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Melting relations in the MgO-MgSiO; system under the lower mantle conditions
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Abstract

Melting mechanism has important implication for chemical evolution of the Earth. Knowledge

of the melting phase relation in the lower mantle is a key to understand the chemical

differentiation in the early Earth and the nature of the ultralow-velocity zones (ULVZs) at the

base of the mantle. While melting relations of mantle materials at relatively low pressure (below

30 GPa) have been extensively studied using a multi-anvil apparatus, the melting experiments at

higher pressures are still limited. Only in a few model rock compositions, such as peridotite and

mid-oceanic ridge basalt (MORB), the experiments were conducted under the CMB conditions

using a laser-heated diamond anvil cell (LHDAC). Since chemical heterogeneity of both major

elements and minor ones should have a large effect on the melting behavior, the melting phase

diagrams as a function of composition are fundamental to understand the detail of the early

melting history of the Earth and the nature of the ULVZs. In this study, we determined the

melting relations in the MgO-MgSiO; system, which is a major component in the lower mantle.

In addition, the effects of other elements (e.g. Al and Fe) were also examined under the lower

mantle condition.

Melting experiments in a binary system MgO-MgSiO; were performed up to 115 GPa using a

CO; laser heated diamond anvil cell. The quenched samples were polished and analyzed by a

dualbeam focused ion beam (FIB) and a field emission scanning electron microscope (FE-SEM),



respectively. The eutectic compositions and liquidus phase were determined on the basis of

chemical and textual analyses of sample cross sections. Our experimental results show that the

eutectic composition is Si/Mg molar ratio of ~0.76 at around 35 GPa and it decreases with

increasing pressure below 45 GPa. Above 45 GPa, it becomes relatively constant at about

0.64-0.65 Si/Mg molar ratio. Additionally, the eutectic composition was described by

thermodynamic calculation under the whole lower mantle conditions. We obtained the Si/Mg

molar ratio of ~0.64 at the base of the mantle. The liquidus phase changes from MgO-periclase

to MgSiOs-bridgmanite at around 35 GPa in the Fe-free simplified pyrolite composition (~0.7

Si/Mg molar ratio). In the other model rock composition such as chondrite (~0.84 Si/Mg molar

ratio), MgSiO;-bridgmanite becomes the liquidus phase in the entire lower mantle. Thus

MgSiOs-bridgmanite should be the dominant phase to crystallize from a deep global magma

ocean in the lower mantle. The generated melt could have the MgO-rich composition with ~0.64

Si/Mg molar ratio at the base of the mantle. Several previous studies (e.g. Nomura et al. 2011;

Tateno et al. 2014) reported that iron prefers the melt compared to solid (bridgmanite).

Therefore this MgO-rich partial melt become dense and the ferropericlase-rich melt may explain

the ULVZ.
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1. HUERNER & Bk o BE£R

HERRE O EZERZ D LT~ M WEOBEMBEREZWH LN T HZ L

THFICEETH D, HIHHEKICISWT, HOBREREZEX LTS VX A

T hA 7 b (Figl) ITE 0 <> MUFEERIICEH L IFMomicE@gL ., <

T A= UBNER SN EZZ O TS (Caunp 2004), v 7 ~A— ¢ v

D DOWEBIRIZ BT DR EIC X0 . = PV E R 2R R E S 2 TR L

ATREMEASE 2 BB, Eim. BUEDHEKPII TR BB 72 1 C b 5 HUE

BN KV | Bi-~ 2 R VEER (core-mantle boundary: CMB) 3T (2 AL AR

BRHEENTFEL TWD Z R LM~ 72 (Fig2), $F1C. CMB E I HE

AR AR FE AR (ultra-low velocity zones: ULVZ) & FEIXALD P 3 10%., S 3 30%73

DI DHEBMMPFET D EDHER I TS (e.g. Wen and Helmberger 1998;

Garnero and Helmberger 1998), = ¢ ULVZ |% F¥~ > M O ERRNC L 0 B

ENTNDEEZ BN TS (Williams and Garnero 1996), L 2> L. JE K DA

CIIREZEE STV, 2O X ) RPIHMERICBIT A2~ ~A—2 % b Ok

it 7 mt A, KON ULVZ OMWE A2 EfiE3+ 5 LT, M~ MVWE OB EI R

ZHAOICT L2 LMD THETH D,



2. EATHISE

INETES~Y MUY T DEASRMET (K30 GPallF) TOWRIERIT~

NFT N EERAEE (Fig3) 2 VT, B A WL #ELPH T1Thit T

% (e.g. Ohtani 1979, 1987; Takahashi 1986; Inoue et al. 1994; Tto et al. 2004; Litasov and

Ohtani 2002, 2005), —J7. F#l~ 2 MUIZHYN T2 X 5 2@ &S T 30-140

GPa) TlX, L —%—#X A ¥YE> N7 /L& (laser heated diamond anvil

cell: LHDAC) (Fig.4) # H\\\7=/3A 1 74 hom uiffse LA (mid-oceanic ridge

basalt: MORB) D X 9 72\ < D0 DE T VA A MRICET DIRMERD I L L

F > TU% (e.g. Fiquet et al. 2010; Nomura et al. 2011; Tateno et al. 2014; Andrault et

al. 2014; Pardhan et al. 2015), £7-. Z1 5 OHFZEITHEEIR T &\ 9 EBRIIZIER

WCHENERRETTORREN) ZEHH Y AT TV O P JE LI

RPBESINLTWD, £, @AICEHLTHERLTARD L, M1 T4 MEKT

13 Fig.5 \ZR 9 0 SEATHFE DEWIZ & > T CMB £/ FTK 600 K & D703 F1E

LTW5A, £7-. MORB IZBALTHRD L 1L B AFEENREIN TN S

(Fig.6), Andrault et al. (2012) TI% 120 GPa C{ZAHIZ Si. [HAHIZ Fe NRET D DI

%} L. Pardhan et al. (2015) ClZ 101 GPa TIEFHIZ Fe, [EFHIC Si DIBEN A ST,

ZDOXIITTE~ Y MAWEOEMBERITET VaAMRICE L TS 2RI

RARENL N, Tl DT DR OEW D ERMBIMRIC K 8% MIT 4]



BEMEDN®H D (e.g. Inoue 1994; Boukaré et al. 2015), it > T, FHb~ > hL¥E O yEmREh

BIFRZ A S IC T % ETOEKRE LD MpRZ B E LB fR oM X 2 ke

THZLEFMOTEETH D,

3. BFREEW

AWFZETIE, T~ M OBRBEGREE XD L TR BETHERNRME TSH

% MgO-MgSiOs % DIARIEUR A b c 45 2 & &2 B 21T > 7. = L T,

BohrrfRr b licvr~A—T v o bofidib 7 et 2 N ULVZ OHE

ICOWTDOEEEITHT=, T2, MOTEOEBIZ OV TOHERLIT- 7=,



2EFE MgO-MgSiO; % D ¥ @l B %

1. IIU®»IC

AL 1 FEIR L@, M~ MVE OB 2 BT 5 2 L3k

TEETHY, EALLDOITMKEZEE LEMBEROMEX TH 5, FigT (<

YU MVDETIVWME TH DA 1T 4 bOmEFIZBIT D84 % 779 (Irifune

etal. 2010), Fi#l~> MARETFTTIE~ T XA T AZ A R (Mg, Fe)O &7V v

~F A4 K (Mg, Fe) SiO; 2 KERI (K 90%KHE) 2L b, 2F 0., 2D Mg ik

7T DH MgO-MgSiO; R, P~y MM EE XS ETRLERNRZTH D,

MgO-MgSiO; % DIEFBALRIT Z & TUERMIC~ VT T e RS E /AL E 2

FHVNT 26 GPa & TIRE STV 5 (Fig.8) (e.g. Taylor 1973; Chen and Prescall 1975;

Kato and Kumazawa 1985;1986; Presnall and Gasparik 1990; Liebske and Frost 2012), L

ML, ZHUE TR~ O EFICHYET2ETHY . £h U EDET T

BB EIZ L D FE D AT L EF 5T 5 (Liebske and Frost 2012; de Koker et al.

2013),

AWFFETIILATFD 7 M &2 X HE L,

O MgO-MgSiO; R F 1T 5 iR D34

@ R T T5 15 D REST

@ U & AMHIW T 1k OMESL



U % & Z A0 DR BAKATME K OE TEAFE D fiF B
AV OFBARKAFE K OV A7 0> i B

LRl EE DR E

LB

21 HBEWEO %R

AL CTIEH B & U CHWBE R AR D T2 DIc T 7 A2 Fniz, —ii
\ZH T AR T D856, MARREZ 2 D15 ORI, BRI E T
SH, ZORBHMTHIETH T AMEEIE D, SIOITE TS D 7 A BT
7 AL R G ITVER A TRE T D, — . MgO IZE T A BRI CIE T 7 A
bR TH D, Z O XD ITHRDEWVIZ L D0 T AMEOREE S 220 T,
VT4 Kohara et al. (2011) (2 & » CTHFZENRHED B, 7 A BRIEOHE . Si0, Wi
KDOF Y bU =7 HEOBREEGFEL TND I ENHLNTR o T2, H T AEH
A 72 3UBHT 35N T R O 1L TITIR IR A 4R & B2 L T 2 BEHE CHE R AZ A
FERL S a, FERRRE T D720 7 AT S 22\, T 2 CARFFE TIIZ ARk
ARSI S50, BEREHDT N T A EERT D ERMEELEE AV,

AR GPIHE LT ARAB 2~ Ly PRICED, THNO T AZiT 2 & TR



Bt 22 QPICF S o E E L—F—CNEL ., %, amsEs2 & TH
TAEFERT D HIETH D, AW TIEH KR FAEEREMIF T B X O
SPring-8 D fHE 75 2R V7 1 1548

Bz MNTH T A% EK L7, Fig9 1% SPring-8
BL04B2 &

RGP IEEEE CH D, L—P—

ZiE COy L—F—% v,
HEIERE D 2 & T2000CLL LD SR IE A7

ThbH, 7 AMEIZHW =R
HEHIRBESEDa Z %

a a5 8 1000°C TH R
HAELT o T2, BT A% DB Z Ly MIRICIERR L, BRGS0 5
WTINEAE T~ 72, i

AL

%
21X 2000°C UL EDRXMELTH > T- fERTEX HH T ADK
X X2k

FRIRAFTED B D . MgO-MgSiO; R IR LTI K 2 mm BED H Z
ZAVERUT RED UTeo ARRE DT Z 273

KR CTHDLZ LiX, 77—V =M
IRAN3IE43HT (fourier transform infrared spectroscopy: FT-IR) |

R VHER LT,
Fig.10 & O\ Table 1 ([ZA & L= 7 AEORET K Ok Z2 7~ 3, EEDT
X0 IEFICHE R TH D Z L B

E

picy l/ 7”;0 SR,

ST A K o H— R
X RIFEICE DAL

W51
UL 7 A VAT T A b Mg,SiOy & W=, F7=.

