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(Phase-transition-like change in the density and viscosity of silicate melt
inferred from the behavior of SiO3 glass under high pressure)
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Abstract

The compression behavior of fully densified SiOz glass has been measured
up to 9 GPa by using a diamond-anvil cell with a mixture of methanol-ethanol
as a pressure medium at room temperature. Optical-microscope
observations clarify that there is remarkable agreement between the volume
data on compression and decompression; i.e., the fully densified glass behaves
in an elastic manner. The compression curve can be expressed accurately
enough by the second-order Birch-Murnaghan equation of state with a zero-
pressure bulk modulus Ko = 60.2 GPa (and its pressure derivative Ko = 4).
Extrapolating this equation of state to higher pressures, the density of the
fully densified glass merges with that of ordinary glass (or former ordinary
glass compressed to high pressures) at about 13 GPa. X-ray diffraction and
Raman scattering measurements show that the first sharp diffraction peak
and the main Raman band of the fully densified glass also merge with those
of ordinary glass at the similar pressure range. Together with available
literature information, it is presumed that the change in intermediate-range
structure (permanent densification) takes place between 9 and 13 GPa at
room temperature by the rearrangement of network of SiO4 tetrahedral units.

Shear flow of uniaxially compressed SiO2 glass has been measured in a
diamond-anvil cell by optical-microscope observations at room temperature.
Large shear flow began at 8-10 GPa and continued at least up to 20 GPa,
where the macroscopic differential strain reached 70%. The onset-pressure
condition of plastic deformation is close to that of permanent densification.
X-ray diffraction measurements on recovered samples show that the samples
after shear flow were in the fully densified state and showed a large

microscopic differential strain of 3% only in the intermediate-range network



structure. These phenomena, large shear flow and residual structural
anisotropy, may be attributable to the changes in the Si-O bond covalency and
the Si-O-Si bond angle with pressure and stresses.

The experimental results of Si02 glass suggest that the phase-transition-
like structural changes occur in SiO2 melt with increasing pressure, 1.e., the
rearrangement of network (intermediate-range structure) and then the
increase in coordination number of silicon (short-range structure). At the
pressure range of the deep upper mantle (including the transition zone), SiO2
melt is expected to behave as a single phase having a densified network
structure. The equation of state of silicate melts in the deep upper mantle
has been constructed based on the assumption that Si02 component in silicate
melts is in its densified state (or phase) at pressures between 8 and 18 GPa.
This equation of state is consistent with all the available density data of
silicate melts with an SiO3z content of about 35-55 mol% measured with large-
volume presses at pressures between 8 and 22 GPa. There is a considerable
discrepancy among the equations of state proposed so far. The main reason
for the discrepancies seems to be that the compression behavior of multiple
states (or phases) of silicate melts has been described in most cases with a
single equation of state.

By using the equation of state determined in this study, the density data of
silicate melts reported by static and shock compression have been compared
quantitatively. The equation of state based on the static-compression data
cannot explain the shock-compression data, and the systematic differences
between them have been revealed. The shock temperatures were estimated
with different methods among papers, and the reported values differed
considerably from one another. The shock temperatures estimated by

assuming phase-transition-like structural changes in melts lie between the



previous estimates. Many of them are well below the liquidus temperatures
of each sample, suggesting that the sample state may have been altered
during the shock compression. In addition, some of the shock-compression
data reanalyzed in the recent paper differ considerably from the original.
These results suggest that the shock-compression data do not have sufficient
quality to discuss the model, in which silicate melts show phase-transition-
like structural changes at high pressures.

The high-pressure deformation experiments suggest that the change in
intermediate-range structure affects the viscosity of silicate melt. Although
1t has been pointed out that silica-rich silicate melts show a negative pressure
dependence of viscosity, the mechanisms proposed so far cannot explain the
change in plasticity of SiO2 glass found in this study. It is necessary to
consider the change in intermediate-range structure in the discussion on the
pressure dependence of viscosity of silicate melt.

The two important physical properties, density and viscosity, of silicate
melt in the upper mantle can be explained within the same framework; i.e.,

phase-transition-like change in the intermediate-range structure.
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1. IXC®IZ

HERRSEEDOWNE DO Z A T X7 A2 R4 2 LT, FABREANV FOFEL
FEED T HIIMO THEHETH D, AV N EREOMOBEEZIIBRE )& LT, A
VR ORMEITIERFLE LT, v/~ DX A7 AR L THEENZREDY &
FFoTWad, LL, mERIR FIZHBIT D AL ~OEER L OREORIEIZIZK
SRNEEE S, ZRETICOEETZEOHREMTHOITWD 2, [FHRITIRE
WTHD, 7ABEE AN NOFEEICES L Cix, RE T L A% HWZikik [Agee
and Walker, 1993] WL [Sakamaki et al., 2010]. H2+EHEIC K 5 7k

[Rigden et al., 1984] IC X > THEINT WD, KTV REHWcHIEIE,
W E FTRE 72 FE /sl B~ o BV SRRIZIE E > T D, —J5 T BEEMIC X
LI5EE, X EIEE TORENAIRETH L I ifi, Frak 7 EBREIR A LETH Y |
MR LTy, BEPEICBE L Cik, R L X &2 W% EkiE [Kushiro et al.,
1976] ICXD2MENH D, MEARERIEMMFENIRE SN D, BES
FEPEE W o TR SO ZIZHEIR TH D LB X DL D, SR E TR AR
BT DT ABE AL N OYHEZRONTZT —Z N OHEET D720I21E,
EOEN RSB EN TV DOLLERD D,

T AL ANV NOBEZIRSETWADTED, HTAEXGRE L EROFER
D AN S OREEICET O RESI ST Z LA TE S [eg, Wolf and
McMillan, 1995; Funamori and Sato, 2010; Sanloup et al., 2013], Z i1 % TiZ
b, TARMET T ARGz, 7~ HEL [Williams and Jeanloz, 1988], X ##
B4 [Meade et al., 1992] 72 &' #kx 72 HiEIZ K - T, FFIZ Si OB EL DAL
(ZHER LIEAREM TN TE Tz, KRS, 7 A BRIET 7 A D45 Td 5 SiOz 77
7 A2 L CiX, Satoand Funamori [2008b; 2010] |2 & - TEJE % DGE
FEHIE & Z OGHEERIE N T, Si ORENERD 4 255 6 ~DHINE ZIfE
YBERNTRENT (K1), ZNDDFRERNG, F A B AL MZBWT D,
EE~ v MADS T~ o RS NT TRBROBNLE D ZEAL & Z U HE D B
AN Z 5 & RiAEN TV 5 [Funamori and Sato, 2010], T4, &EFZ
O X BREIPTEERIC L > CTHREREE AV N CTHRBROBEZE LR HE SN TE
v [Sanloupetal.,2013], T 7 ZADFEERIZ X > TH LA AL MTBW
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THERLS Y TUIE DI ERERINTND, 7 A B AV N OENLE DAL &
ZIUTEE D DAL O W THIIEL B E oo b 5,

—J7 T, Si02 H T A TiE, KAREEAAEFINDBLENH I NEMBNLT
W% [Bridgman and Simon, 1953], Z#Ui%. SiO4 VU A% BAMAL &35
PEEER > R — 7 OBEEMZITERT L LEZ 6N TWD, KAEEEIE,
Si02 H 7 AR 5T, MgSiOs 7 AR CaSiOs H 7 A THE Z 5 Z L NG S
NTHY [e.g., Shimoda et al., 2005; Gaudio et al., 2008; Sanchez-Valle and
Bass, 20101, SiOz fICELe 7 A BRIET T A TITTEIIE Z 28R TH D &
MR SN D, BAE DN D L 5 7k RIS O 20 & [RIERIZ . KA & A
A OND TR G O £72. 7 A BRI AV N OB B2 5 2
HAREMEN D D03, Z O RICERE Y TRFRITD 720,

AWFFETIE, T A BRI AV s O IR E OZLICET 5 mE (o2 & &
HAIWZ, Ry NT—T 7 AOMBTH %5 SiOz 77 7 A [Zachariasen, 1932] (Z
HER L7z, *y bU— 278G (PEERERES) Jo L O (EIRRERES) o221k
AR L LT D 2 L &2 E 2 D, 100 GPa FEOE ) fEE T Si02 4 Z
ADZFEENL, Si D 4 EALOREOBEEOH T AN, 4 BMOEFERY NU—7
BENEBE LT T A (GEEAT T R), EHITSIN6/NDOHTT A (6
BN T A) ~EMEEE LT & LTHEETE S (X 1),

SiO2 7 AD Ay U — 7 DI L Cid, Airtthid e o 7k A @ s
bS5 RLIF [Bridgman and Simon, 1953]. 3z 72 ME E ORFFEMR
Thh T, ZRETIS, JEDRESRML EOENCE > T, Kk 20%2E
£ TORRX I @E RO 7 ARG ENTEY [Mackenzie, 1963; Arndt
and Stéffler, 1969; Rouxel et al., 20081, #FE DOH 7 A L KRICEEEL LI=H
7 AOMITIE, BEOTHRENFET L2LEXA 6N, £, GETEOYT
VL7 L [Grimsditeh, 1984] & F07 ~ v #GiL [Champagnon et al.,
2008; Vandembroucq et al., 2008] (2 L V. EEEAL T 7 ANHMHEAITIR 5% 5

(BEEALT 7 AME LTIRDEES) TR TW5D, T )FEtE
[Huang and Kieffer, 2004] TH MRS S Z LRI TWND, K
WFJECIE, FeRICEE AL LTz Si02 4 Z A 0 FEAE i 2 NPT o i e A2 Tl E
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T5HZ LT, MBI APHMERICIRDHE S Z L AR L., mEE (b T A
FORREGT A ZIRE L, £z, MshpcllE L X #EHr & T < ELo
R E O T, MEELT T ADIEREA I =X L@ DR Z 5 )%
72 EIe oW TELEETo T,

SiOg U7 A&, mWIEAR A 2R b REBEEORT 2R 2720z etk
BIZmoHEhDd, LL, SiOe T A (BXO SO &2 Fsr &350 T A) (I
X, I <O LIAZREBRIZ X D2 WUN R K AKZEIE R #HE STk Y [Taylor,
1949; Marsh, 1964 ], K/AEEELIZ L - THH &1 C & 72 [Ernsberger, 19681,
WA N — VO EBREAROFERIZ LD | 1M B E S T e A
BB 2 W2 B R % O BIGRE O FE 22 BLE M TN D K o127z -
7= [Rouxel et al., 2010; Lacroix et al., 20121, Z L5 OS5I 72 i oy fERE# 22
Hifiix, KABBEIC LD FGEMET 52 LT, 7/ A—MLAT—L O
WiiEh 2 ~IE T A RERERE L TCWDER, TN EOR S — NV OERIZIZZ T
v 7 %9 [Taylor, 1949; Marsh, 1964; Ernsberger, 1968; Rouxel et al., 2010;
Lacroix et al., 2012], F£7=. o FEIIFEHE D O IXB W EN% O H 7 A DS
BTN T 52 E N TR.ENTWS [Rountree et al., 2009], A#F7ET
X, SiO2 #' 7 AD—HNEFERZITV, HPEMBI L 54— "—I 71 R
=N OFWRE) (ERE) OZ 088155 X #RIEHTIC K 5 BIGUE O &
EXDORIE HHHIE) OREREICKRS Lz, ZRDOMRNL, Si0z 7
T ADWPMETGA T = AL ONTEREL, Xy MU — 7 fiE0ZEl L oBfE
B HMNT LT,

IEDERNG, xy U= fE (PHEEHEG) O Si02 T T A D
FER L OWREMWEIC R E R BL 525 Z LB 6T o7, Si0z BT AIZH
LTHRLITEAN S 7 A TR AV NI JEA OB E &6 I BREEREE 2 FH
BN L S, B~ v MRS (BRIgZ &) OENRMETIER, S5 E
L LTIREE () ICd 2 LHEE S D, ZOHEICHESE ., A BRI AL M
TOMAF DB R L ORMERT — 2 OB 2 T2,

B LTI, #EE S EREE 2 otis, B~ > MAVIRES ORI RIET
JRVNKESCER P D & A Bk A L B2 ] vTEE T oD Bl 7R RB T RN & e LT,
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ZHETIT S, A& RHBRICOWT O 7 A BREE AV b OIREETTFEAS, R L
R W2 BE T % O EERIE [Agee and Walker, 1993; Suzuki et al., 1995;
Agee, 1998; Suzuki et al., 1998; Ohtani and Maeda, 2001; Suzuki and Ohtani,
2003; Sakamaki et al., 2010; Jing and Karato, 2012] <Cfli{E £ i~ = = A&
[Rigden et al., 1988; Rigden et al., 1989; Miller et al., 1991; Asimow and
Ahrens, 2010]. 4y @ /153 % [Matsui, 1996; Stixrude and Karki, 2005;
Guillot and Sator, 2007] . @lf#E#E#R 2> & OHEE [Ohtani, 1983; Bottinga, 1985]
7E | KRA BRFIEIC Lo THE SN TWD, 7o, INWHAKERPRICE A5 2 &
ZHBIE LT, XWROT —F & a3 L U THEE SHLT2RBE b s &
LT % [Ghiorso, 2004; Jing and Karato, 2011; Jing and Karato, 2012], =
NS & DLEZIT> T, THEHEEOL(LEBET 5 Z L OLENEE
BN D &M ARWFTE T S IR A D Z U IOV TRGEE L 72, &
LI, 2N H DO T, FEMEIC K 57 — % LBIREREIC X 27— & DH
(2. RV BVEWDREET D 2 &V L7z, BRYEMEIC K 5 8 EEHIE O
£ [Rigden et al., 1988; Rigden et al., 1989; Miller et al., 1991; Asimow and
Ahrens, 2010] (ZHFHRENEILEZ R L TEY , 7 A BBE AV O FEEERE S
PAREERB R IR AL A 2 L T OARMIEDOHEE L FJET 5, #RIEMFR L O
HIEMEIC X D7 — 2 ZNEFNICEEND HREF AL 2 LTk > T, B
EWZEZHTRRICOWTER L, BitEICBE LT, @E T Tk E BAEED
WD & LB ITRPERPHINT 2 Z LD IIFFS DM, SiO2 BRI E Lo A BRI
AV MTKEERPD A DENKFEMEZ RTZen < hbREIh T
[Kushiroet al., 1976], Z ®JEKIX, Al OEN IO H 5 & T 5E 2 5N
T TH D [Waff, 1975; Kushiro et al., 19761, Z DMIZ & LD DA N
ZIFoNTRY ., BETHLERIE TV D, ARIFFED EZBEE R X OV 1 Bt
AV h DJEMEZENCE T D HEEIZE S W T, RO ESMKAFMEIC SN TEZR L,
HEEREEE OB A BET 5 2 L OMEMEZH L MNIT LT,
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FIG. 1. Structural transformation of SiO2 glass. SiO2 glass transforms
from ordinary glass (4) to densified glass (4’) and then to sixfold-coordinated
glass (6) with increasing pressure. The pressure dependence of density of
SiOs glass at room temperature is shown [Sato and Funamori, 2008b; Sato et
al., 2011], together with that of SiOs crystals (cristobalite, quartz, coesite, and
stishovite). The pressure dependence of coordination number is shown in
the inset. The coordination number remains four during the structural

transformation from ordinary glass to densified glass.



