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The relationship between creep and grain growth rates in
forsterite+periclase polycrystals

Atsuro Okamoto', Takehiko Hiraga'
! Earthquake Research Institute, University of Tokyo (aokamoto@eri.u-tokyo.ac.jp)

Absence of seismic anisotropy in the earth’s lower mantle suggests deformation by diffusion
creep mechanism (Karato et al., 1995). The mantle is considered to consist mainly of
perovskite and ferropericlase, thus, it is required to understand a mechanism of diffusion
creep of a two-phase material. The diffusion creep is significantly sensitive to grain size such
that the flow in the lower mantle is likely to be controlled by grain growth (Solomatov, 1996).
Both creep and grain growth require diffusion of atoms with a long-distance, which is almost
the size of grains. Thus, it is likely that rate-controlling processes for creep and grain growth
are identical. To examine this prediction, we conducted creep and grain growth experiments
on an analogue material of the lower mantle, which consists of similar elements of the lower
mantle minerals, at high-temperature and atmospheric pressure.

We synthesized highly-dense forsterite + periclase (10vol%) polycrystals from a mixture of
fine powders of Mg(OH)z and SiO2 (Koizumi et al., 2010). Grain sizes of forsterite and
periclase are 0.3 and 0.2 u m, respectively. We performed uni-axial compressional creep
experiments on these materials at atmospheric pressure. Prior to the deformation, the sample
was annealed at 1420°C for 12h to avoid grain growth during the experiment. We changed
loads ranging from 60 to 200 MPa under constant temperatures of 1180°C~1400°C during the
experiments. At each stress level, we measured a strain rate where we could assume
steady-state creep. We also performed grain growth experiments at different temperatures
ranging from 1280°C to 1400°C for 500h using temperature gradient formed outside the
central heat zone in the furnace. We observed microstructures of the aggregates after the
experiments using scanning electron microscope (SEM).

Based on creep data, we obtained a relationship of ¢ o o"(n=1.3~1.6). We observed
monotonic increment of grain sizes of both forsterite and periclase grains with increasing
temperature. We calculated grain boundary diffusivities from rates of creep and grain growth
using theoretical models for grain growth and for diffusion creep (Coble creep), finding both
diffusivities are essentially identical. The diffusivities are compared with previously
measured grain boundary diffusivity of Si4+ (Fei et al., 2016) and MgO (Gardes & Heinrich,
2011) finding our values are comparable to the diffusivity of Si4*. We will discuss the flow

mechanism of the lower mantle based on these results.
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Electrical resistivity of the Earth and planetary cores

Hitoshi GOMI' « Takashi Yoshino!

"Institute for Planetary Materials Okayama University

(hitoshi. gomi@okayama—u. ac. jp)

& @ DEYREFE L, Wiedemann-Franz DOVERI(k = LT/ p, kBMmEE, Lo—L
VB, o i EAIRDIER) 2@ U CESKEIEN OB L HEE T X 5 (Anderson,
1998; Poirier, 2000), HIEROBZDOEMREIEIT, WREOFERCHIIOR: « ~ > hVE
F(CMB) 72 F O OB 2T 25 ETEER/NT A —XTH 5 (e.g. Labrosse
2015), L L7236, BOBVREEOHEEMIZIIRERIES D& H % (Gomi and
Hirose, 2015), ¥FICIEHED X A YL K7 v ENLBLZHWTZHZETIX, EOEUR
HENEWETH O (0hta et al., 2016) , KV &35 1 D (Konopkova et al., 2016)
O TN E S TnWd, 2o OEORERE LT, L—F—mzEi%
W2 Z LI K DIREE OIFRHIAY - 25972 288 53 K & W3 (Dobson, 2016) . #ZIZAFA1ET
LT EPNBIIEIUCKRE S EET HITH 0D L THMERITH L TOH LR
IO TWRNT & (Gomi et al., 2016) 72 EX3ZFIF Hi b,

AW TIE, ~ T T v VR Z AV @i m £ FERR & KKR-CPATEIC X 55—
JREREH R DM A G DEN D, HERRCEEDOEOEBESIRTIEOHKN 21T o, ABllL, Z
U OEPARUICE L TRET 5,
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NRAuTA4 FOSHAREERICESS TH~Y PV T T O
BENDRES
SR AR
U RE (imamura.m.063@s.kyushu-u.ac.jp)
LU R

T~ MUIZBIT DIEAIATY AT 7T OFMERZHET 5 L CREERRITESRE
RINTA—=ZThHD, AT MITH~ Y MV T bridgmanite (Brg).
ferropericlase (Fp). Ca-perovskite (Capv). majoritic garnet (Mjgt)? 4 FH THEK S5 (e.g.,
Irifune 1994), $FIZ FEl~ 2 VAT T TR A b A R AAEREIZ X - CT— kL
LEINDHD T, ZDBRDORFEELITRINE I A T 4 7 AT RELELASND, Kk
BHAXRT 4 7 A% d"-do"=kt (d: FEE0RIEs, do: MIPRIAE, n: KIpRAEE. ke HEE
B, ot ) ERSND, ZHRTIIHE AHOR RN 58 L7238 AR I8 5
YU(Zener pinning), % ORIELE L5 —FHKL 7D Ostwald ripening {2 & » THE#H S5,
DL X HEABRLA & B AR ORAT dYdy=B/fu” (B & z: Zener parameter, fii: 55
OB ERSND, RTINS 2T 4 M2 W2 FE~ > MG T ok
R ERZITV, ZHBREDO A XT 4 7 2% b LI THi~ v MVR T 7 Ok
bz tat LTz,

FBRITIINRFEI L OEE RS GRC RE DN A~ LF T e i&EZ AT
1107z FEBRGAFITIET) 25-27 GPa, 1E 1600-1950°C T 6-3000 43 fRFE L7-, [HINER
BEOMRRLAR OB (LB HTIZIT FE-SEM % V7=, 25 GPa O 4 FHFEIE)IZE
T D EFRDIRFELLNT farg ~0.7. frp ~0.15, figjg ~0.13, feapy ~0.02 TH > 7=, AT D
A 72 T OIT FRLIRAEAE T o 5 BIGUB ORI 2 W TR R 1 A R T 1 7
ABEPTE LT, B8 ARI - CTh D Fp & Mjgt ITHEIZ /3 # L Brg ORLFUHFEL TE
0. TIEOREEITZENEI dpre/drp~1.7. dpre/dmjer~12 & —EToH o7, THHD
Z &5 Zener pinning & 5 BRI - Ostwald ripening (2 £ 2R E S & 72 LR
XD, iR n=4 ChiJEEER, e.g., Ardell 1972) & L 7-FF Brg O LT
ZVE—X Fp & Mjgt O M7 fE% & 5 2 Lvh, Brg OREIL Fp & Mjgt DO
HZerkvsnTnb Emlangd, B HEXB LRV EE fipmg ~0.3,
di=pre/dii=ppimjgt ~1.5 TH V. T H DEAFRIL olivine-enstatite 2 #HRIZI 1T L FeATHISE
(Tasaka and Hiraga, 2013) CRLWZ SN 7ZHER LA TH D, —J7 27 GPa (3 FHFHIK)
(21T 2 EBRTITAE SR 4 HFEIR L 0 0 RE < R oTe, THUTEH ZAHOIRE
A LT 2 ERFRTEEEZ BIND, BHDIHEERTIE, DO R 2 HEITHES
L7 T~ > MV R T 7 ORBEIZOWTHE T D,
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v VFT UVENVEBRERHWEAEXNEENIDOENZREOHIE
PEIEHE | - Mmoo A - AR R E] 2 P B 2 - A !

VAR KE RV S A X 2 ABFJEE 2 ¥ — (yunishi@sci.ehime-u.acjp)
2 R RN G v 4 —

BEXHEmIREEERICB T 2IREREEE LTRBIAS HWLILTWDN, JE
N K> TEEN-IREOBMRIZEN L., £OEACOMERITEEXF O Z & 1c4<
BRLTENMBNTND, 0D, BFROERNI L, £DESREZRET
HZENRELE INTWD, L, EBRIZRREED & EVE X O 1 R Offxt fE o
BRMEIX 40 4FLL BIZD720 4 GPa LA FDJENCZ E EF - TE T, Fhxidhal, EVEX
ENDOIEN N FEERET DD 0H LWEBRTEZB% L7- (Nishihara et al.,
2016), ZOFETIINHM~VFT o ENVEEZ WD Z EIC XV IERDET) %8
2 5 @ T CREEZITO, RIRHICESE X a2 WD Z L1 L v BvE#R Eo
JE B D E EWIHE &2 FZBL Lc, AR TR, ZOFIEIZHESWTK B 1 A L-
TV A V) E D R(W3Re-W25Re)EVE xf D JE J1h B & HlE LT,

13 18 mm D (Mg,Co)O J\HERJENBARIZHER 7 Z 7 7 A N IR % FaA Fr
EE LR ZIT o 7o, EXR TH 2 BB A REYRD M &l & AT L., KE
IO AT MgO %, SORHMAICrE ALOs & JEPHICELE T 5 Z 12 & » TIHESF2
EEEIRE ORI L, 2O AFORESAMIT, EEOBE ZEE Lz T3
BRIZ K » CHRE L7z, KBS E FEERIL SPring-8, BL04B1 % & > SPEED-1500 % & %
AWTITo 72, B EOFALE IS T X RRET 2 — U 2B L, 5 D& 71K

HERREF R EZHWCTEAZEH L, KATIENI O, DRTIE W OIRREH TR
(Campbell et al., 2009; Litasov et al., 2013) % F\ 7z, X BRIETHIE O il E 1 1 544
X, K& T3 7 GPa, 600°C, D % TiI#) 16 GPa, 900°C TH 5,

55 7= AR B ) & IR T J1%¢ 5 % Nishihara et al. (2016) 552 X 0 fifght L
K-4x )@ D Seebeck 1R DT TN EASp 3R OT=, 7 1 A T IV AILDASp 1T XL 0 AKE
T? Getting and Kennedy (1970)D#EFR & K< —&H L7z, BN TRERE EICEE
T 5 & D REGERHCIE ADTIREOEORE NS D ZET 16 GPa, 900°C (235 T
—27°C Th b, NEIMNFET D & JEEZEIL 23 GPa, 1500°C TiX-70°C IZbET 5 2
DTz, D REE &2 W EERIZ X D IRE S vz MgSi0s DR A R A E R L
FHBES X, ZDIREZEEZZE L THIET 5 & 0.5-0.7 GPa = EMHNIZEEN L. Z 4L 660
km AEFGEE ORI 2N 12-16 km < 725 Z LTkt s T 5,
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L—V —ERIEM TSR T DMMES A RIELLEY O R

PEJIE N - sy diE V2 - BEARFISE ® « /ERE K+ ° + ALBERTAZZI Bruno * +
BENUZZI-MOUNAIX Alessandra * * BOLIS Riccado * * GUARUAGLINI Marco * * KOEING
Michel !« B PHEZZ0F 2 « RAVASIO Alessandra’ * JFNPE—° « MEHKE® « Gl E T4 120

" KPx K% (tnishikawa@ef. eie. eng. osaka—u. ac. jp)
PRBRRFNR o F—
NN
tra— iR T I =—0
" KRS L —H —f

HATIRE O FEREME T 57 A BE/LEY O EIE TSk % @l fEza)
%, HEKZRRE O~ 7~ F — 3 v o OfbF R, T7hbb~r ML Lo
FRGRREC, KGR RED A — =T — 2 OWNEEE R E 2 iR T 5 9 2 TR
THETHD, FTH, FlI~vIRxvvrrzaerABEtam chbiro X452
A & (MgSi0y) 1ETHi~ > MO FEEMIY TH DL T AHA FDOERD TH
D, TABEOL O —HOOEEMAKE F 25, HERFLORAEKESRLA—/ =7 —2D
TERIZB W T, BECPaZBR DENTR->TVWD EEZ LN TR, HEROEH
FEBRTRET L LIIRETHY . 2O X9 REmWENEEE BET 5720 D Fik
=Y —FHEEREMICROND, KUFETIE, 7 T /52D VITEWE I ER A
L— P —HEEREIC L > TEI L, oW Z U 70 A LR fif L CEEE
BT T, BEETFIBITAIZ U AX XA FORELZTHR, SIEEEFTO
Pt DB, FBEL TWARIGT B R a2 LT,

AREBRIIKRARF: L — P =2 3L F = 5Et o Z — OO XIT 5 HIPER L —H —
AFA L7, b=V =R « ARy M 527nm -+ 1nm, FEEJETZIZHENE 2. 5ns
DI TH %,

ZHANCIE VISAR (Velocity Interferometer System for Any Reflector) Z W
THEEEPOHE (U) EXHE (B @, SOP (Streaked Optical Pyrometer) % HUNT
H IR DHEE S5 @ kS R B BRIEME T OWRE () OREEIT -7,

300 GPa KV EWENBUZ SOV TR E 2T — X 2155 Z LIS LTz,
FEATHFZE THAE SN TW D RIESI T O 7 — & & Db, 36 L ONE £ FEHR TH
HEINTWDTARICEDIEEDOT —& & OHEGZITV . REZEAL O E & 723
EITHOTETH D, UK VELND Z ERMIFINLFEMAR 2 T =45 LU
W7 —213, 7 A BEOR—ERE M RE 2B+ 5 L TR RTH D,
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—~ v MVEEROBRERAEEITEE T 5 Ak 28 A DR
p.N=E[ -
VHOR TEERY: R HIERERE RS R (k-ohta@geo.titech.ac.jp)

