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Numerical study on chemical zoning of olivines at chondrule formation
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Some chondrules are composed of two (or more) chondrules fused together. They are called compound
chondrules. Compound chondrules have several remarkable features. In this study, we focus on three
features; (1) textural types, (2) the size ratio between two components, and (3) the fraction of
compound chondrules. In previous studies, these three features are remained to explain.

Textural types of chondrules originate from their thermal histories. Non-porphyritic chondrules
(e.g., barred olivine, radial pyroxene, and cryptocrystalline) are formed from completely molten
precursors, while porphyritic chondrules are formed from partially molten precursors. As for single
chondrules, the majority is porphyritic type (84%) and non-porphyritic ones are rare (16%). In
contrast, more than 80% of all the compound chondrules have non-porphyritic textures. This
significant feature suggests that compound chondrules are crystallized from completely molten
precursors.

Experimental studies revealed that floating completely molten precursors turn into supercooled
droplets without crystallization, and non-porphyritic chondrules are produced by crystallization of
supercooled droplets triggered by contact with something. In addition, theoretical studies suggest
that the duration of supercooling can be long.

Here, we propose a new model for the compound chondrule formation: compound chondrules are formed
by collision-induced crystallization of supercooled droplets. This model is based on the feature
(1) and experimental facts. Additionally, we can obtain the feature (2) that larger ones of
compound chondrules keep round shapes while smaller ones are deformed. This feature is explained by
the reason that larger ones are likely to be collided more than smaller ones.

We also estimate the product of the number density of precursors n and the duration of supercooling
t for reproducing the fraction of compound chondrules. Then the product of the number density and
the duration is n t = 0.1 cm” s. Thanks to the supercooling, we can explain the fraction of
compound chondrules with large t and low n.
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(M chondrites exhibit evidence for aqueous alteration to variable degrees. Carbonate is a secondary
mineral of aqueous alteration. Detailed petrological and mineralogical observations along with
0-isotope measurements have been carried out by previous studies. These studies have suggested that
carbonates in (M chondrites did not form in a single event but formed intermittently (Tyra et al.,
2012; Lee et al., 2013). In this study, we conducted in-situ 0- and C-isotope measurements on
calcite grains in the Nogoya CM 2.2-2.3 chondrite. Isotope measurement on carbonates in multiple
“generations” could shed light on the evolution of 0 and C isotopic compositions during aqueous
alteration.

We found many calcite grains by SEM observation. As reported in the previous studies (e.g., Lee et
al., 2014), two types of calcite grains with distinct mineralogical characteristics were found.
Following the definition by Lee et al. (2014), we describe these calcite grains as type 1 and 2
grains. Most type 1 grains are single crystals and have serpentine/tochilinite rims. On the other
hand, type 2 grains are polycrystalline and microporous, and do not have rims.

Oxygen isotopic compositions are highly different between type 1 and 2 grains, but similar within
each type (d'®0 = 34.7 %(type 1) and 19.3 %(type 2) on average). The average D0 values are -2.5 %
(type 1) and -5.4 %(type 2). The d'®0 and D0 values indicate that type 2 calcite formed later than
type 1 calcite, because progressive alteration led to 0-isotope exchange between water and
anhydrous silicate with lower d'0 and D0 values than water. Carbon isotopic ratios of type 1
grains are similar (d"C = 31.8 %on average), whereas type 2 grains have variable d"*C values
ranging from 28.8 to 61.2 %. These observations indicate an increase in d"°C values in later stages
of aqueous alteration.

It has been suggested that the Rayleigh-type isotopic fractionation driven by the escape of "
C-poor CH, could have led to "C enrichments of the dissolved inorganic C (Guo and Eiler, 2007). The
observed d"C increase of ~30 %can be explained if ~28 % of the dissolved C was reduced to produce
CH, and was lost at 28 °C. If true, aqueous alteration in (M chondrites would have occurred in an
open system at least in later stages.
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CI and CM carbonaceous chondrites are the most primitive materials in the solar system in terms of
their unfractionated chemical compositions. But they have experienced aqueous alteration to various
degrees and thus retain little or no primordial mineralogy. Their parent bodies are believed to be
hydrous C-type asteroids based on the similarity of reflectance spectra between the meteorites and
the asteroids [1]. However, reflectance spectra of a subset of hydrous C-type asteroids are similar
to those of hydrous carbonaceous chondrites that experienced heating and dehydration [2] and thus
it was suggested that dehydration has occurred in hydrated asteroids. Since more than 20 meteorites
showing evidence of dehydration have been found, dehydration is a common process of primitive
hydrous asteroids. However, dehydration process especially for CI chondrites and the heat source
for dehydration remain unknown. The purpose of this study is to evaluate the degrees of heating and
to constrain the heating temperatures based on mineralogical properties and noble gas signatures of
the two meteorites. In this study, we used two samples; Yamato (Y)-982086 and Y-980115, which are
classified as (M and CI chondrites, respectively.

The two meteorites were analyzed using an optical microscope, a field-emission scanning electron
microscope (SEM) equipped with an energy dispersive X-ray spectrometry (EDS), an electron probe
micro-analyzer (EPMA) and synchrotron X-ray diffraction (S-XRD) for petrology and mineralogy.
Y-980115 was analyzed for noble gas isotopes.

Petrologic observation indicates that Y-982086 has experienced a moderate degree of aqueous
alteration and is classified to CM 2.3 based on the classification scheme [3]. S-XRD shows that
matrix phyllosilicate exhibits no 001 basal reflection, but remains prism reflections and secondary
olivine is not identified, suggesting that phyllosilicate starts to decompose to be poorly
crystalline. Based on (1) the presence of pentlandite and pyrrhotite with pentlandite lamellae and
(2) the mean and standard deviation of Cr,0, contents in FeO-rich olivine [4], it is suggested that
the meteorites was heated at a temperature of 400 to 450 °C, which corresponds to the heating stage
IT [5].

Y-980115 contains coarser phyllosilicates and higher abundance of Fe sulfide than the Orgueil (I
chondrite, suggesting that Y-980115 has not experienced advanced aqueous alteration compared with
Orgueil, because it is known that phyllosilicate becomes smaller and Fe sulfide becomes less
abundant with progressive aqueous alteration of CI chondrites [6]. Very weak 001 reflection of
matrix phyllosilicate suggests that phyllosilicate is poorly crystalline, like Y-982086.
Coexistence of carbonate and carbonate-decomposed product, periclase, suggests a heating
temperature of 520 to 550 °C, which corresponds to the heating stage II to III [5]. This is
consistent with similarity of noble gas release patterns of Y-980115 to those of (M chondrites of
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heating stage II [7]. Cosmic-ray exposure age estimated from cosmogenic *He (0.16 Ma) is shorter
than that from cosmogenic *'Ne (.48 Ma). We argue that thermal dehydration occurred along with
diffusive loss of cosmogenic *He not on its parent asteroid but during transit to the Earth by
solar heating.
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Observations of solar-type Young Stellar Objects (YSOs) have shown enhanced and frequent X-ray
flares accompanied by intense flux of accelerated particles [1]. The powerful X-ray activity around
newborn stars suggests that intense irradiation from the proto-Sun has also occurred in the early
solar nebula. Be-B systematics of refractory inclusions, the first solids in our solar system [2,
3], can potentially shed light on irradiation processes in the early solar system.

