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The formation process of compound chondrules inferred from bulk
compositions and oxygen isotopic ratios

Y Takeshi Akaki, V) Tomoki Nakamura, and 2 Takaaki Noguchi

1) Department of Earth and Planetary Sciences, Faculty of Sciences, Kyushu University,
Hakozaki, Fukuoka 812-8581, Japan
2) Materials and Biological Science, Ibaraki University, Bunkyo, Mito 310-8512, Japan

Introduction

Compound chondrules, which consist of two or more chondrules fused together,
occur in all classes of chondrites [1].  They have been presumed to form by a collision of totally or
partially molten particles in the early solar nebula [1]. This random collision model required either
much longer molten period that would lead to the evaporation of large amount of volatile elements
or implausibly high mean density of matter in the nebula [2]. Therefore, a recent model [2]
suggests that most independent compound chondrules, consisting of chondrules with different
texture, were formed by flash melting of a porous dust aggregate containing a chondrule that was not
itself melted.

The compositional and isotopic properties of compound chondrules offer crucial
information on the physical and chemical state of solid material in the early solar nebula during
chondrule formation. For this purpose, we compared individual chondrules in compound

chondrules based on the major element concentration and oxygen isotopic composition.

Samples and analytical procedures

Sixty-three polished thin sections having total area of 27 cm” were prepared from
Allende CV3 (21 cm®) and Axtell CV3 (6 cm®) chondrites and examined petrographically using a
petrographic microscope. Thirty compound chondrule sets, 28 sets from Allende and 2 sets from
Axtell, were found. Back-scattered electron and cathodoluminescence imaging was made so as to
identify mineral phases using a scanning electron microscope. Bulk chemical compositions of 28
chondrules from 14 compound chondrules were obtained using an electron probe microanalyzer with
50 &£ m broad-beam. The number of beam spots, which depends on the size of the chondrule, was
about 100 points per one chondrule on average. Measurements of oxygen isotope composition
were performed using a CAMECA ims-6f ion microprobe. San Carlos olivine was used as
standards for the analysis of olivine in chondrules. The measurements of bulk chemical
composition and oxygen isotope composition are now in progress and we report here the results of
analysis completed so far.



Results and discussion

Each chondrule consisting compound chondrules were classified to primary
chondrule and secondary one according to the criteria given in [2]. Primary chondrules are those
that were rigid enough to retain their original shape during the formation of compound chondrules.
On the other hand, secondary chondrules are those that had viscosities low enough to allow them to
conform to the shape of the boundary to the primary.

It was reported that mafic minerals such as olivine and low-Ca pyroxene in
secondaries tend to have slightly higher FeO contents than those in primaries [2]. In this study, we
compared primaries and secondaries on the bulk chemical composition, and found that the primaries
tend to have higher Al,03, TiO, and CaO contents and lower FeO and MnO contents than the
secondaries [Fig.1 (a)~(f)]. SiOz, MgO, Na,O, NiO, and S contents show no obvious tendency.
The results indicate that Al, Ti, Ca-rich and Fe, Mn-poor chondrules were solidified first prior to Fe,
Mn-rich chondrules.

Based on the bulk compositional data, we calculated the liquidus temperature of each
chondrule in compound chondrules using the MELTS, which is a software for modeling
crystallization of magmatic systems [3]. The result showed that, in spite of differences in major
element concentrations, liquidus temperature of primaries and secondaries is roughly similar to each
other. This suggests that both primaries and secondaries start to solidify at similar temperature.
Therefore, the difference of bulk chemical composition between primaries and secondaries are
thought to take little effect on the formation of compound chondrules, if the two chondrule
precursors have been heated up and cooled down simultaneously.

Oxygen isotope compositions of barred olivines in one compound chondrule were
measured. This compound chondrule consists of barred olivine primary and barred olivine
secondary. Bulk composition of this chondrule pair was shown as squares in Fig.1. Oxygen
isotopic analysis was made on 13 spots and all data lie on or close to carbonaceous chondrite
anhydrous mineral line [4]. Seven data obtained from the primary chondrule show 60 from
~5.0% to 0.3%, and 0 %0 from —0.4% to 6.0%. On the other hand, six data obtained from the
secondary chondrule show 0 70 from —4.7% to 0.2%, and 6 0 from 0.8% to 7.2%. Both
data sets exhibit similar distribution and clearly overlap on the oxygen three isotope plot. This
tendency was similar to the result obtained in two previous studies of Allende compound chondrule
[5],[6], which have reported that oxygen isotopic composition of olivines in primary chondrule and
secondary one are broadly similar. The result suggests that this compound chondrule had been

formed from two precursors originated from similar dust reservoirs.

References: [1] Gooding and Keil (1981) Meteoritics. 16, 17-43. [2] Wasson et al. (1995)
Geochim. Cosmochim. Acta. 59, 1847-1896. [3] Ghiorso and Sack (1995) Contrib. Mineral. Petrol.
119, 197-212. [4] Clayton et al. (1977) Earth Planet. Lett. 34, 209-224. [5] Maruyama ef al.
(1998) Lunar and Planet. Sci. XXIX, #1342. [6] Russel et al. (2000) Lunar and Planet. Sci. XXXI,
#1949.
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A NEW LUNAR METEORITE YAMATO 981031:
A POSSIBLE LINK BETWEEN TWO LUNAR-METEORITE SOURCE CRATERS

T. Arai' i i Ishii’ and M. Otsuki’
'Space Station Mission Operations Department, National Space Development Agency of Japan (NASDA),
Tsukuba Space Center 2-1-1 Sengen Tsukuba, Ibaraki 305-8505 Japan, arai.tomoko@nasda.go.jp
?Ocean Research Institute, University of Tokyo, 1-15-1, Minamidai, Nakano-ku, Tokyo 164-8639 Japan

Introduction: Over 30 years after the Apollo/Lunar missions, continuing studies of lunar samples, including lunar mete-
orites are expanding our understanding of the lunar interior, regolith, and surface processes. Yamato (Y) 981031 is the
7th Antarctic lunar meteorite of mare origin. Among the six pre-found mare meteorites, Yamato (Y) 793169 and Asuka
(A) 881757 are unbrecciated mare basalts with 3.9 Ga age [e.g., 1, 2, 3, 4, 5], while Y793274, QUE94281, EET87521,
and EET96008 are brecciated mare basalts with some highland components [e.g., 6, 7, 8]. Y793169 and A881757 (YA
basalts) are probably launch-paired and derived from a common basalt suite [e.g., 2, 5]. Y793274 /QUE94281 (YQ mete-
orites) and EET87521 / EET96008 (EETs meteorites) are launch-paired, namely ejected from a common source crater on
the Moon, respectively [e.g., 7, 8]. In this study, mineralogy of Y981031 is investigated to identify its source mare-basalt
suite/source crater, and to assess its genetic relationship with other mare lunar meteorites and Apollo/Luna samples.
Sample and Methods: The polished thin section (PTS) 981031, 53-4 is provided by the National Institute of Polar Re-
search. Analyses of mineral compositions and chemical mapping were done by a JEOL 733 electron probe microanalyzer
(EPMA) and JEOL EPMA (8900 Super Probe) at the Ocean Research Institute, University of Tokyo.

Results: Y981031 is a polymict, regolith breccia, consisting of diverse mixture of mineral fragments and clasts from vari-
ous rock types which are embedded in a dark, glassy matrix. Mineral fragments, 100-500 pm in size, are mostly pyroxene,
plagioclase and olivine of apparent mare-basalt derivation, with smaller (< 100 pm) fragments of ilmenite, chromite, ul-
vispinel, Fe-Ni metal, troilite and silica minerals. A variety of clasts are anorthositic impact-melt clasts, dark melt clasts,
mare basalt clasts, and a Mg-rich dunite clast. Anorthositic impact-melt clasts commonly show poikilitic or granulitic
fine-grained matrix with various abundances of mineral fragments and rock clasts. A clast-laden impact melt clast, 2 mm
across, includes fragments of coarse-grained plagioclase (up to 500 pm) with minor olivine and ilmenite (Fig. 1a). An
ovoid-shaped dark melt clast, 4 mm across, includes mostly dendritic plagioclase crystal with minor pyroxene and ilmenite,
despite of its dark brown color. This clast demonstrate rapid cooling from anorthositic impact melt spherule.

The Mg-rich dunite clast (DN), 750 pum across, consists of dominantly Mg-rich olivine with minor plagioclase and Mg-
rich high-Ca pyroxene (Fig. 1b). Equigranular crystals of olivine cumulate are 30 pm -200 pm in size. The composition
and modal abundance (vol. %) of each phase is: olivine (Fo90) = 88, plagioclase (An88-90) = 9, and high-Ca pyroxene
(Wo48End8Fs6, Fe/FetMg = 0.1) = 3. The high-Ca pyroxenes are plotted in pyroxene quadrilateral and Fe#
(=Fe/(Fe+Mg) molar) vs. Ti# (=Ti/(Ti+Cr) molar) diagram (Fig. 2 and 3). Although the modal abundance and mineral
composition are analogous to those of an Apollo 17 brecciated dunite 72415 [9], finer grain size of olivine cumulate,
probably produced by crystallization from a smaller scale of locally-trapped melt, suggests closer link with a Mg-
gabbronorite clast in 14305, 92, which is reported as the oldest mare basalt clast of 4.23 Ga crystallization age [10]. It is
noted that the DN clast has more primitive composition for olivine and pyroxene, compared with the primitive composi-
tion of 14305, 92 (pyroxene: Wo37Fs16En47, Fe# = 0.25, olivine: Fo =73, plagioclase: of An =92) (Arai, 1998 [unpub-
lished datal).

Fig. la Clast ]aden anorthosmc clasl Fi'g. 1b. g-rlch dunite clast - Fig”. Ic. Impact glass with inclusion
(Filed of view for the photomicrographs is 3.3 mm for Fig. la, and 1.7mm for Fig. 1b, Ic)



The coarse-grained mare basalt clasts (MB1), dominantly consisting of 0.5 - 1 mm-size pyroxenes (Fig. 1d), and associ-
ated mare pyroxene fragments are clustered in one corner of the thin section. A basalt clast with coarser-grained pyroxene
(up to 2.0 mm across) with symplectite of faylite and silica mineral is also found (MB2) (Fig. le). The MBI clast is com-
posed of zoned pyroxenes with a Ca-rich core (Wo35Fs20), plagioclase (An85-96), with mesostases including fayalite
(Fol7-19), ilmenite, chromian ulvdspinel (Chr3Her12Ulvo81-Chr32Her12Ulvo56), and troilite. Mineral assemblage,
especially in the mesostasis are remarkably similar to that in A881757 (Fig. 1f), and the composition of the MB1 chromian
ulvospinels is close to that of A881757, which are slightly more Cr-enriched (Chr3Her6Ulvo89-Chr25Her7Ulvo69) [11].
Note that the MBI chromian ulvspinels show both zoning within a grain and grain-to-grain compositional variations, like
those in A881757 [11]. The pyroxene compositions from the MB clasts and associated fragments are plotted in pyroxene
quadrilateral and Fe# vs. Ti# plot (Fig. 2 and Fig. 3). Major composition of the pyroxenes are within same range of that
in YQ/EETs meteorites [7, 8] and partly of that in YA basalts [e.g., 2, 4]. These pyroxenes constitute a series of crystalli-
zation trend in the Fe# vs. Ti# plot, which is typical of zoned pyroxenes in the Ti-poor mare basalt, and the trend is
slightly steeper and Ti-rich than that of YQ/EET meteorites [7, 8]. Although the Fe# in mare pyroxenes in Y981031 is
more Mg-rich (Fe# =0.31-0.71) than that of A881757 (Fe# =0.49-0.87), Fe#-Ti# trend of Y980131 and A881757 are al-
most identical, overlapping in the range of Fe#=0.49-0.71. Based on an empirical correlation between Ti# in pyroxene
and bulk-rock TiO, abundance [11], a source basalt of MB pyroxenes is estimated to have a bulk-rock TiO;= 1.3 -1.5
wt % (Fig. 4), which falls between YQ/EETs meteorites (TiO, = 1.0 wt %) [7, 8] and YA basalts (TiO, = 1.5 - 2.0 wt%)
[e.g. 2, 3]. Mare pyroxenes from MB clasts and fragments commonly feature a few micron-wide exsolution. These coar-
se pyroxene exsolution by mare basalt standard, are also reported in YQ/EETs meteorites [7, 8]. Symplectite in MB2 is
also found in A881757 pyroxene [2, 5]. Petrogenesis of the DN clast and genetic relation with the mare basalt compo-
nents are enigmatic.

The Y981031 contains glass spherules and spherule fragments. Pale-green glasses are larger (100 - 600 pm across) than
other colored glasses and one glass has inclusion of fragments of pyroxene and plagioclase (Fig. 1c). Smaller, colorless or
brown glass spherules are 50-100 um in diameter. Among the nineteen glass data collected, eight pyroclastic glasses that
is product of a volcanic vent, are screened, based on the Delano’s criteria [12], such as intra and inter-sample homogeneity,
absence of inclusion/ schlieren and Mg/Al >1.5. The rest of glasses are anorthositic impact glass or mare impact glass
[13]. YQ meteorites also include pale-green, brown, and colorless glasses [7]. The population of the pristine glasses per
surface area are close to that for YQ meteorites, where eighteen pristine glasses from two thin sections of QUE94281 and
18 from two thin section in Y793274 [7]. The pyroclastic glasses are plotted with those in YQ meteorites (Fig. 5). Itis to
be noted that composition of these pristine glasses are within the range of lower-Ti group (TiO, = 0.37-0.63 wt%) of YQ
glasses [7], while the higher-Ti group (TiO, = 0.99-1.22 wit%) of YQ glasses [7] are not found in Y981031. A light brown
fusion crust (0.2 - 0.3 mm thick) is found with abundant vesicles. The fusion crust shows relatively homogeneous compo-
sition and the average composition is almost identical with the bulk-rock analysis reported in Meteorite News [14].
Discussion: Mare basalt components in Y981031 show many common features with A881757 (namely YA basalt), in
coarse-grained texture, mineral assemblage, composition of pyroxene and spinel, pyroxene crystallization trend and having
symplectite in pyroxenes. Symplectic pyroxenes indicate that mare basalt of Y980131 and A881757 commonly experi-
enced shock metamorphism after the basalt cooled. All these facts imply that mare basalt components in Y981031 have
cooled from a common lava flow and have experienced a common shock events with A881757. The Fe#-Ti# trend of
pyroxenes in YQ/EETs meteorites is slightly Ti-poor, but their compositional variation falls still within the same range as
that of Y981031 and A881757. Thus, it is possible that YQ/EETs meteorites also shares common source basalt (TiO,
=1.0 - 2.0 wt%) with Y981031 and A881757 (YA basalts).

The overall breccia texture, mineralogy, abundance of mare-highland component, the population/composition of pyro-
clastic glasses all support that Y981031 with YQ meteorites are likely derived from a common source crater on the Moon.
The common coarse pyroxene exsolution by mare standard suggests that mare-basalt remnants (mainly pyroxene) in these
lunar mare breccias preserve a common cooling process such that the source basalt experienced relatively slow cooling in
a thick lave flow/lave pond, and/or are suffered from thermal annealing during brecciation after the basalt formed.
Conclusion: Y981031 includes mare basalt clasts derived from the low-Ti “Y A-basalt suite” with TiO, = 1.0 — 2.0 wt%,
which formed at 3.9 Ga, and the pyroclastic glasses which yield around the source crater of the YQ meteorites. These
facts lead to conclusions that Y981031 is a possible link between the two source craters of YA basalts and YQ (and possi-
bly EETs) meteorites, and Y981031/YQ (and possibly EETs) meteorites formed after 3.9 Ga when YA basalts formed.
References: [1] Misawa et al. (1993) GCA 57, 4687-4702. {2] Yanai K. & Kojima H. (1991) Proc. NIPR Ant. Met. 4, 70-90. [3]
Warren P. H. & Kallemeyn G. W. (1993) Proc. NIPR Ant. Met. 6, 35-57. [4] Takeda H. et al. (1993) Proc. NIPR Ant. Met. 6, 3-
13. [5] Yanai K. (1991) Proc. LPSC 21, 317-324. 6] Takeda et al. (1992) Proc. LPSC, 22, 355-364. [7] Arai T. & Warren P. H.
(1999) MPS, 34, 209-234. [8] Arai T. (2001) Antarctic Meteorites XXV1, 2-6. [9] Taylor G. J. et al. (1991) Lunar Sourcebook,
pp.183-284, Cambridge U. Press. [10] Taylor L. A. et al. (1983) EPSL, 66, 33-47. [11] Arai T et al. (1996) MPS, 31, 877-892.
[12] Delano J.W. (1986) Proc. LPSC. 16, D201-D213. [13] Delano (1988) Proc. LPSC , 18, 59-65. [14] Meteorite News , June
2000 published by NIPR.
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Lithic components in the paired howardites EET 87503 and EET 87513:
characterization of the regolith of Vesta

P. C. Buchanan
Antarctic Meteorite Research Center, National Institute of Polar Research, 1-9-10 Kaga
Itabashi, Tokyo 173-8515 Japan. e-mail: buchanan{@nipr.ac.jp.

Introduction: The howardites EET 87503 (1734.5 g) and EET 87513 (394.5 g) were
found on the Texas Bowl Icefield in Antarctica. Hand specimen examination suggests
that both meteorites are relatively unaltered (alteration classifications A and A/B,
respectively) (Score and Lindstrom, 1990). Both meteorites are regolith breccias with
matrix pyroxenes that have a broad range of compositions and they both contain a wide
variety of eucritic and diogenitic rock fragments. Based on these data and similarities in
bulk compositions, Buchanan et al. (2000) concluded that these meteorites are paired.
Hiroi et al. (1994) concluded that the reflectance spectra of 4 Vesta were most similar to
that of the finest grain-size fraction of EET 87503. Hence, these paired meteorites may
be appropriate as approximate analogues for the surface regolith of the asteroid. The
present study is a discussion of the lithic components that are mixed together in these
breccias based on an examination of twenty-four clasts and a large number of matrix
mineral fragments. Preliminary data for this study were also discussed in Buchanan and
Lindstrom (2000).

Data:

When only matrix minerals are considered, the EET 87503/EET 87513 breccia
contains 25-35% diogenitic material and 65-75% eucritic material. Hence, these
meteorites are howardites. Unfortunately, mineral compositions alone do not provide
adequate criteria to discriminate between the different types of eucrites. For example, the
pyroxenes in Stannern and Juvinas are similar in Mg#. Hence, it is also necessary to
consider the proportions of the various types of clasts in these meteorites to determine the
proportions of the various types of eucritic materials. Fortunately, EET 87503 and EET
87513 contain large numbers of clasts.

Three clasts are predominantly composed of magnesian orthopyroxene and have been
deformed to varying degrees. Clast D from EET 87503 is mildly deformed with
orthopyroxenes displaying undulating extinction and incipient mosaicism. Clasts A/EE
and 9 from EET 87513 are diogenites that apparently were brecciated and later
recrystallized. Normalized REE abundances of clast A/EE are 1-2 x CI with a slight
positive Ce anomaly and are similar to some diogenites.

A variety of eucrite clasts are present in EET 87503 and EET 87513. These eucrite
clasts display a variety of degrees of equilibration. Some of these eucrite clasts have
ophitic/subophitic volcanic textures, whereas others are coarser-grained and are probably
igneous rocks derived from shallow intrusive bodies. Among these fragments of igneous
and volcanic rocks there is a broad range of mineral compositions and a great deal of
variation in the bulk abundances of trace elements. Clast Y from EET 87513 contains
feldspar and relatively magnesian pyroxene and has a normalized REE pattern that is ~1
x CI with a positive Eu anomaly. It possibly represents a fragment of cumulate eucrite.



Clast B is enriched in REE relative to clast E, which has abundances that are typical of
“main group” eucrites.

Relatively unshocked eucrite clasts form a continuous series with clasts that have been
affected by varying degrees of shock deformation. These shocked eucrite clasts include
those with pyroxenes that are blackened and those that are composed of silicate mineral
fragments in a black, glassy matrix. There are also clasts that represent fragments of
lithified eucrite and howardite clastic breccias.

A carbonaceous chondrite clast (clast N) was previously described in EET 87513
(Buchanan et al., 1993). It was classified as CM2 based on geochemical, mineralogical,
and oxygen isotope data. A second carbonaceous chondrite clast (clast 7) from the same
meteorite was also analyzed and is apparently also a CM2 fragment.

Conclusions: Based solely on the spectrum of pyroxene compositions in the matrices of
these meteorites, EET 87503 and EET 87513 contain 25-35% diogenitic material. This
agrees well with the suggestion, which was based on INAA of bulk samples, by
Mittlefehldt and Lindstrom (1991) that EET 87503 contains ~20% diogenitic material
and EET 87513 contains ~35% diogenitic material. This range in proportions of
diogenitic and eucritic materials is reasonable for different locations in the same regolith
breccia and for different samples of the same breccia. However, when only clasts are
considered, these proportions are somewhat different. Clasts in these breccias include
10-15% diogenites and 75-80% eucrites, including equilibrated eucrites, unequilibrated
eucrites, “main group” eucrites, Stannern-trend eucrites, Nuevo Laredo-trend eucrites,
and a variety of eucrite breccias, including black matrix breccias. It must not be
forgotten that significant proportions of these clasts represent petrogenetically unrelated
materials, including carbonaceous chondrites. These clast materials must also be
considered when approximating the regolith of Vesta.

Acknowledgments: This study was partially funded by NASA grant NAG9-365 to A.
M. Reid and NASA grant RTOP 344-31-00-05 to D. J. Lindstrom.
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Deriving Asteroid Mineralogies from Reflectance Spectra:
Implications for the Muses-C Target Asteroid

T. H. Burbine', T. J. McCoy’, E. Jarosewich', and J. M. Sunshine’
'Department of Mineral Sciences, National Museum of Natural History, Smithsonian Institution,
Washington, DC 20560-0119, USA (burbine.tom@nmnh.si.edu)

?Advanced Technology Applications Division, Science Applications International Corporation,
4501 Daly Drive, Chantilly, VA 20151, USA

Introduction:

To determine an upper limit on how much mineralogical information can be derived from
an asteroid spectrum, we have initiated a spectral study of over 70 samples with known bulk
compositions that are found in the Smithsonian’s Analyzed Meteorite Powder collection [1]. We
have also measured the spectra of a number of meteorite types (e.g., primitive achondrites,
angrites) that are not well represented in the powder collection. We hope to derive better
relations for predicting asteroid mineralogies from reflectance spectra. The Muses-C mission to
25143 1998 SF36 will allow any derived mineralogies to be tested with a returned sample.

Data:

Reflectance spectra (Figure 1) were obtained using the bidirectional spectrometer at
Brown University’s Keck/NASA Reflectance Experiment Laboratory (RELAB). The spectral
coverage was 0.32 to 2.55 pm with a sampling interval of 0.01 um. The meteorite samples from
the Smithsonian’s Analyzed Meteorite Powder collection were ground in an agate mortar in a
hood with positive air pressure. The samples were then sieved to usually pass through a 100
mesh (< 150 um) nylon sieve. The fine-powdered fraction (< 150 um) consisted of silicates and
sulfides and contained up to 0.4 wt.% of fine-grained metal. The meteoritic fraction larger than
100 mesh (>150 pm) was primarily metal.

Band area ratios and band centers were calculated from the spectra. The band area ratio is
the ratio of the area of Band II divided by the area of Band I. The band center is the band
minimum after a linear continuum has been divided out of the spectrum. We are currently
probing thin sections of each meteorite to obtain olivine and pyroxene compositions. CIPW
norms were used to calculate mineralogies from the bulk compositions. We also plan on using
this spectral data to test the precision of the Modified Gaussian Model (MGM) [2] for
determining modal abundances and mafic mineral chemistries from reflectance spectra.

Results:

As expected [3], the band area ratios (BAR) for the ordinary chondrites (plus the unusual
chondrite Burnwell and the primitive achondrite Acapulco) correlate very well with the
normative ratio of olivine (ol) to pyroxene (pyx). These meteorites have ol/(ol+pyx) ratios
between ~0.50 and ~0.70. The preliminary least-square fit to the currently-assembled data
(Figure 2) give an equation of ol/(ol+pyx) = -0.232*BAR + 0.765. Average uncertainties for the
calculated ol/(ol+pyx) ratios are +0.03. Our equation does not hold for the olivine-dominated R
chondrites and does not predict well the mineralogy of achondrites such as the angrites and
eucrites.

Our equation is dramatically different in slope than previously published work
(ol/(ol+pyx) = -0.417*BAR + 0.948) (Figure 1), which was recalculated from an equation for



determining the pyx/(ol + pyx) ratio [4]. Their equation was derived from the work of Cloutis et
al. [3] for weight percent fractions of orthopyroxene to olivine.

For chondritic meteorites, the average fayalite content of the olivine tends to increase with
increasing abundance of olivine; however, we are currently determining how well the band area
ratio can be used to estimate the average fayalite content of a chondritic asteroid. We found no
linear correlation between band area ratio and any of the oxide abundances (e.g., Si0,, FeO).

Caveats:

There are a number of caveats that need to be noted when deriving compositional
information from an asteroid. Meteorite reflectance spectra are measured at room temperature;
however, main-belt asteroids tend to have much lower surface temperatures (~150-200 K) [5].
Moroz et al. [6] has shown that there are slight changes in the band area ratio for ordinary
chondrite samples with decreasing temperature.

It is unclear how alteration of the surface (usually called “space weathering”) affects the
band area ratio. Irradiation experiments by Yamada et al. [7] using a pulse laser, which is hoped
to duplicate the effects of micrometeorite impacts on the surface of an asteroid, have shown that
it is easier to spectrally alter olivine than pyroxene.

Some asteroids with band area ratios consistent with olivine-pyroxene assemblages may
have vastly different mineralogies. Sunshine et al. [8] have identified a number of objects with
band area ratios that fall within the range of ordinary chondrites, but have spectral features due to
low- and high-Ca pyroxenes and appear to contain little olivine.

Muses-C Target Asteroid:

The target asteroid for the Muses-C mission is S-asteroid 25143 1998 SF36. The ground-
based spectrum of 1998 SF36 [9] has a band area ratio of 0.40+0.02. This implies an ol/(ol+pyx)
ratio of 0.67. This mineralogy is found in both L and LL chondrites; however, the Band I center
(0.99+0.01 pum) for this object is consistent [9] with LL chondrites.

Conclusions:

The derived equation for determining the ol/(ol+pyx) ratio from the band area ratio
appears valid for mafic mineralogies roughly similar to those found in ordinary chondrites and
should be useful for estimating the mineralogies of chondritic and primitive achondritic
assemblages. The Muses-C sample return mission will allow us to test how well we can
determine asteroid mineralogies from reflectance spectra.
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CONSTRAINTS ON MARTIAN EVOLUTION FROM SNC METEORITES

G. Dreibus and E. Jagoutz, Max-Planck-Institut f Chemie, P.O. BOX 3060, D-55020 Mainz, Germany,
(dreibus@mpch-mainz. mpg.de).

Introduction:

The entire 27 SNC meteorites are generally believed to represent magmatically differentiated Martian rocks
expelled from the Martian surface by large impacts. From their chemical composition it is possible to estimate
the composition of the Martian mantle and, using some assumptions, even on the composition of the Martian
core [1]. The radiogenic isotopes of the SNCs reveal their initial isotopic reservoirs and the time scale for the
chemical evolution of the Martian mantle [2]. The Pb isotopes of the two paired Antarctic nakhlites from the
Japanese collection have been measured and will be compared with the existing Pb isotopic systematic of the
SNC meteorites (Fig. 4).

Bulk composition of the Martian mantle:

The bulk composition of the Martian mantle (Fig.1) was calculated from element correlations observed in
shergottites, nakhlites, Chassigny, and the orthopyroxenite  ALH 84001 (SNC meteorites) and general
cosmochemical constraints. The refractory lithophile elements in a planetary body have chondritic abundances,
whereas during the planetary accretion and evolution with formation of metallic and silicate phases, the
siderophile and volatile elements are more or less depleted in the mantle.

The mean abundance values for moderately volatile elements Na, P, K, F, and Rb and most of the volatile
clements like the halogens in the Martian mantle exceed the terrestrial values by about a factor of two. The
enrichment of bromine on Mars compared to terrestrial mantle is illustrated in Fig. 2. For the volatile element Br
and the refractory lithophile element La we found a good correlation among all analyzed falls and finds of SNC
meteorites which were not collected in hot deserts. An unusual enrichment of Br was observed in the desert
meteorites DaG 476, SaU 005, Dhofar 019 and in Nakhla. In all SNCs from the Antarctica no depletion or
enrichment of Br relative to La were observed. Surprisingly, the new nakhlite Y-000593 from the Antarctica,
collected by a Japanese expedition, has a Br content of 78 ppb and plots below the Br-La correlation line in Fi g.2.
The data pomnt for the Mars™ mantle in Fig. 2 is obtained from the Br/La correlation line, assuming a Si
normalized CI abundance of La.

The abundances of all chalcophile elements are lower in the Martian mantle compared to the terrestrial
mantle (Fig. 1). This observation has been taken as evidence for the extraction of these elements from the
Martian mantle by FeS segregation to the core during the accretion process of the growing planet. Core
formation must have occurred concurrently with the rapid accretion of Mars, which is inferred from excess '**W
in Martian meteorites [3]. Winke and Dreibus [1] calculated a sulfur-rich Martian core with about 14 % S and a
total core mass of 21.7 %. In comparison with the Earth and its large Fe-Ni core of 33 % the FeO content of the
Martian mantle is about a factor of 2 higher. In situ measurements on the Martian surface by X-ray spectroscopy
of the Viking [4] and the Pathfinder [5] missions confirmed the high FeO contents of about 20 % for soils and
rocks.

The X-ray analyses of Viking and Pathfinder revealed also extremely high concentrations of the volatile
elements CI (0.6 %) and S (7% SOs) in the Martian soil. Sulfur and CI both dominate in the soil and were
mnterpreted to originate from an interaction of volcanic gases with the surface material [6]. An extraction of the
halogens from the interior into the crust can also be deduced from the observed higher '*’Xe/'**Xe in the Martian
atmosphere compared to the interior of Mars [7, 8]. In contrast, the '®Xe/'*2Xe ratio in terrestrial rocks is equal
or higher than the atmospheric ratio. The enrichment of '®Xe,4 in the Martian atmosphere produced by the
decay of '*I with a half-life of 15.7 Ma points to a very early extraction of iodine into the crust and its release
into the present atmosphere over geological time.

Sm-Nd, Rb-Sr, and U-Ph isotopes in SNC meteorites:

[sotopic data are a powerful tool for the study of planetary evolution. From the Rb-Sr isotopic systematic of 6
SNC meteorites Jagoutz [2] postulated about 10 years ago the existence of 3 isotopically distinct reservoirs on
Mars, which remained isolated for a period of 4.3 + 0.2 Ga. Since then, 21 more SNC meteorites have been
found in hot and dry deserts. New isotope data from these recently recovered SNCs confirm the three
isotopically distinct reservoirs on their parent body (Fig. 3).

The first group of the basaltic shergottites Shergotty, Zagami and Los Angeles have relatively high
abundances of radiogenic Sr, which might originate from a planetary crust. The new shergottite Dhofar 378
recently classified by lkeda et al [9] with equal parts of coarse grained pyroxene and feldspar seems to be a late
magmatic differentiate. There is a good chance that this shergottite will give us the possibility to get insight into
intercrustal magmatic differentiation on Mars. U-Pb isotope measurements on ultraclean mineral separates are
under way.



A second group, characterized by non-radiogenic Sr, consists of the two mafic cumulates Nakhla and
Chassigny, the olivine rich shergottites DaG 476, SaU 005 and Dhofar 019, and the basaltic QUE 94201 and
may represent the depleted mantle. This and the first group are chemically complementary, suggesting that crust
formation has caused the mantle depletion. The depletion of this reservoir must have taken place during a very
early process. This can be derived from the primitive Sr isotopes and the existence of Nd-142, the daughter
product of the extinct Sm-146, found in Chassigny, the Nakhlites, SaU 005, DaG476, and QUE 94201 (E42
group). The origin of the E42 group from a common '*“Nd/'*Nd reservoir was also postulated. This premise
derived mainly from Nd isotopic systematics measured on minerals of the E42 group. While the acid leach-
residue of Sm-Nd isochrons for SaU 005, DaG 476 and QUE 94201 yield ages between 300 and 400 Ma, their
separated mafic minerals plot along an isochron of 700 Ma as do hand-picked pyroxene and olivine separates of
Nakhla.

A third group with intermediate Sr isotopic composition, represented by the olivine gabbroic LEW 88516,
ALHA77005, and Yamato793605, might originate from a primitive, unfractionated mantle. However a mixing
process of crust and depleted mantle cannot be excluded [10]. The Sr isotopes of all SNCs plot close to a 4.5 Ga
isochron. The requirement to keep three isotopically distinct reservoirs isolated for a period of about 4.5 Ga
places severe constraints on the tectonic activity of the planet.

The Pb isotopes of all measured SNCs show a similar pattern as the Sr isotopes and agree with the postulated
common reservoir for E42 meteorites. First results of a leach residue experiment of the two Antartic nakhlites
from the Japanese collection are very similar to those of Nakhla and made it possible to obtain the first
concordant Pb-Pb-ages (Fig. 4). The present study of the Pb isotope systematics might give the strongest
indication for an early differentiation of Martian mantle and crust. The initial Pb data from plagioclase separates
of Los Angeles, Shergotty, and Zagami from the enriched crustal reservoir and of Nakhla and SaU 005 from the
depleted mantle reservoir plot close to the 4.5 Ga Pb-Pb isochron (Fig 3). In contrast to Nakhla, SaU 005 was
found in the Oman Desert. Terrestrial weathering has strongly influenced the Sm-Nd as well as the Rb-Sr
systems of this meteorite. Thus, there was no expectation of finding a significant intemal age relation using the
U-Pb isotopes on this heavily altered SNC meteorite. Instead, we concentrated our effort on identifying its initial
Pb isotopic composition, for which we used 5 mg of optically pure maskelynite grains. SaU 005 plagioclase Pb
is within analytical error identical to Nakhla initial Pb (Fig 3 and 4).

The conformity of the U-Pb and Rb-Sr isotopic systematics reflects similar magmatic fractionation behaviour
of Rb and U during crust mantle evolution. We used the correlation of the isotopically related Rb/Sr ratio versus
the p value in all our analysed SNCs to estimate the p value for the Martian mantle. The Rb/Sr ratio of the
Martian mantle of 0.084 yields a p value of 3.1 corresponding to 366 ppb Pb in the Martian mantle. Compared to
the Earth with a p = 8, Pb on Mars is enriched by at least a factor of 2.5, as was found for all other moderately
volatile and volatile elements (Fig.1). Contrary to the Earth, the Martian core is sulfur-rich and all chalcophile
clements are depleted in the Martian mantle according to their sulfur/silicate partition coefficients. In iron-
meteorites Pb shows a chalcophile tendency. However, the more than twofold enrichment of Pb in the silicate
phase of Mars compared to that of Earth might exclude its chalcophile behaviour (Fig. 1). Lead, with a
condensation temperature from a solar gas lower than 600°K belongs to the group of volatile elements.
Obviously, during planetary formation and evolution Pb behaves like a volatile and not like a chalcophile
element.

Summary:

Compared to Earth Mars is a volatile rich planet. The '*I-'*Xe (T;» 16 Ma) and the '*Sm-'**Nd (Ty- 103
Ma) isotope systems indicate a rapid accretion and a very early formation of the crust with its enrichment of
volatile and highly incompatible lithophile elements. The absence or at most very limited plate tectonic activity
on early Mars excludes a crustal recycling back to the mantle and preserves the Rb-Sr and U-Pb isotopes systems
derived from the early crustal differentiation. The observed correlation of radiogenic'®*W with radiogenic '**Nd
by [3] points also to a close relationship between core formation and mantle melting in the first ~30 Ma of the
Martian accretion.
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INTRODUCTION and APPROACH

The '®O-isotopic enrichment characteristic of coarse-grained Ca,Al-rich
inclusions (CAls) in CV chondrites suggests that refractory objects in chondritic
meteorites formed from a different source of oxygen than less refractory chondrules
and matrix (Clayton, 1973; 1993). Recent isotopic analyses of fine-grained CAls and
amoeboid olivine aggregates (AOAs), which are also refractory relative to chondrules,
are consistent with this hypothesis for the CV chondrites (Aleon et al., 2002; Fagan
et al., 2002). In light of this association of refractory materials in the CVs with "O-
rich compositions, the longstanding controversy over the origin of '°O-poor melilite
in coarse-grained CAls remains puzzling (Clayton, 1993; Young and Russell, 1998;
Yurimoto et al., 1998).

In this study, we present a direct comparison of textures, major element
compositions, and isotopic compositions of melilite-bearing fine- and coarse-grained
CAlIs from the reduced CV3 Efremovka. Our main goal is to test whether the coarse-
grained melilite attained its '"®O-poor composition during parent body alteration, as
has been suggested recently for the COs (Wasson et al., 2001).

ANALYTICAL METHODS

Textures, major element compositions and in situ oxygen isotopic
compositions were collected from melilite-rich domains in one fine-grained and one
coarse-grained CAI in the same thin section of the reduced CV3 Efremovka.
Textures and elemental compositions were analyzed using a JEOL JSM-5310LV
scanning electron microscope and a JEOL JXA-8800 electron microprobe. Oxygen
isotopic analyses were determined using the Titech Cameca 1270 ion microprobe
under conditions described previously (Yurimoto et al., 1998).

RESULTS and DISCUSSION

Fine-grained CAI (FGI): The FGI is characterized by fine, anhedral, equant
crystals of spinel, melilite, Al-diopside, and minor forsterite and perovskite. The FGI is
composed of nodules of spinel partially to completely surrounded by melilite
(MacPherson et al., 2002), and a diffuse network of Al-diopside connecting the
spinel-cored nodules (Fig. 1A,B). Forsterite forms a discontinuous rim around the
margins of the FGI. FGI melilite has a nearly constant major elemental composition of
Ak_,,. In situ oxygen isotopic analyses are consistent with the '°O-rich compositions
associated with refractory objects in CV chondrites. Spinel and forsterite have
compositions near —40%¢ in both 80 and d'’O (Fig. 1C); mixed analyses of Al-
diopside with adjacent melilite and matrix material yield somewhat heavier isotopic
compositions, but this is due, at least in part, to beam overlap with adjacent grains. In
contrast, four closely spaced analyses of melilite are '°O-depleted and yield a range of
about 20%. (Fig. 1B,C).



Coarse-grained CAI (CGI): The CGI is dominated by very coarse-grained
Al Ti-diopside and melilite typical of type B1 CAIs (Fig. 1D,E). Anorthite is less
abundant and finer grained, and spinel occurs as widespread equant inclusions on
the order of 10 to 15 um across. Melilite occurs along the margin of the CGI, and in
the interior as elongate, euhedral prismatic crystals. The major element composition
of CGI melilite varies over Ak, s in the mantle and over AK,, ., in the interior. The
Ak-content increases from core to rim in euhedral interior crystals, consistent with
fractional crystallization during a single igneous cooling event. Oxygen isotopic
compositions are similar, but do not conform exactly, to the generally accepted model
for CV CGIs. Spinel, Al Ti-diopside, and anorthite have '*O-rich compositions near
30 to —40%c with slightly higher 8"®0 than 80 (Fig. 1F). Multiple analyses of
melilite from the core and margin of the CGI and from domains with widely different
Ak-contents all yield similar '°O-depleted compositions.

