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Noble gases and nitrogen in samples of asteroid Ryugu record
its volatile sources and recent surface evolution

1.8E
INERERERTOSI2 I8 MERICHS R oA thBREE/NRE 20TV DREBH LU THER
HOFHREZRDORMABREANELELIZ, Ya oI VICIEKBREBEOHFTRDNSENTEY.
FNEFNETHRESNTVREDERALYLENENDMEL, BERRMKERIFHEB &I
Big->THY . EHREEREFEVELNSH) 20T VEBICIXRFEINTVSI LAV ELT-, K&
R DIARAH AL E, SR FERICE S TERSNEFHARERBREFED 2 BEOFHR
LEFNTOELZ, BLDV 2V T VERICEFNIRNGERERA R TENTETLZ. 1 BIVFF
UEIEREE 10 @, 8 2 B2y FA U EIGEREE 6 BRLELRD., ZLOEBIEKREREH X
EHFEYEATHDT .2 ABLINREOHNETEAZN 3500 FH. 250 FRIOESTHETHK
BREEATOWELZ, KBRIXRADRZRERBOMEICULIMTERAENLLV O, TNEDERBHIRAE
BRBIZEFNFN 3500 FE, 250 Fl, HFEL TV EIEEZERLTOET, £ 2 @Ay FAHVUERH
FAIIL—2—HANSERLTEY.,  FTYEESATOSEHFINTOET . E 2 BIVFIIY
HHICEKBRFARAHEYEENTOENIELD, FES 12m BEDMTYHEIXHEYEHINT

parent body with incorporation

BRI e G L 2. Aqueous alteration on the Ryugu's

parent body ~4.56 Gyr ago
3. Ryugu formation by re-accumulation

of parent body’s fragments

| 4. Migration to near-Earth
orbit ~5 Myr ago

5.Redding by heating : '- 6. Present
>1 Myr ago y — % Ryugu
A 4
©O0kazaki et al., 2022a
120 VDEER . V2V T IBREADHEREARGS LUCRBEMARDER, 2. V2V T IBXREATO
KEZEL ($9 45.6 (BERD . 3. BRIABH OERICKD)1DT IR 4. inthERELE~DFE) (£ 500 FE
Ao 5. MEIZKDFRIE($9 100 FEULAD 6. BED 295,




WEWIERhMYELIz, £z, RAIFHGERRAVENS, Va0 T DA H QIR AIFHG BT HAR
(349 500 AETHAIENHMNYELIZ, Va0 T OREADIL—F2—IZIE., ifhERENE TOEETES
N=ERELTHESNDER (200 FEMS 800 FHE) & INREFH TOEELERTHELONIZERE
LTEHESNDER(10 BEMD 30 BE)MRESNTEEL . HARADTOBERNSFONIERA
FEHEBSHAMIEIIEOERIT—BLTEY. Y27 2(FH 500 FERI/NREBHEN S, RIEARE
~ADEREENDEVEEREEICBEILEEZoNFET (K1),

F Vo OEHEEZEERNT 100°CITMEALTZE. 100 AEQRBSTEARICHE H 9 SR AFH
BREROAZRSBRHINFEL=, COTEIL. BE 100 BERMIXI29TIREBHMEN 100°CLLLDOSE
BEREBRLTWVEWIEEERLET  Vav IV RBOTREEICIEAIHEA XA THREASIMENRD
MO TWET, KRB 27T I KBIC— A DO =B MBE Z (1= f-0HIZTEL
LDSATBEMEDACNETOARTREEINTOET , HL. FIEDRENKGEETOMERTHLIHEE. £
U 100 BELUERIOHERETHo=ZLIZHYFET (R 1),

2K

ERMR S, KES 1mm B(FEETTHE 0.3mg UT)DVavI o E—#HT D (&5
24 HI) . KRG LGB RARPTERERLYMRIZL, RUYRRAD RN D IS ELVEF
BHMBESRETVEL -, TORR. BRI ANMRICE S SN2 07 7B L. BREYMFEN
[CIFATFRRFEEAR (Cl aVFZAM)IZRTHEY., = D am T 0B ELLE TSI LA H H
YELIz SOV T VB ERWNT, FHREBIUBRBA ST OO DR HFEITLEL,