M~ v MBS % B < EHERNE O Bt B O BRI 1T L~ b v
RS 2 E OBIMEIZ BT D FIRER S L E T H D, Sy OBFIE S L— 7 Tld i
JEEBRAZ FiEL LT, el T 28688 LOTE~ v M2 T 28 O EV:
HRHEEZIT > TW0D, SFEEOHIEMR & L TU T OREEEZ/INTT 5,

1) EED LS T 2 Mgk BYrE =R

AT IFHIERNER Tl b iR OFEITH ¥ | £ Z 23 £ B TR S 0 4=
fk - MERFONEL DR & BHRICBR L TV D, Bx Ty —F =y 1 vE
R7 2 e L & I CHIBR O TR SIRHIHR & i/t /) 212 GPa, ficrif & 4500K £ C
DEMETREZAT > To, £ ORER, MO B XIIROIRERAFEN RSB
T R 2 WM BR 2 Ml L, Mg O BEXIRFIRO LA IHl S 2k R & LT,
Bk DBYEE SR T~ o h LT 226 Wim/K & BVME A =3 2 & 2 5 L
(Ohta et al., 2016 Nature) ., Z OfEFIT a7 NEHOBGGRENIEFICE < . #FIHHIER I
BV TIMZIIESRHR D 7 THES AR L T2 2 &0, L OAFERRDS 10 @A T T
HoTo L ERET D,

2) TEb~ v MRS O BB R

a7 OEGRIIE—~ » MBI EBIT 5 BVREIZ L > Ty LAk &
%o B~ MVEBESUTAAAET DB E O Gl L~ o MV E OBYRERITH
I TWDeH, T~ MAERIE OB EROIEITIFFICHETH S &
R 5o WMAIT T~ MOFEHBIN TH D LB 2 HiH(Mg,Fe)(ALSi)O; 7V
v v A R RO MgFe)O 7 =X 7 L— ZADOEMRERRE % @R T TiTHo
7o k%G E 720 R TITOI I BATHIIE Tld, MgO OBVRE R MgSios 7'V v ¥~
TA FOZENLY S IHTELS ®mWZ & 2375 Tz (Ohta et al., 2012 EPSL; Dalton et
al., 2013 Sci. Rep.) . L2 L. ARHFFEIZ L > T MgO-FeO & DEURE R IZIEH (ZHR
BEERNRDR DD Z LoD B2 FZHRTIET Y v O~ T A FOTTRLWEYRE
KELTIRA®EES Z 2B L7- (Ohtaetal, 2017 EPSL; Okuda et al., under

review) .
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a—H%A FOBEESEEBER

BRI - VHSGE - ARRGAIE - SUEREE T O - SRORIEIR Y - AL

V35 % K% GRC  (shunta—d@sci. ehime—u. ac. jp)
? HURURS 1SSP
* HURUR S GCRC
PR R PR R R R
°KEK WA &R A 28

REEHEE FE~ o b L & Hele U C Si0, PP TT R/ ICE A TRER~DER B X
HERPNES T ORI R & et B2 G A D RN H 5, 2 —F A MIRS
90~270 km OIRFEE N CLER Si0 M TH Y . T ORI F TIRAIAATEKE
MR OER % 2 LT 5 &L FHRENTWS, LL, a—3F A FORMERIZET
fFZE1E Renner et al. (2001) 12 X A E 120 km K D AAKWE S FEIROAFFEIZIR 51T
Wb, Elma—H A ~OETAEEEIZBE T 5 LT Tl (Renner et al. 2001, Idrissi
et al. 2008, Zhang et al. 2013), TR T XY RAIZHL T LIEZAEIELN
TV, KifFeClida—% 1 Mokt LT MEO SRS LA EREZIT T2, —D
FNIMEN AR E 2 BRI & LT & O8I — il Mg 25k . 5 HITE B & 2T
M52t HE LEEFRIERTH D,

D-DIA A& A2 E (D-CAP, MAXIID) % FH V72 & DI85 — il EAE 25k 4 i — ¢
IV —NEERAFSUHERE D PF-AR, NETA TIT o7z, HIFSEUEE K ONBIGRE D & 7K &l E
EALRRBLET T — U B WSRO A AL E & A E IR 2 T e T
TUTHo Tz, HBEWEILT v 7 L i Ri>a—H A R &R Th b, —07
mm D LR (Mg, Co) 0 JENBARZ I R &10E 5 mm @ WC & BN O 7 > BV THAE L
7o RIE T CREMBEX 72 E L, IS/ 2T BRON T 6 —E O Al B D — i
AT 21T\, 50 keV OHLEA X A2 AW TRE OO T R LB EZTOLBIE L, &
TESAEIZIRE 800~1100°C, JE /1 3~4 GPa, T HHE 6. 7X10°~1. 1X10* s ' TH
%, F7-. [\ U HIERE M OVERE K20 D-DIA & [E 25 44 MADONNA % FH VN TR
1000~1200°C, J£7] 3~6 GPa, ONTAHE 2. 1 X107°~4.2X 107 s DL TER
[EIN R 21T > 7o, OFT AT 72133k E I E L-a&Er bR/ L,
F 7= [RGB ORI T O 5 175 2 FE-SEM % V7= EBSD 29471 & 0 @ Lkl o
BPREL A 2 R E LT,

Z DB LM FERICB W T, BF 7 V=7 DER SN FETERIC %
KT, FERNOEMERZE T 5 & 800°C TIT - 722 2 B\ 7-4 T T Renner et
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al. (2001) & K< —FH L7z, WERICHEBRAIERGREAE T > b2 &, ISHFEE n
1% 1.72+0. 38, {EMA b o L B —H1% 99. 5+27. Tk]/mol &3KFE -7=, —7J7. Renner
et al. (2001) Ti n=2.940.5, H=261+45 kJ/mol T DN, ZDR—EKITAHSE
& Renner et al. (2001) MG DISIENRKE 2R EZZ2FFOZ LK D A[EHNH 5,
AN S ER CTIRIEE 1000°C, £/ 3.7 GPa T—HlEMGTE L EAWMER 21772, —
il A SRR U AR T 12 <010>, JEMEHIEEEL T MI2<100>, 00> AEEHF LTz, *
T2 AU S TR 28R Tl AW EBR 7 16112<010> . B AW T AN <1000 " e LT, &
DOFERIT a2 —H 1 F23{010}<100>T VY DERfr 7 V—FTER L2 L 2 L., [6
DS THEAMETLER A2 1T > 7= Zhang et al. (2013) LA TH %,

Ichikawa et al. (2013) 1% Renner et al. (2001) OFEENRI/NT XA — & Z N T-4KL
B2l —a A2k v, w22 k' OKRFEHFEATES 270 kn £ TER SIS &
W Lo, AFZEOREANE nHAMEW 2D, KR TEk a2 107 s' LT
F Tl Renner et al. (2001) & b U CTRREME L 72 0 | REEHIZROEMREIZ L Y
DI AL OND Z ENRTFHEIND,
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Y2 8FEEDHA T I 7 AUDEROBE
G !
VIR - BREYEFSERT (tyoshino@misasa. okayama—u. ac. jp)

X AFI T AT, v MAVETE, B-~> MBERICBT A2 vARrY— - 8W)
B iE & W\ o 7o E OB ENC BT 2 SR EFERIC K A AT o TV
%o Wk 2 8 HFEFEIZIE, YT BE L 72 P98 B 2 ARDFw LAY Nature 35IC/AF ST,
KHEBIEL DAC # W TEROBXRUEE 2 ®iREE T THIEL., 1Eko#HE LY &
WERIREEEZAT L2 0 ONBEOFEERIINR D ENAREERH D &) EE,
R AT, 853 REE D-DIA 7L AZHWT FiE~y ML F T, Sk
NTFOTV v T~<FA NOREERINELR 2 91D TEBRMICIRE L, N~ ML o
By — il E 525 2 LI Lc, REEIZLL O EEAHEEL TH0 |, T
LRAE R D IVIRD TV D,

1. BEa% D111 REFRIEEORE - DI AT A K71 v 7 O PF ~DEA

SR T~ MARIFICBIT 2 ERFEREZAT 5 72912, DI WAL RT7my s
% O YR % O i = R LV X —HF 92T D PF-AR @ B — AT A > NETA (ZEERR @ DIA
FLZMAX-IZ3 HICEA L, ZHICHESS, BRCRIZ A 7O 7L 2528 A LT
V% University College London @ Dobson % DM IE=E L L, BATEDOH A K7
2y DT YA L OUGE, EREMOBESGEBHIE L TR ERZIT 72, Kl
B ENTNRA U HVABHET ENERANS Z L2k, T~ > MASEICEBT
L EEETE IR LT,

2. K-~ MURERICBIT 2 WERBE ORF5E

-~ v FAVBER 2RSS EEREALNICHELT 5 2 L2k 0| B~ hUBESR
(2B T DAL F e BRI T AR A HEE L T D, 8kG@% T~ ML E
B CTHHET) v~ F A FEe T2 7 L— A TR, SRS E5 2
X0 FRERN K OTEREFIAR LR EMEIZ X 0 8EEDRBENE X 2 02 K-
<~V MERMETCHLT ) v~ TF A NP EETHD 25GPa THAE LTZ, Ok
RBERITT =2m R I L—RORRITRBZEL TWDLDICK L, 7V vy I~F A b
TIRZFESEEORBIIBE SN ehole, ZTOZ LIE, BB DERE~ YV b
VO EERIXIZIERE 2N ENHEERTE 5, S 61T, Bk ORI
BEEBRICIB W TS BB E OB X 70 WR Y | JEHEEBED S E R I 2 &0 b
B ZIZB N T &~ v MVIICEB T Db BER I HER L iz L A L
FH LWL O EER SIS,
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BIETICBIT 8- RREGEOAFEREE
T AR - S SRS - I BRI OE ST SO

" KBx K% (y-shimoyama@ess. sci. osaka—u. ac. jp)
BN TN
Ol LR
PRI R

HIERFU R DAMZ T 10 %I £ DI IEFE(H,C,0,S1,S 72 ) % & Tefk B Ak THERL &
TS & EH, Z DR E 2 T 2 72 O ITITBER DI 5 2 DR ITFED
R ERNICTT 2 2 ENUETH D, TF, S-RITRE RGO -5 Ak
HE T, ILROFEEIIIL U TEE-FHN (LT HZ DB 0o TnAh(T L &
I¥ Mao et al., 2012), % L T Fe-C RO [RIKHAIE X Fe;C @ EFH TH 5 FerC3 123V T
FARENTND, 2D X IZEESFMETORENRZL ATHLITWDD, KIKSMTFICE
(7% Fe-C RDFRIRFAIE AT LI TV R, AWFFE TITHEIR ST D Fe-C REE-H
MFEIRFE 21TV, KRR OB - WA~ 2 D9 R 2 i~ T,

EERAITIT 180ton F =2 —E v 7 T L EL T L A(SMAP-180, BL22XU R &) % >
TITo T2, 7 ENEEHTOR S(TEL)E 6 mm & L7, B X #R(35 keV) & ilk}
HIZEAL, AW X MREFR X ROBEEZA A F v o "—2HNTHIELE, =
DEET VR % XN OEATY #) @3N T Z LI 0B ol 7 e 7 7 1 1
ERTCWD, BonRT a7y A VET Lk s R= L DORXEHNTT 4 v T
4T T LI KRB OBEZRD o, BlHIEIL BL22XU E— AT A UITEH
mﬁvx%AéﬁtKEAL\WEEEME%ﬁ%VM%i:~ﬁ~N~§y7%)
R Uiz, WIE S B B B3 35-37 MHZz Tb 5, RE OBV IX M EE 2
?774%%ﬁt~&~%ﬁﬁbtoik\mm&hBN@%X%wkwh1f@é
LibDuREN~—I—E L THW A A= 77 L— b XD L7z X BREPT
A= INBIES-REZ RO T,

Fe-C % D% & -5 R [FIRFHI & % 1.1-3.3 GPa, 1650-1850 K O£ FJ-1E 5t CHlllE %
1T o702, BROIEEEACZ T 35E IRE B & RIS EITED LE oD EIL 1.2
m/sK TH o7z, % LT Fe-S ROFIEELIT/NE VY, Z OFE LR O IR FE R
BOTHRICK VR D Z LITERLTWD, F£7o, Fe-C ROFE-HIRDEAMR & Migko
fEira & % bhil U723, IRB ORI EEMCONThS LK RD 2 ERH LN E o
77
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HeeMEOHE~DES - IBEORE

SFIRSGR | e FIFAK ! - PG - BJIASE - ERF WA MESE - I
SRlRE AR - Yot - IR E] - BT Z °

PR R KB 2 228 (terasaki@ess. sci. osaka—u. ac. jp)
B 9PN Y NE S s o S N T T NE Sy N S = BT Se S S
PRAE R R B AR ZERE C EE DGR R o 2 —
O BRI T B T A

HIERRY 2 B oD HRLD B OAE R & 1G22 BRAE T~ 2 72 012 Bx T miREE FIZsIT %
BE SRR DOEE L HEEREEZIT->TWND, ABRTITIINE TIZHE L Fe-Ni-S
BADT R EBEICEZDENEBEEOHFIZONTHET D, FEBRIL SPring-8
BL22XU 3 L OBLO4Bl E— AT A L DO AF T L EALT L RAEZRWTIT, S
AEPiE, BRI XA X D RIE L, ZO8ER, 5517 Fe-Ni-S @ik D
ML IREOREITIFF /DS HEREHPA CERITIFF—ETho T, £EN
BN X0 TN 2 20832 OINRIZIE D L HRITNEL 0D 2 LM TE T2,
35N B RO EIURAFED O IRFEMMERZ RO, £ 20O FE LB EEIE, 51
LBl e L nW—8E R LT,

BIRDETHRAFMHED D IRFEHMERZ RS 256, —RUEICBIT2EE (BLUE
W) TEPREL D, L L BRI ETDMROBIKIZIS DT, HETT
DOBMEERT — 4 TE 2 b+ 0EFEIN TS EIXEVE, 2 TEEFIZBIT S
BRVEESGHIE 2 HRY & Uitk (GBS - ) JIEH O ZR B KEIEE OBRFE $ 175 TV
%o HETIT 12 AICHRE SN2 2 0oHERERESFIC OV T HIENT 5,
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BESERRICLZE-TIV A PPOBTRORE L
HERE LB R~ D IS H ~KR & BT~

BUFERT U o JURMEES | - %AROLE 2 « BUHRAE 3 - RSB L 4 - EEFHRYDE 4 - s !