Previous studies have demonstrated that a short-lived radionuclide 'Be, which decays to "B with a
half-life of 1.4Myr [4], was present in the early solar system with initial '°Be/’Be ratios ranging
from 10 to 10 [5-13]. However, most of the data come from refractory inclusions in CV3
chondrites. To further investigate the distribution of '’Be and irradiation conditions in the early
solar system, we conducted Be-B isotopic measurements using a NanoSIMS 50 (at AORI, Univ. of Tokyo)
on compact melilite-rich CAIs in primitive chondrites, Y81020 ((03.05) and SaU29@ (CH3).

The melilite-rich CAI in Y81020 yields an isochron with the initial '"Be/’Be ratio comparable to
those of CV CAIs within uncertainties. The results suggest that CO CAIs have also experienced
irradiation processes similar to CV CAIs. In contrast, a melilite-rich CAI in SaU29@ shows no
resolvable excesses in "B from the terrestrial value. Previous studies have demonstrated that
hibonite-rich inclusions in CMs and FUN inclusions in CVs typically show lower "Be/’Be ratios than
those of most normal CAIs [7, 9, 12, 13]. In addition, these inclusions are known to have low 2°Al
abundances, which is interpreted as their formation prior to the injection of “°Al into the solar
system [e.g., 14]. These observations may suggest that FUN-like inclusions record irradiation
history in the protosolar molecular cloud [9, 15] and/or heterogeneous distribution of '°Be in the
early solar system [12, 13]. A substantial fraction of CH CAIs also has little %A1 [16],
suggesting possible relevance to FUN-like inclusions. The low "Be/°Be ratio of the CH CAI observed
in this study could, therefore, support the above hypothesis.
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C-, P-, and D-type asteroids, orbiting at the outer asteroid belt, are important objects for
understanding of the evolution of outer solar nebula. A subset of these asteroids shows evidence of
thermal evolution such as dehydration (Jones et al., 1990), though the thermal effects on
reflectance spectra, mineralogy, and chemistry are not fully understood. The purpose of this study
is to reproduce the spectral, mineralogical, and chemical changes of D-type asteroids caused by
heating events, using the experimentally heated samples from Tagish Lake meteorite which is
believed to have derived from a D-type asteroid (e.g., Hiroi et al., 2001). Besides, this study was
performed to identify constituent minerals of Martian moons, Phobos and Deimos. The spectra of
Phobos and Deimos are similar to that of D- and T-type asteroids (e.g., Rivkin et al., 2002).
However the 3.0-pm absorption band is shallower than these asteroids, suggesting that they are
heated D-type objects.

The Tagish Lake carbonaceous chondrite fragments were experimentally heated in a vacuum at
temperatures of 400, 600, and 900°C for 50 hours. Unheated and heated samples were analyzed using
the powder and synchrotron X-ray diffraction (XRD) methods for bulk mineralogy, field-emission
scanning electron micro scope (FE-SEM) for texture, elemental analyzer for C, N, S contents, mass
spectrometer for carbon isotope ratios, and FT-IR for reflectance spectra.

XRD patterns and FE-SEM observation showed that the unheated Tagish Lake sample consists of
saponite, Mg-Fe carbonate, pyrrhotite, olivine and magnetite. Saponite was replaced by olivine, and
recrystallization of secondary olivine was proceeded from 600°C to 900°C. Similarly, by heating at
600°C, Mg-Fe carbonate was decomposed into magnesiowiistite, which was reduced into taenite by
heating at 900°C.

Carbon content and isotope ratio (6"°C values) start decreasing from the temperature of 600°C.
Decomposition of carbonate, which has 6"C value of ~+67% (Grady et al., 2002), is responsible for
the decrease of carbon content and 6"C value up to 600°C. Meanwhile, from 600 to 900°C, carbon
content and 6'"°C value decreased due to gasification of organic carbons (6"°C of ~-9%; Grady et al.,
2002) by thermal cracking and oxidation taken place during heating at 900°C.

The 3.0-pm absorption band in a reflectance spectrum is responsible for interlayer and structural
water of saponite and absorbed water. The 3.0-pm band of the unheated sample was deep and broad,
which becomes shallower and shaper with increasing heating temperatures. Interlayer water was
dehydrated up to 600°C, and structural water was dehydrated up to 900°C. In contrast, structural
water of serpentine in the Murchison carbonaceous chondrite, which is derived from a C-type
asteroid, was dehydrated at lower temperature of 600°C (Yamashita et al., 2015). Therefore, it may
be possible that C- and D-type asteroids have different water content when they are heated at the
same temperature.

Mineralogical, chemical, and spectral changes of Tagish Lake proceed with increasing heating
temperatures; (1) saponite is dehydrated and recrystallized into olivine, (2) interlayer and
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structural water of saponite are dehydrated step by step, (3) Mg-Fe carbonate is replaced by
magnesiowlistite and finally reduced into taenite, and (4) volatile elements including carbon,
nitrogen, and sulfur are gasified and C isotope ratios are changed accordingly.

Comparison to Phobos and Deimos spectra suggests that 400°C and 600°C heated samples of Tagish
Lake matches better. But 0.65-pm absorption band that is characteristic absorption of the Phobos
red areas was not reproduced. Therefore, the reproduction of 0.65-ym absorption requires additional
conditions, if Phobos was originally D-type asteroids.

F—7—R :Tagish LakefEH. BiK
Keywords: Tagish Lake, dehydration

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS12-P06 -



PPS12-P07 HAMERSER S EA2016EAS

BIRMICV3.1-3.20 Y KRS . NWA 8613
A primitive chondrite, NWA 8613 chondrite, CV3.1-3.2

Bk =K AN B\ BE 5

Ryota Sato', *Makoto Kimura', Wataru Fujiya’

1. RIBK RS
1.Faculty of Science, Ibaraki University

Carbonaceous chondrites are primitive meteorites, and they give important information about the
early processes in the solar system. Especially one of them, CV chondrites are characterized by the
occurrence of large refractory inclusions and chondrules. They are classified into three subgroups:
two oxidized groups, CV , and CV_;, and a reduced group, CV _, [1]. Oxidized CVs were subjected to
the secondary metasomatic reactions and partly aqueous alteration. On the other hand, CV
chondrites preserve their primitive nature, although most of them partly experienced the secondary
reactions [2]. Here we present our petrographic results on a new CV chondrite.