F 1 \EAyFEIUTRIRLESEE (RRBYWE. Ryugu-A )10 E. ¥ 2 @4yF4 oo TERIRL
FATIL—2—EERN (M TYEOFEN SIS, Ryugu-C 386 @EIZxtL T, HARXRALE
BIEZITVEL ., KBREEBICFEEHBICEEL WA AREEALERFREMELCEKRGRY
B(F/FANEUROTST7AMEE) 20T IICIEREICEFENTWSIEAHBALELZ, T
DRAER LR BIBRMBERESNDIRFREIVRFSALD—FETHSD Cl AVFSADEDERT
HY VT OMBIZEFTNEFHADEEX Cl AVRSAR MDAV RSAREYEZ NI ENHMY
FLEZ(E 2), SNIE VDT IBREEBELI-MEYEE Cl U FSAMREDIDTHSIH. &
REMEOCEKRBRYMENZCEFEN TV ILEZRLTVET,



100 E
C gg;:g:z A0105-15
o 10k g
a E
e CM
w * CR .
T 4L eov o)
(&}
S co .
(=] C-ung * -
= L« Ahs Pre.
L 01k .
8 E
1 1 L

—
o 100k
o
7 Bve
E o1l Pe
o 3 %
@ C 4 *,
o r “; **
=
Tl
x 1
3 3

01 L 1 [ S A | L L A | 1 L R T B AR 1

0.1 1 10 100

#2Xe (10° cm?® STP g')
©O0kazaki et al., 2022a
2:)a0 T 7EMOBERMNFET RADRE, HtEIIRRHAN R BArRES LUV “Kr iRE., HEIC ¥2Xe iR
EERLTWS, Ya T oEM (FLooBALRABE=AE) (FNFETHLONTLSEELYESEEDKE
REABEOFRATREZEATND, RREIVFIAMNIREOA. KA. FER. REL. BLEB. KERA
B)BLUVTOMDEENE (AL CBANAR)LEEDHITRLTLS,



42501259 # (Ryugu-A % 2 3# . Ryugu-C # 2 ¥ 0L R . SO RGEMERS
FUVBREIX VT ORI LICELGDIENHIBALELZ (K 3), SOI&F. KIERFEEIZU2DY
DBXAKICHEELEZRALBEREEUCYELNSE) 1D T JIZEBELTWSILERELET , — DY
AT IEBHE N ELSRGARIZZLL AV T VBRAETOKEEE S SURKATET "N #2<
BUMENERON-ZEERELTLET,

60
8 gwgu-g 3:)am s R B OERRAKE R
yugu-
50 | ® Ryugu-A(A0108)| B, MIER KSR EDEZFHRETRLEZLD)
o Alai
| e EERHEE (BRL) QMM EH) . o
3 = Orgueil N NS - g — 2
40 - ! . m Dehydrated CI DI (FLoDEA BEE=AT. K
‘ CMchondrites | 31) (3§ LI ERMAMMNEL D, Cl O
5 ¢ &) YRS REBELUEREA), CM >
[=) v 2
= ‘ % RS (EEABLVEBTHER4EE) S
o 20 N SEDEHIZRLTD, HLE. HEAS
105-
Aoicse DEANERE-BEIKERNTRLE
a0 W
or o . BRICHTF— BT B, TOHE
o N
& g Rz,
C0106-07 'Q
or V' ao0105-07
Y-980115= .
METO01070
_10ll!llllLlJII\LJlllJllllJ
0 5 10 15 20 25
NT (wt% 1)

