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Development of ambient-controlled gas levitation system embedded in tube furnace and its
application to chondrule formation
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Chondrules are sub-millimeter sized silicate spherules formed by instantaneous heating of solid
precursors at the early stage of the solar system evolution [e.g., 1]. In order to constrain the
chondrule formation mechanism, it is important to understand the thermal history of chondrules.
Crystallization experiments of chondrules have shown that chondrule precursors were heated up to
1800-2200 K and cooled at the rate of 10-1000 K/h [e.g., 2]. The absence of isotopic fractionation
of sulfur isotopes in chondrule sulfides indicates that chondrule precursors were heated at the
rate of >10* K/h [3]. However, there is no tight constraint on the cooling rate of chondrules at
lower temperatures (below the solidus of silicates) although it would provide information on
formation environments of chondrules. In this study, we focus on eutectic solidification textures
of iron and iron sulfides to develop a new cooling speedometer for chondrules.

Powders of Fe metal and FeS were mixed with a ratio close to the Fe-FeS eutectic composition
(slightly enriched in S) to prepare starting materials for the experiments. The mixed powder was
sealed in an evacuated silica glass tube with graphite, heated at 1400 degree C, and quenched in
water. The quenched sample was grinded into 50-300 micron-sized powder. For solidification
experiments of Fe-FeS melts, the starting materials were dispersed in silica wool, and sealed in a
silica glass tube with FeS and graphite under vacuum. Pieces of FeS and graphite were put in the
tube in order to suppress evaporation of sulfur from the sample and to make a reducing environment.
The sealed tube was heated at 1330 degree C for 3 hours and cooled down to ~300 degree C with
different the cooling rates of 25, 100, 500, and ~10,000 K/h. The run products were embedded in
resin, and the polished sections were observed with FE-SEM-EDS (JEOL JSM-7000F, Spatial resolution:
~0.1 micron). The sizes of metallic iron grains were analyzed with the image analyzing software
Imagel.

The size distribution of metal grains changes with cooling rates. Iron metal grains become larger
in samples cooled at slower rates. The typical size of metal grains formed below the eutectic
temperature is 1-2 microns for the cooling rates of 25 and 10@ K/h and smaller than 1 microns for
the cooling rates higher than 50@ K/h. The quenched sample (~10,000 K/h) contains
dendritic/fan-shaped metal grains.

We compared the size distribution of metal grains in run products with those in opaque assemblages
in CR chondrules (the images of opaque phases within CR chondrules were kindly provided by Devin
Schrader, ASU). With the cooling speedometer developed in this study, we found that a part of the
chondrules cooled at a rate slower than 25 K/h and others cooled at the rate faster than 500 K/h.
References

[1] Lauretta D. S. et al. (2006) Meteorites and Early Solar System II, (Lauretta and McSween eds.).
[2] Radomsky P. M. and Hewins R. H. (1990) Geochim. Cosmochim. Acta 54, 3475. [3] Tachibana S. and
Huss G.R. (2005) Geochim. Cosmochim. Acta 69, 3075.
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Secular change of oxygen isotope composition in the solar protoplanetary disk recorded in
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DIWIDLETIVEZOLICEAREBRETEY ((Als) FUHABRICEVT. REDERFEMETHD.
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BARZOCERCEERN Stype A, type B, type CICHFEEIND [2] o IRTDOI 1 TDCAIs(F—ELLEHS
PRICBERMLTVS (e.q., [3, 4, 51) N BONLBRIC L DERIRMEREEZER L IcahZEPRAEK
HBEE ST R EAL-MgECRIEERSEE DRFIERREDHEFIFESNTUNS[5]. AHAFTET(E. LA-ICP-MSE
FAULESEOHMETRVYE VI EEAFHNMRE AV THROBRICLIBEEREL. SBOBREAZE
ZERHEIBIEEEIEL LS, TETRVYE VI DRIECIFREKFEHBDFE-SEM-EDS (ISM-7001F &
X-max 150) ZFV). MERRVYE VI DREIC(IREARFEFZEDLA-ICP-MS  (NWR193 Laser Ablation
system and iCAP Q ICP-MS) ZHUL\IZ,
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Stolper MR EICHWT [6] . type A Etype BOFRENDEETRT, CMid. CDCAIMtype B CALICHIEGT
3I7uHA RERCRIVCBARBERER DO THBIEEZIS5ND, S5IC. ITPITIFAK DX ST
R HBRIRDAK 4, (DX VST RCBROEFNTUSENSERANTE S,
HAIEARESUHETRVYVE VY IZELA-ICP-MSICK > TEBLUIZ. BIRDOV Y RILY LEEED K S75BERRL
WABEE LIz L BONSBEEESFEEE L TRRUZ, COERET 7w kEhknShk,nV—=v
DEE AU S LR, DAY ST ~OfERENark and Lovering rim(W-L rim)([CERDEFENZS —L
FTARVYYRILEEATUVD, BIETROVY THS, BuEFRVZH Lk (La, Ce, Nd, Sm, Yb,

L) @7 7YH T RCEATHED. —ATEIIRZLTULZ, [BHIC, BuEbBR< FLETREIV-_VI%
BOXUSTRCRZLTED, BUFBELTUVS, Ak, ,,dXUST REETRATORTETENEELT
Wdo T—LFTARVYYRILICIEUN=RI=ZVUTRBD., W-L riml3FFHTETRMMEOEICEENEBEL T
Wdo

CNESDBRNS. BLETRIGEVERVT, BRETEEKAXILEDBELPT VS, TJrvdrkE
V—ZYOEEDEXA ST MIBDHITARL XU S SRBEIICRE U, A, ,,0XU ST AT
BolEREBEIND, . UN—RV—ZVDEF T —LFT 1 VY MUITEREIC K> TERE Nz
EEL7TW-L rimDEB LRSI —VETIW—TINICARBITDCENS [8] . =L F1 VY RILE
W-L rim(IBEC TSR ETELBINSD, COLS(C. FETEALROLEEVYEYTZEL T, (AIERTOE
2B T BB AHDIRIEZEFHCFEBRNSERT B,

HE  AMREEDNS(ICHIZD. L7 ILBROMERZE(CIIFE-SEM-EDSDER%E . FHERDMARE(C(E
LA-ICP-MSOERE S B TUIeRLWeEC L ELLDREHVZLE T,

[1] Connelly et al. (2012) Science, 338, 651-655. [2] Grossman (1975) GCA, 39, 433-454. [3]
Yurimoto et al. (1998) Science, 282, 1874-1877. [4] MacPherson and Davis (1993) GCA, 57, 231-243.
[5] Kawasaki et al. (2015) GCA, 169, 99-114. [6] Stolper (1982) GCA, 46, 2159-2180. [7] MacPherson
and Grossman (1984) GCA, 48:29-46 [8] Nagasawa et al. GCA, 41.11 (1977): 1587-1600.
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We have performed high precision Nd isotope analysis of chondrites coupled with a new sample
digestion technique that confirms complete dissolution of acid resistant presolar grains. We also
developed an improved dynamic multicollection method using TIMS to improve the analytical
reproducibilities. To test the analytical reproducibility in the dynamic method, we repeatedly
analyzed a standard sample (INdi-1) for eight months. The long-term reproducibilities obtained in
the dynamic method were 4.2 ppm, 6.6 ppm and 9.7 ppm for "“Nd/"Nd, "Nd/'*Nd, "°Nd/'*Nd (n = 35),
which are 2-11 to times superior to the static and multistatic method.

We analyzed eight ordinary chondrites, showing uniform isotope anomalies for p'*Nd (-12 %5 ppm), p
"Nd (10 #8 ppm) and p"*Nd (20 +12 ppm). Although the p'Nd values for ordinary chondrites obtained
in this study are generally consistent with those of previous studies, positive anomalies in p'**Nd
and p"Nd were not recognized in previous studies. In contrast to ordinary chondrites, carbonaceous
chondrites show variable Nd isotope anomalies exceeding analytical uncertainties. individual
carbonaceous chondrites are categorized into three groups as a function of p'*’Nd; NWA 2090 (-5
ppm), Tagish Lake (-2@ ppm), and Allende, DaG 190/082, and Dhofar 1432 (-30 ppm).

The data points for ordinary chondrites are generally plotted on mixing line between the
terrestrial composition and the putative s-process endmember. This means that the isotope anomalies
in ordinary chondrites are induced by the heterogeneous distribution of s-process nuclides in early
Solar System. By contrast, most of the carbonaceous chondrites deviate from the mixing line towards
the direction with lower p'*’Nd values. We presume that the offset from the mixing line is caused by
the heterogeneous distribution of p-nuclides in the early Solar System, because a part of '*Nd was
produced by the p-process nucleosynthesis and odecay of a pure p-nuclide "“®Sm. Although the Earth
and parent bodies of chondrites do not share building blocks with a common Nd isotopic composition,
the excess "Nd signature of the Earth would not necessarily require the existence of a hidden
reservoir with a subchondritic Sm/Nd ratio deep in the Earth’s mantle as proposed previously.