VRO KSR ARG R T A L B (riizuka@eqchem.s.u-tokyo.ac.jp)
P HURL K WA S
> [ | LR 2 ) BT I S E T
Y BAJRF IR TR B FE A J-PARC & v & —

HIER DD ERS TH DI, Bk (S,S,0,C,HZRE) BEITIAATND
EEZOLNTEY, EPORITENEDOREFET 200 E VI BRMICH LT, ZE
TEL L DEBRIIZER 2 SNTE =, 209 bEEMO 1 > TH HKF L. X
7 EOWROERTFIETITRETE AW & BIE T CLMERICEHICE T AL T
JERFIZEEN BRI TLE D 2 &, REDFER EOHIKING, £ DR L E LA~ D[
REIZOW TR L oo T Zeino Tz,

WAER 2 D7 N—T 1%, KEORDEENE2 BEEBLE T 2 FREIPHEE WD Tk
ZRAWTER- U A FARROEIREETZOEBIEEITV, EiimE T TE KLY
DKL CTEIAKEBEEROEE DS LT, BB BAERT DT Y T VX
ALTEBRDZ LTI LT, £ORE, ®ET TIRED LR L EKIEY DMK
L & CTAKRDAFAETHUE, 1000K 2 D LR AR T CREROEKIZ &R FERNEIT AT Z
ENHLMZ 20Tz, ZDOZEDD, JFAAHER TIXMIRE N ERE L T < )3 B
T, KBITTTIZEAE BT IAAIEO TWZZ ERBEIND, LIz T, BIED
HIERZIZEZ END EZE X DNOABILEDOT TH, KRV HIERE LD FITHLEFRIZ N T
L DR TT IR T HEER T TREIRSRIZIA T IAAL TV E | ZORITEE —~ > ML B O#%
TCFE DIRTER~DVEFREDNL & 72 /REMEM R D TEWEA 5, MIEREZIZHLY A E 7%
TROMEICKTHEHOBEL LT, 2 E THEAx OERMTbN TE Mgk s 7
AW DOFRIZNT TlI/e < KB LT8R & r A BBIER CORITHE DR ZTH~DH Z &
MWHELEEZEZOND,

AWFFETlE, L—Y—INEKX L 1 v K7 L/ WLHDAC)Z W, L0 &
VMR EEE I T Ok — 7 A Bt — 2R e R R O miRmEER 21T > T, HFER
Bl Fe-Si0,-Mg(OD), (F721% MgO) DIREMmARIZ)T L CTHENEAREZZ X 5>, 10 GPa,
1500K LL EDOSRETF CORIGIEIEZ B> T\ D, ABERETITZNE TIIELNHSE
FEREEE 2 SOKEY & MOBRITIE DO FEUS OV Tifgim L7,
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Development of Brillouin and Raman spectroscopies
at high pressure and high temperature: Application to planetary interior

Tomoaki Kimura' * Kenichi Goto' * Motohiko Murakami'

' Department of Earth and Planetary Materials Science, Graduate School of Science,

Tohoku University (tomoaki.kimura.cl@tohoku.ac.jp)

Investigating the melting behaviors of planetary materials at high pressure is important to
understand the thermal evolution and structure in the planetary interior. Quantum molecular
dynamics (QMD) calculations predicted the melting temperature of H,O higher than 4000 K
at 100 GPa, suggesting the stability of the solid H,O in the deep interior of Neptune and
Uranus'. Numerical dynamo simulations suggested that the solid H,O in the planetary interior
forms the stably stratified region above 100 GPa and the geometry including the stable layer
produces the non-dipolar magnetic fields in the planets observed by astrophysical surveys’.
However, static high-pressure experiments using diamond anvil cells coupled with X-ray
diffraction or Raman spectroscopy show the melting temperatures significantly lower than
that of the calculations’. Such inconsistency of the melting curves is likely due to a technical
problem for the melting criteria used in the LHDAC experiments, which are unclear to detect
the melting since the criteria are based on the disappearance of the weak signals derived from
the solid. Indeed, a recent QMD calculation suggest that Raman spectroscopy cannot allow us
to distinguish between the solid and liquid H,O under the high pressure”.

We developed in situ Brillouin and Raman scattering measurement system coupled with the
CO; laser heated diamond anvil cell and demonstrated that the Brillouin spectroscopy is
effective and reliable to determine the melting temperatures of H,O under high pressure, by
observing the appearance of the clear peak derived from the sound velocity of the liquid.
Temperature was determined from the relationship between the intensities of the Stokes and
anti-Stokes lines in the Raman spectrum. The melting temperatures determined in this study

are in very good agreement with the well-constrained melting curve up to 12 GPa.

References

1. M. French et al., Phys. Rev. B 79, 054107 (2009).
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BEYMEIE O EB RN
BRI |+ B B P L A R SR - M e

PEAEKEERE (a—suzuki@m. tohoku. ac. jp, motohiko@m. tohoku. ac. jp)
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AR A FeERE (CROSS) HME TR 52& & — (k_funakoshi@cross. or. jp)
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HEPEEClIX, KN OWETER Z R T 272D ORET — 2 L 725 1)
7, HIERESE OYVELZ TR, o2 OEEZ < 2 L TERES T oYL ARE
PICBE T 5 2 L2 HEELTWD, £7T. v MYWEOERFEERIZOWTIZ, & A
YE R7 U ELE/WDAC)E CO, L—F—INEEANBASE Z M AG T, T~
NVEE & LT b EEE 72 MgO (periclase) -MgSiOj; (bridgmanite) 2 fi% 7y 5% O VAR B #%
Z 15 TRETETHLNZ LTe, AV MMEIZ DN T, KEK OB teE— AT A
¥ NESC & NETA 2B W T XA KD MIE Y AT L% H BIF, @iREES FT
DEERIEIET Uiz, A %RIIANFZETH S M S L7k o HIERESE A L M izoWn
THIEEIT Y, £, AL N OBEEMHTIC OV TIEL J-PARC MLF T & e+ [ElHr
KEREZATHI 2D T I 7 AMLELEZNLS BT, @ER AN LIO=9H0 3D L
B FZBRFEL B AL D 72 8 O EHR B ZE F KN BIE & 2 9 LT, 7 A BRIEY T A%
fii o 72 P AT SEBR 2 B AA U, SRAEEE D O E K7 A BRIERMA D B H & & B A
IR D TETH D,

FERMETTRMEERICB LTI, FRICKTE & RO HERET TOFERRE L 258 2 2
LML EDTND, L= — MY A ¥E T kL (LHDAC) & VT,
A BRI - T E R OEIREEERZED T D, KFICHEL TILBEEE LRI,
KB Lo 83 B G- 2 D 5 B0 1R K A RO B &2 D 5, HRICE L
T 7K Bridgmanite ~O XV AL B 2 F0 -~ AHIERIZ IS 5 ZEFHE D budget 2B T
Likima DL TETH D,

BRSSO MER R E R E I DWW TR, ALICE AT E KR KT Y v U~
T A NOBMHEREL AV FT BNV SRR AR L RS A YR R T eV R
M7z 60 T5EE TOEIR T TOEMER, MO He JEHAIZ LD DAC =il TOE
Ma B, S DICITEE T BT LD 25 RJE E Con: i BRI E SE5RIC L 0 B
LML TETWD, S HIT, HMERAIE &S DIFRZ FIRFICE D720,
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EMCCD #£#5 L OV 75em Rl 2 AT 2 0 e CCD Z HWe X A Y E L RT B
NV OEERBOREND DT~ VHELGEREZIT O VAT L&D EIF T
WD,

HIER TP DEE A AR T B EEA S OIS T, S8 SREDFITE Iz 5
PEFFMERIEZ BRSO E L, Wt (BB - Hl) JEHORFEKHIEFE 2% E Lz, 20
JFZ T, 1600°C E TORIENMEE FliE L, ShEealblomm 2842 L, BifEiT,
CCD % DOFHAIB#s OFHFE 2 Fhi L T\ 5,

DX, Z02FEMIZEICH T2 ER T AT AOBEIZER Y A TE T,
W HRTEBEVICED ER- TR, 2D EBRRENEEIND Z &34
RTE D,
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2 IVF AT NRN— )L TOKRDEHEHAE
SOETR AR KRR B Sn e T T Ly R

"R KRS (sakamaki@m. tohoku. ac. jp)
P R R ST R
S P ST T

BRI AL E T D N A2 BT % £, 5 T TOgOMMERIEIZHE LD
BT T —=FD1DOTH5D, FRIEESET R EOYMAEI TR BN T — & & Ei
WHE T X D720 FRCEEENE W, D728 X AREHT 2 5] U722 5 H17E 1% 300GPa
A DODAEEGE T CEBINTEY, BRI OREE LIFTWb, —FH, ®IET
TOFHRPTEIIRE S ENTWDLORBURTH 5,

WEDOEHR I A 2T 7 = 7 THE I TWAHN, Fald X #RIEHMEREL
(IXS: Inelastic X-ray Scattering) ZFIH L7 EFHBIELZED TW5E, L—F—I
BA A ATEL RT U ENELVERAEDE D Z & T, JE£7) 163GPa « EJE 3000K & T
DEET TERHBPIEICH L TWDD, FLENESMEICITRE D, £ 2 THA L IXS
IZRDBDOEHRAEZ VT AT NR=VGRE T TERT 52 &, £ L TREIITITZA
BT TORELZ B L TW5,

~ JLF A H3— L IXS EBRIT SPring-8 ¢ BLA3LXU 2\ T, F= b A
ZA0~50um DX A TEY KT U ENNEZRHWTHED =, s S OELRE 2% <7
DIT, B (¢ 16~20 um) [ZITEEE (BK)) OAZH AL THIEEIT -T2,

J£77 180 GPa £ TiX, BE—AT7 A v O#EFEEy N7 v 7 OFFTREIBRO Y
— VMR L, BHRAERET LI ENTE I, LLARRL, TN EOJESGMHET
FEA T RT U EVHRROE—7 EEHRY | GAEO B — 7 (L& O E DS KT 72
ST, T THATEY KT ENABALO FHRMANCZa Y A—X 28 AT 5 2 & Tl
PODOBEDAHLEZNETE DL LHICHAARATL, 20ty N7 v I3 RMICH =,
180GPa LL EDJES THREI LD DB — 7 2RI TE 5 &L 512720 (BIIEIXET] 2506Pa
FTORETTHEICKRIIL TS, £72, BONTEEE-BEOREREND ZDES
FTIEIAN—F IR TND Z 2R LT,

SRITWERS (EEAR) 2 A<, @ikEmE T CoOREZ BT, Mx T, ~
VUDLAHAry b EREBRBENAWEZAASTE RT U EALEALEFIHT S Z
T, ARy MTHEATHRN D XBE AN IS ERLTFTELTWD, @EEEHX
ATEY FOFIE BEREEE) 128k - $kEe0EH (HERHEE) 2ES30 TN 728,
WINZHEATEY ROBELOFEZBO TN HETH D,
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Internal consistency of pressure scales

5%

VB2 R HIERVEER 2 A T X 7 AR5t o # — (sakai@sci. ehime—u. ac. jp)

JENAr—Lid, RIEEBRICBWTERIENZRET DDAV WE
HDWEIZOWMEDOIREFERDOZ L2V, JENAF =B\ T, REEHEA
WNE-Z BDIEIMEOHIHEE L TOMNL LI &, 200N L7-ERICBW TR S
JETJ A —VE DO BT GEITIL, ENENDIET) A — Vinm I E 1 EO %
ASMWNREE L 725, FHIBRFEOELSMEICONTIE, 2 50N L7 EBCE 5§
K2 LR D BRI A & 72 D T2 O NERRE S (Internal consistent) Td HIRHE
FREAFELHEET L 2L IFHEETH D, ATE OMIMEE L TOfMENS L ST 5 —
DOOEEE LTIL, AT =7 U —kE T (SFUA) 1T K 2 Mg0 =) A & — /L2342
LENTWS (Tange et al., 2009), ZDJES A4 —/1 1% Pt, Au, NaCl(B2), Ne 72
EDENAr— Mzt T 5 1 IRIEJIEREE L THW LI, NEES M FF O E A 7
— VEEDESE S U7z (Dorfman et al. 2012), —J5C, SFUA THWOLN-FERT — X
DI EJED 200 GPa ThHh o722 &, ZDHD 2 IRIEDEER Y 200 GPa Fifk DS T
HolzZ b, HIEROPNEITH Y92 329-364 GPa (2 4 2 1TI1T00 K& A4
ZAE D To DICARREEMED T & W D AR B o T2,