2. SiO2 ' 7 A DEME « BIZEE)
2.1. SiO2 H' 7 A D EDFE S AL
2.1.1. BRIk

WAL T ADE I WE - M EHITFERE I 3 ) T ~VL M REEE [Kanke
etal.,, 2002] # W\ TITo7, EA6.0mm/EZE 3.0mm (b L<ITEE 1.5 mm
& 280 OERAFT T AMEEHFEWE L L, 10 GPa + 873 K {Z 10 min f#
Ry 52 L CREES T, BHREOGREREITo 72, R TOERFERT
AEHTBRIZEIR, K& 2 @O (H) LS REEOR AL LTHIRES L
Tz MY U72RRBH ORI, RE 72280 (F) (2xh LT, ik GREEAK) &g
ELTTNAFRATAEICEVMIE Lz, — ., METFTZOHAEICIL, hE<#E
WA 2B E LTV, RERM (H#R) /SR RANBFECIKETHD Z
ENE T~ HELNEIC K0 R LTz,

AT 7 A, X BRIEHT, BEOT v U BELO EE T2 OGHIEC
3. XA ¥EL R7 v EAER [Maoetal, 1979] UM, ¢ 600 um O =
Ly NEROT VENLH U TAT U L= LDH ARy b AKX ) —)L X
J—VENBEAR (41 BER) Z#HWT 9 GPa £ TOEREIT T2, AHX /—
oo =& ) — )V EEARIE, A Bl o FEER O ) E kT K EME A R

[Piermarini et al., 1973; Angel et al., 2007], ~VU U AESEAARIZ, K0 &V
JENMEICE THOKEMEZ R DL SNDD, N T LADBT T ZAOMEEFIZADIA
Lo r[REMEDN B D T2 DI W v o 72 [Sato et al., 2011; Shen et al., 2011], JE
J3iZ, e —HEEE [Mao et al., 1986] W TCHRE L7=, iEIO AR A1
160 um ThH Y | FEEBROLMFE T, JLFBMEEBIEIZLY, T EALRTT Y
U TR L TR (HEE, 7B ENTWRW) & & 2R LT,
ZHud, BB 2.2 fiTERR SN D & RIS OREEZIT THRW T L AR
LTWa5,

FKEPEDRICIVIZ SR FIZIBW T, T T ZTEFHINCIE T 5, @b
T AFRBLORFEZAL VIV 1, D BERE T 20 B 5E L 72 Bt o %1 X2k
NHRDT- [Meade and Jeanloz, 1987; Sato et al., 2011; Shen et al., 2011,
WAF0 0L, HEICBITHETHDLZ L AR L TWD, XBEHTHIEL, &=
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VX — RSO - BURERH R sEiiER (KEK - PF) @ BL-18C 28\
T, 25keV OHE X #a AW TZAEEIEIC K0 FEle L7z, BE#SIciEA 2 —
77— AW, BRI, BB XNy 7 ST T v RIT oW T,
8 BLU 5 KRR & L=, WIEICKIT 5 X MEPrHIEIEREE (Blokx
B loxf L CE ST, 7~ oBELAIEIX, 488 nm D Ar £ A4 L
— =& & L, 1507 % FHGELELE ., 10 5P RB LR U Z 82T 11
& - FREERE 500 mm DA A —T 2 T optER -~V TF = Al CCD 72 5
EREHWTEM LT, Ny 7 770 RORIE L FEhi L CTREZIT> 72,

2.1.2 R L EL

(1) JEAE B

BB EALT T ADBEEDEFEEK 2 1R, FIEDMHE, 2.67 glem? X7 /L
F AT AEIZL > THIE STz, ZOEIE, BHE DT T A DERED L TOfE,
Zﬂummﬂﬁbﬁm%k%<\K%%Tﬂmhtﬁﬂ@\WﬁKE“WMLk
HIZATHDLENZ D, BRIOT IVF AT AT KD HIEOREERE

+0.05 g/cm3 FREEDFRAENFZENTND EHEE SN DA, KRim L Dagrmic K& 72
WBE 52 50O TE ARV, MEEE L BTEREOT — % O—FTmd TR <,
B HMERCIR D -S> TV DH 2 L E /R LTV D, 7 —H % Birch-Murnaghan
KRS0 [Birch, 1952] 127 ¢ v M5 2 & T, HEICKIT 2 MR Ko
3£ 60.2GPa LR bz, T 2T, HWEICRKT HEFEHIERDOENHD Kol
4 LRE L7z (2 kD Birch-Murnaghan tREEFFERUCFAY ), Z OFEIX, M
HEEHIE 2> B Ofii Ko = 60-70 GPa [Zha et al., 1994; El’kin et al., 2002; Rouxel
etal,2010] & k< =T 5, DTRENL, Ko 4 L0 o FnIT/hEn
ZEERLTVDONG ARV (FFRFHMESR & WM o O (IR ¢ &
D EARTE) o WH DI T ANTHOWTUL, FHEERD Y 7 MEIZ LV | 4 RO Birch-
Murnaghan REF X TRETHIZELRETHL L REINTVDEN
[Meade and dJeanloz, 1987]. ®#E(LT 7 A2\ T, 2 KD Birch-
Murnaghan KA SRR CTH o7 IEMEIZFLE S5,

X 2 121%, o=, #E DA 7 A [Meade and Jeanloz, 1987; Sato and
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Funamori, 2008a; Sato and Funamori, 2008b; Sato et al., 2011] <°f&ahfH

[Angel et al., 1997; Angel et al., 2001] OEEDETIZLL 7 2w KTV
%o 6 ELALO T T XTI OHPAS T HH3, Ko =190 GPa, Ko =4.5 LHES
N TCuW% [Satoand Funamori, 2008b], mEE(AT 7 AN, W@EDOTT AL 6
BUNLOD 777 A QR EMER A2 R T 2 S IX YRR e VW R D, £, mEE
BT 23, 7A=Y La—%A FOPHNREMRFEZ R LTS, #T7 AMiE
KHSBIRIZH DGR LV S EMRERARZ N EDNRIAEN S DT [Funamori
and Sato, 20101, EEELAT T AL, a—V A MYRTTALEZDHZ LNT
EDDPHIINTRN,

PREICEBEEA LI T A (PRHMREBOH Z ) (oW T, EMH#RIC
WTOHENH S [Elkin et al., 2002; Yokoyama et al., 2010], i 5 OsE
TIE, B2 2 @8 EALROEM RS & B CIORT 5 L 9 I/ 2 D, LvL,
Fox OME Lo EMh#RIT, £ IR (8 GPa - 2.85 glem3) Z 18 5720,
El’kin et al. [2002]. Yokoyamaetal. [2010] &%, EE FCTHRIEIC LY &%
B SETH T A2 —E (475-800K) DOIERFE TRIEL TWD, 45
DEBRTIX, W7 AOMHE (BEEME) D—ETRProTebDEHEIND,
Elkinetal. [2002] Tid, mEEBOBEERPEFIZRES 22T, 2D
IR COMERIZ, HEOE(ENEZ o TNV Z ENB BB EIND, £z,
Yokoyama et al. [2010] ik, SMERHEEEHIE OFE R0 6 EME AR 2 HEE LT
B EEOEACORBEDOREME L & bIT HEERFORRZENE & &Izl
TWDRGETH S, HEBERWE IO EME R 2 i+ 2 &, Ao
Tox OWEBE D, EEEROHEME & b ICAEBHMERARIN L T 28
NROND,

EE AT T ADEREHFR L, 18 GPa (I ClE OH 7 A ZME L8560
BEE DT — 4 [Sato and Funamori, 2008a; Sato and Funamori, 2008b] 2T
DL, ZOENZ, FRTOMEIZ L TS0 ' 7 AN RKRICEE LT HIE
N (GEEADTETTDEN) YT b0 eHESND, —F. mEEAN
Bt 27113 9 GPa F2E LB %2 51T % [Grimsditch, 1984; Hemley et
al., 1986; Meade and Jeanloz, 1987; Polsky et al., 1999; El’kin et al., 2002;
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Champagnon et al., 2008; Vandembroucq etal., 2008], L7723 >T, 9-13 GPa
FREEDE IR CaB LA EIT L, 2 X0 @WEIEIR T, 6 B Z
AZSDOREEEACDBIGT D EE T, IRICEBEAL LT T T R38R
L8O bDEHESND, 6 BULOT T A~OREEZE(IE, FEIT 20-35 GPa ®

NECHEITTHH D EFE X BN TWD [Sato and Funamori, 2010], Sato
and Funamori [2008a; 2008b] » 7 — % 3, 20 GPa it D £ 71 fEI T e 5
b7 7 ZADEMMFR LY b @B/ > TWAD Z &1E, Brazhkin [2009] D5
@Y . TOENEBRTIZT TIZ 6 BALOT T A~DREEZEALD Bl L TV D
ZEHERTONLENR, Si02 H T ADEE L Z D EIEBIZ OV T
1. FERFKIEMER R E S ETH Z LML TV 5 [Mackenzie, 1963], 6 fic
BEDH T A~OREEEAIC OO T FREEZR O b AL,

(1) XHREHT - T~ HGEL

AT T AD X BEYT R — L H—E—2 (FSDP) (& DE 2%
X 312, 7~V HELARY bk Raman A A N> RALIEDE B EZK 412
Y ML DORTER DO FEICBT 5 T~ VBELANT bV —8§ 52 L
bR SN TEY, FBSHMERICIR D2 5 & O BEHIE DR R & AT
&5, FSDP & Raman A A /32 Rik, ZEi, SiO4 WHEKOHERT 5 %
v MU — 7 i (PEEEERERE) [e.g., Elliott, 1991; Mei et al., 2008] & 6 &
DOIREIE— K [e.g., Galeener, 1979; Hemley et al., 1986] (x5 T 5 &5 2 5
NTWo, JE/oEnE &6z, FSDP & Q i, Raman A A /30 RidE
WEMNZ 7 FLTWD, ZRBDY T M JENOHIINE & HIz, RA KA
W9 oZe&T, "7 LTORBZRBDSETNDZLEEZRLTND

[Inamura et al., 2004; Sato et al., 2011; Shen et al., 2011], F7-. 9 GPa ®
X BREHT X% —121%. Fril. New Peak [Meade et al., 1992; Inamura et al.,
2004; Funamori and Sato, 2008; Sato and Funamori, 2008b; Brazhkin, 2009;
Funamori and Sato, 2009; Benmore et al., 2010; Sato and Funamori, 2010;
Satoetal., 2011123 HBL L TW5, Z D 3% — 1%, Sato and Funamori[2010]
® 10 GPa O/ Z— 2 LD TRW—#H%Z /R L T\W%, Sato and Funamori
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[2010] 1T & & X #REFTHIEDOFERIL, Si OENZEOHEINDS 20 GPa LL EDJE

JEMTEZDZEERL TS, Lizi-> T, SEIOEE S Si0, MEA (5
PHEEREE) ~DIENORBIIRE TRV bo LHFEIND,

FSDP {(ZEDEZAL (K 3b) EEEOENZE (K 2) OFEEMEITE,
Sato and Funamori [2008a] 35 X OF Benmore et al. [2010] (2 X % 30-40 GPa
FRIE DN FEID b OWEEFR BT HHESC, Meade et al. [1992] B O
Sato and Funamori [2010] T X 558 /)7¢ X #RIGHZ Lo THEED BRI L2 &
HESNDREIZE T DMEIR, BERICEHBEAM LT T AIHT 27— &
Rpd 2N TE 5, RRICEEBEALIZATZ 2D FSDP (LEIX, HEIZEBN
T, 183 ATRETH D, WHOH T A LR KICEEE L= H T A0 FSDP fi