Discussion: Exchange of oxygen during alteration on the Efremovka parent
body cannot account for the contrasts in texture and composition of the CGI and
FGI melilite. The FGI melilite is fine-grained, unzoned in major elements, and exhibits
variable '°O-depletion, whereas the CGI melilite is very coarse-grained, is zoned in
major elements, and has a constant '®O-depleted isotopic composition. Exchange of
'*O-poor oxygen from a hydrothermal fluid with '°O-rich oxygen in primary melilite in
a parent body setting would reset fine-grained melilite before coarse-grained melilite.
Therefore, partial resetting of oxygen could result isotopically zoned CGI melilite and
uniform '°O-depleted compositions in FGI melilite. Our results show the opposite
pattern, indicating that the '®O-depletion of CGI melilite must have preceded
formation of the Efremovka parent body (Yurimoto et al., 2001).

Whatever caused the '°O-depletion of melilite in CV CGIs must have been
strong enough to reset oxygen compositions of very coarse melilite crystals
separated by 100s of um. At the same time, the process must have been selective,
because other primary minerals have retained their original '*O-rich compositions.
Oxygen exchange may have occurred during rapid heating of CGIs and kinetically
favored melting of melilite in the presence of a '*O-poor gas (Yurimoto et al., 1998).
The presence of '®O-poor anorthite in several CV CGIs indicates that oxygen was
exchanged in minerals in addition to melilite in some cases (Clayton, 1993; Yoshitake
et al., 2001).
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Figure 1. Backscattered electron (BSE) images and oxygen isotopic results from a fine-
grained CAI (A, B, C) and coarse-grained CAI (D, E, F). Boxes in A and D highlight
areas shown in greater detail in B and E. Arrows in B show pits excavated during SIMS
analyses. Mineral abbreviations: Al-di, Al,Ti-diopside;an, anorthite; fo, forsterite; mel,
melilite, spn, spinel.
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Introduction Lunar meteorites now constitute a significant source of material which
complements that returned by the Apollo and Luna sample return missions approximately 30
years ago. While the differences between the lunar meteorites and the returned samples offer
further insight into lunar processes it is critical that we have a clear understanding of the effects
of the ejection, atmospheric entry and terrestrial weathering associated with the lunar meteorites.
Equally, these effects may help shed new light on existing problems.

The location, origin and isotopic composition of implanted nitrogen, carbon and the noble gases
in lunar soils and breccias has been an area of considerable research these past 30 years —
however, many issues remain, to a greater or lesser extent, un-resolved. The large variations in
nitrogen isotopic composition have yet to be explained, although a number of recent papers have
indicated that most of the observed variation is from input of an isotopically variable non-solar
wind component [1-3]. De-convolution of the solar and non-solar components has proved elusive,
particularly as there appears to be a degree of homogenisation of these components, as can also
be seen in the co-release of solar wind **Ar and re-implanted lunar atmospheric *’Ar (Assonov et
al 2002). These authors have considered the effects of regolith processing on the location of the
implanted gases within the mineral grains and glassy agglutinates in lunar samples to explain the
complex, but regular release profiles observed in many returned lunar samples. Preliminary
results by [4] noted that the release profiles of nitrogen and argon from lunar meteorites were
quite distinct from any observed from returned samples, and suggested this may be the result of
terrestrial weathering preferentially affecting the gas-rich irradiated rims of mineral and rock
fragments. This paper reports further analysis of lunar meteorites, including the new
anorthoscitic breccia Yamato 981031, using the fully automated Finesse mass spectrometer
system which measures the abundance and isotopic composition of carbon, nitrogen, neon, argon
and xenon together with the abundance of helium and carbon from high resolution stepped
heating experiments (see [5] for details on the method).

Results The samples analysed for this study are the anothoscitic breccia Y82192, anothoscitic
regolith breccias Y791197 and Y981031. Previously analysed samples include the anorthoscitic
regolith breccias DaG 262, MAC 88105 and ALHA 81005 and the basaltic microbreccia QUE
94281. All samples have relatively low weathering grades, and between 2 and 10 mg of chips of
each sample was used for each analysis. The data from the noble gas analyses for Y791197 and
Y82192 are consistent with previous results, showing the characteristics of a very gas rich rock
and an unusually gas poor one respectively. The Y981031 is somewhat intermediate in its gas
content as can be seen in Table 1. The Ne/Ar ratio is also somewhat low for a lunar rock — further
analyses are underway to verify this unusual result.

Table 1 Summary of gas content in Y981031 (noble gas content as x10™® cc/g)

ppmN &°N  ppmC [‘He] [®Ne] 2022 21/22 [*Ar] 3836 40/36

Y82192 10.3 10.8 386 191 12.6*
Y791197 415 -32.6 483 329100 67570  12.0 0.0393 36810 0.184 286
Y981031 28.8 -3.6 288 93350 18481 11.8 0.0482 19100 0.194  2.11

*Ar measurement — **Ar not detected above blank.



The nature of the release profiles of all the gas rich lunar meteorites analysed to date (Y981031,
Y791197, ALHA81005, QUES4281 and DaG 262) are strikingly different to those observed from
any returned lunar soils. The example of the nitrogen releases from Y981031 and Y791197 are
shown in comparison with the breccia components of the 200 to 450 um fraction of the returned
mature regolith Luna 1635 [from 3] in Figure 1. A very similar pattern is displayed by argon.
Indeed, Figure 2 shows that the release profiles of the nitrogen and argon are virtually identical
(with the exception of low temperature terrestrial contamination) with virtually a constant
“Ar/*°Ar ratio across the main release. While the somewhat perplexing co-release of solar wind
*Ar and lunar atmospheric *’Ar in returned lunar samples, implanted a grossly different energies,
has be discussed previously [3] the similarity in their release is even more striking in the lunar
meteorites. If this co-release is a result of regolith processing, either by annealing or immurement
then lunar meteorites may represent a more developed example of this process. Interestingly, the
xenon release profile is also almost identical to that of the nitrogen and argon indicating that the
effects of diffusion are not significantly affecting the release profile, but rather that the onset of
melting at around 1050°C is liberating gases well protected within the rock, at least for the
heavier gases.

The light gases, helium and neon, have virtually identical release profiles but at much lower
temperatures than the heavier gases (Figure 3), with much broader releases indicative of a greater
influence of the role of diffusive loss. However, the great difference in release temperature
between neon and argon, in contrast to that between helium and neon suggests that there has been
extensive mobilisation of all the implanted gases in the rock, possibly during the thermal effects
of the shock event associated with the excavation of these rocks from the lunar surface, with the
light gases eventually being large located in a distinct site from the heavier gases. Intriguingly,
the neon isotopic pattern of all the gas rich lunar meteorites still show a release pattern of
decreasing *’Ne/*Ne, generally interpreted as sequential release of solar wind followed by solar
energetic particles, reflecting their differing implantation depths. Clearly such an interpretation
is not consistent with extensive mobilisation of the gases and therefore further work is required to
resolve these conflicting views.

The carbon release profile from the lunar meteorites is also virtually identical to that of the
heavier gases — such that, in contrast to typical returned lunar samples, the indigenous carbon is
now well resolved from the large amounts of terrestrial contamination, a problem which has to
date hindered investigation of solar wind carbon. The atomic C/N ratio is generally around 2.6 or
even lower, in contrast to the solar value of =3.25 [6]. Further investigation of this aspect of the
lunar meteorites, particularly with carbon isotopic measurements, offers the possibility of helping
to constrain the nature of the non-solar nitrogen component and its implantation mechanism as
meteoritic or cometary material is one of the more likely sources.

The oxygen isotopic composition of Y981031 has also been determined using a high precision
laser fluorination technique [7], giving a 80 of +6.00%¢ and a A'’O of —0.033%o - clearly
consistent with that of other lunar samples (Figure 5). Also shown are the results of other lunar
meteorites [8] and lunar rocks [9].

References [1] Wieler et al (1999) Earth Planet. Sci Lett. 167, 47-60. [2] Hashizume et al
(2001) Antarctic Meteorites XXVI, 66-68. [3] Assonov et al (2002) Met. Planet. Sci. 37, 27-
48. [4] Franchi et al (1999) LPI Tech Report #997, 33-35. [5] Verchovsky et al (1998)
Faraday Discuss. 109, 403-416. [6] Anders and Grevesse (1989) GCA 53, 197-214. [7]
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1. Introduction

Kobe meteorite classified into CK4 based on chemical compositions consists of chondrules,
blackened clast and fine-grained white objects in the matrix (Nakamura et al. 2000). According to
Tomeoka et al. (2000), magnetite is the most abundant opaque mineral in both chondrule and the
matrix. Larger magnetite grains more than 50um in diameter contain exsolution of ilmenite and
spinel lamellae of typically 1-3um wide. Spherical chlorapatite is also dispersed in magnetite. Fine-
grained aggregates of pentlandite are included in the matrix associated with a minor amount of
troilite to be on intimate with pentlandite. Usually fine-grained magnetite in terrestrial rocks give
significant paleomagnetic information, while sulfide is not due to unstability against the
environmental changes. If magnetite in Kobe carries the stable natural remanent magnetization
(NRM), we may estimate the existence of the magnetic field in the parent body. This study is
carried out to reveal the evidence of magnetic field when Kobe was magnetized.

2. Experiments

We obtained a sample (C-4C, 0.132g) from the interior Kobe for magnetic study. Its NRM
was intensity (R)=2.36x10*Am?/kg, inclination (I)=31 and declination (D)=159. The sample was
divided into 3 pieces (C-a (0.05304g), -b (0.04590g), -c (0.01758g)) with the same coordinate of the
sample C-4C for the samples C-a and C-b, while the sample C-c was obtained without orientation
due to too small size. The NRM of these samples varied to R=2.28x10*Am?kg, =17, D=216 for
the sample C-a, R=3.33x10*Am?/kg, =34, D=87 for that of C-b and R=4.34x10*Am?/kg for the
sample C-c. The NRM intensities were similar values but the direction scattered widely. The
sample C-c was demagnetized to 100mT in steps SmT by alternating field (AF demagnetization).
The results indicated that the NRM was relatively stable up to 50mT, as shown in Fig. 1, but it was
more unstable between 50 and 100mT.

The sample C-c was supplied to measure a magnetic hysteresis loop between -1.0 and 1.0T
and thermomagnetic (Js-T) curves at 1.0T in the vacuumed to 10-4 Pa. The Js-T curve showed
reversible magnetization with magnetite Curie Point at 580°C in the heating and cooling curve.
Therefore, the principal magnetic mineral is concluded to be magnetite, but iron sulfide is
nonmagnetic. The hysteresis properties showed the saturation mangetization (Js)=7.76 Am?/kg,
that is equivalent to the mangetization of 8.4wt% of magnetite in the sample, because the Js valeu
of magnetite is 92 Am?/kg. Pseudosingle-domain (PSD) of magnetite is inferred from the hysteresis
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parameters.

The sample C-b was polished to identify the magnetic minerals by reflected right microscope.
The sample included magnetite and iron sulfide in the matrix and chondrules. Various size of
magnetite grains up to 200x130um in diameter was included in the sample. The larger grains were
invaded by the lamellae and vains. When magnetotactic bacteria were applied to the sample, the
bacteria made clusters on the magnetite grains, but not sulfide, in NRM state.

3. Discussions

The NRM direction of the divided samples scattered widely. Nevertheless, the NRM was
relatively stable against AF demagnetization. Although the number and size of samples are not
enough for terrestrial paleomagnetic level, it may be estimated whether the magnetic field existed
or not when Kobe was magnetized. The deviated direction of samples C-a and C-b may suggest that
the NRM of Kobe was not regulated by external magnetic field, suggesting metamorphosed in the
negligibly weak magnetic field. Tomeoka et al. (2001) estimated a shock metamorphism of Kobe
under mild shock pressure (<25GPa) and a high temperature as 600°C. If shock metamorphism
attacked entire Kobe, the prior magnetization should be remagnetized or demagnetized by the
shock heating. The distribution of NRM may also suggest the extremely weak magnetic field during
the shock metamorphism.
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1. Introduction

Antarctic meteorite, Y000593, was classified into Nakhlite from the evidences of petrography
and mineralogy by Imae et al., (2002). It consists of coarse-grained clinopyroxene and augite
associated with olivine and minor amount of Ti-rich magnetite. We obtained 3 pieces of this
Nakhlite, #1 (0.8538 g), #2 (0.5350 g) and #3 (0.1445 g) from the fresh surface of the mass. The
orientations of these samples were expected to reappear from a photo taken in the sampling, but it
was impossible due to the breakable and featureless disk-like shapes for 2 among 3 samples.

2. Experiments

The intensities of natural remanent magnetization (NRM) of these samples were between
4.02 x10° and 6.07 x10° Am*kg. The sample #1 with inclination (I)=40 and declination (D)=215
of the NRM direction was fixed by resin prior to cutting into 3 subsamples (#1-1, -2 and -3) with
the orientation. The NRM directions of the subsamples were scattered as (I=-39, D=85) for #1-1,
(I=-54, D=87) for #1-2 and (I=-42, D=171) for #1-3. The subsample #1-3 was demagnetized by AF
field up to 100 mT in steps of 5 mT. The demagnetization curve showed zigzag decreasing of the
intensity change and rapid change direction; it was very unstable NRM throughout the
demagnetization. We conclude, therefore, that Y000593 is not magnetized in any significant NRM
component, but it has only unstable component as acquired by the viscous remanent magnetization
etc.

Thermomagneitc (Is-T) curves under the external magnetic field at 1.0 T in the vacuum 107
Pa were obtained from the powder samples that were produced during sample treatments. The 1st
run curve was irreversible with the Curie point at 530°C in the heating curve and 570°C and about
300°C in the cooling curve. The 2nd run curve was almost reversible with the main Curie point at
600°C and minor one at about 300°C in the heating curve and 600°C in the cooling curve. If Ti-
rich magnetite described by Imae et al., (2002) carries magnetization, the Curie point should be
more stable and much lower than magnetite Curie point at 580°C. Complicate I¢-T curves suggest
us chemical alteration of magnetic minerals during heating, suggesting more unstable magnetic
phase thermally than Ti-rich magnetite for main magnetic minerals in Y000593.

The hysteresis properties were obtained from hysteresis loops between +1.0 and -1.0 T at the



room temperature for the samples of pre- and post-heating to 800°C. The saturation magnetization
(Is), saturation remanent magnetization (I), coercive force (H.) and remanent coercive force (Hgc),
were listed in Table 1 associated with the values of Ip/I; and Hyo/H,. Relatively high H, and Hg
values of the original sample may be able to have the stable remanent magnetization from the
evidence of terrestrial basalt. These increased vales suggest that the fine-grained magnetic minerals
newly produced during heating to 800°C. A polished surface was observed by a reflected right
microscope. We confirmed larger titanomagnetite grains less than 300pum in diameter and sulfide
grains less than 50pm in diameter. We are still under the consideration which mineral is dominant
magnetic carrier for Y000593.

3. Conclusions.

We concluded from these viewpoints that Y000593 has only unstable NRM, nevertheless, it
may be physically able to carry the stable NRM components. The most plausible explanation of the
magnetic properties of this meteorite is no contribution of fine-grained magnetic minerals to the
NRM. Namely, Y000593 seems to be magnetized or remagnetized in the negligibly weak magnetic
field from the present magnetic analyses.

Table 1. Magnetic hysteresis properties at room temperature.

I Ip He | Hpe | Ie/ly | Heo/He
original 0.640 | 0.0730 | 6.8 | 31.1 | 0.114 | 4.574

post heating to 800°C | 0.909 0.149 | 122 | 376 | 0.164 | 3.082

unit Am’kg | Am*kg | mT | mT

Reference:
Imae et al. (2002): The first Nakhlite from Antarctica. Lunar and Planetary Science XXXIII, 1483.P
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1. Introduction

According to Brown et al. (2000), Mikouchi et al. (2001), Zolensky et al. (2001), Tagish
Lake (CI2) consists of phyllosiliccate-rich matrix, clasts, sparse chondrules, sparse CAls, grains of
olivine, magnetite, Fe-Ni sulfides, Cr-Ni phosphides and Ca-Mg-Fe carbonates. Magnetite and/or
sulfides are common both inside and rimming chondrules. Most chondrules have fine-grained
phyllosilicate-rich rims up to 200 um thick. Magnetite is very abundant in the matrix and also in
clast with morphologies of framboids. Most sulfides are pyrrhotite, but pentlandite is much less
than common. We report the magnetic properties of Tagish Laka and the meaning of the properties
in the parent body.

2. Natural remanent magnetization

Natural remanent magnetization (NRM) of the interior samples (A-1, A-2, A-3) and the
surface samples including fusion crust (F-1, F-2, F-3) were demagnetized by alternating field up to
100mT in steps of SmT to confirm the stability. Unfortunately, the samples were obtained without
orientation due to too small samples. The respective NRM intensities 4.53x10%, 2.24x10* and
4.29x10* Am’/kg of the interior samples were demagnetized gradually to about 8x10°Am?/kg at 30
mT, and then they showed zigzag variations to 100 mT. The direction of these samples changed
widely within the limited areas throughout the demagnetization. It may be, therefore, that Tagish
Lake carries relatively unstable NRM. The NRM intensities of the respective surface samples
werel.15x107, 4.58x10 and 10.7x10"* Am?kg which are stronger than those of the interior ones.
The NRM intensities were quickly demagnetized to about 4.5x10*Am%k at 20 mT, and then they
decreased gradually. Their directions were unstable between 0 and 30mT, but very stable between
30 and 100 mT. The stable NRM of surface samples might be acquired due to the atmosphere
heating.

3. Hysteresis and thermomagnetic curves

Thermomagnetic curves of the interior sample (A-1) and the surface sample (F-1) were
obtained in the vacuumed condition under the steady magnetic field 1.0 T. The interior sample
showed irreversible curve with clearly defined Curie Point at 620°C and minor ones at 350° and
500°C in the heating curve and 620° and 220°C in the cooling curve. Two magnetic humps
appeared at about 170° and 530°C. These complicate curves are inferred to be unstable magnetic
minerals such as Fe sulfide and Fe-Ni sulfide. The thermomagnetic curve of the surface sample
showed almost reversible curve with the main Curie point at 580°C in the heating and cooling
curves, although a small Curie point at 240°C and a magnetic hump at about 200°C appeared in the
heating curve. The main magnetic mineral in the surface sample is estimated to be pure magnetite.



4. Microscopic observation

An interior sample was polished to identify magnetic minerals by magnetotactic bacteria and
a reflected right microscope. The bacteria should migrate to the S pole along the mangetic field.
In the state of NRM, there are no obvious bacterial clusters on the polished surface, while small and
weak clusters appeared on some Fe-Ni sulfide grains and some area on the matrix. The sample
acquired the isothermal remanent magnetization at 0.1 T to magnetize the S poles on the polished
surface. Consequently, clealy defined strong clusters appeared around rims of clasts and
chondrules. Any such strong clusters, however, were not observed on the sulfide grains.

The bacteria were applied to the surface sample having fusion crust in the NRM state. The
bacteria make small clusters on the fusion crust which includes numerous magnetite grains of 1um
in diameter.

5. Discussion

The principal magnetic mineral of Tagish Lake is Fe-Ni sulfide estimated by the
thermomagnetic curve and microscopic observations. Although magnetite grains in the matrix
were not confirmed by the microscopic observation, magnetite is also dominant mangetic mineral,
because very abundant of magnetite grains in the matrix and clast were reported (Zolensky et al,
2001). The NRM is not so stable against AF demagnetization suggesting that larger magnetic
grains carry NRM. If fine-grained of magnetite in the matrix and clasts has responsible for NRM,
the NRM must be much stable. Therefore, the NRM of Tagish Lake may be carried by Fe-Ni
sulfide, as pyrrhotite and/or pentlandite, but the contribution of magnetite grains may be minor.
Strong clusters of magnetotactic bacteria at the limbs of chondrules and clasts indicate that the
fine-grained of magnetite concentrated in phyllosilicate layers around these limbs during
hydrothermal alteration. When the grains were formed, the external magnetic field might be absent
or negligibly small.
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ABSTRACT

We measured electrostatic processes in a dusty region activated by evenly distributed
electrodes. As a paralel process we studied the united effects of UV radiation and solar wind
from the Sun on a dusty surface which also can be modelled as a region activated by evenly
distributed electrodes (i.e. charged particles). We suggest that this model of the
charging/discharging mechanism can generate the charged dusty and ion-cloud above any dusty
(i.e. lunar) planetary surface.

INTRODUCTION

A levitating charged lunar dust cloud appears above the lunar surface according to the
measurements of Surveyor landers and Apollo 17 LEAM experiments. This levitating dusty
ion-cloud form a quasiatmosphere where charged dust particles can take part in various
processes. We studied such electrostatic mechanisms of lunar (and planetary) dust in an
instrumental experimental arrangement of FOELDIX-1. We consider that our instrumental
arrangement gives a good approximation of the lower section of the lunar quasiatmosphere,
because of a) the method of electrostatic activation of the dust particles, b) both systems
consist of randomly scattered electrodes, and c) as a consequence, the process of the charging-
discharging interaction gives essentially the same products. We discuss this results after the
experiments.

FOELDIX-2: PROCESSES IN THE INSTRUMENT

The experiments were carried out in a normal pressurized (1 atm) space, on
atmospheric temperatures [1]. There were two systems of electrodes, which were arranged in a
comb-like mode in the experimental space. One system of electrodes operated on + and - 8,5
kV potentials. The volume of the active space was 400 cubic decimeters. The effective
working time was 10 months during the day. (ca. 2000 hours). The sum mass of the dust
produced during this experimental interval was 1000 gm. (We used 3 FOELDIX-2 instruments
in the experiments: FOELDIX 2A, 2B, and 2C parallel.)

The size distribution of the dust collected and produced by this set of instruments is
found to be similar (in 70-80 % correlation) with that of the lunar dust (micrometeorite)
estimation of Vanzani [2]. This similarity between the two dust spectra inspired us to build a
modell instrument working on the Hunveyor [3].

The next step in our modelling will be that we place this lunar size distribution dust on
the ground of the Hunveyor (on the test-field) and we measure the generated levitating could,
which can be measured by the Hunveyor's mass spectrometer. Such way we may prove that the
effect works (and how it works) on Hunveyor [4]. In these experiments we use an artificial



Sun for triggering UV effects on the dust. This artificial Sun is be a metal-halide light source
(Dy type, 2 kW) which was taken out from its glass tube.

DISCUSSION: COMPARISON OF THE LUNAR AND THE INSTRUMENTAL
PROCESSES

The main reason of the similarity is that in both systems randomly scattered electrodes
represent a characteristic stage of the charging-discharging interaction process. Charging-
discharging ratio is in equilibrium. However, the radiation (or the activation in our
experimental model) again and again violates and push charging-discharging process towards
the dust agglutination stage. When charging activation stops, both the levitating charged dust
cloud and the instrumental agglutination process cease to work, and dust cloud disappears,
agglutinated dust particles drop out from the systems.

SUMMARY

We studied various effects of the solar radiation (UV, solar wind) on a dusty surface
and we modelled the radiation affected region by an experimental arrangement with evenly
distributed electrodes. We have found that dust particles can agglutinate by the alternating
process of receiving and loosing charge. We found that during a longer interval in this process
the electrostatically charged dust particles may produce larger and larger grains. In these
studies we concluded that dust particles can agglutinate by the alternating process of receiving
and loosing charge. We found that during a longer interval in this process the electrostatically
charged dust particles may produce larger and larger grains. Earlier we have found that
agglutinating grains also attract and include HO molecules.

There is another consequence of the alternating charging-discharging process
considering longer time intervals. Then there is a trend on any dusty planetary surface that
composite agglutinated particles grow, and they are dragged by the solar radiation pressure
toward the poles. In the vicinity of poles larger agglutinated particles are finally discharged,
fallen down and accumulated on the surface.

FURTHER PLANS OF THE COAGULATION EXPERIMENT

Because of the consequence our model [5] that H;O molecules help agglutination and
accumulation in the fine dust our next experimental step will be to use water vapor
precipitation zone in the experiment.
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Introduction: We describe the educational activities and the new educational materials made by the
Planetology Group at the Eétvos University. Our specialization is in planetary surface geomorphology
and cartography. We worked out and distributed various educational units, including Online hypermedia
package, Atlas of Planetary Bodies in the Little Atlas Series of the Solar System [1], and On - and
offline lecture note series educational video on Petrologic Studies of Solar System Materials.

A web-based hypermedia package: We have prepared an online
hypermedia environment for the distant education of planetology in
Hungary. Our educational outreach project on our website includes a
daily cosmic calendar, a monthly star map, and planetary
topographic or photomosaic maps with nomenclature. On the site we
present Hungarian space activity and presence (astronauts, space
devices, Hungarian names in the planetary nomenclature). Our new
project is based on the idea of American radio programs, but is more
planetology oriented than those. It contains short interviews with
planetologists about actual events, news or a general planetology
topic. The "Audio Atlas of the Solar System" is available on our website http://planetologia.elte.hu. We
compiled a monthly cosmic calendar with star map in which we also describe planetary features and
processes. Every Astronomy Circle and Secondary School can subscribe this publication for free of
charge. Our final goal is to make printed, audio and online, quality (and scientifically correct) materials
that reach the Hungarian public - especially the younger generation - on a daily basis.

Planetology lectures: We organized an autumn semester course in 2001 named General Planetology at
the E6tvos Lorand University of Sciences . In this course we kept lectures from a general point of view
dealing with certain processes and spheres of planetary bodies. The lessons went through from the
internal structures and heat sources, volcanism and tectonism toward the external factors (atmosphere,
hydrosphere, winds, weathering, ice, water etc.) influencing the evolution of planetary bodies. The aim
was to combine the most basic elementary knowledge with the up-to- date scientific results. In the 2002
spring semester we organize a Regional Planetology course which is the next step for the students. In
these lectures we take the planetary bodies one by one from a comparative point of view. The bodies
organized into two evolutionary sequences, one for the icy bodies (from primitive cometary nuclei to
Europa) and another for rocky bodies (from primitive asteroids to Earth). Beside the theme of the
certain lessons the framework of the two courses is important too because it draws a global evolutionary
picture on the planetary bodies in the Solar System.

Small Atlas of the Solar System: The Atlas of Planetary Bodies: In
this - free - printed educational material we collected the most
important and typical features of our planetary neighbours - one
feature for every body. For example the volcanism on o, the
boulders and grooves on Eros and Phobos, or the greenhouse-effect
on Planet Venus, etc. We call it Atlas, because the pages are packed
with a lot of maps and figures (not only images) so it is a kind of
workbook or an "interactive publication”. The main parts are:
Rocky Planets, Galilean moons and Small Bodies. Certainly the
chapters are connected to the lectures of our special lecture at the university.
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Bodies of the Solar System - Slide Series: Like an assistant
or a teaching material we compiled a series of photo slides. (It
is an analog way of presentation, but in the schools of Hungary
the computer-projector unfortunately not too common yet, so a
compact disk is not too practical for this purpose.) The series
consist of 20 slides - in a thematical and logical order. First of
all our place in the Galaxy and the structure of the Solar
System. Then the Sun, the Mercury, Venus, Earth, Moon, two
slides for Planet Mars, then the Asteroids, Jupiter, Io, Europa,
Ganymedes/Callisto, Saturn, Titan, Uranus, Neptune,
Comets/Meteorites and finally one slide about the exoplanets.
The layout and style of the slides are "cyber-like" and the screens are divided into different parts: title,
images, data, text and serial number. This way it is easy to "navigate" between them - like in the frames
of a web-page (but is not interactive). On the basis of this series a normal geography lesson can be hold
in a secondary school - 2 minutes for every slide. We hope that lesson will be exciting and interesting
for the students - and some of them will choose this topic for university studies.

Video Education Online: To make
educational materials available in English
for foreign students and also in the mother
language of Hungarian students, we started a
bilingual educational website on the Internet.
In this website we put a special emphasis on
studies of meteorites. The multimedia form
of scientific (higher education level) distant education presented here is not yet common on the internet.
A newly created video series have been made available online for download. The content of the film is
related to our textbook (fig. 1., left) on Meteorites and Lunar Samples, where students can make their
own drawings and colorings of the textures of thin sections. On the video (fig. 2.). It also follows the
structure of our regular university course offered for students of geology and geography. 6-10 minutes
blocks lectures enlight problems to study, such as Meterorites; Chondritic Body Evolution; Lunar
Stratigraphy, Lunar Samples; Martian Meteorites; and Planetary Body Evolution. (illustration: From
left: NASA Lunar Samples, Orange Soil thin section, NIPR Antarctic Meteorite Set.)

The film is especially useful to present the rotating thin sections under the microscope. The video is
available in Windows Media format. The video is accompanied by a static (also bilingual) website in
which we present the lunar samples that is loaned from NASA; and here students can find additional
information related to the Lunar samples and the thin sections appearing on the video or in the
classroom. An other video series also downloadable from our website presents the Japanese NIPR
Antarctic Meteorites and the NASA Lunar Samples in more detail.

Planetary Cartography: Under support of the Commission on
Planetary Cartography of the International Cartographic Association
we have prepared a multilingual map of Mars [3] for use in Central
@ o European universities, in Coatian, Czech, Hungarian and Polish

oy JA w’mmgm W !anguages. The map was prepared in c.oopcration with the following
AT Y R SR W SO AR institutions: Observatory and Planetarium Prague, Zagreb
Astronomical Observatory, Jagicllonian University Observatory, Krakow, the Department of Geology
of Zagreb University and the Tectonics and Geological Cartography Section of Faculty of Geology of
Warsaw University. The Shade relief base map [4] was supported by the Moscow State University for
Geodesy and Cartography.




The map is designed in the first place for use by middle and university students. It also can be used as a
wall map, which is especially useful for astronoly clubs and school classes. Our purpose is that is be a
part of middle schools geographic map collection. The map will be distributed in Hungary to all
members of the Hungarian Astronomical Association (MCSE) for a very low price, but individuals can
also order it. There seem to be a high interest from all age groups, who knows about the map but the
advertising is difficult. This map is especially useful in schools where computer projector is not
avalaible.

Translation, transcription for local use

We think that translating the planetary names is an important and necessary work, since this makes
planetary science understandable for young students and the public - this is the only way of making
planetology widely understood. Using only latin names even in popular publications makes this science
understandable for only the few members of the scientific community.

We found that in Hungarian there are no appropriate planetary nomeclature for terms like Sulcus or
Chasma - or even ejecta - which are often used in planetology but not in geology. Since we make
educational materials for elementary and secondary schools, these should not include Latin or English
terms, only Hungarians so that the students understand it.

We realized that we should translate the planetary nomenclature in a way that is accepted by all
members of the scientific community.

For a multiligual map, we had to publish feature names on the map in a common language. This is
naturally the IAU latin nomenclature. However, we found that in maps made for local public, generally
students, (in a one language environment) the feature names may appear differently, by translating one
or both elements of the geographic name.

Our observation is that even in these 4 countries involved in the making of the map we have translated
terms of geologic ages using different methods: one such method is to stick to the original, English /
Latin term (Amazonian, as used in Czech), other one is to translate the term (Amazoni or Amazoniszi in
Hungarian, Amazonsko in Croatian, Amazonski in Polish). We found that in a later local planetary
nomenclature and map making, we can use the experiences from the making of the local nomenclature
system of Earth seafloor topography. [5]

The Multilingual Map of Mars has won the Special Price in the Hungarian Map Competition 2001.,
organized by the Lazar Deak Cartographic Foundation and the Hungarian National Széchenyi Library
in the category Scientific Maps and Atlases [6]. The reasons were that “in the publication the hard and
popular scientific functions are in a good harmony. Following the traditions of the representation of
Earth it depicts the two hemispheres in two parts, indicating the particular topographic elements and
their nomenclature.

References: [1] Bérczi Sz. Hargitai H., Kereszturi A., Sik A. (2001): Kis Atlasz a Naprendszerrél (3):
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Last year, Hiroi et al. [1] reported that
the Tagsh Lake meteorite was likely from a
D asteroid based on comparison of their
visible-NIR reflectance spectra. However,
because asteroid classification is usually
performed based on a limited range of
wavelength, the asteroid classes and sur-
face compositions may not necessarily have
one-to-one correspondence. In this paper,
we show that an asteroid classified either D
or T in fact has a similar reflectance spec-
trum to the Tagish Lake sample we have
studied.

An asteroid 308 Polyxo is classified as
T type by Tholen [2] and D type by
Barucci [3]. Shown in Fig. 1 are reflec-
tance spectra of the Tagish Lake sample
and Polyxo [5-9]. Although there are some
differences among telescopic spectra of
Polyxo, the overall characteritics are very
similar to the Tagish Lake spectrum. Espe-
cially notable is the presence of the 3-pum
band indicating existence of water in the
surface materials of Polyxo, which is con-
sistent with mineralogy of the Tagish Lake
meteorite.

One significant difference between the
Tagish Lake meteorite and Polyxo is
brightness. Although the reflectance spec-
trum of our Tagish Lake powder sample
shown in Fig. 1 has reflectance of about 2
% at 0.55 pm, the IRAS albedo of Polyxo
[4] is 4.8 £ 0.3 %. In order to investigate
whether their difference is due to differ-
ence in viewing geometry, reflectance of
the Tagish Lake sample has been measured
also at 14, 11, and 7° incidence angles and
0° emergence angle, relative to Spectralon
as an assumed Lambertian surface. The
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results are shown in Fig. 2 together with the albedo of Polyxo. Although the exact behavior of neither
our standard material Spectralon which is a near-Lambertian surface nor the reflectance of Polyxo near



opposition is well known, the trend that the apparent reflectance of asteroids tend to increase at small
phase angle seems true and consistent with our laboratory study of the Tagish Lake meteorite sample.

The last point to check in addressing whether the asteroid Polyxo could be the parent body of the
Tagish Lake meteorite is their orbital properties. The fall of the Tagish Lake meteorite was observed by
several satellites and its orbit is well estimated: Semimajor axis a = 2.1 £ 0.2 AU, eccentricity e = 0.57
0.05, and inclination i = 1.4 £ 0.9°, Its aphelion distance is 3.3 £ 0.4 AU. This suggests that the Tagish
Lake meteorite left its parent body within about 3.3 AU from the Sun if any orbital evolution after it left
its parent body can be disregarded. If it is truly the case, the parent body must have an orbit which comes
to the distance of about 3.3 AU or less from the Sun during its orbital period. Listed in Table 1 below are
albedos, diamters, and orbital elements of the D asteroids whose orbits come within 3.3 AU from the
Sun. Asteroid 308 Polyxo has an orbit which stays well within 3.3 AU and is about 0.07 AU away from
the nearest Kirkwood Gap which is believed to be a window of delivering meteorites to the Earth caused
by the mean motion resonance with Jupiter. If the Tagish Lake meteorite came from Polyxo, in order to
take its final orbit, the Tagish Lake meteorite would have had to gain some energy through an impact
when it was ejected from Polyxo or gradually after its departure before reaching the Earth by some other
mechanism such as the Yarkovsky effect.

All the asteroids listed in Table 1 need to be investigated in detail in order to determine which aster-
oid the Tagish Lake metcorite possibly came from.

Acknowledgment: Reflectance spectra of the meteorite sample were measured at RELAB, a multiuser facility sup-
ported by NASA grant NAGWS5-3871.
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Table 1. Albedos, diameters, and orbital elements of the D-type asteroids whose orbits come within 3.3 AU
from the Sun. Kirkwood Gaps are also listed. Asteroid 308 Polyxo is about 0.07 AU from the nearest gap.

Albedo Dlkm a e sin(f) No. Class Name
0.042 72.0 2.252 0.091 0.110 336 D Lacadiera
0.058 39.0 2.457 0.068 0.192 732 D Tiilaki

2.500 Gap 3:1
0.050 33.1 2.716 0.096 0.253 1471 D Tornio
0.048 140.7 2.750 0.047 0.079 308 TID Polyxo
0.049 80.1 2.788 0.277 0.144 415 DP Palatia
2.824 Gap 5:2
0.033 99.1 2.858 0.047 0.301 773 D Irmintraud
0.050 36.8 2.858 0.102 0.157 1702 D Kalahari
32.0 2.922 3501 D Olegiya
2.956 Gap 7:3
0.032 74.5 3.070 0.170 0.163 368 D Haidea
3.181 0.218 0.252 2375 D Radek
3.276 Gap 2:1
0.029 53.6 3.384 0.184 0.233 2266 D Tchaikovsky
0.039 69.0 3.413 0.073 0.114 1167 D Dubiago
0.050 82.6 3.551 0.083 0.135 721 D Tabora
0.020 18.7 4.230 0.713 0.512 3552 D Don Quixote
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Introduction

Refractory inclusions, or CAls, are generally surrounded by a series of characteristic
mineral layers, so called “Wark-Lovering rims” (hereafter W-L rims) [1]. The W-L rims
consist of the following layers from interior to exterior: (1) spinel + perovskite layer, (2)
melilite (and its alteration products) layer, (3) diopsidic pyroxene layer and (4) olivine +
hedenburgite + andradite layer [1.2]. The total thickness is typically ~50pm. The origin of the
W-L rims, however, is still not well understood. It was once proposed that the W-L rims were
formed by alteration of melilite (mobilization and transport of Ca to outside) and reaction
with the nebular gas [3]. However, the '®O-rich composition of diopside in the W-L rim of an
Allende type A CAI [4] strongly suggests that the W-L rim is a primary feature rather than a
secondary one. Recently, a more complicated two stage model was proposed by [5]. In the
present study, in sifu micro-analyses of Ba, rare earth elements (REE) and Hf were performed
using an ion microprobe to better understand the formation process of the W-L rims.

Samples

Two type B1 CAls were studied: SH1 from the SAH98044 CV3 chondrite and Allende
002 from the Allende CV3 chondrite. A brief petrographic description of SH1 and oxygen
isotopic compositions of minerals in the core and rim of SH1 are given in [6]. Diopside and
perovskite in the W-L rim and melilite just inside of the W-L rim of SH1 were analyzed.
Diopside shows almost normal oxygen isotopic composition (8'*0 ~0%o0) [6]. Allende 002 is
also a type B1 CAL, but it has unusual rim structures. Outside of the melilite mantle is a layer
of spinel + diopside (inner rim), which possibly was the original W-L rim but now spinel and
diopside crystals are rather randomly distributed. It is further covered with a thick (up to
~100um) fassaitic pyroxene layer (outer rim), in which small (< a few um) olivine grains are
enclosed. Fassaite in the outer rim, diopside in the inner rim and melilite just inside of the
inner rim were analyzed. Oxygen isotope data are not available for this inclusion.

Analytical Conditions

Abundances of rare earth elements (La to Lu), Ba and Hf were determined by the
energy filtering method using an ion microprobe (CAMECA, ims-6f) at the University of
Tokyo. An O primary beam with a 12.5keV energy and 20-25 pm in diameter with a beam
intensity of 2.5-4.5 nA was used for the analyses. For melilite, which has low REE
concentrations, a larger primary beam of ~40um in diameter with an intensity of 13-16nA was
used. Positive secondary ions were accelerated at 10kV, energy filtered by applying an energy
offset of 60V with an energy window of ~30V, mass filtered with a mass resolving power of
~300, and detected using an electron multiplier in the ion counting mode for Ba, REE and Hf,
or using a Faraday Cup for **Mg, *’Al, **Si and *°Ca. For Ba, REE and Hf, all the peaks from
mass 135 to 185 were measured using peak jumping and used for the data reduction. The



method of calculation of Ba-REE-Hf abundances is similar to that described by Fahey (1988)
[7] but somewhat modified. Relative sensitivity factors for REE"/Ca’, etc.., were determined
using synthetic glass standards containing various REE species with concentrations of a few
x100 ppm as well as the NIST 612 glass standard.