ZOED, L—Y—EERENEERIC XL D 500 GPa £ TOERT —X &2 E D, HO,
e EAEIR E 2 W BRI - B 2012 L 0 g ISR BT & D Keane JREE FFE XA B L 7=,
MgO DFT LN 1 RJIET] A — )V INER ST 5 (Tange et al. in prep.; Sakai et
al. 2016) . ZDH L Mg0 A — L& FHE L LT, Mg0-Pt 3 LT Pt-NaCl @ 300 GPa
FCORBERINGHET —Z 06, 26 OWEIZE L THEEAMEDO & 5 IRETTEN
FEZRESL L7~ (Sakai et al. in prep.) , Z#a b LI, ZNEFTHEINLTWAS
TEk K OB 42 DARBE S R (Fe, FeyNi,(Sakai et al. 2014), Fey Ni, S, s(Sakai
et al. 2012), Fey, :Sigs Fegs oNiy Si; - (Asanuma et al. 2011) ) Z. R UCEHAY
—VZHESWTHRIETHZ & T, BEICHEX DMROMEZEMT HI LN TE
Do AFETIT, TN 6 DOIREHERD ) HHEE S 5 HIERO N ORIZ D
Titiam 3 Do
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—WEEEENDAT o TWDH 2 BT A MR HIEREE D F/CL H D~ D BRI
FNZONWTEITHRITT 5,

INETEELOMRICE > T7 v FOER T A E 7 ATRetE MK < |
BIGRIZ K> THIERERIE OB = R T A M7 F/CL EESTER S Mulz rTRE MR TRV 2
E DRI X LTV [Mungall and Brenan, 2003; Sharp and Draper, 2013; Kuwahara
et al., in revision], Z 9 L7=EBFERITEREL GTe a7 U tE O KE DR
AN BN T~ o FARFUAR KIS I SN 2 L 2R L T D, £ 2 TAMF
RCIFEIES%E D~ 7~ A — % VELERIZB N TIY & 7 A BRE AV & O/
DR % FEBRIIZIHAR D Z LI X W iERD#E = > R 4 72 F/CL LEORIKIC
ODNTELR5HEG25Z 2 HBE LTINS,

FERIIFIRERFBICREB SN~ VTF T o ENVERICL > Ty MVERE - T
~ v MVIEDSM T TITV, FEERZICEI U725 0B R Odi & o A Bt A v S o
17 0RO E BT AR KPR KIBFEAT RPN IR E S VTV D IRA T E &
#E  (NanoSIMS) &M\ Tiro72,

KERTHER L7 MgSi0, Majorite IZxf3 5 7 v & LB OEMEIXZNZ K
100ppm & #J 10ppm T7 v FEOEMEEITHEFR L I L TR—HrmW 2 EDRH LN E 2R
o7z, JeATHFZE Tl Majorite (2% LC OH 2349 1000ppm ¥ 1T % Z &£ NRIB SN TEY
[Katayama et al., 2003], A A NP KE 72 DITOITHEM~OEFEMETLFE D
B SABBRERNC 72 DEE D R ONT2, 29 LRI~/ ~A—v v Uk L
TV TR 7 vy R RN b~y MUCHELENS —F CHER ED A 4
PRORE RFEBMECRIIRB OB SN /EEEZ R LTS, 29 L7EERITR
TE R GIBTER R (I HUER NS 2> & DL 21T & » TEUE O HER RKIFLENTER S
7= 9 5FF /L [e. g., Shcheka and Keppler, 2012] & Fb#HIFHFIRI CTH S, F£7-.
AREFEDORBZIIIABEDORBICHOWTHHBEICR L TFETH D,

23



A01-3

ML A Y EY RT U EARAWE)IHEERICL 2EEEER
s

PN
o] [ K7 22 W E M SEPT (dy@misasa.okayama-u.ac.jp)

JNHB < VFT o enmt, FAVEL RT7T e E L BIC, BEMEREED
R TIRSFIH I TETWD, BRI, NI LT T o EE, RG22 O fife
PRISFIREZR 2 & & | WRBAEDOLZEMNE B - IRESAOYEMEICENL TS Z
ED D ZRREE A W EZBRORE IR E ICAE N 2 BB T D, Ll
TR AR, XA VEY K7 2 BT LT, BEITRD &V D R
METF LN, FETRKICHNONTE TWDEBEBEMEZ 2 BEB 7 v EVITHWE
FEBRTIEL, BIEEE 1L 30 GPa RSB E 7evo T2, F 7o, HalrBiFs S 7z @il B o
BT e EHWEEATH, TORAEIENIL, 50-60 GPa TH H[1], JEHMEE%
RELSPERT RPERES A VE RDB2BERBT VENVMICHWOLNTE TS, /31
H =DV A YE FEFIHT 52 21280, 113 GPa DFEAEIZRIIL T
WA2], ABFFETIR, TEf~ > MO TEO DEEMET 572012, £12ARA |
R T ANA NIRRT D720, FAERREE KO X 572 D LK &2 AT,

JE S5 R BRIL, SPring-8 @ BL04B1 T, KM ~7' L A SPEED-Mk.Il T{T> 72, —
W14 mm OT — /=1L L7TeBERE XA YE RT o EMZ I mm DY) R&E %27
VN, CrOs 23 =73z MgO DJENBEARZJERME LTz, HREUNEAD 7= 9DIZ TiB,+BN
ERBURE UTHWZ, 3UBHEH 52> U DA aUERE L7z ALO; % & Te(Mg,Fe)SiO; 7' U
vV NEBDRAMTH D, BITEIEEWEB]E LTHW, A7y M
B 2 G LT3 A a7 0 T4 FEHAn,

FERCEE LT, FEF 5-10 GPa B X2, 800-1100K £ CTiEL ML=, Zh
X, ISREREZ R E LTRY, 7a—7 7 OB E . AR EITHRO BT Bk
T 5, BEAIZ 1I3MN OWEE TIHET S Z N TE, 120 GPa DAL E MR LTz,
JE/E LTIEDEIZERE L2 L2 D, ZOMEBETOFIRIZIBVT, ~800 K DB
[ -Cld 120 GPa Z£RFF L CTU 7223, ~1700 K TiX 108 GPa F2E £ TIEMBME T L7z,
FERLELT.REBOTY v o~F A D RA RRE T ANA b ~DIREERE OB
FESRhoTe, 5%, KA MR T ANA b~OHIBEEBIZT 5 720121%, I
T OWIEME Z @O MBI LD E R T2 SHERD D,

[1] Kunimoto et al. (2016) High Press. Res. 36, 1-8. [2] Yamazaki et al. (2014) Phys.
Earth Planet. Inter. 228, 262-267. [3] Tsuchiya (2003) J. Geophys. Res. 108, 2462.
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Experimental investigation of the pyrite—-type
high-pressure form of FeOOH
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% 60 TREE TOREMEREL KB O S N XBENTREL o TEBY, 64D
KRR E B9 & 3T, BRICER LIZIBEE I T Co~ > MVE OF S5 %
EDTWD, AENE EFEFEIC K VBRI LB K OO0 A & AR
WAL, L= BT A YE T U EVEEE AW, L0 EWES Tl
2372 FeOOH D/3A T A NMUREIE~OHEER ZH®ET 5,

HER DB AT T KO —H8IE, 7L — FOLIART L EXREEm E L
THIERIRERIC B 72D S35, RFIZ FeOOH (ZILAA T HBEME N DR D 1D L 9
T T< . WEOHMERIZIW THFEICHERE L /2RI O FER D T D, &
VT OMFIETIL, HIEBRIEERIZIEAGA A T2 FeOOH 1E N~ > hVHES TR L, <
AUDSHIER SO 381T 2 HIER AR DK L R O BRI LT & BEL S 47 1], XY
(ZF & OFRGRFE & mEEBRORE B FeOOH 23 T~ > bV EROIREE 15412
BWTKFEEEGHDONA TA NMUEE~EST 52 L 2T B L TWAH[2], /31 7
A M FeOOH 134 72< &b 140 HRIEE CREICHIET D T E DRI N0,
FeOOH 3£ » ~ v MR E TKREEIET D AREMENB X D, BEIN LR
2 ODFI B KIGERTE T NG L HGET 2121E, BLIEM 7R 5K A0 R DHBER &
R 2 ERH Y | v~ VT T U ENVEBEIZ L D8~ MVERICE DS - SR
T COWBIEBRHEMORBENEHETH D,

[1] Hu, Q. et al., Nature 534, 241-245 (2016).

[2] Nishi et al. under review
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L FEE 7oA RS - BARRELR - BHEWIMERIE 2 B LI o 2 BB RS 2. B Ao AfSe
i &AALEAT T T D, ZIKEF? IXHEIZ, SD 7 v BV E AW~ LT T e L
& (KMA) (TR 2RAEFREES)  IREFIROILR, K ONNPD 7T ELVDH A ¥ E
FYVEW%EGWDA@%ﬁﬁm%_zw%ﬁmt&m%%%ﬁoko

SD @ KMA ~D i B U Tl BRI RIR 72 28 B~ o R Vi FERIZE % 5 120GPa
TR OF AT LTz, £, Tk~ MAPEIckHEd % 60-706Pa fEIRKIZ ISV T
%, ~ > MVHIRIZRHE 5 2000°C IO @ik O L ERIRENFIRRIC R 72, Zhvh
D A IV T MgSi0,-FeSi0, <> FeOOH %D, FEh~ o MR 31T 2 HHEIE D
FEEIRIE R ERM Tt b

NPD @ KMA DJGHIZEE L Cik, 9 90GPa DE S FAEZEER LT, ZHIESD T8
N TR LAV TRATREZRIET) (K 60GPa) Z L2702 EEl-> T, F£7o,
RIRREZR IR BN 5 72 D NPD X, SDAZHEARTEW X FuEEEE2/ LT, 7 L%l
L7 XA A= v ZREIHTER G ATRER 2 & R STz,

NPD @ DAC ~DJHIZEI L Cik, 2 B DAC & 7= 430GPa (JEJJ A — iz K-
TIX 630GPa) FREE DJE ) FEAED TR S AV, ETFNAREED A 83— & D IE[E)IT
NPD % U 7= [l DAC DBIFE AT S, 1306Pa fEIE THOELERMNFIREIC 2 - T

o*ﬁ?\k@mmm@m%%\WFTXﬁ%W%ﬁ«@m%&k_%féﬁﬁ
B bED B, RN HBD DOh 5,

HIBREE & A F X 7 A%ek v & —CTHMBICBRE S, 3EHEft ST d NPD
(%, RBFRNARRNE OREAERELE L TORMMGHEND DL L7 L, SATBARPED 7»
25T, FEIBRNOMOBEOIFRIZIE N THIEH I TWD, F7HINBFRIE T, 3k
FEEED B ILFRNAREE & LR TR RE Z BN T 52 TETH 57 &, FHEMFZED M
TOHER A 2 T L FAFIE 2 BRI T3 0O TV D
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iam g S L CHEREIEEL LTHWLND, Bz I3MKkO DH HEEHRLRFEE =
Y RI7A4 FPOEERETHZ LIZL Y, #EKOK TV T4 MITH S &V
IHEIMN IR INTNVD, — ., WEHHRDOEAKFECA N b A 7 — 3 T
W D/H HETRTHORME SN TR, 2], ~ > MVEICITE & 13872 5 FRAL
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HRICIE D K DIFER D T, KFBFES DR S DRI 2 B LM~ <, IREE %
DERGE/NT A =2 —DEAITIE U T, KRERNRD ED XS IZ5BL. FEE S DD
ZREBAICIHONCT 2 Z EITEERREETH D, L L2 DOEERIZE A% DA —
F—ThV, BEFEBRIZIVEIR SNBSS I EZNE 00T 28O L
SN, HEREERESIFIZB T D RITEA TV 2R WO RBRTH 5,
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NARDEMR B ERETHZ L Z A E LTS, 4V v OH #EEIHIE 3600 cm™
MIETHDLOIH L, VAL T A T 3300 e (3T, Voo A bTIEED
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HREIE 1.0Wt % Y DK Z & LIRS R TH D | SIMS IZ81T 5 53T DEED
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TN—H A FOETMZ =, Au B 7B VICHEME ZE AL, JIIFHE~ LFT7 v
VT VAT 125 ~ 13 GPa, 1300 ETREFFTHZLICED, AV B ETUXLT A b
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BELODH eERE LT,

REFRERIAY 1 BRI OB O SHFICB WX, AV BV, UXLT A FEbRIRESE
AKE., D/H IZHEN RS, PHICEL TWRWD EAURIR S iz, 5% I E
BT DR R SEUREOREEIT> T TETH D,

[1] Bell and Thinger (2000) Geochim. Cosmochim. Acta 64, 2109. [2] Hallis et al. (2015) Science 350, 795.
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182W/ 184W [RINZAAR L 0 v K BE [RINCAR LRI E D BRFE 21T > TV 5,
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BAFRD Aridus I N ARZEIC 7D & = 10ppm FREIZ 2 o 72, AT Ol IE1X
186W/184W=0. 92767 (Krelneytal 2004) DOfE% AV 7=, 0IB+ F /35 A | + MORB -
LIPs XA 06 W 2438 57291, 34 6M HC1+ HNO3 + HF THrf#Ef%, HNO3 35
JOV6MHC] Ty L, IMHF 38 X OV 0. IMHF C_EE AR A 0L $ % J7i% (Berton et al.,
2014) ZERM L7, IR A A 22 12 L 2 0BEA 1TV, HCL+HF OiREfE L A Y
A TFNA ML D Ta BILONb OBEZITV, A H DA 4 2 #akst i 55 B
AT o570, OFIEIRIZIE Mo DN E I TWDH A, W OREHEEIRIZ Mo Z¥RIN L, [FINLIR
EEEBEE LI 2 A, WIRED 10 fFFE £ Tlrd£5ppm [ZILE HHIFATHIETE 5
TEEMIR LT, 72720 Mo OREIZL > TE, EHEARTONR Y 7 7507 K3
ERDRF ol