A DT AIMUINE X #REIHr (X-ray diffraction: XRD) (Z

L0, EBRICTT
2L TWD Z & Z il L7z (Fig.11)



22 HAAVYEUVRTUELEL

B I AT DAC 2 VWi (Figd), oD X A YEL KTV EAD

PSR 2, R OBTHAO TENZMEST D, A YEL RT e

AR L == NEL BB T L LND, METTOZOHBESL ——

MEE W= BB ERBARETH D, XA PEL FT7T BT EmDOF =L v

NER Y DIEAEN NS W EREFRENFTRETH 5, AL TITHBDEIIIE

CCHFa by MEA 300 pm & 200 um (“XSLAFE) OF A YEV RT U EL

W=, HAry Malib=vr&Z Wiz, TA7y MIL—"F—INT%

ANT4mm AOESFFIZEOH Lz, A7y MIMEREO T A7 v "D

MPERENC KX DB R DL ) LOREI OV — 27 2P <T2d, & 55> L iE

ATl (FLvarrryiary UT7Tbvared), 72Xy hORERT

LRI 250 pm, L DN 40 pm D 60 pm BEETHDH, S

th, L—P—IMITHEZEMAL, ¥2ly MEO I3 REOEREOREHIT. #

Bt & L,

2.3 WREHS

LHDAC EBRDFE, ¥4 Vv FERBOERTRORKITNEL D, 2T

OB 2 SR ISR OISIIW B N B L e B, BB I3RNEL L B2 2720, &



e T Tl BOS L7 WE 2 RIRT D206 E N H 5, €2 T, AT

FMEICZ LWHH A TH LT VI 2WERTE L CTHWE=, 73 3wk

WETFTTRETH L7120, MBENT~OFENEFICNETH S, KEDT

AT ET A FEHE L RIBBAEREER S 5, ®ET A FHIEITZ=RIET

150-200 MPa £ CT/EME L. BE A LIF CHET 2 H5ETHS, L, 100 MPa

LI ED@EEN A 2 5 EEOBBNIFEF IR TH L, —77, KIRE(ILFEE

EFEREzm A LRESE, RB=EICHR LIALTIETH D, 703 OB

WIETFTTRRIK THDH-, MKRER 77K #HW TS5 Z LA

RETH D, MEERITIPBNCEERLETH L0, WL EEO S VWE

Thd, AWETIE, XYL FRERERMRIRRIETEEZ SR Lz, A

78 T W AR L SR & Fig 12 1R T IRIRE R G E % FRElioRT,

O Yo7V Tk, AL =Y 2T, IIER D & D

HZET, XAYEY REOBM A 50-100 pm [ZFH¥E T 5,

@ AT = — 7 O EiE 2& & 21F 5 (Fig.13a),

@ HIZTFa—T5EBEOTF, TVIT—7THEHET D,

@ HOEICHET — 7 TRIEATF v — L2 EHET D,

G BIWAFa— LOMEHICHET — 720, ATV L AT 20 —DJE

(ZHEET D,



@

-
~—

TADZA B v =Y (WbRAL) M H T,

(EARH->THEDEL S 22 T L&)

T2 A, =0 Ll ra2®E 5 (Fig.13b),

(M1 2R & BT D DI

BTV 2T,

Rtz DT, R E#REZT 2TV —IZAID,

TN AW URN S Fa— T BNl 2 PR F Tk iR F ok

BT 5,

TR LD, IREA VA8 D £ TR (Fig.13¢),

HRONITMEL, Kbl oi@y72fio T 25& LT 5,

AVUIAMRETT NI A RETDDICHEOYD RITFEETHD, A

BRI CHEEBE OB LD T LI FRENARETH 5,

2.4

VAN N i B

G LT T AFEHI Y RX—/3— (#240-2000) & ALO; DT vy B> 77

4V B HWT 15-50 pm OJE STHFEE LTz, 3B R S 13 B AR &K OV /)

WIS CTEE LIz, bR, 2 Ix—2arzli<icd, 7' b Tolk

FalTo e, MEHI=— A2 W CGRBFSE NI~ ALz, #UBHIINE = %



BMODIZD, ATy MIEL TWLENDRNWI ENREE LY, L, 58
I L TV R WEBHIERZ ORISR L 72D, /o, T IT U FEPIC
BOWTREHEHO U 27 383, ZO7=DMPFTOT vV TH A v MTRE
Rl oM A TOY T 7 E LT Tz, BRBFOWE KITEERLBIfRIC R &
REEERFT, £ T, TELHMOBPAKSEDL DI, MBI ZRE L&D
DAC %z 110CHOEBEZEA—7 T 6 KM LL LB L7z, 0%, 7= OIKiE
WAL FIE ZAT o 1o, —OEBUITWIER 7L T LB O SUG N EN 2 & &

T D0, BB L TIT o 72,

25 EHBEFE

JENE XA ¥ KT~k (Akahama and Kawamura 2004) % F T, Nk
AIRICER N CHE L, ZOHEZHNT, ¥4 TELVRTVELAHDT
Y URANRT MVOEAIIBESERD D ZENRFRETH D, JENTRANTEHE
THLZENHRETH D,

P=66.9 (7) - 0.5281 (4) v + 3.585 x 107V’

P: J[+7] (GPa)

vi XAV EY RT~r o7 FOEK (cm™)

10



26 EHIEEA

2,61 DACZ W= BiIE¥4E T

DAC Z W o @il SR Tl — R B9is, AL - L — W —InEE D 2 T O

MBHENILS HbTnb, ABYEIL DAC N Re—4—7/2 U CH

W, BRI K o TNV 2 5L TdH 5, ABMEITLERY L E LI N2 AT

DEMTEDL—H AMEDOHNTH LD T~ MAWEORED X 5 72

FEFICEVIRERMFLRAESELZLIFRETH D, IV EWIRELIAES

DI OITHENRITEN L —F—IEETH 5, L——MBYEIZZ A Y E

v Rl L CEEREHD L — Y — % B LIBT3 1T 5, L——I

BT OARBECIE NI HIKAFT D25, 2000 K LA EOIRE % iR 551z

RAESHEDLZENTE, TH~>Y MWEOERMIETRIZHE L T\, KB

TR L= —BIEZ B LT,

2,62 CO, L—H—%FAWEIn& Gk

Fig.14 {2 LHDAC THWHN D L—F—DiEE L, EaWE oW EHE

&7 9, DAC OB — WSS L —Y—T YAG L —H—=%°

YLF L —H— 7 7 A N— L —P—72 POLEMEEOE VY (8 1 um) TR

11



EROEDO T TH 2872 0BV L CWb, — 5., a0 /r A iRtk

YRR 72 & OV B B I RO L — P — DR & K& < BB

O, EHEMAT L2 ENRNETH D, ZNE TEAD T A BRIEILY - B

DINELZEAT DR, @70 & D4R 2 BRIUA & L THWTZRIEEINED IV &

NTE e, V=Y =R ATRERME 2 B NIZIRE L. b — — 2 BRI

RICHE T2 2 LI KV BV E THEBI B R Z MBS 2 516 TH D, TDT®,

miid T T, B & BRI O SORRPIRE AR AN E T 2 fabRitE s & %,

L— W R OV BN U B & KRNI L0 AR =N EBE L, 53

INAREVENZ 72 2 e O E AR FER IR E < 2 D, KRR Vb TN D

A DS IE 20 GPa THJ 2000 K (Hieu and Ha 2013) T&H Y . Ll EOEIRE

FEAZITE LTy, IREARIC KD OIEE (Y — V—20 R 3R

BIFRIC K E B4 52 5, Fig 15 [ZIRE AR K 5 FEARFEINIC BT 57

FIEECE TR T2 e 7RSS Sinmyo and Hirose (2010) OfE R 2 ~7,  [BILEE

Wikl O EFG I OTEFE~ v B 7D BB TIRE AR A K EWGE,

R OBENE L MBERICHRY RECTHWD 2 LERGD, mETIZBT

o N~ o MVWE O ERER R 2 IRE T D IR, BRI R 2 h B L L

ROBIOBEENANAEN THLH EELDBND, 106 pm OREE ZH

COy U= =137 A BREGHCERAL ) 2 b BITHE R S LTV D T~ > b

12



VIV R D B TH D488 % & £ 720 A O MgO-MgSiOs 54 D H

BEINEGRFTRE T o V) . BMRIUA Z 3 EHTIR B 2 MR W T2 | FEHIZ

LIz —H—Th b, F 2 TR TIIERERKFHRED CO, L — P — gk

& (Kimuraetal. 2014) ZHW\WTHEBREZIT -7 (Fig.16), CO, L —H —DN#L

I ERICIZ ZnS DX T =L U X R T) zHnic, s, Bl

Bl

RSS2 TSy Si0, DI A O K BN CO, L—H — (23 < |

BRI VD b L—F— 2T 5 72 b T 5, TIDZ, COp L—HF—

ZEREBHZR L TR DB AR EN TS, CO, L —HF —1FZHHIRIC X A E

BINTX W=, CO, L—HF—tlihE M S 7-RkEahlA4 FL—%—

(K F 633 nm) Z AW CREFREZIT - 7=, BIERAONETREIIIFRT A

Fl—H— (& 473 nm) 2V, E£72, MBEHTIEEZBRMAHUE & 135

\Z H,0 Z#E A L7z DAC % 2 GPa F2J£ & TIE L. oK VI T VI IR S

B ORI TR BT 5 2 L TIBMLEORE 21T -7,

263 BEHE

MR 1T 5 el (spectroradiometric method) % FVWCTHIE L7z, 26T

FUBHIT T 20 & i S ESDOE 2 S L, 400k 77 7 ot Al g - T

T4 T 4T EIToTz, 7727 OEFHIZ Fiellornd,

13



gy A0

1(/1) = eC2/AT — 1

T: RE (K)

I BREE (W« st e m?)

A R (m)

Cr: B OFE—EHK

Cx: B O —EHK

e HUTER

ZORNSEEHEND BIKEES 2227 F L& Fig17 I25RT (e=1), 3500K
D5 S00K fED ALY ML LT D, 1B EFICEWTREE TS < 72D |
E—7 by FIEEEEA A~V T b D, EREOREHIRAETIZZR W=D,

R A KRR E LTRE L, IR EBET 5, IROERITHRELZ 1 L0 b

INSWEBELTEZD, BIKLYV LBENRET NV TH D, KIFRICET

BIRFEIE 550-750 nm OWEHFTO 7 4 vF 4 Ik 0 EH L, fi
B2 7 4 v MER % Fig18a Il d, 2D & XEONTZIREIX3133K Th -

oo ZOREIXT 4 v T 4 U THEEDEWITL 5T 2986-3133 K O#iFH T

{b9 % (Fig. 18b-d), &= Z TARMFFETIXIRED 7 4 v 7 4 7T L DiREIX

150K Th D LBz T2, ZOFREDRFES Y X Fiquet et al. (2010)& —F L T

W5,

14



2.6.4 INEEMHF

AWFFECTHWZ CO, — P —MEZEE (Fig.16) Tix, Al 100 W 2, &
200 W ETHIE EFA 2 RN TED, L—F—HINIAET OMZ L
Tay ha— VAR Tod 5, AU THRAE I 5 MgO-MgSiO; & O Hfhik &
133000 K L EOBER THH720, LEREGEV, RFFM OB
AXYEY R~DARTERD, BNDE LIUTRA D Z L ZRET 5720, INEl
1% 1 BLLF %R TFT - 72, Nomura et al. (2011) TITINEEE OE W X
5V == ROZEIZ O Tikam STV 5 (Fig.19), MMEMRFRI 2N KW Z
EYV— L RORENRKE BB AHEI 2D, ZNEBT DI
FREE COMBBE TH D, —F. 1 B L0 DRIV PR g
\ZEET DMEN DD, MgO-MgSiO; RIZBIT 5 AL FHdD Mg, Si, O &7+
DILHARENT de Koker et al. (2009) THE SV TW 5 (Fig.20), Z DOfE A HW
TENENORFICEBIT D 1 BRI COIEEREZ 35 L7 (Table 2), b
PEBARB DN SV, DE VIEBIERERE VDI Si ThDH, ARIFFED P-T 5
i &3V 30-50 GPa, 4000 K D35A . Si @ 1 B COILHUEEREIX 63-50 um
Th D, ZIVUIARNIZE TG DAV SRR 72 A0 M3 A XEAL 20 um LD &,
BT, ZOIEBREE AT 4 v 7 OF IERNCREV, 1 BRI C{EEF

BrCET DA A Lz, T OREE., 70 GPa - 4000 K (I2BWT 1 BT

15



25 um PMEFHICRIET D Z LR ot, b AL h YA OB K
DREVETH D, —FH. BEAHOILHEREITIRIC R TIHFIThS0, L
ML, UFZAMTH DEMIT, W EH L T D 72D s #E LT
HFTTHD, IMA T, WL DD IEATHIZE (e.g. Nomura et al. 2011; Tateno et
al. 2014) T [FEARDINEFH T O ERICARII L, 1 B THor FiczEs
DT ENHEINTWND, 2D Lnb, AL 1 BRI TOMET & Ff

WRBICEIE L TV D &fllr L7z,

2.6.5 R BEHEIESME

AWFFED BEEREIE 3000 K L EOBEETH D, €I T, /3EdsERlic
ND (neutral density) 7 4 V& — &5 & LB AT 572, SHaDOAY v MME
50 um THE— L7z, BEHRFRIE 50-100 msec. TMEVZhSHE, HEREE TS U T