F—O—R ! ABFERE. TLY—-S5—KIF
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Niobium-92 is an extinct proton-rich nuclide, which decays to “’Zr with a half-life of 37 Ma.
Because Nb and Zr can fractionate from each other during partial melting of the mantle, mineral
crystallization and metal-silicate separation, the Nb-Zr system can potentially be used to
determine the timescales of silicate differentiation and core segregation for infant planets. In
addition, the initial *Nb abundance in the Solar System provides constraints on the
nucleosynthetic site(s) of p-nuclei (p- denotes proton-rich). These applications require the
initial abundance and distribution of *Nb (expressed as *Nb/®Nb) in the Solar System to be
defined. Yet previously reported initial *’Nb/*Nb values range from ~10~ to >107 [1-6], and remain
to be further constrained. All but one of the previous studies estimated the initial *’Nb/*Nb using
Ir isotope data for single phases with fractionated Nb/Zr in meteorites such as zircons and (CAIs,
assuming that their source materials and bulk chondrites possessed identical initial *’Nb/**Nb and
Ir isotopic compositions [1-5]. To evaluate the homogeneity of the initial ’Nb abundance, however,
it is desirable to define internal mineral isochrons for meteorites with known absolute ages.
Although Schonbachler et al. [6] applied the internal isochron approach to the chondrite Estacado
and the mesosiderite Vaca Muerta, these meteorites include components of different origins and
their formation ages are uncertain, which prohibits a precise determination of the solar initial *
Nb abundance.

Here we present Nb-Zr data for mineral fractions from four unbrecciated meteorites, which originate
from distinct parent bodies and whose U-Pb ages were precisely determined: the angrite NWA 4590,
the eucrite Agoult and the ungrouped achondrites Ibitira. Our results show that the relative Nb-Zr
isochron ages of the three meteorites are consistent with the time intervals obtained from the
Pb-Pb chronometer for pyroxene and plagioclase, indicating that “’Nb was homogeneously distributed
among their source regions. The Nb-Zr and Pb-Pb data for NWA 4590 yield the most reliable and
precise reference point for anchoring the Nb-Zr chronometer to the absolute timescale: an initial
“Nb/**Nb ratio of (1.4 +0.5) x10 at 4557.93 +0.36 Ma, which corresponds to a “’Nb/*Nb ratio of
(1.7 $0.6) x107° at the time of the Solar System formation. On the basis of this new initial ratio,
we demonstrate the capability of the Nb-Zr chronometer to date early Solar System objects including
troilite and rutile, such as iron and stony-iron meteorites. Furthermore, we estimate a
nucleosynthetic production ratio of *Nb to the p-nucleus Mo between ©.0015 and 0.035. This
production ratio, together with the solar abundances of other p-nuclei with similar masses, can be
best explained if these light p-nuclei were primarily synthesized by photodisintegration reactions
in Type Ia supernovae.

[1] Harper (1996) ApJ 466, 437. [2] Sanloup et al. (2000) EPSL 184, 75. [3] Yin et al. (2000) ApJ
536, L49. [4] Miinker et al. (2000) Science 289, 1538. [5] Hirata (2001) Chem. Geol. 176, 323. [6]
Schonbachler et al. (2002) Science 295, 1705.

F—O—R I IJVREST . YHAGRERRE. TREM

Keywords: achondrite, early Solar System chronology, nucleosynthesis

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS12-07 -



PPS12-07 HAMERSER S EA2016EAS

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS12-07 -



PPS12-08 HAMERSER S EA2016EAS

(BOYV RS hHRDOXIIVHEICEH(FB0sENHAHER & X TTZR Al
Os isotope compositions and fractionation of siderophile elements in metal phases from (B
chondrites

*hpg &R Bl Bt B B 5K K

*Nao Nakanishi', Tetsuya Yokoyama', Tomohiro Usui', Hikaru Iwamori':?

T RRIFRZAZHRET AAERIIRRERNZEIR, 2.8 FMARAEE
1.Department of Earth and Planetary Sciences Tokyo Institute of Technology, Japan, 2.Department of
Solid Earth Geochemistry, Japan Agency for Marine-Earth Science and Technology, Japan

Metal is one of the main components of chondritic meteorites and a significant reservoir of Fe
along with silicates and sulfides. Metal plays a key role in physicochemical processes that
fractionate siderophile elements from lithophile elements in the early solar system, generating
variable chemical reservoirs before the onset of planetesimal formation. Highly siderophile
elements (HSEs: Re, Os, Ir, Ru, Pt and Pd) have a great affinity for Fe-metal relative to silicate;
HSEs are very refractory and exist as gas only at high temperature. Therefore, HSEs in metals in a
variety of meteorites can provide an important clue for understanding of high temperature processes
in the nebula. Specifically, the "®Re-'®’0s isotope system yields chronological information
regarding the fractionation of HSEs. Numerous studies have conducted comprehensive analyses of HSE
abundances in chondritic metals utilizing laser ablation ICP-MS (LA-ICP-MS) [e.g., 1-2]. However,
these studies scarcely include in-situ Os isotope data due to analytical difficulties. We have
developed a technique for in-situ measurement of Os isotopes in metal grains using a micro-milling
system coupled with N-TIMS. Our previous study reported that individual CB metals have "'0s/'0s
ratios close to the bulk CI chondrite value with limited variation [3]. This study is a follow up
of our previous investigation that places emphasis on spot analyses of HSEs and other siderophile
elements in (B metals where "0s/'™0s ratios have been obtained. We utilize fs-LA-ICP-MS for
conducting precise HSEs analysis in metal samples. By integrating overall measurements, we discuss
the origin of metal grains in different types of (B chondrites.

We examined multiple metal grains in three (B chondrites: Bencubbin (CB,), Gujba (CB,), and
Isheyevo (CB,). The details for Os isotope analysis using a micro milling system and N-TIMS are
described in [3]. The concentrations of P, S, Cr, Fe, Co, and Ni in analytical spots adjacent to
the sampling pits for Os isotope analysis were determined by EPMA (JEOL-JXA-8530F). The
concentrations of HSEs in analytical spots adjacent to the sampling pits were analyzed with
fs-LA-ICP-MS (IFRIT, Cyber Laser).

Our Re-0Os isotope data are mostly plotted on the 4.567 Ga Re-Os reference line. Nearly homogeneous
'¥0s/"®0s ratios in (B metals indicate that fractionation of Re and Os was minuscule during metal
formation at ~4.57Ga. Because Re and Os are ultra-refractory elements with similar 50% condensation
temperatures (Re: 1821 K, Os: 1812 K), the limited Re/Os variation may suggest simultaneous
condensation of Re and Os from the nebular gas during metal formation. The limited Os isotopic
variation suggests that the redistribution of Re and Os during metal formation associated with
planetary collision was not significant as are the cases of solidification of liquid metal. A
positive correlation of Re/Os ratios calculated from the "'0s/'"®0s ratios and 0s/Ir for (B, metal
grains suggests that the condensation of (B, metal grains occurred at an equilibrium condition in a
cooling gas until the condensation temperature of Ir (~1600 K). Unlike ultra-refractory HSEs, Pd/Fe
and Ni/Fe ratios in (B, and (B, metals exhibit a strong positive correlation. This positive
correlation cannot be explained by nebular condensation but condensation in extremely high gas
pressure (10’ x solar nebula).
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References: [1] Jacquet E. et al. (2013) Meteorit. Planet. Sci. 48, 1981-1999. [2] Campbell A. et
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NWA 1232 COREAAHMC03.0-1ikeD S X ~CR 5N BKEZHMDIEYR
Mineralogy of (C03.0-like clasts in the NWA 1232 (03 breccia: Evidence for aqueous
alteration on the parent body
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CNET, KEZHECARELOEIE "I (0BAIIFEAERESINELZS, (OBXKEI RS 1 TEL
KEEEZSNTE 2o LHL, 2001FECEBINIENA 1232BA(E, BRAERENDRLSIDN0EME

(A, B, O) 5D, HABLAREERETI . H1EA, B, (DBERPHI 1 FIFENENS.S, 3.7, 3.3T
HDo RIATHAE, NWA 1232BBREDEBANZE DN L (£ 100-1800 pm) (OEMHED OIS I LEST &=
SmcLizM, 53X M%< (3B THREREMENERZHS 1 F3.0(Clfz (C03.0-1ike) FRIIZHHUSE
AR, aAaZENST 1 FI.00EBRIIE, BRAEMREENSEBULCITOREZRIFLTULBDIEEZISNTL
3, AT TI(E, NWA 1232BBADOEBBRECEEEEBIEL, HSMEARMNC03.0-1ikes S X ~ DI ZHIFHEZF
MRICEART,

DS MIEHAARDLVWERICZHN ML TULD, ZLEE—OIVRUI—-ILEZOADZED LDOKDICH
TCHRIL Y R WO IMEBEHSHEBZIN, EHOIVRY 13— JILPAIESLEDEVHEET 3.
OSZEANIVRY 1—JLIFFEALE D Type ITHD, FYEVBREIFIE (~Fa,) THBD. DK
I, BAENIT 1 F3.0(CHUT D, aAFNI 1 T3.00BA(1E, BEFROEE(CLDTS(ICHIN HES
NTULB, AFETIE, TIVRY 1—ILFDOFe-NiX I ILDMEMEHERERICOS I FOAERELR BE
Eofce —MRINICXBIL) T a—IVIE, DEDHEELYILT VY NMERH S, BEROPDHEBRETAYY
MR (CnmY 7 ZDNi-richX S I EBEETCEU LT 1 MMEBICELL, ET5(CumT 1 XDNi-richX 5 L%
BRETSTHEBAETTBY, ISIEROXFILI Ta1—IUIE, DYY 1 LHRENI-richXFILES
#, Ni-richXZILORIFT X (BFERE 1.63%3.91 pm’) (ISemarkonafEF (type 3.01) (CEHEAKXEL, type
3.03-3.05B AL D/NS Ve —F, XFIJ T 21— IUADNiI-richX FILOZEE (0.060+0.079 N/pm’) (&
SemarkonafEG (CHEARNE K, type 3.03-3.05BBAERTBETH D, Tz, XFIbhDOMERE (Si, P, (Cr,
Co) #ARK(E, type 3.03-3.05MEAIEV. UEDFERNS, D5 X +(Jtype 3.02-3.05t8HDAEBEE RS
nd,