AREHIANT A A2 FEEMORB, 7 7 U B X2 "T 4 b, A2 b Py UiEARE
ZRE LT, BRTITASETICHEoNZRAMELEOREREH®RET 5,

Ltk EREIONEEED SO, FFEEM~NSHT I TETH D,
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TRRFZERE 1L CMB J1= 012388V T 5000 FEFREE RSN FE 72 > CTU 5 (Heinz and Jeanloz
1987, Zerr and Boehler 1993), Z Ofk7eAR—EL, @l OHIEITHE A 7 YER W
HNTWNDLTEDITAEL TWDAEEMED & U | EROHIE F 5% S L 79805 &
HThD,

EHREEREIZ L= IS A Y KT B E AW, HEWE
IZIE~ LV TF T U ELBMZ LS THLMNEDERKR LT Al, Fe 287V vo~<FA
kA& U, EEAAIZIE NaCl, KBr 907 /L T2 Z V=, JREEHRTE D 7= O RS 43 6
Ex, JENREDTEDICEATEL RT L EAD T~ HEIE 1T 12, EinmE
T O X FREHTHIEIE SPring=8, BL10XU ([ZB W TiTo 7z, MEAL —H—DH T &
TELEETE F D4y e Z RISIRIEET 5 3 AT D2 J - IS L, H)—IRFERIMR o ihif
% LSRR TR RIS D Z LR TE T2,

BHNIHA—EERRIT. HOHATCBOTHE N (b 5 SN EETH L
AL, ZTORIIENE EBICERE -T2, Sk, EIGREIOHT. X BREIPTHR O
AERTEIR R EDOFIE L L BONDORAOENE L L, BTSRRI 2R —
BOFEKREZH ST HZ & T, FBEEOE VAL EEEZRF L TN Z L2 B
LTWa,
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TV~ TA MEFILOE L TE~ Y MVORRE O LA v o—HEix, T
B~ FVITI W TIE L 7o MR RO B S 7 ORGP S 2 B 5 L CHEETH
%o EIRY) O PREN RS S T AL EMBLY N F — U R LT 5 2 & &
HigE LT, 2000 4=LAREIEL D-DIA FUZE AL E  (Wang et al., 2003) RREHZRY w7
~— M AEE (RDA: Yamazaki and Karato, 2001) D 2 >OIEEMNEHFE I, &EF
TEBT 2D OEEFERICTHNONTE T, EREV AW TE T Griggs A
TEEEE DI AT TR 46Pa F2EE ToH 5 — 7T (Rybacki et al., 1998), #r4E Tl
D-DIA <° RDA D FEER [ REZ2JE /7 FBRIT 18GPa (T F THLIE S T& 7= (Miyagi et al.,
2013; Kawazoe et al., 2016), X H{ZlE. Girard & (2015)<° Tsujino & (2016) 23
Z I RDA Je ONKATD (Nishihara et al., 2008) ZHWAZ Lick->T, T~
MVOIREIENFUETIZBNTCT ) v Uo~F A FOERERICK Lz, 20X H 7%
RDA J}2 O KATD DHATHIFE I D —J5 T, % DGBILLFEHR TO D-DIA T, v MiER
J& TERDIREE S N IZHB T HERFEBRPBIF R CORA L 72> Tn b (Kawazoe
etal., 2016), ZHUE. X#REFHET D BN D 2 By H 7 o BV Ol ff B 58 HS R
T VBV EHEARTRIEIZERVY (0. 6MN) 72812, TILEEZ D i fa B C O TR )N
TZRNWZ ERRTF o5, FIZE, DINAOBHE Y v ELrEHWEHEaThH, <
O i nf AR O RIETIX FE~ > MV OIREEE NS T TOER EBRIFBUR I3k
LW, HEUBBICEEHO ET7 e EZEE S5 2 LR T DR, IREH
ENRERTZAND Z L THRETH D &V o iz Z B4 iE, D-DIA 2 W= &8
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TG F2ER P RE 7R T /)R DIRR 2 52 T2, £ ORE R, D-DIA % AW T=IE Tld 24GPa
DIV LT21E D>, @il T Tl 206Pa BREE DJE IR AT LTZ, 5% b D
DEAMBAFE kR T2 Z LIk V| T~ > MV OIREENSFMN TIZBIT 2L FER
IXATREIZ R 200D LIL7R LY,
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Origin of geochemical mantle components: Role of spreading ridges and

thermal evolution of mantle
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We explore the element redistribution at mid-ocean ridges (MOR) using a numerical model to
evaluate the role of decompression melting of the mantle in Earth’s geochemical cycle, with
focus on the formation of the depleted mantle component. Our model uses a trace element
mass balance based on an internally consistent thermodynamic-petrologic computation to
explain the composition of MOR basalt (MORB) and residual peridotite. Model results for
MORB-like basalts from 3.5 to 0 Ga indicate a high mantle potential temperature (7,) of
1650-1500°C during 3.5-1.5 Ga before decreasing gradually to ~1300°C today. The source
mantle composition changed from primitive (PM) to depleted as 7, decreased, but this source
mantle is variable with an early depleted reservoir (EDR) mantle periodically present. We
examine a two-stage Sr-Nd-Hf-Pb isotopic evolution of mantle residues from melting of PM
or EDR at MORs. At high-7, (3.5-1.5 Ga), the MOR process formed extremely depleted
DMM. This coincided with formation of the majority of the continental crust, the
sub-continental lithospheric mantle, and the enriched mantle components formed at
subduction zones and now found in OIB. During cooler mantle conditions (1.5-0 Ga), the
MOR process formed most of the modern ocean basin DMM. Changes in the mode of mantle
convection from vigorous deep mantle recharge before ~1.5 Ga to less vigorous afterwards is

suggested to explain the thermochemical mantle evolution.
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Progress report on light element partitioning and isotope fractionation
process in deep Earth
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The distribution of light element isotopes between silicates and metal during the early
Earth differentiation and accretion process have governed the present day elemental and
isotopic composition of the bulk silicate Earth. However, little is known till date about the
factors that control these processes in the deep Earth, especially in the core-mantle boundary.
Especially, the role of light elements in the melting phase relations of mantle rocks,
metal-silicate partitioning, and mass transfer between core and mantle are key in
understanding the processes going on in deep Earth. Stable isotopic composition is widely
and efficiently used tool to understand the mobility of light elements in the deep Earth
environments. Here we present a progress report on the experimental set up used for the light
element isotope studies at high-pressure and high-temperature conditions.

A review of the previous experimental studies in the Fe-C and Mg-Si-C-O systems
suggests that large carbon isotope fractionation occur between graphite/diamond and iron
carbide melt. The results indicate that the iron carbide melt will preferentially gather '>C than
BC, with strong temperature dependence. Fractionation is also observed between
graphite/diamond and carbonate melt at temperatures and pressures corresponding to upper
mantle conditions. The pressure dependence on carbon isotope fractionation is also being
tested at high-pressure conditions. In order to understand the fractionation process in detail, it
is essential to have accurate measurement of isotopic composition for the run products at
high-pressures. The difficulty arises from the smaller volume of samples, separation of phases
and confirmation of equilibration between the phases. Ongoing studies on micro-volume
isotope measurements using laser ablation and curie point pyrolyser gave encouraging results
with good accuracy. It is anticipated that the combined high-pressure and high-temperature
dependent fractionation of light element isotopes in the deep Earth is an effective mechanism
that can create a “lighter core” with large scale differences in the distribution of the isotopes
between the metallic core and bulk silicate Earth. Our findings also have implications on the

light element cycling at the core-mantle interface.
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Micro-volume stable isotope measurement system using IRMS MAT-253
for high pressure experiment run products
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Carbon, sulfur, oxygen and hydrogen are considered as potential light elements
candidates in the core. Based on geophysical consideration and high pressure experimental
results, the core composition and its evolution have been the focus of several previous studies.
However, recent studies have predicted that there is a possibility of isotope fractionation at
high temperature and high pressure conditions, especially in magma ocean environment and
core segregation (e.g. Satish-Kumar et al., 2011; Labidi et al., 2016). In order to understand
the light element isotope fractionation processes in the deep earth, it is necessary to measure
isotope composition accurately in micro to nano scales from high pressure experimental run
products.

At Niigata University, MAT-253 mass spectrometer (Thermo Fisher Science) was
installed by the MEXT Grant-in-Aid for Scientific Research on Innovative Areas. The carbon
and oxygen isotope is measured using CO, and sulfur isotope measurement carried out using
SF, gas. We have evaluated the precision of carbon and oxygen isotope using the normal
bellows sample reservoir. In the measurement using CO,, standard gas in normal bellow
showed a drift in both carbon and oxygen isotope. For six hours of continuous measurements
the drift observed was about -0.172 %o (8"*C) and -0.366 %o (8'*0). Therefore, we increased
the volume of standard gas and obtained a better precession for the same sample duration.
Internal carbon isotope standard sample of graphite (SP1 graphite powder), gave a precession
of 0.045 %o (n = 10). A new micro-volume inlet system was also installed and fundamental
parameters such as pressure effect and capillary flow effect were tested. Using the new
micro-volume, the minimum volume required for each analysis is 1 micro mole of CO, gas,
and the precession of carbon isotope is 0.1 %o (n = 3). It is necessary to improve the system
relating to the precession of micro-volume for the analysis of further smaller volume of

samples.
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The compositions of Earth’s core are important to understand the Earth’s deep interior.
Seismological observations provided density and sound velocity data of the Earth’s interior.
Comparing with experimental studies on density of Fe under the core conditions, the observed
Earth’s core densities are smaller than those of pure Fe. These results implied an existence of
light elements in the core and the species and amount of light elements have remained still
unknown. The layered structure of the Earth was thought to be made in the early stage, due to
magma ocean. During the core separation from the magma ocean, elements are assumed to be
partitioned between molten iron and silicates melts at the base of the magma ocean.
Therefore, clarification of partitioning behavior of the Earth materials at high pressure and
temperature is important for understanding characteristics of the Earth’s core.

In this study, partitioning experiments between silicate (garnet) melts and metallic liquids
(Fe-8wt%Sulfur) were conducted by using a diamond anvil cell combined with a fiber laser
heating system. The experimental conditions were in the pressure and temperature ranges
between 52 and 76 GPa and between 3140 and 5140 K. Recovered samples were cut and
polished by FIB for chemical observation by FE-SEM/EDS. The metal/silicate partitioning
coefficients (Ds;) and exchange partitioning coefficients (Kp) of silicon were determined.

The results demonstrated a strong oxygen fugacity dependence of Ds; to be negative and
a positive temperature dependency of Kpsi. In this study, Si was less partitioned in the metal
phase than previous studies of partitioning using Sulfur-free iron as a metal, suggesting less Si
in the metal phase which S is included in. The present result suggests that the existence of S
in the metal phase might affect the partitioning behavior of Si during the magma ocean.
Assuming the values of Si content in the core and oxygen fugacity from geochemical
constraints, 2.3~6.1wt% of S in the core can explain the partition between the core and mantle
at 4200 K. When the estimated temperature of the bottom of the magma ocean was lower, the

abundance of S would be smaller.
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Newly developed internal-resistive heated diamond-anvil cell with
boron-doped diamond: Toward deep lower-mantle petrology
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The development of the diamond-anvil cell (DAC) technique combined with laser
heating enabled easy access to the entire lower-mantle pressure and temperature regime at
laboratory. However, a number of major issues remain highly controversial, including the
location of the post-perovskite phase boundary, solid-liquid iron partitioning, Fe-Mg
partitioning among mantle minerals, and melting temperatures of mantle rocks. Although the
discrepancies between previous experimental studies on these issues have likely arisen from
multiple sources, they could more or less have originated from possible problems in the
laser-heated diamond-anvil cell (LHDAC) experiment; inherited temperature gradient in the
heated area and temperature fluctuation during heating.

In this study, we developed an internal-resistive heated diamond-anvil cell with a new
resistance heater—boron-doped diamond (BDD)—along with an optimized design of the cell
assembly, including a composite gasket. We find this heating technique to demonstrate clear
advantages over the conventional LHDAC technique, such as (1) ultrahigh temperature
generation (>3500 K), (2) long-term stability (>1 h at 2500 K), (3) uniform radial temperature
distribution (35 K at 2500 K across a 40-um area), (4) chemical inertness (no boron
diffusion into the silicate sample), and (5) weak X-ray diffraction intensity from the BDD
heater. This newly developed IHDAC with a BDD heater can determine the phase diagrams
of silicate/oxide materials with high precision and can be used in deep lower-mantle

petrology.
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Abstract

Geophysical and geochemical studies have proved that Earth’s core is mainly
composed of iron with light elements such as H, C, O, S, and Si. This is because the density
of the core is smaller than that of pure iron under the core conditions. The present day Earth’s
structure was considered to have formed during the differentiation of magma ocean in the
early stages of formation of Earth. During magma ocean, a metallic liquid sank to the bottom
of magma ocean by gravitation and reacted with a magma, then partitioning of elements
between silicate mantle and metal core occurred under high pressure and temperature
condition.

