7) 846.3(6)
939 423 5.893(5) 14.217(7) 10.088(6) 845.1(6)
940 373 5.890(5) 14.206(7) 10.090(7) 843.8(7)
941 303 5.887(5) 14.197(7) 10.077(7) 842.2(7)
942
943
944
945
946
947
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948  Table 3. High-temperature isobaric heat capacity of Mg4SisO,4 anhydrous phase B
949  measured using a differential scanning calorimeter (DSC)

Section I Section 11 Section 111 Section IV
T Cp T Cp T Cp T Cp
(K)  (mol'k)y (K)  (UmolK) (K)  (/mol'’K) (K)  (J/molK)

302.5  738(2) 3825 845(3) 4625 908(5)  540.0  956(13)
307.5  750(4)  387.5  850(3) 467.5  915(6) 560.0  966(11)
3125 754(1)  392.5  854(4) 4725  917(6)  580.0  976(14)
317.5  765(4)  397.5  859(4) 4775  922(6)  600.0  983(13)
3225 771(6)  402.5  863(4) 4825  925(6)  620.0  991(14)
3275 780(4)  407.5  868(5) 487.5  928(6)  640.0  999(15)
3325 786(4) 4125 871(5) 4925  931(6)  660.0  1007(16)
3375  793(3) 4175 876(5) 4975  935(6)  680.0  1013(15)
3425 799(2) 4225 881(5) 5025  938(8)  700.0  1019(15)
3475 806(2) 4275 884(5) 507.5  942(6)  720.0  1025(16)
3525 812(4) 4325 888(5) 5125 945(7) 7400  1031(17)
3575 818(3) 4375 892(4) 5175 947(6)  760.0  1036(17)
362.5  824(4) 4425  896(5) 5225  951(7)

367.5  831(3) 4475  901(7)  527.5  953(7)

3725 835(3) 4525 904(4) 5325  956(8)

377.5  842(4) 4575 906(4)  537.5  959(7)

382.5  847(4) 4625 909(4) 5425  962(7)

387.5  851(7) 4675  916(5) 547.5  964(7)

3925 855(5) 4725 920(5) 5525  967(6)

3975  860(4) 4775  924(5) 5575  970(7)

950  Numbers in parentheses are uncertainties in last significant figure, which were obtained
951  from twice the standard deviation of the mean.

952

953
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954  Table 4. Low-temperature isobaric heat capacity of Mg;4SisO,4 anhydrous phase B
955  measured using a Physical Property Measurement System (PPMS)
T (K) Cp (J/mol-K) T (K) Cp(J/mol-K) T (K) Cp (J/mol-K)