We studied NWA 8613. This is a newly classified CV chondrite. The shock stage is S1, and the
weathering grade is W3. It consists of large chondrules (0.84 mm on average diameter, and 38 vol.%
in modal composition), refractory inclusions (13 vol.%), and matrix (41 vol.%). Magnetite and
phyllosilicate are not encountered, but kamacite is abundant. All these features indicate that the
NWA 8613 is classified as CV

Chondrules in NWA 8613 do not show preferred orientation, and are mostly porphyritic olivine and

red*”

olivine-pyroxene type (89%). Mesostasis phases are mainly anorthitic plagioclase often with
diopside. Olivine phenocrysts are mostly magnesian (Fa, , on average). The width of ferroan rims of
olivine gains is below 1 pm in general. Low-Ca pyroxenes are also magnesian (Fs, ). Chondrules
contain kamacite and troilite.

Type A CAI and AOA are most common refractory inclusions. Melilite is the most abundant mineral,
and gehlenitic (Geh,, ;). Magnesian spinel (mostly <@.3 wt.% Fe0) is abundant in many inclusions. A
few CAIs contain ultrarefractory metal nuggets. Olivines in AOAs hardly show chemical zoning, and
the width of ferroan rims is smaller than 1 pm. Matrix comprises fine-grained minerals, mainly
ferroan olivine with spinel, metal and sulfides. Matrix contains Ni-rich metal, troilite, and
pentlandite.

Kimura and Ikeda [2] showed that even chondrules in CV _, chondrites experienced the secondary
reactions, such as replacement of low-Ca pyroxene by ferroan olivine, secondary zoning of olivine,
and exchange of Ca-Na to produce nepheline and sodalite. Chondrules in NWA 8613 hardly show the
evidence for all these reactions. Only very thin nepheline lamellae (<@.5uym in width) and narrow
ferroan rims of olivine grains are noticed in chondrules.

Metamorphic degree (petrologic subtype) can be estimated for CO and partly CV chondrites by
several methods. One of them is the grain size of matrix olivine [3]. That of NWA 8613 is <@.9 pm
on average. The width of ferroan olivine rims in AOAs is also a key for the classification [4], and
is <1 pym in NWA 8613. Although Fe-Ni metals in chondrules do not show typical plessitic texture in
Semarkona (type 3.01) [5], tiny Ni-rich metals are encountered within host kamacite. All these
features indicate that NWA 8613 is classified as type 3.1-3.2.

We conclude that NWA 8613 hardly experienced shock metamorphism, thermal metamorphism, and
metasomatism. This is one of the most primitive CV chondrites so far. Therefore, NWA 8613 is a
significant sample to classify CV chondrites, and to clarify the processes in the early solar
system.

Acknowledgements: Dr. A. Yamaguchi in NIPR helped us to analyze and observe this sample.

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS12-P07 -



PPS12-P07 HAMERSER S EA2016EAS

References: [1] Weisberg et al. (2006) Meteorites and the Early Solar System II, 19-52. [2] Kimura
and Ikeda (1997) Antarctic Meteorite Research, 10, 191-202. [3] Komatsu et al. (2015) Meteoritics
& Planetary Science, 50, 1271-1294. [4] Chizmadia et al. (2002) Meteoritics & Planetary Science,
37, 1781-1796. [5] Kimura et al. (2008) Meteoritics & Planetary Science, 43, 1161-1177.

F—O—R RREIVRST~ 8RFENITT
Keywords: Carbonaceous chondrite, Petrologic type

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS12-P07 -



PPS12-P08 HAMERSER S EA2016EAS

MRETEIRE(C L BREE IV RS DY T 1 TOEH
The differences among C03 chondrites from the X-ray diffraction

*SR Bt Rl S
*Naoya Imae'?, Yoshihiro Nakamuta’

168 - Y X7 LAFEEE BT, 2.MEREXERKXFE. 3. NKE
1.Antarctic Meteorite Research Center, National Institute of Polar Research, 2.SOKENDAI, 3.Kyushu
University

1. [FUMIC

EFE IV RS ~OEBIBREPHEIRELE DB LEREFARDIFERE L TNILOY Y TILOXRETAIE
IRBELAEFEND—DOTH D, IFEHIVRST LOXEHNS, YIZOOUNSHEBIVYRI vOEBES
DITBBIM DK BHIL/NNILD ORERIYEICEAL THRAESND, RREIVRS A D1TIL—T%E
MIBONERZENT 1 FFINHT. 3.0-3. 90 T FICXDEINTULD, AHAETIE. CO3DFHIRIN
SKARXREIF/S—VERBL. Y I TROERICDVWTOFHEENRESIEOTREY 3.

2. EER

E I ARZSR(C 20144 (CEA U T2 XREIITEEE (SmartLab, RIGAKU)E Rz, SRIE(CIIEEERIRE
(ASC10)ZEFUL\fz, SHBHE25mmDAEE ST S XFANRICEE DT T TIER U e G EBEAOMESHR Z AU\ e, YED
CO3REAMER (Y-81020 C03.0, ALH-77307 C03.0, Colony C03.0, Y-791717 C03.3, Lance C03.5, ALH-77003
C03.6, Isna (03.8, A-882094, Y983589) ZEFU\IZo XIEICIZICUBTREAL. KBIRIINID v LI —I(CLKDRRE
Lz, BEBE - BERIE. ENEN. 40KV - 30mATIT D2, 0.4B/DOEEZERE. 10mm DXIRIRGY A ST

1@, 100rpmDERIEAEE. OBERETIT O, CORIEEIE. Inae (2015) TIT 2 IEMRXREIIT & B AR
HEIMSZESdCEZH 5N UHER LIz, E—DD¥EIRE ME OBENT(C(FVisual Basic 6.0 V51 Al
KBE—OQBTOTS LERAV,

3. BR - =&

NASABRD130)DEFRIE. SVWEFEEG.SUT)TRE—ORITV Y RT D, cNSE. BEERDICED
YhUYHOZUBAREVIRVYDALABRAICECIRIVRY 12— I)L(EAR)DEITHRICHEYT B, 3.6 LD
I TTREIVIINE—DTHD, COERELDFHLCRES (K1) E. (130)0EARIERRIE. U5
TTM3.0M53.5 L8335 E. HERBMERL. EIMRIIEENTI T T DEBDICET)M 3.6LLETE
E—D(EIHEEKT D, (130)DEARAIE. Fa~35-45DHKICETHNADSART. YU YO IBERHAASARICIE
L. 3.0053.8A\EU T TOLRE EBICHERMABRD L. E—UBEMNET, CSUIELIE. #ES
HBERCTHEELCEEEKRL. DASABDVYIRIDLEHKEDTRILBABREMLO IR 1—ILD
A IULEOBE—IMEBIERT—ILTELUTUVBCEEEKRT D, . O UIETRILBIIERZENS
1 TINERBETARBCEL D EBIRTE S,

