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A dehydrated space-weathered skin cloaking the hydrated interior of Ryugu

1. EROKRAUF

® NREV1VITIE BREDKEDRIEEKRBRITERLIZLDMNOTETNDIEN, thDBE
RITN—TORESIAXHK:1-5] TTTITHASMIASTLET LAL. NEO RS2 | DM
TOEAMNGE, NERE)1VT IR DTRYRELGRED —E o1&, REDEREN
=M= [BIAXHER: 6], HBNE, BEIZKEDELIZEET HFEICLV=-OREALFRSH
1 A—PLFETHBMBSN = [GIAXMK: 7I#HR . REERHMRERBOKNFEAEFTHE
MICEDONI-LBRTEDT AN BONTUVEL . ARRIL. MEDFEEZHFHETEHLDT
ER

& ARJDLVXRARAIIVKOMADEEATHRARICELTOET (FHRALEVDWVWEY) . AHAR
T NREYLVTODREAYELFHRILZZFT TSI LERLEL . LAL IMNEREY 2
DT IZIF BISHAMATIZREFENRTORVEKBRERIERY RO MHE) NKEIZE
FNTLD=O. KOGWADNRKREAINTDLDEFELGDHBFOFEHRIETLE, LWhIE.
ARDLGVREFZENENDEMEDENISL TGESEABITOLANZT HENIETT,

® Vi TOFHERADRHHIT. T4/04ATAOAMRCE 1) DERICESMBICES>TH R
B)OREHI/OVNBRLTLDELDONINEYH LD TY , COBRMTHLEAAKL.
FHTRAEEZEABNMREZF-ADESICKBAERFLTNSZENT MY FELL=,

® JadJIoNETS C BNREFNREDEFEHTHIAMUANIMIRESHFHELFET . K
BT C #/PEREDOFHERRAIEDEEANO THLMNIGo=ZEICKY, KEET/NEREDR
FHARIMLUNREAKRBAZEDLSITRHFLTLDD) DBERAKREET EHFINET,

2. B=E

FIFEERAPTERRZLSIT KBERDARKDLEWKRAREA L, 4 70ATAOARGE 1) HFNR
10 FAA—FILEBRDEIITRETEHRE. KEMNDTSXT(GE 2) DFNTHIABEEDEE., &5
2. KEERVIRAIFERCE 3) DRSFICEICHERINTOSEEICHRLWVREICHYET . oD
ET. KR (EHIS) DLEWRAOREADILZMER. BiE, LT, AZHFENRAIZEDL-OTLASS
EDRHONTUVEYT . COEEFHERILEVWET  IMEREY 2V D E ABABRO/NRATERL
ZULCE/NKEIZBLTUVET, NFORET21I2KB a0 T oD H T IL)Ea—2(d, SOCEINK
EORBEEBRECHRETINOTOREREEZ TNELz FHRAIZESHAHOREDEILIL.
SETHEKICELIRONAPSE/NKE GEA)MMT DA THESNTEELZ[5IAXHK:8-14],
INEDEF T ERMICEROX D E(OH)PKD F(HO)ZEFLWEKILEYMNSTETNET, —
H.CENKREBTHA)17T & TDHELLLRECE 5) MTEEEIC, S, BHY. KHEHE
L. ZD%E. KHOEMAEL THmMHSKERBEIZRIELELz. COXRED thDOKAEDERETHIESINT
TERHWANEF > THRAED) 20T IMNTEEL[BIAXHE 5], CD=H Va0 T oDOWMEIL. B
RERIENY CE 6) LV T MDD HMREZREICEATHET, FEEAIENRE TEY a5 v
F(AAERTIE A XDHEBESTL TS, YT ERFERT ZEITLED) IS, B
ERISHYOBEBENENTLESTLDED L. BRERIELYATSMIZFEITTLODI LD HY
FLIz, EBLDBAETH, BRERBIESRMICESEN TV 3 MDA AUH 2 {fiISETINTLEL



