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Barred-olivine (BO) chondrules are characterized by parallel set(s) of olivine bar crystals, which are platy in three-dimension
[1,2]. A BO chondrule usually has an olivine crystal that covers the chondrule surface (rim). The olivine rim has the same crys-
tallographic orientation as the inner olivine platelets. Tsukamoto et al. succeeded to reproduce the rim structure from a forsterit
melt droplet in their container-less crystallization experiment using aero-acoustic levitation technique [3]. They found that the
droplet cooled very rapidly at a rate &f.,,; ~ 100 - 1000 K s!, and then crystallized within a very short period of time less than
“1 s at alarge supercooling 8fT ~ 600 K. On the other hand, Tsuchiyama et al. also succeeded in reproducing the rim structure
by evaporation in vacuum [4]. The cooling rate was,.; = 1000 K hr-!, which is much slower than [3] by about three orders of
magnitudes. Tsuchiyama et al. considered that the rim was formed by the rapid crystal growth along the droplet surface, whicl
should become cooler than the interior by the latent heat of the evaporation. However, their hypothesis has not been verified ye

To understand the formation mechanism of the rim structure, the crystal growth pattern inside the chondrule melt droplet
should be investigated. We carried out humerical simulations of crystallization of a highly-supercooled melt droplet by using
a phase-field method [5]. We considered the situation that a tiny crystal seeded at the droplet surface triggers crystallization ¢
the droplet. We found that the rapid crystal growth along the droplet surface occurs when the cooling rate is considerably large
However, they did not investigate for a wide range of the supercooling of the droplet.

In this study, we investigated the condition of the rapid crystal growth along the droplet surface by using the phase-field
method. We considered the cases that the seeding occurs when the surface of the droplet is superfdoled 290, 300,
400, 500, and 600 K. The surface of the droplet cools at a constant heagflexsx10%, 1x1@, 2x1@, 5x1¢, and 1x10° erg
cm~2 s7! for eachDT,. Because of the surface cooling, the droplet surface becomes cooler than the cedfifer by 30 -
600 K for the droplet radius; = 250 um (um = micro-meter). We found that the rapid crystal growth along the droplet surface
occurred whem/T._; ™ 100 - 200 K or larger. The minimum value df . for the rapid crystal growth along the droplet surface
increases aBT , increases. To derive the minimum valuedf._ ; analytically, we compared crystal growth timescales via two
different routes inside the droplet; along the droplet surface, and across the droplet center. We found that the growth timesca
along the surface becomes shorter than that across the centerawhdii._, / DT, >" 0.2, which condition is rewritten by
Reoor >~ 2000 (DT, / 300 K) (rq / 250 um)2 K s~!. This condition is applicable for limited cases that satisfy the following
two conditions; (a) crystal growth timescale is much shorter than a cooling timescale of the droplet, and (b) the supercoolec
droplet is a single component system, namely, the chemical composition of crystal is the same as the parent liquid. If the cryste
growth kinetics depends on the growth direction, which usually comes from its crystal structure, we need small modification to
the critical values ofr andR.,.; [5]. The new constraint for the rapid crystal growth along the droplet surface is applicable for
limited cases, however, this is the first step to understand the formation mechanism of BO chondrule solidification texture.

Reference: [1] Tsuchiyama et al., Geography109, 845-858, 2000 (in Japanese). [2] Noguchitarctic Meteorite Research
15,59-77, 2002. [3] Tsukamoto et alntarct. Meteorites24, 179-181, 1999. [4] Tsuchiyama et akeochim. Cosmochim. Acta
68, 653-672, 2004. [5] Miura et ald. Appl. Phys, 108 114912, 2010.
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Introduction:

Enstatite chondrites represent initial formation and metamorphism under highly reduced conditions. Like the other chondrite
groups, the enstatite chondrites underwent various degrees of thermal metamorphism resulting in distinct petrologic types [1
Type 3 chondrites are the least metamorphosed type among chondrite groups. For ordinary chondrites, Sears et al. [2] subdivid
type 3 into ten finer divisions (type 3.0 through 3.9) using thermoluminescence (TL) sensitivity as an indicator of metamorphic
grade. Subsequently, some mineralogical changes with increasing subtype have been identified [3]. An approach similar to th
of [3] has been applied to enstatite chondrites [4]; however, a systematic understanding of metamorphic reactions has not bet
attained and metamorphic sub-types have not been established for enstatite chondrites. In this study, we examined 5 ensta
(EH3) chondrites in order to assess variations in texture and mineral compositions among the EH3 chondrites (ALHA81189
ALH84170, Sahara97096, Y-691, and PCA82518). We also compared these observations with EH4 (Indarch) and EH5 sample
(St.Marks and LEW88180) to gain a broad perspective of metamorphism of EH chondrites.

Results and Discussion:

All of EH3 chondrites in this study are dominantly composed if FeO-poor pyroxene. Metallic and sulfide minerals occur as
complex nodules which are composed of combinations of troilite, Fe-Ni metal, perryite, niningerite, djerfisherite, and daubreel-
ite. Occasionally, oldhamite is also present.

ALHAB81189 contains well-defined chondrules and chondrule fragments. Many chondrules are rimmed by silica or silica-
rich rims in ALHA81189 and Y-691, whereas silica or silica-rich rims are not as abundant in ALH84170 and Sahara97096. In
PCA82518, silica-rich rims were not identified. Instead, euhedral silica is observed inside chondrules.

Sulfide nodules are abundant in all EH3s. Sulfide/metal nodules in ALHA81189, ALH 84170 and Y-691 have sizes and
shapes similar to silicate chondrules and are composed of combinations of troilite, kamacite, daubreelite, and niningerite. Ger
erally, troilite and daubreelite occupy the cores of the spherules whereas kamacite usually occurs in the outer portions. Sulfide
are more dispersed in PCA82518; the core-rim structure as described above is absent. In contrast, mixed sulfide/metal nodul
are rare and sulfides tend to occur as dispersed crystals in Indarch (EH4), St. Marks (EH5) and LEW 88180 (EH5).

The Fa content of olivine, Fs content of pyroxene, and Ti and Cr contents in troilite show wide ranges of composition in the
EH3 chondrites. Ti concentrations of troilite in ALHA81189 are lower than in the other EH3s, and those in PCA are the highest.

Based on the textural characteristics of EH3 chondrites, we can subdivide EH3s into 3 distinct groups: (1) Primitive,
ALHAB81189 and Y-691; (2) low degree of metamorphism, ALH84170 and Sahara 97096; moderately metamorphosed, PCA8251
This trend is supported by the chemical compositions of pyroxene and troilite; primitive EH3s have high Fs content in pyroxene
and low Ti content in troilite, whereas metamorphosed EH3s have lower Fs content in pyroxene and higher Ti content in troilite.
These results suggest that the reduction (lower f(02)) occurred during thermal metamorphism [5].

References]1] Zhang et al. (1995) JGR, 100, E5, 9417-9438. [2] Sears et al. (1983) LPS X1V, 682-683. [3] Grossman J. N.
and Brearley A. J. (2005) Meteoritics & Planet. Sci., 40, 87-122. [4] Bendersky et al. (2007) LPS, XXXVIII, 2077. [5] Fagan T.
J. etal. (2010) LPS XXVII, 1534.
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Mn-Cr dating of dolomite in the Ivuna CI chondrite
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ClI chondrites are compositionally the most primitive rocks among the solar system materials, although they experienced pel
vasive aqueous alteration. In order to decipher their geological history, it is important to determine the timescale of the aqueou
activity in the CI chondrite parent body.

53Mn-53Cr systematics®Mn decays to*>Cr with a half-life of 3.7 Myr) of dolomite and breunnerite measured with ion
probes have been reported for the Orgueil CI chondrite (e.g. Hoppe et al., 2007). For the Ivuna CI chondrite, there is only on
report on dolomite. Hence, further investigations are needed for the accurate Mn-Cr age determinations. Here we report Mn-C
systematics of six dolomite grains in lvuna.