Results and Discussion

The results for SH1 are shown in Fig.1 and those for Allende 002 in Fig.2. The data are
normalized to CI abundances. All the phases in SHI show group II REE patterns (i.c.,
depletion of HREE, except Tm, relative to LREE). Perovskite in the W-L rim shows very high
REE concentrations (100-500 x CI). Diopside in the W-L rim, in contrast, shows the lowest
REE abundances (~1 x CI) among the three. The bulk Allende 002 may have relatively flat
REE abundance pattern if REE in all the phases are averaged. Fassaite in the outer rim shows
significant enrichment in REE (25-70 x CI). Even diopside in the inner rim shows high
enrichment in REE (6-25 x CI). This is different from the case for SH1.

Generally CAls show REE enrichment of 15-20 x CI, which is understandable if CAls
represent the most refractory phases (~5% of the total solid phases) including all REE. The
question is the origin of the high REE concentrations of diopside and fassaite in the rims of
Allende 002. During the formation of CAls, essentially all REE would have been
incorporated in the solid phases (i.c., cores of CAls), so that there might not be enough REE
left in the gas phase in the CAI formation region. This would result in a lower REE
concentration in the W-L rim if it was formed from the rest of the gas. However, this is not the
case for Allende 002. Significant amounts of REE must be brought into the rims of Allende
002. Melilite and spinel in the core of this inclusion have heavily fractionated Mg isotopes
with A”Mg of 7-12 and 3-5%o/amu, respectively, [7] relative to PO chondrules (assuming
~0%o [8]). This indicates that Allende 002 has experienced significant evaporation. It is
questionable even such an evaporation event could concentrate REE to explain the present
observation. It is apparent that Allende 002 has experienced rather complex evaporation/
condensation history, and the present REE results may not be applied for other inclusions.
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Fig.2 Abundance patterns of Ba, REE and Hf in a type B1 CAI, Allende 002.
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Abstract: Dark Dune Spots (DDSs) are remarkable morphological features, which appear during late winter and spring
mainly on intra-crater dark sand sheets in the southern polar regions of Mars. We studied the high-resolution MGS MOC
images and the morphological dynamics of the spots suggested that the previously suggested frosting-defrosting mechanism
cannot explain solely their formation. We proposed that DDSs are signs of life activity and we suggested a lifecycle of
putative Martian photosynthetic surface organisms.

Introduction: The images of Mariner 9 revealed that dark-toned , splotches™, inside or outside the craters, could be found
in the low latitudes of Mars. Using the Viking images it has been suggested that the dark ,splotches™ are eolian dunes
made up of fine-grained sediments of dark blue in color (1, 2, 3). The dark dunes in both polar areas have colors and albedo
similar to that of the dunes at low latitudes, but they are dramatically different from the widespread bright dust dunes on
Mars (4). The dark dunes are composed of low-albedo, sand-sized eolian sediments, mainly dense basaltic sand (5).

On the Mars Orbiter Camera (MOC) images of the Mars Global Surveyor (MGS) made between 1998 and 1999
we studied south polar regional dark dune fields, which are the first surfaces to frost in the fall and defrost during late
winter/early spring, (still frost may well persist on them until late spring or even early summer. There DDSs and their
clusters were observed during late winter and early spring. In earlier analyses Edgett at al. (6) and Malin & Edgett (7)
concluded that a complex process of CO; and H;O sublimation and re-precipitation occurs as defrosting process. This
process is function of the seasonal and local temperature controlled by surface and interior physical properties of the dunes.

Observations: We have analyzed 200 MGS MOC pre-processed images (http://www.msss.com/moc_gallery/) published
on the net by the Malin Space Science Systems. From the two polar regions of the Mars (different, 8), the DDSs of the
southern one were chosen for morphological analysis. MOC red wide-angle context images (1=600-630 nm) helped
orientation, MOC narrow-angle images (A=500-900 nm) covering (1-3)X(20-80) km? area, with a high resolution of 1,4-5,5
m.) were used for analysis (Figs. 1, 2, 3, & 5). The narrow-angle images were taken between June 1999 and June 2001 and
cover areas between 48°S--82°S latitudes. On all of these images nearly circular DDS and their clusters can be seen. The
DDSs frequently have an inner ring-structure (6, 7) which can be seen only on the highest resolution images (Fig. 1).

Our interesting new observation was the relationship between the fine-scale topography and the circular shape of
the individual DDSs on top of the dune sheets. (Fig 2 illustrates the general situation.) This circular shape of DDSs
indicates that spots are formed not (or not only) by sublimation but rather by some radially spreading process (e.g. water
leaking into homogeneous sandy soil). If the defrosting process is only sublimation, then the preferential sites for frost
sublimation are those surfaces, which receive the highest radiation flux from the Sun. For this reason spots with
sublimation origin ought to have diverse, irregular, rather than circular, shapes.

Another observation is that on slopes the spots are elongated downwards. On slopes the circular spots are
replaced by DDSs with ellipsoid or fan shape, indicating that gravitational force does affect spot morphogenesis (Fig. 1 and
3), too. There are spots from which extensions start to outflow downward. All these observations suggested us that a fluid
phase (most likely water) played a fundamental role in spot morphogenesis.

Fig. 3A shows a spectacular example of elongated dark spots in the crater located near 61°S, 5°W. The presence
of liquid phase and surface waters flow is supported by Fig. 3B. The image shows DDSs that are not only elongated but are
arranged in several hundred meter long, winding stripes, which are most probably tracks of water flows. In other
environments Malin and Edgett (9), Mangold et al. (10) have already found recent groundwater seepage and surface runoff
gullies on Mars, but Reiss and Jaumann (11) found extremely fresh runoff gullies within the last Martian year.

On a plain surface the spots tend to have circular shape, surrounded by a gray ring (Fig. 1B, C and D). On slopes
they develop into an ellipsoid (Fig. 3C), elongated in the direction of the gradient, or they form a fan-shaped region at the
lower end (Fig. 3D). With time the spots grow and coalesce, and by the end of the summer the whole territory turns dark..

Biological interpretation: In order to interpret the shown sequence of changes of the DDSs phenomenon in our model
we involve activity of living organisms, called MSOs (Martians Surface Organisms). In the Edgett at al. (5) and Malin and
Edgett (6), models DDS phenomenon was interpreted as sinple defrosting process. However, the systematic variations and
repeated appearance of DDSs and their patterns cann't be interpreted only by surface relief and physical defrosting reasons.

In our model two fundamental questions are explained: 1) How can liquid water form at temperatures obviously
below freezing, and if formed, why does not it freeze immediately? 2) If some mechanism produces liquid water, how on
Mars does not it evaporate immediately in the very thin Martian atmosphere? Our answer to these problems were solved by
the suggested existence of Martian Surface Organisms (MSOs) which have adapted to an above the ground, below-ice
lifestyle (they have some earthly analogues).

The photoautotrophic MSOs must have evolved pigments with high absorbance. We suggest they conduct the following
lifecycle. During the winter the soil below the spots is deep-frozen and some form of ice/frost covers them. MSOs must occupy a
layer between the soil surface and the ice sheet. Because ice is transparent to light, MSOs intensely absorb the emerging sunlight
(which is continuously available in the polar region) and thus wann up at the end of the winter. From a frozen state they pass to a
molten one, which also applies to part of the ice around them. Thus MSOs find themselves in a liquid solute, in contact with the



underlying soil, enabling them to take up the necessary nutrients. The volume and extension of the liquid region increase with the
intensity of the insolation. The ice cover above the forming liquid water provides excellent heat insulation and prevents fast
evaporation that otherwise would be inescapable due to the low atmospheric pressure. (The fact that the spots mainly appear in the
polar region indicates that a long period of sunlight is a necessary condition for their formation, since it prevents night frosting of
water around the MSOs.) Thus the most basic living conditions of the MSOs prevail until there is sunlight and until the ice sheet
above them does not evaporate. The proposed mechanism of spot formation is shown in Fig. 4.

The MSOs “Martian” type life conditions in Antarctica: It is important that life under similar conditions is known
on Earth. Priscu et al. have found that the 3-6 m thick ice cover of the lakes in the dry valleys of Antarctica contains wind-
blown sediments in the middle region. Photosynthetic organisms on the surface of these sediment grains absorb sunlight
and melt the ice around them, thus partly creating their own living conditions (12, 13). A multi species consortium is found
on the grains, able to perform continuous photosynthesis, nitrogen fixation and decomposition, forming a small ecosystem
with nutrient cycling.

The Martian ice cover would also protect MSOs from intense UV radiation. (Although atmospheric CO;, filters
out UV below 190 nm, the flux of UVB (280-320 nm) and UVC (200-280 nm) radiation is higher on Mars than on present-
day Earth, which must constrain life processes, especially photosynthesis, whether of earthly or endemic origin (14).)
Aggressive chemical reactivity of the Martian soil at the Viking landing sites is likely to be due to super-oxide ions that
form under UV irradiation (15). Thus shielding from UV irradiation should also reduce the concentration of harmful super-
oxide ions in the habitat of the MSOs, in addition to the fact that the color of the dunes indicates a local depletion of iron,
necessary for the formation of superoxide. (the present-day UV exposure of the Martian surface is comparable to that of the
Archean Earth, 16, 14). Martian organisms could easily have adapted to present-day UV conditions through billions of
years. Note that even on Earth today one finds organisms such as Deinococcus radiodurans (17) or Rubrobacter
radiotolerans (18), tolerant of enormous levels of radiation, including UV. Deinococcus is able to survive a dose of 1.5
million rads. After cooling and freezing it may survive 3.0 Mrads (17). This extreme radio-tolerance may be by-product of
extreme desiccation tolerance.

MSO life sequence from late winter: At the end of the winter sunlight start to warm up the MSOs, activate them and
melt the bottom of the ice cover above them. (gray spots) With time the ice shield becomes thinner and thinner, until it
melts through up to the surface. In the core, immediately a very intense evaporation begins in the unprotected region
culminating in the appearance of the dark, underlying soil, featuring as the dark center in the middle of the gray spot (Fig.
1C, 1D and 4B). The evaporation of liquid water in the middle of the spots and the consequent drop in temperature could
be ideal for the preservation of viability of MSOs. It is striking that where the black spots appear by late winter, there are
lighter, grayish patches on the images of the defrosted, dark soil. It seems obvious that in these cases a different layer
covers the Martian regolith. This layer is, following from our mechanism, a layer of dried MSOs, analogous to dried algal
mats or lichen-like covers on the Earth. By the end of fall, or the beginning of winter white frost settles in (first just in the
dark dune regions) and the whole territory tums white. The long winter (six earthly months) allows the white frost to
become dense and to form proper ice at the bottom, sealing the surface from the atmosphere completely. Sunlight appearing
by late winter then warms up MSOs and the cycle is ready to start again.

Summary: Our DDSs transformation sequence and many characteristic features of the DDSs were successfully
interpreted by our model involving living organisms. Our considerations showed that photoautotrophic organisms could
maintain their own living conditions on Mars. One may wonder whether the low atmospheric pressure is compatible with
photosynthesis, but this objection is not hard to reject. First, although it is true that total pressure is just 6 mbar, but 95% of
the atmosphere is CO;, thus its partial pressure is higher than on Earth. Second, conditions below the ice sheet are
expected to be different (in fact, more favorable). The existence of the postulated MSOs should be detectable by orbiting
spectroscopic instruments. It is encouraging that Pershin (19) has observed a color index value of 763/554, suggestive of
photosynthetic pigments, during analysis of the Martian images made by the Hubble Space Telescope..

If one indeed finds life on Mars, the history of its origin becomes very interesting. Given the fact that viable dried
organisms or their propagules could travel regularly between Earth and Mars, while preserving their viable state (20, 21), it
may be possible that Martian and terrestrial organisms share a common ancestry: phylogenetic sequence analysis should be
able to tell whether this holds or not.
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i 12t Characteristic Martian dark dune spots and their clusters. (A) A 50-km-
wide crater (65°S, 15°W) with intracrater dune field. (B) DDSs during early
spring along edges and on top of the intracrater dune field, (C) Nearly circular
DDSs on the flat dune field. (D) Inner ring-structure of one of the DDSs.
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| v. 1. These magesmnstte that circular dark dune spots overprint the
fine-scale topographic variations, (A) DDSs in late winter in the Smith Crater.
(B) DDSs in early spring on the dune field of the Jeans Crater.
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Fig. 3. Elongated dark dune spots and water flowing on the slopes of the dune
fields. None of these DDS formations can be explained by a mere defrosting
effect, but all of them can be interpreted as showing water seepage and
occasional flow. The emergence and continued presence of liquid water are,
presumably, due to biological activity.
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I'iz. 4. Dy of biogenic spot morphogenesis. (A) In the firs phase of spot

development organisms on the soil, below the ice warm up by the absorption
of sunlight and melt the ice around them. The ice cover provides heat
insulation and blocks evaporation. (B) The ice cover first disappears in the
center, where the melting started. Water evaporates quickly; the organisms
desiccate and the dark core of the spots develop
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Fig. 5. Comparison of images of the same territory from early spring A and
from summer B, shows that there are lighter gray patches on the dark soil
where the dark spots were at the end of the winter. This suggests that a layer
with a different albedo covers the dark soil. We interpret this as a layer of
desiccated MSOs
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[Introduction]

The new basaltic shergottite Dhofar 378 was recently recovered from the Oman
desert. The total mass recovered is 15 g with fresh fusion crust. It was approved as a
shergottite by the Nomenclature Committee of the Meteoritical Society in December, 2001.
It is doleritic with a subophitic texture, and the grain size of the main phases (plagioclase
glass and pyroxenes) are 1 mm-a few mm in length.

[Oxygen isotopes]

The oxygen isotopic composition of the stone was obtained by T.K.Mayeda and
R.N.Clayton. The result is: delta O™ = +4.46 permil, and delta O = +2.52 permil,
indicating that this stone is within the range of previously analyzed Martian meteorites.
[Pairing]

Dhofar 378 was found near the area where the Dhofar 019 basaltic shergottite was
recovered. The latter is doleritic, but it may not be a pair with the former, because Dhofar
019 contains olivine grains with Fe/(Mg+Fe) ratios (fe ratios) of 0.4~0.75 [1], although
Dhofar 378 does not contain such magnesian olivine. In addition, pyroxenes in Dhofar
019 are more magnesian than those in Dhofar 378. Dhofar 378 is rather similar in
lithology to the Northwest Africa 480 shergottite which has no magnesian olivine and a
homogeneous maskelynite (Anssso), but the latter has more magnesian pyroxenes than the
former [2]. Dhofar 378 resembles the Los Angeles basaltic shergottite: Lithology, texture,
grain size, mineral assemblage, and mineral compositions of the latter [3] are nearly
identical to those of the former, although the degree of impact shock differs between the two.
[Petrology]

Dhofar 378 consists mainly of ferroan clinopyroxenes (augite and pigeonite) and
plagioclase glass with minor minerals of hedenbergite, pyroxferroite, fayalite, silica, rhyolitic
glass, titanomagnetite (ulvéspinel) with ilmenite lamellae, sulfide, and phosphates
(whitlockite and apatite). The modal composition of the stone is: clinopyroxenes
(49vol.%), plagioclase glass (47 vol.%), titanomagnetite (3 vol.%), and phosphates (1
vol.%).

Clinopyroxenes in Dhofar 378 show mosaic extinction under a microscope,
indicating their intense impact effects. The fe ratios of clinopyroxenes range from 0.4 to
more than 0.9 (Fig. 1). The fe ratios of hedenbergite are from 0.97 to 0.99, and those of
fayalite from 0.87 to 0.97. Subcalcic clinopyroxene grains often show an exsolution
texture, consisting of augite and pigeonite lamellae, and the width of the lamellae ranges
from less than 1 u m up to several um.



Plagioclase glass has a quenched rim, which consists mainly of fibrous plagioclase.
The fibrous plagioclase seems to have grown from the boundaries with pyroxene grains
toward the cores of plagioclase glass. The width of the quenched plagioclase rims range
from a few tens of um up to one hundred xm. These rims completely surround the
plagioclase glass cores.  Anorthite (An) mole contents of the quenched plagioclase rims
and plagioclase glass cores are Anssss and Anaisg, respectively. The quenched
plagioclase rims overlap in An contents to the plagioclase glass cores, although the former
are slightly more calcic than the latter.  The orthoclase (Or) contents of the former (Or<17)
are lower than the latter (Ori7.12). The K;O contents of the plagioclase glass which
contacts directly with the quenched plagioclase rims tend to be higher than those of
plagioclase glass occurring far from the contact. This suggests that this meteorite
experienced an intense impact shock, the original plagioclase grains transformed to
plagioclase melt, and then the melt crystallized fibrous plagioclase rims at the boundaries
between the plagioclase melt and pyroxene to pile up the K-O content in the plagioclase
melt just in front of the growing fibrous plagioclase rims.

Titanomagnetite (or ulvéspinel) in Dhofar 378 is enriched in TiO; ( 23-26 wt%) and
includes ilmenite lamellae, about 10 » m wide, which exsolved out in the host
titanomagnetite. = The averaged Ti/(Ti+Fe) atomic ratios of the host titanomagnetite and
the exsolved ilmenite are 0.23 and 0.48, respectively.  On an assumption that the
titanomagnetite consists mainly of magnetite and ulvsspinel end components and that the
ilmenite consists mainly of iimenite and hematite end components, the coexisting pair of
titanomagnetite and iimenite in Dhofar 378 gives a temperature of about 900 “C and
oxygen fugacity of 107 atmosphere, using the iron-titaniferrous oxide system [4]. The
oxygen fugacity is consistent with the assemblage of fayalite, quartz, and magnetite.

Phosphates are mainly whitlockite with minor apatite. =~ Whitlockite often occur as
large grains up to a few hundred » m across and contains 5-6.5 wt% of FeO and less than 1
wt% of MgO. Chlorine and fluorine contents of apatite are 2-3 wt% and 1.2-1.5 wt%,
respectively.

[Fusion crust]

The fusion crust of Dhofar 378 consists mainly of is black glass with many bubbles
of 10-100 » m in diameters. = As black glass of the fusion crust in the Los Angeles
shergottite is similar to the bulk composition of the rock [5], the chemical compositions were
obtained by electron-probe micro-analyzer to presume the bulk composition. The
average composition of the fusion crust glass in Dhofar 378 is shown in Table 1 with
reference of that in the Los Angeles shergottiie.  The former is similar to the latter,
suggesting that the original rock prior to the impact shock was similar to each other.
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Table 1. Average chemical composition of black glass in fusior
Dhofar 378

with referece to those in the Los Angeles shergottite (Warren et .

Fusion Crust Fusion Crust

Dhofar 378 Los Angeles
Sioz2 48.08 48.30 47.40
Tio2 1.18 0.92 1.29
A1203 9.50 9.70 9.46
Cr203 0.00 0.05 0.02
Fe0 AR R 21.50 24.20
Mn0 0.55 0.52 0.57
g0 5.35 51 3.53
Ca0 9.76 10.32 9.64
Na20 2.31 1.86 2.02
K20 0.15 0.15 0.19
P205 0.90 1.08 1.26
Total 98. 89 99. 51 99. 88




"Antarctic” meteorites on Mars?
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It is suggested that the boulders on a MOC image are meteorites fallen in ancient times
to the surface of Mars. If it will be proven it offers a possibility to guess how much of the
regolith layer could have been diminished by sublimation of ground water from the
surface, and consequently to estimate the water content of the regolith as a reservoir on
Mars.

In [1] there is a report on an investigation carried out by an international student scientist
team to find interesting places on Mars using the Mars Orbiter Camera (MOC) onboard Mars
Global Surveyor (MGS). One of the specific areas to study in detail was a terrain near 31° N
and 290° W, where a group of dark boulders are spread around on the light terrain. Michael
Carr of the US Geological Survey commented that the boulders were puzzling and added
"There is no indication of any outcrops that could shed such boulders". In my opinion these
boulders are meteorites laying on the surface of Mars.

In a letter to Nature [2] Mustard et al. published the results of an analysis on the
distribution of fretted terrain found on the surface of Mars. The result is interesting, implying
that such collapsed terrain is concentrating between 30 and 60 degrees latitude on both
hemispheres. The authors came to the conclusion that as a consequence of an ice age about
one hundred thousand years ago on Mars a cold climate made it possible to accumulate — not
glaciers, like on Earth — but frost and air-fallen dust cemented together. Later as the climate
became warmer up till now, the H,O sublimated out from the assemblage, leaving the dust
behind, and when the soil became unstable, it collapsed.

As a third source of my idea the discovery of antarctic meteorites by Japanese scientists
should be mentioned. There the sublimation of H,O exposed such meteorites to the surface,
that had fallen to the icy surface a long time ago. and later were buried together with their
impact crater-walls by the precipitating snow.

Such "Antarctic" meteorites are probably visible on the MOC image [3]. They had fallen
sometime on the ancient surface of Mars after an explosion caused by air drag, so the
incoming body was broken apart. Very likely there were impact craters as well on the surface
at that time, but later — as J.F. Mustard et al. stated — the near-surface ground ice sequentially
diminished as a consequence of the orbitaly driven variations in Martian climate and a
dissected terrain remained. As the major constituent of the soil is probably dust, after the
sublimation of the ice, wind could blow the dust away leaving behind the exposed boulders.
As the level of the surface lowered, the boulders were also sinking lower and lower. With the
lowering of the surface, some day later other boulders, that were penetrated deeper at the time
of the impact, were joining the exposed ones. Now we see all the boulders, that were
embedded somewhere in the layers that disappeared so far. But it may be that some further
part of the incoming body is buried in the deeper layers under the present surface and might
be exposed later if the sublimation remains the dominant effect.

I offer this hypothesis to be used to estimate the minimum thickness of the layer that has
diminished so far, and this can also help to estimate the water content of the regolith as a
water-reservoir on Mars.
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Figure caption

Figure 1 On this high resolution
MOC image dark boulders peppering
the light colour surface of Mars are
interpreted as meteorites. The image
covers an area approximately 3 km
wide (31° north latitude, 290° west
longitude).
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1. Introduction

In our previous studies [1], we classified both Y000593 and Y000749 as nakhlites
based on mineralogical and/or rare gas studies. In these studies, we clarified the
mineralogical features of Y000593, and noted the differences with the other four nakhlites.
The variations in the compositions of the augite and olivine phenocrysts (i.e., ferrosilite range
and fayalite range, respectively) increase in the sequence of NWA817, Y000593, Nakhla,
Governador Valadares and Lafayette (Fig. 1). The core-rim difference in augites is larger
compared with that in olivines except for NWA817 (Fig. 1). This implies that the parent rock
experienced diffusion controlled heating or annealing at different temperatures, confirming
the results of an independent study reported by [2]. Mikouchi and Miyamoto [2] interpreted
the cooling history from the analyses of zoning profiles of olivines in nakhlites and suggested
that the differences were caused by differences of burial depth. We also found that both the
modal abundances of mesostasis and the enstatite components in pyroxenes in mesostasis
showed correlations with the olivine heterogeneities in the same sequence.

Y000593 and Y000749 are probably paired judging from the proximity of the
paragenesis in the ice field around the Yamato mountains (within 1 km distance). Since
Y000593 is the biggest nakhlite as described so far [1], there is the possibility to detect by
comparison some chemical differences between paired specimens and/or between different
samples of a single specimen (especially for Y000593). If some systematic chemical
differences are detected, it may help to elucidate the geological setting in which these
cumulate igneous rocks formed.

Thus, in the present study, we describe and compare mineralogical-petrological
features of constituent minerals in Y000593 (,61 and ,67-1) and Y000749 (,1-1). Preliminary
results (Y000593,61) of the study have been previously reported [1].

2. Experiments

Optical microscope and electron probe microanalysers (JXA-8800 in NIPR and JXA-
733 in Ibaraki Univ.) were used for the study. H. Haramura determined bulk concentrations
of major elements of Y000593,64 (2.180 g) and Y000749,47 (2.014 g) by wet chemical
analyses. The measurement by the Fourier transform infrared microspectrometer (FTIR) was
carried out for the weathered parts (especially for iddingsite formed on olivine rims and
olivine cracks) of samples of Y000593,57, Y000593,58 and Y000749,49.



3. Results

Both specimens are unbrecciated cumulate igneous rocks consisting almost
exclusively of elongated euhedral crystals of augite. Bulk compositions of Y000593 and
Y000749 showed similarities with Nakhla. Modal abundances (%) are summarized:
Y000593, 61: augite=75.6, olivine=8.0, Ti-magnetite=1.0, mesostasis=15.4. Y000593, 67-1:
augite=84.2, olivine=6.9, Ti-magnetite=0.6, mesostasis=8.2. Y000749, 1-1: augite=70.7,
olivine=18.4, Ti-magnetite=0.3, mesostasis=10.6.

Cumulate pyroxenes: Core compositions of augite phenocrysts are generally
homogeneous (En,;Fs,;,Wo,,), although inclusions of Ti-magnetite, in some cases, make the
compositions somewhat richer in a Fs component. Rims discontinuously become more Fe-
rich with a steep slope. The Fe-rich rims on olivine in contact with mesostasis are thicker
than those in contact with other minerals.

Olivine phenocrysts: There is a tendency that the cores are more magnesian (Fa 66-
70) compared with the rims (74-78). However, compositional zoning profiles of these olivine
phenocrysts are not symmetrical. On the other hand, CaO (wt%) zoning profiles indicate that
CaO decreases from core (~0.5wt%) to rim (~0.1wt%). Olivine phenocrysts usually have
anhedral shapes and often include inclusions of augite that are similar in composition to cores
of augite phenocrysts. Rims and cracks in olivines are partially weathered. Exsolution
lamellae (or symplectites) are observed in many olivine grains.

Ti-magnetite phenocrysts: Subhedral to anhedral phenocrysts of Ti-magnetite usually
include ilmenite lamellae of <10 um in width.

Mesostasis: Mesostasis consists of lath-shaped plagioclase (An,g 1,Abg 6,015 5, 5) and
minor minerals of pyrrhotite (nonstoichiometry & range = 0.09-0.14), Ti-magnetite, Ca-apatite,
silica, K-feldspar, and olivine and pigeonite that are more Fe-rich than those in phenocrysts.
Olivines in the mesostasis are richer in Fa (~85).

Iddingsite: Weathered phases (iddingsite) abundantly occur in rims and fractures in
olivine phenocrysts. FTIR spectra of iddingsite showed a broad absorption peak in the range
of 3000-3680 cm™ suggesting the existance of hydrous phases. (Weathered phases in the
mesostasis also showed a similar broad absorption peak, but the absorption was larger.)

4. Discussion
Comparison between Y000593 and Y000749

The most striking difference between two nakhlite samples, Y000593 and Y000749
is the variation in abundances of olivine; Y000749 is significantly richer in olivine than
Y000593. It may reflect ejection from different parts of the crater.

Iddingsite

Iddingsite in nakhlites consists of mixtures of hydrous minerals [3]. It must have
formed on the parent body (Mars surface) [3]. Fusion crust glass just in contact with olivine
and filling fractures consisting of alteration phases in olivine (Y000749, 1-1) include bubbles
suggesting decomposition caused by heating during atmospheric entry. The texture is very
similar to the texture in Nakhla [3]. This is textural evidence indicating that hydrous minerals
must have been at least partially dehydrated to form anhydrous minerals. Therefore altered



phases in olivine mostly formed on the parent body by the reaction of water with Fe-rich
olivine.

The rare gas studies support the suggestion that weathering products were formed on
Mars since Mars atmospheric component (high '*’Xe/**Xe ratios) is effective and the earth air
contamination is very low (low *Kr/"**Xe). Fall age is very young, 0.02Ma=0.08 [4].
Therefore, we consider that the degree of chemical weathering in Antarctica is very small.
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In order to understand the early evolution of our solar system extreme high resolution
dating of formation ages of meteorites is needed. Since most of the meteorite classes were
formed in the first 50 Ma (1%) of our solar system’s history, high precision dating is
necessary. In particular, relative dating using extinct isotopes like the Mn-Cr system hinges
on an absolute calibration. Only the Pb-Pb system can serve this purpose, but few such high
precisions Pb-Pb ages have been reported (1-3). Some of them have been reported with an age
precision of 0,01%, which requires a measurement precision of 0.03% for the **Pb/?’Pb ratio
-- reached only by using the Faraday collector and a tight control of the mass fractionation.

In the D’Orbigny meteorite for which we have obtained Pb-Pb ages, such a high
precision has not yet been achieved because the Pb concentration in the dated pyroxene is
extremely low (between 7 and 17 ppb). Four pure mineral separates of clean pyroxenes (of
about 15 mg each) yielded only 100 to 250 pg of Pb that was too little to run on the Faraday
collector. Instead, measurement was made with an ion counter giving a typical error for the
205pb/2”Ph ratio of 0,1 to 0,2 % and translating into an age error of 2 to 4 Ma.

D’Orbigny is the sixth Angrite to be identified and the largest of this rare meteorite class.
Until now high-precision Pb-Pb data has existed only for Angra dos Reis and LEW 86010 (1).
Two of the D’Orbigny pyroxenes are from the groundmass and the other two are idiomorphic
and grew inside druses-like cavities. The latter are considered to be 100% pure while the
former may contain some inclusions. Also, we analysed one sample of anorthite, which had a
Pb isotopic composition close to that of terrestrial Pb, and may be dominated by terrestrial Pb.
The Pb-Pb age of the two matrix pyroxenes are 4549 + 2 Ma and 4557 + 2 Ma; however, the
U-Pb ages are distinctly discordant for the younger &yroxenes, The druses pyroxenes gave Pb-
Pb age of 4555.4 + 1.9 Ma and 4557 + 2 Ma, with **Pb/***Pb ratios of 522 and ~2000,
respectively. Furthermore, the U-Pb ages for both these pyroxenes are, within the
uncertainties of the correction parameters, concordant, as is a Th-Pb age for the second
analysis. Unfortunately, the relatively large error of its Pb-Pb age reflects the small amount of
Pb on the filament.

The best absolute age of crystallization for D’Orbigny is 4556.3+1.7 Ma this is within
the error identical to 4557.8+0.5 Ma as the crystallization age for LEW 86010 and 4557.8+0.4
for Angra dos Reis (1). The ages of Angrites are 10 to 11 Ma younger than the “Allende
Inclusions” and about 8 Ma younger than Chondrules. For HED meteorites, however, the
crystallization ages are scattered over a considerable time interval. Because HED meteorites
belong to a bigger body, which firstly had a considerable cooling time in this early
environment, and secondly this bigger body was bombarded intensively which causes that
most of the HED meteorites are altered by shock.

Using the Mn-Cr Relative dating method, however, suggest that the “Allende
Inclusions are 13.5 Ma and the chondrules are 11 Ma older than the Angrites. From the
differentiation isochron in Mn-Cr system it was estimated that HED meteorite differentiation
is 7.2 Ma older than the crystallization of the Angrites.(3)

Refereces:
1) Lugmair and Galer (1992) GCA 56, 1673-1694. 2)Gépel et al. (1994) EPSL 121 153. 3)
Amelin Y. et al. (2002) LPSC XXXIII 1151. 3)Lugmair and Shukolyukov (1998) GCA 62,
2863-2886
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Introduction

More than 4000 meteorites were found around the Yamato and Belgica Mountains, Antarctica by
the meteorite search party of the 39th Japanese Antarctic Research Expedition (JARE-39) in the
1998-1999 field season. Among these specimens, two lunar meteorites were distinguished by classi-
fication in the field [1], and were officially named Yamato(Y)981031 and Y983885 [2, 3]. One of the
meteorites, Y981031, may be paired with the lunar meteorite Y793274 based on texture, mineralogy
and bulk chemical composition [1, 4]. Here we report petrographical and mineralogical studies of the
other meteorite, Y983885, in order to confirm its lunar origin.

Analytical Methods

A small fragment was chipped from a specimen of Y983385 and made into a polished thin sec-
tion (PTS). The PTS, Y983885, 71-1, was studied with an optical microscope using transmitted and
reflected light. Mineral compositions were determined by quantitative wavelength dispersive X-ray
analyses with JEOL JCXA-733 and JXA-8800M electron microprobes at the National Institute of Po-
lar Research, Tokyo, Japan. All electron probe analyses were run at 15 kV and 11 nA. Natural and
synthetic standards were used and corrections were made for absorption, fluorescence and atomic
number effects using the method of Bence and Albee [5]. The bulk chemical composition of Y983335
was determined by standard wet chemical analysis methods [6].

Results and Discussion
Sample Descriptions

Y983885 was found on the bare ice field
around the JARE IV Nunataks (71°33.77°S,
36°00.31°E), Yamato Mountains, Queen Maud
Land, East Antarctica on January 11, 1999. The
meteorite is a rounded stone with a thin
yellowish green fusion crust. The stone weighs
289.71 g and measures 8.4x5.4x5.2 cm. The
recovered sample has a smoothly rounded sur-
face, possibly indicating an original face.
Macroscopic observation of the sample reveals
angular white to gray rock clasts (up to 3 mm in
size) and mineral fragments, including white
crystalline plagioclases, pyroxenes and dark
grains set in a dark fine-grained matrix (Fig. 1).

Examination by optical microscopy of the
PTS indicates that the meteorite is a polymict
breccia containing abundant rock and mineral
clasts set in a dark brown glassy matrix (Fig. 2). Rock clasts include polymineralic, monomineralic
and melt clasts (up to 1.2 mm in size). Most large clasts are polymineralic and are composed of
Ca-rich plagioclase, pyroxene and olivine. A few large clasts are composed of plagioclase and pyrox-
ene, or only plagioclase. Smaller clasts are commonly mineral fragments of predominant plagioclase,
with subordinate proportions of pyroxenes and olivines. Glass spherules, up to 300 pm in diameter,
are also observed. Hence, Y983885 is a regolith breccia with abundant clasts, especially feldspathic
ones, set in a dark brown glassy matrix. Some clasts are similar to those of eucrites and howardites,
but an affinity to basaltic achondrites can be ruled out based on FeO/MnO ratios discussed below.

Fig. 1. Photograph of a hand specimen of Y983885.



Mineral Compositions

Electron probe analyses indicate a range of
pyroxene composition for the whole meteorite of
Wo,.40, Fsiass, Enjags; a plagioclase range of
Angg g3; and an olivine range of Fas 36, except
one grain of Fass (Figs. 3 and 4).

The ratios of FeO/MnO for pyroxenes from
Y983885 are plotted in Fig. 5. Pyroxenes of
eucrites consistently have FeO/MnO ~33, and
pyroxenes of lunar rocks consistently have
FeO/MnO ~69 [7]. The pyroxenes of Y983885
have average FeO/MnO = 64, which is distinctly
higher than basaltic achondrite pyroxenes. A
regression line derived from Y983885 data is
consistent with a line for lunar pyroxenes (Fig.  Fig. 2. Photomicrographs of a thin section Y983885.
5), providing strong evidence for its lunar origin. 71-1 (width is 6.0 mm).

Bulk Compositions

The major element compositions of Y983885 determined by standard wet chemical analysis are
(in wt%): Si0,=45.59, TiO,=0.53, AL,0;=21.81, Fe0=9.41, MnO=0.15, MgO=7.98, Ca0=14.02,
Na,0=0.34, K,0=0.11, P,0s=0.15, Cr,0;=0.17, FeS=0.05, Fe=<0.05, Ni=0.005, Co=0.009. Hence,
Y983885 is a high-aluminum and -calcium rock with abundant Ca-rich plagioclase (anorthite), indi-
cating it is a lunar highland anorthosite. The bulk chemical composition also has a distinctively lunar
FeO/MnO ratio (Fig. 5).

Oxygen Isotopes

The oxygen isotopic composition of a bulk-rock sample of Y983885 was determined [8]; 5'*0 =
+5.65 %o, 8'’0 = +2.89 %o and A'’O = —0.05 %o, where A'’O (= 5’0 — 0.52 5'*0) designates a depar-
ture from the terrestrial fractionation (TF) line. Thus, the isotopic composition lies on the TF line,
suggesting that Y983885 is lunar [9-11].
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Chemical Composition of lunar meteorites including Yamato 981031
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Yamato (Y) 981031 is the 7th Antarctic lunar meteorite of mare origin, following Y
793169, Y 793274, EET 87521, Asuka (A) 881757, QUE 94281 and EET 96008. Y 981031
was described as a polymict, regolith breccia, having diverse mixture of mineral fragments
and clasts from various rock types [1]. Although these seven meteorites are grouped into mare
meteorites, there is a large difference in petrographical texture: Y 791031 and A 881757
(hereafter, YA) are unbrecciated mare basalts [e.g. 2] while Y 793274, EET 87521, QUE
94281 and EET 96008 are bracciated mare basalts mixed with highland rocks. Y 981031 is
apparently categorized into the latter group. In this study, we determined major, minor and
trace element composition of Y 981031 by using several analytical methods and aimed to
characterize this meteorites in chemical composition in comparison with those for the pre-
found Antarctic mare lunar meteorites.

A total of 0.254 g of powdered specimen was allocated to us for a consortium study of Y
98103 1. This powder sample was originally prepared for wet chemical analysis using a gram
scale of sample, suggesting that the specimen we used is representative of the meteorite in
chemical composition. In addition to Y 981031, we also analyzed three lunar meteorites of
mare origin; EET 87521, QUE 94281 and EET 96008, which were loaned from Meteorite
Working Group, NASA. For these three samples, about 0.3 to 0.5 g of lumps were allocated
to us. Samples were first analyzed by neutron-induced prompt gamma-ray analysis (PGA), for
which lump samples were used except for Y981031. Following PGA, instrumental neutron
activation analysis (INAA) and neutron photon activation analysis (IPAA) were performed.
For INAA and IPAA of EET 87521, QUE 94281 and EET 96008, lumps were ground in a
clean agate mortar and some aliquants were used.

Table 1 shows chemical composition of four lunar meteorites for major elements
determined in this work. Most elements were determined by PGA. Our values for Y981031
are highly consistent with those obtained by wet chemical analysis by Haramura [3]. Lunar
mare basalts and highland regoliths are two characteristic petrographical groups and are
separable in chemical composition, as demonstrated in Figure 1, where Al,O, is plotted
against TiO,; mare basalts are characterized with relatively high contents in TiO, (and FeO)
and low contents in Al,O,. Apparently, Y 981031 has chemical composition close to those for
mare basalts and far from those for highland regoliths. EET 87521 and EET 96008 (hereafter,



EETs), and Y793274 and QUE 94281 (hereafter, YQ) also are contaminated with highland
components, having different degrees in admixture; EETs are less contaminated than YQ, to
which Y 981031 seems to belong. This is more clearly noticeable in Fig. 2, where Fe0 is
plotted against Sc. It is suggested that YQ were launched at the same crater-forming event
from moon and touched down on Antarctica separately [4]. Form Fig.1 and Fig. 2, Y 981031
is inferred to have been launched along with YQ.