EBE LI,

2.7 [EIEED ST
Al OO K R RRBEIAR ORE 1L, BRI D T 7 A F v — AL LTV, b
KB AT 22 AT o 72, BINGREHETE OBIEEIZIL, 727 v E—LERA A v

— A (focused ion beam: FIB) (FEI Scios) (Fig.21)% H\ 7=, dual beam FIB |34

16



U EE - PEMSSE (scanning electron microscope: SEM) & FIB 23Miiido » T 5 HE &

Thd, BFHRICHLTGa A A E—LAN 2 NTWA-H, GaA AT

AEHTH Z N T L7226, £OWR%Z SEM TBIET 2 Z LN THDH, &

21T Os B (A A U 74— A Neoc-STB) % U Tz, Os 7835 13 /RFE KA K

@78 LA~ MO H 5 B THOWERIESICHET DI ENATRETH D,

T R E AR EE - PH 8BS (field emission scanning electron microscope:

FE-SEM) (JEOL JSM-7000F) (Fig.22) % H\W\CE&Hr (I &EE 15kV, B—

LERE 1 nA), KOeE~ v B 7 (EELE 5kV, BE—LAFER 3nA) 21T7-

Too Flz, —HRELO T I B FE 1 BRMSE (transmission electron microscope:

TEM) (Fig.23) & H\ 7=, TEM 34T OFEMIZ DWW TIX 4.6 IZR T,

28 BJESDOHHE

KE DA, BE  EFITHEWEDNENT S (BYEH), Z oS

LHDAC W2 ATIE TL KRB TS, £Dd, KAFFETHE D)

RICEDIENWHENMETH D & & 2 1=, AR TIE L —F—InEE o £ 70

EHAT o TOAR, MBI OEHRIEICIEEIC S0 FER DS, —> B

B 27 MIZ RAMAN 7ptdEiE 2 A iAte ¥ A Y€ K7~ {k (Akahama

and Kawamura 2004) & L <&, /L E—&LEE (e.g. Mao etal. 1978) THZEH D
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JESZRIEST D HETH D, o H I SPring-8 72 & O KBS S g% T
\Z XRD IZ X200 217w, B ThL2WEOREIRANSENEZFRHT S
HiETHDH, ZO L 57 in situ XRD Z0FH L 72 R BRIV < DD S THF
22 CTITH LT D, Fiquet et al. (2010) Ti, +10-15%DEE NHHIEN 22 S 7=,
T OEBRIIARMINEVIREEIGMETHD (eg. 61 GPa, 4200 K), F7
Nomura et al. (2014) Ti. 1000 K T+5%DJEHEMNANHE ST b, AHFE

TIE NS DOFERZ TS, +15%DENE ORI L A ME % fii L7-,

3. EBRFER
EBREMEEHT D00, B 7 VAT T4 b MgSiO, & HREWE I
WC P EBR &2 1T > 72, Fig.24 J2 O Table 3 [ZJ£ 77 35 GPa IZBIT 5 L—HF—H 7
CIREE DR ZRT, FHI T I TOMBEIT T2, £ ORER, 9.5-19.5 W,
#2800 K T L CUWNVZIREED 20 W TR E5H- L. 4000 K BL EE 72257,
TREI OB L D L —V —BINEOEIC L > TELEEEZ DN D,
Zerr and Boehler (1993) TiXZ D X 5 R AMRIEE A2 D IEROHIW 23 T
7o MEGE OFEHWT T OFE 7% Fig25 \ZRT, BIZBRH ANV DT 7 AF ¥ —
TRONTZD AN SR OMAIIIEFIC A E Th o 7o, ZHUFERKEINEL 7=

ZENFERLEZZBND, £ I TAMIZETIIAEZRICE T, miti ) TomEux
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1Bl E LTz, ZD7d, L—F—HJ] EIBEORMRNS TldZe <. INEAE[H#

DFELDTCARZEA L B DU EcEIW 2 37 7o, BEEHRR] 1 sec. T EdR D CCD IZ &

o TSP BIZE S NGO D L—Y —H D L | EERICEH I TR L 256 Ol

FEDORR 2 BRIV 20T LTe, 2T OERANURE ) TOMBT E 21T\,

HHOOIREIZR D L2 ORESL D 21T7-o72, #HlziE, 7.0 W FE CTHEEHE

AR (1sec) TEIZEINTZHA. 4000 K UL EFRAESEDITIZS0W UL ER X

gf&)of:o

3.1 [EINRET 7 2 F v — 5 b O R BT

MgO-MgSiOs SZAD A 7 A &Rl S E 76, T~ > bVES T TIREAHK

121X Fig.26 @ £ 5 IAKIRMID B RN/ T T A, Y 7 L—ZA(Mg0) KO

U v ¥~F A MMgSiOs) I[ZEMERIE LTzsil, U % 2A4H, AV MEDNEZE

TEHELZEKT D, 20X 2 LIRS X 2 LR 2 BEE, ~ Vv TF T

BRI E IR AL E 2 WM ER TEZ < HRE SN TS (eg Ito et al.

2004; Liebske and Frost 2012), F 72 r4FE# & & 472 LHDAC % H W 7= sl 925k ©

HLEZLZ ST D (e.g. Tateno et al. 2014: Pardhan et al. 2015),

AWFZE TR, FPTINEGETH% ORBI OB OWTEHR L7, Table 4 IT4 EBk

DM Z F LD, Fig27 I run #1 OINEAETR DN FEHZ R, WEWE 7 L
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TR ERE D TIT o 7o, MR HLERE 0.83 Si/Mg E/LEETH Y 33 GPa,

3050 K THMEAE 4T - 7=, MEAARHIIEF ICWE R atomnwikelcbh b, — 5

INEMRIE, AR LICRE AR E R RE L MR & ez md7 7 A

Fy—DR N, ®RIC, MR LOWMHEOBE2To77-, IRETH

(secondary electron image: SEI) % Fig.28 |2/ 9, sEtOFRE TS OES

EBRR oIz, —75, REOPLES GUEHRE 2 S BEN 7 i) (2R I2H

BB O 7 2 LR CHEK. KOR LT 7 AF ¥ —ThoTe, T

MgO-MgSiO; ROMMETIZ L —F —DRIENENZ LIT kb, BB F 1 ¥

FLRNIZEL TR E20b 6T, BRI DO T NIV AATLHE

WA REIRICET S22 EETRBLTND, EREOITORE., KE72 MSio; D

fEEm DM 2D 5 X 512 MgO OFERmMBHFIEL TS Z ERP LN o7,

B L TR R IZ R Sy, BEOENIR ST binkinoTz, £2 T,

M CHES CIREZ & HI2 LT 72 FEBR %17 > 72, Fig.29 | run #2 OINEAFITE DR

T &7, run#l [FER, WiEBF 7 L3 0 2 HETERE O TITo 70, HFSHHEK

1% 0.76 Si/Mg E/LEETH Y 35 GPa, 5600 K TMEAEFT 7=, MEARTIXIEFIC

WE Bt O mWEE Th o 7o, — 07 IEE OREHIINEA LS “HEO

FIODRDOT 7 ZAF v =B o7z, WEIOMOKIZIE 5 & 5 ICRBRRWE

DI|WED R ST, WIEHZRORE RO SEI MUK E 714 (backscatter

20



electron image: BEI), [H'f4 (topographic: TOPO)% Fig.30a-c \Z7~x7, TOPO 4

THWZ —EMHOT 7 ATy —RNEEINz, ZOMIOMIZ, HEMED N

Z A L MgO + MgSiO; [ F S BT & DB, PRI P I EFE & A L oS

RThde&TRENT, LaL, BEI TR TERND L O ICTHEEREIZITHEMAD

BB RSN ehrole, £ T, WBWHEHOBE LT 2AH, run#l &3

BHBIC R D7 7 AF v — BB STz (Fig3l), meiiEmEmkICFEH oM

HDD 7 WEI S R vz, £72. ZOIMINZIE MgSiOs & MgO D fEfm A, &

SAZAMANZIZ MY, R ORISR O 72 W5 E & R R OB STz,

Fig.26 OBIEN G, TOOFEMET 7 AF v —IX@EOIE Th 5 LW S

oo DFE V| Fig29 TR LN ZEHOMET 7 AF v —Ii%, SMURKEISD A

5 Z L MgO+MgSiO; (ARSI L7240 & BRI, PMIASEAR SRR S L <

UXZ2fEE AN MEEOERTH D, —F, Fig.32 13 run #6 (Z351F 2 INELH]

BOEFTH D, EEBT 7 L2 AW, IMEETOREHT, K&V T v 71%

o205, W E R FEE IO EVIRIE ThH 5, MNEVE OFUEHIINEART DR T-

EIFBIBMNCERAR DN, Fig29 DX O MO T 7 AT v —IIBBEI N Do

7o Fig33 X run# 6 DM ZBE LD TH D, ABERmMBEH L Tk %

AT D KO D [IDASTeT 7 AF ¥ —BNEEETWD

Z OIMANZ X MgSiOs & MgO (253 L 7= fEIk, & BIAIZAMANZ IR LD H T A
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EEZBNDHEBNFEL TV D, e b RISV EEIEIE Fig.31 O A /L

=

&R SPISRIR D22 N TH 0 RIS O A7 AGEIE & e b Bl 72 I ) L ek
THDHID, ANVIMATH D LHETE 5,

ZOXOIT, WM T LI E AWIEEEIE, BB IO T b ORI
WHIREECTH 525, Wrmigem DIREA BT ) 2N Th 72, £
T T, AR TITATOERICI T, BBHETIm OS50 b ISR O HIlT 217 -

7"4-
—o

32 VXA REORE
UXHAMERET DDA OTTE~Y Y L T 2To72, Mg & Si O
FEDS ) ¥4 AN MgO & MgSiO; D EH Lz Hli+ 5 Z L NFRETH 5,
Fig.34 [Z run #2 @ SEI & T~ v B2 7V OfE R &2 R IR, AL MEOKIC
Si MIFEET, Mg BNEEL TWDHZH, ZOMIE Mg0 Thb, DMl
MgO & MgSiOs 2MEEL TWDH, T D Z &, HEFE 0.76 Si/Mg E /LI
J£77 35 GPa DB, U £ % 2F75 MgO TH % & HIli T& %, Fig.3s 1%, 1ZIEHA
EJEE NS CTHREMARZ 0.83 SiMg ELICE 2 - ERERTH D
(run# 3), run# 2 [AIER. MNEAHCICHEIE O AL MHBEA S Lz, iR~ v v

VT DORER, ANV ORRER D X DI MgSiO; NEBL THEEL TEB Y, run#2
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TR O MgO OBITTER SR o T, 2D &b, HIEHLL 0.83 Si/Mg

EVHITIBWTIES) 35 GPa DI, U %4 ZHHA MgSiO; ThH L L Hllr T& 2,

ZOXEIITHEIWH DO ILRE Y v U T OREND Y XX AW T 2 L

MATRE & Tp o7z,

33 AHTAN—NVEIBRIZBT 5 ERER

ABFFETIT A T /3= L5k T OB IR & 272, AT 0.64 Si/Mg

EVEZE W2, Fig36a (2 run#tl6 ONEH (30 GPa) (28T 2Bt O T 2 7R

I, TV arEoOT Ay NEIZK 40 um TH D, REOEZIX30um TH D

2, Wi 7T LT AT ETRS um TOTHD LEXBND, FEERERITHE

X 24T 2 72 BHIT A7 v MCHI BT 2T 7 ) 7 Lic, E

ATOFELE O ELRITN 60 um ThH 5, MEEZ O % Fig.36b I3, MEI

Y BB DL R NI X D, 9. 1 80 W THRINEE 4T -

T-RE S, BEIREEIIR 4380 K Tho7=, ZDHA. M OREHIKE 72

T T IMASTZE DDENUSNDOEALIIBIE SN o7, 2T, L0 EW

HENFEETE D L WF SN DMAMEICEI 0 B A, FEMBAZAT -7z, Wil

85 W 30, A3 170 W THIEAE AT o -5 5. HemiRE TR 5100 K TH - 7=,

NNEE DB DR A% Fig.37 (287, B{AINEIS X0 InEGh=R o BT 6h
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723, MBAFLMIZWLS DD RE 727 T v 7 INE N5 T, FLSMTK