B, AR5 < 13 GPa AT, KBIA20e< 2%, ZORRIT
Inamura et al. [2004] DO EE FIZHIT D AR K D EEE O X #REHTZ O
BBl L LR Th D, —J . Raman A A >3 RALIED 2L (X 4b)
[ZOWTIE, EMNREEMEES 200, KBIR S0 bENN 7 GPa
BEETH Y | FSDP (LESHE DS D 13GPa LT —H L2V, LarL, 20D
BUVVEVE, Raman A A 8 RONEZFEARDERC, @ O AT 7 AT 500
em fFTIZAGND Dy ANy ROEEZHRT 52 2 LR NEETH D Z &SR
T5 (X 4a ), LI o> T, BHEOHTTALHFRRICEEELLIET T AD
Raman A A 30 R, AKIT 13 GPafFilr CTRAITE < b bD EHEES
N5, 2o OEPMEIL, @EOT T A L RIS, BEBEAT T ADEM b RA
ROIHEIC AL SN TS Z & 2R RET 525D TH D,

BIEAR S NI=@EENHT T AD Raman A A /32 ROE— 7 (L% Ak
JE DR E LT 5 12T, CEkiZHE# STV b 27 FL [Grimsditch,
1984; McMillan et al., 1984; Hemley et al., 1986; Susman et al., 1990; Sugiura
and Yamadaya, 1992; Sugai and Onodera, 1996; Polsky et al., 1999; Poe et al.,
2004; Rouxel et al., 2008; Champagnon et al., 2008] 75 &' — 7 ({1 & % A B
D 2 NA NV LTERER E AR FEORER R Z B LIZb D TH D, ZONDL
T, RRICEBEM LA T ADOE— 7 f1EIL 515 ecm T FRETH Y . AHFFED
ABIRRKRICEBENM LI T ATHL Z ENEMITND, KO T —4
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@O, REO T RN 800-1000 K REDFmR TAM SN Z L 2RLTE
. 2-10 GPa FREDENFEM TREEAPEITL TS, HEROT IRV,
FIRICBWTHAERORWRET TERESNZZ L 2R LTEY ., 9-13 GPa
FEEE DRV E s TR AL EIT LTV %, ZHUd, ATERBEOEE (X 2) |
FSDP fizi& (X 3b). Raman A A /N2 RffE (X 4b ; D1 /3> ROFEIZE
B) OIENZACICET 2 &b CRW—EE R T, a0 T R VIE, =il
WCRBWTHKEREDENRE T TAERSINTZI L 2R L TEBY . #RKEERG
BEACREREEZEZ TWHZ L 2R L TWD, IEFKEMEOZEIC LY
B EALDTETIENN EAT 572105 To<, K5 27 ey S TH2R0N

(7~ U BELRE T ER SV TWRW) | @B ELOBBESMET T2 2 &
H#E ST % [Mackenzie, 1963], =R CTOMEIZ LY mEEN LT T
AL ARMFROREO X ICmESRA R S N mBEALT T AN EREN
FRHNR, ZDZ E1E, Inamura et al. [2007] OffFwE H—H LTV 5D
—F. EVEWENDNDL, DF Y 6 BNLOT T A& FEIZRE LIESEIZE, AL
HEROMELZFF> TV D ARMERH D, B DO T AT 600 ecm M HTIZH 5
%5 Do/ RIZOWTIHE, =7 ER DTN EEEMIC 7 R LT, AL
PNy R B RE LD LML TWns (Bilz21E, X 4a & Hemley et al.

[1986] DX 2 % tigH &), £7=. Sato and Funamori [2008a] Ti%, 30 GPa
REI S BRI L7 5 A0 & FSDP (&% 2.74 g/em3 & 1.84 A1 L #/5 L
TWnod,

B BHERMHTHL I L7 EICL Y, FSDP <° Raman A A /32 FOE
— 7 (LEDOFBAILY 1F, TR Z LRI > T D AREMED B 5, E &Y
PRHE AT 5 T2 DIZIE, FC (B 2 WITAHIBNE R Hiz, "2 =R b
FRTHIENEETHD, KimLTlX, Raman A1 N RO E— 7\
IZ2W T, Xl 4b @ Vandembroucq et al. [2008] #FR& ., & TCCHRIZHEE I
TWDANT M b Fox PR T2 AREZ 7'v y LTS, X 4b O
Vandembroucq et al. [2008] D HFEDT—4 1%, X 5 ® Champagnon et al.

[2008] DT =2 LAl —ThHoHLHERESND DT, TOEWL, A T
EWIZER L CW5, Mukherjee et al. [2001] 1% 20%DEEHE 2 5 SiOg &
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T AD 1 KB % 4 GPa - 950 K il TR L L72 L #ii5 L T4, Mukherjee
etal. [2001] DOHET 2 @BEEHED X #REHT/NF — & T~ VHELA~T v
N, K3 EMAITREINTWDLERET T ADED LTS R ->TND Z
EERERLTBE R,

(i) mEmEl7T vt R

Vandembroucq et al. [2008] 1%, ®&E(LEZENNT K DA & L TR A
THY, BRTORBEZMREICHIAL TW5, SiOs MEERDOERKT 5% >
NU— 7 HEEPHMEATORRA 2B 42 5 2 & ¢, Bz (kL) v
FAMEE T 5 W) ET /L Th D, Vandembroucqetal. [2008] 1. F7z 50k
REDREEALT T A%, 2O H 7 AZHIIN S iz fe )£ 7 % fictive pressure &
LTCIRY T FTHZEEMELTND, LML, BIROIEY | RESIHEFRKIE
PEDIENZ L - T, B L EN CTRBREDO®BEEALPER SN D, LIEi> T,
WIEICIIT 58 (zero-pressure density) TTXU 74T 51F 9 DN fFE LUy,
X 2 (128 W T, 913 GPa DO H HENE TINESNIZH T AX, £ DT
RS, 20RO T T X DOEM BRI > TRIERILT 5 Z & 23 Al EE
Thd, HEIZEN I N-REOBEEN, ZDH T AD zero-pressure density T
bb, EDHT AEBMET D L R—OEMIBRIZIR>Th &b & DETBE
FRIZR D, EoIETIE, @EE(FEN EH L, H LV zero-pressure
density O 7 A & LCRIERIZIRDHE D, 18 GPa £ TIET 5 & i KICm#E &
ICLTe T ALY ZRU EOEEEITEZ 5720,

Elkin et al. [2002] &, M#EE(LZMHIBRBOD A 2T 4 7 A (B AT U A)
DEE L TIRATWD, BIELIRIITIZR T Z LD TERVIBRETH 503,
Elkinetal. [2002] 2L <FEHOHNTND LT, MRIZBW T, mEE
{CHT TG AZBEDH T AR ZENARRTHD, 1212, Fy NT—7 DRE
XMW D LIk TEBEENT D L9 5 TlE, Vandembroucq et al.

[2008] L[tk TH D, £, 5 FEJ1FEHE [Trachenko and Dove, 2003;
Huang and Kieffer, 2004] (2 Jiui, BEHRIZ I > T, Si0O4 M AKDIEE T
5V T OERSMNENT DT & TEBEANEZ 5, X 21%, Elkin et al.
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[2002] DX 4 (RSN D mE LT (HEBER) &b RV —8HZR LT
W5, ZOEEEALTEE I, NI X o T, mE LT LIREDR BT 5,
o7 Dk [Huang and Kieffer, 2004; Yokoyama et al., 2010] TlX, Z# %
AOBIZHR LA TODN, BEEZHRIERIATH S, 2 2T, MHEEEIARIC L
STEENEML TWDHDOTH-> T, WEZ FF THEEITIET L,

AL MRS e 2 T, PRPREBICOWTE R T 5 2 LT, Blg 2 PR
D BTSN, fid DY E  AREM & bmEME & b RR 5 FRFENHET 5 2
ElEd D3, EREH LR EREBIZ LV 27\, £, WA RT 4 7 ADRMEIE,
IKEAR & @ERO R & LTHIE SN D, IRIKOGE. A4 2ET L [eg,
Rapoport, 1967; Funamori and Sato, 2010] T, #&fh & FARICAREFE & & T
FHOEOZR(LE LTRSS D, £70. @2 PERELZ L5 2 & biFsh
Do LMLENDL, WIFROBE L, BH., VAT 47 ZFME L 269,
EIEDE &EBIZET 20T, PRMRENFPEICIR D8 S Z L1372, L
Mo TR IREZ A L, ZR0EERICIRO ) LW\Wo Z&iE, T
ZIZRAEDOBRE VR D, KAREEABZEO LV BB T2 011E,
IRIBIZHOWTOFEMZREE T T OEERPLEN D,
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FIG. 2. Pressure dependence of the density of fully densified SiO2 glass at
room temperature. The pressure dependence of the densities of ordinary
SiOz glass [Meade and Jeanloz, 1987; Sato and Funamori, 2008a; Sato and
Funamori, 2008b; Sato et al., 2011] and crystalline phases of SiO2, quartz and
coesite [Angel et al., 1997; Angel et al., 2001], is also shown for comparison.
Red and blue symbols represent the data on compression and white symbols
represent the data on decompression. All the data for SiOz glass were
measured with a mixture of methanol-ethanol as a pressure medium except
for the data shown as squares (measured without a pressure medium). The
dashed-dotted line represents the equation of state of fully densified SiO2
glass (Ko = 60.2 GPa and K¢ = 4).
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FIG. 3. X-ray diffraction patterns and the pressure dependence of the FSDP

position of fully densified SiO2 glass at room temperature.

The pattern of

ordinary SiOz glass at ambient pressure is shown for comparison. The FSDP

positions read from the patterns in (a) are shown as red symbols in (b). Blue

and white symbols in (b) represent the literature data on compression and

decompression, respectively, which were measured in experiments on

ordinary SiOs glass as a starting material [Meade et al., 1992; Inamura et al.,
2004; Funamori and Sato, 2008; Sato and Funamori, 2008a; Benmore et al.,
2010; Sato and Funamori, 2010].
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FIG. 4. Raman spectra and the pressure dependence of the main Raman
band position of fully densified SiO2 glass at room temperature. The
spectrum of ordinary SiOz glass at ambient pressure is shown for comparison.
High-pressure in-situ Raman scattering measurements were carried out on
decreasing pressure from 9 GPa. The main Raman band positions read from
the spectra in (a) are shown as red symbols in (b). Blue and white symbols
in (b) represent the literature data on compression and decompression,
respectively, which were measured in experiments on ordinary SiOz glass as
a starting material [Hemley et al., 1986; Sugiura and Yamadaya, 1992; Polsky
et al., 1999; Vandembroucq et al., 2008; Deschamps et al., 2009].

16



T T 1
540 . | .
—_ SiO, glass
= i ® .
KS, <+ - fully densified - @ ==~ @ -"5--=5"" AEEETEE AAEEEEEE <
= 6
R
500 .
=
< 0 A ©
)] o
(o]
c ® & This study
(0] 0 A McMillan et al, 1984
4601 © Poeetal, 2004 n
E ] © Grimsditch, 1984
2 M Hemley et al, 1986
@© © Sugiura and Yamadaya, 1992
ne o . @ Polsky et al., 1999
@---===--=: H-==-===-- ordinary © Champagnon et al, 2008
A Susman et al,, 1990
© Sugai and Onodera, 1996
V¥ Rouxel et al, 2008
420 ' ' -
0 10 20 30

Synthesis pressure [GPa]

FIG. 5.

conditions as a function of synthesis pressure.

Main Raman band position of densified SiO2 glass at ambient
The position of ordinary SiO2
glass 1s also shown for comparison. Red symbols represent the data of
densified SiO2 glass synthesized at high temperatures of 800-1000 K. Blue
and purple symbols represent the data of densified SiO2 glass synthesized at
room temperature under hydrostatic and nonhydrostatic conditions,
respectively. The data from the papers which show Raman spectra and
details of synthetic conditions [Grimsditch, 1984; McMillan et al., 1984;
Hemley et al., 1986; Susman et al., 1990; Sugiura and Yamadaya, 1992; Sugai
and Onodera, 1996; Polsky et al., 1999; Poe et al., 2004; Rouxel et al., 2008;
Champagnon et al., 2008] were complied by reading peak positions from the

spectra.
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2.2. SiOg H 7 A DO EMED E 124k
2.2.1. ERFGE

WEATEERIT, ¥ VYES 7 ELVEE [Mao et al., 1979] MW T4
T=HIRTEML7Z, 20GPa (Run1), 12GPa (Run2), 6 GPa (Run3) %
BIESLET D 3EDOERDODETT, ¢600pm DF =L v MEOT » ELE HN
7o HFFREHZIE, B 150 um O U A YR LS4/ Si0e 7 A (i
99.99%. FHP Engineering Limited #) ZHMH\\/=, Z DU A v —% Gl LifE
T5Z2 LT MEDEL OB ORE 2 ER LTz, JEZAE, Runl B8 X2 T
(Z50 pm, Run 3 TIL 75 ym & L7c, U T AT L=0U DT AT M,
FIHIEZ 200 pm 25 90 pm FTH LN U OMERT- LT, kbEL L THERE
250-260 pm D% L—H—INLIZ X > TR 7=, BRI E E L E—FR—r
ey b LTct, TV T AZIREER THAIL TRk S, B R E LT
FHE L7, VE—IX, EREICHW G [Maoetal., 1986], #UEFE D Wi
2 61237, ATO Run (IZBWT, FEHFEMKETMENFB SN, HDHE
LA ET, B, RERN ETO7 e mcEkE Tl ERRIREEE 725, FEL<
(%9 253, FIHIEAOE W) S, Run 1 8L U2 TiE6-8 GPa, Run 3 T
1% 2-3 GPa B Tl EAMIRRE & 72 o 72

2.1 fi L [FERIC, BESETHRFBHMETEL o T2 2 & T ABtoH 1 X
DEALZRE LT, MRS M3 L OB (INERNZ TREL /2 7)) OFE e, 35
JP e FLLTFO XS ITER IS,

z-z, 1=l

z, ' I
ZZT, oz & lE EREVNERS R EBREGMORIEZRL TWD, AT
D 0%, WEICBTA2ETHLZ EERL TS, ERPIMEENI T L T
ThdET DL, MEMBMOR S DE 2/z20ld, UTDOXIITEHEIND,

-2
i:&(l) 2)
z, p\l

T, pl3EEEET, INOOXMNL, BERMREAETE Aemace Z IR TE

EL71.