©O0kazaki et al., 2022a

KISZFEEDIRFREMHA RALUNZE, SBAFHERICE O TERSNEFHREKRBGELRED 2 FED
FHRLEENTULEL=(E 4) . Ryugu-A % 10 {8, Ryugu-C & #% 6 EoHTLELI=A. KIERA
FRIRDAN) D LXORA 1L Ryugu-A BHED 2 BICOAKREIZEEN TSI EAHOMYELIZ, b
2 FIFDOKIGRABSTEARM ZIREDBNE TEN T 3500 £/, 250 FEREFESNFELIz, CORSH
FIEAEADRFPALITVRAFLVEL KERBHERZL DM FOBEIIBOH TEVLDTT,
—H.BLD2V T IHFICEFEN TV EABRERDFENRAEEHTNTHY . TNE5DHFDK
BEBHEEIEH T EUT THAIIENHOMAYELIz, 2OIEMS, BURLIZ 22T O RBMED £<
I+ EEREOEHELIARADRRAISHE TSN IEnbMELEz, KBERFHRAEKRE
[CETHFIE Ryugu-A BRBHLMR OS> THEST . FE 2 BV FAVURBICIERBERASETANHE
YDEFENTLVENIEM G, BE 12m BEOMTYE I HFVEHShTORLIENA LMY ELT,

512, Ryugu-A 5% (10 &) . Ryugu-C(6 B)FHFHHIDWT, SRIAIFHRD B L >TER SN
T UEDFHEEROHELTZ, Ff=. Ryugu-A [EFREH 55 2-4cm, Ryugu-C (&£ 1.3m DIFESTD
FHRICEDIRATVDERERELZRDFELz, INOEFES>THELBER., Lo 0HBEFHRES
(349 500 BETHAZENHIBALEL . KBRAFHTRADHEREEOETERDE. YoV T IRE
NSRS 1-2m OEEIEERERGE TREICIHERIN TGN F2EEBZONET £ . REDY
AT OREDIL—E—DREESAKME COEEREENSHESNDIL—F—FRKIL 200 5
FEM5 800 BELROLNTHEY., CNICK—HLTWET /IR EFTORELERERICL>TY
L—3—bDMEonTzLRELTHESNSIL—2—FERKTIE. 10 BEMDS 30 HELLY, @E 500 B
F. BRERENMFEETIEENSIIEn b oA HHBREFEVERA LIz >T Jamd™



MINEREENCIREDAHIKNEICBEL 2137 (TS HH 500 A ERITHAEEALNET (K
1o

Fl= RAIFERBHRICEOTERSN =TV ERBREZRD A IE. 8% 100 EITHET 51
(FTHERESN DI EN LAY EL =, BBEL-IRAIFHRER R OEMN G BE 100 HER. Jaw
TORBYMEE 100°CUEICIEMBSNTWNVENIEA LMY ELZ, TTICKBYEORRLEE
FDHARTELRIBELONTEY . ENEEESHTY . SEOHMETIHEERFRICHNA T, FRERD
/BAZENTEFEL - VaV T ORBOHRBERICIFARS A THRHEZDMEN R ONOTVET,
ROMEE) 27T I KEGIC—BEE DUV == IR NEE 2= [T TEFEWS AT REMEA D
NETOMRTHEBSNTVET . LU, FIEDRELAKBEETOMETH AL, TNiE 100 BE
LI ERTIOHREETHOEVNIEESRIDFARADTDHBRITRLTOET (B 1),

NEOSRS2ITRHRERTHNO TVMNRERAICAIIL—F—ZREL, NREMTHEZRINT HE
ATEEL NERESRBYVELH THEOKBRERFTAESHEE LK - BRI SLT.OHT
MEDRARBTOELLOEENERLGLHEERB I ENTEFELS,