Figure 3 shows chondrite-normalized REE abundance patterns for lunar meteorites
analyzed in this study. It is remarkable that all meteorites have similar patterns except for Eu.
These resemble those for lunar highland samples, one of which is shown in Fig. 3 for
comparison, although absolute contents are largely different. It is apparent that REE
abundances in Y 981031, along with other three meteorites analyzed, are largely characterized
by an addition of highland components represented by medium-K Fra Mauro (KREEPy)
basalt. Our EET 96008 seems to have less amount of such component than EET 87521.

References: [1] Arai T., Ishii I. and Otsuki M. (2002) Lunar Planet. Sci. XXXIII, #2064. [2]

Takeda et al. (1993) Proc. NIPR Ant. Met. 6, 3-13. [3] Kojima H. (2000) Antarctic Meteorites
XXV, 5 (abstract). [4] Arai T. and Warren P. H. (1999) Mateor. Planet. Sci. 34, 209-234.

Table 1. Chemical composition (in %) of lunar meteorites analyzed in this study.

Sio;_ Ti.02 A1203 FeO MnO MgO CaO Nazo Kzo on_s CI'103 total

Y 981031 4546 0.78 17.31 13.07 0.15 930 12.09 042 0.07 026 98.91
Y 981031* 44838 0.71 1844 1243 020 942 1284 034 004 0.13 026 99.70
QUES87521 40.44 0.68 16.96 13.88 0.19 794 11.74 044 0.08 025 9259
EET87521 46.30 0.69 15.82 16.04 021 883 1232 043 0.07 0.23 1009
EET96008 40.70 0.57 14.80 16.02 021 11.04 1205 035 0.07 033 96.14

*Determined by wet chemical analysis by Haramura [3].
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1. Introduction

Many ordinary chondrites contain shock-induced melt veins. Especially, the
shock veins of L6 chondrites are the major hosts for high-pressure phases such as
ringwoodite, majorite-pyrope garnet and hollandite-structured plagioclase [e.g., 1-3].
On the other hand, peripheral rims of meteorites experienced reheating for short time
during the atmosphere passage. We investigated some ordinary chondrites bearing
shock veins and fusion crusts with laser micro Raman spectroscopy, in order to
explore the natural effects of transient high-temperatures on the back-transformation

of high-pressure phases.

2. Results

Y75267 is a shock vein-bearing H6 chondrite covered by a fusion crust of 60-80
um in width. On the surface of meteorite, the shock vein is cut by the fusion crust. The
fusion crust shows a quench texture consisting of fine laths of olivine (Faz5.51). The
shock vein region far from the fusion crust, at distance of more than 280 ym, consists
of high-pressure phases, such as wadsleyite, ringwoodite, majorite and hollandite.
The vein region near the fusion crust, less than 280 um, has the same texture, grain
size distribution and mineral chemistry as the vein region far from the crust. However,
the shock vein near the fusion crust consists entirely of low-pressure phases such as
olivine, low-Ca pyroxene and plagioclase glass. The boundary between low- and
high-pressure phase regions is very sharp, and it is just parallel to the fusion crust at a
distance of 280 um.

We also studied two L6 chondrites, Y82144 and Y82153. The veins contain
wadsleyite and majorite. However, the vein regions near the fusion crusts, less than

~300 um, completely consist of low-pressure phases.



3. Discussion

Y75267 and two L6 chondrites experienced impact events under high-
pressures and temperatures, and silicate phases were transformed to their high-
pressure polymorphs. It is undoubtedly that the low-pressure phases in the shock
veins near the fusion crusts in Y75267 and others, had primarily been the high-
pressure polymorphs. During the atmospheric passage, the peripheral parts of the
chondrites were melted and quenched to form the fusion crusts under atmospheric
pressures. Simultaneously, the high-pressure phases near the fusion crusts were
transformed to low-pressure polymorphs.

Some authors estimated the thermal history of meteorites during the
atmospheric passage. Sears [4] calculated that the maximum temperatures of a
region of about 300 pm distant from fusion crusts are 600-1500°C. Yabuki [5]
estimated that an area of 300 ym inwards distant from fusion crust becomes 1400°C
after 5 seconds, assuming that the fusion crust melted at 1600°C. On the other hand,
aerodynamic heating was estimated to last for only several seconds [5, 6]. It is,
therefore, probable that even at regions near fusion crusts, the high temperature
conditions lasted only for a short time, possibly less than several seconds. The
distribution of the low-pressure phase assemblage near the fusion crusts studied here
shows that high-pressure polymorphs of silicate phases would quickly transform back
to their low-pressure phases at high-temperatures, under atmospheric pressures in
very short time. The vein regions, more than ~300 um distant from the fusion crust,
should not have been heated up to several hundreds degrees, and high-pressure
phases completely survived during the atmospheric passage.

The result obtained here is significant for the estimation of P-T history of shock
veins encountered in chondrites. The high-pressure phases in the veins must have
crystallized under high-pressures and temperatures [e.g., 1-3]. However, post-shock
temperatures were extremely low thus leading to the survival of the high-pressure
phases.

References: [1] Chen, M. et al. (1996) Science 271, 1570-1573. [2] Gillet P. et al
(2000) Science 287, 1633-1636. [3] Tomioka, N. et al. (1997) Science 277, 1084-1086.
[4] Sears D.W. (1975) Modern Geology 5, 155-164. [5] Yabuki H. (1975) J. Fac. Sci.
Hokkaido Univ., 18, 85-104. [6] McCrosky R.E. et al. (1971) JGR 76, 4090-4108.



Infrared spectra of pre-solar carbide grains

Yuki Kimura, Chihiro Kaito
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Carbide core (SiC, TiC, ZrC etc.)-carbon mantle grains have been produced by
noble gas evaporation methods. The size of the carbide core has the same size of
pre-solar grains. The infrared spectra of several collected grains were determined.
The absorption peak of jB-SiC core-carbon mantle grains, TiC core-carbon mantle
grains and ZrC grains were 11.3 u m strong feature, 9.5 and 12.5 u m broad
feature and 9.4 u m broad feature, respectively.

Metal carbides in meteorites (Si, Ti, Mo and Zr) were identified by transmission
electron microscopy (TEM) (Bernatowicz et al., 1991; Bernatowicz et al., 1992;
Bernatowicz et al., 1996). Moreover, metal carbides are indeed expected to form in
the winds of carbon-rich asymptotic giant branch (AGB) stars (Cherchneff and Cau,
1999; Lodders and Fegley, 1997). Infrared spectra from carbon rich star have several
absorption peaks due to metallic carbide grains. The origins of absorption peaks
were proposed on the basis of laboratory studies. However, the origins of absorption
peaks were not correctly identified with the structure of grains. The origin of 11 u
m absorption due to SiC was not clarified with the relation of poly-types. The
absorption due to TiC and ZrC grains were hardly seen as the laboratory data.
Laboratory production of the grains on these refractory materials was difficult. An
important factor for determination of absorption feature is size, shape and structure
of the grain.

Metallic, oxide and sulfide grains by the smoke method have been studied on the
basis of TEM. The growth mechanism of these particles has been elucidated in a
series of experiments (Kaito, 1978; Kaito, 1981; Kaito, 1984; Kaito, 1985). Even with
the gas evaporation method, refractory material such as carbide is difficult to obtain.
In previous study, we succeeded in the formation of titanium carbide grains of the
order of 50 nm by advanced gas evaporation method (AGEM) (Kimura and Kaito,
submitted). By this method, several metallic carbide grains can be produced.
Therefore, we have started to obtain the characteristic data of carbide grains in
laboratory experiments.

The specimens were examined using a Hitachi H-7100R electron microscope.



High-resolution electron microscopy (HREM) images were obtained using a Hitachi
H-9000NAR electron microscope. The infrared spectra of the samples embedded in
KBr pellets were measured with a Fourier-transform infrared spectrometer (Horiba
Inc. FT210). The wavelength resolution was 2 cm'l.

Figure 1 shows a typical electron microscopy (EM) image and corresponding
electron diffraction (ED) pattern of the collected specimen obtained by simultaneous
evaporation of zirconium and carbon. The ED pattern shows the formation of ZrC
particles. The size of ZrC grains determined from an electron microscopy (EM)
image is 5 nm. Figure 2 shows the infrared spectrum of the collected ZrC grains
embedded in KBr pellets. The absorption peak of spectrum has a broad feature at
94 um.

The correlation of the structure, size and absorption peak of SiC, TiC and ZrC by
the same experiment were shown in table 1. 11.3 x m absorption peak of j-SiC
was very strong. On the other hand, absorption peaks of TiC and ZrC were weak.
This shows the infrared absorption of NaCl-type structure were weaker than any
other structure as is discussed on the mixture film of MgO and SiO (N. Suzuki et al.,
2000).

Table 1. Correlation of the structure, size and absorption peak

Grain Structure Size Absorption Peak
B -SiC Zinc-blende 50 nm 11.3 zm

TiC NaCl-type 50 nm 9.5,12.5 um
ZrC NaCl-type 5 nm 94 pm
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Fig. 1. Typical EM image and ED pattern of the collected ZrC grains.
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The SIMS U-Th-Pb measurement of phosphates
in shocked ordinary chondrites

N. T. KITA', M. KIMURA?, S.TOGASHI' and Y. MORISHITA'

'Institute of Geoscience, Geological Survey of Japan, AIST, Tsukuba 305-8567, Japan.
*Ibaraki University, Mito 310-8512. Japan

Introduction

The secondary ion mass spectrometer (SIMS) has been extensively applied to the zircon U-
Pb age determinations for terrestrial and meteoritic samples. Recent attempts were also made to
phosphate minerals in terrestrial and meteoritic samples (Kita et al., 1997; Sano et al., 1999).
In equilibrated ordinary chondrites, two types of phosphates, apatite [Cas(PO4);(CLF)] and
whitlockite [(Ca,Mg.Na,)3(POy),], are found as large as 100 pm size. As apatites in
equilibrated ordinary chondrites are enriched in U (a few ppm), it is possible to determine a
model *"’Pb/**Pb age of a 4.5 Ga chondritic apatite with the precision better than 20 Ma, by
using the 25pm diameter primary ion beam,

In this study, we apply the SIMS U-Th-Pb analysis to phosphate minerals from shock
melted chondrites. The young shock metamorphism ages were obtained by using Ar-Ar
methods from various chondritic meteorites (Bogard, 1995). The Ar degassing age of L
chondrites show the peak at 0.5 Ga, indicating the extensive impact event that could destroy the
L. chondrite parent body. The Rb-Sr ages of 1.2 Ga are obtained from heavily shocked LL
chondrites (Okano et al., 1990). The number of shocked H chondites are much smaller than L
and LL and their Ar-Ar ages are variable (0.3 Ga — 4 Ga). possibly because of incomplete
degassing of radiogenic Ar (Grier et al., 1997). Therefore. it is interesting to see if there is are
differences in U-Th-Pb systems among phosphates from shocked H. L. and LL chondrites,
depending on the nature of the shock metamorphism.

Samples

Three Antarctic shock-melted chondrites, Y790746 (H). Y790480 (L), Y790964 (LL), are
used for the SIMS analyses. Among them, the 1.2 Ga Rb-Sr age was obtained from Y790964 (LL)
(Okano et al., 1990). The Y790746 (H) contains unmelted H6 clast (Kimura et al., 1999).
Phosphate grains in the shocked L and LL chondrites are mostly whitlockite with grain sizes 10-30
um. For the shocked H chondrite, we observed phosphate grains inside of and surrounding the H6
unmelted clasts. They contain both apatite and whitlockite with grain sizes up to 100um.

SIMS analyses

The IMS-1270 at Geological Survey of Japan was used for the SIMS analyses. The
analytical parameters are shown in Table 1. We used the 12um primary ion. because of small
grain sizes. In order to calibrate U/Pb and Th/Pb relative sensitivity. we used the Guarena
meteorite (unshocked H6) with known concordant 4.50 Ga U-Pb age. A single measurement
was done as a set of 80 cycles of measuring ions ['°Ca,PO, (matrix) - **Pb" - 204.2
(background) - **Pb" - 27Pb" - 2®pp’ . 22Th" - 28y” - 2 THO" - B*UO"], which takes 2 hours.
Repeated analyses of Guarena apatites showed the constant **Pb intensity of 20 cps/nA. By
assuming the U concentration of Guarena apatite to be 2-3 ppm, (Crozaz et al., 1989; Gopel et
al., 1994), the sensitivity of Pb is estimated to be 7-10 cps/nA/ppm, which is similar to the



condition of the zircon analysis using the same instrument. The SIMS results of Guarena
apatites on the Pb-Pb isochron diagram well reproduce the literature data obtained for a
phosphate separate of the same meteorite by using the conventional TIMS technique (Gdpel et
al., 1994).

Table 1. Typical condition of Guarena apatite e . . .
25um

Primary Ion 0.5-1.0 nA, Oy s
Mass Resolution 4,500

2%pp Secondary Ions  10-20 cps

2%pp Secondary lons < 0.02 cps

Detector Background  ~0.003 cps (M=204.2)
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.’_ﬂ?Pbl‘,]ﬂbph

0.60

12 pm data (10 ponts) |
T=4497+ 13 Ma

0.58

Fig. 1. Pb-Pb age of Guarena apatites. Data obtained
using 25um beam sizes are from Kita unpublished data.
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The U and Th concentrations of phosphates
in shocked chondrites are shown in Fig.2. U A y
Apatites and whitlockites in Y790746 (H) 10 | 3
showed enrichments of U and Th similar to the Whitlockite 7 1
Guarena H6 chondrite, while U and Th in P %
whitlockites of shocked L and LL chondrites are H—j?%,
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concentrations. Both low Th concentrations i
and low Th/U ratios in shocked L and LL i —éfr
whitlockites might be a result of rapid 1

Th ppm

crystallization after the shock melting, hence the OTE bulk

equilibrium trace element distribution was not : .® LL

achieved. Because of the low Th and U o & waina o coiva

concentrations, meaningful U-Th-Pb isotopic 0.01 0.1 !

data were not obtained for Y790480 (L) and U pom

Y790964 (LL). Fig. 2. Concentrations of U and Th in
The apatites and whitlockites from Y790746 phosphates in shocked chondrites.

(H) showed the old 4.5 Ga Pb-Pb age (Fig. 3a. Crossed symbols are those from the

3b). However, the Tera and Wasserburg U-Pb Guarena unshoecked H6 chondrite.

Concordia diagram of apatites in Fig. 3c

indicates a recent radiogenic Pb loss, except for

an apatite in the unmelted clast. The upper limit of the lower intercept age is 0.8 Ga. The
whitlockite data in Pb-Pb isochron diagram (Fig. 3a) do not show radiogenic Pb isotopic
compositions and rather similar to the present bulk chondrite composition, indicating that the Pb
isotopes in whitlockites were nearly completely redistributed at the time of shock melting.
Because of high Th concentrations in whitlockites, we examined the 227 2%py isotopic system
by using the inverse isochron diagram. Assuming the initial 2%pp/2"Pb ratios between
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Fig. 3 The U-Th-Pb isotopic systems of phosphates in Y790746 shocked H chondite.

primordial CDT Pb compositions and modern terrestrial compositions, the Th-Pb age of ~0.24
Ga is obtained (Fig. 3d).

The present result indicated that the behaviors of Pb isotopes in two phosphates are different
for shock metamorphism; radiogenic Pb in whitlockites are more easily redistributed than
apatites. It is not clear if the difference is caused by the crystallization processes of the
phosphate minerals, or due to the different self-diffusion rates of Pb in these minerals.

Bogard et al. (1995) noted that there may be multiple impact events on chondrite parent
bodies at at 0.3, 0.6, and 1.2 Ga. The present whitlockite Th-Pb age of < 0.3 Ga from Y790746
(H) may correspond to one of the latest major shock event on the H chondrite parent body.
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Introduction: Although many basaltic shergottites have been recently found in north African deserts,
QUE94201 basaltic shergottite (QUE) is still important because of its particular mineralogical and
petrological features. This meteorite is thought to represent its parent melt composition [1-3] and to crystallize
under most reduced condition in this group [1,4]. We performed experimental study by using the synthetic
glass that has the same composition as the bulk of QUE. After homogenization for 48 hours at 1300°C,
isothermal and cooling experiments were done under various conditions (e.g. temperature, cooling rates, and
redox states). Our goals are (1) to verify that QUE really represents its parent melt composition, (2) to
estimate a cooling rate of this meteorite, (3) to clarify the crystallization sequences of present minerals, and
(4) to verify that this meteorite really crystallized under reduced condition.

Isothermal experiments under IW+1: Fig. 1 shows

the pyroxene composition that crystallized at various CaMg cal-:znusga,am
temperatures. Pyroxene composition shows good 41165C
agreements with the zoning pattern of pyroxene in %EEE

natural QUE. Especially, the core compositions of f 1 stime
synthetic pyroxenes are close to those of QUE. ) . "N

Furthermore, minor elements (Al and Ti) are similar T

to QUE, but quite different from Shergotty and

Zagami. These results indicate that the bulk Mg Fe
composition of QUE is nearly identical to its parent Fig. 1. Pyroxene composition from isothermal
magma composition. Further discussion is secen in experiments under IW+1.

the abstract by McKay et al. [5] somewhere in the

same volume,

Cooling experiments under IW+1: Cooling experiments
were done at cooling rates of 20, 10, 5, 1, 0.7, and 0.5’C/hr
from just above the liquidus temperature (1175°C) to 900°C.
Fig.2 is the BSE image of pyroxene from the 0.5°C/hr
cooling experiment. As this image shows, the simple
single-cooling process could reproduce the same zoning
pattern that can be seen in natural QUE pyroxene, that is
Mg-rich pigeonite core, mantled augite, and Fe-rich
pigeonite rim. Fig. 3 shows pyroxene quadrilaterals of
pyroxenes from 5 °C /hr and 0.5 °C/hr cooling experiments
quenched at 900 °C, along with natural QUE pyroxene
composition.  Although both experiments have similar
zoning sequence to that in natural QUE, the synthetic

pyroxene from the 0.5 °C/hr cooling have the better 4 —
. . . R . Fig. 2. Ca and Fe maps of the run product from
matches with natural QUE in the absence of Ca-Fe-rich

: : 0.5°C/hr cooling experiment under IW+1.
pyroxenc. Also, Al and Ti contents of pyroxenes become



smaller in slower cooling rate experiments, and both contents in the QUE pyroxene is slightly lower than our
slowest cooling rate, 0.5°C/hr. By these reasons, QUE crystallized at the cooling rate between 0.5°C/day [2]
and 0.5°C/hr. We also performed 0.5°C/hr and 1°C/hr cooling experiments were quenched at various
temperatures. Fig. 4 shows the major elemental composition from 0.5°C/hr cooling runs. It is noted that
plagioclase started to crystallize between 1090°C and 1085°C. Run products quenched above 1090°C, which
are experiments without plagioclase, have only Mg-rich pigeonite and augite. In contrast, experiments with

plagioclase have Fe-rich pyroxenes. Fig 5 is the Al/Ti ratio of these experiments. Experiments with
plagioclase have some plots in the area between the lines of 4/1 and 2/1 although all plots derived from
experiments without plagioclase stay above the 4/1 line. These results show that the onset of plagioclase

crystallization has the relation to the compositional change from Mg-rich to Fe-rich in pyroxenes, and to the

abrupt change of Al/Ti ratio. Fig. 6 clearly shows
these relations. The Mg/Fe and Al/Ti ratios of
pyroxene adjacent to the plagioclase are less or
equal to those of the pyroxene core.

Effect of oxygen fugacity: To compare the effects
of oxygen fugacity, some isothermal experiments
were done under various oxygen fugacities at 1150
°C and 1160 °C. Phase assemblage from these
(Table 1) show that
crystallized in all runs at QFM-2.0 and above at
1150°C. Also, under QFM-2.0, pyroxene coexists
with olivine, and under IW+1, only pyroxene
crystallized at 1150 °C. Therefore QUE seems to
have crystallized under IW+1 or more reduced

experiments olivine

condition because QUE has no olivine except
fayalite as late-stage phase and this result is
consistent with [1] and [4]. Cooling run was also
done under QFM. This run product contains
plagioclase, and

olivine, pyroxene,

minerals. Olivine zoned from Fa,;; to Fas and

opaque

pyroxene is also zoned. Pyroxene compositions
from this experiment are quite different from those
of QUE and synthetic pyroxene that crystallized
under reduced condition (Fig. 8). They are closer
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to those of nakhlites, although the contents of minor elements are different (e.g. Al content of synthetic

pyroxene from this cooling experiment is higher than those of nakhlites pyroxene.

Conclusion: According to these series of crystallization
experiments, we have obtained the following conclusions. (1) The
bulk composition of QUE is the same or very close to the
composition of its parent melt. (2) Simple single-cooling history
could reproduce the zoning pattern that is seen in natural QUE. (3)
Slower cooling than 0.5°C/hr would produce more similar analogue
of QUE in texture and chemical composition. Furthermore, by the
contents of minor element of synthetic pyroxene from cooling
experiments, QUE is thought to have cooled slower than 0.5°C/hr.
(4) Plagioclase began to crystallize after the end of Mg-rich
pyroxene crystallization, and at the same time of Fe-rich pigeonite
rim crystallization. (5) The abrupt change of Al/Ti ratio of pyroxene
can serve as a good marker of the onset of plagioclase
crystallization. (6) QUE crystallized under the IW+1 or more
reduced condition because olivine crystallized from the bulk
composition of QUE under oxidized condition although natural
QUE does not contain olivine. (7) Pyroxene from the cooling

experiment under QFM is augite that is different from those of QUE,

and is similar to nakhlites pyroxene in major element composition.
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Fig. 6. (a) Fe/lMg and (b) Al/Ti maps of
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Table 1. Phase assemblages under varions fO. at CaMg
1050"C and 1060 "C.

log fO, 1150°C 1160"C

QFM Glass, Olivine, Spinel  Glass

QFM-0.5 Glass, Olivine, Spinel — Glass
QFM-1.0 Glass, Olivine, Spinel  Glass
QFM-1.5 Glass, Olivine, Spinel  Glass

b Y
e QUE94201

'/ Synthetic

QFM-2.0 Glass, Olivine Glass,

Pyroxene, Spinel Pyroxene
IW+1.0 Glass, Pyroxene Glass, Mg
(QFM-2.5) Pvroxene

Fe

Olivine

Fig. 7. Pyroxene quadrilateral of pyroxene from 1°Clhr cooling

experiments under QFM quenched at 950 “C.



THE YAMATO NAKHLITE CONSORTIUM. Hideyasu Kojima', Noboru Nakamura’,
Naoya Imae' and Keiji Misawa', 'Antarctic Meteorite Research Center, National Institute of
Polar Research, Tokyo 173-8515 (misawa@nipr.ac.jp), ‘Department of Earth & Planetary
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Introduction The Wintering Party of the 4lst Japanese Antarctic Research Expedition
conducted a meteorite search in the bare ice field around the Yamato Mountain area, Antarctica.
Among 3550 meteorite samples found, Yamato 000593 (hereafter Y000593) and Y000749 are
identified as nakhlites [3,4]. Y000593 is 13.7 kg in weight and the largest achondritic sample
recovered in Antarctica. Recently a small 22-gram meteorite Y000802 was identified by one
of the authors (H. K.) as the third Yamato nakhlite. About half of the Y000802 surface is
covered with fusion crust. These three meteorites were collected in a small area [1], within a
few km®, in the northwest part of the JARE IV Nunataks, suggesting they are paired. Up to the
present a total of 7 nakhlites (Nakhla, Lafayette, Governador Valadares, NWA817 [5], and three
Yamato) have been identified. The ejection ages of nakhlites, including Y000593 and Y000749,
and the dunite Chassigny are ~10 Myr and are the same within experimental errors [4-7],
suggesting that the all nakhlites and Chassigny were ejected from Mars in a single impact
cratering event [8].

After the announcement of these new nakhlites from Antarctica [3,4], more than twenty
sample requests for investigation were received. At a meeting held on 19 March 2002 the
Committee of Antarctic Meteorite Research recognized the need for a coordinated consortium
study of Yamato nakhlites and approved H. K. and N. N. to lead this consortium.

Curatorial processing of Yamato nakhlites Two 2 gram-sized fragment samples, Y000593,64
(2.180 gram) and Y000749,47 (2.014 gram), were used for wet chemical analysis (H. Haramura,
NIPR). Even before the consortium commenced, Y000749,40, a mass of 205 mg, was allocated
to R. Okazaki (Univ. Tokyo) for noble gas study that confirmed Y000749 is a nakhlite. In
addition to this sample, K. Nagao (Univ. Tokyo) received a 506 mg sample (Y000593,65) for
rare gas geochemistry. After the identification of these nakhlites, two 90 mg-sized samples
(Y000593,70 and Y000749,70) were allocated to R. Clayton (Univ. Chicago) for measurements
of oxygen isotopes.

Initial sample processing for the consortium took place in the Antarctic Meteorite Research
Center at NIPR, using stainless steel tools. Most samples were sent to investigators in April
2002. After initial processing, a homogenized powder-sample weighing about 15 gram was
prepared by N. L. and K. M. (NIPR) from six of the 2- to 3-gram-sized chips of Y000593,40-45.
Using 200 mg-sized aliquots (Y000593,40,1, 41,1, 42,1, 43,1, 44,1, 45,1), M. Ebihara (Tokyo
Metropolitan Univ.) is now investigating heterogeneities of the powdered samples by INAA.
For bulk analysis we will distribute this sample upon request.

A mass of 4.9 gram (Y000593,54) was allocated to M. Grady’s group for a consortium of
UK scientists. The samples will be used for mineralogy and petrology (M. Grady, NHM,
London), for noble gas chemistry and IPL19%e FK-*Ar, and **Ar-*Ar dating (G. Tumer, Univ.
Manchester), and for light element geochemistry and oxygen isotope compositions (C. Pillinger,
Open Univ.). Two large fragments Y000593,66 (1.211 gram) and Y000749,46 (3.663 gram)
were allocated to M. Ebihara for nondestructive prompt gamma-ray analysis (PGA). An offcut
(Y000593,00-01) was allocated to A. El Goresy (MPI, Mainz) to make polished thin sections
(PTS) to estimate the temperature-fO, conditions of nakhlites using Fe-Ti partitioning between
titanomagnetite and ilmenite. T. Mikouchi (Univ. Tokyo) received a 439-mg sample
(Y000593,88) for TEM study of augite and symplectite in olivine. T. Hiroi (Brown Univ.) and
M. Miyamoto (Univ. Tokyo) received 62-mg (Y000593,90) and 651-mg (Y000593,86) samples,
respectively, for reflectance spectroscopy. N. Imae (NIPR) received Y000593,57 and ,58 (3.171
gram and 0.796 gram, respectively) and Y000749,49 (1.190 gram) to investigate absorbance



spectra of OH using FTIR spectroscopy. A 4.256-gram fragment (Y000592,55) was allocated to
N. Nakamura (Kobe Univ.) for the *'Rb-**Sr, 'Sm-'"**Nd (including “’Nd) and Pb isotope
systematics, chlorine isotopic compositions, and lithophile trace elements by TIMS. G. Dreibus
(MPI, Mainz) received a 1.371-gram sample (Y000593.81) for the *'Rb-*Sr, 'YSm-'*Nd
(including 'Nd) and Pb isotope systematics along with for the determination of trace element
abundances with INAA. The NASA-JSC group led by L. Nyquist received a 2.265 gram
fragment. With JSC personnel D. Bogard and C.-Y. Shi (Lockheed-Martin) he will determine
crystallization age by *Rb-*Sr, 'Sm-'"Nd and “Ar-*"Ar, trapped noble gases, mantle
differentiated age by 16Sm-"*Nd and "’Nb-"Zr systems, neutron capture age by S m-"Sm.
Two chips (Y000593,87 and Y000749,52) weighing 487 mg and 616 mg, respectively, were
allocated to P. Warren (UCLA) for study of bulk compositions especially siderophile element
abundances using INAA and RNAA as clues to Martian core/mantle differentiation. K. Marti
(UCSD) received Y000593,85 (685 mg) and Y000749,51 (462 mg) for identification of fission,
spallation, and indigenous components of nitrogen, argon, and xenon in the source region of
nakhlites. An interior chip, Y000593,84 (796 mg), and six samples of near surface material
(Y000593,90-95) of a total weight of 911 mg were allocated to S. Murty (Phys. Res. Lab.,
Ahmedabad) to investigate cosmic ray exposure ages (CRE) and trapped noble gas and nitrogen
components. In order to study in detail the solar cosmic ray effects and pre-atmospheric sizes of
Yamato nakhlites using Ca, 3{’Cl, 26A[, lOBc, and **Mn, K. Nishiizumi (Space Sci. Lab., UCB)
was allocated a 1.172 gram-sized interior sample (Y000593,59) and a 1.060 gram-sized exterior
sample (Y000593,60) and a 996 mg-sized Y000749,50 chip. He split the allocated samples and
sent aliquots of chips to A. Jull (NSF Arizona AMS Lab. Arizona Univ.) for '*C measurement. H.
Hidaka (Hiroshima Univ.) will be allocated a 227 mg-sized sample (Y000593,69) to study
neutron capture effects on Sm and Gd isotopes by TIMS. G. Herzog (Rutgers Univ.) will
receive interior and fusion crust samples of Y000593 and Y000749 to study CRE by measuring
nuclides *°Cl, *°Al, '"Be, and “Mn using AMS. In order to study magnetic properties of
nakhlites, M. Funaki (NIPR) received Y000593,71 (871 mg) and Y000593,72 (716 mg).

Apart from the earlier investigation for initial classification, PTS were produced for the
Yamato nakhlite consortium, from four separate parent chips (Y000593,62, Y000593,63,
Y000593,67, Y000593,68) and from one separate parent chip (Y000749,5) (see Table 1). Indeed,
we will produce PTS using the samples allocated for PGA (Y000593,66 and Y000749,46). The
PTS has not yet been prepared for YO00802. Thus far, PTS have been loaned to C. Goodrich
(Univ. Hawaii), Y. Ikeda (Ibaraki Univ.), N. Imae (NIPR), T. McCoy (USNM), T. Mikouchi
(Univ. Tokyo), N. Nakamura (Kobe Univ.), K. Terada (Hiroshima Univ.), M. Wadhwa (FMNH),
and P. Warren (UCLA) for analysis of mineralogy and petrology. Four PTS, Y000593,62-1,
Y000749,5-4 (both loaned to K. Terada), Y000593,63-5, and Y000749.5-5 (both loaned to M.
Wadhwa) will be used for ion microprobe analysis.

REFERENCES: [1] Imae, N. er al. (2001) Antarct. Meteorites XXVI, 44-46. [2] Imae, N. &
Iwata, N. (2001) MAPS 36, A86. [3] Meteorite Newsletter 10, No. 2. (2001) NIPR. [4] Imae, N.
et al. (2002) LPSC XXXIII #1438 (CD-ROM). [5] Marty, B. et al. (2001) MAPS 36, A122-
A123. [6] Okazaki, R. et al. (2002) this volume. [7] Nyquist, L.E. et al. (2001) Chronology and
Evolution of Mars 96, 105-164. Kluwer Academic Publishers. [8] Warren, PH. (1994) Icarus
111, 338-363.



Table 1.

Distribution of samples for the Yamato nakhlite consortium, including PTS samples.

Yamato 000593 (13.713 kg)

subnumber weight investigator institution type of investigation
(gram)
40 2.447 bulk chemistry (powdered)
41 3.591 bulk chemistry (powdered)
42 2.000 bulk chemistry (powdered)
43 2.591 bulk chemistry (powdered)
44 2.109 bulk chemistry (powdered)
45 2.577 bulk chemistry (powdered)
54 4,922 Grady, M. NHM, London UK consortium
55 4.256 Nakamura, N. Kobe Univ. chronology & chemistry
56 2.256 Nyquist, L. NASA-ISC chronology
57 3.171 Imae, N. NIPR FTIR
58 0.796 Imae, N. NIPR FTIR
59 1.172 Nishiizumi, K. Space Sci. Lab., UCB CRE
60 1.060 Nishiizumi, K. ~ Space Sci. Lab., UCB CRE
61 0.607 PTS
62 2.248 PTS
63 1.884 PTS
64 2.180 PTS
65 0.506 Nagao, K. Univ. Tokyo rare gas
66 1.212 M. Ebihara  Tokyo Metropolitan Univ. PGA
67 1.011 PTS
68 2.230 PTS
69 0.227 Hidaka, H. Hiroshima Univ. neutron exposure effects
70 0.093 Clayton. R. Univ. Chicago oxygen isotope
71 0.871 Funaki, M. NIPR rock magnetism
72 0.716 Funaki, M. NIPR rock magnetism
81 1.371 Dreibus, G MPI, Mainz chemistry & chronology
84 0.796 Murty, S.  Phys. Res. Lab., Ahmedabad CRE, noble gas & nitrogen isotope
85 0.685 Marti, K. ucsb nitrogen, argon & xenon isotopes
86 0.651 Miyamoto, M. Univ. Tokyo reflectance spectroscopy
87 0.487 Warren, P. UCLA INAA & RNAA
88 0.493 Mikouchi, T. Univ. Tokyo TEM
90 0.062 Hiroi, T. Brown Univ. reflectance spectroscopy
91 0.086 Murty, S.  Phys. Res. Lab., Ahmedabad CRE, noble gas & nitrogen isotope
92 0.156 Murty, S.  Phys. Res. Lab., Ahmedabad CRE, noble gas & nitrogen isotope
93 0.127 Murty, S.  Phys. Res. Lab., Ahmedabad CRE, noble gas & nitrogen isotope
94 0.258 Murty, S.  Phys. Res. Lab., Ahmedabad CRE, noble gas & nitrogen isotope
95 0.222 Murty, 8. Phys. Res. Lab., Ahmedabad CRE, noble gas & nitrogen isotope
00-01 offcut El Goresy, A. MPI, Mainz temperature & oxygen fugacity

PTS; Y000593,61-1 & ,67-1: Imae, N. (NIPR), Y000593,62-1: Terada, K. (Hiroshima Univ.), Y000593,62-2: Goodrich, C. (Univ.
Hawaii), Y000593,62-3 ,62-6 & ,68-1: Mikouchi, T. (Univ. Tokyo), Y000593,62-4: McCoy, T. (USNM), Y000593,63-1: Warren, P.
(UCLA), Y000593,63-2: Tkeda, Y. (Ibaraki Univ.), Y000593,63-4 & ,63-6: Nakamura, N. (Kobe Univ.), Y000593,63-5: Wadhwa, M.

(FMNH).

Yamato 000749 (1.283 kg)

Subnumber weight investigator institution type of investigation
(gram)
1 1.415 PTS
5 5.401 PTS
40 0.205 Okazaki, R. Univ. Tokyo rare gas
46 3.663 Ebihara, M.  Tokyo Metropolitan Univ. PGA
47 2.014 PTS
48 1.048 Dreibus, G. MPI, Mainz chemistry & chronology
49 1.190 Imae, N. NIPR FTIR
50 0.996 Nishiizumi, K. Space Sci. Lab., UCB CRE
51 0.462 Marti, K. UCSD nitrogen, argon & xenon isotopes
52 0.616 Warren, P. UCLA INAA & RNAA
70 0.090 Clayton, R. Univ. Chicago oxygen isotope

PTS; Y000749,1-1: Imae, N. (NIPR), Y000749,1-3: Tkeda, Y. (Ibaraki Univ.), Y000749,5-1: Goodrich, C. (Univ. Hawaii),
Y000749,5-2: Warren, P. (UCLA), Y000749,5-3: McCoy, T. (USNM), Y000749,5-4: Terada, K. (Hiroshima Univ.), Y000749,5-5:

Wadhwa, M. (FMNH).



CRYSTALLIZATION EXPERIMENTS OF OLIVINE AND ANORTHITE MIXTURES: CLUE
TO UNDERSTANDING THE TEXTURAL RELATIONSHIPS AMONG OLIVINE,
AL-DIOPSIDE AND ANORTHITE IN AMOEBOID OLIVINE AGGREGATES.
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'Dept. of Earth and Planetary Science, Graduate School of Science, University of Tokyo.
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Introduction
Amoeboid olivine aggregates (AOAs) from the CV chondrites Efremovka. Leoville, Vigarano, and Allende are
irregularly-shaped objects, up to 5 mm in size, composed of forsteritic olivine and a refractory, Ca. Al-rich component. The
AOAs are depleted in moderately volatile elements (Mn, Cr, Na, K), FeNi-metal and sulfides and contain no low-Ca pyroxene.
The refractory component consists of fine-grained Ca,Al-rich inclusions (CAls) composed of Al-diopside, anorthite (An, ), and
magnesium-rich spinel or fine-grained intergrowths of these minerals; secondary nepheline and sodalite are generally very
minor (Allende is the only exception) [1].

The most characteristic feature of the CAls in AOAs in CV chondrites is that anorthite (and spinel in some CAls) core is
surrounded by Al-diopside; the latter overgrows olivine (Fig.1). Although Al-diopside in AOAs is considered to be a
high-temperature condensate [2], no explanation for their variable compositional range in Al,O; and TiO, has been proposed yet.
Bulk compositions of AOAs from CV chondrites plot along a line extending from forsterite toward anorthite on a ternary
diagram AlyO3 — MgySi0O4 — CapSiOy. which is consistent with mineralogy of AOAs [3], implying that olivine and anorthite
is important component for the origin of AOAs. In order to examine the formation process of Al-diopside in AOAs, and textural
and chemical relationships among anorthite, Al-diopside and olivine, we performed heating and crystallization experiments on
mineral mixtures of terrestrial olivine+anorthite and synthetic forsterite tanorthite mixtures.

Experiments

A small chip of synthetic forsterite  (IF0,q), terrestrial olivine (Fog;) and anorthite (Ang) were ground to pass through
37um and 100um sieve. A pellet of about 80 mg of mixed olivine with anorthite and forsterite with anorthite was placed in
Pt-wire and heated to desired temperatures. The samples were held for 3 and 50 hours in a vertical 1-atm Hy/CO, gas-mixing
furnace at constant oxvgen fugacities of log /O, = IW (iron-wilstite) buffer. then air-quenched to below red heat in a few seconds
by pulling the sample support rod out of the furnace. Crystallization experiments have been performed with cooling rate ranging
from10 to 500°C/h. Oxygen fugacity of IW is adopted because carbonaceous chondrites have the intrinsic oxygen fugacity of
logfO, = IW [4]. The samples were made into thin sections for microscopy and measurements of the chemical compositions
using JEOL JXA-8900L and JEOL JSM-73311 microprobes.

Results
Heating experiments of olivine-anorthite mixtures

The results of heating experiments on olivine-anorthite mixtures for 3 hours are shown in Fig. 3. Anorthite starts melting at
the temperature of 1263°C (Figs.2b, ¢). At 1288°C, olivine and anorthite show evidence for partial melting to produce a high-Ca
pyroxene (Fig.2d). The high-Ca pyroxene like phase appears only between olivine and anorthite; its grain size is 2-10 pm in the
<37 pm sample and 5-20 um in <100 pm sample. At 1301°C, anorthite is completely melted (Fig.2e). At 1438°C, most olivine
grains melted extensively, only the relict olivine and the glassy phase are observed (Fig.2f).

High-Ca pyroxene like phase in the sample heated to 1288°C is texturally similar to that in AOAs: it occurs as interstitial
phase between olivine and anorthite (Fig. 1). In contrast to the sharp grain boundaries between anorthite and high-Ca pyroxene
like phase, the grain boundaries between olivine and high-Ca pyroxene like phase are unclear. Sample heated for 50 hours does
not show any difference from the sample heated for 3 hours. It appears that the reaction of olivine and anorthite is completed in
less than 3 hours.