Fe, DS X CFBEEBLYKEZEROERNRF SNz, VR 21— ILREMEDT 1 BIEHEP XY XS5
Z(E, BN (10-20 nm) BIRT T ERIESIMIE0, Fe, Si, Mg, ALUCEGIEREMECRHKLTED, Th5m
EREMER(C(IFe(CBURNERINTU S, TrEERRERXR L TOWIBRT TBSIHMIDFEA L
H—RIUF 1 ITHBIM, XYXIIITEYT—RYF 1 VDMICIA T I A RELBRNZ RSN T
%o —H, DSIAFADY YU v IME(E, KEB50, Si, Fe, Mg, ALICETIEREMENSLD, BRI
(1-2 pm) YTXRIA bk, THIRXTFSC L, TV, #BRIAL (100-500 nm) AUEY, ROTS
b, BUNE (10-20 nm) B—RYUFT 1 VEST, Tz, (CBUKFEOIEREYE (12100-200 nm) RMPEEF
NTWVB, NI, MERLENSHRESNTVSEKT /PO 21— ' TH3T8EERSH 3.

B EDERNS, NWA 12328 XIKIC(FBERENED TE KELMERBR U CEENEEL, 95 EZ
DESHBH TR I NIZEZ X 5N, ALHA 77307 (03.0E4*°Y-81020 (03.0lBA(CEBIRT TBIENED
hoTHEOM ¥, OBREOAEREDEVERCIA KEERART > COETBEENRSH 5. NA 12328
KEOREBEDBEVEHO—ZBIBEELL, COERICKDENBERSTNABHUIEISIENRI LT
HIEMENERIYEELRELIZEZEZX 5N,

SZ3Z#k: [1] Matsumoto et al. (2015), JpGU Meeting (abstract). [2] Kimura et al. (2008), MAPS, 43,
1161-1177. [3] Nakamura et al. (2006), Science, 314, 1439-1442. [4] Brearley (1993), GCA, 57, 1521-
1550. [5] Moriya et al. (2013), JpGU Meeting (abstract).
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AR DEE 9 SELETTRG S IRRNREVE DKERNBIE
Aqueous alteration processes of primitive planetary materials with redox conditions
controlled by fluid compositions
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FUSHIC IRRABERICRESINIBIRT ISP RISV DEFEECER, B, BfZE3me TLL
ZREEETRICERNSNTU D, TNETHEDNS, RIGKBR TR D I/KEERBENZIREREG TR
COTVCEETREBLTUVD, BRIAKBRRDE DL DIEIHT, EDOLDTHEREFTORMEME(C K > TKE
BRREKMEC D TUNCDVTOERL, BERZRENEDH LS FRIBAGRICH ITIBEERDDAME
ZNEBORBICDENRDEEZIOSND, AAETIE, SEDFEBRGEREEN IDAHICLDEBEE LT
ERTNBERENBERYENR, HRENSEREI SI(CEDIXRALTIRICRIFBEDRIGEBRIDCEE
BHE LT, ZEEH20, (02RVRIEKZRERZEFDOARMGREBUCKEERERET O,

R HEYE(L, KEENZEZ(TTUWEVWVRRENBEAMEERKXRIT BTN E L TAlLlende EAKMKRZE AL

2o TRMERERTETBD3ERE L TIE, ABRTREEEICEDVT, BRNT BT ROTRARE(C 8
SNTUVBENREZES, T5ICUI02& RICKRMBICERALLETHEIND E LTz, e, RIBABRE
ENRAOEEE LDBZ(FZTHEOIBAGRXELETOXKEERERE, EREVSXADODXKAEKLCEELEZ
THUSEROEEICE DUV ERIAICIDEEBEDLRETOE, e, MREWFRIKRRE (CH2DKE E/RDTE
TRIRENENTERLUCIZESEREL T, HIENZEHKEZMBEICEX IFE(CDVWTEREI LT,
ERRRE (310000 53000, EREABEIIINSTRARUBETH D, KEZEMICES T SRENT I EILETRG
(&, H20, CO2RURALKFIARICEI D TRESNTULVDIEEZXOSND, BEDE(L, RILKZEREREXRITSDE
DE L TRVLZC2H50HE, H20-CO2RNFEIC K > THRE U, EER(E, T+ + FILICAllendefBAMARE T
8 )= )VBRRUCOHSREN > 1 DBIRENAL, BERGICHGUEENRRERAVT, BIKRIEZZ
FBEAEDRATRIFIDCLICL>TITO

BERPKLVUER HREEZRTE LUz, ABRITREFEE(CEELTRBABKICEVT, (02&DERILKKRICED
TASERE AV CRE TS, REISIVIEBBENICERINDIDH TH ok, I, BIRT TEISILYI DK
BIFIESNE, —7, KKEONIMWEEREETEL THEZE BRI & ULIEERTIE, (02&mIbKERICREL
KEBPINEIEERELUERIFEDRBICEUVT, 2000 ETEBRT T BIGHYNBEE(CFER I N, L
LU, RESEIME150CTOHEFREIE(TIBML, 2000 ETESBEU T DEEBRBEROERYICDHERRI NI,
ERETSIOKEEINEL, Mousis and Alibert (2005)(CEDU\ZHIAMERE AU\ ZEERTE, 2000KED
SRE TMg-FeRIREISIIMN, 20000 EOBE TankeriteE fe(dcalciteMNER LTz, Fiz, BT TBIEHY
MMg-FeLb(CDWLWTE, 200CKBTIE L DFelCBUHEME, 200CA ETEMgICETHEKRE "Lz, CDRDOEER
THUEHAERIE, MREEREULCEBRTHUERIEERKLDES S(ICHIFEENE L, RILKERERD
IEVER TH B,

AAERTHUWETRIAER(CHEVT, BNZE/IISA—FICIDEEINIBEDEFHNEFEEENRAZTVITESL
S3MEAERT, cNE, HEMVECSINZITEME, MEMBORBENRE<EEICE, RUEBMITH S
RESISIINE R OBIRYT 1 BSIEIMEDMg-Felb MK DEKICETHBE R T CE EBENTH D, &5

(C, H20MEHDIEM(E, REIEIIRUBIRT rBISIYOEREE<(EET D, REIEILMIORERMR, (02480
ELDTOLUBHNEICHEKET D CLIE, BIBRKBRICH TIKEEREREFHN(T2ENDEEZSNS,

F—O—F  KERM. REEIY. BIRT 1BRIGHY. BEDE

Keywords: Aqueous alteration, carbonate, phyllosilicate, oxygen fugacity
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EB-BRREMBEOREZEE I Y RS ~REBIETOREIEREDIGH
Application of scanning-imaging x-ray microscopy to fluid inclusion candidates in
carbonates of carbonaceous chondrites.
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In order to search for such fluid inclusions in carbonaceous chondrites, a nondestructive technique
using x-ray micro-absorption tomography combined with FIB sampling was developped and applied to a
carbanaceous chondrite [1,2]. They found fluid inclusion candidates in calcite grains, which were
formed by aqueous alteration. However, they could not determine whether they are really aqueous
fluids or merely voids.

Phase and absorption contrast images can be simultaneously obtained in 3D by using scanning-imaging
x-ray microscopy (SIXM) [3]. In rrefractive index, n=1-6+iB, in the real part, 1-6 is the
refractive index with decrement, 6, which is nearly proportional to the density, and the imaginary
part, B, is the extinction coefficient, which is related to the liner attenuation coefficient, p.
Many phases, including water and organic materials as well as minerals, can be identified by SIXM,
and this technique has potential availability for Hayabusa-2 sample analysis too. In this study, we
examined quantitative performance of d and m values and the spatial resolution in SIXM by using
standard materials, and applied this technique to carbonaceous chondrite samples.

We used POM ([CH,0] ), silicon, quartz, forsterite, corundum, magnetite and nickel as standard
materials for examining the &and pvalues. A fluid inclusion in terrestrial quartz and bivalve shell
(Atrina vexillum), which are composed of calcite and organic layers with different thickness, were
also used for examining the spatial resolution. The Ivuna (CI) and Sutter’s Mill (CM) meteorites
were used as carbonaceous chondrite samples. Rod- or cube-shaped samples 20-30 pm in size were
extracted by using FIB from cross-sectional surfaces of the standard materials or polished thin
sections of the chondrites, which was previously observed with SEM. Then, the sample was attached
to a thin W-needle and imaged by SIXM system at beamline BL47XU, SPring-8, Japan. The slice
thickness was 109.3 nm and the pixel size was mostly 10@ nm.

It was found that pand d values obtained by SIXM (pg, and d,,) are proportional to the

theoretical values (m_, and d_. ), respectively, exept for large pvalues (>~1000 an’'), and the

calc calc
following relations were obtained; pg,, = 0.909(8)xy_,,. and O,y = 0.908(6)x0, We can

calc"®
quantitatively identify fluid in inclusions of the terrestrial quartz and organic layers in the
shell with the spatial resolution of >~1 pm. If they are less than ~1 pym, we cannot quantitatively
identify them due to overlapping of the point sprad function.