R FE R
NS

1~2 A—k)L

ONMKZE

4 INBRERBTORBR(ALoOR) LRAFHKRES (FR). KBRIEHMEDI<CRE 100nm
FTULAFBELGL, SRIAFHERIT 1-2 m DFSICETEEERITS,

3.3 8
MEREA © Science
im L Z A KL : Noble gases and nitrogen in samples of asteroid Ryugu record its volatile sources and recent

surface evolution

£3 . R. Okazaki', B. Marty?, H. Busemann®, K. Hashizume*, J.D. Gilmour’, A. Meshik®, T. Yada’, F.
Kitajima!, M.W. Broadley?, D. Byrne?, E. Fiiri?, M.E.I. Riebe?, D. Krietsch®, C. Maden®, A. Ishida®, P. Clay’,
S.A. Crowther®, L. Fawcett’, T. Lawton’, O. Pravdivtseva®, Y.N. Miura’, J. Park'®!!, K. Bajo'?, Y. Takano'?,
K. Yamada', S. Kawagucci'>!'®, Y. Matsui'>!®, M. Yamamoto', K. Righter'’, S. Sakai'?, N. Iwata'®, N.



Shirai'®?, S. Sekimoto?!, M. Inagaki®!, M. Ebihara'®, R. Yokochi?*, K. Nishiizumi*, K. Nagao®*, J.I. Lee*,
A. Kano®, M.W. Caffee’®?’, R. Uemura®®, T. Nakamura®, H. Naraoka!, T. Noguchi?’, H. Yabuta*®’, H.
Yurimoto'?, S. Tachibana®!, H. Sawada’, K. Sakamoto’, M. Abe’*2, M. Arakawa®, A. Fujii’, M. Hayakawa’,
N. Hirata®, N. Hirata**, R. Honda®, C. Honda**, S. Hosoda’, Y. Iijima’f, H. Ikeda’, M. Ishiguro®®, Y.
Ishihara®’, T. Iwata’, K. Kawahara’, S. Kikuchi®*®*, K. Kitazato**, K. Matsumoto®>*°, M. Matsuoka*’, T.
Michikami*!, Y. Mimasu’, A. Miura’, T. Morota®, S. Nakazawa’, N. Namiki*>*°, H. Noda***°, R. Noguchi®},
N. Ogawa’, K. Ogawa*’, T. Okada’*, C. Okamoto®*, G. Ono*, M. Ozaki’*?, T. Saiki’*?, N. Sakatani®, H.
Senshu®®, Y. Shimaki’, K. Shirai’*, S. Sugita®, Y. Takei’, H. Takeuchi’, S. Tanaka’, E. Tatsumi®***®, F.
Terui*’, R. Tsukizaki’, K. Wada®®, M. Yamada’®, T. Yamada’, Y. Yamamoto’, H. Yano”*, Y. Yokota’, K.
Yoshihara’, M. Yoshikawa’*?, K. Yoshikawa’, S. Furuya’, K. Hatakeda®®, T. Hayashi’, Y. Hitomi*®, K.
Kumagai®, A. Miyazaki’, A. Nakato’, M. Nishimura’, H. Soejima*, A. Iwamae*®, D. Yamamoto’*, K.

Yogata’, M. Yoshitake’, R. Fukai’, T. Usui’, H.C. Connolly Jr.*°, D. Lauretta®', S. Watanabe?®, Y. Tsuda’

"Department of Earth and Planetary Sciences, Kyushu University, Fukuoka, 819-0395, Japan.

2Université de Lorraine, CNRS, CRPG, F-54000 Nancy, France.

SInstitute of Geochemistry and Petrology, Eidgendssische Technische Hochschule (ETH) Ziirich, 8092 Ziirich,
Switzerland.

“Faculty of Science, Ibaraki University, Mito, 310-8512, Japan.

SDepartment of Earth and Environmental Sciences, The University of Manchester, Manchester M13 9PL, UK.

®Physics Department, Washington University, Saint Louis, MO, 63130, USA.

"Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency (JAXA), Sagamihara, 252-5210,
Japan.

8Department of Earth Science, Tohoku University, Sendai, 980-8578, Japan.

9Earthquake Research Institute, The University of Tokyo, Tokyo, 113-0032, Japan.

19physical Sciences, Kingsborough Community College, The City University of New York, Brooklyn, NY, 11235, USA.
""Department of Earth and Planetary Sciences, American Museum of Natural History, NY, 10024, USA.