(1)

3

B
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-2
Asmacro = 81’ - 8Z = l - (&j(lJ (3)
L, Up L

RGO ZOE Mo lE, FEJRTRE SN TENGHARY | BEE
1t plpo 1%, SCHkfE [Sato et al., 20111 F LN 2.1 HiD#fE R A2 E Lz,

[EN S L7 EHT 92 X #RETHIE L, KEK - PF @ AR-NE1A 1238\ C,
50keV DHEAXHEREA A=V 7T L— MRV THESBIEIC LY FEiish
Too X BRIEHTEBROBE 2K 7 1T-7, A L7OREE TR S L2l ok b
REBRRA (K 8) ZBrDLIHAE L, BT M5 Xz AH L THlEZIT-
Too FRREORE S OHFERE FEERED (2T 20E LR B Loy 7 7
792 ROJEEIT, VAT AOWIEEIT > T-, HAIN 2B ERERIE, 3D
WEE Ny 7 777 RORGE S S 10 FEHFRE TH -7z,

W& D — 2 ET 5 & ML 26 OMAE ¢ (M 7) ORETH L%
ER T S(Q, wXEKmE IS Ym(w) TR I QRETTHHEIY), LIF
DRI K R HAEEE E DI 5415 [Suzuki et al., 19871,

S(Qw)-1=53(Q)+S5(Q) Y, () @)
g(ry)-1=gg(r)+g;(r)Y; (v) 5)
o ()= 5 7 ()3 (Qr) Q' ®

2T, nolTEFEIEE, IRy BB AEER L T D,

TRt AR (f A =T T — B SRR S R EE T — 22OV T,
Ny 7T 90 RBXOIETEMEHELORFS 2M1IE L, s Lo x (K
7) 12X L CE2.5° DI TR 5 Z & T, IRt OAEER 7 S(Q, I H# L
7oo BN 8(Q, X)VKA4 DI IITEATE S LEL T, S0(Q) L& S%(Q %
HAE->7-, Z 2T, cosy=cosxcosO (20 ITHELA) NHWVWSLN TV, S%H(Q)
& S%(QUE. FEI, FAAICET 2 G (BRI L. EEND
OFIUTHY T 2MEE (RGRIZRESY) IS8 LTV 5D, IR B go(r) &
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gO()iE, K 6128k - THEER T EBIXN T\ D, IRSARBIEE 15 2 BR O f#AT
IZ1Z. Satoetal. [2010] O HEFZ TS, FESICIE. Q<15 A1 OfEKD

— W, FEIREEE LT = VS AIOR AR LT, 7272 L., S0(Q D
K Q FEIORHTEIX, S0%(0) =0 IZHEHNITENR D L 912, gol) DRI IEIL, go(r)
& FIREIZ g0 DEE— " — 27 ONMIT gor) =0 & 725 X 91 Thhi-,

iGN OF— ' —2 (FSDP) 1%, SiO4 WEE THR S F* Y U — 7 1%
HIZERZFEFSOEEZEZ BN TWS [e.g., Elliott, 1991; Mei et al., 2008], v
KT — 7 HEE DRI 72 R 7ZE7E Aerspp 1. B — 7 (& Qrspp(y) L& W k& H W
TRHE &5 [Sato et al., 20131,

QFSDP(O ) - QFSDP(9O )

A 7
€pspp ~ QFSDP(54~7 ) (7

= =T, Qrspp(54.7°)1%. FSDP ORI fiB 457 LT 5,

2.2.2. MR & BE

FAXEy RT7 2 ENVEEICEY 20GPa £ TIESZHE (Runl) O
WOEZER 8 1Tt (KB CIX% S EMIRECTH 203, mEEK Cid—
HEMRRE L 7> T D, 8 2B, BT eI E LT —llh =R
RRIZR o TidBEDY 20 GPa £ THEET 222 72<, 7 v A0 — )L TREL
ERLTWDLZERATEND, ERMZRRAEE Aemaco DIENEL X 9 IT7R
L7, Run1 & 2 TlE, 8 GPa FREN LD TREISEHAEFE L TWND Z &R
5D, MEEME L IXE X VWE REERED TH DL, —EEMSEMEIE
Aemacro 23 0 N OHATUIED TZE NI BRI L TV AH EE 2 H5 (X 3), Run 1

& 2 TlX. 6-8 GPa fLE T —HiEMNIRABIC /e o T EAL T, BUKICYBIERE A3
ATW5, —J . Run3 Tix. 2-3 GPa f&)E CT—#li[FHIREIC 2 > TUWA D, 6

GPa F THMEZEE LvE Z LT, ZiiE, 8 GPa FRELL FCIIsiMmiH)
MEZDRLTLKBRoTNDIEERLTNDLEZZDILD, Runl & 21%, &
H1iZ 46 GPaFREF TRIE L2 ZATHIE L, %ikT 2 Loz, BEBEE
T, BIMHREN N 2 WIS < R D DI A, BT DB OEENED T 5,
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RZEIES ST DBER & EIRE DR OT-DIHE L b D L EZ DD,

X MREFFIZ L VR 7z 20 GPa 2> 5 ORIGRE (Run 1) OREER T S(Q,
WELOESAREE ¢b, wE K 10 1273 T, £72, v U — 7 fiE & ORE
MR & S DR 7-0 FSDP 35 L O AT D 3 A o v —2 &4k
RLUTK 11 1ZRF, FSDP OALEICIZBEE 2 TR b, £y FU—
7 #E1EIZ Aerspp = 0.028 & DR E R ZAETEDFRE LT D, AR BEEIT 1T,
F v hU— 7SO Si-Si IG5 =2 (~3A) DI R & 72 B
TMWERR BN D, —FhH T, MERF oS Q MEIEICIZBAZE 2 F Ak AL e < |
Si04 KD Si-O fEEITXHNT 2 IO MBAMOE - — 7 ICb RE BT
PEIT R 6472, FSDP OBy 7@ (% 121E Qrspp(54.7°) % L < I
1+S0%(QD B — 7 i) X, 2.1 HiOFERNG ., Z OEIGRUEN i KIZ m# AL
L7ZIREEBICH D Z L 2B LT\ 5, FSDP OFREEICIIE N 22 TR R
BID A, MEET TRy b U =7 EOEL (AHPEDOELN) HARENT &
EZRLTODO0EHNZ2, 723, Run 2 ORIGREIOR BIE Run 1 & —#
L. Run 3 DOEULGUEIORERITHFEREL & —B LTz, BIELATE L7l ox v
N — 7 WED IR E IR 22 R 7278 Aerspp DR T2 2 LS H 2T
572, LML, AemacolE. Aerspp £V HHEIZ 1 HTREV, L7Iedi> T, £HHY
A b [Sato et al., 2013] 721 TEMMRRAET ZHHAT 5 Z LIXTE T,
AR ZET FEBR THR D TR X 2SI Eh 3 & o 72 2 & OWRE 72 GEIL 235 5
nNicZ &2 s,

SiOy H T ANEMEL I 2 Bt LT JE %, KA SE EALOBIGT 2 E i
<. MENECHRE, T20bbry NTV—7 OBIMZ 2N L TR D Z EIUR
5, 12GPa & 20 GPa 5 RIS L7k (Runl & 2). 38 X OV T
7% [Satoet al., 2013] T 60 GPa 7> 5 [RIIX = v/ 30kt (FSDP @ AH7E) 121,
WY 20%FEEDKABBELE 3%IRED X v U — I G ORRREE
DR, L7ed-> T, SiOe F 7 AZCHIMENTZES &I HE, *y T —
7 DBEWZ NI DA & BIRRENC L > TR S, &R 20% E TO XK
NEBEEAL L RR 3%ETORy U — 7 HEIZBIT 5 AAREE 2 AT
LoltEZOLND, 2.1 8 Tilkam Lz L D12, KAEEEIE, FKEES B
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%&. 9 GPa 725 13 GPa BREORNE B CTH#EITT 223, FEEKEMED LT
EIZ LD KORWEDFEIR TG L, KV ESWENER TR TToEE2 60
% (K5), AEIOFERTIL, —HEMR THoZIZHEDL LT, 12 GPa 2> H[EIY
SNTREHE, T TIKABEEZ T T LT\, K0 EWEAFERE CTRT
L2RWER L DR ROMERIIRE 2UMNEEIOFETH D, K& 223 HikE)
[IRBELZR2 Ry U =7 DSR2 720, KAEEEbRESND b
DEBEZBND, 9 LIitgix, SiOy 77 ADRREMEZIE E I —B AR
FD KB E U TRtk 5% [e.g., Kermouche et al., 2008; Lacroix et
al., 2012] & LESHNTH D,

AR T AL BE DT T AD RS MBEE AR 12 (2R, mEET T
A0 Si-0 FEAHEE (1.620A) 1%, WHOAF T A (1.606 A) ITHANTRLS, &
BREGMHEDRTE > TWNDZENRBIND, ZOHEAREHEDTHIZE > TK
ERTIWIREIN FTREIC R 2 b D L BEZ DD, TR, T/ A7 — /L DI LIAZLGR
BRCIE, O OIFFEAMEDARNT 7 2 THEHREI A Z LT &%
W DA T AN TEBEACT 7 A THEHREINE Z 0 03\ LR U3l
HINTWS [Rouxel et al., 2010], F7=. 10-20 GPa FREDJENFHIB T D&
AT T ADREEIL, HE TO\E DH T ADREDH3FRETH Y [Meade
and Jeanloz, 1988; Sato et al., 2013], BIWHREINE Z W LT W2 & LEEHT
bo, MEEAT T AD Si-Si R, BEOH T AT TELS ko TEY

(K12 D~3 A D=2 %BM) . Si-0-Si fFHEAANNEL 2o TS Z IR
e E D, FHEFETIC X HBE THIREEOM R HRE STV D [Susman et
al., 19911, ARIOEEROEFPH TiL, SiO4 WAL S SiOe \HA~DEA
i (HEEBERR) OZA b, 37205 Si OB OB B ZBIMIE Z 5720
D@ [Sato and Funamori, 2008b; Sato and Funamori, 20101, Si-O-Si #&&f4
OWPITEY | 5 B 6 BLOFRPIREEZ T L7eRry hT—7 OBREH L2

[Stolper and Ahrens, 1987; Tsuneyuki and Matsui, 1995] 23 Z V<9< 72
STVDHDEEZEZBND, WERIZIE, Si-O-SifEa AP M L TR HZ N
VIR, AR &5 IC, gk (K8) O—RiZmd & &biz, KAR
BEALEAKARAEETORE Db DLEEZBND, 295 LIcfitgiZ. *v bU
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— 7 WG DAL A 2% OIRIEN R S N TBHIAR SN D T &2 A R T +
7 ZORE [Elkin et al., 2002] EH#A 5T & &EBFE LR,
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(a) isotropic compression (b) uniaxial compression

Sample
Diamond anvil —\ ﬁ Argon pressure medium

/ li

2 ,,

Ruby ball Tungsten-rhenium
gasket

FIG. 6. Schematic illustrations of the cross section of the sample chamber
in high-pressure macroscopic strain measurement. The sample 1is
compressed isotropically at low pressures as shown in (a) and then
compressed uniaxially at high pressures as shown in (b).
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compression axis

Direction of A
scattering vector (Q)

Diffracted .1
X rays

Incident

Sample xrays

\

FIG. 7. X-ray diffraction geometry (modified from Sato et al., 2013). There
1s a relation of cosy = cosxcosO.
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(a) Compression

) .O’r NFN
[ ’ | \" \n
A4 LA

0 GPa 4 GPa 8 GPa 12 GPa 16 GPa 20 GPa
(b) Decompression
’ P F 1F N
F E ka2 k .
' Y \ 's \ '
\ B \ N \ \
ad ' ad =~ »a \ = '
20 GPa 16 GPa 12 GPa 8 GPa 4 GPa 0 GPa

FIG. 8. Pressure dependence of the sample size of SiO2 glass. The optical-
microscope images of the disk-shaped sample having an initial diameter of
~150 pum are shown in a sequence of (a) compression and (b) decompression.
Ruby balls (three small spheres) and a fraction of gasket (black area) are seen
together with the sample. The sample was in air at zero pressure and in an
argon pressure medium at the other pressures. The sample size (in the
radial direction) first decreased with increasing pressure under isotropic
compression and then increased under uniaxial compression. The sample
deformed largely without fracturing under uniaxial compression to 20 GPa.
Finally, the sample was fractured after the further increase in size on

decompression.
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FIG. 9. Pressure dependence of the macroscopic differential strain of SiOq
glass. The solid and open symbols represent the data on compression and
decompression, respectively. The low-pressure range in (a) is magnified in
(b). On compression, the differential strain deviated from zero at around 6-
8 GPa in runs 1 and 2 and at around 2-3 GPa in run 3, suggesting that
uniaxial conditions were achieved at these pressures. Large plastic
deformation was observed in runs 1 and 2 above 8-10 GPa up to 20 GPa, while
only elastic deformation was observed in run 3 up to 6 GPa. The dotted lines

are guides for the eyes.
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FIG. 10. Structure factor S(Q,y) and pair distribution function g(r,y) of
plastically deformed SiO2 glass. The upper column shows the azimuthal
dependence of structure factor and pair distribution function. The black
solid and dotted lines in the lower column represent the structure factor and
pair distribution function in the former compression axis and radial direction,
respectively. The position of the first sharp diffraction peak of the structure
factor shows significant anisotropy (see Fig. 11). This peak is considered to
be associated with the network structure consisting of SiO4 tetrahedra, and
therefore the anisotropy indicates that a large differential strain, as much as
~3%, remained in the network structure of the recovered sample. On the
other hand, the structure factor at a higher-Q range does not show any
significant anisotropy as seen in the first peak, indicating that a differential
strain did not remain in the basic structural unit of Si04 tetrahedron.
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— S$(Q, 09 — o(r, 0%}
20l e $(Q, 90°) 200 e g(r, 900) _