Since sulfur is depleted in the mantle compared to C1 chondrites (e.g., Murthy and
Hall, 1970) and sulfides are found in meteorites, sulfur is one of the most plausible candidates
in the Earth’s core. From this, the study on partitioning using Fe-S system provides us some
significant information about magma ocean and core formation. In addition, sulfur
distribution and isotope fractionation are affected by these parameters (T, P, foz etc.).
Therefore, research on sulfur distribution under high pressure and temperature condition leads
to understanding the process of the differentiation between core and mantle in early Earth.

In this study, partitioning experiments between silicate (basaltic composition) and
metal (Fe-14 wt%S alloy) were performed using a Kawai-type 3000 ton multi-anvil press at
Tohoku University. These were carried out at pressures ranging from 1 to 7 GPa and heated to
temperatures of 1400 °C to 1800 °C. Chemical compositions of the samples were analyzed
using SEM-EDS.

The experimental results show that correlations between distribution coefficients of
sulfur (Ds) and temperature changed at different pressures. Ds at 3 GPa decreased with
increasing temperature. Conversely those at 5 GPa increased with increasing temperature.

Correlations between Ds and pressure were also changed at different temperatures. Ds at
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1650 °C increased with increasing pressure, on the other hand, those at 1800 °C decreased
with increasing pressure. As a whole trend, it was observed that they had a negative relation
between distribution coefficient and temperature, and a positive relation between distribution
coefficient and pressure.

Using the average Ds in this study of 7636 and the total abundance of sulfur in
Earth of 6530 ppm reported by McDonough (2003), we estimated that the amount of sulfur in
Earth’s mantle was 82+7 ppm. This abundance is less than expected previously (e.g., Palme
and O’Neill, 2001; McDonough, 2003). However, it is actually expected to be higher content
of sulfur in Earth’s mantle because magma ocean experienced higher temperature condition
than this study, with higher lithophile nature. Oxygen fugacity is also an important parameter
when considering distribution because that value influences partitioning. Under reducing
condition, sulfur tends to be distributed to a silicate phase than in oxidizing conditions
(Rose-Weston et al., 2009). The AIW (oxygen fugacity to Iron-Wiistite buffer) of these
experiments were in the range of -1.16 and -1.44. Assuming more reductive condition like
AIW between -2.0 and -2.4 (Chabot et al., 2005; McDonough and Sun, 1995) in magma
ocean, the content of sulfur in Earth’s mantle might have increased and correspond to the

present day Earth.
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D", the lowermost layer of the Earth’s mantle, is the thermal boundary layer (TBL) of
mantle convection immediately above the Earth’s liquid outer core. As the origin of
upwelling of hot material and the destination of paleoslabs (downwelling cold slab
remnants), D" plays a major role in the Earth’s evolution. D” beneath Central America
and the Caribbean is of particular geodynamical interest, since the paleo- and present
Pacific plates have been subducting beneath the western margin of Pangaea since
~250 Ma, which implies that paleoslabs could have reached the lowermost mantle. We
conduct waveform inversion using a dataset of ~7,700 transverse component records
to infer the detailed three-dimensional (3-D) S-velocity structure in the lowermost 400
km of the mantle in the study region, so that we can investigate how cold paleoslabs
interact with the hot TBL above the core-mantle boundary (CMB). We can obtain
high-resolution images because the lowermost mantle here is densely sampled by
seismic waves due to the full deployment of the USArray broadband seismic stations
during 2004-2015. We find two distinct strong high-velocity anomalies, which we
interpret as paleoslabs, just above the CMB beneath Central America and Venezuela,
respectively, surrounded by low-velocity regions. Strong low-velocity anomalies
concentrated in the lowermost 100 km of the mantle suggest the existence of
chemically distinct denser material connected to low velocity anomalies in the lower
mantle inferred by previous studies, suggesting that plate tectonics on the Earth’s

surface might control the modality of convection in the lower mantle.
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The Bridgmanite Enriched Ancient Mantle Structures (BEAMS) hypothesis explores
the end-member scenario in which the Earth’s ancient lower mantle had an Mg/Si ratio
close to that for the sun, rather than the higher Mg/Si observed in upper mantle peridotites.
We explore the possibility that the lower mantle has retained relative Si enrichment through
time, and due to the higher relative viscosity of Si rich materials, would resist erosion into the
convecting mantle. Harzburgite is the olivine rich rock that makes up most of the cold
subducting oceanic lithosphere or slabs that enter the mantle in subduction zones and travel
through the mantle eventually reaching the core-mantle boundary, CMB. Harzburgite contains
around 20% ferropericlase, (Mg,Fe)O, which is two orders of magnitude less viscous than
bridgmanite. Thus, as more slab material descends into the lower mantle, it eventually forms
channels that allow subducted material to flow more freely. This material is then heated by
the core and its positive buoyancy leads to the formation of upwelling channels away

from subduction zones. Once this plan form is in place, it remains stable over geologic time.

The BEAMS model explains: 1) The observed change in the dominant tectonics from the
surface to the CMB. 2) The discrepancy between geochemical data that indicate the mantle is
not fully mixed with seismology and dynamics models which indicate vigorous, full mantle
convection. 3) The decreased seismic signal from slab material in the mid mantle. The
harzburgite is more sensitive to the iron spin transition and cold slabs have less of a velocity
contrast with the higher velocity bridgmanite. 4) The long-term stability of Large Low Shear
Velocity Provinces (LLSVP) over geologic time. It has been difficult to explain how this
seismically slow, hence soft material could control lower mantle dynamics. We suggest the

LLSVP are stable because the BEAMS ambient mantle is strong.
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The Thai Seismic Array (TSAR) observation is conducted under the project “Seismic
and geo-electromagnetic observation for core and mantle, A03-1”. Data from this project
will be used for the study of the earth structure ranging from the crust to the innermost core,
and especially will help to explore a new area in the deep earth structure such as the
core-mantle boundary or outer and inner cores. In addition, TSAR will also improve the
spatial resolution of regional seismic tomography for the crust and mantle beneath Thailand.
In 2015 fiscal year, we surveyed candidate locations for 40 broadband seismic stations that
cover all the parts of Thailand (Tanaka et al., 2016, JpGU). Two pilot stations (using
CMG-3T) have been installed and operated till present day (Noisagool et al., 2016, SSJ).
After several months, our pilot stations still work very well. They can survive from hot
weather in summer and heavy rain in a rainy season. In this fiscal year, we started the
deployment of 38 broadband stations (using 32 CMG-3T and 6 STS-2) in November 2016.
We divided the schedule into 4 trips between November 2016 and February 2017. Due to
heaviest flood in the last 50 years in the southern Thailand, we had to abandon nine candidate
sites in the southern peninsula of Thailand, and replace them with locations in the central and
northern Thailand instead. The deployment of all the stations has been completed in February
2017. We plan to collect data every 6 months during spring and winter. The first data
collection will be held in late April 2017 for all the stations.
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We report anomalous behavior of core phase PKPbc-df differential travel times
recorded by stations of the Alaska regional network and current USArray for several South
Sandwich Islands (SSI) earthquakes. The data sample the inner- and outer-core for the polar
paths, as well as the lowermost mantle beneath eastern Alaska. Our major observations are:
(1) the fractional travel time residuals of PKPbc-df (residual divided by PKPdf travel time in
the inner-core) increase rapidly from 147°to 149°(up to 0.01, corresponding to travel time of
~1s), and keep almost constant after 149°. (2) From southwest to northeast, there is a decrease
in fractional residual at distance larger than 150°. (3) A clear shift of PKPbc-df residuals
could be seen for two earthquakes between which the distance is about 3°. (4) Decrease of
PKPdf/PKPbc amplitude ratios around 149° is observed. Either a rapid velocity change in the
uppermost inner core or existence of a large lateral velocity variation at lowermost mantle,
which is seen in a recently tomography model (Young, Tkalci¢, Bodin, & Sambridge, 2013),
may explain the change in travel time. The preliminary analysis indicates that modeling for
discontinuities with different velocity jump in the upper inner-core does not seem to
reproduce the observed steep increase of fractional residuals and its shift, so it may suggest a
probable complexity at lowermost mantle. One possible interpretation is that PKPbc and
PKPdf sample different portions of the heterogeneity at larger distance, which results in the
sudden increase of the fractional residuals, and the boundary of the fast heterogeneity may
locate at ~141.5° at CMB from the earthquakes. The large residuals observed from the polar
path data for SSI events are usually explained by strong anisotropy in the uppermost
inner-core, which might have been misinterpreted if it’s affected by some structure at the
lowest mantle. Further work including waveform modeling is needed to resolve what causes

the anomalous behavior of our observation.
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Satoshi Kaneshima'
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We analyze deep and intermediate-depth earthquakes at the Tonga-Fiji region in order to
reveal the distribution of scattering objects in the mid-lower mantle. By array processing
waveform data recorded at regional seismograph stations in the US, Alaska, and Japan, we
investigate S-to-P scattering waves in P coda, which arise from kilometer-scale chemically
distinct objects in the mid-lower mantle beneath Tonga-Fiji.

We have found 23 mid-lower mantle scatterers that are located below 900 km depth.
Scatterers deeper than 1900 km have not been identified. The number of strong S-to-P
scattering observations decreases for the scatterers below 1600 km depth, i.e., the deeper
objects are mostly weak. Strong mid-lower mantle S-to-P scattering most frequently occurs at
the scatterers located within a depth range between 1400 km and 1600 km. Most of the
scatterers are located at north of 18° S. Very large signals associated with mid-mantle
scatterers are observed but only for a small portion of the entire earthquake-array pairs.
Event-to-event differences in the scattering intensity for each scatterer are very large.
Therefore the strong arrivals approximately represent ray theoretical S-to-P converted waves
at objects with a plane geometry. The plane portions of the strong scatterers usually dip
steeply, with the size exceeding 100 km. Locations of the strongest scattering objects in the
middle of the study area near 1500 km depth shift laterally by about 300 km depending on the
epicenter locations. Consequently the angles of rays incident on the scattering points remain

approximately the same for different lateral locations of the scatterers.
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Redetermination of the source parameters of deep earthquakes
and the effect on 3-D earth models obtained by waveform inversion.
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3 Academia Sinica, Taiwan

In our group’s previous 3-D waveform inversion studies, the source parameters were
fixed to the Global Centroid-Moment-Tensor (GCMT) Project solutions, which are
determined using not only body- but also surface- and mantle-waves, using data in a different
frequency range from that used in our waveform inversion studies. In this study we
redetermine the CMT solutions using only body wave data in the same frequency range as
used in our waveform inversion studies. We then use the new CMT solutions in new
inversions for the 3-D seismic velocity structure of the D” layer beneath central America. The
variance reduction for models inferred using our new CMT solutions is better than that for
models inferred using the GCMT solutions. Also, although this is somewhat subjective, the

new 3-D models (Box 5, below) appear to provide sharper images.
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electromagnetic observation of a local geomagnetic jerk
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Hisayoshi Shimizu' and Hisashi Utada'

! Earthquake Research Institute, University of Tokyo
(shimizu@eri.u-tokyo.ac.jp)

Sudden changes of geomagnetic secular variation (first time derivative of geomagnetic main
field) have been observed several times since the last century and the changes are called
geomagnetic jerks. Among the geomagnetic jerks, that occurred at the beginning of 2007
was identified regionally in the Atlantic and Indian Ocean. On the other hand, geoelectric
field observed in the northwestern Pacific using long submarine cables showed a jerk-like
sudden change in its secular variation near the end of 2005. In this presentation, we show
results of numerical experiment on the local geomagnetic jerk supposing that the field
variations are due to a toroidal magnetic field variation at the CMB and influence of laterally
heterogeneous electrical conductivity in the D" layer. It is confirmed that high conductivity
heterogeneity in the D" layer can cause secondary magnetic field that can be observed at the
Earth’s surface. Very high conductivity heterogeneity, of order 10°-10* S/m, is necessary to
explain the observed amplitudes and appearance time difference of geomagnetic and
geoelectric jerks. However, preferable location of high conductivity region does not
correspond to that of LLSVP, otherwise the polarity of magnetic field variations at M’Bour
and Ascension Island, where the local geomagnetic jerk was identified, cannot be reproduced
by electromagnetic induction simulation. This would imply that a simple conversion from
the SH-wave velocity to electrical conductivity does not hold. The results also suggest that
observation of geoelectric field due to local geomagnetic jerks has potential to constrain the

electrical conductivity structure at the bottom of the mantle.
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Recent advances in ocean bottom geophysical observations, together with advances in the
analysis methodology, have now enabled us to resolve the regional 1-D structure of the entire
lithosphere-asthenosphere system (LAS), from the surface to a depth of ~200km, including
seismic anisotropy (azimuthal), with deployments of ~10-15 BBOBSs & OBEMs each for a
year or so (Takeo et al, 2013, 2016; Baba et al., 2013; Lin et al. 2016). Thus the in-situ
characterization of the physical properties of the entire oceanic LAS without a priori
assumption for the shallow-most structure, the assumption often made for global studies, has
become possible. We are now at an exciting stage that a large scale array experiment in the

ocean (e.g., Pacific Array: http://eri-ndc.eri.u-tokyo.ac.jp/PacificArray/) has become

approachable: having ~10-15 BBOBSs/OBEMs as an array unit for a 1-2-year deployment,
and repeating such deployments in a leap-frog way or concurrently (an array of arrays) for a
decade or so would enable us to cover a large portion of the Pacific basin. Such array
observations not only by giving regional constraints on the 1-D structure (including seismic
anisotropy), but also by sharing waveform data for global scale waveform tomography (e.g.,
Fichtner et al. 2010; French et al. 2013; Zhu & Tromp 2013), would drastically increase our
knowledge of how plate tectonics works beneath oceanic basins, as well as of the large scale
picture of the interior of the Earth. For such an array of arrays to be realized, international
collaboration seems essential. If three or four countries collaborate together, it may be
achieved within a 10-year time frame that makes this concept attractive. It is also essential
that global seismology, geodynamics, and deep earth (GSGD) communities work closely with
the ocean science community for Pacific Array to be realized, as they would get most benefit
from it. While unit array deployments may have their own scientific goals, it is important that
they are planned to fit within a larger international Pacific Array structure. The GSGD
community should take a lead in providing such an umbrella, as well as proposing some of

individual array deployments employing existing international instrument pools.
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Local strong slow S-wave anomalies at western edge of Pacific LLSVP
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*Rice University

Seismic tomography studies have revealed two broad slow shear-wave speed anomalies
regions beneath the Pacific and Africa called as LLSVPs (Large Low Seismic Velocity
Provinces). There are geographic correlations between the LLSVPs and hotspots, and the
LLSVPs could probably play an important role for convection throughout the mantle and
thermal structure and evolution of the earth. The LLSVPs have been considered to be
heterogeneous in composition since the boundaries between the normal mantle are sharp. To
investigate the details of the sharp LLSVP edge we measure ScS—S and SKS-S differential
traveltimes in the hypocentral distance of about 60 — 90° using Japanese and Chinese seismic
networks.

