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Time, Reaction,...

Figure 1 Five-dimensional (5D: space (x,y,z), time (#), and energy (£))
observation of materials during reactions.
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Figure 2 Approaches to analyze 5D big data obtained by X-ray
microscopy: this study (upper) and conventional one (lower).
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Figure 3 (a) Schematic of an iron ore sinter before reduction. (b) Iron
reduction rates for the Ca—Fe—O phases corresponding to the
main phases in the sinters, which were measured using bulk
powder samples.
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Figure 4 (a) Schematic of the experimental setup for chemical state
mapping at the BL-15A1 beamline of the PF, KEK. (b)
Typical XANES spectra.
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Figure 5 Change of iron chemical states: Fe",0, (red), Fe", Fe"O,

(white), and Fe"O (blue), during reduction.
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Figure 6 Examples of image data: five holes (white) in the matrix
(blue).
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Figure 7 Examples of chemical state maps corresponding to calcium
ferrites shown in white (lower) and the corresponding
persistence diagrams (upper). The blue circles show the
centers of the representative shapes in each image (calculated
using a PCA analysis) that became predominant as the
reduction progressed.
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Figure 8 (a) Trigger sites in the calcium ferrites (7S, corresponding to
the topological features in Fig. 7) and iron oxides (7S, and
TS)0,), which are highly correlated with crack formation. (b)
Distribution of the cracks observed by X-CT.
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Figure 9 Schematic of the reduction process and the trigger sites
employed: ‘hourglass’-shaped features of calcium ferrites
(TScr) and ‘island’-shaped features of iron oxides (7S)),
which are enclosed with dotted lines.
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Stability of methane hydrate under high pressure and high temperature
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Abstract

HANA RL— FORENEZMETHE A2 RL—ME, KEEPHETE, ZUTEEHEXZAZVEREDKK
EOEESHRIE L EZ SN TV, LHLEDND, TNE THEMNZIKKEDNIBEICILHT % mikmE FcBlr
BARUNA RL—bOLERFES M EN TV D 5Tz, ZTTAIKTE, XAVEY RT7 Y E)L)LEBEHE X
FRET & ZHA G DR EREEERZITH T EICKD, A ZNNA FL— s OEREIELE N & 7 R2EE) D fRIA %2 3 7
Teo TORE, @HENCET 2 RAZ A FL—FONRGEME, GHKREA X 2 > ORlfRihi L © & 200 K DL EEK
REITH D, [EE - EHEIENEE TNE T EARENT, EHIC, RFFEICKDEENTEAZ A RL— Dol
D, AZUNA R L— hDFHIKKEPCIEEHERNTHRAIN TV ERNKE ARG ANTREZ & D7 —
WT T3y b)) OB L UTIFETER T LN RS T2,

1. HRANNL FL— FRAEORERIFEHES Titan'sunternal structure
KR, XIFNENS7E5HANA R L— MIKRG I‘
ROKEE - 2, U TREHEXOCTRAIN TS SR
NP OMBIE EEZZ 5N TV [1,2], R, KKK
NIRICBI 2 _BILRBEB LT A XA FL— FDF
X, ZNOOERGNDNIEHED XA 2V BRIULY
7T RAONFHEMEEHULTVWE T EME RSN
TWb, ZOHTE, KGROEEDOHTHE—, HBRE[F
CREZZFMIT LT IREGRAZLEDTEHEDX
A 2> (Fig. 1[3D 1ZiF, RKIWCARXR Y HANGEN T
5T EMNHIGNTVS, ZLT, TOAXVIGHERDKE
FIRRIC BRI T 2 A 2 VREZEER L TV 5 T &M
BEROBHIZ ENSIHLM LIRS TS, LA LEDND,
A RUVDRFICEENS A Z VIR X D5
fRENBTEND, ARXVHANKRGHIHFET Bz
&, WERICED L S OMIGENRE LTS, AZINA R — R CHELIK— AR RYEDIRERZTHARS T &
L—hiE, TOAXYHAOMKIROE 5 EHE LTE &, TNEKKREONEHREESDZ DL ZHEE T B F2ic
ZENTED, ZLDETRICED XA 2V NERICEBT LEETHS,

BARZUNA RL— MNEDTFHAEDRBEEN TS [eg 2,4]

IHIC, REERBELEREOEAKKETE, HEK 2. X2\ FL— rOEEE
ROVEENTE, BERETRE R & h 5 NEREE DR R D TNETDHANA RL— FOEEWMEICE D, AXY
HEINTIED [5], ZOMEKAINEIKS Y BVICAHR INA R L— MIEJIARE T2 RS ICHIER T % C
UNNA RL— AMFIES 2 AREIEM D 2 78, IKEE NS EDRETINTVS, B FTAXZNA FL— hEE
HFTCINEDORBRADNEDK S TIRBICH 2D, FEH 5 &, #0.8 GPa TIL/FEHHD sL D 5 /57 5D sH
WAL D TRS5N TS [eg 6] LTzA > T, KKK N, #91.8 GPa T sH D 5 EF fAHD filled ice Th #H &
WIS B B HANA RL—1, FRHTAZ AL KL W EEAICHIEERE T % (79, ZLC, EHE RT3 E,