f=o - BIREREHYICEFNIEFOX D EN KON TOEL ., CHIEX YT TR FRED
BKAMYELNTI-CELZEHRLET 1. BIRERIEHYH IS MICEIT-I5E . BRKRISIEEE
Tl ChODFERIE, C BNREIZEITAFHALTE, MRE 2V T VDREIZHFELTVSE
REBIEIYDOBRKNRECHFELTWSIEERLTVEY  NFOSRS2INREL . 2.7 200D
BREOHDBRIRMNFVVNEREDORFRARIMLCET)E ERAF O EA DN EERLTVETC
BPNRE—MRICBENTE, 27 S/O0CORIVENBOXRKIT, RIEERTERMEMEN KDL
S&YH, FHELIS J:’D'C%|é‘iuéﬂf’ﬂﬂﬂ(aﬁiréTL"CL‘%}@?ﬁ"Bi‘ﬂ#’Liﬁ'/\/

© Noguchi et al. (2022)
B 1 /MRE)A VT IDOFHALESE RRIYERIEKIERRBSTCLSFERIL (Smooth layer) Z#2(F7-E85 . miRLY
ERIL, ATARARERICESFERAIL (Frothy layer) %52 171=%% T3, Frothy layer [FREHIVOVARITT/AMLI ST
LVET, Frothy layer IZ1&, RITHED ORELFEFLZER D ARMHAEGRYFFLTULIET (Melt splash) , ZD K32, Ja
DI DEMEBEEATRARNET . EEEFHEMETHRELERAEFETT,

3. AX

RRDLGVWREKIZEITAFHERALD 2 KERIK. KBERARBHETAII/OATAAMROERERETT,
LAL.Ihn 2 DOEANENEN, EOREEZEZRIZTN. EQOSILHRLTLELLHIMNEI. XEE
BRI AMEIZE > TREGEVET . KERRBHICEI - T. EREHNYOBIM~TL2LIELEL
GE 8)&F/A—PIBARDERHDIEENEEET [5IHXH:8-15], ChodD I ik, AL S B
BREANTORREICEOTHLMZHRYELz, £z, T/ ALY A XD ERBHIEIT A0 ATAOA
FOBERICE>TEREL-MEN MO YO REICFAEL. TOHRITHEEINET [5IFAXH: 8],

—A. BREREIMICEC LSS C BNREOBBRYENKREHD D B/NRED ISR
INEBIZBWT, FEEALTH/A—MLYH A XDERHBENTEEIN D> TOEFAL. TRHARETR
RIOMVIZHETEINEFHATT , C BINKEN OB z0SNzEEZONTWAI S BIRFEIVFS
AR (CM aURSAM)IZDWTIE, KIEREEEE LA 4 VB EER O /0ATAOA R EREE L
fL—HBREERBRAAFEVOMTHATOET A, C B/NREDFHEALTANEEEINAFESN
TWAEIEEAFHATLIZBIAXE:16-21], - OME R F—LIZKD/NRE) 275 IH
HOFHEILOHEIEL. C BINREOFHRELICEDIRFRARINLERERETTH-HDHTD
MEE5Z5IEIIHYET,

FI . BE TEORI2 I AMEKICHF LIRS IR/ NRE 2D T VDR ORBMNEILT
WBLDZEFETIENLIRDFEL-, DX [BIAXK 5] THRARSNTNAERY  INKE 9T
EEOTWAMEILIEREICEANTT , ZD=H. 100 K #ZZHBRERDBEE[SIAXHL:22]. >
TILEEROHE, ERFEFOFELVSIZFERTESICEINM TLESTLT, /MNEE L TFHZEM



[CIBENTWEEZREBELTOSEMEZFELETOICIENEYDREEENELE, BB SN
HAHOKREZRL 0.7 VT ILEVSHETLED. BAINO X IO LG HMAFTHA=H. %
HERTHLTEDDVLHSENN—LEL Iz, B1EZYFA U ENGIE NS FHEFE 70 2OV DH
F% 500 #Ll b, 5 2 @2yFEIUEUGRENSTEHE 50 /A OHFE 300 HILL EERRL, %
HTELEEIZEILLTVWARAEF D F(EH 6% TLIz. KEBDIXKYRELALEF=HA LS
ZETT . Flz. IO Y A XIHBE EZMOCROMES ML FR>TLEIEY A DA DFH
BALZLLER T 50 HEOFERELTWSEHAXDORHMERBEL TNV ZEFEL-. FHALE
ZITTWVEVLDLA L. M ERRICERIBMFMICAT T RRFREBER (Cl VRSN IZEE
[CHRBTWEL, BERTEWMIHYFERATL, BRERELYICEC) 20T JHFOREAD
BEEGREOFTHEABEL T, £ITBETIRA = Smooth layer & Frothy layer AR S FELT =,