2.0 0.00603(8) 105.1 190.0(4) 2069  536.8(6)
3.9 0.0127(2) 107.1 197.5(4) 208.9  543.3(6)
5.9 0.0329(5) 109.1  205.5(5) 2108 547.7(8)
8.1 0.080(2) 1111 212.6(5) 2128 554.1(8)
10.1 0.151(2) 113.1  220.7(5) 2148  556.9(10)
12.1 0.250(5) 1151  227.8(5) 2168  559.7(5)
14.1 0.404(6) 1170 235.3(5) 2188  564.7(6)
15.9 0.588(9) 119.0  243.1(5) 2208  570.8(6)
17.9 0.843(9) 121.0  249.8(5) 2228  576.2(7)
20.0 1.14(2) 123.0  257.3(5) 2248  583.0(10)
22.0 1.56(2) 1250  264.8(5) 2268  586.5(11)
24.0 2.07(3) 1270  272.4(5) 2288  589.6(6)
26.0 2.70(3) 129.0  280.4(5) 230.8  595.909)
28.1 3.51(3) 131.0  287.4(4) 2328 599.8(9)
30.2 4.52(3) 133.0  295.2(3) 2348  602.009)
32.2 5.67(4) 1350  303.3(3) 236.8  610.3(10)
343 7.02(5) 1370 310.5(3) 2388  608.8(9)
36.3 8.71(7) 139.0  317.44) 2408  614.7(13)
38.4 10.59(6) 141.0  325.803) 2428  623.5(11)
40.5 12.73(6) 143.0  332.3(3) 2448  628.609)
425 15.25(11) 1450  339.9(4) 2468  636.7(9)
44.6 17.58(8) 147.0  346.003) 2488  642.3(18)
46.7 20.46(9) 1489  353.005) 250.8  641.3(12)
48.7 23.52(9) 150.9  360.6(4) 2528  648.9(8)
50.8 26.91(9) 1529  367.7(5) 2547  650.9(11)
52.8 30.53(10) 1549  373.003) 256.7  658.2(10)
54.8 34.2(2) 1569  380.2(4) 2587  655.6(15)
56.8 38.4(2) 1589  388.4(5) 260.7  664.7(11)
58.9 42.8(2) 160.9  395.1(4) 2627 664.0(12)
60.9 47.6(2) 1629  401.1(4) 2647 667.4(15)
63.0 52.4(2) 1649  408.7(3) 266.7  666.5(18)
65.0 57.92) 1669  417.1(4) 268.7  681.1(17)
67.0 63.3(2) 168.9  423.003) 270.7  680.4(16)
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69.0 68.8(2) 170.9  429.003) 2727 682.5(17)
71.0 74.5(3) 1729  436.2(3) 2747  688.3(15)
73.0 80.4(2) 1749  440.3(4) 2767  693.5(15)
74.9 86.1(3) 1769  445.9(3) 2787  699.7(15)
77.0 92.0(3) 1789  453.2(3) 280.7  702.1(15)
79.0 98.0(2) 180.9  461.9(6) 2827  706.5(19)
80.9 105.3(4) 182.9  467.6(4) 284.7  704.9(24)
82.9 110.5(3) 1849  472.3(4) 2867  711.2(24)
85.0 117.2(2) 186.9  476.1(4) 288.7  712.0Q21)
87.0 124.2(3) 188.9  484.2(4) 290.7  711.8(20)
89.0 131.1(3) 190.9  490.3(5) 292.7  719.4(24)
91.0 138.1(4) 1929  497.7(7) 2947 717.6(26)
93.0 145.2(4) 1949  502.6(8) 296.7  725.0024)
95.0 152.5(4) 1969  510.2(5) 2987  726.8(27)
97.0 160.0(4) 198.9  514.3(4) 300.7  734.8(28)
99.1 167.3(4) 200.9  520.4(5) 302.6  734.2(25)
101.1 175.0(4) 2029  526.3(5)

103.1 182.6(4) 2048  531.8(6)

956  Numbers in parentheses are uncertainties in last significant figure.
957
958
959
960
961
962
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963 Table 5. Coefficients for fitted Cp equations
964 of anhydrous phase B in a low temperature
965 region
Coefficient
T: 020 K
ke (1.4543+0.0060)x10™*
P 1.274
R’ 0.99929
T: 20-70 K
ko (2.4036+0.0917)x10
k (-1.9128+0.1782) x10°
ks ~1.5349+0.0307
ks (3.1674+0.0266) x10°*
P 3.404
R’ 0.99995
T: 70-200 K
ko (1.5708+ 0.6587)x10°
ki (-1.9024+0.6096)x10*
k (5.3763x1.4376)x10°
ks (—1.3569+0.3742)x10®
ks 1.1361+1.8168
ks (-1.3137+2.612) x10°°
P 3.331
R’ 0.99997
T: 200-380 K
ko (1.4964+0.098)x10°
ki (~1.0859+0.2570)x10*
ks (—1.9386+0.6796)x 10’
ks (2.1885+0.6927)x10°
P 4.754
R’ 0.99935
966 Cp(T)=ko+ T + koT? + kaT + kyT +
967 ksT? + ke T
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968 X = Z?(Cp%f(m)z] /(n—m) where n is
969 the number of data and m is the number of
970 fitted parameters.

i )2
971 R? = 1 — 2R CpTO)” oo (Cp) is the

Y(Cpi—(Cp))?