Crystallization experiments of olivine and anorthite mixtures
Fig.4 shows the results of the crystallization experiments on forsterite-anorthite (1:1) mixtures heated at 1313°C under the



IW condition. The experiments were performed in the temperature of incomplete melting because our assumption for heating
AOAs is not extensive. High-Ca pyroxene like phase (cpx-like phase; brightest color) is observed. They are generally
fine-grained, and appear around the anorthite grain boundaries. There is no obvious difference in the cpx-like phase texture in
the cooling range of 50°C-500°C/hour.
Chemical composition

Al-diopside in AOAs from the reduced CV chondrites shows a wide range in compositions (40-50 wt% SiO,, 1-20 wit%
AL O;, 0-7 Wt% TiO,, 9-25 wt% MgO, 17-25 wt% CaO); anorthite is compositionally pure; primary olivine is magnesium-rich
(ferrous olivine rims observed in AOAs from Efremovka and Allende resulted from late-stage thermal metamorphism). Olivine
and anorthite in the experimental charges show no compositional changes after heating experiments. High-Ca pyroxene like
phases in heated samples also show a wide range in compositions, 40-45 wt% SiO5, 10-20 wt% ALO;, 11-30 wt% MgO, 5-16
wi% CaO for the heated and quenched olivine+anorthite sample at 1288°C, 43-48 wi% SiO,. 15-25 wt% ALO;, 13-14 wi%
MgO, 15-17 wi% CaO for the heated and quenched forsterite+anorthite sample at 1288°C, and 43-52 wi% SiO,, 7-25 wit%
ALO;, 10-22 wi% MgO, 16-22 wt% CaO for the heated forsterite+anorthite sample at 1313°C.

Discussion

If the AOASs originate as condensate assemblages, as proposed by [5], their textures pose a problem. The observation that
anorthite is rimmed by Al-diopside, which in tun rimmed by olivine (which is originally supposed to be forsterite) grains. This
is in direct conflict with equilibrium condensation calculations that consistently predict [6] that forsterite should condense prior
to anorthite. If anorthite is not condensation product, but the secondary mineral that replaced primary melilite as suggested by
[7]. it would also runs counter to the observation that spinel is rimmed by anorthite. Because it implies that spinel formed before
melilite in AOA, which is inconsistent with equilibrium condensation calculations that melilite should condense prior to spinel
from a gas of solar composition. The core-rim texture of the spinel + anorthite is also observed in the fine-grained spinel-rich
inclusions (FGIs). MacPherson et al. [8] suggested that spinel in FGIs was replaced largely by anorthite during open system
reactions. The reaction that replacing melilite by Al-rich diopsidic pyroxene and anorthite are also supposed to have took place
at the same time. If the FGIs have experienced such late-stage partial melting and evaporation [8], the question occurs how this
environment affected AOAs. Because it is suggested that AOAs and CAls are formed in similar environments [9], AOAs might
have experienced the same reaction as FGls.

Based on the heating experiments of olivine+anorthite and olivine+melilite mixtures and the mineralogical study of AOAs
in the reduced CV3 chondrites, it is shown the possibility for the formation of Al-diopside from the olivine+anorthite. The
reaction between anorthite and forsterite is consistent with their texture; irregular shape of anorthite and spinel core is not
explained by the simple condensation sequence that would have made more concentric texture. We could not reproduce the
identical texture with olivine-Al-diopside-anorthite of AOAs in the heating experiments, but the high-Ca pyroxene like phase in
the heated samples show the similar texture to that of AOAs; high-Ca pyroxene-phase exists around the anorthite grain
boundaries. Compositional analysis showed that high-Ca pyroxene like phase in heated samples is lower in CaO and SiO, than
Al-diopside in AOAs. Because these experiments were performed in the Ti-free system, the composition would be slightly
different in the Ti-bearing system.

Although more studies will be needed to define a formation process of Al-diopside in AOAs, our examination suggests

that high-Ca pyroxenes in AOAs could have resulted from small degree of melting of olivine and anorthite. Small degree of
melting of AOAs is supported by the presence of rounded FeNi-metal nodules in some of them and their relatively compact
textures.
References: [1] Komatsu M. et al. (2001) Meteoritics & Planet. Sci. 36, 629-641. [2] Grossman L. and Steele 1. M. (1976) GCA,
40, 149-155. [3] Komatsu M. et al. (2002) LPS, XXXIII, CD-ROM#1258 [4] Brett R. and Sato M. (1984) GCA, 48, 111-120. [5]
Grossman L. et al. (1979) GCA, 43, 817-829. [6] Yoneda S. and Grossman L. (1995) GCA, 59, 3413-3444. [7] Hashimoto A.
and Grossman L. (1987) GCA, 51, 1685-1704. [8] MacPherson G. J. et al. (2002) LPS, XXXIII, CD-ROM#1526. [9] Fagan T. et
al. (2002) LPS, XXXIII, CD-ROM#1507.



Fig. 1. BSE image of the AOA in Leoville. ab-Forsteritic olivine is overgrown by Al-diopside. Anorthite fills
interstitial regions between these minerals; tiny spinel grains are present only in anorthite.
ol; olivine, cpx;Al-diopside, an; anorthite, sp; Fe-rich spinel.
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Fig. 2. BSE images of the heated samples (olivine+anorthite) after quenching. The degree of mel

e

ting of olivine and
anorthite increases with increasing heating temperature. ol; olivine, an; anorthite, cpx; high-Ca pyroxene like glass

phase.

Fig. 3. BSE images of the heated samples (forsterite+anorthite) at 1313°C for 3hours, then cooled with various

cooling rates.
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INTRODUCTION

S-type asteroids, majority in asteroids, are
believed to be parent bodies of ordinary chondrites,
which are a large majority in meteorites [1]. Both
S-type asteroids and ordinary chondrites contain the
same mineral assemblage, mainly olivine and
pyroxene. However, the steep reddened spectral
slopes of S-type asteroids are different from those of
ordinary chondrites. Asteroids exhibit more overall
depletion (darkening) and reddening of spectra, and
more weakening of absorption bands relative to
meteorites. This spectral mismatch is explained by
space weathering process, where high-velocity dust
particle impacts should change the optical properties
of the uppermost regolith surface of asteroids.

A recent simulation of space weathering showed
that nanosecond pulse laser irradiation, which is
comparable with a real dust impact, altered olivine
and pyroxene spectra to be darker and redder, and
their absorption bands became weaker relative to
their untreated samples [2]. In the rims of olivine
grains, nanophase metallic iron particles, which
were theoretically predicted [3], were observed by a
transmission electron microscopy [4]. Recently,
nanophase metallic iron particles are considered as

the most essential cause of space weathering.

Although S-type asteroids and ordinary chondrites
should contain much olivine and pyroxene, the
space weathering simulation on mixtures of olivine
and pyroxene has not performed yet, except for the
theoretical modeling [5].

In this study, we describe the spectral changes of
olivine and pyroxene mixtures using nanosecond
pulse laser irradiation and discuss the optical effects
of space weathering with theoretical fitting method.
In addition, we also describe the effects of
nanophase metallic iron particles of laser-irradiated
materials by transmission electron microscopy

(TEM) and electron spin resonance (ESR).

EXPERIMENTAL METHOD

In order to simulate space weathering, we usc a
solid-state Nd-YAG pulse laser beam with pulse
duration of 6-8 nanoseconds, which is comparable
with real dust impacts [2]. We irradiate pellet
samples of olivine and pyroxene mixtures, which
are formed of pulverized particles smaller than 75
After

laser-irradiation, bi-directional reflectance spectra of

micrometers in a vacuum chamber.

samples  were  measured;  spectrum  range

250-2500nm was recorded at every Snm [6]. Finally,

the irradiated samples were observed by TEM, and



ESR signals of the surface of the laser-irradiated
samples were measured by the microwave cavity
method where the spins in the surface depth of 100

micron can be detected nondestructively [7].

FITTING BY END-MEMBER SPECTRA FOR
OLIVINE AND PYROXENE MIXTURES

In this study, we treated several olivine -
pyroxene mixtures; Ol (75wt%) + Px  (25wt%), Ol
(50wt%) + Px (50wt%), Ol (25wt%) + Px (75w1%).
After laser-irradiation, all samples showed the
overall reduction and significant reddening of the
spectra, and more weakening of absorption bands.
To confirm whether the space-weathered spectra can
be reproduced theoretically, we fitted the irradiated
spectra of the olivine-pyroxene mixtures using the
end-member spectra of them by the least-squares
method. As a result, we found that the irradiated
spectra of mixtures can be reproduced by the
end-member spectra (Fig. 1), and the fitting ratios
are not consistent with the real mixing ratio.
Although the real mixing ratio of olivine and
pyroxene is 3:1, 1:1, and 1:3 respectively, the
calculated fitting ratio of pyroxene is larger than that
of olivine. For example, as for the mixture of Ol
(50wW1%) + Py (50wt%), the fitting ratio is 30% for
olivine and 70% for pyroxene. In addition, the
fitting ratios hardly change at any space weathering
degree. Fig. 2 shows the relation between the real
mixing ratio and the fitting ratio with
olivine-pyroxene mixtures. In conclusion, we may
estimate real mineral mixing ratio and weathering
degree of asteroids with the calculated mixing ratio

using end-member spectra.
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Fig. 1 Results of spectral fitting calculations for
olivine (50wt%) + pyroxene (hypersthene) (50wt%)
mixtures. All samples were irradiated one time at

30ml.
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Fig. 2 Relation between the real mixing ratio and the
fiting mixing ratio with olivine + pyroxene

(hypersthene) mixtures.

ESR CONFIRMATION OF NANOPHASE
METALLIC IRON PARTICLES

After laser-irradiations, we also observed the
samples by transmission electron microscopy
(TEM) to discuss the changes of the physical
properties of the space-weathered materials.
Nanophase metallic iron particles were found not
only in laser-irradiated olivine samples, but also in
laser-irradiated pyroxene (enstatite) samples (Fig. 3).
This is the new occurrence of nanophase metallic

iron in pyroxene.



Moreover, we used an electron spin resonance
(ESR) to perform quantitative analysis of nanophase
metallic iron particles. Strong ESR signals, which

derive from nanophase iron particles, are observed

both in irradiated olivine and pyroxene samples (Fig.

4). In addition, ESR intensities increase with the

space weathering degree simulated as laser

irradiation time.

CONCLUSIONS

In order to simulate space weathering by impact
heating of dust particles, we irradiated OI+Px
mixtures using a nanosccond pulse laser. The
irradiated spectra of the mixtures can be predicted
using the end-member spectra of them. The fitting
ratios are not consistent with the real mixing ratios.
Nanophase metallic iron particles were found not
only in irradiated olivine samples, but also found in
irradiated enstatite samples by a TEM. We reported
the first description that the quantities of nanophase
metallic iron particles in the irradiated samples

increase at higher space weathering degree.
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Fig. 3 TEM image of nanophase metallic iron
particles of enstatite grains irradiated by ten-times at
30ml. Numerous iron nanoparticles are included in

an amorphous grain.
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Noble gas characteristics of lunar meteorite Yamato-981031 paired with basaltic-anorthositic breccia
Yamato-793274

S. Lorenzetti and O. Eugster

Physikalisches Institut, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland
(eugster @phim.unibe.ch)

Introduction

Meteorite Yamato-981031 (185.8 g) was collected close to the Minami-Yamato Nunataks and was
classified as a lunar anorthositic breccia. Y-793274 was recovered with high possibility also in this area [1].
This meteorite is a basaltic-anorthositic breccia and chemically very similar to Y-981031 [c. f. 2]. In this
work we studied the noble gas isotopic composition in order to determine the cosmic-ray produced and the
implanted solar components of Y-981031. These data are compared with those obtained earlier for Y-

793274 [3].

Experimental procedure and results

Two bulk samples of Y-981031 of 5.05 mg and 5.10 mg were heated in vacuum in the extraction system at
90°C for several days to remove adsorbed atmospheric gases. He, Ne, and Ar were extracted by
radiofrequency heating in a single step at 1700°C and then analyzed in the mass spectrometer system B. All
details concerning the instrument, analytical procedure, background and blank corrections are described by

[4]. The results are given in Table 1. The analytical errors correspond to 26 mean.

Partitioning of the components

The trapped solar (tr) component and the cosmogenic (¢) component were derived using the following
isotopic ratios: (°Ne/*Ne). = 0.8, (*’Ne/*'Ne). = 0.9, (*°Ne/*'Ne), = 400, (**Ar/**Ar), = 0.65, and
(°Ar/*Ar), = 5.32. The resulting concentrations and isotopic ratios for the cosmogenic and trapped
components are given in Table 2.

Cosmic-ray exposure ages and solar gases

The duration of cosmic-ray exposure (CRE) was calculated based on *'Ne,, **Ar,, and appropriate
production rates. We used the method proposed by Hohenberg et al. [5] for the calculation of the
production rates for lunar surface material at an average shielding depth of 40 g/cm’. We inserted the
chemical abundances given by Kojima [1], analyzed by H. Haramura, and obtained a production rate for
?'Ne (P»;) of 0.115 and a production rate for **Ar (Psg) of 0.110 (units of 10 *cm*STP/g, Ma). The resulting

CRE ages are given in Table 2.

A typical feature of lunar surface material is the fact that the ?INe CRE age (T,;) is lower than the BAr
CRE age (T3g) [3]. We obtain a T»; of 378 Ma and a Tsg of about 682 Ma. Obviously a large fraction of
cosmogenic *'Ne was lost by diffusion out of the meteoritical material, most probably on the Moon. This
*'Ne, loss could be demonstrated to have occurred also for rocks collected at the Apollo missions [c. f. 5].
Therefore, the more reliable CRE age of Y-981031 is that obtained from **Ar. The CRE age of 682+100
Ma is much longer than the typical Moon-Earth transit time for lunar meteorites of < 10 Ma. (c. f. review of
[6]). Thus, the material of Y-981031 must have been exposed to cosmic irradiation as part of the lunar
regolith. This conclusion is supported by the relatively high concentration of trapped solar noble gases. The
ratio ’Ne/*®Ar of the trapped noble gas component is 2.43+0.10, a characteristic value for lunar meteorites
that yield ratios < 9. Solar gas-rich non-lunar meteorites show (*’Ne/*°Ar), ratios of > 12. This abundance
ratio of the solar gases confirms the lunar origin of Y-981031.

Fall-pairing of Y-981031 and Y-793274

Table 2 also gives data for lunar meteorite Y-793274. The concentrations of *’Ne, and the ratio
(**Ne/*Ar), of Y-981031 and Y-793274 are the same within about 20 %. The CRE ages and (*’Ne/*’Ne),
agree within experimental errors. These agreements, together with the observations on mineralogy and
chemistry of the two lunar meteorites, lead to the conclusion that the two stones are pieces of the same

meteorite fall.
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Table 1. Results of He, Ne, and Ar measurements of lunar meteorite Y-981031.

‘He » Ne O Ar ‘He Ne 2 Ne ¥ Ar O Ar

10ecm’STP/ g ‘He *Ne  *'Ne Bar Ay

Bulk 1 100°600  30°900 307500 1941 1263 2047 5.17 2.36
(0.00505g)  + 4500  +1°000  + 900 +60 +0.15 +020 +0.05  +0.03
Bulk 2 146200  41°100 39200 2045  12.63 22.08 5.22 2.34
(0.00510g)  + 5'500  +2°000  +1'400  +20 £0.13  +0.20 +0.05  +0.05

Table 2. Cosmogenic and trapped noble gases as well as cosmic-ray exposure ages from ?'Ne and *Ar of lunar
meteorites Y-981031 and Y-793274.

Cosmogenic Trapped CRE age
2'Ne 38 Ar P Ne 20Ne 20Ne Ty T3
10_acm"'STPa’g 36 Ar 2Ne Ma
Y-981031 424 81 30900 2.40 12.86 (369) 736
Bulk 1 +2.5 + 16 + 17000 +0.15 + 0.60 + 140
Y-981031 44.6 69 41'100 2.45 12.81 (388) 627
bulk 2 + 3.0 + 14 + 2000 +0.15 +0.90 + 130
Y-981031 43.5 75 36’000 2.43 12.84 (378) 682
bulk average + 1.5 + 8 + 6’000 +0.10 + 0.60 + 100
Y-793274 39.3 57.6 28700 2.05 12.7 (340)? 740”
bulk" +25 + 18.0 +1'300  +0.15 +0.2 + 250

1) Ref. [3]; 2) Average values, see Table 6 in [3].



Nitrogen, Ar, and Xe in Martian meteorites: clues to the evolution of interior gas
components.

K. J. Mathew and K. Marti, Department of Chemistry and Biochemistry, University of
California, San Diego, La Jolla, CA 92093-0317, USA.

The nitrogen and noble gas signatures of SNC meteorites provide insights into the
Martian evolution of volatiles (Bogard et al. 2001). Since the chronologies of nakhlites
differ from those of shergottites and ALH84001 (Nyquist et al. 2001) distinct
atmospheric gases may have been acquired providing clues to the evolution of the
Martian atmosphere.

Noble gases in Nakhla apparently suffered elemental fractionation during the
formation of weathering products (Drake et al. 1994), alteration by liquid water on Mars.
On the other and. ALH84001 shows no evidence for alteration by water, but similar
elemental fractionation are observed. which differ from modern Martian atmospheric
gases observed in shergottites. Gilmour et al. (1999, 2001) suggested gas adsorption
followed by shock implantation as the mechanism of incorporating atmospheric gases
into Nakhla and into ALH84001. with distinct shock levels in these two meteorites. The
shock levels are low in Nakhla and high in ALH84001, as also reflected by the
temperature release patterns of the atmospheric gases. Mathew and Marti (2002)
identified Martian atmospheric Xe and nitrogen component in Nakhla that are consistent
with those in impact-melt glasses of shergottites. These authors also identified an
indigenous Xe component. consistent with the solar Xe signature observed in Chassigny
(Chass-S), but modified by a fission Xe component due to 2Hpy. documenting the early
differentiation of Mars and formation of source region of nakhlites. First results of a new
Nakhlite NW817 were earlier presented (Marty et al. 2001) and since no Martian
atmospheric component is observed, the N, Ar, and Xe inventories are revealing
signatures of indigenous Martian gases. A spallation "N and fission Xe components are
observed in the high temperature (>1000°C) steps in both Nakhla and Nakhlite NWA817.
The inferred cosmic ray exposure ages are consistent and agree with that of Chassigny.

In Figure 1 we show the measured '*’Xe/'*?Xe vs. '**Xe/'**Xe ratios in Nakhla
and NWAS8I17. Since mixtures of a Martian atmospheric component and a Chass-S type
interior component (dashed line in Figure 1) cannot explain the data, they demonstrate
the fission component. Fission excesses ~20 times larger than that produced in situ from
38U are required. Figure 2 compares the release systematics of *°Ar, *’Ar, and "**Xe in
Nakhla and NWAS817 and shows that the release systematics of the spallation component
differs not only from the radiogenic. but also from that of the indigenous component,
which allows the calculation of the spallation Xe component by the subtraction method.

We have completed the study of nakhlite NW817 and work on nakhlite
Y000749.,51 is in progress. We expect that results of this analysis will be available at the
meeting.

References: [I] Bogard D. D., Clayton R. N., Marti K., Owen T., and Turner G. (2001) Space Sci. Rev. 96,
425-458. [2] Nyquist L. E., Bogard D. D., Shih C. Y., Greshake A., Stéffler D., and Eugster O. (2001)
Space Sci. Rev. 96, 105-164. (3] Drake M. J., Swindle T. D., Owen T. and Musselwhite D. S. (1994)
Meteoritics 29, 854-859. [3] Mathew K. J. and Marti K. (2001) J. Geophys. Res. (Planets) 106, 1401-1422.
[4] Mathew K. J. and Marti K. (2002) Earth Planet. Sci. Lett. 199, 7-20. [5] Marty B. Marti K. and the
Théodore Monod Consortium (2001) Meteorit. and Planet. Sci. A122. [6] Gilmour J. D., Whitby J. A. and

Turner G. (2001) Geochim. Cosmochim. Acta. 65, 343-354. [7] Gilmour J. D., Whitby J. A. and Turner G.
(1999) Earth Planet. Sci. Leit. 166, 139-147.
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Figure 1. Measured Xe isotopic ratios in Nakhla and nakhlite NWAS17. Expected shifts due to
spallation Xe component are indicated by arrow. The numbers indicate the extraction
temperature (in 100°C). Spallation corrected data of the 800" and 1000°C steps are consistent
with Martian atmospheric Xe.
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MARS METEORITES PROVIDE EVIDENCE FOR A HABITABLE SUBSURFACE
ENVIRONMENT THROUGHOUT MUCH OF MARS HISTORY

David McKay', Kathie Thomas-Keprta®, Susan Wentworth’, Simon Clemett’, and Everett Gibson'.
'NASA Johnson Space Center, Code SA, Houston TX 77058 : *Lockheed-Martin,. Houston TX 77058

Interpretations of Mars Viking and Surveyor orbital images have built a strong case that Mars had
surface water during its past geological history. New neutron spectrometer data from Mars Odyssey show
that poleward of 60 degrees North and 60 degrees South, significant hydrogen, likely as ice or permafrost,
is present in the upper meter or so of the martian regolith. Here we present a summary of independent data
from the Mars meteorites showing that liquid water was likely present in the upper few meters or tens of
meters as early as 3.9GY and continuing throughout most of Mars history. Conclusions from studies of
terrestrial environments are that microbes can live and thrive on earth wherever liquid water and an energy
source exist. The evidence from the Mars meteorites shows that the subsurface environment of Mars was
favorable (by earth microbial standards) for life throughout much or all of the past nearly 4GY.

Currently, 25 martian meteorites are available in collections on Earth. These meteorites have
formation ages ranging from 4.5GY to 165MY. Many if not most of these meteorites also show evidence
for aqueous alteration on Mars. Estimates of rock formation depths and residence depths before ejection
from Mars range from the upper meter to 500 meters or so. All of the meteorites recovered so far are
igneous rocks and would not be expected to contain information on sedimentary or low temperature
processes. Yet, most of these meteorites (including ALH84001)contain cracks and pores that contain
evidence of secondary alteration, weathering, and precipitation from a water phase. This alteration and
precipitation occurred on Mars, but after the original igneous rocks cooled and became fractured. Within
these meteorites the evidence for aqueous alteration includes: abundant weathering and corrosion textures,
and the production of secondary water-precipitated minerals including smectite, carbonate, magnetite,
hematite, Fe-sulfides, halite, Mg and Ca-sulfate, and very thin clay-rich layers deposited in cracks and
pores. Many of these secondary minerals likely formed at relatively low temperatures; all apparently
formed from liquid water. Redox disequilibrium between the primary igneous minerals and the secondary
minerals is common. In general, the secondary minerals are more highly oxidized compared to the primary
igneous minerals. Examples of meteorites showing extensive secondary alteration by water include
ALH84001, Nakhla, and Lafayette. The nakhlitet NWA 817 also contains a hydrous ferrous silicate phase
likely to have formed on Mars (Wadhwa et al., 2001, MAPS V36, 9, pA217). New detailed
microstratigraphy shows that water corrosion of ALH84001 started before the carbonates were precipitated
(3.9GY) and continued after they were formed. Indigenous organic carbon is also present in many Mars
meteorites. Nakhla, for example, has at least 40ppm organic carbon, 75% of which lacks terrestrial '‘C
signature and is therefore from Mars. (Jull et. al., 2000,GCA64, p3763). The carbon isotopic composition
of the indigenous reduced organic component is between —15 and —18%c.

Furthermore, some of these meteorites contain features that can be interpreted as biosignatures.
While some of these potential biosignatures may be derived from fterrestrial processes, most are
demonstrably martian. Such potential biosignatures include minerals such as magnetite and carbonate
which may have been formed by bioassisted precipitation. Other potential biosignatures include
micrometer-size ovoid biomorphs of various composition, ovoid molds, and possibly fossilized biofilms.

Taken together, Mars meteorites are a rich treasure trove of environmental markers from Mars
subsurface regions left by water, chemical reactions, and possibly martian microbial life. All of the
requirements for life were present: liquid water, organic compounds, and a chemical energy source
consisting of redox gradients. It appears that at least some of the martian subsurface has been a hospitable
place for life throughout much of Mars history.



EXPERIMENTAL CRYSTALLIZATION OF SHERGOTTITE QUE 94201: A MARTIAN MAGMA.
G. McKay', E. Koizumi®, T. Mikouchi?, L. Le’ , and C. Schwandt®, 'Mail Code SR, NASA Johnson Space Center, Hous-
ton, TX 77058, USA, Gordon.McKay(@jsc.nasa.gov, *Dept. of Earth and Planetary Science. Univ. of Tokyo, 7-3-1 Hongo, Bun-
kyo-ku, Tokyo 113-0033, Japan, *Lockheed Martin, 2400 Nasa Road 1, Houston, TX 77058, USA

Introduction: QUE 94201 (QUE) is a basaltic sher-
gottite containing subequal amounts of pyroxene and
plagioclase, the latter having been converted to maske-
lynite by shock (Fig. 1) [e.g., 1-3]. Pyroxene occurs as
elongate subhedral to euhedral grains up to several mm
in length. It has extensive and complex zoning (Fig 2).
Typical grains have Mg-rich pigeonite cores mantled
by Mg-rich augite, which is in turn rimmed by Fe-rich
pigeonite that is sometimes rimmed by a thin discon-
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Fig. 2. Ca and Mg/Fe maps of pyroxene grain from
QUE94201. and pyroxene compositions along two traverses
indicated in mans

tinuous layer of hedenbergite. Grains often display
sector zoning and complex interlayering of augite and
pigeonite. This zoning provides a rich record of the
crystallization of this meteorite.

QUIE is particularly important among Martian me-
teorites. Based on the absence of obvious cumulate tex-
tures and on the subequal amounts of pyroxene and
plagioclase, QUE has been interpreted as a crystallized
melt, whereas most other Martian meteorites are en-
riched in cumulus pyroxene [e.g., 1]. If QUE indeed
represents a crystallized magma, it can provide valu-
able clues to magma petrogenesis on Mars. One petro-
graphic feature bearing on this issue is the abrupt
change from pyroxene cores of nearly constant Mg/Fe
to rims with strongly zoned Mg/Fe (Fig 1b). Does this
transition record a change in crystallization environ-
ment (e.g., migration from a magma chamber to a shal-
low depth or eruption into a lava flow, as suggested for
Zagami pyroxenes by [4]), in which case one might
consider the pyroxene cores to be cumulus? Alterna-
tively, is it a natural consequence of regular, continu-
ous cooling?

Another important feature of QUE is that it may be
more reduced than other Martian meteorites. Fe-Ti ox-
ide compositions and the magnitude of Eu anomalies in
QUE plagioclase and pyroxene led [1] and [5] to pro-
pose that QUE formed under lower oxygen fugacities
than other Martian meteorites [e.g., 1,5]. Variation in
oxidation state among the martian meteorites, com-
bined with isotopic systematic isotopic variations, may
have important implications for the redox state of the
martian crust and mantle. Thus it is important to use
multiple means to corroborate the evidence that QUE is
reduced.

We are conducting an experimental study of the
crystallization of a synthetic QUE analog composition.
The goal of this study is to provide information bearing
on the above important issues regarding this sample,
namely (1) did the sample experience a multi-stage
cooling history? (2) did the sample form under more
reducing conditions than other martian meteorites? and
(3) does the sample represent a crystallized melt. This
abstract reports progress in this study since our earlier
reports [6,7,8].

Experiments: We performed several sets of ex-
periments, each with its own purpose. In one set of iso-
thermal crystal growth experiments, pre-homogenized
beads of synthetic starting glass were placed in gas
mixing furnaces at desired T and fO,, held for 48 hours,
then quenched. Most of these experiments were per-
formed at QFM or IW+1 to determine equilibrium
phase relations. In a set of reversal experiments, beads



were held at 1100° to grow pigeonite, augite, and pla-
gioclase, then heated to the desired T and fO, to allow
minerals to dissolve, then quenched. These experi-
ments generally confirmed the phase relations obtained
from the isothermal experiments except for plagioclase.
They will be discussed in detail elsewhere. A third set
of experiments was performed at 'z log unit fO, steps
from QFM to IW+1 at 1150° and 1160°, to determine
the effect of oxygen fugacity on phase relations. Fi-
nally, in a set of cooling experiments, beads were

placed in the furnace at 1175°C, cooled at various rates,

and quenched at various temperatures to “dissect” the
crystallization sequence for each cooling rate. These
experiments were designed to mimic the natural crys-
tallization of QUE to shed light on the issues of
whether it is a melt composition and whether it had a
simple single-stage cooling history.

Results and discussion: Isothermal experiments.
BSE images of quenched isothermal runs are shown in
Fig. 3. The major result from these experiments is at
IW+1, pigeonite is the liquidus phase, as it appears to
be in natural QUE. Augite is the second phase to crys-
tallize, and is followed by plagioclase. The composi-
tion of the liquidus pigeonites closely matches the
composition of the Mg-rich core pigeonite in natural
QUE (Fig. 3). This close match strongly supports the
idea that QUE represents a magma composition rather
than a cumulate like most other basaltic shergottites.

Isothermal Runs |
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Fig. 3. BSE images from 1sothermal runs at 1168°C (pigeonite and
glass). 1100°C (pigeonite, augite. plagioclase. and glass). and
1050°C (pigeomite. augite, plagioclase glass, and Fe-Ti oxides)

Compositions of pyroxenes from these runs are shown in quadri-
lateral. compared with pyroxenes from natural QUE.

As experimental conditions become more oxidizing,
olivine becomes the liquidus phase. The presence of
liquidus olivine in oxidizing experiments and its ab-
sence in reduced experiments, combined with the lack
of olivine in natural QUE, support the proposition that
QUE crystallized under redox conditions near IW+1.
This topic is discussed in much more detail in a com-
panion abstract by Koizumi et al. [9].

Cooling Experiments. Charges from experiments
cooled at 0.5°C/hr at IW+1 and quenched at various

Fig. 4. BSE images of quenched charges from runs with 0.5°C/hr
linear cooling at IW+1. 1100 and 1090° charges contain only glass
and pyroxene. 1080° and 1050° runs contain glass, pyroxene, and
plagioclase 900° run 1s nearly completely crystallized. and contains
pvroxene. plagioclase, silica, Fe-Ti oxides, and mesostasis glass

temperatures are shown in Fig. 4. The systematic de-
crease in the proportion of glass with falling quench
temperature is readily apparent. The porphyritic texture
of the 900° charges closely resembles the texture of
natural QUE (Fig. 1).

Fig. 5 compares zoning patterns of the pyroxene
grain outlined by the white rectangle in the 900° charge
of Fig. 4 with zoning patterns from natural QUE. One
small difference is that the center of the synthetic py-
roxene appears to be augite that is slightly Fe-enriched.
We have observed similar grains in natural QUE, and
believe that they were initially hollow or “hopper”
shaped, and that the hollow portion subsequently filled
in with slightly more evolved pyroxene. Despite this
minor difference, the synthetic and natural pyroxenes

Linear Cooling
0.3°Chr. TW+]

Fig 5 Fe and Ca maps of pyroxene from 900° isothermal run (white
rectangle in Fig. 4) and natural QUE pyroxenes. Scale bars are 20 pm.



show remarkably similar zoning patterns.

Both synthetic and natural pyroxenes have cores
with nearly constant Mg/Fe. The outer margin of these
cores appears to mark the onset of plagioclase crystal-
lization [8,9]. Apparently, plagioclase nucleation initi-
ates a period of fairly rapid growth, with a change in
the growth regime. Before the onset of plagioclase
crystallization, the regime appears to be one in which
the crystals are exposed to large amounts of liquid and
are growing slowly enough that their Mg/Fe ratios do
not change significantly. After plagioclase begins to
crystallize, growth appears to be sufficiently rapid
and/or the amount of liquid available to the growing
pyroxene is small enough so that Fe enrichment begins.
At this point, the AI/Ti ratio in pyroxene also drops
markedly [8.9]. Thus, the onset of plagioclase crystalli-
zation appears to have a profound effect on the compo-
sition of co-crystallizing pyroxene.

Fig. 6 compares the compositions of a large number
of pyroxenes from the 0.5°/hr cooling runs with natural
QUE pyroxenes. This plot illustrates one of the most
important results of our study, namely the remarkable
agreement in composition between the liquidus syn-
thetic pyroxenes and the cores of the natural QUE py-
roxenes. This correspondence constitutes strong evi-
dence that our starting composition (i.e., the QUE bulk
composition) is that of the melt from which the liquidus
pyroxenes in QUE crystallized, without the excess py-

Di
= T
=0.5% per hr
+ QUES94201 |
En

Fig. 6. Compositions of synthetic pyvroxenes from cooling run com-
pared with natural pyroxenes from QUE. Agreement for Mg-rich py-
roxenes 1s remarkable
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Fig. 7. Compositions of synthetic liquidus pyroxenes from Shergotty
crystallization experiments of Stolper & MecSween [10] (circles)
compared with pyroxenes from the natural sample (+).

roxenes that are present in almost all other basaltic
shergottites.

In contrast, synthetic pyroxenes from crystallization
of a completely molten cumulate sample like Shergotty
plot at much higher Mg/Fe than the cores of the cumu-
lus pyroxenes in the sample (Fig. 7). Thus, this result
strongly supports the idea that QUE represents a melt.

Conclusions: (1) The presence of olivine in our more
oxidized runs, together with its absence in the natural sample.
supports the proposition that QUE crystallized under
reducing conditions near IW+1. (2) The similarity of
synthetic and natural samples in textures and zoning
patterns supports a simple single-staged cooling history
for QUE. In particular, the abrupt change from homo-
geneous pyroxene cores to strong Fe/Mg zoning ap-
pears to be a natural consequence of plagioclase crys-
tallization rather than the result of a change in crystalli-
zation environment. (3) The remarkable agreement be-
tween synthetic liquidus pyroxene compositions and
natural QUE core compositions constitutes strong evi-
dence that QUE represents a magma composition with-
out accumulated pyroxene. QUE was a magma. Thus
this unusual sample holds important clues to basalt
petrogenesis on Mars.
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1. Introduction

Nakhlites form an interesting group of Martian
meteorites because of their unique mineralogy and
chemistry [e.g., 1-5]. Nakhlites are cumulus
clinopyroxenites with minor olivine and mesostasis
[e.g., 2-4]. Only three samples (Nakhla, Governador
Valadares, and Lafayette) had been known belonging
to this group until recently, but the fourth sample
(NWAB817) was found from the African desert in
2001 [6-7]. Furthermore, the fifth sample (paired
samples of Y-000593 and Y-000794) was found in
Antarctica by the Japanese Antarctic expedition [8]
and these two discoveries could offer important
informations to better understand the formation
condition of this Martian meteorite group. In this
abstract, we report preliminary mineralogy and
petrology of Y-000593 and compare the results with
other nakhlites.

2. Petrography of Y-000593

We studied two thin sections of Y-000593 (Y-
000593,62-3 and Y-000593,62-6). Y-000593 is
roughly composed of ~85 % augite, 10% olivine, and
5 % mesostasis (Fig. 1). Augite is a euhedral to
subhedral elongated grain whose longer dimension is
up to 1.5 mm long. Polysynthetic twinning is
commonly observed. It is likely that augite is a
cumulus phase like other nakhlites. Olivine grains
are mostly anhedral and interstitial to augite. It
sometimes shows subhedral crystal termination
adjacent to the mesostasis. Small grains of olivines
(~200 um in size) are also found and they are all
interstitial to augite. Some olivines poikilitically
enclose rounded augite grains. Dark lamellar
inclusions are commonly observed in large olivine
grains. Their distributions within olivine grains are
irregular. Olivines are usually altered into brown
colors along fractures. The mesostasis is composed
of radiating spray of plagioclase intergrown with
silica. Plagioclase length reaches up to 200-300 um
although the width is ~20 um. Scattering lath grains
of olivine and augite are also observed. The minor
phases in the mesostasis include Ti-magnetite, Ca

phosphate and Fe sulfide (pyrite?). Ti-magnetite is
up to 300 um in size. The mesostasis also shows
secondary alteration due to the presence of brown
rusty products like olivine.
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Fig. 1. Optical photomicrograph of the Y-000593
thin section. The field of view is ca. 5 mm. Y-
000593 shows a cumulate texture mainly composed
of augite with minor olivine and mesostasis.

3. Mineral Compositions of Y-000593

Augite: Augite has a large homogeneous core of
En,oFs,,Wo,, (Fig. 2). The rims adjacent to the
mesostasis show enrichment of Fe, but the Wo
content is almost uniform except for the 10-20 um
edge. At the boundary with the mesostasis, Fe-rich
augite displays a finger-like texture intruding into the
mesostasis, ALO; is 0.4-0.9 wt% in the core,
increases to 2 wt% at the rim, and then suddenly
drops down to 0.6-1 wt% at the edge. TiO, shows a
similar behavior, 0.1-0.3 wt% in the core and slightly
enriched at the rim (0.5 wt%). At the edge, TiO, is
0.3-0.4 wt%. We have not yet done the FEG-SEM
analysis of the pyroxene rims to observe
microstructures, but the constant En content with
variable Wo content suggests the presence of fine
exsolution lamellae. Low-Ca pyroxene (pigeonite) is
also present. It is uniform in composition

(En,yFseWoy).
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Fig. 2. Pyroxene and olivine compositions of Y-
000593. Augite composition is nearly homogeneous
(EnyoFs,,Wo,,) except for the Fe-rich rims. In
contrast, olivine shows extensive chemical zoning.

Olivine: Large olivines show extensive chemical
zoning unlike pyroxenes. The most magnesian
olivine in the sections studied is Fag,, which is more
magnesian than the reported composition (Fa,s) [8].
Chemical zoning is more remarkable in larger grains,
but small grains (less than ~200 um) are usually
homogeneous. The zoning feature is most extensive
at the rim having contact with the mesostasis as
augite shows, suggesting that chemical zoning
attributed to cation exchange with mesostasis.
Olivine composition is Fag, 4, at such rims, which is
identical to the small grains with homogeneous
composition. In some cases, olivines are intergrown
with the mesostasis plagioclase. The CaO content of
olivine is 0.5 wt% at the core and drops down to 0.2
wt% at the rim. The symplectic inclusions (usually
parallel to one direction) consist of magnetite and
augite [5] (Fig. 3).

Fig. 3. Backscattered electron (BSE) image of the
Y-000593 olivine. Note abundant symplectic
inclusions (indicated arrows) composed of fine,
dendlitic intergrowth of augite and magnetite.

Mesostasis: The radiating plagioclase intergrown
with silica in the mesostasis (Fig. 4) is Ans.;0r5..
These plagioclase grains show clear birefringence
under optical microscope, ruling out that they
transformed into “maskelynite” by shock. Optical
microscope analysis shows the presence of abundant
rusty brown products in the mesostasis similar to

“iddingsite” in the other nakhlites [9]. Because our
observation and microprobe analysis of the
mesostasis area is far from complete, we have not yet
obtained the chemical composition of the brown
product. Further analysis is required to confirm the
mineral species of the product. The phosphate in the
mesostasis is probably an apatite. The EDS analysis
shows the presence of abundant Cl. The chemical
compositions of pyroxene and olivine in the
mesostasis are the same those at the rims of cumulus
augite and olivine adjacent to the mesostasis.

oL

Fig. 4. BSE image of the mesostasis area in Y-
000593. The mesostasis is mainly composed of the
radiating plagioclase (bright gray) intergrown with
silica (dark gray).