(1) VadofFIZRon-FEHRILE (FD 1) :Smooth layer BSHML[E

Smooth layer [FXFEYEBOMNGERBENITETT B 2 ITRLIEZEIGHDHEL-AHDEN LD
HEIZ. 1 /A KYENBY NS (BCKRZIATNS) BRYRYERLNTLN SO A HEAHEHETT .
%1 BE2yF AU EUFIFDHI5%. 5 2 @Ay FAOUEIRFIFDH 1%ICRonELT,

......

© Noguchi et al. (2022)
2 KEABEHZLSFHEILHHE (Smooth layer) $HHELE-TELAEIC 13700 LYELMEYNSEIR(ECRZ T
B)DRYRVERNTNSEVNSREMHERITT . EXEEFHEMETHRELERIFAEFE.

CDHBDTED=FRETT B2, JAXA OFEER T, FEEELTLVEWN 20T D DRHIIZAY
DLAAVERELELZ(E 3), KIBRICEENDEA A (& KRAF2 B5F) HH 95%. N L
AF 5%, TNUNDTRDAAUIET<HTMEWSILRIZHES>TWET A, SEIE. AT LA
TUoDORHFHTABERDBHEZERHLEL:: (BFEERTIE—ELEOYN-TT)., COEGRERSE.
Smooth layer E &L =MBEEFOLDHAEINTNDIENTMYET,



»

“*lafter 4 mav If’ maﬂ.gt‘on'
an a Ryugu gfaif]

© Noguchi et al. (2022)
E 3 Smooth layer D#EEREE ()N VLTV RERBRAD) YT VR FRE, (B)BHED) YT THFR
Ho D 2ELIADENIEISRYRYERDRAVTOAEBNBRTETVEY  EEEFEMBE CIHRELERIEFE,

Smooth layer &3RERTTE 1z Smooth layer $BAREITASEELLITOELZ (K 4) , EFREEHT
NE—21GE 9 IE. REICHS 0.1 SUVOVEEDESDETIE., BREBIELYHIFEREIZHE>TL
BZEFERLTULVET , Smooth layer FIZHAHBIREBRIENYDFERBEXENTIVENILEZEFR
B#7/83—2 2 L3 IERLTVWET , ChbREEHN AR O AR S, FAT=5(E Smooth layer [EK
BRBSIC& > CTRRERIESMAEILL THRESN-FHELABEHIBLELT:,

Electron
diffraction

mapping

A0104-02809802 C0107-HE01-01
© Noguchi et al. (2022)

E4 Smooth layer &Ny LIRSIRERTTE - Smooth layer MO AEREE DO LB Z E1A Smooth layer T, HEIA
Ay LIBETRERTTE - Smooth layer AR, LE5LALRREY LRAINERBENENTWIET, RKEHLRTH
H2ELTWEEAITHIELET . EEDRDELLIZEERIZ 3 DDOBEHENMOTVET A, CNIEEFREIHR/AF—EE
WET, EBLITENTH 1 [FFERBETHAIEERLTVETM. 23 ERANKONE>TEY ., BIRERIENRYOERE
EARENTVNSIEERLTVEY . BBEFEMBRICLIEHE.

(2) Voo oRFICERONTI-FEHEAILRE (ZD 2) :Frothy layer ;BIL->TL\5[E

Frothy layer (X0 T D& E>TLWAMELBITTEI>TWAETT (RIS E) ., F 1 BIVFID
CEURHLFDH 1%, 5 2 B2y F 2OV EUFFDH 2%ICCOMBN RSN FELZ B 5 Al =5
ARRFREIAVRIIMIBT I —FYVERICEHNDOL—HF—Z/ULAMIZREHFLIZLDTY, ik
REIAVRSAMOREER) 20T DISGENWATFETEHYF LA, YT HoDOREERFRIZIAL
BRELT TSI ENDMYZET , Frothy layer ECDEERMIC/ESNT-E DI, REDRNEEESL KT
WET(E 6), a7 0Ev—FYUERLBRERIEMRYMICEATHNET . T BEEMICIMEAS