A hexagonal platy inclusion with facets, or negative crystal (0.7 x 2.3 pm) was found in a calcite
grain of the Sutter’s Mill meteorite as a fluid inclusion candidate [4]. The évalue of this
inclusion is less than that of water, indicating that any aqueous fluid was not included. As its
shape strongly suggests that it was once formed as a fluid inclusion during hydrous alteration in a
parent boby, and then the fluid must be escaped. We cannot detect any aqueous fluids in other fluid

inclusion candidates, such as a spherical inclusion (~1.8 pm) in a calcite grain of the Sutter’s
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Mill meteorite, which seems to have a bubble inside [1], and a relatively large inclusion with
facets in dolomite in the Ivuna meteorite.

References: [1] Tsuchiyama et al. (2014) MAPS, 49: A404. [2] Zolensky et al. (2014) MAPS, 49: 1997.
[3] Takeuchi et al. 2013, J. Synch. Rad., 20: 793. [4] Kitayama et al. (2016) this volume.
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HEATING EXPERIMENTS OF TAGISH LAKE METEORITE:
INVESTIGATION OF THERMAL EVOLUTION PROCESS OF THE DEHYDRATED CARBONACEQOUS CHONDRITES
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Introduction: More than 20 thermally metamorphosed carbonaceous chondrites (TMCCs) have been
identified based on the mineralogy, petrology, and organic materials [e.g., 1]. On the other hand,
reflectance spectra of C-type asteroids suggest that some of them have dehydrated surface [2].
Therefore, the asteroids which experienced dehydration caused by heating after aqueous alteration
can be the parent bodies of TMCCs. The Belgica group represents strongly heated TMCCs consisting of
secondary silicates formed by decomposition of hydrous minerals during heating [e.g., 1]. Although
the petrography of the Belgica group is apparently similar to typical (M2 chondrites, they are also
similar to the Tagish Lake carbonate-poor lithology with respect to their bulk oxygen isotopic
compositions and the chemical composition of the matrix [3]. To understand the formation process of
the Belgica group TMCCs, we have performed heating experiments on fragments of the Tagish Lake
meteorite and observed the mineralogical changes as a function of temperature and duration of
heating.

Experimental procedures: To identify the Tagish Lake carbonate-poor lithology, X-ray computed
tomography was carried out. Tagish Lake samples consisting of the carbonate-poor lithology were
experimentally heated at four different conditions: 600 2C for 1 hour (hereafter 600 2C/1 h), 600 2
C/96 h, 900 °C/1 h, and 900 2C/96 h. During the heating period, the oxygen fugacity was kept at the
IW buffer in order to reproduce the secondary iron-bearing minerals in the Belgica group
meteorites. The mineralogy of the matrix was determined using synchrotron X-ray diffraction (XRD)
analysis at KEK BL-3A. SEM/EDS observation was performed for the petrography. Organic materials of
the heating experiment products were studied using the STXM technique and XANES analysis at KEK
BL-13A. In addition, detailed mineralogy and chemical analysis were obtained by TEM observations.
Results and discussion: The weight loss of the matrix during heating is 11% for the heating
products at 600 °C, 17 % for 90@ °C/1 h, and 20 % for 90@ °C/96 h, respectively. The relative
degrees of transformation of the Tagish Lake meteorite can be estimated as following; 600 °C/1 h <
600 9C/96 h < 900 2C/1 h < 900 °C/96 h. These degrees are obtained by observation of mineralogical
changes of opaque minerals and crystallinity of secondary silicates as a heating parameter obtained
by XRD analysis and SEM observation. The heating products at lower temperature, the constituent
minerals are similar to unheated Tagish Lake. Hydrous minerals and framboidal magnetite can be
observed throughout the entire matrix. In the samples heated at 900 °(C, it is quite different from
samples heated at 600 2C. Magnetite and hydrous minerals were not detected. Instead of these common
phases, Fe-Ni metal, troilite, and low crystallized secondary silicates, olivine and pyroxene,
dominate in the matrix. A comparison of the mineralogy of our experimental results to the Belgica
group meteorites shows that the sample heated at 900 °C reproduces the mineralogical and textural
characteristics of the Belgica group meteorites. We will present results of XANES analysis and TEM
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observation of the matrices in these heating products. The coordinated study of organics and
mineralogy in heating products will give us new information to understand dehydration process on
C-type asteroids.

[1] Nakato A. et al. 2008. Earth, Planets and Space, 60, 855-854. [2] Hiroi T. et al. 1993.
Science, 261, 1016-1018. [3] Ivanova M. et al. 2010. Meteoritics & planetary Science, 45,
1108-1123.

Keywords: Tagish Lake, carbonaceous chondrite, Thermal metamorphism, dehydration
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Extraterrestrial organic compound distribution revealed by ultra-high resolution HPLC-MS
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Many soluble organic compounds have been reported from carbonaceous meteorites in various solvent
extracts ranging from non-polar hexane to polar water, in which amino acids and carboxylic acids
have been targeted in the water-soluble fraction. The compostional and structural diversities of
amino acids and carboxylic acids are well documented up to (8 observed with most structural isomers
at each carbon number. The non-polar hexane extract contains non-polar components including
aromatic hydrocarbons. To date, about a few thousands of soluble organic compounds have been
identified in meteorites by GC and/or LC/MS. However, a high-resolution mass spectral study
revealed ~160,000 ion peaks in various solvent extracts of the Murchison meteorite by electrosplay
ionization using Fourier transform-ion cyclotron resonance/mass spectrometry (FT-ICR/MS) to assign
~50,000 elemental compositions consisting of CHO, CHNO, CHOS and CHNOS (Schmitt-Kopplin et al.,
2010). The methanol extracts of carbonaceous meteorites are enriched in organic content with more
enriched in D and 15N relative to other fractions, implying more primitive organic compounds. The
FT-ICR/MS study did not clarified the detailed chemical structures due to no chromatographic
separation. In particular, the organic compounds with their elemental compositions of CH and CHN
were not discussed. In the previous study (Yamashita and Naraoka, 2014), homologous series of
alkylated pyridines (CH, ,N* and CH, N*) were predominant peaks in the MeOH extract.

In this study, we further examine the distribution of soluble organic compound using
ultrahigh-resolution HPLC/MS in order to investigate reaction mechanisms for extraterrestrial
molecular evolution. The exact mass between the observed mass and calculated values matched within
1 ppm. Using a hydrophilic interaction liquid chromatography (HILIC) mode, complex compound
mixtures were observed with mass peaks between m/z 80 and 1400, where strong ion peaks are
distinguished between m/z 90 and 4060 with the maximum at m/z ~300. Most peaks have CHN in
composition with minor CHO and CHNO compositions. More than ~600 peaks match with the calculated
masses for CHN' and CHN,” with the range of 5 < n < 33. Extensive alkylated N-containing cyclic
compounds are distinguished by every 14.0156 (-CH,-) difference, which consisted of CH, ,N', CH, (N
", CHy N, CH, N" and CH, ,,N" in the earlier retention time, and the CH, N", CH, N, CH,N, C,
Hy N CH,ysy'y CHy N, CHy N, and CH, oN,* in the later retention time. In addition to the
predominant CH, N (saturate-alkylated pyridines, CH, .N) and CH, N' (unsaturate-alkylated
pyridines, CH, .N), alkylated imidazole homologues were identified by MS/MS analysis. Both
alkylpyridines and alkylimidazoles could be produced from aldehydes and ammonia through aldol
condensation and imine formation under an alkaline environment. Further redox reactions could have
proceeded during water-rock interaction to give alkylpiperidines and pyridine carboxylic acids.
Aldehyde polymerization with ammonia is an important pathway to produce the relatively
high-molecular alkylated N-containing cyclic compounds on the meteorite parent body.

F—O— R HERAEEEEY. (EFEL. RREBA. BEMBEIOVEI ST «— BEDOWEEEED
r
Keywords: extraterrestrial organic compounds, chemical evolution, carbonaceous meteorite,
ultra-high resolution liquid chromatography, ultra-high resolution mass spectrometry
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Chemistry of formaldehyde and ammonia in the Solar System small bodies
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Formaldehyde and ammonia is ubiquitous in the universe. Comets contain up to 4% H,CO and up to 1.5%
NH, relative to H,0, and interstellar medium (ISM) contains up to 8% H,CO and up to 80% NH; relative
to H,0 [1]. Cody et al. [2] proposed the formation scenario of insoluble organic matter (IOM) in
chondritic meteorites, in the presence of liquid water starting with formaldehyde and
glycolaldehyde that is the simplest sugar produced by two H,CO molecules. We have conducted further
experimental studies and showed that the presence of ammonia enhanced the IOM like organic solid
formation via formose reaction followed by carbonization [3]. These studies were focusing on the
solid materials, and now we study the liquid phase of the products with various analytical methods
including electrospray ionization mass spectrometry (ESI-MS), X-ray absorption near edge structure
(XANES), infrared spectroscopy and amino acid analyses using high performance liquid chromatography
(HPLC).