3
Q [A'1] r [A]

FIG. 11. Magnified views of the first sharp diffraction peak of structure
factor (left) and the peak at ~3 A of pair distribution function (right) in the
lower column of Fig. 10. These peaks are considered to be associated with
the network structure consisting of SiO4 tetrahedra and the Si-Si distance,
respectively. The discrepancies in the peak positions between in the former
compression axis (0°) and radial direction (90°) indicate that a significant
anisotropy remains in the intermediate-range structure of the recovered
sample.
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il SiO, glass
/\ —— densified
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r [A]
FIG. 12. Pair distribution function of densified and ordinary glasses. The
term 1+g%(r), which is independent of azimuth angle, of the sample in the
fully densified state after plastic deformation (the same as shown in Fig. 10)
1s compared with that of starting material. The Si-O bond length,
corresponding to the first peak, is longer in densified glass than in ordinary
glass, suggesting the weakening of the bond in densified glass. Also, the Si-
Si distance, corresponding to the peak at ~3 A, is shorter in densified glass,
suggesting the decrease in Si-O-Si bond angle. The difference in height of
the first peak is due to the difference not in coordination number but in

number density (Eq. 6).
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3. FABBE AV N DEE - D ESEL
3.1. A BRYE A v b ORI 7o i 15 25 AL

HIRIZHIT D 100 GPa FRE DL E TO Si0s 77 A DIEREZEIL, LA
ToLiricEwbnsd, (1) WEND 9 GPafEEE Tl V7 AFHE LT
BPEICIER S D, (2) 9GPa 705 13 GPa FE O [ F 8 C SiO4 U iR D
BT 5%y b U— 2 (PHREHES) OB BE Y | SHE S EITT 5,

(3) 13 GPa 705 20 GPa fRE DL TIE, mEE(ET 7 A & LTtk
WNZJEME & D, (4) 20 GPa 2>5 35 GPa fLE O F AfElK T Si ok (%
BB ) 234 D 6 ~E(LT 5, (5) 35 GPa FREELL L ) fElE Tl 6 Bl
W7 AFEE U CHMERICER S D,

LNLe 6, a2 b (FHEER) 9 2 EAJsas0E, FEROKEMES T A 12T
{4 7 ZADRJEIC K » THBELZT D, EFFKERMIEDOFEET 256 1IITERIC
B ESMERIER L, I A 2T 7 ZARRBEIC 2 5 5A I ITEB N BN D, &
WOGEITIL, FEFKEMWR A RT 4 7 ADORBIT/NE L 25720, Si0z H
TADRy N =7 HEEDOEAGIT I VIRWENEM TEITT 2 LHESND,
FRE, mRICBWT, Xy FY—ZEICHRT S L&D X REHTroE -
— 7 (L&A, 3 GPa 7> b T GPa F2E D E /i TR mBE R~ 7 M2
ZERMEEN TS [Inamura et al., 2004], —J7. (4) @ Si OFEMNIE DL
fBix, FEFKREESCH A RT 4 7 ADEBEN/ NS WG HIZOVWTORETH D

[Sato and Funamori, 2010], Ziu 5L, =RIZE T D5 IEEEFH O 722
ZESEEN, M 13 OIEEEAOEEEMFBROWN, F TR S NIE D X 9127
HTEERBELTND,

T ADYE LR | AV SOEGEITIE, IEFFKENEIC L - THEEZ I E
TOEDEPIERT DL 5702 &idZen, LML, WEIZF 7 A0 R LF
— G=U+PV-TS BNHE/hERDEDICRDES 720, mIRTIE—TS DOIEMN
RN (U: W= F—, P ESH, VoFHE T:EE S: = F
BE—), ZO—TS HOMPIZ K> TELDK Z 5 ENMEBIEKRT D ATREMEDS
bb, TROH, AV T, REME 2GS & S EERN RSN FT 5 2
ETCHHZRAX =2 S5 MRS D (ZHET /L [e.g., Rapoport,
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1967; Funamori and Sato, 2010]), U EZ#E3 5 &, SiO2 AL MEX 13 D
KO REMZEE L R T EHEESND, BRIZBWTE) PRI L E 7RG EDS
JENDEMME L BT, 7A=Y, a—H A~ ZAT 4 a3 bLHEEBL
TV L DT, 8i02 AL b b ETo, WH AL MEN D, EEE(EA L M, 6 B
LAV M EEERE LTS, B~ & MAVIREDIE I RSBV TIE, @R A
EAVMHE LTIRDHE S LHEES LD,

AR FEALBLG T, MgSi0s=<° CaSiOs DD I 7 A ZEB N T HHE E
T 5 [e.g., Shimoda et al., 2005; Gaudio et al., 2008; Sanchez-Valle and Bass,
20101, @EEALITHES T—HO Si ORNEAEMNT S L OWE L H DD, 1F
ENEFTARMOEETHY, ZNHOH T ADEEED, Si0 DFE L [F
BRIZ, Xy N — I BEOEBIERFERNTHD EE 255 [Shimoda et al.,
2005; Shimoda and Okuno, 2006; Gaudio et al., 2008], % 7= . MgSiO3<> CaSiOs
DR D AV N OMEER FITIE, Si0e T AR LNDL X H ey U — 71
WO EE RET D —E— 7 DIEE L, JE OB E > TR R Al
~NUT MTAHZERFEIN TS [Funamori et al., 20041, #&-> T, SiOs ik
%L Gl A B AV M OB, K13 SBEERENE AR T L H#HE
EIND,
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FIG. 13. Possible pressure dependence of the density of SiO2 melt at high
temperatures inferred from the behavior of SiO2 glass. The curves for
crystals represent the densities of thermodynamically stable phases at room
temperature (quartz [Angel et al. 1997], coesite [Angel et al. 2001], and
stishovite [Andrault et al. 2003] with increasing pressure). The densities of
glasses at room temperature are shown at the pressure ranges where each
glass behaves in an elastic manner (as a metastable phase). The solid part
of curves denotes that the glass is relatively stable compared to the other
glasses. The pressure-density curve of silicate melts with a relatively high

Si0:2 content seems to show the similar feature to that of S102 melt.
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3.2. BEl~ MAREBIZIT D 7 A et A vk OREETT R
3.2.1. WREHEA (F—xLETN)

BAEETICHESN TV DT ABREA NV NOBEET —F Z2uil, B~ b
TR D E R B T DIREFRROMEE LR AT, K 13005, 8GPa b
18 GPa OEAFEMIZI VT, SiO2 o iTm B L LI2REE (F) (I2H 5 L IRE
L, RETVRZ W RIEIC X 0 IE SN % ET — 4% [Agee and Walker,
1993; Suzuki et al., 1995; Suzuki et al., 1998; Ohtani and Maeda, 2001;
Suzuki and Ohtani, 2003; Jing and Karato, 2012] % = > /31 /L L THW /=,
RUITRLIZEDIZ, WIFnoT—4 %, 97 wt%ll E23 Si02, Al:Os, FeO,
MgO, CaO ® 5 DD ThHOH LI TV 5,

£ 1OT7T—=F2R/NERERZ 4y FSELET NV ELT, n® Birch-
Murnaghan KEEF#230 [Birch, 1952] 12, BUE N ZEA LT b O E HW, #4
JENFRED 1 RAEFEZ T, ZORBUITEREIELAF L2 & 2 RE L
7= [Anderson, 1984],

7 5
3 %TT[yﬁf
P=-2K Do 2 b Ko (T-T) (8)
2 O,To [ VP,T VP’T O,TO O,TO 0

TIT, VIR, K IERRHIER, o BEIERTHY . 1H A ORTIE
JE71. 2 ZBHOWFITREEZ R L TS, EKELRDEE TolIR1 DT —F 0D
THIMRRETH S 2500K & L, Fio, HIEDIRE Tolk T 5 E AR,
HIED 1773 K (23513 % T Al £ OSSR & O Ak L7,

VO,TO = VO’TleXp(J';jO qO’TdI‘) 9)

ZZT. T =173 K Th 2, BIWEROIREKFMEL LTUFTOET L
[Holland and Powell, 1998] # Hu 7=,

10 10
= 1-——|/|1-—= (10)
Aop (lo,Tl( ﬁj [ \/T_1J
FLARICEE U IR ARBE ORAR D &7 A Bt A L s DF AR Z , U & - TR

I 5HIEHER) 725 )V [e.g., Lange and Carmichael, 1987; Ghiorso, 2004; Jing
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and Karato, 2011; Jing and Karato, 2012] % V7=,
VO,T1 = ZXiVO,Tl,i (11)

ZZT, XIS 1 O GETHDL, £, VO 3 FEHORFIIR D ERT

(AT, K& alZoWThER), BB (BSOS ERHE) 137 18
H AV N ORI LW EIRE Z N TS, 11 RS L OVES) THY
ThE, LTFToXnEsND,

aO,TIVO,Tl = ZXiGO,Tl,iVO,TI,i (12)
Vo, _ >X, Vo (13)
KO,T0 i KO,TO,i

LLEDG | HEDIRE T2 285 DE/VARRE & BUERE, BLOFEED
T To lZ361F DA R DERFEHME RN 5. 2 iU, (BB OB D &7 A B A
VR OREES AL TR T D Z ENTE D, o, TNENOMKO T 01 &
FROVIUL, EAREIIEEICHBE X 5, ESTRIT, SRS OS TEEH
WC, BT X IZE NSNS,

M=> XM, (14)

RONTZERT —Z bR TORTD/NT A —FERETDH T EFEH LV,
2T, (D) SiO2 AV bERGyS AL LTDRRBICH D 2 & (D) SRk M O &
JEIZB T 2 WHHIER DI 7 ADL G LR L THL Z LD 2 MERE LT,
B FESOIRFEME R D X 5 A et X. WE OREE IR KT T 5, ALK&
BT AIEENELE L T DH 729 [e.g.,, Waseda and Toguri, 1977; Wolf and
McMillan, 1995; Mei et al., 2007; Funamori and Sato, 2010]. (II) O{RKE %
BWe, LFIZEm T 0 L 912, ZOMICHEONDREZ I Z & THNLRN
T A—=Z OFZ IS Lz, SiOg sy OB /VIRFE & B iR, RFE R
ERETHZ & T MO DNRTA—=ZEFLRTHZ LN TED, 7238, AleOs3
4y & FeO sy, CaO s, B~y RUicBW T, g8 L EE L
72\ Le.g., Ringwood, 1975], FEEE, ARMFFECTHW r A BRI A NV N DEET —
2T 810 B LU MgO NER S TH O, mpkoic@E Sz () & JII) 2
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HKORERIEE 2> TWND, LNIZ, T LI ED L) RIREE B\ eng
IR,

SiOg 4y :  RRDEY | EEEAL LTz Si02 hsr DE/VRRE, BUZiREs LU
FRFHERE 7 ) — T A= L LT,

MgO f%4y « FeO fi4y - CaO f%4y :  E/RFE & BiaERIZ SO\ TIE, Lange
and Carmichael [1987] THE SN TWAEE HW=, Mg, Fe)O #HELDOFAE
W2 T A& B 26, T ORBEHIERIT, 118 GPa L AL LN TV D

[Funamori and Sato, 2010], —/ T, @& E(k SiO2 H 7 A DRFEMMERIL,
2.1fiXY 60GPa Th 5, (II) DIEN D, (Mg,Fe)O A /L ~ DIRFERMEZRIT,
B 8102 AL b D 2 FHITHIYS T 5 & LTz, £z, CaO sy O IE R T
MgO Jf5y &% L EARGE LTz,

KO,TO,MgO = KO,TO,FeO = KO,TO,CaO = 2K0,T0,Si02 (15)

AlO3 sy« T AR AL MCEEND ALIE, EHOEINE & bR %
BEINEE5Z ERmbTW5 [Waff, 1975; Wolf and McMillan, 19951, Al:Os
FATIZ DN TR, B~ AR OE 1 SETIE, MgSiOs~ua 7 A5 A ~®D
AR EARRICIED 25 S E L, MgO By & 6 Bihrod SiOs sy dFne LT
feik L7= [Funamoriand Sato, 20101, =ZEiRIZI1T 5 6 BALD SiOg H T A D%
JE L ARFERMERIT, £ 3.88 g/lem3, 190 GPa & #iE ST\ % [Sato and
Funamori, 2008b], (II) OEZ®EH L. 6 BN A /L N OEREHEMERIL, &5
FEAL Si02 AV b D 3{HIZFY T D & Lz, @A L SiO 77 ADEEIL, 2.1
fidl D 2.67glem? Th D, WRIFHMER L FRIZE 2T, 6 BILD SiO2 AL b D
BRI, B SiO2 AL b 1.5 [FICHY T D ERE LT, 72, 6 BLO
Si02 ik & i AL L7z Si0g sy Tl 2R E AR R OB E L &
E Lz, 6> T, WEBMEROLND, 6 BNLD SiOg A /L b OEEIERIT,
FE AL Si02 AV b DEZARERD 1/3 L 725, LLEOIEN S, X 11-13 % H
WAL, AleOs A5y O /VIRRE & BUZR SR (ARSI, LT DO X 5 IZRET
x5,
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2

Vo,T1 ALO, Vo,Tl,Mgo + gVO,Tl Si0, (16)
Ao, ,A1203V0,T1 AL0, = Yo ,MgOVO,T1 Mgo T §QO,T1 Sio, Vo,T1 Sio, 17)