X B LITHER SN o To, TNETOERT, B 7 LI 2 W TE

Al X728 503, Fig.32 @ X 5 I 6 20T MEET & B 52 kb L < 1%, Fig.38

DETIBAPDITEBM LT 7 AF ¥ =B AND Z Lo T, £

DIz, ZOWBHIWRATTH D LW Lz, 72, ABto= vy Viddib &bt

B2 L DT NTHE LS MBGHERE DO TRV E B X bl oDl

v IR A MM E R A 7=, 177 140, 160 2 OYN 190 W TENENSHFTZ

oS TMBERA T, L L, EETRKRE 5188 K TR L2 nE L7z

LA LIZIEEDY Ieho Tz, INEE O % Fig.39 127, skt E IRIC2 ki

FEALER BN -T2, BERNZ XRD IZ X D9 &2 17> 72, b0 Cix

AT MgO U 7 L—%, MgSiO; 7V v ¥~F 4 h RO Ar O E— 2 il

INTToD, ZOFRERP D BWHEIIAE U TORWATREMED @ &I L7, T8

JE# . BN GRENST T D0 HT 24T - 7= (Fig.40), ERMICIEFIT/N S et imic sy

RLTWD XD RD, 72, 7 T v 7 O TIER & ORIEE D W6,

7Ty IHEDRFE~ v B T BT o IR R % Figdl 127”73, MgO & MgSiOs

2R L. DTNITHHEL TWDER PR SNz, LL, 20T 7 XA F ¥

— N OIXMR OB ABIRE IR ol TOEBRTIEZ, #ATE 2K

THIEB LR o7, ZZ T, MR GO ERETOLENDHD EEX
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Too MBGNRZED, REZEMSEL72ODOHTIEITIETRRDO 4 RBRZET b

O EHZETFT5 @Az TT5),

@ HEOEIZ# T 5,

@ REZ T AT > b bEEICHEET,

@ LV—¥—ofhteEd s,

BB E T ATy b SRR EITRE ORI S IEF IR e D, Fe,

L——DENME2EHD DI NFER I HEBETI0LERD D720, B

e a X bBarng, 22T OFEAZ T, OQR-BOESZEHS T E V)

ik R TNEGh =R O8] 1% X - 7=, Fig.42a |2 run# 17 OINERTORE 1% 7~ T,

AHEDOE XL 10-15 um TH 5D, MEVTHE R HIT -7, 85 W 7o, &5t

170 W THNEN U 725 5. K9 5550 K Tdh o7, run# 16 & run#t 17 (2B 1T 5 INEE:

DT — 4 % Table 512F & 1=, MEVE OB OKE T % Figd2b 127, MEH

OAFIT OB WT BB T L T ANTEEIAE Y A X/NS <20 L BT & 1

HONTRR DR AR SN, £ 2T, ML 1 BIOARTHRT L, BER

DOFREHETIH DBIEL % 1T - 7o, VBT 0 SEI % Fig.43 (24, A 1RIA3 & IR ek

FERIAMRIR IR TH 5, ARBANITIEF TR D/N S 2GR FEE L, MRS

RDIWICONTRENRKRELS 2> TWND T ENHERINT, MIREROITHE~
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VU T ORER%E Figdd (R T, RO K E R E & b @R M o D072 0

M2 MgO ODBENFET D Z 0o D, Figld4-35 OfFR L L, @i

25 AV ME, U X4 ZF MgO, B TH 5 ¥l Lz, oF Y HAEHLEL 0.64

SiMg E/LHED 115 GPalZH1F 5 U XX AMIEMgO TH D Z & RHL TR -

7=,

34 WBMT LI OEE

Wit 7 v 22 & W T285E (Fig33) O AL MEIZIZZ K OKIEN /o7

HIEE D H T 2 S KIAIIAFET 20, LTI AL MEICHFEL TN D Z

EMDRBID R LTZBR, BB CTH D T LT A B A A BIERNEF ISR

EOT NIRRT IZLTIETZDITBRENTZT 7 AF ¥ —Thd L TR

Do Fio, BEHRE (A MEEKR) BB LTHD (MATWD) XOIZR

25, THIEMEM T LI 2 HH L TWARWESTITRA OGN > T-T 7 &

F¥—Thd, TOH, ZHIXEEETE T ClERETHLI T VI Ik

ST ESNIZEEZEZBND, 20X e RERERMALT 7 ZF ¥ —

TN W MOER THEBIEINZ, TAVITAIHFETATH Y Itk

(22 LW AR BRI 2 KT rfReME 3 D, Lar L. 45 GPa LA LTl

B U CIIMBAS R AR I RN £ THRAESEL Z LB TE 20

26
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oz, T T, WRBERICKHT 27 VT DOFENRN L EHRT D20

HiEO TH IR EBRSAIHEZ: 35 GPa THE AT 7-, FORHE. [F U HIEM

FRAZKT T2 U F X2 ARLE U TH o 7=(run# 3,6 LTV 2,7), £z, BITBERD X

INTHE LT AV PO HIZIER U TH o772 (run# 4-6), T 5 OFERIT

TNAATK DV FZ 2, KOAN MEEA~DOREP/NS S BHITE S5 Z

EERBELTWVD,

35 AN bMOMAR

45 GPa UL L O TOEBRTHEM T LI 2 H W=, LxL, T ~D

ANV EOETIAZIT LY | UL TE 5 AL FEPHHE L, W< D DEER T A

Vv MR ERET D 2 &N TE R T,

Table 4 |2 AV N O ERT, AL kD Si/Mg E /LT 35 GPa DR 0.76

TdHo7-, E£7=. 45 GPa Tl 0.66. 70 GPa TIX 0.65 ThH-o7=, A/ bDOFKL

IR FERIZB VT, AV MR OBITICE 59, HEFITHWETH T2,

36 VERFZHEREORAN MERDE HIKGFEE

AWFGECTIE 127 GPa £ TOFEBREIT 7=, £ TOFER % Table 4 & Figds 1T F

LD, U FZ AN MgO 2B MgSiO; (1223 2 HFEHHAL D Si/Mg HlT )
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BT RIS S stz F77. 45GPa bl ETIZIFIE—EDEAE R L=, HIE

ATz AV MRS LT Figds IR d, AL MRS U F ¥ 2O 2K FRER,

45 GPa LA F CIFJE DML Mg IZE #~, 45 GPa ML ETIRIZIE—EDEE

AT ENRRTRND,

= f 3
4.1  FERENRE Ol
AR O Y . [EULGREHI T BT T 7 A F v — OELE D B IRRL o I 23 7
RE& 72 olz, £ 2T, EINGUEHEHEICK T D ANV M T 7 AF v —OFENG
IR BE O A 2 3 A 7, LRI C 0 SRR ISR 23/ & < IR HI 3
WEEL 725720, KPR TIEAN FOT 7 AF v =D S e n - =il E %
LR O TR, TR S AU IR E A2 iR O EIRE L TR o7, A EEBR
BT DIkEIEEE 7 v b L7zb D% Figd6 12779, 56 GPa T 3500 K 734k
BRIEFED ERRE 722 (run#9) —J7. 35 GPa TIL 4350 K (run #5) & . KED
DAED, JEHEINZ RO E < 72 D728, Zauid 35 GPa TOFEER (run #5)
DEEFER NI L 2R LT 5, FEER 35 GPa @ run #5 THOLILIZ AL B

#8431 56 GPa (run #9) (ZHA~TIRFRPAIZIE > TU7z (35 GPa (run #5) : [EL£E~20

pum, 56 GPa (run #9) : t pm), = 2 C, X 0 LENREIZT W EREZ 52 5729
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EAR- AR R B T DIEORES Y 217> 72,

() RETa 77 AL

ARWFZETHWZ BN Y 27 A ClIEME il TE 722 G ik 21RE v 7

7TANDOEENARETH D, AWFTE TR FERRITI VT INEARTO L7 E I

L0 B SR EERIERLE (5952 CCD B 2 T O HL) % 2 um AN TA 9

EHOICHRE LT, ZORHE, FigdT 0 X5 RBET v 7 7 A VORI L

7"4-
—o

(2) MBI B [EHREE S £ T o B

INENR BB O 2B E% K Y, BUBHIT I 0 SEM L4270 & [H ik B2 R DAL IE 2 1

FEYH o 70, FigdT [ZMEFLONFFEEZRT, BEE~20 pm O A /L NIk A i

ST, IMENE A L MO TG TH D728 BTG & EHE S E

TOHEETK 10 um TH D,

INHDRET 17 7 A VORI & AV MEMOPLE RS, £

OFER . FEEEROBEIZ un #5128V TH3800K THDHZ ENHLMNT

ST, ZOEITMEFLOIEE & _TK S00 K BV, IRET a7 7 A4 b

EREE RALE O RS V284 pm 905 2 & THRK 300 K OREENAEL S, *

CTC.ZORMBLVICEDIEEORHEETEIFLI0K THDH & RFEL o7, £/,

BERHICBITS 7 0 v POREEITFEIS0 K ERBLOLNLTWAHTZD (2.6.3
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EERE, KO Fig. 18 M), ZOES BE L TANIEICRIT 2iERED

D DFRFEITH50K & LT,

FIEED RFED W 2K EBRTIT 72,56 GPa LL FOEBRIC IV ELNT- AL |

FEEUIIEF I NS WD | iR BB R OIREE &b D & L7z, Fig.48

B R ORI L > CTRIE D » 7 i 2 7~ 97, £ 30 GPa Ti34J 3000 K,

%130 GPa THJ 5100 K ThH 5D, Z DS % Liebske and Frost (2012) T /) 5t

FIZE > THRLBNILENEE & i 2 & ENHEBIZB W THEFIZR W —

BERLZ, b5, AR TOBEBED REL VIEITIZS R0 THD

EEZOND, AHFEIC LD R THID TEBRIIIC MgO-MgSiO; %O Il

BEZ T~y MVEENEBICEBWTHLNIT 5 2 LI L,

Fig.49 |ZATHFZE TG Sz T~ M DET UM A 2T A4 bD Y

U F AR & ARBFZECTE S 7z MgO-MgSiO; & D g & o thik & o4, X

A v T4 MaLTHIEITHIEM TEWRH D H DD (Fiquet et al. 2010; Nomura

et al. 2014), MgO-MgSiO; R D ILFE L N~ o VBT VKD YV U #

HE X VEMICEWZ L0015, Zhid Fe 2812 & TRAIZELJET

9% (e.g. Liebske and Frost 2012) 7= ffi[a) & L CIXfEER <, ABFZEIC XL - T

57z MgO-MgSiO; % O LR EIL N~ > MAET VD Y U # AR

ELHEAEMNTHD,
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42 FEIDOFRHEEME

BIRIE Y . RKHFZE CTIXBVE O EEZ+15% ¢ L CEIDOMEETTo T2, 2D

MIE L72E 00 (1) SBATir%e (BEBRS1R) &, (2) B o F L T (3)

MBI XDV T NVEBOIREILIZ L - TRRENAL D,

(1) JeATHITE (EBRZRM) MoEy

BVE ) OFRE 1TV < 22D in situ XRD & FV 72 B TS X TV 5, Fiquet

etal. (2010) X 10-15%DEJE)TH D EHME L T\ D, 1 6 OIREE &M

AMFFE L FEF ATV (e.g. 61 GPa, 4200 K), Nomura et al. (2014) T 1000 K T

5%DJENENMPHER STV 5D, F£72. Ozawa et al. (2009) TiE+22%DENE )

DEINTWD, KIFZEEOERESIEEITR 5550 K TH D, £7-. AFFETH

FBY o TZIREORMEEMIZE450 K TH D, ZHITEREFNIEO AL D LK

HERHICBT 2 NENEZADLETL LD TH D, DF V. AUZEO K ERE

1L 6000 K IZEEL CWADAEEENSH D, Z DR THEIATHIEDETE ) % Lk

T 5L, WEERTEBE L TR WEITHISEIL Fiquet et al. (2010) : +10-15%,

Ozawa et al. (2009) : +22% CTd 5 DIZxt L, IBEMKIFIEE B E L 72 Nomura et al.