Each starting solution contained 1mL water with 2 mmol formaldehyde, 1 mmol glycolaldehyde, 0.4
mmol ammonia (equivalent to H,0 : C : N =100 : 7.2 : 0.72) with catalytic amount of Ca(OH),, and
was sealed in a glass tube, then isothermally heated at 90 degrees C up to 250 degrees C. XANES and
FTIR analyses showed that aromatic or olefinic C=C bond abundance increased with temperature in the
soluble fractions. This indicates that the insoluble residues precipitate as a result of increase
in the hydrophobic moieties in the products as the reaction proceeds. This is consistent with the
previous results that the amount of insoluble fractions (organic solids) increases with temperature
[3]. Acid hydrolysis of the solutions produced various amino acids up to four carbons. Alanine
abundance was larger than glycine, and may indicate high abundance of methyl (-CH;) or methylene
(-CH,-) substitutions in the amino acid precursor molecules. ESI-MS results suggested that various
carbohydrates (CHO molecules) and these with nitrogen containing substitutions. This is somewhat
consistent with ultrahigh-resolution ESI-MS analysis of the Murchison meteorite extract that shows
various CHO and CHNO molecules [4], although only formaldehyde and ammonia chemistry cannot explain
all of the diverse molecules found in this meteorite.

References:

[1] Charnley, S. B. and Rodgers, S. D. (2008) Space Science Reviews, 138, 59-73.

[2] Cody, G. D., et al. (2011) Proceedings of the National Academy of Sciences of the United States
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[3] Kebukawa, Y., et al. (2013) The Astrophysical Journal, 771, 19.

[4] Schmitt-Kopplin, P., et al. (2010) Proceedings of the National Academy of Sciences of the
United States of America, 107, 2763-2768.
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Hydrogen isotopic compositions and Raman spectra of organic particles in NWA 801 (R2
chondrite.
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[FU®IC]

REEIVRST MIRKI-SOBEEIESH, TZOXRBAERAMEEEY (IM)THD [1], CNFE

T, IMPRFZEIVRESA YRV IOIANSELCEKER D)ICECHAEBIRIFRREINTULS [e.g.
2, 3]o CNBlF, PFEPRIBABIREENEGTOBRERBERCTHERIN, HMEKAEGEYOERPECBREE
EERUIRRENEBEYITH S EEZXSNTULSD [e.g. 3.

B4 (FFEITHRET, NWA 801 ((R2)BBAV KU YO INS, DICEL (D-rich)BEMRIFEZHEEL, 5
DKKRRUEIER S KOS TH D ERUE [e.g. 3]o NWA 801BEBRVY U WO XI(C(E, DDEL L)
BRIZERIEL (Less D-rich) BRI FERSNIT [3]. IOMODDBERISE, ZEPERTHL T S ENTR
BEINTULSBRZS [e.q. 4], KERBMAERSEEIOECBREMEBEEBLE N —Y—EHKD, T2, B
BIDSVYIRD FIVEERENEEL/IISA—F LB ERMENTULS [5]. AAEZTIE, NWA
801 ARFDD-richEz(ELess D-rich’dBEMKIF(CDUVT, KERMAMAR E SV Y IRT MILOLRE(T
V), ENSOEGBRRRICDVTERL,

[RER]

NWA 801 AMIREZER [31DVY kU WO IEEICH L, IBEBEXZDRMIATEMEE (SIMS (Cameca
ims-1270)+SCAPS) Z FHV\ TKKRRNMA 1 X —I Y D& T oIz, MEDKEKRRMALL (2 sigma) MV EVU WO X
MENKEKRRMHALL (3 sigma) & XBIHKDIHBES, [D-rich] TYMEEFEEL, XRITETEVES lLess
D-rich] TMEEFEE LT, Less D-richEMYINDH/CLEOFIHEMR, (R2ZOV RS LIMOFIE [4](CHEY
FDEREL, SISTEREBULUEHECHITRA AV NDO Y LD SEBYIDOH/(LbE RE€ o1z, BEEYIDER
R(C(FFE-SEM-EDSERAULz, IBBEAZEA—TY T 72U T+ DEMS VY VOO I—F (Renishaw
Invia Reflex Raman microscope)ZFAL\, BEYINS VU othEiTolze L—Y— (Nd: YV0,) DENEEREX
532 nm, XK +REHNT ymTH D, BE(F 300 pWA T THORET DI

[(FREER]

Less D-richEB#MIKIF(&, P17 XTHD, ENSOERE D-richEEMRIFDER (T 1BIECBELYE
ABLIZY VTROBE#EY) (ring globule), BEDKIFIC K DESIKR (globule aggregate), FLUV\RIF
(round globule), RIBRAVLFIRDKIF (irregular-shaped globule)) [3]1&FEEIL TULVZ,

Less D-richB#MIRIF(E, D-richBEEYIKI T FBIURH/ (L (Z<DBE 1.5 TF)&ERLUTIZ, IOMOH/CLY
(&, BEVLPENCTEHLD T BIMEANRBEEINTULD [4]. AAFEDIERIE, NWA 801BEHDLess D-richBHEYIKI
FlE, D-richEEIRIFREEPERICKDDIDBRIZ KR O>EMETIIEVWC EEREBI D, D-richEEYIRI
F, Less D-richEBEEMIRIF, YRUVIIXDSYYIRI MILIE, "DIAVR" (1400 cn' fHE) &"G/AVR”
(1550 cm™' (BE)ERLR. "DINV R, "6V R"MMEL & BT, E—OMBICDVWTIY RS ~IM
(5] LB UTE ISR, D-rich BRI F(3, Less D-richBEMEVYRU VO X LD EZERENSVC EHNRE
iz, NWA 801 R DEEMIKRI T (ImT T ATHO VYR U YO XACHRERL TUVS [B]1CEEERT S

&, D-richBMKF(E, BARXRKICEDAINDIRDRIBABREEZERT, Less D-richEBEMIKIFLDE
MUOBRZR CRENSVHDVEERBBEARV)EREBLEOTEELHNEEZSND,

(51 AT

[1] Gilmour (2003) In Meteorites, Comets and Planets p.269. [2] Busemann et al. (2006) Science 312,
727. [3] Hashiguchi et al. (2013) GCA 122, 306. [4] Alexander et al. (2007) GCA 71, 4380. [5]
Busemann et al. (2007) MAPS 42, 1387.
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Development FIB-SEM, NanoSIMS and TEM sequential analysis for micrometeorites from
Antarctica.
Development FIB-SEM, NanoSIMS and TEM sequential analysis for micrometeorites from
Antarctica.
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The sequential analysis using different types of instruments is essential for small and precious
sample. For example, Uesugi et al. (2014) proposed a coordinated analytical system for carbonaceous
materials found in the Hayabusa returned samples, and successfully obtained maximum chemical,
elemental and isotopic information in the materials using micro-Raman spectroscopy, FT-IR, XANES,
ToF-SIMS, FIB, TEM/STEM and NanoSIMS. Part of this type of coordinated method has been applied to
carbonaceous materials by Stardust cometary dust return mission (e.g., Sandford et al. 2006;
Matrajt et al. 2008).

In this study, we focus on the development of coordinated FIB-SEM, NanoSIMS and TEM analysis to
obtain the characteristics of isotopic compositions and mineral texture in fine-grained mineral
assemblages in few tens to hundreds of micrometer-scale extraterrestrial samples. We, therefore,
have chosen Antarctic micrometeorites as an analogue of Hayabusa 2 sample because of their size (10
to 800 pm) and characteristics in terms of isotopes and constituent minerals.

The sample we used in this study is a scoriaceous type micrometeorite, named TT@@6B101, collected
at Tottuki in Antactica in 2000 (Iwata and Imae, 2002), and provided from Antarctic micrometeorite
collection in National Institute of Polar Research. The TT006B101 is sphere with ~200 micrometer in
diameter, and was mounted on the carbon-nanotube Gecko Tape (Nitto Denko corp.). First measurement
by EPMA with EDS (JEOL JXA-8200) was carried out at NIPR for the sample to obtain elemental
abundances and BSE image. We, then, prepared a cross-section of the sample (60 x 25 x 5 micrometer)
using an FIB instrument (Hitachi SMI4@5@). The cross-section was transferred into the FIB-SEM
instrument (Hitachi SMJ4000L equipped with Oxford X-max150 EDS and Oxford NordlysNano EBSD).
Mineral phases of olivine, magnetite and silicate glass were identified by EDS spectra and EBSD
patterns on the sample surface. We have applied a rastered ion imaging by the JAMSTEC NanoSIMS 5@L
to investigate distributions of 0 isotopes on a part of the sample. All mineral phases showed
homogeneous distributions of terrestrial 0 isotopic ratios. After the 0 isotopic imaging, we
determine the detailed mineralogy and microstructure of the same area that we acquired 0 isotope
map to gain insight into its petrogenesis by TEM (JEOL ARM-200F equipped with EDS) followed by FIB
treatment to prepare an ultra thin section (20 x 25 x 0.1 micrometer). We confirmed three different
mineral phases that was determined by SEM-EDS system exist in the thin section by mineralogical and
crystallographic observation by TEM.

In this talk we will discuss about detailed analytical conditions and results of another
micrometeorites (ie., smaller size of ~50 micrometer, unmelted type), and perspective to the
Hayabusa 2 sample analysis.