Opagques: Ti-magnetite (ulvospinel) is the most
common opaque phase in Y-000593. It has 1-3 wt%
AlLO,, 13-18 wt% TiO,, and 71-76 wt% FeO.
Because the total is 93-96 wt%, significant amount
of Fe’* would be present.

4, Comparisons with other Nakhlites

Petrography: The texture of 000000Y-000593 is
generally similar to all other nakhlites. The most
notable petrography of Y-000593 is the abundance of
mesostasis. NWAB817 has similar abundance of
mesostasis, but the radiating plagioclase is rare (or
very thin) in NWA817. NWAS817 is rather composed
of Si-rich feldspathic glass with skeletal Ti-
magnetite, suggesting a faster cooling of the
mesostasis. The mesostasis mineralogy of Y-000593
is also similar to Nakhla and Governador Valadares
in the presence of radiating plagioclase. However,
the plagioclase in Y-000593 is thinner (~20 um
wide) compared to those in Nakhla and Governador
Valadares (~50 um). Therefore, crystallization of the
mesostasis was more completed for Nakhla and
Govemnador Valadares than Y-000593. This is
probably because Y-000593 cooled faster.

Augite mineralogy: The chemical composition
of the augite core in Y-000593 is nearly identical to
those of other nakhlites (Figs. 2, 5). The Fe-rich rims
adjacent to the mesostasis have slightly more ferroan



compositions than those of Nakhla and Governador
Valadares do. The most ferroan augite of Y-000593
is similar to that of NWA817, but NWA817 does not
contain Fe-rich augite with variable Wo content (due
to the absence of fine exsolution?). Lafayette is quite
different from both Y-000593 and other nakhlites in
its homogeneous composition due to slower cooling.
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Fig. 5. Pyroxene and olivine compositions of
Nakhla, Governador Valadares, Lafayette and
NWAS817 nakhlites.

Olivine

Olivine mineralogy: All the nakhlites including
Y-000593 have unique olivine compositions (Figs. 2,
5). This is probably because olivine has a fast atomic
diffusion rate (compared to pyroxene) and its
composition is sensitive to minor difference in
thermal history. The most magnesian composition of
Y-000593 olivine is identical to that of Nakhla, but
Y-000593 olivine extends to more ferroan
compositions than Nakhla. NWA817 olivine also has

Fe-rich compositions, but the most magnesian
olivine is more Mg-rich. Y-000593 and Nakhla
olivines may have initially crystallized under the
same conditions, but later mesostasis crystallization
condition was different (Nakhla cooled slightly
slower). The presence of symplectic inclusions in
olivine has been observed only in Nakhla and
Governador Valadares [5]. This is consistent with the
similarity in chemical compositions between Y-
000593 and Nakhla.

Opaque mineralogy: The chemical composition
of Ti-magnetite in Y-000593 is generally similar to
those of other nakhlites, suggesting that all nakhlites
formed under similar redox conditions near the QFM
buffer [10].

5. Conclusions

There is no doubt that Y-000593 is a new
nakhlite as it was found in Antarctica, thousands of
kilometers away from other nakhlites. These rocks
share similar mineralogy and ages, suggesting that
they came from the same igneous unit on Mars and
were ejected by the same impact event [e.g., 2-4, 11-
12]. In other words, it is very interesting that we
have nakhlite samples that show slightly different
mineralogy from each other all over the world. The
difference would be resulted in different thermal
history according to different locations (burial
depths) in common cooling cumulate piles. Y-
000593 is most similar to Nakhla and the formation
of cumulus phases would occur under the same
condition. The similarity between Y-000593 and
Nakhla is also found in reflectance spectra [13].
Later mesostasis crystallization of Y-000593 was
more rapid than Nakhla probably due to faster
cooling rate, and produced minor difference between
them. We previously estimated that the burial depths
of Nakhla and NWAS817 were 4-5 m and 0.5 m,
respectively, according to the Fa zoning of olivine
[12]. This study suggests that Y-000593 would be
located between NWAS817 and Nakhla. The
abundance of the mesostasis or the degree of
“packing” of cumulus phases may be related to the
burial depths of nakhlites.
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1. Introduction

The terrestrial age of a meteorite is an important time marker that reflects the history of the meteorite.
Carbon-14 (t,,=5730 yr) is very useful in determination of relatively young terrestrial ages up to 30kyr.
We have constructed a system to extract carbon from meteorites using a vacuum-tight RF furnace
melting method, which is a similar method used by the Arizona (Jull et al., 1989a, 1993). The
extraction system was examined using iron standards of known carbon content (Minami and Nakamura,
2001). The carbon extraction efficiencies and '“C ages of the iron standards by this method were
compared with the results obtained by our old melting system (Nakamura et al,, 1995) and a wet
oxidation method, which consists of dissolution of iron with a Cu®*" solution and dissolution of deposited
Cu in HCI (Oda et al., 1999). Higher collection efficiencies of about 90% for the iron samples of
relatively high carbon content were achieved by the new system. The efficiency of extracting a small
amount of carbon is higher up to near 90% by improving the extraction procedure. The '*C ages of the
iron standards were compared to the ages by the wet method, and the results indicate that contamination
by modern carbon is negligible in the system. In this paper, we compare the results of "*C activities of
two Antarctic meteorites, Y-75102 and ALH-77294, with the already reported '*C terrestrial ages of them
by Fireman and Norris (1981), Fireman (1983), Jull et al. (1984) and Jull et al. (1989). We also report the
terrestrial ages of Y-74190, Y-75097 and Y-75108, which are thought to have fallen at the same time as
Y-75102.

2. Samples and Experiments

Antarctic meteorites of Y-75102 (L6), Y-74190 (L6), Y-75097 (L6), Y-75108 (L6) and ALH-77294
(H5) were examined to measure '“C concentrations using our vacuum-tight RF melting method. The
terrestrial ages of Y-75102 were reported to be 4.2+0.8 kyr by counting (Fireman, 1983) and 1.7+0.3
kyr by accelerator mass spectrometry (Jull et al., 1984). Y-74190, Y-75097 and Y-75108 are thought to
have fallen at the same time as Y-75102 from *He/*'Ne and **Mn data (Takaoka, 1987). The results of
ALH-77294 were 30+0.8 kyr by counting (Fireman and Norris, 1981) and 9.5+ 1.0 kyr by accelerator
mass spectrometry (Jull et al., 1989).



A sample mixed with about 2g combustion accelerator (high purity Fe, LECO corp., part No. 502-
231) is combusted in a RF induction furnace (LECO HF-10) in the presence of purified carbon-free O, in
a closed vacuum-tight glass line system. The meteorite samples were preheated prior to the combustion
in the RF furmace in muffle furnace at 500°C to remove organic contamination and low-temperature
weathering products. The sample gases evolved are passed through MnO, and Pt/CuO traps, and then
the CO, is separated in a liq.N; trap, by pumping out O, completely. The amount of *CO, is determined
by a pressure transducer in a certain volume and diluted with a known amount of '*C-free CO,. The
total CO, is graphitized by reducing with hydrogen in a Fe-powder catalyst and the produced graphite is
measured of its '*C concentration with a Tandetron accelerator mass spectrometer at the Center for

Chronological Research, Nagoya University.

3. Results and Discussion

Table 1 shows the "*C concentrations and the resulting "*C terrestrial ages of two Antarctic meteorites
of Y-75102 and ALH-77294. The fourth column gives the "*C/"*C ratio for the sample divided by the
**C/"*C ratio for the NBS oxalic acid standard (RM-49). The measurement error is given as one standard
deviation. The fifth column gives the disintegration rate of cosmogenic '*C of the meteorites. The
saturated activities used are 53 dpm/kg and 43 dpm/kg for Y-75102 and ALH-77294, respectively. The
errors of terrestrial ages are determined only by the experimental errors in the "*C determinations.

To measure the background on '“C measurements of meteorites, blank samples of crucibles with 2g
high purity iron chips were studied. The blank gives 0.27+0.03 dpm/kg. In Table 1, the data of

Table 1 Terrestrial "*C ages of Y-75102 and ALH-77294

; 1412 3 -
Wa ht (cchs);l'l’) %%%;% (dpm(f‘:kg) rgegg fiigigf Reference
Y-75102
1 0.982 0.015 74.6+0.8 35.3+1.1 3.4+0.7 This work
2 0.680 0.014 44.9+0.3 30.1+1.5 4.7+0.7 This work
. 34.142.7 4310  Fireman (1983)
4 5.0 76  emeeeean 463+1 4 1.7+0.3 Jull et al. (1984)
ALH-77294
1 0.832 0.147 2.0+0.1 4.2+0.2 19.2+0.8 This work
2 0.831 0.048 4.1£0.2 3.940.2 19.8+0.9 This work
3 10.5 132 e 1.6+0.3 30+2 ﬁ:}ﬂ‘;ﬁ;&‘%
4 042 e mmmeeees 13.9+0.3 9.5+1.0 Jull et al. (1989)
5 L e ———— 6.8+0.2 16.5£1.3 Jull et al. (1998)




meteorites are shown with correction for this blank value. Our terrestrial ages of Y-75102 almost agree
with the value of Fireman (1983), though a little older than the age of Jull et al. (1984). The '“C
terrestrial ages of ALH-77294 are between the value of Fireman and Norris (1981) and the value of Jull
et al. (1989). In experimental procedure for '*C determinations, Fireman and Norris (1981) and
Fireman (1983) use stepwise heating and small-counter technique, and Jull et al. (1984, 1989) use RF
melting and AMS technique. We used the latter technique. The result of the small-counter method
tends to be oldest, the result of the AMS method by Jull et al. is youngest, and our result is intermediate.
Y-74190, Y-75097, Y-75108 and Y-75102 gave similar ages of ~4kyr, though Y-74190 gave a
slightly younger age of 2.8 kyr (Table 2). These four chondrites might have fallen at the same time.
Further studies are needed to improve analytical technique: reducing back-ground value of the
extraction system and complete combustion of meteorites by such as longer heating time in RF furnace
and use of much more combustion accelerator. It is indispensable to measure saturated '“C activities of
recently fallen meteorites with our extraction system. Furthermore, shielding or depth corrections are
needed for '*C terrestrial age determination of a meteorite sample if the meteoroid was very large or very
small. We intend to obtain the other radioisotope data such as '°Be to estimate the shielding effect. By
normalizing the saturated activity of '*C to that of '°Be in a meteorite, more correct terrestrial age for the

meteorite could be obtained.

Table 2 Pairing of Y-75102 -series chondrites

Sample Weight CO, 1% Terrestrial ’He *Mn

(8) (cm’ STP)  (dpm/kg) age (kyr) 2INe (dpm/kg Fe)
Y-74190 0.982 0.015 40.8+1.2 2.8+0.7 22 441
Y-75097 0.680 0.014 37.5+1.2 3.5+0.6 46 424
Y-75108 0.800 0.087 347£1.0 4.1+0.5 4.0 407
Y-75102 4.1+0.7° 48 452

a. The average of our data for Y-75102 in Table 1
b. *He/*'Ne and **Mn values are from Takaoka (1987).
c. The saturated activity used for the chondrites is 43 dpm/kg.

References: Fireman, E.L. (1983) Lunar Planet. Sci. 14, 195-196.; Fireman, E.L. and Norris, T. (1981)
Proc. Lunar Planet. Sci. 12B, 1019-1025.; Jull, A, J. T., Donahue, D. J., Zabel, T. H. and Fireman, E. L.
(1984) Proc. Lunar. Planet. Sci Conf. 15th, J. Geophys. Res. 89, C329-335.; Jull, A. J. T., Donahue, D. J.
and Linick, T. W. (1989a) Geochim. Cosmochim. Acta 53, 2095-2100.; Jull, A. J. T., Donahue, D. J. and
Linick, T. W. (1989b) Lunar. Planet. Sci. XX, 488-489.; Jull, A. J. T., Donahue, D. J., Cielaszyk, E. and
Wilotzka, F. (1993) Meteoritics 28, 188-195.; Minami, M. and Nakamura, T. (2001) Radiocarbon 43, 2A,
263-269.; Nakamura, T., Hirasawa, M. and Igaki, K. (1995) Radiocarbon 37, 629-636.; Oda, H,
Nakamura, T. and Furukawa, M. (1999) JRadioanalytical and Nuclear Chemistry 239, 561-564.;
Takaoka, N. (1987) In Science of Antarctic (ed. National Institute of polar Reseach) 6, 228-242.
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In the C1-C2-C3 succession of carbonaceous chondrites, chondrites of the C3 type are
the richest in the chondrule material and can be subdivided into C3(V) and C3(O) groups in
accordance with the oxidation degrees of this material. They have taxitic structures, which are
determined by various chondrules and their fragments imbedded in a Fe-rich matrix and by
unsystematically distributed patches with small magnesian chondrules and their fragments.
Along with small magnesian chondrules, there are larger Ca-Al chondrules and their
fragments (so-called refractory CAL inclusions), whose amounts and sizes are much greater in
CV3 chondrites, in spite of the compositional identity between CO and CV chondrites, for
example, in terms of alumina and alkali concentrations.

Like other chondrite types, carbonaceous chondrites provide obvious evidence of two
successive evolutionary stages, reduced and oxidized, the transition between which in the
course of differentiation determines the oxidation degree of the meteorite as a whole. The
reduced stage of chondritic material is represented by Mg-rich olivine and Mg-rich olivine-
pyroxene material of detrital and chondrulic types and fragments of high-Al inclusions. The
genesis of chondrules was related to the initial differentiation of the fluid chondritic melts, a
process that involved the onset of liquid immiscibility in the melts and their exsolution into
chemically contrasting compositions: the chondrules have a silicate composition and are
sharply depleted in Fe, Ni, S, and chalcophile metals relative to the ambient matrix [1]. In the
process of the exsolution of chondritic melts, fluids, first of all hydrogen, were preferably
concentrated in the Fe-rich matrix phase, as is evident from gas bubbles in chondrules, for
example, in the Allende chondrite, in which trails of bubbles accentuate the concentrically
zoned inner structures of chondrules [2]. The process of iron-silicate liquid unmixing during
the segregation of chondrules can be clearly visualized by considering droplets rich in native
Fe or sulfides in their marginal parts. The origin of chondrules as a result of liquid
immiscibility finds further support in their crystallization direction, which obvious started
from the margins, and, consequently, the development of monomineralic (olivine or pyroxene)
rims, while the inner parts of the chondrules often preserve volcanic glass [3].

Evidently, strongly reduced mineral assemblages were the first to crystallize from the
matrix. These assemblages were analogous to those in chondrules, which occurred in
equilibrium with the matrix melt. This follows from the low Fe# of the olivine (forsterite) that
initially crystallized on the chondrule surfaces (together with troilite) and the occurrence of
relict kamacite (native Ni-Fe) in fine-grained matrix. The reduced state of the chondrite melts
predetermined the early crystallization of olivine and pyroxenes of very magnesian
composition (0.6-2.0 mol % fayalite in the olivine). However, these conditions did not persist
until the end of crystallization because of selective hydrogen migration and an increase in the
water concentration in the fluids, as is evident from the strongly elevated Fe# of the
crystallizing silicates. According to the character of matrix crystallization coupled with a rapid
increase in the Fe# of the olivine, CO3 chondrites compose the most oxidized type of
carbonaceous chondrites, whose Fe# span (0.1-68.3) is wider than that of CV3 chondrites
(0.1-44.7).

A change in the redox state of the environment triggered exchange reactions between
the matrix melt and crystalline chondrules, with these reactions proceeding the more actively,



the sharper the gradient in the redox potential was and the more conspicuous the
compositional differences were. In the Kainsaz (CO3) chondrite, CAL inclusions were the
first to be assimilated in the matrix. In this meteorite, their relics occur as “shadows” that are

pulled apart along the fluidal matrix textures and merge with the matrix (Fig. 1).

Fig.1. Replacement zones in a CAL inclusion. Fig. 2. Petrochemistry of the replacement of CAL
inclusions by the matrix melt.

Even the central zones of the inclusions were affected by replacement, which is
reflected in an increase in the spinel Fe# compared to the magnesian spinel
(Mgo9sFep.02A1,04) of Efremovka (CV3), whose CAL inclusions are significantly resorbed
but, nevertheless, are replaced by the matrix melt only in the margins. The changes in the
CAL bulk compositions show a strong depletion, firths and foremost, in alumina and alkalis,
coupled with an enrichment of the marginal zones in silica, magnesia, and lime (Fig. 2: / -
initial compositions, II - zone strongly depleted in Al). Therewith, nepheline and
clinopyroxene occur in places in association with olivine, whose Mg# somewhat decreases
toward grain margins (Fo 90 - 78). Patches of strong recycling are notably enriched in Fe at a
gradual depletion in Si and Mg, a process that gives rise to the olivine-pyroxene assemblage
with small amounts of nepheline. These fragments are penetrated by the matrix material and
differ from it by elevated concentrations of Si (36-38 wt %), Al, Ca, and alkalis (Fig. 2, left-
hand part of field III). The occurrence of nepheline and perovskite grains confirms their
genetic links with CAL inclusions. A further increase in the Fe concentration is associated
with the full dissolution of CAL fragments in the chondrite matrix (Fig. 2, right-hand part of
field III) and, correspondingly, characterizes the enrichment of the residual melt in elements
typical of aluminous inclusions.

The Fe-rich matrix is heterogeneous both texturally and compositionally [4].
According to the crystallinity degree, there are two clearly distinct types of the matrix: M1 is
highly crystalline, with typical features of melt textures, composes individualized patches
(oxidized chondrules) or zones of eutectoid texture; and M2, which is cryptocrystalline or
fine-grained, composes crystalline matrix patches and fills in all interstices between
magnesian chondrules, actively penetrates and disintegrates the latter. The petrochemical
alterations in the chondrite matrix (Fig. 3: /--oxidized chondrules, /I - eutectoid zones, I//—
residual melt—solution) are readily comparable with the zones of active magmatic
replacement of CAL inclusions by the matrix melt (Fig. 2: zone 3). Analysis of the changes in
major-component concentrations during the magmatic replacement of CAL inclusions by the
matrix melt and during the development of silicate chondrules in the oxidizing stage of the



melt evolution demonstrates clearly pronounced cause-and-effect relations in the specifics of
differentiation of the matrix melt of oxidized carbonaceous chondrites. On the one hand,
silicate assemblages can segregate from the matrix melt only if the latter is enriched in
alumina and alkalis, which were provided, judging from the character of the magmatic
replacement, by CAL inclusions (their relict and shadow textures are ubiquitously discernible
in the chondrite). On the other hand, the segregation of oxidized chondrules results in a more
significant depletion of the residual melt in Si and Mg and, correspondingly, a more notable
Fe enrichment as compared to the matrix material of less oxidized CV chondrites

wt% P e

Fig. 3. Petrochemistry of elements in matrix Fig. 4. Oxidized chondrule with a porphyritic
crystallization zones. texture, zonal olivine, and pyroxene-plagioclase
glass.

The discrete character of changes in the compositions of the segregating silicate
mineral assemblages, which is, in turn, highlighted by the discreteness in the olivine
compositions, strongly suggests that they segregated from the melt because of liquid
immiscibility in the latter.

The presence of so-called “oxidized” chondrules of the matrix type in the Kainsaz
meteorite indicates that the redox potential of the environment changed here earlier than it did
in chondrites of the CV3 type, in which an analogous change in the redox potential either is
characterized by a much smaller magnitude or occurred at lower temperatures, which were
insufficient for a similarly active interaction with the refractory constituents, which provided
alumina and alkalis for the melt when replaced by it and caused a subsequent shift of the
differentiation trend toward the acid region and the origin of high-Fe associations. It seems to
be the activity of the magmatic replacement processes that can account for the relatively low
(as compared to carbonaceous chondrites of the CV type) concentrations of refractory
constituents in CO chondrites at similar bulk concentrations of alumina and alkalis.
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Abstract

From collected samples of surfaces and borehole at Takamatsu MKT crater in Japan, the
crater is considered to be buried and broken impact crater at active islands. Quartz grains
with the PDFs (abbreviated from plane deformation features) have been found in granitic
rocks and breccias. The PDFs in the quartz mineral grains (measured on a Universal-Stage)
occur in the the (1012), (1013) and (1011) crystallographic directions. New drilled samples from
surface to 1,600m in depth are similar rocks with surface samples located at south rim of the
present crater where there are small andesitic intrusions to transport it to the surface. The
original size of the crater is considered to be ca.8km which is modified by small volcanic
intrusions at the south rim of the present crater finally to ca.4km in size.

1. Introduction: Crater "MKT" used in this paper is a crater located in Takamatsu, Kagawa
Prefecture, Shikoku, Japan is a buried ellipsoidal feature defined by ca. 4-km diameter [1,2] with
negative gravity anomaly and by ca. 8km semi-circular structure in an area of Late Cretaceous
(ca.90 Ma) Rhyoke granitic rocks [3-9]. Main purpose of the present paper is to propose definition of
impact-related event on volcanic and tectonic regions by using bulk compositions, aging, shocked
materials of shocked quartz minerals with linear and cross-lamellae, and Ni-rich particles [9].
2. Definition of impact-related events on volcanic and tectonic islands: Almost all impact craters
with shocked materials are defined on stable continents which basement are not moved or changed
through long terrestrial surface history by plate-tectonics or continental drift. We requires more
detailed data of impact craters if we propose new impact crater in tectonic regions as the following
proposed indicator and evidence of impact crater in volcanic islands.
1) Obvious difference of aging data connected to impact and volcanic event with older impact
age. On the Takamatsu MKT crater, U-Pb zircon dating data of related rocks in the crater are
"granitic rocks" of basements (80-97Ma) or "spherule" formation event formed by impact ejecta
(15.3Ma) [3-9]. There are no fragments and brecciated rock with the same aging data of Setouchi
volcanic event (14 to 12 Ma [2]) in such zircon data of the MKT crater. Therefore, K-Ar dating of
related rocks in the crater reported by Japanese volcanologists [2] as possible large volcanic event
(ca.14Ma) to form large rhyolitic rocks is considered to be followed volcanic and hydrothermal
activities on the active islands of Japan [8,9]. The formation of "the Sea of Japan" and "the Seto-
Inland Sea" covers the original crater resulting in "buried or broken semi-circular crater" [3-9].
2) Minor and clear evidence of impact event in bulk chemical compositions and shocked
minerals. Impact-related data and materials on the severe tectonic regions, are considered to be
minor and small mainly because of strong crushing process followed by volcanic intrusions,
earthquakes and land-slides [3-9]. The following five indicators are strong evidences to define
impact-related crater in active islands or continental margins.

a) Gravity anomaly: There is negative gravity anomaly on ca.4km [1], though there is larger ca.



8km semi-circluar structure from satellite-image and topological data without clear gravity anomaly
[3-9]. The large semi-circular structure is considered to be broken by later tectonics (Fig.1).

b) Clear difference of impact age with later volcanic event: Although K-Ar dating of crater
rocks and sediments shows age of the Setouchi volcanic event (14 to 12 Ma) which is considered to
be "metamorphic" event (not large volcanic event), but the stable age of zircon data in the MKT
crater is U-Pb dated at 15.3 (£0.3) Ma inferred to be the age of the crater structure which is
determined by zircon fragment included in glassy spherule shown in Fig.2 [3-9]. The glassy
spherule with granitic composition indicates that impact event might be produced on the granitic
target rocks near the of the old continents before forming the Sea of Japan, where large crater
structure was considered to be broken at the formation of the Seto-Inland Sea.

¢) Different bulk compositional data of impact-related rocks and volcanic rocks: All rock
types of buried crater with covered sediment and small intrusions can be checked by the XRF bulk
data. In fact, there are clearly basement rock of granites and rhyolitic rocks on the MKT crater [9].
From XRF data, there are three types of granites. (1) Granitic rock-1, (2) granitic rock-2, and (3)
shocked granite block. There are clearly two zeolite-rich crater sediments: (1) Whitish
mordenite-rich sediments, and (2) reddish zeolite-rich sediments. Four types of suevite-type
breccias with high Y contents which suggests that it comes direct from granitic basements. Glassy
rock which cannot be explained by large volcanic event. On the outer ring of 8km we found two
types of breccia-3 (in the sample TK-22 of suevite type rocks), which is close to Mien type rhyolite
(i.e. impact glass). Bulk composition of shocked granitic rock of sample TK23 is plotted in the area
of the breccia-4. Such various variation of brecciated and granitic rocks are considered to be
impact-related process followed by tectonic process of the Japan islands [8,9].

d) Shocked quartz minerals with linear and crossed lamellae: Shocked quartz with clear
linear and crossed lamellae is found in the granitic breccia and red breccia in the MKT crater. As
quartz mineral has no cleavage or crossed texture in general, such complex lamellar texture is
caused by impact shocked process same as in the continental crater (Fig.3) [3-9].

e) Fe-Ni rich grains in glassy spherules: These glassy breccias were found to contain small
Ni-rich grains (1 to 94% Ni) in glassy spherules, which cannot be found at volcanic and granitic
regions so far, as shown in Fig.5.

3. Shocked minerals: A few quartz grains with planar deformation features (PDFs) have been
found in clasts in granitic rocks and breccia outcrops within and around the crater. The PDFs in the
quartz grains (measured on a U-Stage) occur in the (1012), (10I3) and (10I1) crystallographic
directions indicative of intermediate shock pressures (Figs.3,4). Feldspar grains showing
deformation lamellae and diaplectic glass have been found in granitic clasts with glassy clasts and
in the matrix of suevite melt breccias outside the gravity anomaly rim [7-10]. Although quartz with
planar and crossed features and possible diaplectic glass are found so far, though further tectonic
and volcanic process including buried metamorphism destroys the original Impact texture and
minerals in the present MKT crater.

4. Formation Process of the crater: Crater depth starting the similar granite in the bottom is the
1,140m in depth in this borehole analysis. Such deep crater can be well explained by wider diameter
of ca. 8km observed by satellite and topographic images. Crater size of ca.4km found by gravity



anomaly is secondary modified crater after small andesitic intrusion at the south side of the crater.

In fact, very sharp slope of water at the south side on Jissouji-yama which was one main reason for

cauldron volcanic theory of the crater can be well explained by secondary intrusion of andesite from

bottom of the original impact crater. From these drilled samples, non-volcanic formation of the

original crater is obtained by the following reason:

1) There are no active volcanic rocks of andesite or basalt samples at drilled samples under 230m.

2) We found basement rock of hard granitic rock below 1,140m without any volcanic rocks.

3) This structure is no case of volcanic depression (cauldron) structure because of no volcanic rock
to fill it.

After formation of impact crater by meteoritic impact which is proved by shocked quartz on the
granitic rocks, the melted breccias of brownish and black mixed layers are deposited for ca.760m in
thickness in the crater. Zeolitic layer are formed followed by the Mitoyo group layer. These drilled
samples show typical sedimentary layer process with vertical change (compared 2with vetitcal
change of magmatic evolution) after the crater formation. Original crater size of ca.8km in size with
1,140m in depth (Named MTK crater[7,8,9,10]) was broken by uplift of small andesitic intrusions
(with ca.14Ma age) to form smaller size of ca.4km in present gravity anomaly reported by Kono
(originally called as Takamatsu crater[1]). From at least two steps formation impact and volcano in
the same crater, it should be called as joint name of “Takamatsu MKT” crater.

The Takamatsu MKT impact event occurred in target rocks of Late Cretaceous Rhyoke
granite on the proto-Japanese islands located near the continental margin at ca.15.3 Ma followed by
developing an southward opening of the Sea of Japan. The crater was filled and eventually buried
during formation of the Japanese Islands to the present location. Original MKT crater structure with
8km in diameter and 1,140m in depth is broken during the northward formation of the Seto-Inland
Sea, followed by small basaltic andesite volcanism around and inside the MKT structure at about
14.2 Ma to break original crater structure to form present crater of ca.4km in size.

Lo L o T T |
Fig.1. Gravity anomaly to show clear inner ring and broken ellipsoidal structure of Takamatsu
MTK crater in Japan [7-9].

Fig.2. Electron micrograph with the BEI of glassy spherule with zircon mineral [8,9].



Fig.3. Multiple PDFs of shocked quartz in the Takamatsu MKT crater in Japan [7-9]..
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Fig.4. Orientation plot of the PDFs of shocked quartz in the Takamatsu MKT crater in Japan [7-9].

Fig.5. Fe-Ni Contents of metallic fragments in breccias of the Takamatsu MTK crater in Japan
[3-9].

5. Summary: The following is summary of the present study.

1) New type of impact-related event can be defined at active tectonic regions by using semi-
ellipsoidal structure, and shocked quartz with single and crossed lamellae.

2) Quartz grains with the PDFs have been found in granitic rocks and breccias, with the (1012),
(101I3) and (1011) crystallographic directions.

3) Preliminary borehole samples indicate the typical sedimentary process in the crater is observed at
horizontal change between silica-rich layer and breccias until basement of granitic rock.

4) Original crater size of ca.8km in size with 1,130m in depth (Named MTK crater[7,8,9,10] ) was
broken by uplift of small andesitic intrusions (with ca.14Ma age) to form smaller size of ca.4km in
present gravity anomaly reported by Kono er al. [1](originally called as Takamatsu crater).
References: [1] Furumoto M., Kono Y. and Miura Y.(1996): Proc. Int. Symp. Obs. Cont. Crust
through Drilling, 8, 172-177. [2] Yamada R. and Sato H. (1998): GANKO (in Japanese). 93,
279-290. [3]Miura Y. (1999): Materials Proc.Tech. (Elsevier), 85, 192-193. [4] Miura Y. and M.
Kedves (2000): Invest. Earth, Ed.by Miura Y. (Japan), 1, 6-7. 8-13. [5] Miura Y. et al. (2000): LPS
XXXI(LPLCD) 2096.1519.1645. [6] Miura Y. et al. (2000): Adv.Space Res.(Pergamon), 25,
285-288. [7] Miura Y., Y.Uedo and M.Rampino (2001): LPS XXXII ,1981. [8] Miura Y. (2001):
Meteoritics and Planetary Sciences, 36(9), 136-137. [9] Miura Y. and Maeda T. (2001): Proc. 34"
ISAS LPS, 33, 183-186.[10] Miura et al. (2002): LPS XXXIII (LPI, Houston), 33, 1231-1232.
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Introduction

Some unequilibrated ordinary chondrites (UOCs) and CO3 chondrites show more abundant
Ar and Ar/Xe ratios higher than "Q"-gas. This component (hereafter Ar-rich gas) seems to be
related to isotopically light nitrogen, because both Ar and isotopically light nitrogen are released
at the same temperatures under stepped combustion experiments [1,2].  In the previous study
[1], 8 out of the measured 24 UOCs have been assigned as a group characterized by the
isotopically light nitrogen (hereafter ALH-77214-type based on the name of the representative
sample). Most ALH-77214-type UOCs which include H, L, LL chondrites show abundant Ar
than other UOCs. Similar characteristics have been observed in CO3 chondrites [2, 3]. Our
recent studies on noble gases for some ALH-77214-type UOCs and CO3 chondrites confirmed
that Ar is mostly released around 1100 °C under vacuum pyrolysis and the observed **Ar/"**Xe
ratios are up to ~400, clearly higher than that of “Q”-gas [4, 5]. In order to characterize Ar-
rich gas in further detail and clear the origin, we have performed additional noble gas
measurements.

Samples and experimental methods

ALH-77167 (L3.4) and ALH-77278 (LL3.7), classified into ALH-77214-type based on
nitrogen isotopes [1], are studied in this work. Because it has been reported that HCl-etching
or HF/HCl-etching removed large fractions of light nitrogen [1] or Ar [6], whole rock samples
and samples applied for HCl-etching have been prepared for noble gas analyses. Small pieces
of each sample have been crushed to fine-grained. About 5 mg without chemical treatment
(designate WR) and HCl-treated fraction (designate HCI) were analyzed using a mass
spectrometer (modified VG5400) at Laboratory for Earthquake Chemistry, University of Tokyo.
Conditions of HCI treatment were 3M-HCl 3 hours (ALH-77167 HCl-a) and 1M-HCI 3 hours
(ALH-77167 HCI-b and ALH-77278 HCI) at the room temperature.  Noble gases were
extracted by heating samples stepwisely at temperatures 700, 900, 1000, 1100, 1200, 1300,
1500 and 1700 °C.

Results and discussion

The concentrations of **Ar, *’Ar, ¥Kr and '**Xe are summarized in Table 1. Gases released
from 700 °C step are excluded in discussion about trapped component below, because majority



of Ar, Kr and Xe except radiogenic *’Ar seems to be of adsorbed terrestrial atmosphere on the
basis of elemental and isotopic compositions. The whole rock samples contain large amounts
of trapped Ar and show higher Ar/Xe ratios (**Ar/"**Xe is 285 and 185 for ALH-77168 and
ALH-77278, respectively). The HCl-treatments left about 40-60 % of their masses, and
removed about 90 % of trapped **Ar, 70-80 % of *Kr and 60-70 % of '**Xe (Table 1 and Fig.
1). After HCl-treatment the **Ar/'**Xe ratios around 1100 °C steps and sum of the ratio from
all temperatures became lower and close to that of “Q” (Fig. 2). This indicates that Ar-rich gas
is removed by HCl-treatment, that is, it is contained in an HCl-soluble phase or possibly in very
fine grains which have been recovered insufficiently during chemical treatment. From
difference in measured concentrations between the whole rock and HCl-treated samples,
3 Ar/"*?Xe ratio in the HCl-soluble phase is estimated to be ~350 for ALH-77167 and ~250 for
ALH77278, respectively.

In spite of distinct Ar/Xe and Kr/Xe ratios from "Q", the isotopic compositions of Ar, Kr
and Xe for Ar-rich gas in the whole rock samples are similar to those of “Q”. The BAr °Ar
ratio at 1100 °C of ALH-77167, where cosmogenic contribution may be negligible, is obtained
to be 0.1884 +/- 0.0003, which is close to the ratio reported for "Q"-Ar. The Xe isotopic ratios
are also similar to those of "Q"-Xe within experimental errors except for terrestrial Xe at 700 °C
and Xe-HL around 900 °C.

In order to clarify the degassing characteristics, diffusion parameters are calculated based on
the amounts of released gases from each temperature. The obtained values of D/a’ plot against
temperatures (=Arrhenius plot; D is the diffusion coefficient and a is a characteristic size of a
sample), which could be helpful for considering host phase(s) of gases. The data for *Ar and
%*Kr of the whole rock samples do not lie on a straight; change of slops is seen at 1100 °C. On
the other hand, the data of **Ar, **Kr and '**Xe for HCl-treated samples show a better straight
line excepting the data of the lowest and highest temperatures. Similar plots are examined for
other chondrites without Ar-rich gas, ALH-90411 (L3.7) and Y-82094 (CO3). These
chondrites do not contain (or less contain) Ar-rich gas and releases of Ar are appeared at higher
temperatures. Their data of each chondrite make a straight line on the Arrhenius plot.  The
current observations indicate that trapped Ar of the whole rock samples of ALH-77167 and
ALH-77278 is in two different phases: one is HCl-soluble phase from where Ar-rich gas is
released around 1100 °C, and the other is HCl-insoluble phase (including phase "Q") from
where "Q"-gas is released at higher temperatures.
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Table 1. The concentrations of Ar, Kr and Xe.

Samples AL PAr #Kr" X e
ALH-77167 WR 72.9 2480 34.6 25.6

HCl-a 4.20 2770 5.60 6.68

HCI-b 6.92 2870 6.39 6.75

ALH-77278 WR 17.0 6320 11.3 9.36

HCl 297 5160 3.01 341

*Ar and “°Ar are given in unit of 10® cm? STP/g, and **Kr and "**Xe are of 10"° cm’ STP/g.
# Gas from 700 °C is excluded because we assume it the terrestrial atmospheric origin.
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Fig. 1. The concentrations of 36Ar, DOAr, ¥Kr

Fig. 2. Release profiles: (a) *°Ar vs.

extraction temperatures and (b) PA 2 Xe
vs. extraction temperatures for ALH-77167.
The *°Ar/"**Xe ratios are higher than that of
"Q" around 1100 C for the whole rock
sample, whereas the ratios become lower
after HCl-treatment. Reference data for
"Q" are from [7, 8].

and "**Xe for ALH-77167. WR-3 is the
sample studied here, and WR-1 and WR-2
are also whole samples we measured before
[4,5]. Trapped Ar, Kr and Xe are largely
removed by HCl-etching.



Measurement of Si isotopic compositions by SIMS
T.Mizuno, N.Sugiura, T.Ushikubo and H.Hiyagon
Department of Earth and Planetary Science, University of Tokyo

Si is the major element in planetary materials in the solar system. It has three isotopes. Hence
presolar isotopic signature can be detected based on the isotopic composition. Also, mass-dependent
fractionation of Si can be used for detecting cosmochemical processes such as evaporation. Since the
diffusion rate in silicates is known to be slow, it may preserve isotopic compositions more
effectively than other elements and hence may be particularly useful for such cosmochemical
purposes.

In spite of such potential usefulness, its use has been mostly limited to detecting isotope anomalies
in presolar silicon carbide. This is partly because presolar silicates had not been found until this year.
Also, with respect to isotope fractionation effects, it has been hampered by the difficulty in
measuring the fractionation precisely by SIMS. (Hua, et al.,2001)

Here, we report our up-to-date method of the Si isotope measurements. In the SIMS measurements,
the primary ion beam (O-) of 0.3 nA is focused to an area of 30 micrometers in diameter. The
secondary ion Si is measured as Si+ ions. All three isotopes are measured by EM in the
pulse-counting mode. The Si isotope measurement is difficult because distribution of the secondary
ion energy is much broader than that of other ions such as Mg. This makes the secondary ion beam
broader, which in turn makes the instrumental mass fractionation more variable depending on the
measurement conditions. Therefore, the most important factor for precise Si isotope measurements is
to make the measurement condition exactly reproducible. Depending on the set-up conditions of the
ion probe, the mass fractionation could easily change by more than 10 permil. Under our
experimental condition, the deviation (2 sigma) of *°Si for a standard sample is about 2 permil,
which is not much larger than the error expected from counting statistics.

In addition, there are large differences in the instrumental mass fractionation among various minerals.
We examined Quartz, Anorthite, Enstatite, Diopside, Akermanite, Gehlenite, Forsterite, Fayalite and
San Carlos Olivine. These terrestrial samples can be considered to have normal Si isotopic
compositions. The fractionations of *Si relative to normal Si isotopic composition are shown in
Fig.1. The fractionations range from —38 to —69 permil. With such large fractionations among
minerals, it is essential to compare the fractionation in target samples with that in appropriate
standard samples.

The degree of instrumental mass fractionation is related to the efficiency of ionization, which is in
turn related to the chemical composition of the minerals. The mass fractionation of *°Si appears to be
correlated with the Si concentration in minerals (Fig.2). Si is rather inefficiently ionized compared

with the other cations (Ca,Al,Mg,Fe etc). Therefore, a possible explanation for the correlation in



Fig.2 is as follows. There is a competition between Si and the other cations for ionization. In the
presence of the other cations which ionize efficiently, Si cannot be efficiently ionized, which results
in a larger Si mass fractionation. Admittedly, the correlation in Fig.2 is not very strong, which
suggests that there must be some other factors that control Si mass fractionation measured by SIMS.
In particular, in the case of olivine solid solution, San Carlos olivine that has an intermediate
composition shows smaller mass fractionation than end-member olivine samples. A similar
observation has been made by Hua et al.(2001) and the cause is yet to be clarified.