Six dolomite grains in Ivuna were analyzed for Mn-Cr systematics with the NanoSIMS installed at Atmosphere and Ocean
Research Institute, the Univ. of Tokyo. Their Mn concentrations range from 0.7 to 2.7 WCH":, °2-*3Crt and®*Mn* were
measured with the O primary ion beam ("5 micrometers in diameter, 1 nA). PPRIn/°2Cr relative sensitivity factor (RSF)
of 0.690 is determined using a synthetic calcite standard doped with Mn and Cr (Sugiura et al., 2010). ExtGré6@r and
55Mn/>2Cr ratios are based on the counting errét€r excesses of the Ivuna dolomite are represented as permil deviations from
the 3Cr/P2Cr ratio of the standard assumed to be 0.1134 (Lodders et al., 2009).

Obtained®>Cr excesses are well correlated wittMn/°2Cr, which indicates the in-situ decay ¥Mn. All data lie on a single
regression line in the isochron diagram (i.e., no difference is found among slopes of the six grains) and the slope of the best f
line for the whole data corresponds t8NIn/°°Mn), of (2.64 +/- 0.44) x 105. Then an absolute age of 4562.5 +0.8/-1.0 Ma is
calculated for dolomite in Ivuna using the LEW86010 angrite as a time anchor (Amelin, 2008; Lugmair and Shukolyukov, 1998).

The present data for dolomite in Ivuna gives a younger age than that in Orgueil reported by Hoppe et al. (2007) and Petita
et al. (2009). However, these studies used silicate standards for calibrafitP2Cr ratios of dolomite, which resulted in
systematic errors in the obtained ages. If the RSFs are corrected, then the Mn-Cr ages of the Orgueil dolomite become consiste
with that of the Ivuna dolomite. The Ivuna dolomite in this study is older than the Orgueil and Ivuna dolomite reported by Endress
et al. (1996), which is unlikely due to the difference in the RSFs used. The reason for this discrepancy is unknown at this time.

Fujiya et al. (2011) reported Mn-Cr ages of calcite and dolomite in four CM chondrites, indicating that calcite and dolomite in
CM and CI chondrites formed around the same time. Because calcite precipitation appears to have preceded dolomite formatic
(de Leuw et al., 2010), our data imply contemporaneous accretions of the Cl and CM chondrite parent bodies and dolomitizatiol
occurred soon after calcite precipitation.

On the other hand, it seems that individual breunnerite grains in Orgueil show variable and younger ages than those of dolomit
grains (Hoppe et al. 2007; Petitat et al., 2009). Therefore, we conclude that the breunnerite formation persisted for at least 7 My
following dolomite formation. Given that the Mn-Cr ages in Petitat et al. are biased due to the RSFs, breunnerite formation (anc
therefore, aqueous alteration) in Orgueil lasted until "4553 Myr (at least 10 Myr after dolomite formation in Ivuna).

goooo:00ooo,clbopoooo,Mn-Cro0000,0000
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Oxygen isotopic compositions of silicate grains associated with D-rich carbonaceous mat

ters in a carbonaceous chondrite
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New insight into origin and evolution of insoluble organic matter in meteorites
New insight into origin and evolution of insoluble organic matter in meteorites
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Organic matter in meteorites provides us clues to understand the early Solar System history. Our recent study revealed th
insoluble organic matter (IOM) in primitive chondritic meteorites is predominantly derived from the polymerization of interstel-
lar formaldehyde with incorporation of ammonia, evidenced by molecular spectroscopic characters. Here we show molecula
structures of laboratory synthesized formaldehyde polymer and compare with the formose solids to chondritic IOM using vari-
ous spectroscopic methods; solid stst€ nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR) spectroscopy
and X-ray absorption near edge structure (XANES). We will discuss about the kinetics of polymer yield, and effects of silicate
minerals coexisting with chondritic organic matter. Isotopic exchange experiments with formaldehyde polymer and water alsc
can explain the origin of deuterium enrichment in the IOM from carbonaceous chondrites. We féatifitdadtross polarization
NMR which allows us to see site-specific deuterium enrichment in organic polymers. The results show that organic hydrogen i
very exchangeable with water. The deuterium enrichment of chondritic IOM could be explained by the deuterium exchange with
water during aqueous alteration.