F—T—F ! NanoSIMS, EBREBFIEME. FR1F VE-LEE. BEBHEA. (FOIT 2
Keywords: NanoSIMS, TEM, FIB, Antarctic micrometeorites, Hayabusa 2
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Observation of 3D shapes of olivine negative crystals in equilibrated
chondrites:Estimation of equilibrium form and relative ages of healed cracks.
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ZEVEHERNSFHICMNITEENICHFET DM THD. TOBBEIREIERT S C & (FIRL SR
ZTOCRCHETILHEETH D, HIxE. EERBEDEAD TEATNDHRMEIRD LILOHHIES
[FRIFRR(CRESIND (e.q., [1]). F/z. HERDKDERD—DDIMIREKIEZ VU E VREDKD FIRE
DEAMNDEEEZ(TB[2], BRIRICEREREEFEHEEVSERARD D, MEFIIRRREEZ RIRT S
BEEATHD. FEEERAEHAIRILF—EEBOBORNARNE LD TH D, REFEIFERERPLX
ROFRINSKH SN TS e, FEEFERNEFEZDH THD. . 4V EYVDFEEH(IE—RIESE
[EXBDFREABHIRIF—ICEDOTERINTULB[3]. LML, KROT Y FILHSF Y EYDOFEREE KX
HDIEHAREFELLEV. FFEEDESKETE—DDFEHEI VRS ~ROAUEYAS. BROFRZ R
UEEEEZRLUIZ[4], AR CTREMOFE IV RS MO STEEEEHRE LR, Tz, aRERNS
anneal DIREZFAN. I B ETE—ILRIS v IO DFHIRBEREKRMT:,

B D (ETuxtuac(LL5) M53DEY793214(LL5) M\52D. Kilabo(LLG)EEBAMNS2DITofze YV TU VD
FlESRAEMEC KL > TERABELICAMLTLBECSEHRL. FIB (FEI Quanta 200 3DS)(CKD V1D
OY > FIL(20-30um) E4ER U Tc, BV FILIEVYro0O (T & (SPring-8 BLATXU 7-8 keV EINZERI3f#
BE:#9150nm) ZETL\. DRITTERERIEBUZ, TV FILDERBALISAHEERDSEM/EBSD (JEOL 7001F/HKL
CHANNELS) (CEKDRE LT, (TEREEBSDDIERSMN SEREDEHREDBH CHEEDEEET O,
B&(30.5-8.0umNT 1T ATE—ILROSYIOREEZSNBDALICATHLTULE, 2DDE—ILROS YO R
BEIBDYVTIVEFRE LR, TuxtuacBREY Y ZILRDZA U E VEREY 1 JCERE<EHRIENMITVS C
ENS. BERNFTIIEEIFMERC K BannealZ K< F(FTOTEFHHEISAIVTLBIEEZRDBND, N5
DEBICHVTHEEL TLSHEII{100} {010}, {021} ETH O, F—REFEICLDE (100)HE(IIREEH
IXRIVF-—BRBVEBIEHEREDNLEVNETFTHD. {100; MER U EFE—REBHABESROERE
HORENRRTHDEEZS5ND, ERE U TR FORAMBENMEZERDEZEVC KD ITEEMRZETS
nNd., REIC. E—ILROSYODOFIBBERIE. ACBBEREFR DOA—&ERANE—ILREIS Y T(CDU)

T. BREOMERILOESDEEUARSD & TannealDEBEELLER L. E—ILROS v O DFIBBRERH S C
ENEBETH DT,

[1] Takigawa et al. (2012) ApJl, 750:149.

[2] de Leeuw et al. (2000) Phys Chem Minerals, 27:332.

[3] Bruno et al. (2014) JCP, 118:2498.

[4] Nakamura et al. (2015) JpGU, PPS22-06.
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Lamellar Fe zoning in low-Ca pyroxene in ordinary chondrites
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Diffusion is an important fundamental process for atomic transportation in rocks. It is well known
that dislocation (one-dimensional defect) acts a high-speed diffusion pathway of atoms, namely pipe
diffusion. Due to larger spatial connectivity within a crystal than dislocation network,
two-dimensional defects such as stacking faults and twining are also expected to be effective
diffusion pathway. Our current study is focusing on natural occurrences of cation diffusion along
planar defects in silicate minerals.

Following previous studies on lamellar Fe zoning found in chondritic low-Ca pyroxene [1, 2], we
have investigated two unequilibrated ordinary chondrites, Felt (L3.5) and NWA7676 (LL3.5) by
electron microcopies. SEM-EDS analyses clarified that a few of low-Ca pyroxene grains in chondrules
of both samples showed bright lamellar contrast less than ~10 pm in width by back-scattered
electron imaging. The lamellar zoning is significantly dominant compared to normal core-rim zoning,
and it corresponds to Fe concentration in X-ray chemical mapping. The bright portions were further
processed into ultrathin films by focused ion beam equipment and examined by TEM-EDS. The pyroxene
grains showed numerous stacking faults on the (100) plane. Its orientation is consistent with that
of lamellar Fe zoning observed by SEM-EDS. However, such lamellar Fe concentration has not been
clearly seen under TEM-EDS analysis. It is probably due to very small Mg-Fe heterogeneity in a
sub-micrometer scale. In Felt, low-Ca pyroxene grain also showed high density of elongated
dislocations parallel to the (100) plane. The portion showed distinct lamellar Fe zoning even in
sub-micrometer scale.

Stacking disorder on (100) in low-Ca pyroxene in chodrules is thought to have formed during
inversion from protoenstatite to clinoenstatite mainly due to cooling from above 1000 °C [3]. The
straight dislocation microstructure in Felt would have formed by impact deformation based on its
shock stage (S4). The lamellar Fe zoning is likely to have been produced by diffusion along
stacking fault planes and dislocation arrays, and subsequent volume diffusion along lateral
direction to the (100) plane. The present results preliminary imply that planar defects as well as
dislocation array is a potential high-speed atomic diffusion pathway in low-Ca pyroxene during
heating events in chondrites.

References:

[1] A. Tsuchiyama, T. Fujita, N. Morimoto (1988) Proc. NIPR Symp. Antarct. Meteorites, 1, 173-184.
[2] R. H. Jones (1994) Geochim. Cosmoshim. Acta, 58, 5325-5340.

[3] M. Kitamura, M. Yasuda, S. Watanabe, N. Morimoto (1983) Earth Planet. Sci. Lett., 63, 189-201.
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XREFHREBU EICERGEETBHNSHIMIKBERETH D, LH L. REDAKECIFRIEDKPLEMFE
AETF. ZLTHIKICE VW TERBNIYEBREXE IS IL— T IO R ZOIRKETEBUOTULELC &
MIM>TLB[e.g., Solomatov and Moresi 1997]c CNS5DC ENSKE(FHEKE BB EDEEIWDOT
TRCENRFEIND, COLOIERENELCT I RO I EZERT B EBLERND—DELT. LA
OJ—BENRETOSNSD, LAOI-BEFTREATOEEBELBREERDT, 5ALFOI—(FTERE®

K. EHRICHE<KET B2, BEAZICEBULLA0OI —DBEEE KT Se.g., Burgamann and Dresen,
2008l COLAOI—EBEENRZREDNDT IO, WRHEAZXEL. BREUTKEDHILICKESHLEE
ER(FT, KARTIE. BHEKOUTF—N—DECEZRBLUIZAEOLA0I —EEDREELEERT D

CENBENTH S,
L7003 @& TEEOKICBRERTH D, AMARTIEIEIFANERNIBOEREBEE RE L, SEISILLEREEO
2893 (<100 km) (CEREY T, BAEEE (heat production)[Hahn et al., 2011]%°. Z47iE (heat flow)[Ruiz et

al., 201M]&EALZBMEEHERNE . BREMTEDEENS. North Pole({Eith)Z L TSolis Planum(&ith)(C
HIIBDBECEDBEBEE RE LT,

COEEBEEHE(C. RERA(MRR)[Rybacki and Dresen 2000; Azuma et al., 2014]&. MASAR(Y Y~
JU) [Karato and Jung, 2003; Katayama and Karato, 2008]DfiEhElZFHVTLAOI—EBEERELL. B
EDFATHETIE. NEDBUHEEEHDOERMAE Tpower-law creepDRENBNSERINTULSMe.q.,
Grott and Bruer, 2008]. LEEBFTBEEMEL. IGHDEV\EE (<1000°C, >~400 MPa) Tl&. Peierls
mechanismMEAD L FOI—EXE T D ENBRINTULS([Tsenn and Carter, 1987], AT
(& power-law creep/Z(F T/, CMPeierls mechanism &diffusion creepEZRE I S, €L THEMMBIRE
IH(C DU\ TEByerlee’s law/Z (3 THE< [Byerlee, 1978]. KaTIEMID K SIEEV\EIREHE T DYE L KO
REZE(CAN[Morrow et al., 2000; Kubo and Katayama, 2015]. KD IERELLA0OI—EEEEEL
Izo COEESNRELAOI—BENS. KEICHITFZIZNZNORBKNDUVYIT I 7OBREZREL. NE
DOLAOI—EBEDEIC DV TERZIT O,

AMEBCTHEINLLAOI—BECHUVT. KEOERMDETHEF (Spower-law creep TlE7/E < Peierls
mechanismMZEHTH D ERDM Tz, CNidpower-law creep CFAITNIZAENDY Y X T 1 7 NAEE(G
BATFMINTULSTEMETT, ELT. EOFBRICEVTERSTALEREFLD T TV REREFDIEFS
N BEDUYIITITPOES (NS BEMEKHEDICEE. RSAERGEED T Y MERBETIEUY X
JIT7DREDRS (CERSHEEREINDITREMNRINGZ, T5(IC. BEDODHETIE. XEBRDKER
fELEMN S, KEDKIF 4 OBERICZNDFEAERKDNIZAIBEMENTREINTLIS [Kurokawa et al.,
20141 COKDELLEEZERICAND E. 4 OBFRIICKEDVY XTI 7OBERELLE<HED, TL—k
BROFECTL— SDESH., BHFAHIFERECEHUVRBANEBB L ERFEINS,

F—O—R KB LFAOIEE. Elb
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A New Interpretation of Pb Isotopic Variation of Shergottites: Evidence for Heterogeneous
Mantle and Crustal Assimilation on Mars
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Geochemical studies of shergottites (Martian basalts) based on the Rb-Sr, Sm-Nd, and Lu-Hf isotopic
systems have provided clues to understanding of the geochemical evolution of Martian mantle and
identification of the source reservoirs. On the other hand, the U-Pb isotopic systematics has been
used to a limited extend for the shergottite petrogenesis, because it is generally difficult to
discriminate the indigenous magmatic Pb component from secondary Martian near-surface components
and terrestrial contamination. This study compiles and reassesses all the available Pb isotopic
compositions of shergottites; the datasets include whole-rocks and mineral separates with acid
leaching experiments.