Preliminary measurements of Si fractionation in CAls have been made. At present, we still have
slight problems in making precise measurements on CAls. In these measurements, CAI samples and
standard samples are set in different holders and hence the measurement conditions could be
somewhat different, possibly causing large uncertainties in the mass fractionation measurements. At

the symposium we will present up-to-date results of Si isotopic fractionation on CAls.
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1. Introduction

Kaersutite is a member of the amphibole mineral group and is characterized by its Ti-rich (pfu
of Ti > 0.5) content. Kaersutite has been widely recognized in mantle xenoliths that are entrained
in both alkali basalts and kimberlites. Although kaersutites are extremely rare in extraterrestrial
samples because of anhydrous environment during their formations, kaersutites occur in magmatic
inclusion in some Martian meteorites (e.g., Treiman 1985). The presence of kaersutite in the
Martian meteorites has been important in understanding water contents in Martian magmas and
mantle. In fact, several attempts have been performed to estimate water contents in Martian magmas
and mantle (e.g., Johnson et al., 1991). However, Martian kaersutites are unique in their
water-poor and Ti-rich nature compared with terrestrial kaersutites. In this abstract, we discuss a
formation process of Ti-rich kaersutites in Martian meteorites according to textural observation and
chemical analysis of magmatic inclusions and compared with terrestrial Ti-rich kaersutite
(Amami-Oshima, Japan).

2. Results

We observed kaersutite-bearing magmatic inclusions in Zagami (Fig. 1), NWA 856 and LEW
88516 (Fig. 2) Martian meteorites. The size of magmatic inclusions is usually 100-200 pm long
and their shapes are irregular.  Kaersutite-bearing magmatic inclusions occur only within pyroxene,
although olivine (in the case of LEW 88516) also contains similar magmatic inclusions in
constituting phases. Kaersutites often coexist with Al-Ti-rich augite, Si-rich glass, magnetite, and
hercynite spinel. The important observation is that kaersutites almost always have contact with
Al-Ti-rich augite and Si-rich glass. The size of kaersutites is up to 20 pm long. Minor Ca
phosphate (merrillite), pyrrhotite, and ilmenite are also present in some cases.

The TiO, contents in Martian kaersutites are 8.8 wt% (Zagami), 8.8 wt% (NWA 856), and
10.3 wt% (LEW 88516), respectively (Table 1). We observed significant amounts of Fe'" contents
in theses kaersutites estimated by electron microprobe (Monkawa ef al., 2002). Unfortunately, we
have not analyzed the OH contents of these kaersutites, but Watson ef al. (1994) reported the OH
content of 0.1-0.2 wt%. We also analyzed Martian kaersutites by micro-area synchrotron X-ray
diffraction technique (Laue method) developed at BL-4B, of Photon Factory, High Energy
Accelerator Research Organization in Tsukuba, Japan (Ohsumi et al., 1991). We could not obtain
diffraction spots, suggesting that they are poorly crystalline or amorphous. Mikouchi and
Miyamoto (2000) analyzed kaersutites in Zagami and LEW 88516 by micro Raman spectroscopy
and detected Raman peaks characteristic of kaersutites. Therefore, Martian kaersutites would be
poorly crystalline.
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3. Discussion and Conclusion

So far several studies have been performed to explain the formation of Ti-rich kaersutites
observed in Martian meteorites (e.g., Johnson ef al., 1991; Minitti and Mysen, 2001). The parent
magma that crystallizes Ti-rich kaersutite would be an alkaline and Ti-rich magma. However, it is
likely that Fe-Ti oxides would co-crystallize under such a condition. In fact, the crystallization
experiments produced coexistence of kaersutite and Fe-Ti oxides (e.g., Johnson ef al., 1991). In
these cases, kaersutites are always Ti-poor because of the preceding crystallization of Fe-Ti oxides
prior to the kaersutite crystallization (Johnson et al., 1991). In kaersutite-bearing magmatic
inclusions in Martian meteorites, Fe-Ti oxides (ilmenite or ulvéspinel) are rarely present.
Therefore, we need to consider some unusual formation condition to produce Ti-rich kaersutites
without Fe-Ti oxides.

Tiepolo ef al. (1999) pointed out that Ti-rich kaersutites (pfit of Ti > 0.8) are not stable due to
structural constraint of amphibole. Nevertheless, some terrestrial camptonite rocks (e.g.,
Amami-Oshima, Japan) contains Ti-rich kaersutites (pfi of Ti > 0.9) (Kanisawa et al., 1983) and
their Ti-rich contents are comparable to those of Martian kaersutites (Table 1). Probably, these
camptonitic kaersutites are most Ti-rich among terrestrial samples. However, the formation of
camptonitic kaersutites is quite different from that of Martian kaersutites because camptonite is
believed to have formed by hydrothermal metamorphism.

One possible explanation for the formation of Martian Ti-rich kaersutites is a shock origin.
When the magmatic inclusion originally contained Fe-Ti oxides, the Ti-rich kaersutites might have
been formed by reaction of Al-Ti-rich augite and Si-rich glass plus Fe-Ti oxides during shock. The
textural observation of kaersutite-bearing magmatic inclusion is consistent with this assumption.
If Fe-Ti oxides were consumed to form Ti-rich kaersutites, we could explain the absence of Fe-Ti
oxides in kaersutites-bearing magmatic inclusions. This hypothesis could also explain that only
shergottites contain kaersutites, although nakhlites contain similar magmatic inclusions. The
degree of shock for nakhlites (~20 Ga) (Greshake, 1998) would not be enough to form kaersutites.
If this is the case, the Ti-rich (pfit of Ti > 1.0) and water-free nature of Martian kaersutites could be
explained.

However, it is not clear for Chassigny whether kaersutites were really formed by shock
because biotite coexists with kaersutites in Chassigny (Johnson ef al., 1991). The estimated shock
degree for Chassigny (~35 Ga) is higher than that for nakhlites (Langenhorst and Greshake, 1999).
Detailed observation of Chassigny kaersutites is necessary. We are planning to perform shock
experiments of mixtures of Ti-augite, Si-glass, and Fe-Ti oxide to further explore this possibility.

Large incorporation of Fe’* and Ti*" would be necessary to keep charge balance because of
the water-poor nature of Martian kaersutites. Although Ti is a ubiquitous minor component in
amphiboles in general, it is important in Martian amphiboles. The behavior of Ti in amphiboles is
not very well characterized. Further research on Ti in amphibole would be necessary to
understand Martian interior condition and formation of Ti-rich kaersutites.
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Table 1. Chemical compositions of kaersutites in Amami-Oshima, Japan (amami) and Martian meteorites

amami _ LEWS8516 _Zagami _ NWASS6
| .

§i0, | W %% | wm | %97
TiOz . 804 10.31 884 883
Alzds 13.83 1561 ' 14.49 14.18
CﬁO; 0.00 0.38 0.03 044
Fe,0;5t 217 425 350 339
FeO 897 993 1596 1489
MnO 007 030 084 029
‘Mg0  um | 5% | sas 658
CaO 1239 e 102 1071
Na,O - 2.60 i 1.36 245 239
K;0 BEET) 047 0.09 0.12
H0* 144 020 020 020
Total 909 974 10061 98.99

‘* amami=manometry analysis; three meteorites from Watson et al. (1994).
f determination of Fe203 content by EPMA analysis

Fig. 1. Backscatiered electron image of melt inclusion in Zagami. Kaersutite: ka. Al-Ti-rich
pyroxene: Al-Ti-py. Si-rich glass: gl. Hercynite: her.

Fig. 2. Backscattered electron image of melt inclusion in LEW 88 516. Kaersutite: ka. Al-Ti-rich
pyroxene: Al-Ti-py. Si-rich glass: gl. Hercynite: her. Iron sulfide: Fe sul.
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INCONGRUENT EVAPORATION OF OLIVINE AT LOW TEMPERATURE

Hiroko Nagahara and Kazuhito Ozawa
Department of Earth and Planetary Science, University of Tokyo
Hongo, Tokyo 113-0033, Japan
(hiroko@eps.s.u-tokyo.ac.jp, ozawa@eps.s.u-tokyo.ac.jp)

Introduction

Partial evaporation of pre-existing minerals is one of important processes that caused chemical and isotopic
fractionation in the primitive solar nebula. Olivine, most abundant anhydrous mineral, was shown to evaporate
stoichiometrically to magnesian olivine and gas with iron-rich olivine composition in both equilibrium and kinetic
conditions (Nagahara et al.,, 1994; Ozawa and Nagahara, 2001), with large Mg-Fe fractionation. This causes not
only Mg/Fe fractionation but also Mg/Si fractionation, and thus played an important role in chemical evolution of
the solar system. We, however, experimentally found that olivine evaporates incongruently to form Mg-rich
pyroxene at low temperatures.

Experimental

San Carlos olivine (Fo91-92) was cut into slab parallel to three major axes, which was heated in vacuum at
temperatures of 1300, 1400, and 1500°C for 3 to 240hours. Each experimental run was carried out for a set of three
slabs with larger surface area of (100), (010), and (001). The weight loss and the surface microstructures were
observed with an EDS and analyzed with an EPMA after the run, and the compositional zoning from surface to
interior in a vertical section was measured. The anisotropy of evaporation rate, chemical fractionation factor, and
diffusion rate was simultaneously optimized for a set of experiment.

Results

The olivine evaporated keeping stoichiometry at 1500 and 1400°C regardless of experimental duration and
crystallographic orientation, and the residue remained to be olivine. It has become magnesian at the surface with
compositional zoning toward interior, and the surface composition and the width of the zoning vary with
temperature and duration of experiments. On the contrary, it appears to evaporate incongruently at 1300°C on the
(010) surface. The residue has small crystals with lower Mg/Si ratio on the surface, and the composition is very
close to Mg/Si=1, which is indicative of being pyroxene. A small amount of Fe was detected in the “pyroxene”, of
which amount lowers with increasing duration. The phase appears to be enstatite on the basis of X-ray intensity
with EPMA, but we have not yet confirmed it with the X-ray diffraction method. The surfaces of (100) and (001)
have a stoichiometry of olivine as well as higher temperature experiments.

Discussion

The possible surface composition of enstatite on the surface of (010) shows incongruent evaporation of olivine
to magnesian pyroxene, which further indicates the selective evaporation of FeO and formation of pyroxene at the
surface. This may be due to much higher volatility of FeO than SiO2 from olivine. The higher volatility of FeO
than SiO2 has been experimentally shown for evaporation of silicate melt (Hashimoto, 1983), and the present
results are consistent with the behavior of silicate melt.

The presence of enstatite only on the (010) surface is thought to be due to the difference in the bonding energy
of Si-O in the three crystallographic orientations. The (010) surface is the only plane of cleavage of olivine, which
means the bonding energy of Si-O within this surface is strong compared to other surfaces. Due to stronger Si-O
bonding, Fe evaporates with oxygen keeping the charge balance from the (010) surface.
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The present results predict that evaporation of olivine and Mg/Fe fractionation between solid and gas are highly
suppressed once the surface of olivine is coated by enstatite, which prolongs the lifetime of Fe-bearing olivine.
Once enstatite covers the surface, evaporation of olivine is controlled by the decomposition of olivine to enstatite
and FeO and the transportation of the FeO component through the boundary layer (enstatite) by diffusion. Enstatite,
on the other hand, is shown to evaporate incongruently to forsterite and Si-rich gas (Tachibana et al., 2002) at a
very small rate, thus remains long. Fe-bearing olivine thus remains long at temperatures as low as 1300°C and
chemical fractionation is suppressed. Whether the growth of enstatite due to preferential evaporation of FeO from
olivine is more rapid than the incongruent evaporation enstatite to forsterite or vice versa would depend on
temperature and ambient PH2.
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Fig. 1 SEM photograph of the surface of (010)
surface of San Carlos olivine heated at 1300°C
for 60 hours in vacuum. The bright portion has

enstatite composition and the dark portion
remains to be olivine composition.
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Noble gases of Yamato 981031 lunar meteorite

K. Nagao and R. Okazaki
Laboratory for Earthquake Chemistry, Graduate School of Science, University of Tokyo,
Bunkyo-ku, Tokyo 113-0033, Japan. (nagao@eqchem.s.u-tokyo.ac.jp)

Introduction

Yamato (Y) 981031 lunar meteorite has been collected by the meteorite search party of
the 39th Japanese Antarctic Research Expedition, and is expected to be paired with Y793274
lunar meteorite based on the texture, mineralogy and bulk composition (Kaiden and Kojima,
2002). Mineralogical study on the Y981031 suggests source-crater paring of Y981031,
Y793274 and QUE94281. which are brecciated mare basalts with some highland components
(e.g., Arai et al., 2002). However, disagreement between the ejection ages of QUE94281 and
Y793274 exclude the source-crater pairing (e.g., Nishiizumi and Caffee, 1996; Polnau and
Eugster, 1998). We measured noble gases of Y981031 to confirm the predicted paring with
Y793274 and to obtain noble gas signatures characteristic for materials derived from the lunar
surface.
Experimental procedure

Noble gases were extracted from two chips weighing 0.1851¢ and 0.0579g by stepwise
heating, and then measured on a modified-VG5400 (MS-II). The temperatures were 400, 600,
800, 900, 1000, 1100, 1200, 1300, 1400, 1600 and 1800°C, though the experiment was
accidentally stopped at 1300°C on the sample 0.1851g due to leakage of vacuum of
purification line.
Results and discussion

[sotopic ratios of He, Ne and Ar and concentrations of all noble gases are listed in Table
I. Noble gas elemental and isotopic compositions for 0.0579¢g specimen are characterized by
solar composition with small contributions of cosmogenic gases. Huge amounts of He
(1.0x10°cm’STP *He). Ne (2.3x10™*ecm’STP *Ne) and Ar(1.1x10™ cm’STP *°Ar) were
released. The noble gas concentrations and those of cosmogenic *'Ne and **Ar, 314 and 520
xlO‘gcm3STP/g respectively, agree well with the reported values for Y793274, indicating long
duration (ca. 500Ma) of irradiation by galactic cosmic-rays as well as solar wind particles on
the lunar surface as described for Y793274 by Eugster et al. (1991) and Takaoka and Yoshida
(1992). Trapped *°Ar/*°Ar=2.4, which is an antiquity indicator of regolith breccia, is also
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similar to 2.3 for Y793274 (Eugster et al., 1991). Based on the ratio, breccia compaction age of
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are similar to that of solar wind at low

temperatures (400-900°C), and approach to SEP He at about 1100°C. In higher temperature
fractions (>1100°C), the *He/*He ratios increase due to cosmogenic He. Contrary to He and
Ne, BAr ®Ar ratios at the temperatures lower than 1400°C are 0.190-0.198, which are much
lower than the value of SEP-Ar (0.205: Benkert et al., 1993). High energy solar gas is minor
component in the total Ar trapped in this meteorite. This may indicate a presence of low
energy solar particles firmly trapped in some phases of this meteorite. These data indicate that
most of low energy particles have been lost before arrival to the earth, probably due to gas loss
by shock heating on the lunar surface

Fig.2 shows elemental ratios of heavy noble gases Ar, Kr and Xe. The B Ar/"**Xe ratios

higher than that for lunar soil (10,000-17,000) are observed at the most temperature steps. and
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the values of 185,000 (800°C for 0.0579g specimen) and 172,000 (900°C for 0.1851g

specimen) are much higher than the
ratio (=67,000) for solar abundance.
This may be due to larger diffusion
coefficient for Ar compared with those

for heavier gases Kr and Xe.
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Table 1. Concentrations and isotope ratios of Y981031 lunar meteorite.

Temp. ‘He *He/'He  Ne  ““Ne/“’Ne  “'Ne/*’Ne  **Ar  Ar/"Ar  “Ar/*°Ar ¥k e
woe s oW ag _pmo 0Mm iy oms ey o
o o L OO w200 00 ge L MR 0 o
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' w0, SO o 20 g 282 o s
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wos ws L UMD i S0 G2 gy M5 2 e s
woc s L OIS ey SO e L MO 2B e ws
woe wr DU s ST OB SN S0 aw
wo'c s SN o B 0NE e, O 8% w
Total 1036576 0.000571__ 18531 12.174 0.0493 112367 0.1921 2522 65241 7071

Sample weight: 0.0579g; Concentrations of He, Ne and Ar in unit of 109cc/g and of Kr and Xe in 10"1200/5
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Introduction: Tagish Lake is a unique carbonaceous chondrite with ~1.3 wt. % carbon that mostly oc-
curs as organic components including interstellar SiC and graphite [1]. Over the last decade, workers
have succeeded in characterizing extracts of refractory organics and interstellar materials from meteorites
[2], however work on acid soluble organics has not proceeded at the same pace; especially lacking are
studies of organic phases in situ to elucidate their original morphologies and mineralogical context. Here
we report in situ observation of carbonaceous grains in Tagish Lake with a novel hollow spherical mor-
phology. These globules may have formed from hydrophobic hydrocarbons during aqueous alteration on
the asteroid.

Sample preparation: Multiple fragments were picked from matrix of a Tagish Lake sample and ultrami-
crotomed for TEM investigation, complemented by EDX and EELS. Our TEM observations, originally
made using epoxy-impregnated samples, were duplicated using a pure sulfur filler in place of epoxy.,
which precludes the possibility that carbonaceous phases in the specimens are simply epoxy embedding
resin and indicates that they are indigenous meteoritic material.

Results: Numerous hollow, bubble-like “globules™ have been observed from the phyllosilicate-rich ma-
trix, with a distribution of one for every of 100 um” (Fig.1). The globules have apparent diameters of 140-
1700 nm; and wall thicknesses of 30-200 nm. Cylindrical or tapered forms have not been observed.
These globules often display a layered structure. Some globules contain saponite flakes between layers
(Fig.1). The EDX spectra of the globules show that they consist predominantly of C, associated with mi-
nor amounts of O, 8i, S, Fe and Cl. The presence of these latter elements is probably due to analytical
contamination from the surrounding matrix and included saponite flakes. Hydrogen is undoubtedly also
present, but not detectable by this analytical technique. An EELS spectrum shows that the globules con-
sist of amorphous carbon, indicating that this material has never been significantly heated, otherwise the
carbon would have crystallized to poorly graphitized carbon.

Discussion and conclusion: Direct observation of such amorphous carbon globules has not been previ-

ously reported from meteorites, although organics extracted from Murchison form similar structures when
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dispersed in alkaline-buffered water [3]. The carbon globules in Tagish Lake are also similar to the vesi-
cle-forming compounds produced by the simulation of some interstellar ice mixture photolytic products
[4]. Authors in [4] suggested that they could have formed naturally if such interstellar ice mixture
photolyzation products fell into weakly alkaline aqueous environments on the early Earth, and serve as
one of the organic precursors to life. The carbon globules in Tagish Lake may have formed in a similar
manner, but did so on a primitive asteroid rather than on Earth. The survival of the structures, as well as
the large amount of associated interstellar material, indicates that the parent asteroid for Tagish Lake was
unusually cold for its entire history.

References: [1] P.G. Brown et al., Science, 290, 320 (2000) [2] T.J. Bernatowicz and E. Zinner., in AIP Conf. Proc.
Astrophysical Implications of the Laboratory Study of Presolar Materials, p402 (1997) [3] D.W. Deamer, Nature,
317, 792 (1985) [4] J.P. Dworkin, et al., Proc. The National Academy of Science 98, 815 (2001)

Figure 1: The amorphous
carbon globule at lower right
has a concentric form, and
tiny bubbles (~5nm) between
each spherical layer. There is
an empty core in the carbon
globule at upper left, and
saponite flakes are situated
between the layers of this
sphere, as well as bubbles.
The matrix consists of fine
grained crystals of saponite
with an entangled ribbon-like
structure. The grains in dark
contrast are sulfides.
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REE ABUNDANCES AND Rb-Sr AGE OF A NEW ANTARCTIC

NAKHLITE YAMATO 000593.
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As part of consortium study on a new Antaractic nakhlite, Yamato 000593 (hereafter
Y000593) and Y000749 [1], we have undertaken a high precision REE and Rb-Sr, Sm-Nd and
U-Pb isotopic analyses. Here present preliminary results of lithophile trace elements and Rb-Sr
systematics for Y000593. The preliminary results of Pb isotopes will be presented elsewhere [2].

As shown in Fig. 1, Y000593 exhibits a highly fractionated lithophile trace element
(including REE) pattern quite similar to that of Nakhla [3]. The REE abundances in Y000593
are systematically higher than those in Nakhla and the fractionation feature of light-REE-Ba-Sr-
Rb is even more pronounced compared to Nakhla. This is consistent with the fact that the new
nakhlite contains more abundant mesostasis (mesostasis content; 15% for Y000593 and 8.5%
for Nakhla) [1]. It is pointed out that Y000593 has a minor negative Eu anomaly. The lithophile
element abundance features as pointed out here appears to be common for Nakhla and Y000593,
suggesting that Y000593 was derived by a series of fractionation process from a common (or
similar) magma source.

The results of Rb-Sr isotopic analyses for Y000593 is presented in Fig. 2. At present, we
have analyzed one whole rock and two hand-picked mineral samples. The green mineral phase
constitute major part of the meteorite, representing clinopyroxene. The brown mineral fraction,
on the other hand, probably represents a fraction dominated by olivine. In a Rb-Sr isotopic
evolution diagram, the green mineral phase exhibits the lowest “Rb/*Sr ratio and the brown
phase exhibits the highest. All three data points show a linear array, which define a regression
line corresponding to an age of 1269 + 240Ma and an initial *’Sr/**Sr ratio of 0.70251 + 0.00038.
Because of limited samples analyzed here, a larger spread in YRb/*Sr ratio has not been
obtained and thus the age and the initial *’Sr/*Sr ratio include large errors. Therefore, further
analyses of other phases such as plagioclase and mesostasis are required to confirm this
preliminary result.

From our preliminary trace element and isotopic analyses, it is unlikely that the meteorite
suffered significant terrestrial contamination or weathering. Our results clearly indecate that the
major mineral phases of the meteorite experienced a young event at about 1.3 Ga. It is also
pointed out that the Rb-Sr age and the initial ¥'Sr/*Sr ratio of Y000593 are in complete
agreement with those of Nakhla [4,5]. It is possible that the meteorite was derived from a
magma source with same or similar chemical and isotopic characteristics, as also suggested
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from the REE abundances mentioned above.

References: [1] Imae, N. et al. (2002) LPS XXXIII # 1483 (CD-ROM). [2] Yamashita, K. et al. (2002)
Antarctic Meteorites XXVII, (this volume). [3] Nakamura, N. et al. (1982) GCA 46, 1555-1573. [4] Gale,
N. H. et al,(1975) EPSL 26, 195-206. [5] Papanastassiou D.A.and Wasserburg, G. J. (1974) GRL 1, 23-
26.
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Heterogeneous oxygen isotope ratios of olivine in chondrules in the Allende CV3
chondrite
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Olivine is the most common mineral in chondrules and in certain types of inclusions. It is present in
chondrules and inclusions as a result of crystallization from a melt and as a relic mineral that survived
melting. Olivines in a totally melted chondrules like barred olivine types are expected to have constant
isotopic ratios of oxygen due to homogenization in a melting chondrule [1], while those in amoeboid
olivine inclusions, which are believed to be condensation products from hot nebula and escaped high
degrees of melting [2], show heterogeneous oxygen isotopic ratios in the '*O-rich regions in the three
isotope diagram [2-3].

Chondrules were formed via various degrees of melting of preexisting solid materials and thus
crystallized- and relic-olivines coexist in a single chondrule. The relic olivines may retain olivine
isotopic ratios of chondrule precursors, although the isotopic exchange reactions at subsolidus
temperature may modify the ratios toward the average value of the chondrule. In the present
investigation, we have petrologically characterized 17 chondrules by back-scattered and CL imaging and
electron-microprobe analysis, and then measured oxygen isotopic ratios of olivines in the chondrules
using CAMACA ims 6f SIMS at Kyushu University. San Carlos olivine and pure forsterite crystals,
both of which were measured for oxygen isotopic composition using a conventional mass spectrometer,
were used as standard minerals.  After correction of the instrumental mass fractionation by
measurements of standard minerals in between sample analyses, the obtained isotopic ratios have average
16 error approximately 2 %o both for §'’0 and §'"*O.

Out of 17 chondrules analyzed, four are barred olivine chondrules and the rest 14 are porphyritic
chondrules. Three to twenty olivine grains in individual chondrules were measured for oxygen
composition. Olivines in all barred olivine chondrules showed constant isotopic ratios within a
chondrules, but the average compositions differ between the chondrules ranging 8O from 0 to 15 %o
relative to SMOW. This indicates that oxygen isotope exchange in a single chondrule have prevailed
during total melting.

Eleven out of 13 porphyritic chondrules have relatively constant oxygen isotopic ratios within single
chondrules, but the average ratios differ among chondrules. Most chondrules have 5O between -8 to
10 %o, thus isotopically lighter than barred olivine chondrules. The range of compositions is consistent
with that of other workers [4]. Electron microscopy indicates that the diameters and fine textures, such
as average grain sizes and modal ratios of olivine, pyroxene, and mesostasis, are different among the
eleven chondrules. But there are no obvious correlations between the petrologic properties and oxygen
isotopic ratios. CL imaging showed that some chondrules contain CL-bright olivine. Such olivine is
usually coarse with sizes greater than 100 pum and locates outer portions of chondrules. Comparison
between CL-bright and -dark olivines by electron-microprobe analysis showed that CL-bright olivines
have consistently low FeO content less than 1.5 wt% and seem no apparent differences in concentrations
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in other minor elements, suggesting that CL contrast may be due to differences in FeO concentrations.
The CL-bright olivines show oxygen isotopic ratios similar to the CL-dark ones in chondrules analyzed,
which is consistent with [5]. But there is one exception found in one chondrule as discussed below.

Two (chondrule A and B) out of 14 porphyritic chondrules show heterogeneous oxygen isotopic
composition of olivine. They also show largest '°O enrichment among chondrules analyzed in the
present study. The &0 distribution is similar between the two chondrules and the range is
approximately from -20 to 5 %o. The range is similar to that of Al-rich chondrules in ordinary chondrites
[6]. All data obtained fall on or close to carbonaceous chondrite anhydrous mineral line [1].

The two chondrules have many mineralogical features in common. They consist of two
mineralogically different regions. First region consists of olivine and low-Ca pyroxene. The olivines
are poikilitically enclosed by low-Ca pyroxene. Both olivine and low-Ca pyroxene have homogeneous
chemical compositions whose averages are Fa5 and Fs1Wol, respectively. The texture and composition
suggest that they are crystallized from a melt. On the other hand, second region consists mainly of
olivine, low- and high-Ca pyroxene, and anorthite. Contrast to the first region, olivine and pyroxene are
compositionally variable with Fa3-10 and Fs1-2Wo1-43, respectively. Low-Ca pyroxene in the second
region is richer in AL O, (up to 2.5 wt%), and Ti,0O (up to 1 wt%) than that in the first region (up to 1 and
0.3 wt%, respectively). Anorthite is An78-890r0.1 and is partly replaced by nepheline, suggesting that
the second regions suffered secondary alteration. The mineral assemblage of the two chondrules is
basically similar to those of plagioclase-rich chondrules in carbonaceous chondrites defined by [7-9].
Compared with Al-rich chondrules in ordinary chondrites [6], the two chondrules found in Allende are
absent from Al-rich spinel and Al-rich diopside.

Oxygen composition of olivine in the two chondrules seems to have no clear correlation to Fa# and

grain sizes. But the most '°O-rich olivines (down to -20%o) in both chondrules are located in the second
region, have compositions approximately Fa$, and are dark in CL images. CL-bright coarse forsteritic
olivine (Fa3) in the first region has '°O-poor composition. The explanation for the '°O enrichment and
the wide range of isotope distribution for the two chondrules can be outlined in the same way as that
proposed for Al-rich chondrules in ordinary chondrites [6]. Precursors of the chondrules were enriched
in 'O with intermediate isotopic ratios between CAls and ferromagnesian chondrules and partial
exchange of oxygen between '°O-rich chondrules and '“O-poor gaseous reservoirs during chondrule
formation resulted in heterogeneous oxygen composition within chondrules. The secondary alteration
might have some effects on the heterogeneity of oxygen composition, but the alteration seems not the
main reason. Because olivines surrounded by nepheline show '°O-rich composition.  Although the two
chondrules seem to form via complex processes, it must be emphasized that they are similar in
mineralogy, show widest range of oxygen composition, and contain '°O-richest olivines.
Acknowledgments: We thank Dr. Kusakabe for oxygen isotope analysis of standard minerals, Dr.
Yamaguchi for CL analysis, Dr. Ninagawa for discussion on the CL imaging, and Mr. Shimada for
electronprobe analysis.
References: [1] Clayton (1993) Ann. Rev. Earth Planet. Sci. 21, 115. [2] Krot et al. (2002), Science 295,
1051. [3] Hiyagon and Hashimoto (1999), Science 283, 828. [4] Leshin et al. (2001) LPSC XXXI, 1918
(CD-ROM). [5] Jones et al. (2002) LPSC XXXIII, 1604 (CD-ROM). [6] Russel et al. (2000) EPSL 184,
57.[7] Sheng et al. (1991) GCA 55, 581. [8] Krot (2000) MAPS 35, A93. [9] Krot et al. (2002) MAPS 37,
155.
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Introduction: Ureilites are unique in containing relatively large amounts of C occurring as graphite or
diamond [1]. The mode of occurrence of carbon minerals and the presence of the compressed graphite
in ureilites show that diamond in ureilites formed by high-pressure conversion of graphite that
crystallized during igneous or metamorphic processes [2]. Coexistence of kamacite with diamond in all
diamond-bearing ureilites strongly suggests that graphite was converted to diamond with iron as a
catalyst [3]. In this study, mineralogical properties of graphite and diamond in ten Antarctic ureilites
reserved at the NIPR in Tokyo were investigated by an X-ray line broadening analysis and these ureilites
were classified based on the properties. ~ Formation conditions of each ureilites were also discussed.
Experiments: Polished thin sections of ten ureilites listed in Table | were observed with reflected light
through an optical microscope. Carbon-rich grains of 50-200 pm in size, 6-19 grains for each ureilite as
shown in Table 1, were selected from crashed samples of each ureilite and were X-rayed by using a
Gandolfi camera. Carbon minerals in ureilites are composed of graphite and diamond that show similar
X-ray powder diffraction patterns among ureilites from which carbon-rich grains were obtained except
for widths of each X-ray reflection line of them. The line broadening of the 004 and 110 reflections of
graphite and the 110 reflection of diamond was evaluated in terms of the integral breadth, the value of a
peak area divided by a peak height, which was determined precisely by using a profile-fitting technique.
Results and discussion: Reflected light views of carbon minerals in polished thin sections suggest that
carbon minerals occur as well-crystallized graphite having a blade-like or an amoeboid shape and
diamond formed by the conversion of such graphite crystals [2,3]. Mineral compositions of each
carbon-rich grain are shown in Table 1. ALH 78019 and Y-82100 contain only graphite, Y-8448 and
Y-74659 contain both graphite crystals and grains composed of graphite and diamond, and other six
ureilites, ALH 77257, ALH 78262, Asuka 881931, MET 78008, Y-74123 and Y-74130 contain only
grains composed of graphite and diamond. It is noteworthy that kamacite coexists with diamond in all
samples, whereas kamacite can not be observed in graphite grains not containing diamond. Kamacite in
Y-74123 shows X-ray diffraction lines shifted a little toward the higher angle side in X-ray patterns and
suggests that it has a little smaller unit cell dimensions than the normal one maybe due to Si in the

structure.
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Integral breadths of 110 and 004 reflections of graphite in graphite-rich grains are plotted in Fig. 1.
Fig. 1 shows that the integral breadths of 110 reflections of graphites have a positive linear correlation
with those of 004 reflections, suggesting that the graphite crystals were strained equidirectionally. With
experimentally shocked olivine crystals, Uchizono et al. showed that integral maximum breadths of
olivine have a linear relation to the shock pressures [4]. Referred to their results, the integral breadths
of graphites as shown in Fig. 1 are thought to be used as an index of the shock pressure loaded on them.
Fig. I shows that ALH 78019 and Y-82100, containing only graphite, were less shocked than Y-8448 and
Y-74659 that contain both graphite and diamond. In Y-8448, diamond-free graphites were also less
shocked than diamond-bearing ones.  X-ray reflection lines of diamond-bearing graphites are broadened
much more and show that the shock pressures loaded on them were much higher than those on
diamond-free ones. In Y-74659, the same relations between integral breadths of diamond-free and
diamond-bearing graphites are observed as in Y-8448, although the integral breadths of the diamond-free
graphite are wider than those in Y-8448, suggesting that the pressure for the conversion of graphite to
diamond was higher in Y-74659 than that in Y-8448. The difference of the pressure for the conversion
may suggest that the formation mechanism of diamond differed in Y-74659 from that in Y-8448, for
which a catalytic mechanism was proposed [5].

Fig. 2 shows the relations between the integral breadths of graphite 110 and diamond 220 reflections.
In Fig. 2, each ureilite is plotted in relatively narrow respective areas. Y-74123 and ALH 77257 show
relatively sharp reflections of diamonds having constant integral breadths, whereas the integral breadths
of graphite are variable. In Y-8448, ALH 78262, Asuka 881931 and MET 78008, integral breadths of
diamond 220 reflections have a linear relation to those of graphite 110 reflections. Y-8448 and ALH
78262 are plotted around the same line and ALH 78262 shows a little wider integral breadths of graphite
and diamond than Y-8448. Asuka 881931 and MET 78008 are also plotted around the same line which
has a little smaller slope than that of former two ureilites and their integral breadths of diamonds and
graphites are wider than those of ALH 78262. Y-74659 and Y-74130 show relatively constant integral
breadths of graphites whereas those of diamonds are variable and take the largest values among ureilites.

On the basis of the characteristics of the integral breadths as described above diamond-bearing

ureilites are classified into 3 types as summarized in Table 2. Type I is a group of ureilites not containing
diamond. It is suggested that diamond in ureilites may have formed by the catalytic conversion of
graphite [3]. It is well known that well-crystallized diamond forms by the catalytic conversion of
graphite and non-catalytic one bears many stacking faults and shows broadened X-ray lines. By reference
to these results, the genesis of diamond for each type was estimated as shown in Table 2.
References: [1] Goodrich C. A. (1992) Meteoritics, 27, 327-352. [2] Nakamuta Y. and Aoki Y. (2000)
Meteoritics and Planetary Sci., 35, 487-493. [3] Nakamuta Y. and Aoki Y. (2001) Meteoritics and
Planetary Sci., 36, A146. [4] Uchizono A. et al. (1999) Mineral. Jour., 21, 15-23. [5] Nakamuta Y.
and Aoki A. (2000) 25" NIPR symposium abstract, 108-110, Tokyo.
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Table 1.

Mineral compositions of carbon-rich grains in each ureilite.

Sample Gr Di Kam  Tae Tr Sch Mag  Goe Jar  Number
~ of grains
ALH 78019 + 10
Y-82100 + 6
Y-8448 + 8
+ + 4+ z + 10
Y-74659 ¥ + - -
+ + + - - - -
ALH 77257 + + - = -
ALH 78262 + + + = + -
Asuka 881931 + + - - + - 15
MET 78008 + + + 5 4 5 17
Y-74123 + + + a - . - 16
Y-74130 + + + - - - s 19

Gr: graphite, Di: diamond, Kam: kamacite, Tae: taenite, Tr: troilite, Sch: schreibersite,

Mag: maghemite, Goe: goethite, Jar: jarosite.
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Table 2. Classification of ureilites based on carbon minerals.

Type Sample Carbon minerals Genesis of diamond
[ ALH 78019 graphite no
Y 82100
I Y 74123 graphite + diamond catalytic
ALH 77257 (high temperature)
il Y 8448
ALH 78262 graphite + diamond catalytic
Asuka 881931 (low temperature)
MET 78008
v Y 74659 graphite + diamond non-catalytic
Y 74130
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Introduction

The black fine-grained clasts were found in the dark-light structure in the Tsukuba meteorite
(H5-6), which is meteoritic “fall” [1]. The clasts are much darker than the dark portion in
Tsukuba host. The purpose of this study is to know the origin of the black clasts.

Mineralogical and chemical analyses of the clasts

The black clasts, up to 800um across, are characterized by the presence of pyrrohtite plates,
pentlandites, plaquette, spherulitic and framboidal magnetites, which are typical of CI
chondrites [2] (Fig. 1). Synchrotron radiation X-ray diffraction analyses showed that the clasts
consist mainly of serpentine and saponite, which are common in CI chondrites [e.g. 3]. The
relative abundance of serpentine and saponite is comparable with that of Orgueil. The
crystallinity of magnetite is lower than that of Orgueil. There appears to be small amounts of
olivine and ferrihydrite. It is not clear that the olivine is indigenous to the clasts or
contaminant from the host. If the olivine is indigenous, the degree of aqueous alteration of the
clasts was not so high to replace olivine entirely. Major-element concentrations of the clasts,
as measured with a broad beam of electron microprobe, have a low total (avg. 83wt.%) and
show compositional variations in the Si+Al-Fe-Mg ternary diagram that are similar to those in
Orgueil [3]. TEM observation shows that there are euhedral crystals (<200nm) of pentlandite
and pyrrohtite. TEM-EDS analysis indicates that the phyllosilicates show compositional
variations in Si+Al-Fe-Mg ternary diagram that are similar to those in Orgueil [3] (Fig. 2).
Mineralogically and chemically the clasts resemble CI chondrites and quite differ from Tsukuba
host [4].

The saponite (001) basal spacing is 13.2A, consistent with that of intact or weakly heated
Orgueil (<500°C) [5]. This and the presence of serpentine suggest that the clasts have never
experienced heating above 500°C after accretion to the Tsukuba parent body. The boundary
between CI clast and Tsukuba host is measured with a focused beam (2um) of electron
microprobe and has a low total (avg. 85wt.%), suggesting that the boundary is not dehydrated.
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Discussion

Based on the results of a series of analyses, formation history of the CI clasts can be
evaluated as follows: the clasts were formed as a part of CI parent body. After the ejection
from the parent body, the CI meteoroid accreted to the Tsukuba parent body at a certain period
after early thermal metamorphism whose temperature was supposed to be 700-1000°C for H5-6
[6]. The clasts were located in the active regolith, because they are found in the dark-light
structure of the meteorite. Impact on the regolith have crushed the clasts into smaller pieces
and induced lithification of the regolith material, but the temperature of the clasts has never
exceeded 500°C during lithification. The lithification class of Tsukuba host is determined from
the concentrations of solar noble gases, using the criteria of [8]. Tsukuba host is assigned to a
class A breccia that has been subjected to low shock pressures (1-5GPa). Finally, Tsukuba
meteoroid including the CI clasts was ejected from the parent body of Tsukuba and fell onto the
earth after the transit time 8.1Ma [7].
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Fig. 1. (a) Backscattered electron (BSE)
image of the clast, (b) BSE image of
plaquette, spherulitic, and framboidal
magnetites, (c) BSE image of a hexagonal
pyrrohtite plate.