Nn5EBIREBIENYARBET IBEICKBZIARESINTEILBET (X 10), Frothy layer (<440
ATAOARDERICK>TMEASINT) 207 VB OXRAHNREMICINBSN TERIN TREESN
FFERLETHBLERLTVET,

% A0104

E5 Frothy layer &L —H—HR4TRER CTE /- Frothy layer EIMOREMBO LB £ARMIZEI>f=&SI2H-TLVT,
BWHUANEHELNET AFIELELNERTHLREVADKSICRZFT . EEEFEMB TR . EXZREFR. B
FRFAETFE.

A0058-C2001-02 Frothy layer Vesicle-rich

v Frothy layer,

interfacial

\

Rhyllosilicate-rich
matrix

© Noguchi et al. (2022)
E6 Frothy layer LL—Y —RETRERTTET= Frothy layer BB EABOLEE £AMITEII->TLVT, HRAMRITF
TAMNTEB(EELOEBRTLREVADLSITRATVALD) N EHEONET . BBETFEMBETHES . £13 HAADF-
STEM &, &l% BF-STEM {&,

(3) FHEILBIZHT2H A4 DET

a0 0EES>TOAMEIZICRAEFENTOW S BIRERIERMIZIE SR AT A>TLOET, #
AFAUIZIE. 3 fliE 2 MDEDAHAEIFTHELNERNET , FHEIZZIT TGV EIRERIE N
M &L AT Smooth layer & Frothy layer ICEFENSERA AL D ZLH 2 fliLlz>TLVELZCE 1),
DZEE. FEHRIEICE > THAFUDETNEEIZEVITEFEKRLET LHAL. BOAMITTKL
Rond 5B [5IAH:8-15]XIFEAERONEFEATLE,

(4) FHEEEIZXDREK

NMEPSE 2ITKDZDHETORFARIMVAEERDOBRE., FHFoRon-HBOHHEROF
BZELBADONFHREIEIZKSRHKTT, (2) D Frothy layer DD ERBAICE T, Y4704 T
AOMFDEEMEBICE>TRBRERIEIYN BRI IRICERER I NIRF TSI EEHRBALEL



f=. Frothy layer |ZEEKDEFIEH SR ES=—VTILBRIEYDREYHI OLHALEEREELET B
BLEBOTOLECEE 1~2 S/OVENEYBIKLTWET, £-. KIERBSIZL3FHRAIETE
TEELNLHFHAKMNEBETLEL -,

(5) VAT ORFIFAMATHFIYELREARITTLDLDA LY

1)1 ™2 TI& Frothy layer ELNSTAVBOATAOARDERTREAHLBIT-FEHERALED 1-2%D
PFTRONELI= thA. A FATTIXRBHDOBIT=-REZF DR FIL 0.3% L1 HYERATLI=. 1
3 BB/ OBTEMER DAV VDOYMED LG DO RENGINERERZTAHE, S/ALTEME
BEEWA D OMEDSSBEDEIYE., KUBEBEICHAZEAMONTNET , /0BT EHD
ZWVRFHPELEFO>TNDEIAITIAIAATAOMRA TR TEHZEL, HIFAEWNZTNH-
THELCEEBRICEST)aD T VDR FREMRIFT-EFBIEEZTVET,

(6) NERENA VT VDFEHERALIEZEDLIIZEEINSGD

AERBHICEIFEREBEIXGRICBISNTLSRYBRGEMICEBSIH. BRRRICKLER
TEBRINSIFEREBIEENES-—BTEONE T, I/ VAATAOCMRDEREE. SUF LT
R T. BITEEORREEAONTET . ChoEZEEL T /INRE 29IV EICHEET SRR
[CZEICEFNLBRERIENYIC 2 BEOFHERILNEEEINAZKFERLEZEXRNE 7 TY,
7 Tl BOICBIRERIESMICKBZERIF (TIXIEE TSI TIRA(A U EEF) BREAMNS
0.1 SYOVEEEDFEIICERL. BREBIELYOBELTHIRL. B9 MICEKEREILET . AN
AERIZESFHEILTHY. Smooth layer ZRHLET , FFITREES ST/ I/OATAOMRDEREIZK
ST . KBRRBHOEEEZT T )07 YDORPLHOREIE. BRE (Frothy layer) [Z&k>TER
PHHNELEMICBEDONET, YA HIO0ATAOCNRERERMBIZLSFEHRAILTT, Frothy
layer [ZBEKLTHEY. ZOTOHIIODDRBREERIELIEKLET,