(2014) TIEIH30% TH D, DFEV | RUFIETHIIE L72+15%I1TxF LIEATHIE (52

Bt MOEN KO AREDONEEMNZBE LT D &+15%0 N & M R

bLoind,
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(2) WrES DA

AMFFETIEIWERA T L = 2 2 WIS — SO RBR & 1T - 1o, Wi o7 8%

EE MBI B Z RIET AR H D, Lo L. Nomura et al. (2014) CHrZEL

MT NI OFEICLDZEBETTOEITNENEREINTNWDTZD, Z D%

RITEPATE D LM LTz,

(3) Mz L B9 v T NEDIIREAL

AWFZETITEE T COMBRBZOEN ZJIE LIz, ORI, 70 GPa LT

DB TR DFE N ZARIFE2 GPa LA R T o 72, KR E L R & < H

SHAL77 run #4 TITINBARTOJE IR L T-1.9 GPa DAL R 647z, D F 0,

35 GPa Tx~6%DJES) D ARMEEMNTFIET D, Flo, AT /N— LFHIK T O ER

ITNENET#% The Rk 4 GPa DEER L SNT-, O F ¥ 115 GPa Tx~3.5%DJE /1D

NHEEMEDPIFAET D0 T D DORERN D | MEAFTR DY TN EDTREIZ

K DENORMEEM IR RKL6% TH D & AEDL -7,

(D-G)YDARMEEMEITZNZENMSNLTH D EE L. AT OJE T A EME

E o THIE20% & RS - 7.

4.3 FEEIEE B O K

AREEAER A FigdS ICE & O D, T OFERD B @ RR O #2372,
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MgO-MgSiO; R IT Al 722 2 Al sy BT D, TDd, AWFFETIZ2

DI E TR ORE EZ R TZ, — D BN Y F 4 2 MgO 7> 5 MgSiO; ~D

ZATH D, Fig.50 D L DT IS D Si/Mg E /L LD LRI & 0 @2

W E ST Y X ZAHNRED Do ABFIE TITHBEWE I IER (S E 22 R D

BT 2%, DT OMRE LS, ZRZNOY F 4 24 %

NDH LT U R AMOEALD B IFERZHIR T D Z N TE D, Ll

BEARPRKRELSELELGAE, Y=L = RIc K> T 7 kN2 5 A

RV DD, DT, U FFZAFAOLALTIZT TITIEFARI AT E T2 % <

Y, ORI AN N OMARD B ILEH A Z HIF T2 HIETH H, AV FOM

BV Fig.50 O X 5 IZ HHFsHA AR K 0 ksl E W EZ R TIX 3T Ch 5, L,

PHLRBEIZENE L TR WS AL b ORERA LRI R I Z TV MVE 2 78 S 7220

AREYEN B D, E o, AWFFRICIBWT O FEERTIZ AV OB Z RET D

TENTERDNo T, DD, AV SO B 721 TIF IR AN e E

Pa2%<EKT, €I T, AIETIIENENDOAEENZ/NS T D7D

D 2 OO FEND OILEE ZHIFK) L7 (Fig. 45),

35 GPa TiX U & & A4H1% 0.76-0.83 Si/Mg T /LD TELT 5, /AL b

DOALRIE Y F & ZF075 MgO., MgSiO; i 7 D55 THI 0.76 Si/Mg E/LHToH -

Too 2D AN FOMBIEY F 7 A B RE LI @ik & BLW—8Z2 R LT

33



Wb, ZD72, 35 GPa TO KA I 0.76 SiMg BV TH 5 L Hlr ¢ %
%, 45GPa THFEHAL 0.76 SiMg TN DA, U ¥4 A MgSiO; TH >
72 F72 AV FOMELIE 0.66 SiMg ENLTH-T=, ZD7=H, HEkR LD
SiMg E/VEIE 0.66 LD /NEWNWERFEL L Z LN TED, K60 GPa DIGA
U %2 A1 0.64-0.69 Si/Mg TI/LHOBTEALT 5, D7 @i akix
0.64-0.69 Si/Mg ENLLTHD ERMH L ENTE S, K70 GPa TiE, U F
H AFAIE 0.64-0.69 Si/Mg E/NLDRTENT D, £7o. AL FOMABUITY F4
ZAADY MgSiO; D4 0.65 SiMg ELLETH 70, T D=, HEhflakix
0.64-0.65 Si/Mg E/NHTH H EHEE TE 5, 115 GPa lZI\W\ T IS 0.64
Si/Mg ENVHEDFE, VX Z AL MgO Thoto, 2F 0, KD SiMg
EAHIT0.64 LV REWITTH D, 2N HDOBLRITL - TH DLz LElH AL
% Figd5 123, ZORER, 45 GPa LU F TIXEHEINZ LV SiMg E /L ERDS

AT %, 45 GPa LA L TIIZIE—E DfHE 0.64-0.65 SiMg E/LELZ R Z LA

B SN o T2,

44 BAJ)FHELE

ANd I D AREBROFER, 45 GPa UL EOSMF FIZHB W CIEHLAUITIZIE—E D

AR EHER STz, L, = MV FERE SR TIXERNIC —HT
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L2 TE TV LR O SiMg E/VEEREE N 5 AlREME L & 5,

de Koker et al. (2013) TiHH —FEEHEIC L 0 LRk O SiMg VA~

MVE FERCHOT NI MgSiOs I ETe Z L HRESINTWnD, AREBRTEON

7o AR S 1 T A4 MREAR (~0.7 Si/Mg E/VEL) iV, 2D, & T

i~ PR THEICHGEZ 52D 2 213, MO TEETH D, AMFFET

IEA R B LR 21T 9 T & Tl FE~ > bVRA T TO IR O il #) 2 3

Y

441 BEBRBTIRELTEHE

FRARYATR 2 AR E T % & iR 1% 32 IS5 A Sy MgO K O MgSi0; D @il 7> &

HRTDHZENTED, ZOMREDEHA. 45 GPa LU F TIHEHEIMZ LN

Hiﬂ}

RIS MO ICE Te & 2 122 LT 2 REBROFHEFR NS MgO D dT/dP A
2 — 713 MgSiO; DZFN LY b/ SWEEZRTEEX OND, ZORREE
ITHRZEDRE R & Z i35 &0 1990 4-4RIZ Zerr and Boehler (2 & 0 #ii5 S 4
7= MgO. MgSiO; DRl fiF it DE & XA RO R E B —FH A2 "
(Fig.51), L2, #5 OFhslx, omirms Szl i dE L B

S TEY FFIZ MgO Ol IIRVMEZ 7R LTV D, Ielr i S 7z,

D% < DYATHIZEIZ LD MgO @ dT/dP A 1 — 7% MgSiOs DZ LV b
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KEWV, b LILIFIERUEE R LTV 5D (e.g. Alfe 2005; Stixrude and Karki
2005; Zhan and Fei 2008; de Koker et al. 2009; Du and Lee 2014), Z#UiX
MgO-MgSiO; AN HA R BAAEK E L THRIRT 22 ENRE LW & 2R

LTW5o,

442 FBBBROGE

AW CITIERERIE E LT D 720, EANRIEET V&£ 25, EHIR
IR RICKNCTHMARBARELZF 2 BK T D, ZOET VT
Liebske and Frost (2012) T % MgO-MgSiO; & (2 fl 4. CMB JE£ &£ T
DB OFFINITON TS, LovL, 15 OEBR AL CMB JES L b
IR 26 GPa ETIZR O TS, £ T, ABHECITH - ICHERE
1TolemEDT —2 % TR OFF 21T > 72, TRLICEEM AR T,
HERIZHB VT, MgO & MgSiOs ZAVEIITIIT D [EME, KHEOILTFRT
VU VIS L,

solid _ , liquid (1)

ﬂMgO - .uMgo

solid __ , liquid
Hmgsio; = Hmgsio, 2

patast - BRI H T 5 MgO DALFRT > v v /L (J/mol)

o RIS 5 MgO DAL R T > & L (I/mol)
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Unpedo, © EFRIZISIT B MgSiOs DALEART > v % L (J/mol)
Mysio, + WHRIC IS 5 MgSi0; DAL R T > ¥ L (I/mol)
(D) @2) ANIEEZHNT RO LD ITIETE 5,
Uiras' = tyga + RT In(aygo)  (3)
ﬂzslzioéisc%oe. = #figgios + RT In(apgsio,) (4)
u,‘ﬁ,’;"g : HiHH MgO DiEARIZ I 1T HEEHERBLF AR T > 2 v /L (J/mol)
y,‘j,’;"gi% : HLFR MgSiO; DIERIHIZ I T D IEHER AL AN T > 2 v /b (J/mol)
amgo : MgO DTh=E
Amgsio, - MgSiOs DIF &
Flo, IHEITHK S IEEREOETEIND,
amgo = Xmgo¥Ymgo Q)
Apmgsios = Xmgsios YMgsios (6)
Xmgo : MgO DE /L4533 (mol)
Xumgsio, : MgSiO; D E /L5573 (mol)
Ymgo : MgO OIE BRI
Ymgsios : MgSiOs; DiF EAREL
Z 2 TXugsio, V& 1= Xygo TH D, 7o, IERIEIKE T /L IZFBV T Margules
FABI ST X — 2 — Wiygo_mgsio, 2D L. FROXNREZ BN,
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RT anMgo = WMgO—MgSiO3(1 - XMgo)2 (7

RT lnyMgSiO3 = WMgO—MgSiO3(1 - XMgSiO3)2 )
INHDOEBENLE)DNLTFROEIICERT LI ENTE D,

ﬂzsvzoéi(fl = #%3 + RT ln(XMgo) + Wngo-mgsios (1 — XMgo)2 ©

Mzsvzoéis%% = u,‘i;;ié’io3 + RT In(Xmgsio,) + Wugo-mgsio, (1 — Xmgsio,)*  (10)
(9)(10) & < 72Oy DALFRT 2 v VM &2E L, bilisr OIbF R

Ty I Imol H72 Y DX T AOEMTRXALF—Th D, [EFH & HAIC

BIFDWEHOF T AAHT R LF =2 RO LB FHELZ TRRICE L DD,

F7AABRTZ X LF =T TR TEZ BN D,

G=F+PV (11)

G: X7 ADHMBZFX/LF— (J/mol)

F: o~ )L ARV OEBZRLX— (J/mol)

P :JE7] (Pa)

V. &% (m*/mol)

F, BAICONTEZD, RO~V LAFRLY HBET XL —X

F(V,T) =Fy+ F.(V,Ty) + F, (V,T)  (12)

THEMND, £T. FIIN—FOFREHGRNOEHETE 2,

Fo=9KoVo [2f2 +2af3|  (13)
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2

e GEIE
a=aW—4) (15)

Ky : (RFEGRIEER (Pa)

L

K’ o (RFEHIME SR D JE 13857
Vo : BEUEIRREIZ 31T 5 (6F (m’/mol)

RN TENZ FROAUT LD EL,

P = Ppy + Prnyiqg  (16)

Paw = 3Kof L+ 20:(f +af?)  (17)

Piniiq = 3, Co(T = To)  (18)

V=m+y(%—1) (19)

C, : BV & (J/K/mol)

Yo : BRHEREBDO T U T N T A —H —

Y i AT T NG A—E — DR
FoFpld. Tig 20) KTHEX BN D,

Fin = =So(T = To) = G, [TIn(3) = (T = To)| = €, (T = To) [ (ro =¥ n (i) +
¥-v)| o)

Sy =2 hu E— (J/K/mol)

U EDOAD)-QOXTHEMBICHB T HF T AOHBET R ALY — 352605, B
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—EHFICBT X7 AHHT RV X —%FET D554, FolX(13)-(15XTH
BB —T5. (16) D Py lE FREATEHZ BN D P lCBEX b 5,
Pinsor = v [En(V,T) = En(V, To)]  (21)

Y = Yo (Vlo)q (22)

™3 t 3
D(t)=9nRT(5) N (ef_l)dt (23)

0
t==
T

(24)

6 = Opexpl(yo—v)/ql  (25)

Ey: 7T A IRET R /LF— (J/mol)

q: B

n: BALFEA BT OJFR T O

0 : F AL EIE (K)