VO,TO,A1203 _ VO,TO,MgO + g Vo,TO,Sio2 (18)
K K

0,T,,AL,0, 0,1, MgO 9 Ko,T0 Si0,

AR D K 912 ALOs i IFV ETH D720, 2 DIGEIEL, fERITITIRE S
LR,

3.2.2. R LB

S~ v MRS DIE SR TIZBIT D7 A BRI AV N OAREE R DT
A—Z OHEER R 2 2 1TRT,

N T mE AN N ELXREE AV MTOWTER S 72 2000 K, 2500 K,
3000 K DE M A #EET — & L L I 14 1ITRT, EEOZDH, £ 2 DX
TFA—EDPLHBEINTEZNOLD AN FOREBHFERRDONTF A —2%2FK 3 12570
T2, K14 ITRENTEZT =X Ditx OMBITETOT —F TRAIIT %KL
TIEEWRW (R 1), 22T, K 14 TiE, RO DT NRE O TEEOE L&
plpo (ZHEE L 720\ & WO REIZHED N T, MARIZ O W TCORIEZ 1T - 72, BARK
X, BET—X p Ik LT, ZNENOMBEOFEIZIIT DHE po & HHED
D FEICB T DHEE p0 a2 R 2 D/NTA—FEZHWTHEL, p’=p * po/po
EMIEROBET —2 & Uiz, ok, W TV EE AN N EZHEE AL MZO
W, %1 Agee and Walker [1993] & Ohtani and Maeda [2001] T
HEINTWDOMAZREREL Lz (£ 3 THAMR), BEOY ARML, KB
KOHEEIZH =T —% [Agee and Walker, 1993; Suzuki et al., 1995; Suzuki
et al., 1998; Ohtani and Maeda, 2001; Suzuki and Ohtani, 2003] %’~xL CTu\»
Do TNHOT—HE, BIE (H2WIEEVED) & E T, HEE Sk
EBHFEATRERENATND,

JES) EHEEEIZONWT, EBRIELE K 2 DT A= D OFRMOEEEM 15
IR T, B ORI AR VTHEEICHW =427 —# [Agee and Walker,
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1993; Suzuki et al., 1995; Suzuki et al., 1998; Ohtani and Maeda, 2001;
Suzuki and Ohtani, 2003; Jing and Karato, 2012] Z/rLCEY ., [ESDFk#E
DI 0.4 GPa, BEEDOFKRZEITHR KT 0.05 glem3 (1.4%) THDH, AKZOD
L URIV TR ENTZT — # [Suzuki et al., 1995; Suzuki and Ohtani, 2003] 1%,
Si OENEDEACBALE L TW D ATREMER S 5 & W 9 BE R B HEEIZITH W S
IR Te D RAFGEDOIRFEF RN L - T, o7 — & & RFEEICHH AT RE T
DD EDTND,

15 1278 SN2 RFRIT T AR RILBIRAT RIS AL D7y AL, 3.2.1 fi
TRIELICBEFEDOREN, £ 1 OTF—FDHLEIZH LT, Y ThoTcZ &
ERETHEDOTHD, /N7 A—FHUTKk L TT —ZHD 5 TROWEEITIE,
LITLIE, A——7 1 v F3RE E 725 [e.g., Efron and Tibshirani, 1991,
AW TIL, EEFRE/R /N T A —F H& 3 DIZIRE L, 7o, REICA—1—7
Ay FPEREILTWRNI 2R L, T2bb, £ 1 0BEEIC 23 OF
—HEBRNTNT A=FZRE LIEHEIC, TOREN, K 2 LIEERADH
PN T—E L, £72, EV DO U3 DT =40 K15 LAMKIC, oI BB
SNDZ xR LI,

AWFZETIE. 8 GPa 725 18 GPa DEJFEEIC I T SiO2 B idmE Ak L
TIRRE () (I2H D E WO RED FIZ, 7 A g A v - OIRIEFTFRAAHEE L7,
14 OFEO T HRME @EEALRTE T L TR £720d, Si DR D
ZAGSBRAGE L TV D AIREME D & % [E )07 — % [Suzuki et al., 1995; Agee,
1998; Suzuki and Ohtani, 2003; Sakamaki et al., 2010; Sakamaki et al., 2013
ZRL TS, 3R 8 GPa XV RWE) GBI 351 2 AR 58 FEHE N2 5 13,
EEEAAPEITLTND (Ry FU =7 HEDOEEE Z > TV 5) TREMED 58
KmEng (K14), /o T, Ak, ZOEMOEE 2 KB 2T & 0 7k
THZLETERY, UTEL DT A=F 2L D LT, And b BEEZR
BLT& e LT, BEDEICIRE DM T o RFEHME RN RERICY
B ERZ R E 5 Z i3 TE v (B, BE L ARHIERN D V7 F
HWERO D ZEIETERYY), —J, BIRO X D12, AHZETH L IRET
AT, HRAIZ, 18 GPa LV mWENEE (22 GPa £T) 7 —# & LA

38



I Chotz (K14, K 15), ZiiE, 22 GPa B E T Si OENIEOE( AR
ERZ o THWRNWI LERLTVDDONB RN, EBE METEDHT v
BELEBR S . MgO iy DZ W7 A BE 7T 7 ATk Si OB DA KV
B E D EI TR 5 LR ST % [Shim and Catalli, 2009], LA EIZ
L0 A TIRET 2REBHEKXIT, 8GPa 725 22 GPa £ TOJE )#iH T,

Si0z %537 85-55 mol%FEEED 7 A FEtg A /L MTHEHAEETH H LB 2 b D

(F2, &3).

MgSiOs A /L MZOWTEHA L7z 2000 K. 2500 K, 3000 K (Z351F % % £ il
WA RiEEhAR S OHEE [Ohtani, 1983; Bottinga, 1985] <4y 181 /15515
12 K D4 [Matsui, 1996; Stixrude and Karki, 2005] & & 12X 16 1277,
FERTRINTEIT. ENENOHBROBRIEL 725 7 — 2 AT D E %
RLTW5S, Ffigehis o oHEE [Ohtani, 1983; Bottinga, 1985] <048 /J
O [Matsui, 1996; Stixrude and Karki, 2005] 12 L A RAEF R Tla,
(RFEHEMESR DJE 5y DEIL 6-10 & KE VY, AU, EJOHEMIE-T, &
JETF CRIMICIELS 20 Z &2 EM L TR, i~ FAREOEDSRIETIC
BWTHEHMERO R X WEBEL AL NRRE () 125D LT HARMIHEDOET
e M E LT —HLTWD, LL, SMFfdEZ SO T2 &, £ b
OHFRITSCER S L IZKE L IEH 2N TV D, TOFRKNO—EIL, 26 D% T
X, BEOIREE () OJEfEEEI 2 B —OREFEXTEHAL NI EIZH D
EHEESND, T AR AL FOREHFEAXOFHERICIT, M13ITRLIZE DR
WS b BET DM EMENDH D Z ENE R I 5,

S 5T, ¥ 16 @ Stixrude and Karki [2005] & AWFFEORVEWIE, 5D
FEMRENE 1 OF—F LEAN TRV ELEKRT S, F7/-, EERENER
I L ABENTE O E [Rigden et al., 1988; Rigden et al., 1989; Miller et al.,
1991; Asimow and Ahrens, 2010] % Stixrude and Karki [2005] & F8{ElDAH
MazmRl, &1 07 =4 EEEHTRY, TNOOHETIL, v MLORET
TEIR T 31T 2 M D e ) 70 28 b (BN 2 DRI 22 38 0) A ER STV 5,
AT D LY EZ AL LT FEREROT — % L EEEMERO T —
S DAREEE DRI OWTIE, 3.3 HITrEL B2,
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JRVAEERHEIPHICTE A2 2 L2 B L Lz A B A v N odRE SRR,
INFETITHIREIN TS [Ghiorso, 2004; Jing and Karato, 2011; Jing and
Karato, 2012], Ghiorso [2004] TiX, mETICE T DEET —F Of, mfE
R0 F 8 ) 7Rt R, WIEICR T DR K OGRIEROHE 7e & kkx o7 — ¥
EHWT, SR OTNMAEOIES) ABEHT ETERDOTND, Ll RET
ICBWTEET =252+ 2IiiPl TE TRV LM ST S [Guillot
and Sator, 2007], & 52, NaO k5= KoO Aoy DEMARTE D) 2 By
D, MORIIR LT 10U EDOfExR > TR | DETHREIENIRE

AT D AICHLRENH D, Jing and Karato [2011, 2012] T, &EFIZ
B DEET — RO EICI T 2 MR 7 — 2 0 HARRE T R AHEE L T
WD, AFFEDET V& FIRREICEET —Z 23 T& T2 08, RO
EDEHET, RSN IR ENRT AN EEZFHET L2 LIRS T
X720y (FflZ, Jing and Karato [2011] 721 O ®R CRHHE 325 2 & 13D TR
HTHD), o, HEHIE, ENCK L GEEMICHEEDNZLT 5 L2 72ET L
ZHANWTED, TOWEDZLITERN B DO ZEITKHE L TWD IR L T\ 5,
Z DO RTIE, IR OsrF# ) FE A [Stixrude and Karki, 2005] <Of# 81 #E 52
B [Rigden et al., 1988; Rigden et al., 1989; Miller et al., 1991; Asimow and
Ahrens, 2010] L [REETH S, Lo L. Jing and Karato [2011] X, 40 GPa
Ze B\ AR BRI & 5 R FHI O D DEF T 2 DT A =2y b (K
RRAFRER) 2R L TEY, v~ MV OEENEROEET — & 28—
T2 LIFHBRTV RN,

K 2R LIEE /T A =2 OHEER R & HETOREEN —EB L TWD MK
PEIZZ20, 8102 sy (& AlOs fsy) ICOWTIE, BIEOHE L ITRR D &
IMED S EIFONTHEER R TH D, 2K 2 D Si02 55 DE/VRFEIL, Lange
and Carmichael [1987] Tt & 17=F /L ATEICHK LT 17% D E 5 EEALERICH
9%, ZHE, SiO2 T ATRWT, AT AT D @mE LT 7 A
FAD BB LSRN 20%FEE CTHDH Z & AW TH D, Lange and Carmichael

[1987] 1%, WIEIZRIT HaH D SiO2 iy OEMZRER & LT, Moy & Hig
LT T/NSWEZ RS L TWD, Elo, ®EICEIT D SiOz AL FDOER T
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ZOHT VT CEELERN B X, @WiRIE S HREBEER R E <D LD i
BHHEINTWD [Polian et al., 2002], ZiLHlik, SiOg Ky 23EEIZ TS
BWTEREIZE O EDENZRB L THWD ATREEEZ R L TS, 20
Z L, Si0: H T ADYE (FIETIEEEBELIEZBG L TWhien) & oEEE
ERDODOFNRENEELH L TWDON BN, £2, T K D M
IRREICIUT B L0y R 77 A BRtE A L b OBAPEI R & 85 B D JIE O FE e Bk
D B IV ST ORFETPE R OEOF T+ TR,

HEEICHW =7 —2 1%, 2500 K ZH00MZ2+300 K OFIFHIZ LMFEE L7220,
WoT, TNHDOT —F DI HREFEAXDIREKFEC OV THERT 5 2
CIIREETH D, FEEE £ 2 2BV T, BWEROEERFAITRE LV, i,
SiO2 K7 DEWZAER MU ORI L TE L NAEL R TV D A, 2t 15
GPa fHEDLZHEE AN D ZODOT —HIZL D EZANRKEV (REDE
IZxF L CHEE OB/, I b0 T =2 &4 Lz L LTH, SiO2fk
TDOENMEFEZE 22.9 cm3/mol, BUZiRFE L 6 X105 K1, (AfE#HMESR % 38 GPa
ELTRT A=Ay MTLo T, BTCOBET —F & HENEHAT S Z
ENTED (2D NRT A —21FK 1518 ZHWTHETHZ LN TE D),

INFETOMETIE, Xy MU =7 HEDOEITBEETIC, HENOEEE
TOIRWENFIRO T — % 22 THWTREFRRNEZHE L T0D, Ziuaxt
LC, AREFFETIE, H—dREE () & LTIED D LHEE SN D EfEE DT
—ZDHEHNTNDIZD, & 2 DFENRTA—FOEFMEIL, ZvE TOHE
IZHARTEWLDEEX NS, £, B~ MAEOENFEETIZB T 5
TABHLA N N OFEEIZONTIL, ENHDO/NRTA—=F 2L o Tk oIk
REHFREREZHNDZE TRSHBETLIZENTES, LL, T—F B+ The
W BEDENMY SRSy T b b | (RN & BUZRRIZ OV T
WEICERN AT 52 LB TH D, B~y MR OE &L T
IZBIT D7 A Rt AV FOWREEFFERXD XV IEMEZRHEE OT-DITiE, X0 FEH
R A AL N OBEZICET DERE . LV IRWIREMMEE TOEE
IEET —ANEEND,
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Table 1. High-pressure density data of silicate melts with densified
intermediate-range structure.