BRI EOQ2-1)OEIFRET I FICLSTFROSN. BALT YIS D(321)DEIAEMR
B FCELSTRHONTE(K2)e BLWHITIAITOEAIVIIIA SIEBERTH > TELUVR, EL
IO TOEALIYISI IOV RY 1—IVEREIICER LU EEERERAREZ X 5N, —A. BERIC
XMRAELRZ. IEFESEIVRS T RASIMBOVS IS THSEERREAI Y XIS LIREINT, &
BEOHTHOEe CHOCENSOINIVR) 1—LEEBIVRSTAOIVRY 21— ILEBE S ICEER
BCTH2>kZEZ5ND. CDiER(FInae et al. (2013)DEPMARIEDIBER EBENTH B,

4, HFY
BRIT YIS ~OEYHRICEL TSETRUWEEWERHEBROAHEBE ST AICEHARLUE I,
5. Xk

Imae N. et al. (2013) Geochim. et Cosmochim. Acta 100, 116-157.
Imae N. (2015) NIPR Symposium on Antarctic Meteorites.

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS12-P@8 -



PPS12-P08

BAMIRBERNFES2016FXE

F—O—F I XfROR. (03 IVRST . DADARA. AR
Keywords: X-ray diffraction, CO3 chondrite, olivine, pyroxene

Fa (molss)
&0 50 40 30 20 10 0
D35 —~—rrr e 05 . —
[ [Eau-??a:-.‘-:m:- 1 i
] ] '\ {A-8B2094
03 ! \ { | ®
L f . 1 © 04| Y-THTT 4
J Y-B1020 CO30 L 1 ] . i b g
8 e ; 1B i
L A0 "\ i + i
0.25 / . \ - :
i \ 1 & ..t : ]
NPy | 5 :
= \, _4CO35 ] = :
T 02 YORISES CO3 -~ 1 = g
A R i, TR, N ] 02 [ Cobmy .
e \ - P.:H 17003 N - E ® ALHI;CH i
\ 7 ALHTTO0: = :
“y, o \c." £ = lsra
i » o e -
a1 L - N ] 01 | ®  _voeasss
A-882004 COTE . O 1 e
‘IEI'ECCIJd ™ E @ Y1020 e ‘ '
F Colony CO3.0 | L Al H-T7307 H
0.05 : —L e 0 ALHTT0 . @ =
M9 a2 .1;-h 1 322 323 3 e 2 " 38
2 theta SIJI]T",,I'FI'E

Fig. 1. The relationship between olivine

(130) and half width of the diffraction for

various subtypes of the CO3 chondrites.
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Formation process of nepheline in carbonaceous chondrites: Reproductive experimetal
approach
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Shun Ichimura', *Yusuke Seto', Kazushige Tomeoka'

1. A KZAXZEIEZATER
1.Graduate School of Science, Kobe University

In CO/CV chondrites, nepheline is widely distributed in the Ca, Al-rich inclusions (CAIs), the
chondrule mesostases and the matrices. Recent petrographic studies have shown abundant evidence
suggesting that the nepheline is secondary phases altered from melilite and/or plagioclase by a
chemical reaction with Na-rich fluids, and the reaction (Na-metasomatism) occurred in the chondrite
parent bodies. Because of the high volatility and mobility, Na is potentially a powerful indicator
reflecting aqueous environments of the parent bodies. While many petrographic studies of natural
meteorites had made considerable progress on revealing behaviors of Na-metasomatism, quantitative
uncertainty for the aqueous condition still remains. In the present study, we performed a number of
hydrothermal experiments using melilite and plagioclase as starting materials, and made crystal
identifications, micro-textural observations, chemical analyses and thermal analyses for run
products. The purpose of this study is constraint of environment in carbonaceous chondrite parent
bodies by revealing process of nephelinization.

We used i) synthetic melilite (Ca,Al,5i0,) + Si0,, and ii) natural plagioclase (Na, .Ca, (Al .Si, ;0,)
as starting materials. The reaction solution of 1N (mol/1)-HCl (pH @), H,0 (pH 7), ©.1N-NaOH (pH
13) and 1N-NaOH (pH 14) were prepared for the hydrothermal experiments with different water/rock
ratios (4.67, 46.7 and 467 ml/g). Na' concentration in all solutions is maintained at 1 mol/1 by
addition of NaCl. Hydrothermal alteration experiments were performed with a PTFE reaction vessel
loaded into steel autoclave at 200 °C and 1.5 MPa for run duration time of 168 hours. The recovered
samples from the hydrothermal and thermal experiments were analyzed by XRD, SEM, TEM, and TG-DTA.
The experiments using melilite without Si02 under the conditions of WR 46.7 and pH 7-14 showed that
hydro-grossular (Ca,Al,[Si0,], ;[OH],) forms as a secondary altered phase. Under the same WR and pH
conditions, as the proportion of Si02 in increases, various Na-rich zeolitic materials were
observed in the run products including analcime (Anl, NaA1Si,0H,0), nepheline-hydrate (NephH,
NaA1Si0,[H,0]) and hydroxy-cancrinite (Canc, NazAl.Si.0,,[0H],[H,0],). At the high W/R (=467)
condition, no secondary phase was observed, while Anl and Canc occur at the low W/R (=4.65) under
pH 14. In the experiments using plagioclase with high W/R ratios and pH @-7 solutions, no secondary
phases formed. Anl and NephH formed under pH 13-14 conditions. At low W/R ratios, secondary phases
were identified as Anl, and NephH.

The TG-DTA and XRD analyses for nepheline hydrate showed that NephH is transform to nepheline at
796-841 °C at the heating rate ranging of 1-14 °C/min. From the analyses of the reaction kinetics,
we estimated that NephH alter to nepheline for ~10° years at 515 °C. Although we failed to analyze
the reaction kinetics for Canc and Anl because of their complicated DTA curves, thermostatic
experiments suggested that both material also change to nepheline at 760 °C (Canc) and 800 °C
(Anl).

The present results suggest that melilite and plagioclase are easily altered into zeolitic
materials in Na'-rich high alkali solutions. The present experimental condition demonstrated in the
present study seems to be comparable to actual carbonaceous chondrite parent body. Thus, we infer
that nepheline in carbonaceous chondrite formed initially as zeolitic materials during aqueous
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alteration, and they were subsequently dehydrated to nepheline.