BAIC BT AIRE R AR L~V AR LY BRHZ R ALX— X R T
Ko,

Fy(V,T) = 9nRT (5)3 [ [l —etldt  (26)

t3

[} 2In[1 - e~t]dt = (;) m[1-e]-3D@®)  @7)

D) =" ax (28

t370 eX-1

Fo, EEHO F—Z LD~ AKRLY HRHT X LE—(T

F(V,T) = Fo + F.(V,To) + [Fen (V. T) = Fn (V. To)] ~ (29)
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Th o, HIZ (11) R TEF T ADOHBZ RV F—NERERTE 5, EFH,

WAHIZ BT D MgO, MgSiO; DX 7 A HH = RV —3RHICHWZ/XT X —

% —% Table 6-7 127~ F, 2L B D/XT X — & —|L de Koker and Stixrude (2009)

KON Liebske and Frost (2012) % 7tiZ. Liebske and Frost (2012) CTaFHIZHW

bN-ETH D, Z D5 BIRFAD Fo 1 de Koker and Stixrude (2009) TH-z
STy, 220, BHEOFT2AEHZ X /LXF— K de Koker and
Stixrude (2009) f5 (MgO : 3070 K , 0GPa & T8 MgSiO; : 2900 K, 25 GPa) %

FAWT, GOHauid _ gsolid — o Np 0 ST X H 72 Fo 2 AAE S - 72,

BT, (9)(10) & W T Margules FHB/NT A — % — O HE 2 A7z,

Xmgo (21 Liebske and Frost (2012) T b7 btk D7 — 4 & » MIHE

IR CIE LN T-EEICB T 58 LW R 20 2 7=, IR 121X Liebske and

Frost (2012) TR L ILEIRE A Lo, 1% O ORI,
Te(P)=1259.1496545023929+81.67078299455709P-0.9476610399176579P*+0.006

1669743986747065P°-0.000016354384688405462P*+1.122968328964751 X 10”P°

B

THEAT 4 v b TE %, IRZEITIATHIIE THE STV DR RE6% % 42

JENSRMNT K LTz, 206 OfEZ AV TRk 7= Margules FHEI/ T A — %
— % Fig. 52 K U¥ Table 8 [Z7”d", Z DA FEBRAITI 1T D Margules fHE /N T A

— X —LAEIE Marquardt 5% W CIERIEZ BB O B/ -IEZIT > 7,
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Liebske and Frost (2012) [Fl#k1Z Margules fABH/N T A — % — %Wy g0_mgsio, =
A+2T7 4 v b9 % & 4=-42 (6) kl/mol, B=303 (141) kI GPa/mol T 7z,
FBIMNITZNEN DT T — %R T, SEITHFSE Liebske and Frost (2012) T 5
N7 4T 4 TN TA—=F—[FZNZEN 4=43 kl/mol, B=110 kJ
GPa/mol TH 5, AWFRDOFER L BIEICHOTNRE VR A LNDLN, F—F
— L LTSN TH D, £, JENBR+HomniGs. BEOEWI XL
BlIIto/h3netEZI NS, 714 v b L7z Margules tHR/NT A —% —%
Fig.52 27”9, 7 1 » MZ X VG572 Margules FHEI /ST A — & — ) b ik
BN, BEINCIHT D AR Xweo 23R 72, Fig.53 125 & 72 LR
SiMg E/VI (F1-Xme)E R T, ZDOREHR. 80 GPa LL LIZEBWTIRIE—ED
fiE~0.64 Si/Mg & /LD @RI 35 & 7,

B%7 4y Mko TR bR DORELE T I E Y 2
L—ya VKo TRE L, AnTe= T — Y — ZXFEBRIED Xyo. Liebske
and Frost (2012) CTH O HLBIEE T X NENORFEL W OFRETH D,
T4 MICHWEEITHE O BIT~ L F 7 o B AR S ER A EEIC LD
EHRTHDHIO, EH=T —TEEATX 5B %72, 25GPa b 10 GPa fi
IZENENDET)T 500 BT DR ZIT o 70, FHREIEDAZ T IEZ WL

ERE7R T — 5 1375 B 57 500 B FE T, M EHET % 2 BRI E S
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Nizo ZORER. 7 4 v M X o TH B I A AR DO R 22 13 £~10% Si/Mg

ENETHD Z ERBH BN/ o 72, Liebske and Frost (2012) Dk &t & Lk

T2 &, B OBAETIZIER L TH o 7= (Fig. 54),

4.5 AT L O

Fig.55 (ZARWISE & e T O b bl 2 =3, 37, AT 3

B CURE S ik Ak & D bl #4T 5, Liebske and Frost (2012) Tli~ /LT

T e NSRS ALE e O TIRBER T o, ZOMETITHEYE

DL & 2L S, PG O E B30T 515 b7z A v MRz I Tl

FLER DR TEMN 72 ST TN D, A THRFE D [EIGEEL D —H & Fig.56 (2/~"7, H¥E

R DFEZ I W R DU X 2N AL MAICE L TERESNTWS, Z0

WFZ2 Tl 16-26 GPa (2 31) 5 e Fl#H L DR E N T T-, fc s £ 26 GPa T ik

RIAHLARIE 0.74 SUMg BNV TH 5, AWFE TR HALTZ 35 GPa O Ll B ITAY

0.76 Si/Mg E/NHTH Y | AHFFEO LA T2 MgSiO; IZF T 5 &

IRoTe N, ZOEWITERBEEGFANTH 5, SEATHFE TILRRZE23+0.03 Si/Mg

FENLTHD EHEIN TS, Figs6 L RTEND X HIC, vV FT B

NS FEF A AL E T 30 1T D Ul 2B TIR A IR EE N LB N T2 0 | BRI A

(TY RIA4R) BB I LD, D7D, AV MK b O ILEHR AL O HilFIIZ
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ITRE 727N E D, F7-. Liebske and Frost (2012) TIXEBRMEREZ L &

(B R 2 VT, R~ o BV TR 2 AR O HIRI 23T D

TW5, A#fF%E L Liebske and Frost (2012) OA/MERE R &bl 25 &, T~

RV EESCIRE M PO SRR 1T MgO IZE A, Wi~ > MR T T

FEE—EDEEZ TR T E N HIHANIEFICEN—FHERL TS (Fig55), %

7o, B IRBEERIC J 0 MgO-MgSiOs 5% O L@l pk 2 il %) L 7= de Koker et al.

(2013) IZBWTH RIS, HEENIFEFICE W —EEZ R L TW5D, 7272 L, A

70T b AV LRI AT CMB J+ 7155 FIZ3 W T Liebske and Frost (2012) X°

de Koker etal. (2013) £V & MgO ICEATMEZ R LT, ZD7=H, T ETH

TE S AVTWIZALRR K 0 IRWALALHEIPE T U & & 2 4H2Y MgSiOs TH D Z L A H 5

Mo Tz,

46 ANPMERNTIAF¥—

AR OWY | AV MENOMBIT S E Ch -7, L L, Figl34-35 %

HILLKBETAEANL NEANICT Z AT ¥ —DFEVORELELTWS, F-

Run# 5 (2B LTI AL MRIC2FEDOT 7 A F ¥ —NFEET S (Fig.57). Fb»

HITRIR & B 2808 B 5 2 BNAMAINIIER IZWE TH D, FE-SEM % A

WTHIE L2 2406 O/ARIE., EHZ 0Nl 0.753 (5) Si/Mg E /L b, 4MHAT 0.757
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(25) SiMg ENLHTH D | EWRRLNARN ST, £2 T, 2 b OMikDE

WZEB B NIT D720 L0 Bl G 2 BlE2 T 5 TEM &2 W oo 247

277,

4.6.1 TEM 43 #7 FH # & D 1B iR

TEM ZHW5 Z & THRA/-EA T HEORWER TR OBREILRG 2155

LI EMTED, REHZEFHMARHF L, Bl L TSI 720, TS

FEWRBDNNLETH D, D7, dual beam FIB & ) TE X 100-300 nm

FEOEREZER Lz, £7, BLEWEEZ ETE S 5-10 pm £ O fEk

Z Pt TR L. LD Z RKE < < Vi< (Fig.58a), —#Bsr & %% L CMlME.

FOFIS 80 BT, $H23BtoMIZIT S, Pt CRHEE L7k, o 7l

ZU)0 B3, BN . TEM B 7Y » NI E % Pt THEE 7 5 (Fig.58b),

AUV EEL, SEM TEZE LN OEEICMLT 5 Z & THEE 200 nm 25

DR AEVERT D 2 ElTkEh Lz,

462 TEMIZ X BT 7 A F ¥ —DBE

TEM T KX DM OBIRE AT > T2, B O T % Fig.59-60 2”3, AL b

PR D HLEs & SMIITRA B 22 5472 2 Ak 3 Blgs S uvz, Bt 13200 nm
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LUF Ok b OB OEEEN R 6T, —F5 . AMUTITRAEEN 2 < R

SRVENEIEZ S T-, TEM I X 2812213 0B REITIC L » TH

PELI, FHFAEVBRDH > TV DLREA BRI RA D, DFE0, AV IAH

DOHLEITRE S OERASETH Y AMUARITHRE TIE RS T EA T 7 2RO H

WThnLTHIND,

4.6.3 TEM |Z &k 5 EFHREIH

IO DOMHOFEMAEZB ST T 572 DICENZE N DOFEE TOEAHRET/S

22— ODRBEIT-T, AN NEORM., MMUOEFHREIPF N2 — %

Fig.61 |\Z/”" 7, WRNIEIITAR y RBRONT-Z L biEiETh 5 &l T

X5, £, TEATZ 7 RAEREB DAL N m—IR (ZR0T72) 70K ©

WA= PRz, = AMUITIEESHERDO ARy FRA AT e —

WORE = DBREENTZ, ZHHDFERICE Y AL MHOHMHIL 200

nm DL TFOFEEE T, SMURTEL T 7 A, DFEVEELHT T AL EICTEREK S

NTWBZERHALNI -T2, 2O X9 T AaLEEDENI L VIE

RENcLEZLEND,

D7D, VXX A MgO (XU 7 L—R) OFEHREFT % — 2 DH

BFEIT>72(Fig.62), ZD L X, AV RMEITROLNTE B —RONZ— 0%
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RonZehoic,

47 Y—LV—HROEE

Y=L =R EIFTEEARIC KL > TR FPBE T 2BILBOZ L TH 5,

LHDAC EBRIIEFIZEHWVIREE N E2RAESELND —FH, /LT T el

EEFAIEE I TREINORE AR S K& VW, 20 XK 95 7 LHDAC DR

AR LD Y — L —h Rz O\ TiX, 24 E T Sinmyo and Hirose (2010) T#

HINTWD (Fig15), TOREFR, REENOIRENREE 2GS, BERR

FOBILHBAEC D Z LR L NT R o T, FRZER &) B - 2MERITR

MA~BENL TWD, AFEICBWNTZO L ) REFOBKENE U8G5

BREAFRIC S K& 70 B % RIFT LE X 55, Nomura et al. (2011) “CHIEAEFRH

MREWEE, Y=LV —=RRPEL DL EMESNTEY (Fig.19), AR TITZ

AVERET D T2 DIZ TR LA T &0 9 IER IO CORMER 21T - 72, 72,

FBHETTHENZ 61T 2 AL MAEK T, JEPH D MgO+MgSiOs DR & ko & &4yt

AT o7z, AV MEOKMAUTIIEF IZHE Th > 72, MgO+MgSiO; DIRA kI

BWT, RERITAE T TRV 7 E LTI ISR & 12IE R Ul 2 =

L7,

V— L= BNE U725 A . MgO-MgSiO;2 il RICB W T Y 4 24l
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THAREMED B B, LEIKARIT —EDES T TEAL L7, AMFSE TIT L@

RS R A L MRV Z R LTV D Ll L7z, 2F D Y — L —%)