We found anomalously large (more than 5 sec) ScS — S travel times accompanying normal
SKS — S travel times, suggesting local strong slow region in the vicinity of the ScS bounce
points (red circles in Figure 1). Such ScS bounce points locate to the northeast of New Guinea
Island extending over 20 degrees in NE-SW direction. However below New Guinea Island,
both ScS — S and SKS — S travel times are normal (green circles in Figure 1), indicating

abrupt end of the local strong slow anomalies.
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It is widely accepted that the oceanic lithosphere and asthenosphere have
high-Q and low—Q, respectively, however, it is not very clear to which extent
such attenuations are affected by seismic wave scattering (e.g., Shito et al.
2015, JGR; Kennett and Furumura 2013, GJI). To distinguish the intrinsic and
scattering attenuations, analyzing seismogram envelopes is known to be
effective. We deployed broadband ocean bottom seismometers on the old Pacific
seafloor between 2010-2014 (NOMan Project,
http://www. eri. u—tokyo. ac. jp/yesman/). We had quite large number of
aftershocks of 2011 Great Tohoku Earthquake and succeeded in obtaining envelopes
of Po/So and T-phase at various distances. The data purely sample the old ocean,
which should provide unique opportunities to quantitatively constrain the
attenuations in the oceanic regions. We applied our envelope simulation method
(Takeuchi 2016, JGR) and obtained the attenuation model by grid-searching the
best structural parameters to explain the observations.

One of the most unique features of Po/So is that spatial attenuation (i.e.,
energy loss rate per unit propagating distance) is independent from wave type
(P- or S—wave) and frequency (Butler 1987, JGR). Several previous studies (e. g,
Sereno & Orcutt 1987, JGR; Mallick & Frazer 1990, GJI) explained such features
by slightly ad-hoc attenuation models (strong frequency dependency; larger P
attenuations thanS). In contrast, we tried to explain the observations without
such assumptions and succeeded in explaining most of the observed features. The
results suggest that the saturation of backscattering coefficients at higher

wavenumbers is primarily responsible for the constant spatial attenuation.
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We conduct waveform inversion (Kawai et al. 2014, GJI) to infer the 3-D
SH-velocity structure in the lowermost mantle beneath the Northern Pacific,
using about 20, 000 transverse components of broadband body-wave seismograms.
We use S, ScS and other phases that arrive between them. The 3-D SH-velocity
models obtained by our inversion show three prominent features: (i) horizontal
high-velocity anomalies up to about 3 per cent faster than the Preliminary
Reference Earth Model (PREM) with a thickness of a few hundred km and a lower
boundary which is at most about 150 km above the core—mantle boundary (CMB),
(ii) low-velocity anomalies about 2.5 per cent slower than PREM beneath the
high-velocity anomalies at the base of the lower mantle, (iii) a thin (about
200 km) low-velocity structure continuous from the base of the low-velocity zone
to at least 400 km above the CMB. We interpret these features respectively as:
(i) remnants of slab material where the Mg—perovskite to Mg—post—-perovskite
phase transition could have occurred within the slab, (ii, iii) large amounts
of hot and less dense materials beneath the cold paleoslab remnants just above
the CMB which ascend and form a passive plume upwelling at the edge of the slab
remnants (Suzuki et al. 2016, EPS).
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U and Th abundances of crustal rocks in the Japan Arc: Towards better

constraints on the geoneutrino flux from the mantle

Tsuyoshi IIZUKA', KamLAND Team®

!'University of Tokyo (iizuka@eps.s.u-tokyo.ac.jp)
?KamLAND Team

It has been widely assumed that the bulk silicate Earth (BSE) has chondritic relative
abundances of refractory-lithophile elements. The validity of this long-standing paradigm can
be potentially addressed using electron antineutrinos produced within the Earth, the so-called
geoneutrinos. The geoneutrinos have been measured with two liquid scintillator detectors at
KamLAND in Japan and Borexino in Italy. Once the crustal contribution to the measured
total geoneutrino fluxes are well established by determining U and Th distributions around the
detectors, the data allow us to determine the absolute U and Th abundances in the mantle with
sufficient precision to evaluate the chondritic BSE model, in particular whether highly
incompatible refractory-lithophile elements are significantly (~50%) depleted as inferred from
an impact-erosion model. Yet, the U and Th distributions in the Japan Arc crust, in particular
deep crust, are still poorly constrained.

For better understanding of U-Th distributions in the Japan Arc, we have compiled
previously reported U-Th abundance data for crustal rocks in the Japan Arc and further
conducted petrology and geochemistry on mafic-ultramafic xenoliths from Oki Dogo,
Shimane Prefecture. Thin section observation and whole rock main/trace element analyses of
90 xenoliths were conducted. The equilibrium temperatures of two-pyroxenes were
determined to be 800—-1100 °C, corresponding to depth of 25-35 km under the assumption of
the typical geothermal gradient. By combining the compiled data and newly obtained data, we
found that the relative abundances of U and Th of the Japanese deep crust are distinctive from
those of the deep crust in cratonic regions. Considering that the chemical behavior of U
relative to Th changes with redox state, the discrepancy may reflect that the Japan Arc crust
was formed under more oxidized conditions as compared to the cratonic deep crust. In the
presentation, we will further discuss about a methodology for combining these rock data with

seismic data to estimate the U and Th distributions within the deep crust over the wide area.
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Influence of Lower Mantle Convective Planform Memory on Core-Mantle
Evolution

J.W. Hernlund' and C. Houser'
"Earth-Life Science Institute, Tokyo Institute of Technology (chouser@elsi.jp)

There are generally 2 divergent views of the lower mantle, which can be distinguished on the
basis of convective planform (pattern) memory. The first kind of model imagines that the
lower mantle has no independent planform memory, but instead envisions downwelling
subducted slabs sinking vertically down as Stokes-like bodies immersed in a simple viscous
medium. In this view, lower mantle structure is dominated by the history of plate motions
(and past centers of subduction), and each “blue blob” in seismic tomography models
corresponds to an ancient slab that was once subducted from a location directly above it.
Unfortunately, this view is imprecise if one accounts for the larger scale “mantle wind” that is
induced in the surrounding mantle as slabs descend to the core mantle boundary (CMB),
which inevitably causes significant lateral flow and displacement of slabs as they sink.
Models that fully couple the induced viscous return flow in the surrounding mantle and
account for this mantle wind in a self-consistent way must be more realistic, however, model
limitations mean that they can only study very simplistic rheologies. A serious side effect of
the assumption of a simple linear viscous rheology necessitated by these models is a relatively
short time scale for mixing of mantle compositional heterogeneities (~100 Myr), putting them
at odds with geochemical inferences (a classic debate). Such models also have a difficult time
to explain stagnant slabs, the possible fixity of deep-seated upwelling mantle plumes, and
some have argued that the observed seismic heterogeneity is not compatible with a lower
mantle that is simply a slave or dashpot for plate tectonics. Fluid tank experiments have been
able to establish stable lower mantle planforms when combined with dense chemical layers
and strongly temperature-dependent viscosity, however, it isn’t clear that this regime can be
produced or maintained in the Earth itself. We recently proposed that more viscous material
could stabilize and organize convection in the lower mantle owing to enrichment in SiO2,
which promotes a larger modal abundance of the strong brigmanite phase and hence higher
viscosity. This BEAMS model is the first that shows a simple mechanism for producing
long-term planform memory in the lower mantle, maintaining primordial reservoirs, fixed
mantle plumes, stagnant slabs, and a seismic heterogeneity spectrum that is distinct from the

upper mantle pattern that is dominated by plate tectonics (as long argued by Dziewonski and
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others). However, even this model may be overly simplistic, since the rheology it invokes also
implies the possibility for strain weakening behavior owing to complex evolution of rock
fabrics during deformation. Strain weakening in the lower mantle could allow for the
production of stable long-lived localized rheological shear zones, much like we see in the
character of plate tectonics in the lithosphere. In a strain-weakening dominated lower mantle,
viscous entrainment and mixing would be strongly suppress, thus allowing for long-lived
isolated geochemical heterogeneities. Most importantly, lower mantle planform memory
would be very strong, resulting from rheological behavior. Of course, this rheological
behavior will cause and become correlated with compositional heterogeneity over time, and

could even provide another mechanism to explain the formation and longevity of BEAMS.

Here I will discuss the rise of planform memory-dominant models of the lower mantle, and
how it affects core-mantle evolution. The pattern of convection and heat flow would be
relatively stationary, although specific locations would exhibit temporally variable heat flux
owing to the non-steady supply of subducted material from above. This would affects
arguments that have been advanced (e.g., by Olson and others) regarding changes in lower
mantle heat flow patterns influencing the pattern or reversal frequency of the geomagnetic
field, since the over all pattern would not change significantly. It would also lead to a
“tectonic regime” at the lower mantle that has been spatially fixed for billions of years, where
chemical layers are relatively quiet and do not break up and merge under changing conditions.
It might also explain why some parts of the D layer seem to be consistent with ponding of
subducted slabs, or with reservoirs of dense materials, even though there is no known recent

subduction or LIP event above.
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Modeling point defects in iron polymorphs:
vacancy diffusion in Earth’s inner core

Sebastian Ritterbex? and Taku Tsuchiya?

aritterbex.sebastian_arthur willem.us@ehime-u.ac.jp
btsuchiya.taku.mg@ehime-u.ac.jp

Crystalline iron is the main constituent of the Earth’s inner corel. The
thermomechanical properties of solid iron at high pressure and temperature
therefore mainly control the dynamics and evolution of the inner core. One of
those properties is atomic diffusion which plays an important role in solid-state
plastic deformation. However, the role of plastic deformation234 as one of the
candidates responsible for the observed seismic anisotropy of Earth’s inner core6
remains unclear. Atomic-scale self-diffusion mechanisms in iron polymorphs at
inner core conditions provide a link between plastic deformation and elastic
anisotropy of the inner core. Therefore, a thorough understanding of atomic
diffusion in iron polymorphs is essential to constrain insight into the evolution of
Earth’s inner core.

Since experiments are extremely difficult to perform at pressure and temperature
conditions of the inner core, computational mineral physics provides an
alternative to study atomic diffusion in iron under those conditions. In this work,
the effect of pressure on vacancy diffusion is investigated by means of defect
energetics as it largely determines the rate of vacancy diffusion. First principles
simulations have been performed to calculate activation enthalpies for
self-diffusion in FCC- and BCC- and HCP-iron at a pressure range up to the
conditions of the Earth’s inner core. Our results show that pressure significantly
increases defect energetics and in particular is responsible for suppressing defect
concentration substantially in iron at inner core conditions. Intrinsic vacancy
concentration plays an important role in metals since it largely determines
effective vacancy diffusion. Consequently the rate of vacancy diffusion will be
strongly inhibited. The question then arises whether other mechanisms allow to
enhance vacancy concentration in iron under inner core conditions. If not, the

latter will have direct consequences for the interpretation of the seismologically
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observed inner core anisotropy in terms of intracrystalline plasticity.

[1] Birch, F. (1952) Elasticity and Constitution of the Earth’s Interior. Journal of Geophysical
Research, 57(2), 227-286. [2] Wookey, J., Helffrich, G. (2008) Inner-core shear-wave anisotropy
and texture from an observations of PKJKP waves. [3] Karato, S.-I. (1999) Seismic anisotropy of
the Earth’s inner core resulting from flow induced by Maxwell stresses. Nature, 402, 871-873. [4]
Buffett, B.A., Wenk, H.-R. (2001) Texturing of the Earth’s inner core by Maxwell stresses. Nature,
413, 60-63. [5] Tanaka, S., Hamaguchi, H. (1997) Degree on heterogeneity and hemispherical
variation of anisotropy in the inner core from PKP(BC)-PKP(DF) times. Journal of Geophysical
Research, 102, 2925-2938. [6] Creager, K.C. (1999) Large-scale variations in inner core

anisotropy. Journal of Geophysical Research, 104, 23127-23139.
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Ab initio prediction of potassium partitioning into the Earth’s
core

Zhihua Xiong', Taku Tsuchiya', and Takashi Taniuchi'
' Geodynamics Research Center, Ehime University (xiong.zhihua.us@ehime-u.ac.jp)

Silicate earth is depleted in potassium compared with chondrites [Wasserburg et al., 1964, Science].
Barely varying ratios of potassium isotope in chondrite, lunar and earth samples suggesting evaporation
cannot be responsible for the missing of potassium [Humayun and Clayton, 1995, GCA]. The finding of a
change in electronic structure of potassium from alkaline- to transition metal-like at high pressure
highlighted the possibility of its incorporation into the core [Parker, 1996, Science]. If potassium is present,
even ~ppm, the radiogenic heat produced by “’K could be an important energy source for geodynamics
[Labrosse, 2001, EPSL]. The potassium content in the core is determined by its partitioning behavior
between silicate and metal system, which could be affected by many factors such as temperature, pressure,
compositions of the metal (the type and content of light elements) and silicate systems (nbo/t: the ratio of
non-bridging oxygen to tetrahedral cations) [Bouhifd etal., 2007, EPSL; Muthy etal., 2002, Nature].
However, previous experimental studies provided contradictory results of potassium incorporation into

Fe-alloys, leaving its concentration in the core uncertain.