2Department of Earth and Planetary Sciences, Hokkaido University, Sapporo, 060-0810, Japan.

3Biogeochemistry Research Center, Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Y okosuka,
237-0061, Japan.

1Department of Chemical Science and Engineering, Tokyo Institute of Technology, Yokohama, 226-8503, Japan.
5Research Institute for Global Change, JAMSTEC, Yokosuka, 237-0061, Japan.

Institute for Extra-cutting-edge Science and Technology Avant-garde Research (X-star), JAMSTEC, Yokosuka, 237-
0061, Japan.

17 Astromaterials Research and Exploration Science, Mailcode XI2, National Aeronautics and Space Administration
(NASA) Johnson Space Center, Houston, TX, 77058, USA.

BFaculty of Science, Yamagata University, Yamagata, 990-8560, Japan.

YGraduate School of Science and Engineering, Tokyo Metropolitan University, Hachioji, 192-0397, Japan.
2Department of Chemistry, Faculty of Science, Kanagawa University, Hiratsuka, Kanagawa, 259-1293, Japan.
Hnstitute for Integrated Radiation and Nuclear Science, Kyoto University, Osaka, 590-0494, Japan.

2Department of the Geophysical Sciences, The University of Chicago, Chicago IL, USA.

23Space Sciences Laboratory, University of California, Berkeley, CA, 94720, USA.

24Division of Earth Sciences, Korea Polar Research Institute, Incheon, 21990, Korea.

23School of Science, The University of Tokyo, Tokyo, 113-0033, Japan.



26Department of Physics and Astronomy, Purdue University, West Lafayette, IN 47907, USA.

Y’Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette, IN 47907, USA.
BDepartment of Earth and Environmental Sciences, Nagoya University, Nagoya, 464-8601, Japan.

Division of Earth and Planetary Sciences, Kyoto University, Kyoto, 606-8502, Japan.

30Department of Earth and Planetary Systems Science, Hiroshima University, Higashi-Hiroshima, 739-8526, Japan.
3'UTokyo Organization for Planetary and Space Science, The University of Tokyo, Tokyo, 113-0033, Japan.
32Department of Space and Astronautical Science, The Graduate University for Advanced Studies, Hayama 240-0193,
Japan.

3Department of Planetology, Kobe University, Kobe, 657-8501, Japan.

34 Aizu Research Cluster for Space Science, University of Aizu, Aizu-Wakamatsu, 965-8580, Japan.

3Center of Data Science, Ehime University, Matsuyama, 790-8577, Japan.

36Department of Physics and Astronomy, Seoul National University, Seoul, 08826, Republic of Korea.

3JAXA Space Exploration Center, JAXA, Sagamihara, 252-5210, Japan.

38planetary Exploration Research Center, Chiba Institute of Technology, Narashino, 275-0016, Japan.

3National Astronomical Observatory of Japan, Mitaka, 181-8588, Japan.

“Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology, Ibaraki, 305-8567,
Japan.

“Faculty of Engineering, Kindai University, Higashi-Hiroshima, 739-2116, Japan.

“Faculty of Science, Niigata University, Niigata, 950-2181, Japan.

4Department of Chemistry, The University of Tokyo, Tokyo 113-0033, Japan.

4Research and Development Directorate, JAXA, Sagamihara, 252-5210, Japan.

4Department of Physics, Rikkyo University, Tokyo, 171-8501, Japan.

“Instituto de Astrofisica de Canarias, University of La Laguna, Tenerife, Spain.

4"Department of Mechanical Engineering, Kanagawa Institute of Technology, Atsugi, 243-0292, Japan.

“8Marine Works Japan Ltd., Yokosuka, 237-0063, Japan.

“Department of Earth and Planetary Science, Tokyo Institute of Technology, Ookayama, Tokyo, 152-8550, Japan.
S0Department of Geology, School of Earth and Environment, Rowan University, Glassboro, NJ, 08028, USA.
S'Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ, 85705, USA.

T Deceased.

DOI &5 : 10.1126/science.abo0431