FHELEREIT 2 AERTHAIARBRBE EIAIOATAOARFDEEMBTIKIDLENKEE
TCHBTIN, REZERELTOWSHE. KEHNSDER. RIAD YA XIZL>T. BTN TNEHE
MAGFHERAEZEIST LV ZENDMYFELZ, KERRFHEE TTELFHRAILE THS Smooth
layer DIHE . ZDESX 0.1 SVAVIEETH IO REARIMLADEE I VLGN ERDOIET,
LAL. R4 00474 O DEREMBIZKEDBIKBREL 2 o 3 I/OVIEESHHY. EDTDE
KEBRIELHR KL TWAIENS INREYaA DT IDREICISLI-EREICKIMEER BN LEEIZHF
HZLTULWNIE, ROITEREEEIBVDINRAEZ T2 EIBARINLNBONDIDTIHELHNEE R
TWET,



Phy"osi”cates 1st impact melt 2nd |mpact melt

Ryugu 3 N
grain @
Solar wind

ThlcknessA Dehydration by implanted
dehydroxylation : zone
(nm) 4 : ;
of phyllosilicates : wmﬂ
A ; Solar wind
~1000 |- i implanted Anhydrous

- : Zzone impact melt

2 VLT T

o

<) .

B %\)Fl)?érwe%d Anhydrous impact melt

Original surface WZrZL; [ Il Ti
of a Ryugu grain0 | T T e

Dehydration by dehydroxylation
of phyllosilicates

Interior

Phyllosilicates preserve
hydroxyls

—-€

I I
Surface dehydration and decrease of 2.7 ym band depth

© Noguchi et al. (2022)
E7 /MEREY1 VTV LICHFETIACORICFHALOEZENERSIN TIKKRFERTEXE,

(7) COBMED CBPEREDOFHRILIZNT

NEENRLEEFO TS KELEREDRDAMUANILLTIE,. C BPERENRLENIEAH
BNTWET, ELT. CR/PERED 40%(F. RFARIMLIZEFOF S E OH OFHEZ T RINEZE
FEGVLIEAMONTVEY , ERFERELTIE, ChLEREEENBOMBZEZ TN, £HE
LAEMNBERELTEFICLECEDLGLVYPETTETLSEM LSBT TEEL[5IA
X#k:24,25], Fhf=-blE. SEIOMRBRZEFEZ T, ClIVFSAMIE-HPETTETLVS C B/ ER
EnGE1E. FHEEDEZE FICEHENMBDZE) LB RICANDIANETRILELMNEZZTVET,

4. XA
#MiE4: Nature Astronomy
WX AARIL: A dehydrated space-weathered skin cloaking the hydrated interior of Ryugu

Z3: T. Noguchi', T. Matsumoto?', A. Miyake', Y. Igami', M. Haruta®, H. Saito*5, S. Hata®’, Y.
Seto®, M. Miyahara®, N. Tomioka'®, H. A. Ishii'", J. P. Bradley', K. K. Ohtaki'', E. Dobrica'', H.
Leroux', C. Le Guillou', D. Jacob', F. de la Peia'?, S. Laforet'?, M. Marinova'®, F. Langenhorst'4,
D. Harries™, P. Beck'®, T. H. V. Phan'®, R. Rebois'®, N. M. Abreu', J. Gray', T. Zega'®, P-M.
Zanetta'®, M. S. Thompson?’, R. Stroud?', K. Burgess??, B. A. Cymes?3, J. C. Bridges?*, L. Hicks?*?°,
M. R. Lee®, L. Daly®2"28 P_ A. Bland®®, M. E. Zolensky®®, D. R. Frank', J. Martinez®!, A.
Tsuchiyama®?3334 M. Yasutake®®, J. Matsuno®?, S. Okumura', I. Mitsukawa', K. Uesugi*>, M.
Uesugi*® A. Takeuchi®®, M. Sun®343¢ S Enju®’, A. Takigawa®, T. Michikami®®, T. Nakamura*’, M.
Matsumoto*, Y. Nakauchi*!, M. Abe*'42, M. Arakawa**, A. Fuijii*', M. Hayakawa*', N. Hirata**, N.
Hirata*3, R. Honda*, C. Honda*, S. Hosoda®, Y. lijima*"", H. Ikeda*!, M. Ishiguro, Y. Ishihara*', T.