Ab-initio free energy simulations based on thermodynamics integration molecular dynamics
[Taniuchi, 2014] are performed to investigate whether and how much potassium can enter the metal
system. Potassium partition coefficient(D,=Kwt% .../ KWt%icae) 18 determined as a function of pressure,
temperature and composition by calculating the Gibbs free energy changes of its exchange reactions in
different conditions. Helmholtz free energy is estimated with “thermodynamic integration” by computing
the difference between two systems with different potential energy functions (F; — Fy = fol <U;—
Uy >, dA) [Kirkwood, JCP, 1990].

Calculations performed from 3000 K to 5000 K suggest that temperature has no distinct effect in
potassium incorporation into Fe-alloys. Results of D, obtained from 20 GPa to 135 GPa at constant
temperature and composition reveal that potassium partitioning behavior has a negligible pressure
dependence. Besides, the potassium partial density of states (pDOS) shows its electronic structure remains

to be alkaline metallic even at 135 GPa.

Influences of the light elements (S and O) proposed to be responsible for the density deficits of the
core to potassium partitioning are also investigated in this study. Potassium solubility seems unchanged
when the S content of the metal system increases. Simulations with oxygen free metal composition suggest
that potassium will completely sequester into silicate system. However, with the presence of oxygen in
metal, potassium will start its incorporation into metal system. Our results suggest that effects of
temperature, pressure and S content are insignificant, while oxygen controls potassium partitioning

between silicate and metal system.
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Seismic and geomagnetic field observations have revealed the presence of a stably
stratified layer below the core-mantle boundary (CMB). Chemical or thermal origin of the
stable stratification is suggested (Helffrich and Kaneshima, 2010; Buffett and Seagle, 2010;
Pozzo et al. 2012; Ohta et al. 2016). The geomagnetic field is generated by thermally and
chemically driven convection through dynamo action. Supposing the turbulent diffusivity in
the core, the co-density approach has been preferred for modeling thermo-chemically driven
dynamo. However, the origin of stable stratification is indistinguishable with the co-density
formulation. Therefore, thermal-compositional buoyancy must be treated separately. In this
study effects of a stable layer of either origin below the CMB on the geomagnetic field
morphology are examined, adopting thermochemical double diffusive convection. We have
found in a suite of runs that the morphology of dynamos is strongly affected by a stably
stratified layer of ~400 km thickness, which is given according to seismic observations,
regardless its origin. Then, we focus on the effects of a thinner stable layer, of which
thickness is about 150 km close to that detected by geomagnetic observations. We will show
results of our dynamo modeling with a thin stably stratified layer of either origin, and discuss

its effects on the observed magnetic field and implications for the origin of the stable layer.
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[1] T. Sakai, H. Dekura, and N. Hirao, Scientific Reports 6, 22652 (2016).
[2] H. Dekura and T. Tsuchiya, under review.

[3] H. Dekura and T. Tsuchiya, in prep.
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Pozzo, M., Davies, C., Gubbins, D., and D. Alfe,2012. Nature 485, 355--358.

Gomi, H., Ohta, K., Hirose, K., Labrosse, S., Caracas, R., Verstraete, M. J., Hernlund, J. W.,
2013. Phys. Earth Planet. Inter., 224, 88--103.

Pozzo, M., Davies, C., Gubbins, D., and D. Alfe, 2014. Earth Planet. Sci. Lett., 393,
159--164.
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On the development of a coupled core—mantle thermo—chemical
evolution model: Formation on a stably stratified region

Takashi Nakagawa'

' Department of Mathematical Science and Advanced Technology, Japan Agency for
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(ntakashi@jamstec. go. jp)

I report the current progress on developing of a coupled core—mantle
thermo—chemical evolution model in numerical thermo—chemical mantle convection
simulations and simple semi—theoretical computations. Two different diffusion
processes of oxygen from mantle to core (chemical diffusion and baro—diffusion)
caused by core—mantle chemical reaction system [Buffett and Seagle, 2010;
Gubbins and Davies, 2012] are included in thermal evolution model of Earth’ s
core. Those diffusion processes seem to be found for ‘a stably stratified
region’ beneath the core-mantle boundary (CMB). Inaddition, I include a thermal
effect on the formation of stale region known as a sub—isentropic shell when
the CMB heat flow is smaller than the isentropic heat flow [Labrosse, 1997; Lister
and Buffett, 1998]. With simple semi—analytical computations on thermo—chemical
evolution of Earth’ s core, several important results are obtained: 1. A stable
region may work for a buffer of heat transfer across the core, 2. A sub—isentropic
shell can rapidly replace the chemically stable region if the heat transfer
condition across an interface of stable region changes from super—-isentropic
to sub—isentropic condition and 3. Thickness of stable region seems to be found
as 150 km to 250 km, which is consistent with an inference of thickness of stable
region from geomagnetic secular variations [Buffett et al., 2016] but dependent
on chemical diffusivity [Buffett and Seagle, 2010]. I also incorporate such
semi—theoretical formulation of thermo—chemical evolution model into a bottom
thermo—chemical boundary condition of numerical mantle convection simulations
and more results will be presented as well as future development on a dissolution

of light elements driving early geodynamo actions [e.g. Hirose et al., 2017].
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AV NEOH Y 7 D ELCA T A DSy I L, EORER., BoRrFE o
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NAEEROBAE T I 2 L— 3 2TV, HERKFERSI 2 G BIAE OBk 2 B84 %
ToOIZEE L 2 HHIGEEZ W 20572, (4) HIE - ERKUHC L VB ST
WABENOREEREEICONWT, Wby I a2 —va XA TEVIab—T T
VEFITUTIER « BELA I = X DI HOW TR, BITHERE DL EMEIC W T
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<Y RVORESLHTIC K& R BE 525 K] ZETEREWE OB % 5 I
T5 2 LIZEBHERD 2 A F 2 7 2 LWL OFBICA TR TH D, LaL, EEETH DR
HAZ o HT R EEC o o T ERREL P OB ESITIX, REEOOIEIRTH o7, KAZEHET
%, EREEEBRAERDSCRA~  MVRE D& 6D DHW M AT T ATt Lic A F 1%
ANIET X DEEAERBHERL & Zk A A E B HTEHT K 2 KR E BT M ONRIRL AR 73 4T i 7% i
AL, WEWIETE, FINRBE, JTHEDELIED EBRRE, RARE OMEBEKFZE BN 21T
VN, BRTEHERET AR R OISR A b0 T ELZHIEL TS, AR TIE, K
R R LB PR 2R 3% 8 D Cameca ims—4f-E7 SIMS %S5 L 7- #8503 ITE b L 7= ik
Hl ORI & R IED ATREMEIZ DV Calam L T & 7200,

Wk 2 8 AEE L, KRR FIL T KO Ar/D, FIAK TICH I 5 K FILEERIF 28 A
L. RERAEHOE GRE D FEMIC 31T D K B IEH B 2 B 6 20T 5 FHIE OB R 21T - 72
(Hfth, RARAZ—FFK) . /o, HEROCHIERIOBRBICEBEICE END T 37 A M
DIKRRFIE T OKEIL BB ZH S L, wIHER, A, kK2, NEKEZS D KO
EHEET D Z LA ENTND T /NF A Ml DO KFEFAARKEIT 6 LT, fdmfb ik o #k
KE D ERRAERIC XV ENZE T 5 TREMEZ 7~ L7z (Higashi et al., 2017).

T, SRAAVEENSWIERISH LA A EAE L OBAIC X D &IESEE DK
ERHIEOBRFE, @E G RGEE D K 58 55 Bl 28R O FTAM L & OVK B FINAR S HTIEOBRSS . &
A ¥ E U NGB R TR B RNLAR G ATIE DB . BB FRENIRA A= 71Tk D
TEBDHTIEDBIE & o TR FEBFZEDREIT 24TV, B HEEEES O — A L ACHEEETE D LD
IR SLF I HTHLE D—> & L THIATE % K 972 BO1 BE& L COMEHRHNIC SN T bagim T
TOLFEEHFL TV D,
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Higashi et al. (2017) Hydrogen diffusion in the apatite-water system: Fluorapatite parallel to the c-axis.,

Geochemical journal 51, 115-122.
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PR, ARKEDOT /3% A4 @D D/H HIZESNW T, ZDORIEOKDOEFEHE %
DM AN T2 Z TV D (e.g., Greenwood et al., 2011; Usui et al., 2015). L 7>
L. £ DH DM O~ 7~ DEZ KL TWD D0, &5 WIEH bk OHL
BUZ L > TR ENL LT TH D20 ARAAR TH D, 7T /3% A M OKFILE
FEEHEST 52 21%, £ DH HOEREZWSNIT 52 L2005, &Ll
725 T, FEAREIOD c G IR 9 5 7 /3% A N OKFBILEALRE# 6 THds Sz
(Higashi et al., 2017). ARHFFETIX, 7/3% A M OKEBEIEHCEEN Z L 0 GEMIC BT
L2, TR L K BARAEIED ISR LI KBS ER AT - 7.

EEEEHZIZ, BKEOR 2 “HEORIRT v R T /N2 A b OHHEE (Durango
PE: ~500 ppm H,O Greenwood et al. (2011), Morocco J£: ~4000 ppm H,O McCubbin et al.
(2015)) % AV, Durango FEDFEALIE. cHEllCX LT @Y o FmICEIV L. =i
HORELE HWT, BEAROKAKEZILHIRE Le b v—H —3E8IEHR % | 500-700°C
DOIRFEFRIPH T o 72, ZIRA T EEHTEF (CAMECA ims 4f-E7 @Kyoto Univ.) (2
LD T a7 7 AN D, KBIEEN Y v T V72 Kk FERINAR O B ST K 0
L ERH LN o7, FRBOIL T 7 7 7 A VDB EIENIREARE A
L. 500-700°C IZFT D AKFILH DT L =0 A %KD 7.
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JEHA D = XL EEOZ LR SN, EKEEM T OKFILEIX, AT TkE
DEEFE & DFES 2810 FR 2 72708 H#gk S 415 "Grotthuss mechanism" & FEIEAL 2 7K 35 Hi
R IZHE D £/ 2 B TWD (e.g., Marion et al., 2001). Z DA =X LIZ X BkFE
JEHUX, TR A MERTPOMOITLEOIE & i LT, HhEWICE <, EM b
FNX—=HL/NEZNZ ENRH LN o T2, KIFEEDORER NG, T/NF A MEd D
D/H S, FidAbRRICKRD EDRIGIC L > T, GKRKEICEEE 5252 L E
b3 2% Z ERE T, KRFEILHUL, HERIMTI T D7 /3% A MEdD D/H Lok
ECEE 2B E 2 R LIZREMER S 5.
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Defining the deep Earth with the OBK detector
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The global surface heat flow reflects the combine contributions of primordial and
radiogenic heat, with the former comprised of accretion and core formation sources. The
continental crust contributes 7 TW of radiogenic power and a sub-MOHO flux of 10 to 30
mW/m”2 for a total surface flux of 65 mW/m”2. The continents contribute about 1/3 of the
total power lost from the Earth. At its present spreading rate, the oceans contribute 2/3 of this
flux, but we do not know how much of this flux is primordial versus radiogenic contributions.
Earth models collectively allow up to a factor of 30 in the spread of estimates of the
present-day mantle’s radiogenic power. Moreover, the surface heat flux is likely to be a
relative constant over the continents, whereas in the oceans it is unlikely to remain a constant
over the last few billion years given variations in spreading rates. Our understanding of the
Earth’s thermal evolution history is intimately linked to knowing the total radiogenic power

of the mantle.

OBK (Ocean Bottom KamLAND) is the next generation underwater geoneutrino detector
designed to measure the Earth’s abundance and distribution of Th and U inside the mantle.
We have shown that such a detector is capable of identifying and mapping out large deep
Earth structures (e.g., LLSVP), where they have enrichments in these elements relative to the

ambient mantle.

Following on from the successes of the existing detectors in Japan and Italy, we propose
an international effort, with Japanese geoscientists and particle physicists leading, to construct
and deploy an ocean-going detector (OBK) to (1) map out structures in the mantle, (2)
constraint the cooling history of the planet, (3) distinguish continental and mantle Th/U ratios,
which documents the Earth’s biological imprint on the mantle, and (4) define the power
driving plate tectonics. Beyond these goals in Earth Sciences, this instrument will have
spinoffs for particle physics and astroparticle physics. This field of science has been richly
acknowledged by Nobel prizes; the science proposed here has the potential to continue this

great tradition.
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