Three geochemical groups of shergottites (enriched, intermediate, and depleted) have different Pb
isotopic compositions, reflecting different p(**®U-**Pb) values of their sources. The enriched and
depleted shergottites individually exhibit distinct linear arrays in the **°Pb/’*Pb-**'Pb/***Pb
diagram, providing apparent isochron ages of ~4.1 Ga and ~4.3 Ga, respectively. These linear arrays
in the Pb isotopic diagram are interpreted as reflecting either (1) a Pb-Pb isochron or (2) a
mixing of two components with distinct Pb isotopic compositions. Four possibilities have been
suggested to explain the linear variations in the Pb isotopic compositions of shergottites: (1a)
Pb-Pb isochron representing a shergottite crystallization age, (1b) Pb-Pb isochron for the
formation ages of the shergottite source reservoirs, (2a) mixing of a terrestrial Pb component, and
(2b) mixing of Martian surficial Pb by alternation. However, these interpretations of the Pb
isotopic variations are inconsistent with other isotopic systematics such as Rb-Sr, Sm-Nd, and
Lu-Hf for shergottites.

We propose a new model for the shergottite Pb isotopic variations along with other geochemical
evidence, in which the two linear arrays defined by the enriched and depleted shergottites
represent assimilation of an ancient high-p crustal component that has high **’Pb/?*Pb and 2**Pb/?*
Pb ratios. Differences in the other ends of the linear arrays are interpreted as reflecting the
geochemical heterogeneity of the Martian mantle (i.e. enriched and depleted mantle sources). These
interpretations of the Pb isotopic variations are consistent with two models proposed by other
geochemical signatures of shergottites, “crustal assimilation” and “mantle heterogeneity”.

Keywords: Mars, Shergottite, Pb isotope
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In-situ U-Pb dating and hydrogen analyses of apatite in the basaltic eucrites
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Introduction: Water is one of the most important volatiles that determine the planetary
environments (e.g. magmatic activities, climates and habitability). Despite its importance,
questions concerning its origin, such as when and from where the water was supplied to the inner
solar system have been poorly understood. Eucrites, a group of howardites-eucrites-diogenites
meteorites (HEDs), are considered to be samples of the ancient crustal components from the asteroid
4 Vesta [1], which experienced planetary differentiation by ~5 million years after CAI [2]. The
water records in the early differentiated bodies such as Vesta will provide us the insight to the
source and the timing of water supply to the terrestrial planets. Igneous phosphates in the
eucrites (e.g. apatite) may have preserved the magmatic water during the Vesta’s crustal formation,
as well as U-Pb chronological information. In this study, we conducted the in-situ U-Pb dating and
the hydrogen analyses of apatite in the two basaltic eucrites, Agoult and Camel Donga.

Samples: Agoult is an unbrecciated granulite, which experienced the strong reheating with partial
re-melting [3]. The Pb-Pb age of its zircon and plagioclase are 4554 2.0 Ma [4] and 4532.4 0.8
Ma, respectively [5]. Camel Donga is a monomict breccia with abundant Fe metal (~2wt%), associated
with the later reduction of igneous phases [6]. The Pb-Pb age of its zircon is 4531 +10 Ma [7],
younger than those of Agoult and other eucrites. By SEM-EDX observation of the polished sections,
we identified several euhedral to subhedral apatite grains (20-10@um) in Agoult and anhedral
apatite grains (10-200pm) in Camel Donga.

Analyses: Both U-Pb and hydrogen analyses were conducted using NanoSIMS 50 at AORI, UTokyo. The
sample sections were first baked at ~100C in the NanoSIMS air-lock overnight and then kept in the
vessel at < 5E-9 torr for 1 week, to remove the adsorbed water. The previously established NanoSIMS
analytical methods of U-Pb were applied [8]. For hydrogen analyses, negative secondary ions of H,
D, "C and "0 were collected to calculate water contents and D/H ratios. The background level of
hydrogen is ~56 ppm as H,0.

Results & Discussion: The Agoult apatite has concordant ***U-?*Pb and 2’Pb-?*Pb ages at 4476 +160 Ma
and 4486 161 Ma, respectively. The total Pb/U age is 4523 +13 Ma, significantly younger than Agoult
zircon but consistent with the plagioclase and Camel Donga zircon. It is suggested that these
younger minerals may have recorded the same reheating event at ~4523 Ma or the slow cooling in the
Vesta’s crust. The Camel Donga apatite has U-Pb and Pb-Pb ages at 4478 +86 Ma and 4474 +83 Ma,
indicating it may have the same thermal records to that of Agoult apatite. The H,0 contents of them
are < 100 ppm for Agoult and < 1,000 ppm for Camel Donga. Though their D/H ratios cannot be

determined due to the low water contents, such dry apatite is consistent with the reductive
conditions, previously estimated from the Agoult zircon [4] and Camel Donga metal [6]. Our results
suggest that Vesta’s crust, at least locally, was depleted in water at ~4523 Ma.

Refs: [1] McSween et al. (2013) MaPS 48, 2090-2104. [2] Srinivasan et al. (1999) Sci. 284,
1348-1350. [3] Yamaguchi et al. (2009) GCA 73, 7162-7182. [4] Iizuka et al. (2015) EPSL 409,
182-192. [5] Iizuka et al. (2013) LPSC abst. 1907. [6] Palme et al. (1988) Meteoritics 23, 49-57.
[7] Zhou et al. (2013) GCA 110, 152-175. [8] Koike et al. (2014) GJ 48, 423-431.
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Mineralogical study of quartz and tridymite in cumulate eucrites
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FUSHIC : DY NIEIHERTIHREBR T D EBLESIYIN—DOT. HRRALBREENREICKL>T3E
BEDZEEFDOCEMRMSNTULS [Sosman, 1965], MEKANIEHRTE ) NDEMIOEL(EZEOVMR O
<DOHDELEDZH (a-quartz, tridymite, cristbalite &) EUTHEAETDICENREINTLSD, LH
L. ZLDBE. YYUHIME L TOHEHEINDRZ(IT. BERNLIMEEZ TERINDICLFHETH

3, MEKAMEF DY HHT. RELZEBMNICHEEIT DDETridymiteTH DN, ERBREBHRRMREIC
FELTED, HEAIEFRICESNZIETDEFFEALEERBERTHSD [Kimura et al., 2006], ERETIFC
NoWBEENARRTHIMN. ERIBROED(E. FHBETUK DNDELIELRRERDICENS
NTHH. ZOHBBECHEREENBRIIIER(ICEM TH S [Graetsch and Florke, 1991]o CDEKD

([C. Y UNIAMIZRLEZHEFTON. HLERKRE AVZERSHERAMIESRD > ) A DONTIEEFE
AEFTONTUEV . KRR TE. 3DDEBEI—U 51 RO Y DIMICEB L. ZDERD BB
ERREL 2D DIYBEOEBRREIC DV TERET O

HEl - F5 0 BRHCEIDDERE I -5~ (Moore County, Moama, Y980433) Z=FRU\z, HFEEHIBE
SEMIC K BEBRI L TEPMAIC LB TRV Y E VT LD VY NIMDABERE L. TN, EBSDRRNT & 5B
SYUDHICK>TYYAIYIOHEREEITOIZ,.

f5R - FR,  Moore County&Moamall(FTridymiteDHMBEI N TULIEMR, Y980433(C(ETridymite & Quartziiiz
L TU\Z, Moore CountyDTridymite (TRTHEBBER) FMDBRICHERTH T IDKEZTVED (-3

mm) DEHEENTULVZ, Moore Countyld. —FE990 CTH\50.00016 C/ETT30 CETHRAINICE. 930C
FTHMAIN, ZDHE. 0.3 C/yrT730 CITIARTNLERBESNTLIS [Miyamoto et al.,

1992], MDBALDEXETHETridymite NFEELIZDIE. F—EREOSIREMED2DEIDERBMN D2zt E
EZX5N3B, MoamaRDTridymite(d#0.5 mOBEEPRRATH D ZNLIANE0.T mU T THolce 2D
Tridymiteld. SEMBIRICKLDESASIRDEBE L THD. RIS IERBRTH Oz SASOE2IE
FBRRARTH DI, Moamald0.0004 C/E(FEDBHREEERBESNTHD [Harlow et al., 1979]. Moore
County K D HELREIFD LR, MoamaFDEHFRRDTridymiteS X SIFEBEMB RN SBEHRRANDBHIRE
MDIZWVC K DERMLERDAIREM R B D M. ZORRAZE D ED LKL\, Y980433FhMDTridymitedEHE