F—O—R:XRTIVUY, YRS KEZH
Keywords: nepheline, chondrite, aqueous alteration
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Negative crystals of calcite and empty crystals in the shape of hexagonal plate in
carbonaceous chondrites.
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(I. (M. ROVRST MEENKBEEREZ(IEREZEEI VRS MRICIE. KEEBRIERICKIDEC AR
BEE DRBEIINESND, FIB(ERTZA VE—L)ERBERIXEVYrOO0EEIESHEDCECEK
D, COXSEIYPHIHSHRETENEREZSETIARMTINONTUNS[1]e COLIEHEICHVT. 5
ERREFROBRAT(ICAERIROFEREE DEEYP. VRYU D XOYIEFR(CSERKDIRITRIGREDZER
NEHINGE, FRRAISFREREREE DI EMNMSN TS D, R"BRIKOERE RTEQSLHEIET
H3. FRADBREREERFEDRECLO,DPEERRT ZEEXS5SN[2]. ARLEEDERNSKEEHK
DBREBEHNDFERND LD TREENRD D, AAETIE. CDLSEABRIRE R ERPIRITRIERERTER
[EDUVT. BRENLEZREEECULEBERICDVTOFREMEET O EETIC. HBDIZHAARIREE
DfEENEE € DMK EOABAEFOERBIRIC DV TERANT,

REEIVRST &L TSutter's MilUEBAR(MMB LU TvunalBA (1) &E. F/zbBOz HEmMILILED A
BIR($940x20 mm, BEZTHI5 mm) D K CEEEEIR (#2020 mm. BESHI5 mm) D AHREAEEREESARNE LU TAHWL

Iz, Sutter’'s MilUBBATOHEAESR(¥I40 mm). IvunalBEHFDY LU O XEMNa, Mg, Si, S, 0CEDLARE
EME (40 )&, HEBARBRIC DOV TIEEICETEER ICH VW THARBEHE CRAIENESTEOZ
BARE, BRHSFIBICKDFERNE 2 (IAEFE(CHY Y I (#20~30 mm)Z50D H L. SPring-8MBLATXUIC L)
THRBEIRIR(TREZ AV T, $9150 nmDEZEBOREEICH VWV TIRTITREF 2. CNSDITERN

5. UBELIC KD ERPRGTEN T BRENTICEDIE U, S5NZIRTTHIRE. REZRY IV TEM
L. ZOEBARI MIVOR T LU ABREETVBRACREEZRAH . Tle. ABGRERY Y FILICDVTIE
SEM/EBSDIC & DIERFEM AN E K. RIETEYAFE LR L 2.

Sutter’s MilIBBADHRBRORIF(IHEYXIREIANSEBERTH DI ERDH >z, COHRIC. T7EvkE
EDIDDERIENEERHI2 m)AESN, ZOUEDRIABRIKOEREES. BRERELLZASAED
HZ(00ECRELTEEIFILEECS. RATESNIAARKDER((001)H XV (104)ENSHED)E
FREDIEREEFEDEEEDCERDH OZ, ETe. ESVEDNEREAARIKICIERIIEVM, KA
RIRDEDEFERL EBREEFSDEEE D ENDH DI, —A. COHABERFARICIIHELEEEY
(<KImm) RZEH SN, (001) EHELZEICETICNAY RRIEDTRL TS, > T, BESEMN(00)EERE
HEUTCEEYZERDAHGERSHEL. HlEIEMRRICLIRBEEE DD EEEIC. (001)HDFEE
LB AZFERE DL 2feEEZIND,

IvunafBA®MNa, Mg, Si, S, OCBUAREEMER(C(E. BHOAARIKDZER (I3 m)MRBHINZ, N
[EDVTE. REFRZELAEBEOHEZ (001)EEREL THEENFTUREC S, Sutter’'s MITEBADGER
BREEFGELED, (00)EE(100)HOMBEIENETHATET DI EMRDH . Fe. TDORARN S 6[0]ElERNT
MEZ(EEERNMOXBEITEF. HRABEE T DRBIEZ(TTHL .. BRI L SEIY DRI TRE
B CHDAREMEEEETCETEN DI,
HESLLEABOTPNERETRALEAADERCAHELTUVDCENSE—ILRISYITHDIEEZSN
3., TORIRHER DR (FNANRIRS KUHIER) E(FRE > TU\ Tz, NERRKDBSRIE. (001)EE
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(104 EDHEHIFEDENSHLDIM. ZOARHI20 mm) TE(104)EOHRFEEZEL. (001)EIFESNL

Molz, —7A. EROFBERIZ(018)ENSHEBIM. ZOERMI5 m) TE(1-12)EHRFEEL TULVe, E—ILR
DSy IOARNERIE. ZOREBRICHVTHE -  BEREBICLORIERET S EXRABHIRILT—0
INSTSIBRENFET DL D(CED, NARRKERTOERTEIREBHRIXI/ILE—0FL(001)HEIE. —EH
BUTEERBRLENSEDIVWEIRBINSEELTUENOIREZXS5 XD, —A. Sutter’'s MIVIBANDABRLGE
m(E. BERRFCERINTHSAR  BiERIERICELBIFEREIEFEAEZ(TTENIEENDEEXS
Nd.

[1] Tsuchiyama et al. 2014, MAPS, 49: A404. [2] Krasnova & Petrov 1997, Genesis of mineral
individuals and aggregates. Nevsky kuryer, St.-Petersburg.
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In-situ obsevation of organic matter in the Allende meteorite matrix using X-ray
microscopy
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Previous studies have reported that many kinds of carbon components are included in Allende CV3.
The carbon components might be modified because they were extracted through acid treatments in the
previous studies. Although the carbon components are mainly contained in the matrix of Allende CV3,
their natures and occurrences have not been described in detail. In-situ sample extraction protocol
without any chemical treatments should be applied for the characterization of the carbon
components. In this study, we applied a scanning transmission X-ray microscopy (STXM) analysis
combined with a focused ion beam (FIB) technique for functional group analysis and speciation.

First, Allende CV3 chip sample was cut by ISOMET under non-water and non-oil conditions. The cross
section of the chip sample was coated with gold for a SEM observation. The matrix portion of the
Allende CV3 was observed by a SEM. Several portions of interest selected through SEM observations
were processed to ultra-thin foils using a FIB. The foils were attached to a Mo-grid. STXM analyses
were conducted using STXMs at BL-13A, Photon Factory and BL-4U, UVSOR. After STXM observation, TEM
observations were also conducted for textural observations.