Figure 1 Internal structure model of Titan (Fortes A. D., 2012)
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FIEFR U TSI D %, & & D sIFHICRE %,
i &3k T (KA N) WKEREETTr—YREERL,
FOHICARV T (FAN) ZRNET 27— VRiEE &
%o —J7, filled ice Th AHIEIK Th ICHEBIL7KD T L— L
T—JHIC ARV FINFREEI NS E L % (8], X7z,
AL OAKIRI K O EEEBRIC KD, 20 GPa T A
F A2 OERBIOFFALIEET D, filled ice Th #HHY
A MECAFR LR (Guest-ordered state phase; GOS #H)
M3 % 2 MBI N [10], 51T, 45GPall k
BV TGOS HIFEZZ T L —LT— 72 &DF kG
FEAH (HP AH) ~AHEERE L, T HP HIZHIR FicBWVT
Piad Lt 86 GPa E THTBICFET BT EHRESINT
W3 [6,11], TOXIGHREELEMICEDE, X2
R L— MIERKREDOHNERIC BN T HLEICIAAET S 1]
REMED R E N TV 5,
IKFRAEDNEBRE A HEE T 5 T2oicld, SiREE FTo
AR UNA FL— N OLEHEBZIRET 5 T L NEERHR
HERb, LELEDNS, TNETIITbNIZAZUINA
FL— rOEEEEEBROTIEIE 5 GPa LU N O
IKBRENTHD [eg 12], HEEPKREERLR EDERIKEK
BEOK< Y FIVDONERSMCILET 2, & 5742 mERIC
BUF 3 A2 NA R L— b OZRERHEEE K Oy
LTk, RfRd 20N, [ - B2 RT 200 LN
IKENTWEY, ZTTARIMETIE, A2 FL—F
Dl EZE B K O 2 RIHT 2729, B
HBRETH B XA YEY KTV EILR)L & BEHE X EREHT
& BB DR T i R 2 40 GPa £ TIT-o 72,

3. M ERVEREZ DS X RER

ARIFFE DS EZ D E X AR AR IE, ST LF
—NEERISHERE 7+ b7 7 7 U — BL-18C I THr»
fzo ©—LF AV BL-18C &, HSENTBICEKENSHE
IS IS BT 2 EOREYMEZ IS 728 0 X ERIEHT
KEBHAT— 3 Y TH 5%, Fig 21C, BiREEXAREHT
FEEB R T . mEFEAEEEICIE, 300 GPa L LOEE
FHELARERZAVYEY 7V ELEIL (DAC) ZEHL,

Figure 2 The BL-18C beamline of the Photon Factory at the High
Energy Accelerator Research Organization (KEK).
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XEREHHIEICIE, 20 keV IS H AL E N7z XA LTz,
iz, RHBICWEA A=YV T T L—1+ ap) ZfiH LTz,
HHFRPEIE, SRR AN B0 TR m LI
KOBERUIZARZYNA R L— MR E Wz, 7l
mENCIE, 74 2T 7 7 PU—ICERINTOSIEEE
IR RS (DRE320DA) & FU DAC 2R 7%Z# 2 e in#t
Ulzo ARWIZEOMBGEE, RNz —LZA LOHT
SHRINCRBREFITT B 728, BN Tk X
2 UNA R L— b ORGI O D AFH TV, T OREHR
ICHDEPUE LTz, BIAIICIE, S Utic ke
Nz A 224 RL— ORI K D & EEGEEB LT
RIREM Tl OnEAZ TV, gk, EENEEI Y
FLIEARZNEL, FHETHHOMRZITH LT, A
2 UNA R L— b ORGMZ IS i Uz,

4. X2VI\1 FL— Do RES

Fig. 3 ICHIINIR 3 FRATR D A 2> NnA RL— 1D X R
BT 70T 7 A IVERT, HIEARTIE, 18.3 GPalcdsu Tl
BT A 2 2 nA R L— T (filled ice Th ) DEIHTRRAVE
E Nz, Fig. 3 DA T/RUZEHTHRIE, 423 K TH2
REIhIEAL, 7> FRICEER T Xz fzidhkl
DEFHRTH S, TOFKMTIE, TNTOREITHRIEA XV
NA RL—1T (filled ice Tn #) &K VITHHE U THREUT &
N, IERT S HERT 2 HICE kIZ a0 7z, LD o T,
A2 INA RL—b (filled ice Ih #H) (X% 20 GPa Tid4>
B B 4B K EFCRLEIFET ST ENHEME S
Too [AIRRIC, 503 K T 2 ReRIINEAZ 1T 723l Tk, A
ZUNA RL—1 (filled ice Ih #1) DEIFERIFHML, 1K
DOICERR 2 > DREHTRIO MR E Nz, Lizhi>
T, AZV)NA FL—1 (filled ice Th #) 13720 GPa T

| | @ :filled ice Ih
W ce VI

. After heati
A : Solid methane e neatng

503 K, 15.5 GPa

After heating
423 K, 20.0 GPa

Intensity (a.u.)