The final molecular structure of chondritic IOM has been shown to reflect the extent of parent body processing, and to have
significant variations among chondrite classes and groups. The principal inference has been that the molecular structure of 10|
changes as a result of environmental conditions in the parent body. Our recent studies of individual lithology of the Tagish Lake
meteorite provides insight into the wide range of molecular structure complexity that existed locally in a single parent body. We
conducted heating experiments of most pristine IOM from Tagish Lake. The molecular structure evolution observed in Tagish
Lake is representable with flash heating with several hundred degree C. Thus, the changes in Tagish Lake IOM from differer
lithologys may reflect differing degrees of flash heating due to impact processes.
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Three-dimensional observation of organic nanoglobules by microtomography and evalu

ation of CT images by image simulation
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Carbon-XANES spectroscopic comparison of Q-gas rich and depleted fractions from Al-
lende meteorite
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Introduction:

Although the planetary noble gases enriched in the heavy noble gases, Q gases, have been frequently studied, phase Q itse
yet to be identified. Matsuda et al. (2010) has reported that TEM observations did not show clear difference between Q-rich- an
depleted- carbonaceous materials, while the Raman spectroscopic differences were observed between the two. They concluc
that release of Q gases is not accompanied by mass loss but resulted from rearrangement of carbon structure during removal o
(oxidation). Our previous study has revealed that the physically separated Q-rich density fraction may be rich in diamond-relate
sp® carbon. Thus, the release of Q gases and/or phase Q could be related to carbon functional group chemistry rather than c:
bonaceous morphology. This study focuses on the XANES analyses of Q-rich- and depleted- materials from Allende meteorite t
refine carbon chemistry that is likely associated to the release of Q gases. Moreover, Q-rich fractions obtained via the suspensi
and physical separation from Allende, respectively, are analyzed for comparison.

Experimental;

An Allende meteorite was treated with HF-HCI for preparing an acid resistant carbonaceous residue. During the removal of
elemental S from the residue with CS2, One-seventh of the total fraction of the residue suspended in the supernatant was recc
ered (AMD3). The rest of the fraction (AMD1), which is rich in Q gases, was further treated wiBda; to remove Q gases,
yielding the oxidized residue, AMDZ2. Apart from AMD samples, a Q-rich floating fraction (G1), was obtained by the freeze-thaw
disaggregation of Allende meteorite in stainless beaker. All the samples were embedded in sulfur and ultramicrotomed. Carbor
XANES of these samples was conducted using STXM at Beam line 5.3.2, at the Advanced Light Source, Lawrence Berkele
National Laboratory.

Results and discussion:

In C-XANES spectra of AMD1 and 2, aromatic and aliphatic carbons are much lower in AMD2 than those in AMD1. Car-
bonyl carbon is slightly higher in AMD2 than that in AMD1. On the other hand, the peak intensities of 1s-®goaitan derived
from graphene, are not changed between AMD1 and 2. The differences in molecular features between AMD1 and 2 may not b
directly reflected by phase Q, but more likely indicate the changes in major organic macromolecule by oxidization. Nonetheless
the depletion of aliphatic and production of carbonyls probably influence the structural rearrangement related with the releas
of Q-gases. No quantitative change of 1s-sigragciton intensity before and after oxidation indicates that phase Q is unlikely
related to graphene.

Only one clear difference between C-XANES spectra of AMD1 and 3 is a peak at 287.43 eV in AMD 3 is remarkably devel-
oped compared to AMD1. A peak around at this energy is generally assigned to aliphatic carbon, or alternatively, &nother sp
carbon such as -C-CF of fluorinated diamond (Yu et al. 2003). The peak may have an important relation to Q-richness, sinci
noble gas concentrations in AMD3 are 2-4 times higher than those of AMD1 (Amari et al. 2003).