Iwata*!42, K. Kawahara*!, S. Kikuchi*’, K. Kitazato*, K. Matsumoto*¥42, M. Matsuoka*', Y. Mimasu*',
A. Miura*', T. Morota®, S. Nakazawa*!, N. Namiki*®#?, H. Noda***2, R. Noguchi*®, N. Ogawa*', K.
Ogawa*!, T. Okada*'“?, C. Okamoto**", G. Ono*', M. Ozaki*'*2, T. Saiki*', N. Sakatani®®, H. Sawada*',
H. Senshu*’, Y. Shimaki*!, K. Shirai*}, S. Sugita®+“’, Y. Takei*', H. Takeuchi*'#?, S. Tanaka*'“2, E.
Tatsumi®'38, F. Terui®?, R. Tsukizaki*!, K. Wada*’, M. Yamada*’, T. Yamada*', Y. Yamamoto*', H.
Yano*'“2, Y. Yokota*', K. Yoshihara*!, M. Yoshikawa*'42, K. Yoshikawa*', R. Fukai*', S. Furuya*', K.
Hatakeda®®, T. Hayashi*!, Y. Hitomi®3, K. Kumagai®®, A. Miyazaki*', A. Nakato*', M. Nishimura*', H.
Soejima®?, A. |. Suzuki®®, T. Usui*', T. Yada*', D. Yamamoto*', K. Yogata*', M. Yoshitake*!, H. C.
Connolly, Jr."®* D. S. Lauretta', H. Yurimoto®®, K. Nagashima'', N. Kawasaki®®>, N. Sakamoto®®, R.
Okazaki®’, H. Yabuta®, H. Naraoka®’, K. Sakamoto*!, S. Tachibana®®, S. Watanabe®®, Y. Tsuda*'

Division of Earth and Planetary Sciences, Kyoto University, Kitashirakawaoiwake-cho, Sakyo-ku, Kyoto 606-
8502, Japan.

2The Hakubi Center for Advanced Research, Kyoto University, Kitashirakawaoiwake-cho, Sakyo-ku, Kyoto
606-8502, Japan

3Institute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan.

4Institute for Materials Chemistry and Engineering, Kyushu University, Fukuoka 816-8580, Japan.
5Pan-Omics Data-Driven Research Innovation Center, Kyushu University, Fukuoka 816-8580, Japan.
SInterdisciplinary Graduate School of Engineering Sciences, Kyushu University, Fukuoka 816-8580, Japan.
"The Ultramicroscopy Research Center, Kyushu University, Fukuoka 819-0395, Japan.

8Department of Geosciences, Osaka Metropolitan University, Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558-
8585, Japan.

%Department of Earth and Planetary Systems Science, Hiroshima University, 1-3-1 Kagamiyama, Higashi-
Hiroshima City, Hiroshima, 739-8526, Japan.

0Kochi Institute for Core Sample Research, X-Star, JAMSTEC, 200 Monobe Otsu, Nankoku, Kochi 783-8502,
Japan.

""Hawai'i Institute of Geophysics and Planetology, The University of Hawai‘i at Manoa, 1680 East-West Road,
POST Building, Room 602, Honolulu, HI 96822, USA.

2Université de Lille, CNRS, INRAE, Centrale Lille, UMR 8207-UMET-Unité Matériaux et Transformations, F-
59000 Lille, France.

BUniversité de Lille, CNRS, INRAE, Centrale Lille, Université Artois, FR 2638-IMEC-Institut Michel-Eugene
Chevreul, F-59000 Lille, France.

"“Institut fir Geowissenschaften, Friedrich-Schiller-Universitat Jena, Carl-Zeiss-Promenade 10, 07745 Jena,
Germany.