The carbon components were found along with the grain-boundaries of fine-grained olivine crystals
(diffusional). Several dense carbon components were also found in the diffusional carbon components
(particulate). The constituent rates of particulate and diffusional carbons are approximately
fifty-fifty. Based on C K-edge NEXAFS, the particulate carbon (aromatic-rich and carboxylic-poor)
appears to be insoluble organic matter of Allende CV3 [1]. The diffusional carbon portion, on the
other hand, mainly consists of aromatic-poor and carboxylic-rich carbon components. Fe L- and 0
K-edge NEXAFS spectra and TEM observations showed that spinel and chromite crystals are embedded in
the particulate carbon. These minerals might be the fragments of CAIs, because such high
temperature condensation minerals are not formed thorough thermal metamorphism occurred on the
Allende parent-body. Our FIB-STXM analyses depict the existences of different two type carbon
components in the Allende CV3. Based on the assumption that each carbon components had different
origins, the following tow hypothesis is made. (i) The particulate carbon component might
correspond to nano-globules included in carbonaceous chondrites. In some cases, silicate-minerals
are surrounded by the nano-globules [2]. As same to this case, the particulate carbon component
might had formed on the spinel and chromite crystals in the solar nebula, and accreted into the
Allende parent-body. (ii) On the other hand, diffusional carbon component is similar to diffuse
organic matter in the Orgueil and Murchison [3], except for the carbonate peak in the NEXAFS
spectra. It is possible that the diffusional carbon component formed through aqueous alteration
occurred on the Allende parent-body.
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Evaluation of gamma-ray effects for formation of amino acid precursors in the Solar System
small bodies
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IR EICH I BERDRECIITZ BEOEEIDNVETHD. TNV BOHSEO—DE LT, BR
EEDHENIEREZI SN TULD, CDXIEBEBAEDZL (INKREERFEE L TLDEoH. NREFDEL
MIDEBREZ X ZNENS D, ABREEAMHIC. B, K. DFERROEDFEEYESTIRETE, ©
ALDMERIE(IC KB B(C K DKBNBITTKREZENEC oz, BAPRICEET IEH IS FERY (KA
B E. COKDSIERIEDK(0~150CIEE ) IFET SRE T CEBRINCAREMENERINTULS

[1]e COHERINRETOKALWMZEEE LB T, NIVATILTER, PYEZT7. KEMAT S LB
BESYIDLSHEEDFERINERS NS ERDHo2[2]. AAETIE. KETEBRICH LV TEALORM
SMMBIRICKDRET DI N VIBEBNEEMERIICENLZ TRET INFARDCEZBERNE Uiz,

HFES & U TR 200pL (ST L. BILEEAK : RILATILFE R P YEZ 7 =100:5:5(C3 LS ICHER
Mz, ARENEEZ(CLTEBLZENIC. ERIZEAZOSRE AV TH Y VIBERQITIRER
CRETRN Uz, BDZH. MEMDHIMACER FFINRZRE O TERFIR(CIR:290 MeV/u)ERE LT
YU F e, A —T U THER(150CRU80C, 24850 &= LIe B Y FILEMER LTzo T2 RILLATILTERNAS
BEEMT BRIV E—IRIGOMIEE LB a(0H), 2 ANCREAR LR, BHH 30V EMBAROFHLHI T TE
DREC IO RAMMEZLINL., (aF, L —~COEZRS Be®. BMFT-IREAVLTOMEIT DI,
BODBELUIZT Y TILD EBEH SEINKDEE LT, ZORIEICDVWTE A YRBHPLCZEBUVTT7 = B9
FZEfTozCa(0H), 2 ST RIIAG 50-X8Z AV THRIGL TH S 7 VRIHPLCT O LI,

BIKDRETORY Y TILDEFEAENS, JUIY, PSIU, B-PSIVKEDT = JBHIEHIN
Izo MKPRETODIEVG Y TILHSIET = JBIEFRE T NEON. BRIV ERZ 51,
Ca(OH),ZEBLROT7 = JBEREF. MBAT Y TILOARS Y VREBHET Y FILEDEZH>zDCH L. &
FHOVROTZ JBEREIH Y VIRBHY Y TILOANINEY Y FILEDEZLEolzo DO ED

5. (a(0H),[IBC LB T7 = JBERERICAIENRAH SN HYVIRICEIBIT7Z JBOERICEAHITORELL
nweEEX5M3,

e, MBSV FIVETV D VICHT BT SZYOERERNDIEVDICH L. BET Y FILIETU I VICH
IB3T7SZUDERENRLBRNZN O, CNIFREMEHRIC LD RIGIEEDEVICLDEEZRSND,
FBELE L TEIH Y VIRE D BRI FIRDART = JBERE(FZ LD,

HHEME(CCa(0H), &, 150°C, 4RFEMBL 2T Y TILOFH. BOIEEICNBUMERER TSR, B
WFT-IRODDITIBERNS. KAUYE I RAMMELDEZ<OTIRBEEBLIZEBEE L TLBIERD
mhofz,

[1] G.D.Cody et al.,PNAS,108,19171-19176 (2011).

[2] Y.Kebukawa et al.,Astrophysical J., 771, 19 (2013)

:‘:_U_H . BEE\ /J\/'EI&E\ ﬁ%%\ ﬁ‘y?ﬁ
Keywords: Meteorites, Asteroids, Organic matter, Gamma ray

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS12-P12 -



PPS12-P13 HAMERSER S EA2016EAS

INRIFAEBKBRIGC K BB EREER

Soluble organic molecules formed under hydrothermal conditions in small bodies
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Extraterrestrial organic materials found in chondrites, micrometeorites, and IDPs record the
processes in the Sun’s parent molecular cloud, the protosolar disk, and parent bodies. Organic
materials could be newly synthesized from simple molecules such as formaldehyde and ammonia (Cody
et al., 2009) and/or altered by hydrothermal processes within parent bodies (Herd et al., 2011).
The correlation between the L-enantiomeric excess of amino acids and the degree of alteration also
indicates that organic materials evolved in parent bodies (Glavin and Dworkin., 2009). Recent
studies on soluble organic matter in the Murchison meteorite (Schmitt-Kopplin et al., 2010;
Yamashita and Naraoka, 2014) have shown that a large variety of soluble organic molecules are
present in the aqueously altered Murchison, some of which could have been synthesized by parent
body alteration processes.

In order to understand the formation of soluble organic molecules under hydrothermal conditions in
Solar-System small bodies, we conducted hydrothermal experiments following the experimental
procedure of Kebukawa et al. (2013). Paraformaldehyde, glycolaldehyde, calcium hydroxide, and
ammonium water (8 wt%, NH;) were put into pyrex glass tube with ultrapure water. The N/C atomic
ratio of the starting material was set at 0.1. The glass tube enclosing the starting materials was
sealed in the air, and the sealed glass tubes were heated at 90 degree C for 72 hours. We also made
experiments without ammonia and only with ultrapure water for comparison.