G1 showed a quite different C-XANES spectrum from those of AMD1 and 3. While aromatic carbon is low, two unidentified
peaks are detected. One of the two peaks is possibly derived from diamonds or their related compounds. Such spectral featut
are very similar to those in the Q-rich density fraction. Additionally, C-XANES spectra of different regions of G1 are heteroge-
neous. These spectra are not exactly the same as those of individual density fractions in our previous study. It may be because
individual density fractions show more detailed spectral features that were covered in bulk fractions, or might have been partially
contaminated with Teflon beaker used in the past treatment by Matsuda et al. (1999). To summarize, it is further suggested th
some sp carbon may be related to the release of Q gases and/or phase Q.
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Infrared and raman spectroscopic analyses of the chondritic organic matter shot into silic

aerogel by impact experiment
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U-Pb Dating and D/H Ratio of Phosphates in the Martian Meteorite ALH84001.
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[3] Terada K. et al.(2003) Meteoritics&Planet. S881697-1703, [4] Sano Y. et al.(1999) Chem. Gd&3 171-179. [5] Sugiura
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Mineralogical characterization and formation process of shock-induced melt veins in the

Efremovka CV3 chondrite
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An understanding of shock effects is important to bring out the impact history of the solar system. A shock-induced melt vein
is one of the typical textures caused by impact; the vein is considered to be formed by rapid shear melting and be solidifiec
along the shearing plane in extremely short times. Mineralogy of the shock-induced melt veins have been well studied in highly
shocked ordinary chondrites so far, while there are few studies of carbonaceous chondrites which are usually considered to ha
been experienced relatively weak shock metamorphism.

Efremovka, grouped as a CV3 carbonaceous chondrite, is known to be experienced a strong shock metamorphism classifi
with a shock stage of S4. Although the previous studies on Efremovka mainly focused on the chemical/isotopic properties, the
detailed mineralogical and petrographic characteristics remain to be known. We made a SEM observation of the Efremovka thi
sections with a total area of about 200 frand found distinguish veins or puddles including spherical globules of Fe-Ni metal,
Fe-sulfide in the matrix. In order to clear whether these objects have been actually experienced melting or not, and to clear it
formation process, we undertook a mineralogical study regarding on the veins (tentatively called "melt vein”) compared with
the other area of the matrix (called "normal matrix”) using transmission electron microscopy (TEM) and synchrotron radiation
X-ray diffraction (SR-XRD).

The veins are often observed near chondrule-matrix boundaries, and sometimes penetrate into the adjacent chondrules or n
trices. For site-specific samplings, the melt veins and the normal matrix were lifted up from the thin section and were trimmed
to feasible shapes for SR-XRD and TEM experiments using a focused ion beam (FIB) technique. The SR-XRD and TEM ex-
periments show the clear differences between the melt veins and the normal matrix, especially as to the constituent olivines. Tt
unit cell volume data from SR-XRD and the TEM-EDX analyses consistently indicate that the olivine of the melt veif$s(Fo
poorer in Fe contents than that of the normal matrix.0A clear difference is also seen in the grain size; the olivine size in the
melt veins is significantly larger ("300 nm) than that in normal matrix ("100 nm). Moreover, appearances of lattice defects in the
olivines is different; from TEM observation, dislocation densities in the melt vein’s olivines are much lower than those in normal
matrix in spite of the evidence of the heavy shock impact.

These results indicate that the melt veins have certainly experienced a different formation process from that of normal matrix
which are apparently affected by melting and quenching processes. During these processes, olivine in the veins grew larger
size and become poorer in Fe contents than those in original matrix. On the other hand, as for most parts of Efremovka matri
escaping from melting, the shock wave effect can be found in compaction of matrix and high dense dislocations in the constituer
minerals. The present study reveals that chemical and mineralogical disproportions are caused by melting and quenching proce
Such shock-induced process may be one of the factors generating a diversity of meteorites.

goooob:0ooboobooboo,00o0,0b0bo,00ob0boOo,coboboboOo,obo Xooo
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Heterogeneity of chemical and mineral compositions of Bensour meteorite (LL6) in rela-
tion to Hayabusa sample analysis.
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[1] Nakamura T. et al. (2011) abstract in 42nd LPSC. [2] Abe M. et al. Science, 312, 1334-1338. [3] Tsuchiyama A. et al.
(2011) abstract in this conference.