T. EBSDDIBFRICLDE. BRIBRENABIRVEFEELLEMN, SVIYDHTEIIRTERBRTH O, Ch
F. NERRDEDFERBRDBERICLDINRICITER. HBVIIEBSHREBRD T r vV ITIS—&
EZX 5N 3B, QuartzldY980433(CTFET B XL IRDFCEL ERNRADRIALE (CHERB TS 2. QuartzORifE
FREFEZE L THD. Tridymite& (FEASHNCREDIEIRTH D, CHENS. Quartz(FHIX (FTEEERD K
SIERIISERICK DR Uz alREE NS Do Y980433F 0 XL AIRISRIEAMN—EBVY XU 1 ~MEL TL)
BDEEENS, YavIiXILkEEZXSND,

G UEDLS(CEBEI US> LPICESNSTridymite(IfERERBICRAELIZEEXSN. EADEH
BREICHGLU TCRE D IZERATHEEL TCULBCENBESHICHE DT, FRIGE DAEH S DEEEZ(TTFICHRK
ABLIEEEZXSNTUL\BMoamah\ S52BEN R D @REAENDTridymiteMS X KNP TR TS 2R N
ERRECBRLU CTERINETREERG D, Tic. YI80433(CRS5NDartziIENEMETH >l &n
5. ERAMIEE DEREZ(TTCIRNICEELIEENTHEDIEEZXSND, CDLDIC. VNI EBRR
T ETHINRECPERFEENERNTET D EMBEFINDIM. U DI, B Tridymite(IIER(CEH
HEEERL. BMICBERNER. BEARRESODTATEBILVAREENRG D20, TSLDBEREED
REANRETH D,
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The origin of primitive achondrites inferred from a mineralogical and isotope
cosmochemical study of NWA 6704
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Introduction: NWA 6704 is an ungrouped primitive achondrite found in 2010. It's composed
predominantly of low-Ca pyroxene, with less abundant olivine, feldspar, chromite, awaruite,
sulfides and whitlockite. The U-Pb dating shows the crystallization age of 4563.75+0.41Ma (Iizuka
et al., 2013). This ancient primitive achondrite provides unique insights into the differentiation
of asteroids in the very early stage of solar system evolution. To better understand the formation
processes of NWA 6704, we've conducted textural and mineral-chemical study of thin sections using
SEM-EDS-EBSD and EPMA. Furthermore, we've determined Cr and Ti isotope compositions using MC-ICP-MS
to clarify genetic relationships of this unique meteorite and other grouped meteorites.

Results & Discussion: SEM images show that the texture is represented by aggregates of
orthopyroxene (opx) megacrysts up to 1.56 cm in length (Fs,, ,,En. .,Wo,,) with finer interstices
including olivine (Fa,, .;), chromite (Cr/(Cr+A1)~0.93), awaruite (~80wt% Ni), feldspar (Aby, o;An, Or
,.3) and whitlockite. Feldspars separated with each other share the same optical extinction position
over up to 1 cm irrespective of its occurrence either as complete inclusions of or interstitial to
opx megacrysts. Feldspars isolated in the megacrysts have apparently euhedral rectangular
morphology, but the facets are controlled by crystallographic orientation of opx megacrysts. These
observations suggest that opx crystals are actually “hollow” megacrysts so that many interstices
are connected with one another. Although most olivines are subrounded and found in the interstices,
Fe-rich olivine occurs as inclusions showing vermicular morphology in one place of each opx
megacryst. Such vermicular olivine is considered to be the relict decomposition product of the
precursor pyroxene through abrupt heating to cause incongruent melting (ca.>1300°C; Tsuchiyama et
al., 1986) followed by rapid cooling, which is most plausibly realized by impact-induced heating.
This is consistent with the abnormally large size of opx and its hollow morphology and we argue
that the initial crystallization occurred under rapid cooling (ca.1-10% C/hr; Lofgren et al.,
1980). On the other hand, later slow cooling is suggested by the existence of pigeonite containing
thin augite exsolution lamellae and the relatively homogeneous mineral compositions. Using the
geospeedometry based on Mg-Fe exchange between chromite and silicate phases (Fabriés, 1979; Ozawa,
1984), we estimate the cooling rate at 950-850 C to be 10™*-102°C/hr. The olv-spl oxygen
geobarometer (Ballhaus et al., 1991) gives f0, of FMQ-2.6.

Cr and Ti are successfully extracted with a new five-stage column chromatographic procedure. The Ti
isotope analyses yielded €Ti = 2.280.23, which is distinct from differentiated meteorites and
ordinary and enstatite chondrites but within the range of carbonaceous chondrites (Warren et al.,
2011). Given that the oxygen isotope composition of NWA 6704 is plotted near the fractionation line
of CR chondrite (Irving et al., 2011), its carbonaceous chondritic e*Cr (Sanborn et al., 2013) and
€’Ti even more likely support its genetic link with carbonaceous chondites. Our results have
indicated that the presence of carbonaceous chondrite-like asteroid at about <3.55Ma (after CAI
formation; U-Pb age). This is consistent with preservation of 2°Al in the undifferentiated parent
asteroid at about T=2-3.5Ma (Sahijpal et al., 2007). This and the inferred thermal history suggest
high internal temperature of the parent body owing to Al decay was augmented by impact to have
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achieved abrupt heating up to above liquidus, followed by rapid cooling and later slower cooling
owing to blanketing effect of impact ejectas pilled up on the parental body.

F—O—RBRATIVRES ~0 NWA 6704, EZEMER. Cr. Ti. RERE
Keywords: Primitive achondrite, NWA 6704, impact-induced heating, Cr, Ti, stable isotope
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Petrological and mineralogical study of a orthopyroxene-rich lodranite Yamato 983119.
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Introduction Primitive achondrites show achondritic textures, but have relatively chondritic bulk
chemical features. Acapulcoites and lodranites are a group of primitive achondrites. They suffered
few% to <20% partial melting. They are thought that formed in the same parent body which
experienced various degree of heating [1]. Therefore they are suitable sample to better understand
evolutionary history of a planetesimal.

Yamato (Y) 983119 was collected in Yamato Mountains, Antarctica by JARE39. This meteorite was
classified into a lodranite [2]. Although its mg# (molar Mg/(Fe+Mg)) of pyroxene and olivine and
0-isotopic compositions are similar to those of acapulcoites and lodranites, it is unusually rich
in orthopyroxene (Opx) and poor in olivine. We examined petrology and mineralogy of this meteorite
in detail and compared with other acapulcoites and lodranites.

Sample and Methods We analyzed one polished thin section of Y 983119. For comparison, we analyzed
thin/thick sections of 3 acapulcoites (Acapulco, Y 74063, Y 981505) and 7 lodranites (Y 74357, Y
791491, Y 791493, Y 981619, Y 981670, Y 981725, Y 981988). These samples are observed by an optical
microscope and FE-SEM (JEOL JSM-7100F) at NIPR. Elemental maps were obtained by an EDS-system
(Oxford AZtec Energy) equipped with FE-SEM. Modal abundances of each sample were obtained from
elemental maps by using of a software Image] (NIH). Sizes of the analyzed areas are from ~2 x 4 to

10 x 14 mm. We also performed fabric analysis to reveal lattice-preferred orientation (LPO) of Opx
by using EBSD technique. Chemical compositions of constituent minerals were obtained by EPMA (JEOL
JXA-8200).

Result Y 983119 has a coarse-grained texture (~0.5-2.0 mm) and composed of Opx (73 vol. %) and
plagioclase (14 vol. %), and minor kamacite and taenite (5 vol. %), olivine (4 vol. %), troilite (2
vol. %) and augite (2 vol. %), and traces of phosphate, chromite and schreibersite. Opx has a

rounded or tabular shape and some grains have zigzagged rim. Most of them contain numerous augite
inclusions (few tens of pm in size) and thin lamellae. There is one rare augite inclusions partly
surrounded by K, Al, Si-rich glass in Opx. Olivine and augite show an amoeboid shape. One olivine
grain is penetrated by plagioclase and troilite. Plagioclase is distributed interstitially to
olivine and Opx grains. Some plagioclase grains enclose olivine and Opx grains. EBSD analysis
indicates that Opx grains are randomly oriented.

Compositions of mafic silicates are within the ranges of acapulcoites and lodranites: Opx (Wo, ; En
017 FSs6), augite (Wo, , En . Fs, ) and olivine (Fa,,). However, the Mg/Mn ratios of Opx are
significantly higher (molar Mg/Mn = 189) than the other samples we examined (molar Mg/Mn =
~100-120). Plagioclase has relatively anorthitic composition (Or, , Abg, ( An, ;) than those of the
others (An_,,,)-

We conclude that Y 983119 is classified into acapulcoites and lodranites clan but has unusually
high abundance of Opx (73 vol. %) and low abundance of olivine (5 vol. %). This rock might have
been cumulates crystallized from melt formed by larger degree of partial melting.

References [1] C. Floss (2000) Meteorit. and Planet. Sci., 35, 1073-1085 [2] Yamaguchi et al.,
(2012) Meteorite Newsletter, vol. 21
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