The liquid phase changed its color from transparent to brownish after the heating, and solid
organic components were found in the tube. The liquid phase was diluted by a factor of 100 with a
water-methanol mixture (1:1), and was analyzed with Orbitrap Elite LC-MS (Thermo Fisher
Scientific). A 10uL of the solution was first injected to a liquid chromatograph EASY-nLC 1000
(Thermo Fisher Scientific). The molecules separated through the LC depending on their polarities,
were introduced to an electrospray ionization (ESI) source, and positively-charged ions were
detected in the range of m/z=50-750 with a mass resolution of 240,000 at m/z=400.

The solutions from the heated samples both with and without ammonia contained molecules showing a
broad peak at the retention time of 15-25 min on chromatogram. The averaged mass spectra at the
retention time of 19-20 min were averaged and analyzed with the “mMass”-software. Most of the
molecules show a successive increase of (H,0, suggesting that they were formed by the formose
reaction (polymerization of formaldehyde). The solution with ammonia contained molecules with an
odd number of molecular weights, while that without ammonia did not. These molecules with an odd
number of molecular weights should contain an odd number of nitrogen.

F—O—F | HERANEHY. KEASERR. LC/MS

Keywords: Extraterrestrial organic matter, Hydrothermal experiments, LC/MS
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Evolution of three distinct water reservoirs through the history of Mars
Evolution of three distinct water reservoirs through the history of Mars
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The surface geology and geomorphology of Mars indicate that it was once warm enough to maintain a
large body of liquid water on its surface, though such a warm environment might have been
transient. The transition to the present cold and dry Mars is closely linked to the history of
surface water, yet the evolution of surficial water is poorly constrained. This study identifies
three distinct Martian water reservoirs based on the analyses of Martian meteorites, telescopic
observations, and Curiosity measurements. One is mantle-derived water that has a D/H ratio similar
to those seen in planetary building blocks (i.e., chondrites) and in the Earth’s ocean water. The
second reservoir is atmospheric water with a mean D/H ratio of ~6 times the terrestrial value. The
third, subsurface-ice reservoir, has been recently detected based on analyses of Martian
near-surface materials. This reservoir has a relatively restricted range of D/H ratios (2-3 times
Earth's ocean water), which is distinct from the low-D/H primordial and the high-D/H atmospheric
water reservoirs. This subsurface-ice reservoir could have possibly acquired its intermediate-D/H
composition from the ancient surface water before the rise of the atmospheric D/H ratio to the
present level. During ancient times, the atmosphere and hydrosphere could have approached isotopic
equilibrium due to the high water activity relative to the recent dry Mars.
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Petrology and mineralogy of Northwest Africa 7397 lherzolitic shergottite
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Martian meteorites are important samples in order to understand geologic process on Mars.
Shergottite, which is the largest group among Martian meteorites, is divided into three groups
based on their petrologic and mineralogical features; i.e., basaltic shergottite, olivine-phyric
shergottite, and lherzolitic shergottite. The petrologic and mineralogical features of lherzolitic
shergottites are similar each other. In addition, their crystallization and exposure ages are also
identical each other. Accordingly, it is widely accepted that lherzolitic shergottites share the
same original source on Mars, and were probably ejected by the same impact event, and finally fell
on the Earth as separate falls [1]. The major object of this study is to describing the detail
petrographic and mineralogical characteristics of a newly found lherzolitic shergottite, Northwest
Africa 7397 (NWA 7397).

A polished thin section of NWA 7397 was prepared for this study. A field-emission scanning electron
microscope (FE-SEM) was employed for detailed textual observations. The chemical compositions of
individual minerals were determined with an electron probe micro-analyzer (EPMA). Phase
identification of the minerals was conducted using a laser micro-Raman spectrometer.

Our FE-SEM observations and EPMA analyses reveal that the petrologic and mineralogical features of
NWA 7397 are similar with other lherzolitic shergottites. NWA 7397 shows two areas with poikilitic
and non-poikilitic. In the poikilitic area, coarse-grained pyroxene oikocrysts enclose olivine (<
~500 pm) and chromite (< ~150 pm) grains. In the non-poikilitic area, the major constituents are
olivine, pyroxene, and plagioclase (now maskelynite), with minor chromite, ilmenite, alkali
feldspar, Ca-phosphate, and Fe-sulfide. Pyroxenes in the poikilitic area are chemically zoned from
core (En,Fs,MWo,) to rim (EngFs,Wo,,). Most pyroxenes in the non-poikilitic basaltic area are
pigeonite with small amount of augite. Olivine in the non-poikilitic area (Fa, ,,) is more Fe-rich
than that in the poikilitic area (Fa, ;). NWA 7397 may have originally been located at a shallower
level within the lherzolitic shergottite igneous block because Fe contents in the olivine are
higher than those in other lherzolitic shergottites. Several melt-pockets were observed in the
non-poikilitic area. The existences of maskelynite and melt-pockets are obvious evidences for an
impact event occurred on Mars. Some plagioclase entrained in the melt-pockets dissociate into CAS +
stishovite. This is the first report of CAS and stishovite from lherzolitic shergottites. Based on
the phase diagram of basaltic composition [2], the pressure and temperature conditions recorded in
the melt-pocket are estimated to be ~25 GPa and 2300-2500 °C. Olivine around the melt-pockets
probably dissociated into bridgmanite + magnesiowiistite. The bridgmanite would have
back-transformed to glass due to residual heat during adiabatic decompression.
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Petrography and formation process of Martian breccia meteorite NWA 7034
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Characterization of LUNA 24 regolith for deciphering the magmatism history on Mare Crisium
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Lunar regolith is the mixture of fine grains/powders found on the surface of the Moon, and is
considered to be the result of mechanical disintegration of basaltic and anorthositic rocks, caused
by continuous meteoric bombardment over billions of years. Since LUNA 24 samples classified into
Very-Low-Ti (VLT) basalt were dated as the youngest lunar rocks/soils of 2.9 Ga [1], it has been
generally considered that VLT basalt magmatism is the most prolonged magmatism on the Moon (about
1.4 billion years from the oldest age of 4.35 Ga of monomict breccia, Kalahari 009 [2], to the
youngest age of 2.9 Ga). However, in the chronology of regolith, it should be taken into account
that individual grains have a different origin. Moreover, late impact events might have disturbed
the radiometric age, making the age younger apparently. Therefore, comprehensive studies on both
elaborating mineralogical description and the high-spacial resolution dating are required to
decipher the precise history of VLT magmatism. Here, we report the characterization of LUNA 24
regolith collected from Mare Crisium at the depth of 130-132 cm and the future-plan of in-situ U-Pb
dating.
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A high-pressure polymorph inventory in shocked L type ordinary chondrites
A high-pressure polymorph inventory in shocked L type ordinary chondrites
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Planetary collision phenomenon is one of fundamental process for planet evolution. So, shock
metamorphism is recorded in many meteorites. The existence of high-pressure polymorphs is one of
distinct evidences for the planetary collision phenomenon. Many colleagues have worked on
high-pressure polymorphs in shocked ordinary chondrites. We could constrain shock pressure
conditions, impact velocities and their parent-body sizes using the high-pressure polymorph
assemblages in the shocked ordinary chondrites and their kinetics, which will give clues for how
the ordinary chondrite parent-bodies were destroyed. Radio-isotope measurements along with such
high-pressure mineralogical investigations could date when the parent-body destroys occur in the
solar nebula. Ordinary chondrite is classified into H, L and LL based on metallic iron content.
Individual ordinary chondrite is further divided into petrologic type 3, 4, 5 and 6 (and 7) based
on the differences on thermal metamorphism degree. Most previous investigations working on
high-pressure polymorphs have just focused on type 6, especially L6 ordinary chondrite. Few
systematic investigations about a high-pressure polymorph in other type ordinary chondrites have
not been conducted up to now. A parent-body of an ordinary chondrite is expected to have an onion
shell-like structure. The inventories of high-pressure polymorphs included in all type ordinary
chondrites are required to depict the destroy process of an ordinary chondrite parent-body.
Accordingly, in this study, we described high-pressure polymorphs included in L3, L4 and L5 type
ordinary chondrite through a fine textural observation by a FEG-SEM and mineral identification by a
laser micro-Raman spectroscopy. Twenty-one Antarctica and one non-Antarctica L-type ordinary
chondrite thin sections were used for this study.