RBECTGE.Y X ZAFD MgO 7 b MgSiO; (IZZ b7 5 I FAAL & 0 i

il A v b DA BIRE LT AR R 513 TH D, Ll AAFZEIC

BFD N6 DEEMMAIIFFEFICRW—EE R LIz, 20D, VFF AT

WE LT AR DO AN ETEN D Y — L —2RIC K DB~ D 28

0.05 Si/Mg ENHLE D /INSWEHEETE 5, 28, IREARD K E 2 A BT

V=L —ZhROEEN/NI VO, KK E L TIE2 9B 615, —D2ITai

DAY | FEFINRNNBARFR TORREZT -T2 & Th D, b O — 23T

NIZULEZERVWRTHLZ L THD, — I — L — I RITRE 2D

WWZEVAETTWE EBZ BN TS, Mg & Si OFTF=IXZNTI 243

g/mol, 28.1 g/mol T&H ¥ . AHFFE THN = HLAL H O JF 713 EEf U W R 1B %

Ho, ZNOOEENS AR TIEY — L — RO R L E/NRICHA D 2

EWTELEBZLND,

HER N~ D I A

HIHIHERIZ IS 1T B~ 7~ A — 3 % 9 b Ot /LRI I T, 3 Bl &b

EMIZ LD~ FAVOACFIMCIRE CTZ RIS D D, T DTeh, 2 MW
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B OVEBELR, FRIC IR A L O LI FF O B i 13~ > b v ot biafE %2 5
2% ECHBICEETHD, v/ ~A— V¥ VOREREMEORERAET 5 AL B
. EEHARICIE O KO AL TV, £72, v MVE OEREBISR ITEL
TEDOHERN G E . RO ORI LV AL TV D A[EEEN H D ULVZ (eg.
Williams and Garnero 1996: Lay et al. 2004) OME &2 Hfg+ 2 L TCHLEETH 5,
T~ PV O KR O SREL . ~ > BV FEBIC ST Db R
R BLE5 25, B~y buiIoA BT 4 b (8 0.7Si/Mg EVEL) THERK
STV S (Ringwood 1962) —77, THi~ > FLVOAMBITIARZZHIFNZ T > T
72N, SEITARSE (e.g. Irifune et al. 2010; Tange et al. 2012; Murakami et al. 2012;
Wang et al. 2015) TV DD R LET VMBEPIREINL TS, ZhbD
BT VHRRIZEB T 2 U F X ZMIEWL OO FEFEBRTHL IS TWVD
(e.g. Fiquet et al. 2010; Andrault et al. 2014; Tateno et al. 2014), L7>L. Ak
IIRTEH LIS TR0,

AT, T~ 2 MOt HfliZR R TdH D5 MgO-MgSiO; 5% O i sk %
115 GPa (& 49 2500 km) £ CTEBRIPICIRET D Z &Ik Lz, £7=. 2
FETMIESNT, BT~ PSR TICBIT HIKEIT o7z, 2 DRER.
kLR O Si/Mg E/LERIL 80 GPa £ T EH &I L, 2l BT

TIE—EDME (8 0.64) 27T 2 &R o7,
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50 ~7~<~F—vx 0k rnk® =R

ST A= COREERAED EDIRS N BIAE 20MF ST D Y F &

ZRER O~ T~ A= % O ANCHE O iR ALK 5, ZHUTB LT,

Thomas et al. (2012) T, F#f~> MOREMRET LMK THLa L FT7 A

k2 hVARAR (79 0.84Si/Mg E/VEL), MOV SA 1 T A MEEC (R 0.7Si/Mg &

VIR IZOW T STV D, Fig63 I3 @b, 2> RT74 M7k %

o~/ ~F4—T % DA, Andrault et al. (2011) THE S 72U 5 & A iif

Ly I~ F =T VOREARN Y MV FESCIRIICRET D, £ DT,

B TE~ Y FADDREREASIBE Y | EF~ER D EEZ BN, —F,

nZA N~ T ~vA— v o O4A | Fiquetetal. (2010) THE I N2V ¥4

AR &~ S~ A=y COWREARL D~ > RV, K 85 GPa THRAIIC

RETDH, TDOT=D, #2000 km OIES (5 85 GPa) O bk’ thE v, E

FRORNTFHENERSD, 2o, w7 ~F— % DOV 7 HEROEWIZ X

D, FES DR E DIREN R DA EEMN D H, T2 T, 2D LI~ T ~F

— X DNV R DENTB W T, v MV OALFECITE WA T D H

IZDOWT, AFEOEELZ TICEGRL TV, 2 R4 MUK DO~ V'~ 4

—T ¥ (F 0.84Si/Mg E/VEL) DA KFROFE RN Y 4 2R T

i~y MBI T Y v U~ A b (MgSiOs) Th D L E X 5D (Fig.64),
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Thomas et al. (2012) DFEREZZBE T H L, v~ I ~vF—v v OHABEIZE W

T, K FE~> bV TT U v P~F A MRS HREIET D (Fig.65), F7-.

fen s BERIC E 0 ER D @ A v MIIEEHRLIC TS <, Fig.64 12T X 912

EEERIT = BT A FHAKE Y & MgO IZET 72D, Ik P~ M Tid

MgSiO; IZE ., B2 512 2N TMgO I BT X 9 IC&bT 2 LEZ NS,

S BT e BETIRAEREHELARL 23 E /)BT HE, SIO ICE T L D I8 T 5728

< MV EEIF AN BT A MRICT S EEZOND, —FH, XM BT Ak

R D~ T~ A= v D6 AZEDORE RN S U F & 2F T~ > MV

HTTY wI~F A FTHY 40GPaffiIr T/ a AA— =041 5720, Lt

ERAOERWVEEIR CIX Y 4 AMIEIARY 7 L—RZ (MgO) IZ&fkT+5LEZ26N15

(Fig.66), Thomas etal. (2012) OFEREZZETLH L, M a4 N~ T~

— 3 U CIEK 2000 km DIE S (K 85 GPa) 2> b b M AE Y . EFROVF

FANIEN D ZDI=, AN FERIEA A E D~ > MV Tl MgSios IZ

AT E 72D (Fig.67), 7o, fmaiERICE DR @O AL MI LR

FRICIES <, £D), =2 VR FETIE = R4 MAKOSBE L3RR

V. MgO IZ&ETe L HIZET 5, F£iz, 2000 km £V HEWVIEE T, &)

MgO (ZETe AV BT S D25, LREA AN E A ISV S0, IZE T

ECET B0, v b EETIE S BT 1 MTEW AL RSB S
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5. bbAH, EEO~7~F =2 v b ORfEILIEREE X 572012
FeO, Al,O3, CaO 72 &', DRIy DHEBEEFE X DVEND L, o, kb EEN

RKEWEEZZONDWEMH-BEFHMOBEEZICO VT HiEm L TV MERH D,

5.2 ULVZ O#Rk

CMB JE &M F CORBIEFIL ULVZ OWE 2 g+ 25 F THEETH L, K
WFIEDFER NS, CMB [EIZRB N T/8f a7 A k(0.7 Si/Mg E/VE) v
K74 & (0.84 Si/MgE/LEL) @ K 9 Ze 3LRFERL K D MgSiOs 12 & A TEHLAL Tl
MgO IZEATEAN BRI ND Z R LN oTz, WL DO S Tl
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Tablel Glass compositions as the starting material.

Sio, MgO
Sample number (mol%) (mol%) Si/Mg molar ratio
1 37.1 62.9 0.590 (3)
2 38.9 61.1 0.637(3)
3 41.1 58.9 0.698(2)
4 43 57 0.754(1)
5 453 54.7 0.828(1)
6 47.7 52.3 0.912(1)
7 49.1 50.9 0.965(1)

Parentheses show the standard deviations from several EDS measurements.



Table 2 Diffusion coefficient and length of the liquid in the MgO-MgSiO;.

3000K 4000K 6000K
Pressure 2 Diffusion length® . Diffusion length® a2 Diffusion length®
(GPa) (um) (um) (um)
Mg 10 5.12E-09 72 1.29E-08 114 3.26E-08 180
30 1.91E-09 44 6.34E-09 80 2.18E-08 148
50 8.77E-10 30 3.82E-09 62 1.66E-08 129
70 6.05E-10 25 2.55E-09 50 1.07E-08 104
90 1.97E-10 14 1.09E-09 33 6.93E-09 83
110 1.27E-10 11 7.03E-10 27 4.95E-09 70
130 4.58E-11 7 4.24E-10 21 3.54E-09 59
Si 10 1.64E-09 41 5.59E-09 75 2.10E-08 145
30 8.64E-10 29 3.99E-09 63 1.55E-08 125
50 4.87E-10 22 2.49E-09 50 1.23E-08 111
70 2.74E-10 17 1.50E-09 39 8.78E-09 94
90 1.60E-10 13 9.67E-10 31 6.71E-09 82
110 7.85E-11 9 6.24E-10 25 4.79E-09 69
130 3.26E-11 6 4.02E-10 20 3.67E-09 61
O 10 2.84E-09 53 1.07E-08 103 3.40E-08 184
30 1.50E-09 39 5.63E-09 75 2.19E-08 148
50 8.13E-10 29 3.51E-09 59 1.79E-08 134
70 4.13E-10 20 2.34E-09 48 1.20E-08 109
90 2.33E-10 15 1.41E-09 38 8.55E-09 92
110 1.18E-10 11 7.94E-10 28 6.54E-09 81
130 5.44E-11 7 4.95E-10 22 4.22E-09 65

2 Self-diffusion coefficient of Mg,SiO, liquid.
b Diffusion length in 1 second



Table3 Power-Temperature relation of the preliminary experiment at 35 GPa.

Power (W) Temperature (K)
9.6 2500
10.0 2500
10.6 2700
11.0 2500
11.6 2700
12.0 2700
12.6 2800
13.0 2800
13.6 2700
14.0 2800
14.6 2800
15.0 2800
15.6 2800
16.0 2700
16.6 2700
17.0 2800
17.6 2800
18.0 2800
18.6 2700
19.0 2800
19.6 2800

20.0 4200




Table 4 Experimental conditions, liquidus phases and melt compositions

Pressure Maximum Corrected Starting composition Melt composition Thermal
Run (GPa) temperature (K) Temperature (K)  Si/Mg molar ratio Liquidus phase Si/Mg molar ratio inslator
#1 33 3050 3050 0.83 —b —>b none
#2 35 5600 3900 0.76 MgO —c none
#3 35 5050 3950 0.83 MgSiO; — none
#4 35 —a —a 0.91 MgSio, 0.766(6) none
#5 35 4350 3650 0.69 MgO 0.757(25) none
#6 35 5200 4050 0.83 MgSiO; 0.754(6) Ar
#7 35 —a —a 0.76 MgO —c Ar
#3 45 —a —a 0.76 MgSiO; 0.661(34) Ar
#9 56 3500 3500 0.64 MgO —d Ar
#10 46 2600 2600 0.64 —b —b Ar
#11 59 —2 —2 0.59 MgO —d Ar
#12 61 5150 5150 0.69 MgSiO; —d Ar
#13 69 3950 3950 0.69 MgSiO; 0.653(28) Ar
#14 70 4250 4250 0.64 MgO —d Ar
#15 68 3150 3150 0.64 —b —b Ar
#16 127 5100 5100 0.64 —b —>b Ar
#17 115 5550 5550 0.64 MgO —4 Ar

? Temperature was not measured because heating duration was too short.
® Samples were not melted.

¢ A sample was lost before measurement of a melt composition.
¢ The melt composition was not measured because melt pocket was too small.