P T p . Si0; AlO; FeO MgO CaO Total®
Composition Refs.
[GPa] [K] [g/cm?®] [mol%] [mol%] [mol%] [mol%] [mol%] [wt%)]

149 2473 352 Basaltic 55.2 10.0 8.9 125 134 973
151 2773 350 Basaltic 55.2 10.0 8.9 125 134 973
8.8 2173 3.37 Komatiitic 42.5 3.0 8.0 40.7 5.7 97.4
8.2 2273 322 Peridotitic 38.3 1.7 5.2 52.2 2.5 97.4
16.3 2543 3.56 Peridotitic 36.6 19 11.2 437 6.7 100
8.0 2253 3.34 Peridotitic 38.3 35 122 409 5.2 100
16.0 2603 3.56 Peridotitic 38.3 35 122 409 5.2 100
131 2303 342 Peridotitic 38.8 14 7.5 49.2 3.1 100
145 2773 3.49 Picritic 46.8 4.4 134 264 8.9 99.0
105 2473 3.49 Ultramafic® 33.7 19 188 348 108 9838
129 2398 3,51 Ultramafic® 33.9 2.0 145 374 122 98.9
14.6 2473 352 Ultramafic® 34.2 19 109 40.0 129 979 6

References: 1, Ohtani and Maeda [2001]; 2, Agee and Walker [1993]; 3, Suzuki
et al. [1995]; 4, Suzuki et al. [1998]; 5, Suzuki and Ohtani [2003]; 6, Jing
and Karato [2012].

aTotal of the five components in weight percent.

oo O B o~ B~ W DN DN P

bNo specific name of rocks for these samples.
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Table 2. Parameters for the equation of state of silicate melts?.

M; [g/moll VO,Tl,i [cm3/mol] Ao, T, i [10%/K] KO,To,i [GPal
Component
(T1=1773K) (T1=1773 K) (To = 2500 K)
SiO, 60.1 23.1° 20 41b
Al,O3 102 27.1 10 98
FeO 71.8 13.97¢ 20.9¢ 82
MgO 40.3 11.73¢ 22.3¢ 82
Cao 56.1 16.85°¢ 17.3¢ 82

aDensities of silicate melts with an SiO2 content of about 35-55 mol% can be

calculated by using Eqgs. 8-14 in the text at pressures between 8 and 22
GPa.

bStandard deviations of Vg, gio,» @ 1,si0,, and Ko, gio, are £0.6 cm?3/mol,
+4x10% K1, and +4 GPa, respectively.
cLange and Carmichael [1987].
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Table 3. Parameters for the equation of state of peridotitic and basaltic

meltsa,
. M [g/mol] VO,TQ [cm3/mol] KO,TO [GPal QO,TOKO,TO [GPa/K]
Composition
(To = 2500 K) (To = 2500 K) (To = 2500 K)
Peridotitic® 51.0 18.0 54 0.0062
Basaltic® 62.3 21.6 52 0.0040

aDensities of peridotitic and basaltic melts can be calculated by using Eq. 8
in the text at pressures between 8 and 22 GPa.

bAgee and Walker [1993]. See Table 1.

°Ohtani and Maeda [2001]. See Table 1.
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FIG. 14. Pressure dependence of the densities of peridotitic and basaltic
melts at 2000 K, 2500 K, and 3000 K calculated with the parameters in Table
3. Orange symbols represent the data (peridotitic and basaltic in Table 1)
used for the determination of the parameters. Blue symbols represent the
data at the pressure range where the densification of SiO2 component may
not be completed or where the increase in coordination number of silicon may
already begin. The effect of differences in chemical composition on these

data has been corrected (see text).
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FIG. 15. Pressure and density residuals between observed and calculated
values. The calculation has been made with the parameters in Table 2.
The color of symbols represents the composition of silicate melts: orange,
basaltic; blue, komatiitic; red, peridotitic; purple, picritic; green, ultramafic
(no specific name for the green data). All the data used for the determination
of the parameters are shown as solid symbols. The data shown as open
symbols were not used for the determination because the increase in
coordination number of silicon may already begin at the pressure condition of
these data. However, the residuals for these data are as small as those of
the other data, suggesting that the increase in coordination number may not
yet begin in these samples.
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FIG. 16. Pressure dependence of the density of MgSi03 melt at 2000 K, 2500

K, and 3000 K calculated with the parameters in Table 2. The pressure-

density curves based on melting-curve measurements [Ohtani 1983; Bottinga

1985] and molecular-dynamics simulations [Matsui 1996; Stixrude and Karki

2005] are shown for comparison. The dotted part of the curves denotes the

extrapolation to higher and/or lower pressures.
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3. #HYER L UEBIEMNE T — & ORFAIREV E

3.3.1. FE L OBEHE T — & O L

3.2 HiCuE LIREE R o0 FH I RE 72 [ IR B P O B [ EAR T — & &
2234 )L L7z [Rigden et al., 1988; Rigden et al., 1989; Miller et al., 1991 ],
FBRAE &ORBES A S OF RO E TR ALK 17 1SR T, %RibO@EY | BHY
JERET — 2 OIRED RFES VITIIRERH 525, 2 2 TIEESUIR ClE Sl
EZEDEFEHW, Falt, O OB CEIERNE T — 2 O BT OFE R0 e
7= [Asimow and Ahrens, 2010], BT ORERIL, “ibomE v . FEEEIZIX
LA DT —ZIZR LT LHEEEHTIERWN, 2 2 TIEETOMAIZ DO
Ttk DT — X &AWz, BIEMT —% EBINEMRT — 21X, ZhTh, Bk
ELEBOVDOU RNV TRINTND, BREIZHOWTIL, FIEMCIX, BEL
0.05 g/lcm3, J£/1+1GPa, {EE+100K, #AEM TIX, ZBE+0.04 g/lcms, J£
71£0.5 GPa L E SN TV 5D, FREMET — #1255 < 3.2 HiDREEH AT
TR T — 2 2 FOCiAT 5 2 i cE P, MKk TEVIEH DL B O
D, FEEME T — & L BIRERT — 2 OICIE. BRI BVEVREET D,
X 17 1%, BEOERET — 2 23, FROERET — 212 LT K 0 REAT ME RIS
bHZ ELERELTND,

3.3.2. KRNI KX OB T T — & OE

(1) FREYEMET — 2 OIS

17T IR SN TV D EEMET —Z 1%, K15 IR LD EFR—TH I,
BHOIZN—TR, WP KB F L 22 W TERILEICZVIE LD T
»H 5 [Agee and Walker, 1993; Suzuki et al., 1995; Suzuki et al., 1998; Ohtani
and Maeda, 2001; Suzuki and Ohtani, 2003; Jing and Karato, 20121, %
ENZIRE L2 T UL, RE V2% W7 A Bl A v B O LR IZZ W, 7
AT AL MR OREE LT, BEREERESH 7L EDORISIZE > T
AUBFORB A L L T D ATREMEDS ZE T B D, L L, W< DD IR TS
BRATS DAL A HIE L TW T, RRICIIRE REEL G 27202 LB HEND B
LTV 5 [Suzuki et al., 1998; Ohtani and Maeda, 2001; Suzuki and Ohtani,
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2003; Jing and Karato, 2012], B OFHEMT —Z I L THRE SN TWD
AT RYTHD EEbh D,

(1) BEHWIEMET —Z OfEEME
T o [
17T RSN TWLEIREMET —Z O, HEM T3 #HEETH
% le.g., Rigden et al., 1988; Asimow and Ahrens, 2010], —#%IZ. EEEHFEIC
O EEAIF, Fo v e E—iBE TORBEEIC L 2IREL{LE, = b
E— O L IRELOE LabE e LT, R TRB NS,
T, =T, + IEE“adE (19)

ZZT, E&CviE. TN, AL F— L ERENHEERT, IR
O H, SiX, ThLih, 2a=Aif, For br b —@iEz/r L Tnd, =2
= R OWNE = %L ¥ —2 41X, Rankine-Hugoniot ®EfE L W HEEH N5,
Mie-Griineisen M BHfRL D |

E, - Es =— (P, - P) (20)

q
7:%[&] (21)
Py
THdD, 22T NYIE TV 2T A BRI A—=FEZRL TS, IRZFD 0 1%,
WEEZRLTWD, £77. q=1¢F252 L0320, 1921 L, THEE/ILVIL

BI—ETHHLUEL T, MEZLTO 2 @Y ODHETREL LI LENTE
Do

(A Ty =Ty+ (E - Eq) (22)
CV
1

(B) TH = TS + H(PH _PS) (23)

a<FTA FME AL BMIOWT, Milleretal. [1991] IZ#ESNTWBET —
BENRTA—ZERHWTEHELRERED U 22X 18 [Z/RT, M L HAaDHE
BT, q=1 & LT, ZNEh, CaseA & Case BDHEIZ L - TRHE I NZIE
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FERES Y ThDH, Es & Pz oW TIiE, 3 KD Birch-Murnaghan JIRREHFEI
ICRVRBESNDbDE L, frta L mBOERIT, ENIOEME & HITRE R
BUVEWERTN, ZOZ &, q=1 & LA, Mie-Grineisen @ 7RI
MRSE L TWRNW T & Z2FR L TV 5, O T ORI TS 5, BRI O
R CHAE SV TV DIRE RS Y 21X 19 1T, IKEAEB L OEEAE A
b R OWREENE Case A IS T 5K, ZREERBEIPa~F 71 MEANLRD
IR T Case B IZHHY 92 EiAIZ /2 > T %, Asimow and Ahrens [2010] T
X, BEOHEIIIT> TV 72V A, Mie-Griineisen OBMRRXZ N SH 5728
Sy TABRBEANVFD qZATHDH NS EFRLTND, X 18 Difkta &3 tad
—RBRRIT g = 25 ZIE L THESINIREREL Y THY ((ADiET5E
MOBTE LR . EWVICRERLS B LTWD, LaLAeRb, A BEAL M
BWT, qAEERD yHRESEEBITINT 5 &V FERZBIGNEZ 54
PMEITZ2 0, T LA, MBI EEZ L AR T2 b D LEX L ETHA I,
MO & 2856, 22 LA 23 IFIUTO L IcHE XM Hd,

1
(C©) Ty=Tg,++—(Ey—Eg, -E,) (24)
CV,h
1
D) T,=T,,+ (Py Psy) (25)
YuPrVY H

2T, EnlTWEICBT BT XL — (KT & &ESEMHONET = R L X —
) R LTS, £ IRZATh OOWERT A= E, SEMHDORT A—H
ThHDZEeamd, Enld, BEL L EENOHERES) Pue £ TORKMHOET
Y b E—lRRIZB T EFEOENLER TE 5, fimDHa L & iR AL
TIE, BmH EEDOZ LD HJET)ME (Pa< P <Pp) T#lfrilif Z % [Funamori
and Sato, 2010; and references therein], L7273 > T, B X /LX—3ILLF
DX oEHEnD,

(26)

palp(l_ 1 )1pf1 1
2 Doy Pp,n 2 Pp,1 Pon

AT 1 DODONINRT A=ZF REHDO AT A=ZTHDH I LR LT D,
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Flo, IRA T Pa (PR) OOWEEX, Fx 2 hr B —i@fE TOMHS) Pa (Pp)
WICBITAMETHLZ 2R LTS,

v FT A NE AL MIOWT, 3.1 OB s 2O T T /W HKS
WCEHHAR LZZIRERES D IZHOWTH K 18I T IRERME S D IZ 72> T,
n EAZ 3 C R & BRI SRR O BIFRICH D = & Z{RE L, Case
C & CaseD miE\Vy (REEFRZED HEM) DR/ D K HITRD Tz, EEEM
EBRIN DI, WIEOEE (FIHRE) ofFRosz Hniz, 328K, Pa=0
GPa, Ps=8GPa Th . 8-22 GPa OJF JJ#i[H T A /L ML EEEEE 1S O =%
L LTZIREE (FR) &2 & 5, B EALIRIED /8T A — Z 2D\ T, pon=3.05 g/lcm3,
Kson=68 GPa. K'son=5.3. yon=12 (q=1) & L7z, K& K’ 1%, &t
REZDEIMG Th D, WEAOFLIL, AR OHEERE Th 20T, EMEHE
RIS/ hENEEBEZ BN B, 74—V hba—P A s ~DOEBOLET
50 K FRJE) . £/, WESUGIRESIEN D AR TH L7, 2 2 ClEER T
HHOLRELE (L=0dJkg), EET/LVHBTMHECLSST—EL L, &
LR DERIT. TNZEi, Case C & Case D O FIEIZHESWTEHEAE I
REZTRLTWD, ZHUDDERIT, k& HADOFEROMIZAE L TEBY ., q
=-25 ¢ LEGAORERBLVICTY, (LEn-> T, fGINREERMEL Y
ELT, q T HEAERALTHLEVWDL B HILZRY,) Case C & Case D
D—ENHE VR 20 2 2k (BRIC 8 GPa 3 X 1822 GPa D) | Ri 18 &
& R H L ORIERR D D OO F 72 FTHUCEKR L Tn%, CaseD THMAE
MDIREE RAES VIR, R & RO D DT g b REREEY
=5, LizN-T, CaseC CRFESNZIBERMEL Y 2BHAT 2008 &
EZbhb,

ERTENET — 2 OEERED Y 20 OO THEINTND U X2
JRJE [Wei et al., 1990; Yasuda et al., 1994; Gasparik, 1996] & & $I12X 19 (2
Y, A TFT A NMEUADIRERES VIZHOWTH, 3.2 HioRE SRR &
DEFRLD S ARG L AW e RN T A =R 2 e, AkEtBRY DT
AT, ZNEI, SURICE > THRESNTZEERBEL D EFx DOET L (Case
C) ICEDIEERMBB Y ZRLTWD, [ENOEINE & HIZHEDOREVENITR
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Lo TWND, R OT —4 T XX AMEE TR TH O, 3B OREN
ZAE LTV D TR RIR SN %, 7206, SUIRCHlE SN2iiE &L Fx OE 7L
IZEDIREDEY (BYER) TR1TICALGNALZBVIEVWEHHATHZ LT T
2N
AV b EBR O Rkt