SEuropean Space Resources Innovation Centre, Luxembourg Institute of Science and Technology, 41 rue du
Brill, 4422 Belvaux, Luxembourg.

8|nstitut de Planétologie et d'Astrophysique de Grenoble (IPAG), CNRS, Université Grenoble Alpes, 38000
Grenoble, France.

”"NASA Langley Research Center, Hampton, VA 23681-2199, USA.

8Materials Characterization Lab, The Pennsylvania State University Materials Research Institute, Millennium
Science Complex, Pollock Road, University Park, PA16802, USA.

®Lunar and Planetary Laboratory, Department of Planetary Sciences, The University of Arizona, 1629 E.
University Blvd., Tucson AZ 85721-0092, USA.

20Department of Earth, Atmospheric and Planetary Sciences, Purdue University, 550 Stadium Mall Drive, West
Lafayette, IN 47907-2051, USA.

21Buseck Center for Meteorite Studies, Arizona State University, 781 E Terrace Road, Tempe, AZ 85281, USA.
2’Materials Science and Technology Division, U.S. Naval Research Laboratory, Washington, DC 20375, USA.
2NRC Postdoctoral Research Associate, U.S. Naval Research Laboratory, Washington, DC 20375, USA.
24Space Park Leichester, The University of Leicester, 92 Corporation Road, Leicester, LE4 5SP, UK.
25School of Geology, Geography and the Environment, The University of Leicester, University Road, Leicester,
LE1 7RH, UK.

26School of Geographical and Earth Sciences, The University of Glasgow, Molema Building, Lilybank Gardens,
Glasgow G12 8QQ, UK.



27Australian Centre for Microscopy and Microanalysis, The University of Sydney, Sydney, New South Wales,
Australia.

28Department of Materials, The University of Oxford, Parks Road, Oxford, OX1 3PH, UK.

29School of Earth and Planetary Sciences, Curtin University, GPO Box U1987, Perth, Western Australia 6845,
Australia.

S0ARES, NASA Johnson Space Center, 2101 NASA Parkway, Houston, Texas 77058, USA

31Jacobs Engineering, 1999 Bryan Street, Suite 1200, Dallas, Texas 75201, USA.

32Research Organization of Science and Technology, Ritsumeikan University, 1-1-1 Nojihigashi, Kusatsu,
Shiga 525-8577, Japan.

33CAS Key Laboratory of Mineralogy and Metallogeny, Guangdong Provincial Key Laboratory of Mineral
Physics and Materials, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (CAS),
Guangzhou 510640, China.

34CAS Center for Excellence in Deep Earth Science, Guangzhou 510640, China.

35Japan Synchrotron Radiation Research Institute, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan.
36University of Chinese Academy of Sciences, Beijing 100049, China.

S’Department of Mathematics, Physics, and Earth Science, Ehime University, 2-5 Bunkyo-cho, Matsuyama,
Ehime 790-8577, Japan.

38Department of Earth and Planetary Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
0033, Japan.

39Faculty of Engineering, Kindai University, Hiroshima Campus, 1 Takaya Umenobe, Higashi-Hiroshima,
Hiroshima 739-2116, Japan.

40Department of Earth Science, Tohoku University, 6-3 Aoba, Aramaki, Aoba-ku, Sendai 980-8578, Japan.
“lInstitute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 3-1-1 Yoshinodai, Chuo-
ku, Sagamihara, Kanagawa 252-5210, Japan.

42The Graduate University for Advanced Studies, SOKENDAI, Hayama 240-0193, Japan.

43Department of Planetology, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe, Hyogo 657-8501, Japan.
44Aizu Research Center for Space Informatics, The University of Aizu, lkki-machi, Aizu-Wakamatsu,
Fukushima 965-8580, Japan.

45Department of Information Science, Kochi University, 2-5-1 Akebono-cho, Kochi 780-8520, Japan.
46Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea.

47Planetary Exploration Research Center, Chiba Institute of Technology, 2-17-1Tsudanuma, Narashino, Chiba
275-0016, Japan.

48National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan.

49Faculty of Science, Niigata University, 2-8050 Ikarashi, Nishi-ku, Niigata 950-2181, Japan.