goooo:0bo0ooo,bbobooooo,oo
Keywords: Hayabusa, chondrite meteorite, compositon



Japan Geoscience Union Meeting 2011
(May 22-27 2011 at Makubhari, Chiba, Japan)

©2011. Japan Geoscience Union. All Rights Reserved. " p'a i
Geoscience
].‘.J‘?.i?“.
PPS021-P0O7 OO0:00o000O00oooon 00:50 230 16:15-18:45

Conditions of aqueous alteration of C-type asteroids deduced from mineralogy and oxy
gen isotope ratios of CM chondrite G

Conditions of aqueous alteration of C-type asteroids estimated from oxygen isotope ratio
of carbonate in CM chondrites

oo0oo ™ o000 Yhooo00th,oooo!
Katsuki Yoshiokd*, Tomoki Nakamurd, Hirokazu Fuzimali, Yuki kakazu
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! Department of Earth and Planetary Scienc

CM chondrites have undergone prevailed aqueous alteration that changed mineralogical and isotope signatures of water-bear
C-type asteroids (Zolensky and McSween,1998; Clayton and Mayeda 1984). In the present study, we studied a CM chondrit
GRAO06172 that has never been studied in detail in order to estimate the degree and the conditions of aqueous alteration occurr
on a meteorite parent body. A polished section was observed by a SEM/EDS and analyzed by an EPMA/ WDS. A small piece
(200 microns in size) of matrix was analyzed by synchrotron radiation X-ray diffraction to identify minerals, since matrix min-
erals are too small to identify by using a scanning electron microscope.

SEM observations suggest that approximately half of the meteorite consists of primary rocks (Metzler et al., 1992) where
chondrules were mantled by thick fine-grained rims and aggregates of PCPs occur on the rims. The other half is clastic matri
that was produced by fragmentation of the primary rock. This observation indicates that the meteorite is a breccia. Mesostas
glasses in both type-lI and ?Il chondrules are aqueously altered but most of anhydrous silicates such as olivine and low- an
high-Ca pyroxenes are unaltered.

The results of the X-ray diffraction analysis indicate that matrix is composed mainly of serpentine and tochilinite, which
suggests that matrix has undergone aqueous alteration. The presence of tochilinite limits the temperature experienced by tt
meteorite to be lower than 245C. (Gooding and Zolensky, 1992). In addition, sharp diffraction peaks from low-Ca pyroxene were
detected. This indicates that some of anhydrous silicates survived aqueous alteration.

The EPMA analysis suggests that most of matrix composition fall within the area enclosed by composition PCP and two
serpentine compositions on a Si-Mg-Fe ternary diagram as was reported in the McSween (1986). The average matrix compx
sition changes with progressive alteration (McSween, 1986) and suggests that the degree of aqueous alteration experienced
GRAO06172 is similar to or even higher than that for Murchison.

In addition, the mineralogical alteration index defined by Browning (1995 ) (when the number of oxygen of serpentine is nine
,the index is calculated by 2- (Fe3 +/ (2-Si)) ) is approximately 0.65, which indicates that the meteorite altered to a degree highe
than Murchison (1.57). Based on the CM chondrite classification scheme (CM2.6-2.0) defined by Rubin (2007), the average
value of FeO/SiO2 in PCP (2.8) and mineralogical and other characteristics of the meteorite suggest that it is classified to CM2.
that is the same as Murchison. These results suggest that the extent aqueous alteration on GRA06172 is intermediate similar
or slightly higher Murchison, although small gaps are present between estimations from different models (i. e., McSween, 198t
vs Rubin, 2007).

There are many carbonate with sizes up to 100 microns in the matrix. Oxygen isotope analysis of the carbonate and co-existir
serpentine is in progress using SIMS at Tohoku University (CAMECA ims-6F) so as to estimate water temperature and water
rock ratio during aqueous alteration.

goooo:ggbobobooooo,gboo,boooao
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Al-Mg isotope distribution in Type B CAl: partial melting and chronology
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Hydrothermal alteration experiments of amorphous silicates: effect of organic-inorganic
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