T ERERIE ISR T, 7 A BB AL F OB AT ANFEEL TV D
AREMEN S D, NTNANE—ICEENTND ERET S & BE L ORIEM
X, NTAOEREREITITTHAE LT, AREADPDAREEMIZ S 7 5720, K
BONTIVHFIE LT AR, 7 A BRI AV N OB IR 725 )2 L% R
T LR D, L, E STV HEIEMT — 2 IR R8T R bk
V. Milleretal. [1991] TERINTWNDEIIZ, H—IZTEEATVWDH ATV
T2 < THERBEETHY | BRICHEZ DB NIV EEZOND,

M T — 21, SHENE T — 2 OBG L B R A TH—0 7 L—7IZ X
STHREINTND, IREAHE, ZiaE B LOEEAE AV b OEBIEHNT —
% [Rigden et al., 1988; Rigden et al., 1989] %, XY EWES TOHIEZIT-
2B, [A— 27 Vv—7"® Asimow and Ahrens [2010] (Z X » CTHEAENTE L OME
EPMTOIL, SOICREROT —ZPBEMENTWD, Jox DT —X LEESH
2T =2 DENENZONT, K 17 ERBRICL TR SNENEELZ K 20
(CRT, BIRE EBY OV AT TR, ix DT —Z LEIESNIZT —
BZamLTND, JLx DOT —Z IR LNT R B VIEWL EE#HOT —4
IR H317evy, Asimow and Ahrens [2010] TS5 TWHIEY | BT
BOT =2 OHIZIE, Jux DT —F EESHITRNL OG5, BIREMT — %
ICEENDEAET, A (8.3.1H) OWEMHE (X7 —F DXL HOETORE) K
DhH, DRV KREDSTZAREMER S D,

(iii) #FHYE L OERIEMT —F O BVIEV O JEIK

17T IZR BN D RHMAIRBEVIENE HEMT — X ICE ENDREN L
92 Z L INETH D, — 5T BIREN S CRBOEEE, U & AR
Z TRl TWLS AR S 5, #BARREH 2 WIET 7 AL ot EE %
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AT E TR 2 ITREEE B L S H TV L 7201, BIREMEREIC L 5%
JET— 2%, BRI E DB b2 R onbangy, -, &it, BiERET —
H DFEHTNZ DN TOWEN Dol EIEHROT — XTI 17 D L 5 72 R
REVIEWVITR LRV, BIEMT —Z I T 2E B RE<Ro>TW
Do 1 CRER I BN 2 B9 5 &7 A BRYE A /L MR 2 B A F2BR I 1T, Bk
TIE, REFRBRRZEMCER T AT EOREITES , 31 THE L7 A
FRH AV b OB R EMEEB 2 B ET 5 b DO TIERWEB I b D,
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FIG. 17. Systematic differences between static-compression and shock-
compression data. The differences are shown as the residuals from the
values calculated with the equation of state in this study based on the static-
compression data. The color of symbols represents the composition of
silicate melts: pink, anorthitic; brown, diopsidic; orange, basaltic; blue,
komatiitic; purple, peridotitic; light blue, picritic; green, ultramafic (no

specific name for them).
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FIG. 18. Shock-temperature estimates for komatiitic melt. q was assumed

to be 1 in Cases A-D. The estimates in Cases C and D are valid at the

pressure range of 8-22 GPa where silicate melts are assumed to be in the

densified state (phase). The dashed-dotted lines were calculated by

assuming q = -2.5 in Cases A and B.
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FIG. 19. Shock-temperature estimates for silicate melts. The

temperatures reported in the literature and those calculated with our model
(Case C, see text) are shown, together with liquidus temperatures available

for some compositions. See Fig. 17 for the color of symbols and lines.
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FIG. 20. Scatter of shock-compression data. The data reported in the
original studies (solid symbols in Fig. 17) and those revised and/or added by
Asimow and Ahrens [2010] are shown in the same way as Fig. 17.
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3.4. A BRME AV N OREDETIZAL

SiOg A7 2 DFREWEIZEE S 2 B R 252 1T T, 7 A BRI AV b DOREEDE
NEBITONWTELE LI, BT AL AV P TIHEMEFHICRE &R H D
. AIETE TOFERmND bR IND K 1T, T T AT AV FOBESYMEE
g 2 ECEHBEREHRE 52D, SiOz BTIZE L AV N T, EH oM
£ REPEDIR T NS STV B [e.g., Kushiro et al., 1976; Wang et al., 20141,
INEFHAT IO, SNETIZRODPDOETANERIN TS, H 1D Al
DEALEDZEALR R L TV D EBF 2 HATEY [Waff, 1975], NBO <> Al3*
DAFAET D86 D BO 25 4 Bl Sidt & A L TR EN 2R e 2 5 BlL o
HRELREE R T 5T L [e.g., Xue et al,, 1991; Poe et al., 1997] 72 &R H
%, ZZ TC.NBO I Sit° A3 7 E DRy MU — 27 G A 4 > & Nat<e Mg2+
mEDXy N =7 EMGA A < BO IRy MU — 7RG A A Rt
ZESO2THDH, —FH T, T, Sit+ Al3+E BO O OREA OEIRHIZ X
DXy MU= EDPHEES S GFEAT D) BT VDN RE S L, B E O
IMZge L AR RS E L T2 EEDROND [Wang et al.,, 20141,

HEHTREL AEO SiO2 7 ADERER TIX, NBO & AB+H AT,
Flo. Xy P REEOBIR G 2 < EEECREBA ORI X0 iEITES
FLARELROTWVWHZ EThHD, LIRS T, FABE AN NOXSEDIKRT
bRy N — I EEDESEE L TRESOHIEERNE ) & & bITEITT 5 &
W) B2 E T VTR ATRE TH D, Mtk DE N2 I, AR HEIMET L
T 5 BN 6 FALOHFHPRAEZ A L7 AR EN S 2 W o3 < e 20 R & A
RFE DWW Lo THMERBEINE Z D IC K RDMRORK/NTIREDL EEZ D
NDe, Lo T, @EBEALRTET LRI, MY EFICHERC 5 2 & 3 Wifs
SND, AU, SFEVFEEEICE D SiO2 AV RO 020 H CHLEDE S
724t [Angell et al., 1982; Tsuneyuki and Matsui, 1995] & LA TH 5,
FTo, OO D 7 A PRI AV N TIE, FPERSIEHUER ORI EIC L - T,
FEEDEIMEFER AN S EICEDD Z EDRRBE I TS [Poe et al., 1997;
Sakamakiet al., 2013], —5 T, F#ZA SiO2 p7ICZ LWWT A BB AV b (&
BEAE AN RO T BB AV N) Tk MEROBE A ORGFMEIIBIEE X
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LY, 810 GPa FRETHIIENLANEDDL Z DRI TS [Reid et
al., 2003; Liebske et al., 2005], L72>L. ZA 5 DOFLD A L MR R D 6
TERLS EAZ BN TH D, £z, SivLIS DA A (A, Fedt, Mg?,
Ca2t, Fe2*, Nat, K*) OB LHIIMICKE WD, LT L ERoET L E
FIET D HDTIER, 3.1 BiTIR~72 X 512, 20 GPa & 2 5 £/ T,
BANEB DA 2 fF O G AN Z 5, ZOENFE T L EHMEROZ DY
HEITATOI TV WS TR E O Z(L OGS L RIS, RGO
299k BREEDO LR 2D ORPHEET 2D EHESND,
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4. BT

mE T2 OHEEREICLY . RRICEEEL LIRIED Si02 77 AD=EIR
BT DRREH XA WE Uiz, fHBIICSENE L7z X BEWTE 7~ EELO &
JETZOBREORFIT, mEET T ZAOBMEA TR, SiOq M H A THE
RENDFHHEFR Y T — 7 HEEORA ROWFEICEL > TREZ D Z EE2/RLT
WD, FATHIZED D OWE LS & |IBIZBW T Si0e 77 A, JES DY
e & iz, 9-13GPa Txr v U — 7 #iiE (WHREHEEE) %, 20-35 GPa T Si
OENIE GEEEEEES) ZIEIC2 b s, RBEAT 7 A, 6 BLl 7 A~ Ll
BRBINIREEA Z X TV EHEE S LD, 7272 L, Al N2 b3 5 ) sl g,
IEFKEER T A XT 4 7 ADBELEZ T D, £, MIETZDOLGBIEIZLD
FIR TRy N =7 HEDOEAH) AT 5 8-10 GPa 764072 < & % 20 GPa £
T, —HERDRREIC 5 D Si02 7 ANIEZ O TIC K& S MWER T 5 2 &
R U, WMERSEORUGEREHI KT 2 X MEHFTHEN HIX, Ry T —
7 HEEIZ 3% DIMEENERE L TCNDLZ EEZWLMI L, [EAB IR 08
e & HIHE/BAEDRBLL TRy N =7 OBEBZNEZ VST 2D
Sk oT, BEOWM (EHEEN) LIRBIOMRE CGEMER) N 5 &L
b,

T AL A N TIEIHEER LOEEORHLMERENZ &b, T ADEE
ERIBRIZ, Si02 AL MZBWTH IR SIS LA - 5 LHE SN D,
INE LU T, FABBE AL M REEOEMEBIZ RS B0 EHO
HhnE & HICHEEREE N (L L, B~ MR OENFEICB T 574
BEYE AV MIEBEEL LR () 12 b B2 BN D, ZOREICE ST,
TR NHEL Y 5 P (7 T RTRE T4 A BRtR A L b O B2 R BE F R R A D Lz, =
DIRREFFRAIL, 8-22 GPa DJESIHIFHD SiOz 55y % 35-55 mol %Fe /& & e 4
TOFMIERIC X D BET — & LA Th o7z, —J5 T, BIIEMHIC L 25
T =5 L DORIZRBE R BVEWSFET D2 Z EBHFI LD, T — 2 OfEHE
PEAFMM L& 2 A, 7 A BRE AL N OMEBH R EHRES 2 5 ET5H0T
XN Z EREND BT, £7o. SiO H T A LRERIC, 7 A BERE AL MR
WTHHHEREEOENE E BTN EZ VT < b EBELXDL L, HI»
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HEE I TWD SIO I E T 7 A BEE AV S OREIER DO A D E KA %
BT 52 LN TE D, I A B AV N OFEE SO E T, RS
DEALZEEBETDHZ LICE ST H—MICEATE S Z LRGN - T2, &

VO BEECTIR, FLERRER S OB LS L LA I RE REE A 52 D b
DEEZBND,

KIFFEDOFERINS . 7 A BRI A L S OBEDENEIZERDOLIICELED S
N5, (1) g s B~ M AEEOE DS E 0 T ERBEE & 23 S A
b3 %, (2) B~ MR BRIEEZ 5Ty) OENSERMFIZE O TH RS
PEEEAL UTRRE (FR) & LTIREE S . (3) THEB~ v MK DIE S SR
WCELIRBER E N BT Z T 2, (4) T~ MR OE R ICB N T
Si A% 6 EfzodkigE (FH) & U CIREE S, MENEd 2 ENERIZE VX
TEE DO RIR IR EEINOREE R DR T L W o e ED R R b Z 5, L7
ST, HERNER D~ 7~ (KA BB AV N O%8h %25 2 5 ETid, (1) 25 (4)
DY 7 & B WMODDFEIRIZTT TEET HMNERND D, BUEOHEKIZHE T, =
7 INMFEET D AR D & 5 kA~ RVINERIC W O RS LT b
Bl 21X, v 7~ LRGSO OB EVIENE Z 572012, Efi~r ML EEBED
BARAMTICE O~ 7~ BFET D RS HRE S TWb, £72, T~y v
EAMEDBEFAHTIC 1T, HEER OB E RSB S TR Y . ZTDRKD—
DELTANMOFENRET LN TWD, —F, mEOHEKICBELTH, (1) B
FO(8) A7 b 2 BIOMEEE( (FisR) 2BET L2 L1, v~/ ~F
=X DX AT I AR IORE L (k) OBRICKE REEEY 5 2 5 AlhE
PER D Do AWML T, FERS TRERL S VT 7 A BREE AV b OBRHOYEE (%
JE - REE) ICHERZY TR, A b EEROMO Fe DAL & W o 7o b2 rtE
B HoO IR SN DRI DS v~ I~ DHA T I 7 R EPEftT
LEBERERETHDL, ZNDBE, 7 ABE AL FOEEZL (FHis) & &
HBIZRELSBALT D REEMDN S 5, ~ 7 ~ICBT 2 EBRIFIEIE, RS N7ET)
IREMR ORI TOHRARETH 2 DONBIRTH O | 51 O FEBRIIN OB I &

UREMEEOREIL, (1) 206 (4) ORZITHEV, TN DR 2 B -CHEIE I D
EWHER LTEITINANETHA D,
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AR
WFFED F N2 2 72 > T HFRUR PR P BB 2RO ER Ot ST R IR TR 5E

BRIZOT > TTERTRE L AEEEmE L CTHW, JAERFR P
R ORI, FRICHIEICE L THINM 258 L 2 < 0BE %
L CIEW,

B ROV T, E - APEHF e O 1 i T &R SRR I X
[EHTHIEIZDWT, & 6oL X — I E S O ) B SR A S0 T O B
LA & ZZEEW T AT L — E AR SO R —BIRIZ, ZhEinE
HERIC A o7, Fio, HREMLDMET —Z OFREDORME VICBE LT, A
SRR Z B PR O BIRFI P e A IS BEEIC 72 o 7o, LR SURAE CIE
FORKRFPRFBEE R TR OS2 Je A HALRF R PRI A R R DR
MRS, B R HUBNIIET O BB & KL T eI B HERIC 22 o 7,

E LRIV TR UIFEE CTh o 7o B A RIS, EBRE oM%< o%m
TIWHHTEN -, XA VYEY RT U ENLEBAD Ar H ADOFEEBE O S LT
ZiE, NI RIS S I TE 2,

VI EDRERICEH OB ZRT D, £72, 4 HETOEEZ AR T IEFKIE,
FRZHPBIC, IR < 2,
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