Before heating
298 K, 18.3 GPa

10 15 20 25
26 (deg.)

Figure 3 Typical XRD patterns of filled ice Ih, ice VII, and solid
methane coexisting in the sample chamber before and after
heating: (bottom) before heating at 18.3 GPa; (middle) after
heating at 20.0 GPa and 423 K for about 2 h; (top) after
further heating at 15.5 GPa and 503 K for about 2 h. All the
XRD patterns were collected at room temperature before
and after heating. Orange circles, blue squares, and purple

triangles indicate filled ice Ih, ice VII, and solid methane,
respectively.
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32 & d 423K £ THER L, ZNLILOWEE TRIA R
Z LR VIRICRT BT EAHEM R 5Tz,

Toft, T X D1E SN R Z S 2 f
(6 GPa BX U 35 GPa {35 T) THEZIT> T2/, kD
FBRMES NI, NS XEREPFTIC K DIRENTZA Z 2N
A RL— b ORREMZ, 5< 2 nYeORs R [13] &0
WTH- Tz,

5. X2VN\A FL—rOEEEEREN

KIFFICKOEENTZAZ 2 )NA RL— FO&EIRETESE
BROFER 7 Fig. 4 D H,0-CH, ROMK _1/R3, Fig. 4 D
FHOOMHR & EOOBRRIZOK VI & [k X 2 > ORbfiR
HhAR [15,16], FREadD = & B DZEF I Kurnozov et al.
(2006) [14] ¥ & U Bezacier et al. (2014) [12] I & D &N
e AR UNA RL— s OOREETH %, frta L ERaniL
i, SVUDMITED AZ A RL— b BXUREIAA
2 YDBIERENTREE %M 2 RU TV, £z, IKE
DIHERIZ T ORI SHEE S NIz A XA KL
— FDODRMERTH B [13] -

ARFFED X AREFTHEERICK D, AZNNA FL—k&n
BEih SHFEL TWIDK VILHE, BRUTAX A RL—
R ORIC K DA UTz[EIA A 2 > K VIR I iz
RS2 () LR (%) OMAT,
ZNFIRLTH B, RO XFREIFICKDEFENE
AR UNA R L— b ORREME, T~ DR [13]
ERWVW—EELTED, K VIHMEEAZ > OBf#EkhR
[15,16] KD & 200 K L LB KR TH 2 T EHHE N &

590 F o
&
e -7
@7
. 131 , ‘g =S
< 490 7 e
[0} s () (6]
5
©
[) H=
£
390
'9 % Q@ Q@
Q@
Q@
290 @ .o @ @
20 30 40

Pressure (GPa)

Figure 4 A summary of decomposition conditions of methane hydrate.
Blue solid and purple dashed curves indicate the melting
curves of ice VII and solid methane, respectively [15,16].
Solid orange circles and squares indicate the conditions in
which both methane hydrates (filled ice Ih and GOS phase)
and ice VII were observed. Solid purple circles and squares
indicate the conditions in which solid methane and ice
VII were observed. The gray dashed line is decomposition
boundary of methane hydrate estimated by Raman
experiments [13]. Solid yellow diamonds and green triangles
indicate the dissociation and decomposition conditions of
methane hydrate reported by Bezacier ef al. and Kurnozov et
al., respectively [12,14].
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Tolze Eiz, XBREMBIUIT KD A RN
4 RL— b OGN BIRE NIREENEL FIcBVT,
AR N OZ B0 O E) & & ElfRIc BEE U7z X 5 5B
RIBBRINAEh o, LIeh > T, AWIEOERRSEM IS
BWT, AZNA FL— FOE#E Tl 7% < [EHH - B
R 3 T LI EBROMREN S Z Y TH D LER
5NB, —F, REBOMRIT 2 DDOMRITHIZE [12,14] &
WD BREDERTH oM, COBBELT, 1D0%
TERBET VBT Z BB REZHMAIRTOHERRTHS T
& [14], EHOEBRIIERD KA+ TH - T= Al e
NEZ 5N [12].

ARFFIC KO AZYNA RL— iDL EBH40
GPa TS50KEEE THETICERTEBZZEHLTHD
[17], BN LEBEBN D A XA R L— FDFBMHIE
IKRAERILAEFRNTHRAIN TV SR KE (TR
BANERREEZE D7 — IV T I3y b)) IHEmE L LT
FIETEA T LAREN, —F, BEEPKTEEZED
EIOKSE Tk~ > MIVOIREESZMED, Zo Eiic
BNTH 10~20 GPa, 2000 K FEEEHEESNT NS T &
5, TOXIBELETTEAZNA FL—MINRT S
TeDNEBOREIE L LTHEETERNWT AL R
572 [13,17,18],

it

AR 350 2 R EZ O E X ARIaT =2, $L0H
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