50Department of Physics, Rikkyo University, 3-34-1 Nishiikebukuro, Toshima-ku 171-8501, Japan.

S1Instituto de Astrofisica de Canarias, University of La Laguna, Tenerife, Spain.

52Department of Mechanical Engineering, Kanagawa Institute of Technology, Atsugi 243-0292, Japan.
53Marine Works Japan Ltd., 3-54-1, Oppamahigashi-cho, Yokosuka 237-0063, Japan.

54Department of Geology, School of Earth and Environment, Rowan University, Glassboro, NJ 08028, USA.
55Department of Earth and Planetary Sciences, Hokkaido University, Kita-10 Nishi-8, Kita-ku, Sapporo 060-
0810, Japan.

56Creative Research Institution Sousei, Hokkaido University, Kita-21, Nishi-10, Kita-ku, Sapporo 001-0021,
Japan.

5"Department of Earth and Planetary Sciences, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395,
Japan.

58UTokyo Organization for Planetary and Space Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan.

59Department of Earth and Environmental Sciences, Nagoya University, Furo-cho, Chikusa-ku, Nagoya
464-8601, Japan.

*Deceased.

DOl #%: 10.1038/s41550-022-01841-6



5. iiE

CENREREMZSECBEIAIRADEFMEDLTY , HBRAK[EZBEBAL THRITETLED
DD55 2mm UL EDKESDEDIFERELIENTT , TOENTINIBIDIEIA/OATFHOARE
FUFET, SE., HELTELATAIOAMRDRESEDNSHENDTETA, Y4V OATFHOARENS A
EBITH—LELE,
GCE2)EEBDN=OICRFNEAA UV EEBFITAMMMEREIZE>TLDARAEDZETT,
GEJ)KREFHRE. KEIL7PI0FEEMEICHE > THEINIBIRILF—DRBERFOIL
T ABRADTSIXIDEDIRILF—LLERTREHEANTEFRILEDSHFHEFRILEDEE)
IRNF—ZHFHEFET, KBREHFOEFRILMIDTIHULSIRILF—TY, IRAIFHREEE
KERNTRELEEIRILF—RFDIELXLY, 100 AHBFRILEDS 1 FHEFRILEDIEE)
IRLF—ZFI2ELEDNLZTT,

CE4)SEUNKREBLIT ERIBIMEVSIYEZ ECETCERED/NIREDILEEZLWVET,
CEBNADT & FTILINAIVINERE LS, Y KELRAEDBIESN THEON I D EFELT
TELEIDNZOEERIDFILERIATY , F#LLE[FIAXHR: 26125 BLTTELY,

CEB)aAD T IITIEYRFT AL B ENS 2 FBEOBKRERIELYMNZECEENTLET, |
FX. HBROLGEMNIBEKDFENSBSICHYMDOOHAYTEIENARELR KD FEELIENTE
FI.LHL VT s EIRENZEABICEFEN TS RF AL FERAZZITTOGLE
FTHOTH, IMRE LICWVEEICT TIZBRKAD FDIFREAEER>TWIEN MO TVET,
FELIE[BIAXHER : 2123 BLTT L,

(E7) REARIMVER. HEMEDREICHZRF LRGN EN-NE BLRGERE (HAHNTEDHE
HTHHIEB) CEDORFFELLTERDOLIEZEDDILEZLWET,

Gk 8) FREILLIE. ZERFTMITIRAELLRFLAAUHESILI-METHIERFTORAELNE
FOAFUDIEVANEEN T, REMENGLGEIEEZVWVET,

GE BFITRELTOHMELF OO EFRI/IBERODEELIL BRPODREFOIF U DOHRAIE
LOVBESICE > TFENBETRET RO LEZEFREIT/AF—2 &V,

(E 10)—BlEZF5HE MgeSisO10(OH)s ELVIIEF R EF DI AN MEBSIN THET HL.
3MQ2Si04+SiO2+4H,01 EVVSBR K RIS A REE T, KA F (ERIZITMBASN TS D TKES) AR
HENDIENRHIYET,
CE1MEREEBEFEMBEICHYMF-EFRIRILF—EBERARIOA—F—LNSEE OB
ZEoT-8R D X SRIRIVIH M HIEER RN ILDER ISR DYELT =,
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