Four L3 type ordinary chondrites including shock-induced melting textures were selected through
optical microscopic observations. Most chondrules are slightly flattened. The boundaries between
the flattened chondrules and surrounding matrices are distinct. Several isolated melting textures
(hereafter, a melt-pocket) are observed around the boundaries. High-pressure polymorphs were not
identified in and around the melt-pockets although several plagioclase grains become maskelynite.
In case of L4 type ordinary chondrites (ten specimens), the boundaries between chondrules and
matrices are not so clear compared with L3. The grain-sizes of constituents in the matrices are
coarser than L3. Melt-pockets occur around the boundaries like L3. A shock-melt vein occurs only in
one specimen. Jadeite was identified in plagioclase grains entrained in and around the melt-pockets
or shock-melt veins. Maskelynite was also identified. In case of L5 type ordinary chondrites (five
specimens), the boundaries between chondrules and matrices are indistinct. All melting textures
occur as a shock-melt vein. Jadeite occurs in plagioclase grains entrained in or around the
shock-melt veins. Maskelynite also occurs. The olivine grain entrained in the shock-melt vein
partly transforms into wadsleyite.

Our investigations reveal that shock-induced melting occur in L3, L4 and L5 besides L6 ordinary
chondrites. Most shock-induced melting occur as a melt-vein in L6 and L5, whereas as a melt-pocket
in L3 and L4. Ringwoodite, wadsleyite, akimotoite, majorite, bridgmanite, jadeite, lingunite and
tuite occur in and around the shock-melt veins of L6. Only jadeite occurs ubiquitously in and
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around the shock-melt veins and melt-pockets of L4 and L5. The shock pressure condition can be
estimated based on a high-pressure polymorph phase equilibrium diagram deduced from static
high-pressure synthetic experiments. The estimated shock pressure conditions are as follows; about
from 13 to 24 GPa for L6, about from 2.5 to 12 GPa for L4 and L5, and less than about 2.5 GPa for
L3.

F—"— ! High-pressure polymorph. Ordinary chondrite. Shock-induced melting
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Development of Laser Post-Ionization Secondary Neutral Mass Spectrometer for in-situ U-Pb
chronology
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In space and planetary sciences, Secondary Ion Mass Spectrometers (SIMS) with an ion micro-beam has
been widely used for in-situ isotopic analyses of micron scale samples [1]. In the SIMS analysis,
the surface of the sample is irradiated by a primary ion beam, and among the sputtered materials,
secondary ions are introduced into the mass spectrometer. One of the disadvantage of the SIMS is
that the secondary ion yield is low (less than a few %), and a large fraction of the sputtered
samples are lost as neutrals without being analyzed, which makes it difficult to carry out trace
element analyses with a sub-micron spatial resolution due to the severely low ion counting
statistics.

In order to improve this disadvantage, we have carried out the post-ionization of the secondary
neutrals with a femtosecond laser [2]. By irradiating the high power laser above 10" W/cm?, 100% of
the sputtered atoms and molecules can be ionized. In addition, in the high electromagnetic fields,
all kinds of species are ionized, regardless of ionization potential, through the non-resonant
ionization regime and can be analyzed simultaneously by using the time of flight (ToF) mass
spectrometer.

The multi-turn time of flight secondary neutral mass spectrometer (MULTUM-SNMS) has been developed
in Osaka University [3]. This instrument consists of a focused ion beam with a liquid metal gallium
ion source, a femtosecond laser and multi-turn ToF mass spectrometer. The sample is sputtered with
a 30 keV Ga" ion beam which can be focused to a spot diameter of 40 nm and maximum current density
is 30 A/cm’. The ejected neutrals are irradiated with the femtosecond laser, and the post-ionized
ions are introduced into the multi-turn ToF analyzer (MULTUM), the ion optical system of which
achieves an ultra high mass resolving power of 250000 [4].

The performance evaluation of MULTUM-SNMS has conducted with a lead plate sample. It was
demonstrated that the post-ionization with the femtosecond laser can make the Pb+ secondary yield
about 10000 times higher. In addition, a mass resolution greater than 12000 is achieved utilizing
MULTUM ion optics. Toward the application to U-Pb chronology, 91500 zircons which contain around
100 ppm uranium and used as a standard specimen of zircon U-Pb chronology was measured using
MULTUM-SNMS. From a sputtered area of around 1 um in diameter, U", U0" and U0," signal peaks were
detected. In this presentation, we will also report the lead isotope ratio of the same specimen and
discuss the feasibility of sub-micron scale in-situ U-Pb chronology with MULTUM-SNMS.

[1] Terada K. and Sano Y. (2012) Mass Spectrometry, 1, A0011.

[2] Ishihara M., et al. (2010) Surf. Interface Anal., 42, 1598-1602.

[3] Wucher A. (2013) In ToF-SIMS: Surface Analysis by Mass Spectrometry, (J. C. Vickerman and D.
Briggs, eds.), pp. 217-246. IM Publications and Surface Spectra Limited.

[4] Toyoda M., et al. (2012) J. Mass Spectrom. Soc. Jpn., 60, 87-102.
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