972 mean value of Cp;.
973

974
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975 Table 6. Observed Raman peaks of
976  anhydrous phase B
No. Raman shift No.  Raman shift

(em™) (cm™)
1 125 19 464
2 164 20 475
3 170 21 481
4 195 22 511
5 216 23 520
6 238 24 559
7 250 25 570
8 309 26 590
9 332 27 601
10 345 28 643
11 360 29 683
12 371 30 819
13 389 31 842
14 405 32 871
15 415 33 894
16 437 34 904
17 447 35 949
18 460 36 1022
977
978
979

58

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6115

980 Table 7. Lattice vibrational density of states models for Mg;4SisOp4
981 anhydrous phase B and Mg,SiO4 wadsleyite

982  Type Lower limit Upper limit ~ Number of modes
983 (cm™) (cm™)

984  Mg4Sis024 Anh-B

985 D (TA-1) 0 67 1
986 D (TA-2) 0 93 1
987 D (LA) 0 128 1
988 OC-1 187 540 190
989 0C-2 540 700 33
990 OC-3 790 910 26
991 0OC-4 950 1050 6
992

993  Mg,SiOs Wd

994 D (TA-1) 0 108 1
995 D (TA-2) 0 122 1
996 D (LA) 0 199 1
997 OC-1 185 630 68
998 0C-2 800 1000 10
999 E - 700 3

1000  D: Debye oscillator; OC: optic continuum; E: Einstein oscillator.
1001  TA: transverse acoustic mode; LA: longitudinal acoustic mode.
1002

1003
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1004  Table 8. Results of heat capacity and thermal expansivity calculations for Mg;4SisOy4
1005  anhydrous phase B and Mg,Si04 wadsleyite

Mg,4Si;0,4 Anh-B Mg,SiO, Wd
T Cy ax10’ Cp Cy ax10° Cp
(K) (J/mol-K) (1/K) (J/mol-K) (J/mol-K) (1/K) (J/mol-K)
10 0.19 0.00056 0.19 0.02 0.00040 0.02
20 1.78 0.0053 1.78 0.26 0.0047 0.26
30 4.75 0.014 4.75 1.01 0.018 1.01
40 10.75 0.032 10.75 243 0.043 2.43
50 22.74 0.068 22.74 474 0.084 4.74
60 41.85 0.126 41.86 8.01 0.143 8.01
70 67.49 0.203 67.50 12.14 0.217 12.14
80 98.31 0.297 98.34 16.95 0.304 16.95
90 132.86 0.402 132.92 2225 0.399 22.26
100 169.80 0.514 169.90 27.89 0.501 27.90
150 358.76 1.096 359.46 57.00 1.031 57.12
200 518.19 1.597 520.17 82.32 1.498 82.64
250 639.49 1.988 643.30 102.03 1.870 102.65
300 729.71 2.289 735.47 116.89 2.155 117.85
400 847.56 2.708 859.05 136.53 2.552 138.39
500 916.21 2.982 933.04 148.07 2.807 150.82
600 958.60 3.180 980.72 155.23 2.984 158.87
700 986.24 3.336 1013.80 159.91 3.119 164.46
800 1005.11 3.468 1038.38 163.12 3.228 168.61
900 1018.50 3.586 1057.83 165.39 3.321 171.86
1000 1028.32 3.695 1074.09 167.06 3.405 174.54
1100 1035.72 3.801 1088.34 168.32 3.483 176.86
1200 1041.43 3.905 1101.31 169.29 3.558 178.92
1300 1045.91 4.009 1113.49 170.06 3.630 180.83
1400 1049.51 4.114 1125.20 170.67 3.702 182.62
1500 1052.42 4221 1136.65 171.17 3.773 184.33
1600 1054.82 4332 1148.00 171.57 3.845 186.00
1700 1056.82 4.445 1159.33 171.92 3917 187.64
1800 1058.50 4.564 1170.72 172.20 3.991 189.27
1900 1059.93 4.687 1182.20 172.44 4.066 190.89
2000 1061.15 4816 1193.81 172.65 4.143 192.51
60
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2100 1062.21 4.951 1205.54 172.83 4.222 194.13
2200 1063.12 5.092 1217.40 172.99 4.304 195.77
2300 1063.92 5.241 1229.36 173.13 4.388 197.41
2400 1064.63 5.399 1241.41 173.25 4.475 199.07
2500 1065.25 5.566 1253.50 173.35 4.565 200.74
1006
1007
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Table 9. Thermochemical and thermoelastic parameters used for thermodynamic