Table 5 Experimental conditions in run# 16 and 17.

run# 16 run# 17
Starting composition 0.64 Si/Mg molar ratio 0.64 Si/Mg molar ratio
Sample thickness 30 pm 15 pm
Pressure 114 GPa 100 GPa
Power 170 W 170 W

Temperature 5100 K 5550 K




Table 6 Thermodynamic properties of MgO and MgSiO; liquids

MgO liquid MgSiOs liquid
To [K] 3000 1773
Vo [em’/mol] 16.46 372
Ko [GPa] 34 273
K' 4.5 5.7
Yo 0.96 0.6
% -0.37 -1.24
Cy [kJ/K/mol] 56x107 173 x107*
So [kJ/K/mol] 173.5x 10 333x10™
Fo [kJ/mol] -852.49 -1716.03




Table 7 Thermodynamic properties of periclase and MgSiO; bridgmanite

Periclase MgSiO3 bridgmanite
To [K] 300 300
Vo [em?/mol] 11.24 24 .45
K [GPa] 164 251
K prime 3.9 4.1
Yo 1.36 1.57
q 1.7 1.1
o [K] 767 905
Fo [kJ/mol] -569 -1368




Table 8 Magules interaction parameters at the experimental point

P (GPa) WMg0-Mgsio3 W error

16 -25.499 6.448
20 -27.001 6.597
23 -26.174 6.838
24 -30.420 6.715
26 -33.075 6.756
35 -21.448 5.577
51 -42.912 8.079

70 -39.040 10.415




Fig.1 Moon-forming giant impact (NASA)
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Fig.2 Seismic anomalies just above the core-mantle boundary

(McNamara et al. 2010)



Fig.3 Multi-anvil apparatus at Ehime University (ORANGE-3000)



Fig. 4 Diamond anvil cell (symmetric type)
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Fig. 5 Melting curve of the pyrolitic composition determined by previous experiments
(Fiquet et al . 2010; Nomura et al. 2014). Solid and dashed lines show solidus and
liquidus, respectively.
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Fig.6 Elemental maps of the recovered sample obtained by the previous studies
(Andrault et al. 2014; Phardhan et al. 2015). The starting material was MORB.
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Fig.7 Proportion of mineral phases in pyrolite with pressure (Irifune et al. 2010).



1.0

@ Taylor (1973)
B Chen and Presnall (1975)
@ Kato and Kumazawa (1985; 1986)
c 0.9 A Presnall and Gasparik (1990)
.g ’ @ Liebske and Frost (2012)
B 0 L
e
E a B
8 S 0.8 j |
o E L ;
i) ?
L=
0 = B
w v 0.7
- Lower mantle
0.6 N TN Y S D Y TN T T NN NN T T T AN T N Y YWY ST ST [N T T T S A T S SN
0 20 40 60 80 100 120 140

Pressure (GPa)

Fig.8 Pressure dependence of the eutectic composition in the MgO-MgSiO; system
determined by previous studies (Taylor 1973; Chen and Prescall 1975; Kato and
Kumazawa 1985;1986; Presnall and Gasparik 1990; Liebske and Frost 2012). Green
line shows the boundary between the upper and the lower mantle.



Fig.9 Containerless processing installed at SPring8.



Fig.

10 A glass synthesized using the containerless processing.
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Fig.11 XRD pattern of the glass.
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Fig.12 Aloading system for liquid Ar into the DAC under low temperature.



Fig.13 Loading systems for liquid Ar into the DAC under low temperature.
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Fig. 14 Laser type for DAC experiments and absorption wavelength of materials.
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Fig.15 Elemental maps and temperature profile. (Sinmyo et al. 2010)



Fig. 16 The doubule-sided CO, laser heating system in Geodynamics Research Center at
Ehime University.
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Fig. 17 Brack-body radiation
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Fig. 18 Typical example of the thermal emission spectrum. The circles and

curve represent the radiation data and curve fitted for the Plank formula,
respectively.



Si-poor melt
Si-rich melt

Fig.19 Elemental maps and BSE of the recovered sample, which the starting material was
olivine. The sample was heated above solidus at 25 GPa. Heating duration is 10 second
(Nomura et al. 2011).
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Fig.20 Self-diffusion coefficient (Dy) of Mg,SiO, liquid (de Koker et al. 2009).
Colors show the temperature condition (bule: 3000 K, green: 4000 K, red: 6000K).



Fig.21 FIB (FEI Scios) installed at the Ehime University,
Geodynamics Research Center.



Fig. 22 FE-SEM ( JEOL JSM-7000F) in the Geodynamics Research
Center, Ehime University.



Fig. 23 TEM (JEOL JEM-2010) in the Geodynamics Research Center,
Ehime University.
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Fig.24 Power-Temperature relation of the preliminary experiment at
35 GPa. Sample was forsterite (Mg,SiO,).
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Fig. 25 Secondary electron image (SEI) and elemental maps of the recovered sample
at the preliminary experiment.



Liquidus phase

Fig.26 Schematic melting sample image in the ideal system.
Abbreviations: Pc-periclase, Brg-bridgmanite.
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33 GPa, 3050 K

Fig. 27 Optical images of the sample before and after heating (run# 1).
An arrow shows the center of the heating spot.
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Fig.28 SEI of the recovered sample at 33 GPa, 3050 K (run# 1).
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Fig.29 Optical images of the sample before and after heating (run# 2).
An arrow shows the center of the heating spot.
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Fig.30 SEM images of the recovered sample surface (run# 2).
(a) SEI (b)BSE (c)TOPO image.
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Fig. 31 SEI of the recovered sample cross section at the center of the
heating spot (run# 2).
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Fig. 32 Optical images of the sample before and after heating (run#6).
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Fig.33 SEI of the recovered sample cross section at the center of the
heating spot (run# 6).
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Fig.34 SEI and elemental maps (Mg,Si) of the recovered sample in run# 2.
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Fig.35 SEI and elemental maps (Mg,Si) of the recovered sample in run# 3.
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Fig.36 Optical images of the sample at 30 and 110 GPa before heating (run# 16).
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Fig.37 Optical images of the sample after heating (run# 16). An arrow
shows the center of the heating spot.
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Fig.38 Optical images of the sample at 51 GPa before and after heating (run# 11).



After heating

Fig.39 Optical images of the sample after reheating (run# 16). A circle
shows the heating spot.



5.0kV X5,500 WD 10.0mm

Fig.40 SEI of the recovered sample cross section at the center of the
heating spot (run# 16).



10pm ! ! 10pm !

Fig.41 SEI and elemental maps of the recovered sample cross section in run# 16.
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Fig.42 Optical images of the sample at 100 GPa before and after heating (run# 17).



Fig.43 SEI of the recovered sample cross section (run# 17). Right side is
the hottest part.
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Fig.44 SEI and elemental maps of the recovered sample cross section in run# 17.
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Fig.45 The eutectic composition in the system MgO-MgSiO; as a function of pressure.
The solid triangles and inverse triangles show MgO and MgSiOs-as the liquidus phase,
respectively, for each starting composition. Open symbols show the melt composition.
The pink area shows the eutectic composition range determined by the change of the

liquidus phase and the melt composition measurement. The pressure uncertainties was

shown by the error bar
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Fig.46 Pressure dependence of the melting temperature, which is measured at the
center of the heating spot. Red and blue symbols show the melted and not melted
temperature, respectively.
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Fig.47 (Upper) Optical image of the sample after heating (run #5). (Lower) The
temperature profile of the sample across the laser heated spot. Error bars show the
temperature uncertainty from the wavelength range using the fitting (150 K).
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Fig.48 Pressure dependency of the melting temperature, which is measured boundary
between the solid and liquid. Red and blue symbols show the melted and not melted
temperature, respectively. Orange line and gray area show the estimated eutectic
temperature in this study and previous study, respectively.
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Fig..49 Comparison of the melting temperature with the previous studies. Orange line
and gray area show the estimated eutectic temperature in the MgO-MgSiO; system
determined by this study and Liebske and Frost (2012), respectively. Blue lines show
the solidus temperature of the pyrolitic composition. Purple line is the solidus line of
the chondritic composition.



Eutectic composition constrained by Eutectic composition constrained by

the liquidus phase and starting composition the melt composition and the liquidus phase
D — <—>
Liquid Liquid
o [ (e o
8 2
ﬂ | 5 ooon
& | MgO+Lig. gSiO; L | MgO+Lig. : gSiO;
= +Liq. = +Liq.
@ ks
MgO+MgSiO; MgO+MgSiO;
MgO (A) (B) MgSiO; MgO (A) (B) MgSiO,

Fig.50 (Left figure) Bracket method. The eutectic composition is constrained by /e
liquidus phase and the starting composition. If the liquidus phase is MgO when the
starting composition is (A), the eutectic composition should be MgSiOs-rich than
the starting composition (A). On the other hand, if the liquidus phase is MgSiO;
when the starting composition is (B), the eutectic composition should be MgO-rich
than the starting composition (B). (Right figure) The eutectic composition is
constrained by the melt composition. If the composition of the melt coexisting with
MgO as a liquidus phase is (a), the eutectic composition is MgSiO;-rich than the
melt composition (a). On the other hand, if the composition of the melt coexisting
with MgSiO; as a liquidus phase is (b), the eutectic composition is MgO-rich than
the melt composition (b), regardless of the melt fraction.
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Fig.51 Melting curves of end-members MgO and MgSiO; determined by
previous studies (Zerr and Boehler 1993,1994;Alfe 2005; Stixrude and Karki
2005; Zhan and Fei 2008; de Koker et al. 2009; Du and Lee 2014).
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Fig.52 Pressure dependence of the Margules interaction parameters (W). Orange and
bule symbols show W at the experimental point determined by this study and the
previous study (Liebske and Frost 2012), respectively. Black line is the fitted W using
modified Marquardt method.
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Fig.53 Pressure dependence of eutectic composition (Si/Mg molar ratio). Orange and
bule symbols show the eutectic composition at the experimental point determined by
this study and the previous study (Liebske and Frost 2012), respectively. Black line is
the fitted the eutectic composition.
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Fig.54 The uncertainty of the eutectic composition (Si/Mg molar ratio). Orange and
bule lines show the eutectic composition determined by this study and the previous
study (Liebske and Frost 2012), respectively. Solid and dashed lines are the average
and uncertainty of the eutectic composition, respectively.
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Fig. 55 The comparison of the eutectic composition in the MgO-MgSiO; system
with previous results. The solid triangles and inverse triangles show MgO and
MgSiO; as the liquidus phase, respectively. Open triangles show the melt
compositions in this study. Diamond symbols show the eutectic composition
determined by the multi anvil experiment (Liebske and Frost 2012). Red line is
the eutectic composition determined by the thermodynamic calculation in this
study. The pink area shows the model uncertainty of the eutectic composition
(see text. Green line and blue dashed gray line show the eutectic composition
determined by the previous thermodynamic and the ab initio calculations,
respectively (Liebske and Frost 2012; de Koker et al. 2013)
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Fig.56 Back scattered electron images of recovered sample at 23 GPa
(Liebske and Frost 2012).



Fig.57 SEI of the recovered sample cross section at the center of the
heating spot (run# 5).
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Fig.58 SEM image during preparation of a recovered sample for TEM analysis.



Fig.59 TEM image of the recovered sample (run #5).
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Fig.60 TEM



Fig.61 Electron diffraction patterns obtained in a TEM (a) nano-
crystals (b) quenched glass.



Fig.62 Electron diffraction pattern of the loquidus phase (periclase).
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Fig.63 Models for the early mantle upon cooling showing the comparison of the liquidus
curves (black solid line) with the isentropic temperature profile (dotted line) of the same
composition (Thomas et al. 2012). (a) Chondritic composition and the liquidus curve from
Andrault et al. (2011). (b) Peridotite KLLB-1 composition and the liquidus curve from
Fiquet et al. (2010). The critical isentrope with its mantle potential temperature is shown in
red lines.
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Fig.64 The comparison of the eutectic composition in the MgO-MgSiO; system (red line
and area) with the chondritic mantle composition (blue dashed line).



Fig.65 The freezing model from the global magma ocean of the chondritic composition.
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Fig.66 The comparison of the eutectic composition in the MgO-MgSiO; system (red line
and pink area) with the pyrolitic composition (purple dashed line).



Fig.67 The freezing model from the global magma ocean of the pyrolitic composition.
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Fig.68 Melting phase diagram at 24 GPa determined by Liebske and Frost (2012)
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Fig.69 The comparison with the previous results in the multi component system. Red line
shows the eutectic composition in the MgO-MgSiO; system. The pink area shows the
uncertainty of the eutectic composition. Gray line and dashed gray line show the eutectic
composition determined by the thermodynamic and the ab initio calculations, respectively
(Liebske and Frost 2012; de Koker et al. 2013). Other symbols indicate the melt
composition of the model rock composition in the lower mantle determined by previous
studies. Triangles and inverted triangles are ferropericlase and bridgmanite as the liquidus
phase, respectively. Blue symbols show the melt composition on the peridotitic starting
composition (Ito et al. 2004). Light blue symbols show the melt composition on the
perioditic starting compositions (Tateno et al. 2014). Light green symbols show the melt
composition, which was determined using olivine as a starting material (Nomura et al.
2011)