calculations

Anh-B Fo Wwd Rw Per St
A¢H °505 (kJ/mol) -132108*° 2174.0*  -2148.0° 21348  —601.6°  —874.7°
%508 (J/mol-K) 544.4° 94.1° 86.4° 82.7° 26.9° 24.0¢
EoS HTBM HTBM HTBM HTBM  MGD-BM  MGD-V
V(298) (cm*/mol) 252.61° 43.66° 40.53" 39.49¢ 11.25" 14.01°
K1(298) (GPa) 151.59 128.75* 174! 184™ 160.64" 292"
Ky 5.5 4.6* 43! 48" 422" 501"
(0K 1/0T)p (GPa/K) —0.0275* -0.0234  —0.0237*  -0.019™ — —
Y — — — — 1.431" 1.67"
o (K) — — — — 761" 130"
k — — — — 0.290" "
q — — — — 3.50 3"
a (D =ay+a;T+aT" +aT? (1/K)
apx10° 1.990° 2.384° 2.682° 2.479™ — —
a;x10° 13.21 12.28 7.327 3.951 — —
ax<10* 52.01 29.80 6.331 -2.271 — —
a3x10 -16.91 -9.309 -8.841 —5.604 — —
Cp(T)=co+ 1T+ T + 3T + e T%+ 5T (J/mol-K)
co 300.5° 175.7% 79.66° 121.9™ —46.25™ 85.78°
%107 17.91 1.580 2314 1.358 1.452 0
%107 37.02 0 4.749 2.725 5.207 —0.3455
¢3x10°7 ~5.942 —0.1574 —0.7996 —0.4703 -0.9168 0
c4x10°° 17.11 -1.192 1.259 —2.965 10.51 -3.605
esx107® 9.302 1317 2.589 5.944 -8.765 4511

Anh-B: Mg 4Sis0,4 anhydrous phase B; Fo: Mg,SiO4 forsterite; Wd: Mg,SiOy4
wadsleyite; Rw: Mg,Si04 ringwoodite; Per: MgO periclase; St: SiO, stishovite.

HTBM: third order high-temperature Birch—Murnaghan equation of state.

MGD-BM: Mie—Griineisen—Debye
Birch—Murnaghan equation of state at 298 K.

equation of state with a third order

MGD-V: Mie—Grlineisen—Debye equation of state with a Vinet equation of state at 298

62

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6115

1043 K.

1044  *This study.

1045 " Robie and Hemingway (1995).

1046  © Akaogi et al. (2007).

1047 ¢ Akaogi et al. (2011).

1048  °Lager etal. (1981).

1049  "Finger et al. (1993).

1050  ® Sasaki et al. (1982).

1051 " Tange et al. (2009).

1052 ' Nishihara et al. (2005).

1053 J Crichton et al. (1999).

1054 X Optimized by Jacobs and Oonk (2001) using a of Kajiyoshi (1986).
1055 ' Feietal. (1992).

1056 ™ Kojitani et al. (2016).

1057 " Wang et al. (2012).

1058  ° Converted from o equation optimized by Jacobs and Oonk (2001).
1059 P Akaogi et al. (1995).

1060
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1061
1062  Table 10. Drop-solution enthalpies of Mg,SiO4 polymorphs and their
1063  constituent oxides in 2PbO-B,03 solvent at 978 K

1064  Phase AHC 46 Reference
1065 (kJ/mol)
1066  Mg,SiO, forsterite 169.35£1.19 [9] Akaogi et al. (2007)

[
1067  Mg,SiOy4 forsterite 168.21+0.44 [13] Kojitani et al. (2016)
1068  Mg;Si0, wadsleyite 142.19+£1.33 [7] Akaogi et al. (2007)
1069  Mg,Si0O4 ringwoodite 129.31+0.98 [7] Akaogi et al. (2007)
[8]

1070  Mg,SiO4 ringwoodite 128.75+£1.00 [8 Kojitani et al. (2016)
1071  MgO periclase 33.74%0.50 Kojitani et al. (2012b)
1072  SiO, quartz 40.0510.18  [6] Akaogi et al. (1995)
1073 SiO; stishovite 3.0410.46 [6] Akaogi et al. (1995)

1074  Errors are the standard deviation of the mean. Numerals in square brackets
1075  represent number of measurements.

1076

1077

1078

1079
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