Fig. 2. Sit+Al-Fe-Mg ternary diagram
(atomic %) of phyllosilicates in the clast.
Also shown are the ideal solid solution lines
of serpentine and saponite and the line
defined by Fe/(Mg+Fe) = 15 atomic % of
phyllosilicates in Orgueil [3]. The filled

area shows composition of coarse phyllosilicates in Orgueil [3].
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Introduction

The Sayama meteorite is a new CM chondrite fell at Sayama-city, Japan in 1986
[1], which has been reported to receive highly aqueous alteration based on microscopic
studies [2]. The Sayama contains 1.99wt% bulk carbon with the bulk carbon isotopic
composition of +2.9%o and +6.1%o (relative to PDB) for two measurements [1], being
relatively enriched in 13C compared to average CM chondrites. The high bulk 8'3C value
may be due to high abundance of isotopically heavy carbonate, which is a similar isotope
signature as a highly-hydrated CM chondrite such as Y-82042 (+9.8%0) [3]. The thermal
history, however, has not been considered yet. In this study, we determined C-H-N
concentrations and §3C value of solvent-insoluble and amorphous organic matter
extracted from the Sayama metcorite to apply the relative thermal alteration and
metamorphic degree, and to characterize the organic matter of this chondrite.

Using the H/C-N/C ratio of solvent-insoluble and amorphous organic matter
extracted from several CM2 chondrites, we have recently proposed an organic parameter
to evaluate the relative extent of weak thermal alteration and metamorphism [4]. In brief,
the H/C atomic ratio of the purified amorphous matter vary widely from (.72 to 0.11 with
increasing thermal alterarion (Fig. 1). This is because hydrogen is preferentially removed
from carbon skeleton of amorphous organic matter. During the H/C change of ~(0.7 to
~0.3, the N/C atomic ratio remains ~0.04. However, the N/C ratio decreases from
~0.040 to ~0.017 at the H/C ratio fo ~0.2 for intense thermal alteration of chondrites such
as B-7904 and Y-86720. Therefore, the H/C-N/C curve implies different degrees of
thermal event among these chondrites, most of which are consistent with the previous
mineralogical and chemical studies. The H/C-N/C index is a sensitive and quantitative
means to evaluate weak metamorphic degree of carbonaceous chondrites. Furthermore,
only in a chondrite with the H/C ratio of >~0.5, bituminous organic compounds such as
amino acids and polycyclic aromatic hydrocarbons (PAHs) were appropriately present.
The H/C ratio of amorphous organic matter is also a probable means to evaluate
indigenous bituminous organic compounds against terrestrial contamination in
carbonaceous chondrites.

Experimental

Powdered sample of the Sayama chondrite was extracted with water and organic
solvents to analyze solvent-extractable (bituminous) organic compounds such as amino
acids and PAHs. The detailed molecular distributions should be reported elsewhere. After
the solvent extractions, the residue was treated with 6M HCl and HF/HCI (1/1 by
volume) in a Teflon™ bottle by shaking at ~70°C. The acidified residue was washed with
H,0 several times to neutral pH, and subquently washed with organic solvents. After
drying, the resulting amorphous organic matter was subjected to an elemental analyzer
and isotope ratio mass spectrometer coupled with an elemental analyzer to determine its
C-H-N concentrations and the 8!3C values, respectively.

Results and discussion

The extracted amorphous organic matter contains 68.3wt% carbon with 3.91wt%
hydrogen and 2.76wt% nitrogen, which is highly purified to be the same as carbon
content of insoluble organic matter of various CM2 chondrites reported by other studies
[4-6]. The H/C and N/C atomic ratios of the purified amorphous matter from the Sayama
meteorite are calculated to be 0.68 and 0.035, respectively. As shown in Fig. 1, the H/C
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atomic ratio of the Sayama is similar to that of the Murchison (0.70), Y-791198 (0.67)
and A-881458 (0.72), which suggest that the Sayama has not been thermally altered. In
addition, because these three CM2 chondrites yielded indigenous organic compounds
such as amino and carboxylic acids, sugars and hydrocarbons, this thermally unaltered
signature of the Sayama may be consistent with the existence of bituminous organic
compounds such as amino acids and PAHs.

The 8'3C value of the amorphous organic matter is —15.3%o, which is similar to
that of most CM2 chondrites [7,8]. The larger 13C depletion of amorphous organic matter
relative to bulk carbon has been observed in the Sayama, Murchison and Y-791198,
probably because of more abundant isotopically heavy carbonate and/or bituminous
organic compounds in these meteorites.

Conclusions

The H/C and N/C atomic ratios of solvent-insoluble amorphous organic matter
purified from the Sayama meteorite are (.68 and 0.035, respectively, which are similar to
those of the Murchison, Y-791198 and A-881458. The Sayama has not been thermally
altered nor metamorphosed. The 8'3C value of the amorphous organic matter is —15.3%o,
which is also similar to that of the Murchison, Y-791198 and A-881458. The chemical
and isotopic signatures of the Sayama suggest the existence of indigenous bituminous
organic matter in this chondrite.
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Fig.1 Atomic H/C-N/C plot of amorphous organic matter purified
from various CM2 chondrites including the Sayama
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THE LONAR IMPACT CRATER, INDIA- A TERRESTRIAL

ANALOGUE WITH CRATERS ON MARS
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Abstract:- The Indian Lonar Impact Crater is unique in being the only terrestrial
crater in basaltic rocks. It has it’s own peculiarities and provides scientific data of
immense value. Lonar is considered to be a terrestrial analogue not only with the lunar
craters but also with the craters on the Mars. Reviews of evidences from the Lonar crater
supporting such an analogy with the craters on the Mars are furnished. It is believed that

future studies of the Lonar crater in a planetary context will be extremely rewarding.

The significance of terrestrial impact craters has greatly increased owing
to planetary exploration efforts since the man first landed on the Moon in 1969.
Empirical information and data from more than 150 terrestrial impact craters have now
established that impact cratering was a ubiquitous geological process in the history of

the solar system and planetary evolution ( Grieve, 1998).

The young, 1.8 Km. diameter, impact crater at Lonar, India ( 19°58’ N :
76° 31’E), is unique in being the only terrestrial crater in basaltic terrain. (Nayak, 1972;
Fredriksson et al.1973). An appraisal of significant features of the Lonar crater and
their comparison with those of the lunar craters were furnished in a planetary context
( Nayak, 2001). In fact, Lonar has provided important breakthrough in understanding
the planetary geology ( Fredriksson et al. 1978; Kieffer et al. 1976; Schall,1976 ).
Scientific data of value found in the Lonar material will be very useful in
comprehending the processes on the planets, particularly the Moon and the Mars. Some
of the features of the Lonar crater provide opportunities to compare and correlate with
craters of the Mars (Fudali et al.1980; Hagerty and Newsom, 2001 ; Newsom et
al.2002). This contribution reviews the characteristic features which support an analogy

between the terrestrial Lonar crater and the Mars.
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The original morphology of the Lonar crater was reconstructed and
mechanism of its excavation suggested by Fudali et al. 1980. Accordingly, the low rim
height/diameter ratio of Lonar is not the result of post-cratering erosion but is
considered due to the nature of its target basaltic rocks. This situation is not restricted to
the Earth only but can be extended to some lunar and mercurian craters which are

expected to be low-rimmed because of the target rocks like basalts as at Lonar.

The excellent preservation of continuous ejecta blanket and substrate
around Lonar strongly indicates that the dominant mechanism of debris transportation
and deposition was a ground-hugging fluidized surge owing to strong gravity field and
an atmosphere (Fudali et al. 1980). Consideration of these aspects led Fudali et al.
(1980) to suggest that Lonar should be considered as an analogue to the fluidized

craters of the Mars.

Recently, Hagerty and Newsom (2001) found new evidence for impact-
induced hydrothermal alteration in basalts at the Lonar crater and considered its
implications for effects of small craters on the mineralogy and chemistry of the Martian
regolith. The identification of saponite and celadonite, geochemical modelling of
alteration process, replacement textures, isotopic data of carbonates at Lonar
demonstrates post-impact hydrothermal alteration. Further, Newsom et al. (2002)
studied the mass balance model with new SIMS and EMP data for mobile elements (e.g.
S, Cl, K, Br, Li, B, Be, Ba )in altered material of the Indian Lonar crater; Mistastin
Crater ,Canada and small crateras on Mars and found remarkably similar behaviour,
This similarity strongly supports the use of terrestrial analogues to comprehend the

geochemical processes on the Mars.

It should be mentioned that there is an on-going project on, ‘Impact
Crater Hydrothermal Systems, under the supervision of Prof. H. E.Newsom and his
group at the Institute of Meteoritics, Department of Earth and Planetary Sciences,
University of New Mexico, Albuquerque, U.S.A. This project involves the study of
processes with regards to water and impact craters on the Mars, using terrestrial

analogues and remote sensing data. It is believed that the Indian Lonar crater in basaltic
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rocks will provide significant clues and constraints to understand the processes on the
Mars. Also, the data from the Lonar crater will be compared with the Martian data
obtained by Mars Global Surveyor (MGS) and Viking Spacecraft to better understand

about the aqueous processes in impact craters on the Mars.

All these studies are stimulating and are likely to shed new light on the
significance of water and cratering processes on planetary bodies. The Lonar crater in
basalts can serve as a case study to answer several unresolved questions in
understanding the geochmical processes on the Mars and other planets in the solar
system. Eventually, the results of these researches will help to plan a long term mission

for habitation on the celestial bodies.
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Natural TL (thermoluminescence), the luminescence of a sample that has received no irradiation in
the laboratory, reflects the thermal history of the meteorite in space and on Earth. Natural TL data thus
provide insights into such topics as the orbits of meteoroids, the effects of shock heating, and the
terrestrial history of meteorites. Induced TL, the response of a luminescent phosphor to a laboratory dose
of radiation, reflects the mineralogy and structure of the phosphor, and provides valuable information on
the metamorphic and thermal history of meteorites. The sensitivity of the induced TL is used to
determine petrologic type of type 3 ordinary chondrites.

As reliable pairing approach, TL properties within large chondrites were analyzed, taking advantage
of the fact that serial samples from these meteorites is known to be paired [1]. Then a set of TL pairing
criteria: 1) the natural TL peak height ratios, LT/HT, should be within 20%; 2) that ratios of raw natural
TL signal to induced TL signal should be within 50%; 3) the TL peak temperatures should be within
20°C and peak widths within 10°C was proposed. This set of TL pairing criteria is less restrictive than
previously used [1].

We have measured TL of 121 Japanese Antarctic unequilibrated chondrites so far [1,2,3]. This time
we measured TL of more 30 Asuka chondrites. The TL data of them are listed in Table. The
petrologic subtype was determined from their TL sensitivity. Eight chondrites, A-881236, A-881083,
A-881026, A-881088, A-881125, A-881090, A-881244, and A-881096 were found to be primitive
below subtype 3.2. However, we found no chondrites in the lower cluster. An unusual TL glow curve was
measured in A-881026 (H3). It would contain unknown phosphorescent mineral. Two-dimensional TL observation
of its thin sections is necessary to identify the mineral. Above pairing criteria were also applied to the Asuka
unequilibrated chondrites. A-880941 and A-880956 were paired in H3 chondrites. A-880966,
A-881242, and A-881249 were also paired in H3 chondrites.

References: [1] Ninagawa et al. (1998): Antarctic Meteorite Res., 11, 1-17. [2] Ninagawa et al. (2000):
Antarctic Meteorite Res., 13, 112-120. [3] Ninagawa et al. (2002): Antarctic Meteorite Res., in press.
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Mineralogical variation of phyllosilicate-rich micrometeorites: comparison with
hydrated carbonaceous chondrites.

Takaaki Noguchi', Tomoki Nakamura®, and Wataru Nozaki’
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Introduction Micrometeorites (MMs) that contain abundant phyllosilicates experienced
slight to weak heating during atmospheric entry. MMs represent more unbiased samples of
asteroids than meteorites because of the different evolution of orbits between MMs and
meteorites [e. g. 1]. Chemical composition of unmelted MMs suggests that they are related to
the hydrated carbonaceous chondrites such as CI and CM chondrites [e. g. 1]. Therefore, the
population of phyllosilicate-rich MMs having different mineralogical features probably reflects
the population of hydrated asteroids more correctly than that of hydrated carbonaceous
chondrites do. We have been investigating mineralogy of Antarctic MMs by combination of
synchrotron radiation X-ray diffraction (SR-XRD) and transmission electron microscopy (TEM)
[e. g 2, 3, 4]. Until recently, we had found 5 phyllosilicate-rich MMs among about 1000
unmelted ones. Detailed TEM observation of the MMs revealed that four among five MMs
contain only saponite as phyllosilicates [4]. Two among the saponite-rich MMs contain
fine-grained magnesiowiistite (Mg, Fe)O) aggregates that are probably decomposition products
of Mg- and Fe-carbonate. The other two saponite-rich MMs contains abundant framboidal
aggregates of magnetite and do not contain magnesiowiistite. Only one MM contains only
serpentine as phyllosilicate. We pointed out that the mineralogical similarities between the
magnesiowiistite-bearing saponite-rich MMs and the matrix of Tagish Lake (hereafter TL)
carbonate-rich lithology and between the saponite-rich MMs including abundant framboidal
magnetite and TL carbonate-poor lithology [4].

Sample and Methods Recently, the authors’ group thoroughly collected about 700
unmelted Antarctic MMs with 20 to 300 um across. Based on the surface features observed by
low-vacuum scanning electron microscope (LV-SEM), we selected 44 MMs that seem to have
experienced slight to weak heating during atmospheric entry. These MMs were investigated
separately by SR-XRD. We found 25 phyllosilicate-rich MMs among them. Difference in
the population of phyllosilicate-rich MMs in this study and our previous study [4] resulted from
the fact that phyllosilicate-rich MMs were more abundant among smaller MMs, especially in
the size range between 20 to 40 um across. Here, we report mineralogical features of these 30
phyllosilicate-rich MMs and compare the MMs with hydrated carbonaceous chondrites.
SR-XRD analysis was performed at high entry accelerator research organization, Tsukuba,
Japan.

Results and discussion Phyllosilicate-rich MMs were classified based on mineral species
of phyllosilicates and mineral assemblages. We also used the degree of atmospheric entry
heating deduced by the (001) spacing of saponite for saponite-bearing MMs and by the
sharpness of the (001) peak of serpentine for serpentine-rich MMs. Seven types of
phyllosilicate-rich MMs were recognized based on mineral assemblages (see Table). The most
abundant types of phyllosilicate-rich MMs are Tagish Lake carbonate-poor lithology-like (TL
Cp-like) and Cl-like MMs. Nine TL Cp-like MMs are composed of saponite, magnetite,
pyrrhotite, and small amounts of carbonates (calcite, siderite, and magnesite). The mineral
assemblage is very similar to that of TL carbonate-poor lithology. Nine Cl-like MMs are
composed of saponite, serpentine, magnetite, pyrrhotite, and small amounts of carbonates
(calcite, magnesite, and siderite). Saponite is more abundant than serpentine. Their
mineralogy is almost identical to that of CI chondrites. In a previous study [5], a CI-like MM
was reported. However, in the MM, saponite-like material was amorphous in spite of the
presence of serpentine. In this study, saponite was identified by SR-XRD. It is interesting
that most of the MMs in these two types were slightly heated during atmospheric entry based on
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the degree of dehydration of saponite in them. This means that the TL Cp-like MMs are not
heated CI-like MMs in which serpentine was decomposed preferentially.

Next abundant phyllosilicate-rich MMs are CM-like MMs.  Although four MMs have
similar mineralogy to that of CM chondrites, tochilinite was not found. However, the absence
of tochilinite was due to the preferential breakdown of tochilinite during atmospheric entry
heating [4].

In the case of weakly heated saponite-rich MMs, it was sometimes difficult to
distinguish heated Cl-like from heated TL Cp-like MMs because of preferential breakdown of
serpentine [6, 7]. Two saponite-rich MMs could not estimate their mineralogy before entering
the earth’s atmosphere. Three saponite-rich MMs contain magnesiowiistite. Because their
estimated mineral assemblage before entering the earth are very similar to that of TL
carbonate-rich lithology, the MMs were classified as Tagish Lake carbonate-rich lithology-like
(TL Cr-like) MMs. Two among them were described in detail in our previous study [4].

As shown above, mineralogies of 25 phyllosilicate-rich MMs are very similar to those
of known hydrated carbonaceous chondrites, Tagish Lake, CI, and CM chondrites. Abundant
TL (Cp or Cr)-like and CI-like MMs and much less abundant CM-like MMs suggest that that
TL- and Cl-like asteroids may be much more abundant than CM-like asteroids.

There are three phyllosilicate-rich MMs, whose mineralogies do not coincide with that

of known meteorites. Two MMs contain abundant saponite but are poor in Fe oxides.
Because sub-pm-sized magnetite are ubiquitously distributed in the TL-like and CI-like MMs,
the low abundance of magnetite in these two MMs may indicate fundamental difference in the
conditions of aqueous alteration among the TL-like and CI-like MMs and these MMs. Another
MM contains saponite and serpentine as well as magnetite, pyrrhotite, and ferrihydrite.
However, serpentine is more abundant than saponite. It 1s contrary to the case of CI
chondrites. These MMs show that there are extraterrestrial materials that we have not found as
meteorites yet.
References [1] Jessberger, E. K. et al. (2001) In: Interplanetary dust, pp 253-294. [2]
Nakamura, T. et al. (2001) GCA4, 63, 4385-4398. [3] Noguchi, T. (2001) LPSC XXXII, #1541.
[4] Noguchi, T. et al. (in press) £PSL. [5] Genge, M. J. et al. (2001) LPSC XXXII, #1546. [6]
Nozaki, W. et al. (2001) MAPS, 36, A151. [7] Nozaki, W. et al. (2002) in this volume.

Table  Population of phyllosilicate-rich MMs investigated in this study.

Mineralogical features of MMs slightly heated weakly heated total

Cl-like 7 2 9

Tagish Lake carbonate-poor lithology-like (TL

Cp-lik 8 ! 4
p-like)

Tagish Lake carbonate-rich lithology-like (TL Cr-like) 0 3 3

CI- or Tagish Lake carbonate-poor lithology-like i ’ 2

(heated sap-rich)

Saponite-rich, very poor in magnetite (sap-rich and 5 0 2

mt-poor) -

Serpentine is more abundant than saponite (serp-rich | 0 1

and sap-poor)

CM-like, without tochilinite (CM-like) 3 1 4

Abbreviations of each type of phyllosilicate-rich MMs are shown in parentheses.
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Experimental reproduction of micrometeorites by pulse-heating of
carbonaceous chondrites.

Wataru NOZAKI', Tomoki NAKAMURA', and Takaaki NOGUCHI?

I Earth Planet. Sci., Kyushu University, Hakozaki, Fukuoka 812-8581, Japan.
2. Materials and Biological Sci., Ibaraki University, Bunkyo, Mito 310-8512, Japan

Introduction = Micrometeorites are small (<Imm) extraterrestrial material, which
constitute the major fraction of extraterrestrial material fall onto the Earth (Griin et al.,
1985; Love and Brownlee, 1993). To identify their parent body is one of the major
objective of micrometeorite researches. Although bulk mineralogy provides an
important clue to the origins of micrometeorites, primary mineralogy of
micrometeorites has been altered by various degrees of heating during atmospheric
entry. Thus, it is important to clarify the mineralogical changes in micrometeorites
during atmospheric entry heating.

Experiment We performed pulse-heating experiments of a small piece of Orgueil
(CI1) carbonaceous chondrite from 200°C to 1000°C with 100°C interval under ambient
atmospheric pressure of 1.5x107 torr. In each step, the sample was heated for 120 sec
and bulk mineralogy was analyzed by Synchrotron radiation X-ray diffraction
(SR-XRD). SR-XRD was performed at high energy accelerator research organization,
Tsukuba, Japan.

Results Before heating, the Orgueil sample consisted of saponite, serpentine,
magnetite, ferrihydrite, carbonate (dolomite), Ca-sulfate, and minor amount of
Fe-Sulfide. By heating at 200 and 300°C, the bulk mineralogy did not change. At
400°C, diffraction peaks of Ca-sulfate disappeared and those of newly formed anhydrite
appeared. Relative intensity of diffraction peaks of serpentine decreased at 500°C and
disappeared at 600°C. Intensities of diffraction peaks of saponite decreased and the
basal spacing (001) of saponite shrunk to ~12A at 600°C. Diffraction peaks of
saponite were hardly identified at 700°C. TEM observation of another Orgueil sample
heated at this temperature revealed both of saponite and serpentine have only remnant
layer structure and the majority of them are almost completely decomposed into
amorphous material. Dolomite and ferrihydrite also decomposed at 700°C. At 800°C,
newly formed olivine and Fe-oxide (magnesiowiistite) appeared. At 900 to 1000°C,
the abundance and crystallinity of olivine increased progressively.

Discussion Phyllosilicate-bearing micrometeorites are thought to be the least

heated samples, because saponite and serpentine are decomposed below ~700°C
(Nozaki et al., 2001). Most of phyllosilicate-bearing micrometeorites can be classfied
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into three major mineralogical types based on the major minerals in them; type A:
mainly consist of saponite, serpentine, and magnetite, type B: saponite and magnetite,
and type C: serpentine (Noguchi et al., 2002). We also found micrometeorites that
consist of amorphous material and magnetite (hereafter type D).

It is likely that type A and B micrometeorites were formed by weak heating of
CI chondrite-like material, which is composed mainly of saponite, serpentine, and
magnetite. Because serpentine is decomposed at lower temperature than saponite, it is
plausible that serpentine was preferentially decomposed into amorphous material by
weak atmospheric entry heating. Therefore, there is a possibility that type B
micrometeorites were made from CI chondrite-like material.

The heating experiments show that the mineralogy of the Orgueil sample
heated below 500°C matches well with that of type A phyllosilicate-rich
micrometeorites. The Orgueil sample heated at 600°C, where serpentine has
decomposed while saponite and magnetite still remains, show similar bulk mineralogy
to type B micrometeorites. However, there is a great difference in mineralogy between
the heated Orgueil sample and type B micrometeorites. In the heated Orgueil sample,
basal spacing of saponite has shrunk down to ~12A by weak heating, while that in the
majority of the type B micrometeorites show no shrinkage (13 ~ 14A), suggesting that
type B micrometeorites have not been heated above 600°C and originally not contained
serpentine. Thus, precursor material of type B micrometeorites may contain abundant
saponite and magnetite, such mineralogy can be found in ‘Carbonate-poor lithology’ of
Tagish Lake CI2 chondrite (Gounelle et al., 2001; Mikouchi et al., 2001).

When the Orgueil sample was heated 700°C, phyllosilicates have almost
completely decomposed and only magnetite can be seen in the diffraction pattern.
This mineralogical feature is similar to that of type D micrometeorites. It is possible
that type D micrometeorites could be formed from micrometeoroids with mineralogy
similar to ‘Carbonate-poor lithology’ of Tagish Lake. Therefore, it is plausible that
there are type D micrometeorites originated from moderately heated Cl-like and
‘Carbonate-poor lithology’ of Tagish Lake-like micrometeoroids. There may be
micrometeorites contain primary amorphous materials and magnetite. Therefore,
further investigation is needed to distinguish these possibilities.

References

Gounelle M. et al (2001) LPSC XXXII, #1616 CD-ROM.
Griin E. et al (1985) Icarus 62, 244-272.

Love S. G and Brownlee D. E. (1993) Science 262, 550-553.
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Noble gases in Antarctic nakhlites, Yamato 000593 and
Yamato 000749
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Introduction and analytical methods

Japanese Antarctic Research Expeditions in 2001 (JARE-41) have found a number of
meteorites over 3500 pieces. The JARE-41 recovered a heavy achondrite (Yamato 000593) up
to 13.7 kg around the Yamato Mountains together with a probably paired piece (Yamato
000749) of 1.3 kg [1]. Petrographical and mineralogical features of Y000593 and Y000749 are
similar to those of nakhlites [2, 3]. We have reported in [3] a result of noble gas analysis for
Y000749 and pointed out several features characteristic of nakhlites.

In addition to Y000749, we recently measured noble gases in Y000593 in order to
confirm the pairing. An *'Kr-Kr age was also determined for Y000593. The *'Kr-Kr age can
give the most reliable cosmic-ray exposure (CRE) age because the *' Kr-Kr age calculation needs
only Kr isotope composition. Here we present results of noble gas analyses for Y000593 and
Y000749, and discuss their noble gas signatures and K-Ar and CRE ages.

Samples of Y000593 (0.1622 g) and Y000749 (0.2048 g) were investigated through a
step-heating method in order to separate noble gas components, such as radiogenic, cosmogenic,
and trapped ones. These samples were heated at 400, 600, 800, 1000, 1300, and 1750°C in a
Mo crucible. Another sample of Y000593 (0.2963 g) was completely melted (heated at 1750
°C) to determine the *'Kr-Kr age. Noble gases evolved from each sample were purified to
eliminate active gases and were measured separately as four fractions (He-Ne, Ar, Kr, and Xe)
with a modified VG-5400 mass spectrometer (MS-II) at the Laboratory for Earthquake
Chemistry, University of Tokyo [4].

Results and discussion

The most important feature of nakhlites is a presence of iddingsite that is inferred to
have been produced via reactions with water on Mars. In a system of trapped P9Xe/ P Xe
against $Kr/***Xe, noble gas in iddingsite is distinguishable from those in shergottites and
Chassigny [5]. Noble gases released at 1000-1750 °C from Y000593 and Y000749 plot along
a mixing line between Chassigny and iddingsite (Fig. 1). This strongly supports the petrologic
and mineralogical judgment [2, 3] that these meteorites are Nakhla-type Martian meteorites.

Both isotopic ratios and concentrations of He, Ne and Ar of Y000593 are essentially
identical to those of Y000749 (Table 1), although there are differences in Kr and Xe (discussed
below). The light noble gases confirm the pairing between Y000593 and Y000749, which is
consistent with their field recognition and petrographical similarities [2, 3].

Light noble gases in both meteorites are dominated by cosmogenic gases and radiogenic
components. Table 2 is a summary of K-Ar and CRE ages for Y000593 and Y000749. The
K-Ar age of 1.33 = 0.18 Ga for Y00593 and Y000749 is concordant with radiometric ages, such
as *’Ar-"’Ar, Rb-Sr, and Sm-Nd ages, of other nakhlites [6]. Thus, it is inferred that nakhlites
have been crystallized at the same time around 1.3 Ga.
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There are differences among mean CRE ages Tspe, Taine, and Tiga, although each of a
mean CRE age shows good consistency between Y000593 and Y000749 (Table 2). Because
no diffusive loss of cosmogenic gases was observed, the discrepancies in CRE ages obtained
from different cosmogenic gases are probably due to uncertainties in corrections of their
production rates for variations in chemical compositions and in shielding conditions. Recent
studies by [7] estimated the production rate for cosmogenic *'Ne in a basaltic shergottite Dhofar
019 based on radionuclides '"Be, *°Al, and *°Cl. The estimated Poine is 2.4-2.7 x107 em’®
STP/g/Ma, which is in good agreement with 2.46 calculated for Dhofar 019 in the same way
applied for Y000593 and Y000749. Therefore, we assume that Tojne of 12.16 + 0.18 Ma is a
preferred exposure age for these meteorites.

An *'Kr-Kr age for Y000593 was calculated to be 11.8 + 0.18 Ma. This *'Kr-Kr age
agrees with Thine, suggesting a very short resistance in Antarctica for Y000593 and Y000749.
The Toine and *'Kr-Kr ages give the most reliable CRE age of 11.98 £ (.25 for these meteorites,
and this age corresponds to timing of ¢jection from Mars. The ejection age of 11.98 Ma is
consistent with those for Nakhlites (10.0-11.9 Ma; see [6] and references therein).

Contrary to the consistencies in light noble gases between Y000593 and Y000749, there
are some gaps in concentrations and isotopic ratios of heavy noble gases Kr and Xe between
these meteorites. Differences in concentrations of Kr and Xe between these meteorites are
prominent at 400, 600, 1300, and 1750 °C. As shown in Fig. 1, the 1300 and 1750 °C fractions
of Y000593 are shifted toward Chassigny relative to those of Y000749. This suggests that
iddingsite-containing gases in Y000393 are not as much as YO00749. Microscopic observation
revealed that iddingsite shows lower occurrence in Y000593 than in Y000749, which is
consistent with the noble gas signature.

On the other hand, Y000593 shows high *'Kr/***Xe and low '’Xe/'**Xe ratios at 400
and 600 °C (Fig. 1), indicative of contributions from adsorbed terrestrial atmosphere. Hence,
the excessive Kr and Xe in the 400 and 600 fractions of Y000593 are suspected to be due to
larger contributions of adsorbed terrestrial gases than those in Y000749.

References: [1] Imae N. ct al. (2002) Antarct. Meteorite Res. 15 (in press). 2] Kojima H. (2001) Meteorite Newsletter 10,
No. 2. [3] Imae N. et al. (2002). Lunar Planet. Sci. 33. CD-ROM (#1483).  [4] Nagao K. et al. (1999) Antarct. Meteorite Res.
12.81-93. [5] Drake M. J. et al. (1994) Meteoritics 29, 854-859.  [6] Nyquist L. E. et al. (2001) Space Sci. Revs. 96, 105-164.
[7] Nishiizumi K. et al. (2002) Lunar Planet. Sci. 33. CD-ROM (#1366). [8] Eugster O. & Michel T. (1995) GCA 39, 177-199.

Table 1: Concnetrations and isotopic ratios in bulk Y000593 and Y000749 samples
Sample _ Weight (g) Analytical method  *He °He/He “Ne *'Ne/”Ne *'Ne*Ne **Ar *"Ar’°Ar *Ar®Ar *Kr '®Xe Xe

Y000593 (1) 0.1622 step heat 10825 00197 244 0836 08239 133 1.308 1002 111 312 285
¥000593 (II)  0.2963 total melt 8917 00240 253 0830 08258 115 1443 9 155 419 386
Y000749 0.2048 step heat 9010 00232 257 0823 0.8352 121 1431 984 46 170 145

He, Ne, and Ar: in 10 cm® STP/g. Kr and Xe: in 10" cm® STP/q.
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Table 2: K-Ar and cosmic-ray exposure (CRE) ages for Y000593 and Y000749

sample “Ar" K K-Arage) Cosmogenic gases” Production rates” CRE ages (Ma)
™ (ppm) (Ga) |°He." "'Ne: 3e.l\rt B, PR, PNef'Ne). (PKOTKD. CKIPKD Pase Paine Pasac Pon/Pe] Tove Taime Tssar T
1.48
YO00593 (1) 13294 1494 014 213 201 169 - . 1.206 . . 16.0 1.70 215 - 133 119 788
113 0.183  0.0159 11.8
Y000593 (II 1494 14 9 164 0.1 41 1. 160 1.70 2. 612 | 134 123 764
() 9093 2012 2 209 64 0102 6 206 «0.051  +0.0025 6.0 1.70 215 08612 3 23 6 +1.8
Y000749 11888 1494 J]‘::; 200 215 171 - - 1491 ' o |16t 174 245 - | 130 123 796
1.33 13.23 12.16 7.83
Mean K-Ar age (Ga Mean CRE ages (Ma
9e(Ga)  ois ges (Ma) 520 =026 =016

He, Ne, and Ar: in 10° cm® STP/g. Kr: in 102 cm® STP/q.

1) Bulk concentrations of measured “°Ar,, and *He, (the subscript “m" denotes “measured”). Contributions of
trapped ones are not considered. 2) Bulk K content of Y000593 analyzed by H. Haramura. 3) Corrected for
contributions of trapped ones (the subscript “c” means “cosmogenic”), except for *He. 4) Production rates for *He,
?INe, and Ar (shown in 10 cm® STP/g/Ma) are corrected for chemical compositions and shielding conditions
using equations in [8]. Applied bulk composition is determined for Y000593 by H. Haramura.
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Fig. 1: Trapped '**Xe/"**Xe and ®'Kr/'*Xe ratios of Y000593 and Y000749. Cosmogenic **Kr and '**Xe are
subtracted from measured ones; respectively. Noble gases released at 1000-1750 °C from Y000593 and
Y000749 plot along a Chassigny-iddingsite line.
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Introduction

Density, which is determined by the chemical composition and the structure of a material, is
one of the most important physical properties. The densities of micrometeorites are important
for discussion about the formation of planetesimals as well as for classification of micrometeorites
because the planetesimals were formed by aggregation of dust grains. However, the densities
have not been measured precisely because of their small sizes. The purpose of the present
study is to obtain the densities of Antarctic micrometeorites (AMMs) precisely. We used X-ray
computed tomography (CT) for measuring the volumes and microbalances for the masses.

Experiments

X-ray CT is a non-destructive method to obtain two-dimentional distribution of X-ray lin-
ear attention coefficient (LAC) of samples by using X-ray attenuation. We can obtain three-
dimentional structures by piling up successive cross-sectional CT images.

In this study, we used three AMMs (Y98MO03PR003, Y98M02KS068 and Y98MO02KS074),
which were collected from MinamiYamato in Antarctica by 39th JARE [1]. They were imaged
with a micro X-ray CT system at SPring-8 of SR facility in Japan [2-4]. Each sample was
attached to the tip of a fine glass fiber with glycol phthalate. Monochromatic X-ray beams
of 10 kev were used for the imaging. Cross-sectional CT images were reconstructed from 360-
720 projections with a convolution back projection method. Three-dimentional structures were
obtained from successive CT images with the voxel size of 0.50 X 0.50 X 0.50 X pm, which gives
the spatial resolution of about 1 ~ 2 um.

AMMs are brighter than a background (air and glycol phthalate) in the CT images because
AMMs have larger LACs than the air and glycol phthalate. We removed each AMM from the
background by image analysis using a LAC threshold. Two different values of the threshold for
the AMM surfaces and the boundaries between the AMMs and void inclusions were used. The
boundaries between the AMMs and air are slightly diffused probably due to a minor artifact
by moving samples during imaging . To minimize such artifacts, we applied erosion-dilation
operation, where the surface of the sample (AMM) was eroded by a certain number of voxels
and then dilated by the same number of voxels. The volumes of AMMs were calculated from
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the number of voxels that belongs to the AMMs as the voxel size is known. Finally, we obtained
the bulk volumes including void inclusions and the solid volumes without the inclusions.

The masses of two AMMs (Y98MO03KS068 and YO8MO02PR003) were measured with a mi-
crobalance equipped at Tokyo University or NIPR. The precision of these microbalances was 0.1
ng. We measured the mass of each AMM for several times and the mean value was adopted.

Results

Examples of the CT images of the samples are shown in Figure 1. The threshold values
and the number of voxels for the erosion-dilation operation were determined appropreately from
the CT images. The results are shown in Table 1. Y98MO02PR003 and Y98MO03KS068 are
vesicular and have the porosities of about 10%. In contrast, we can not recognize any voids in
YI98MO3KS074 within the present spatial resolution. The bulk and solid densities are 2.0, 2.3
g/em?® for YO8MO2PR003, and 2.0, 2.3 g/cm® for YOSMO3KS068, respectively.

Table 1: Results of the present measurments

! o size mass bulk volume solid volume
sampie (pm X pm X gm) (pg) (em™) (em™®)
1.69 X 1079 1.51 X 106
"98M02 20 X 140 X 2 sl ).
Y98MO2PR003 120 X 140 00 3.4(% 0.0) (166 ~ 1.72) (1.48 ~ 1.54)
- 6.00 X 10~7 5.28 X 107
I\ X H X 2+ 0.2
YI98MO3KS068 140 > 105 X 100 1.2(% 0.2) (5.94 ~ 6.06) (5.12 ~ 5.44)
: 3.64 X 1077 3.64 X 1077
‘O8N 20 X 95 X ..
YI8MO3KS074 120 X 95 X 100 n.d (3.57 ~ 3.71) (3.57 ~ 3.71)
n.d. : not determined

amble porosity bulk density solid density
SRS (%) (g/em®) (g/em™)
| 10.7 2.0 2.3
[ M2
YOSMOZPRO0S (7.0 ~ 14.2) (2.0 ~ 2.1) (2.2 ~ 2.3)
Y98MO3KS068 240 &0 -
s (8.4 ~ 15.5) (1.7 ~ 2.5) (1.8 ~ 2.7)

Discussion

It propsed that many AMMs resemble to CM chondrites [5]. Void inclusions in AMMs
were formed by heating and dehydration of hydrous minerals of AMM during entering into
the atomosphere. If serpentine (density 2.6 g/cm®), which is a typical hydrous mineral in CM
chondrites, was lost its crystalline water without changing its volume, the density becomes 2.3
g/cm?®. This value is consistent with the solid densities of the two AMMs.
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In the present study, we successfully obtained the precise volumes of AMMs using X-ray
CT and an microbalance. However, this method is possible only for relatively large AMMSs
(larger than 50 gm ~ 100 gm in diameter) because of the limitation of measurable mass by the
microbalance. Therefore, it is hard to obtain the densities of small AMMs and IDPs precisely.

Density of a material ( p ) is related to LAC () and mass attenuation coeficient ( t ) as
follows:

p="4 (1)

LAC can be estimated from CT images if we use monochromatic X-ray beams as in the present
study. The © values can be obtained from the chemical compositions of a material. Therefore,
we may estimate the density from the CT images without measuring the mass if we know
or estimate the chemical compositions of samples. The availability of this method should be
examined for a father study.
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Figure 1: CT images of AMMs. (a) YOSM02PR003. (b) Y9SMO3KS068. (c) YOSMO3KS074.

Objects with bright contrasts have high LAC values and vice versa.
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Introduction

Cosmic spherules are spheroidal particles with sizes <1 mm. Details of cosmic
spherules were first described by Murray (1876), in a report of the results of the H.M.S.
Challenger Expedition of 1873-1876. Although it was thought that cosmic spherules
are extraterrestrial particles for a long time, reliable evidence was not obtained until
1980's. In order to identify the spherules as extraterrestrial, cosmic-ray-produced
nuclides, i.e. Mn, *°Ni, 'Be, and *°Al, have been measured [e.g., 1]. Noble gas
analyses were done for unmelted cosmic dust particles to clarify their extraterrestrial
origin, since the noble gas isotopic compositions in the extraterrestrial materials are
quite differ from those of the terrestrial materials [e.g., 2]. However, there is no
comprehensive noble gas measurement for individual cosmic spherules, because
cosmic spherules generally have considerably low noble gas concentrations due to the
severe heating, therefore the noble gas analysis for single spherule is difficult [3,4].
Highly sensitive mass spectrometer with low blank level is required determining all
noble gas isotopic compositions in the cosmic spherules. In the present work, we
determined the noble gas compositions for individual cosmic spherules using laser gas
extraction.

Samples

The spherules measured in this work were collected from a bare ice region
near the Tottuki Point of Soya Coast at northeastern part of the Liizow-Holm Bay [5].
The large-scale micrometeorite collection was carried out by 41° Japanese Antarctic
Research Expedition (JARE). Micrometeorites were collected by filtration of melted
ice. Antarctic ice was melted by a heated radiator in which warmed non-freezing liquid
was circulating. AMMs in the melted ice were riddled by four different filters (opening
of 10, 40, 100, and 238 um). These collections were done in sixteen points for
twenty-one days [5].

All spherules were picked up from the 100 pm-opening filter of the Tottuki #4.
The majority of the particles attached on the filter were removed by washing in clear
water and residual particles were removed by ultrasonic washing. Of all samples, eights
are from water-washing particles and eights are from ultrasonic-washing particles. The
ultrasonic-washing samples are smaller than the water-washing samples. The cosmic
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spherules are roughly classified to three groups: Stony (S), Glassy (G), and Iron (I)
type, the classification follows the method of [6]. Eleven spherules were classified to
S-type and two and three spherules were to I- and G-type, respectively, based on their
textures and chemical compositions determined by EDS (energy dispersive
spectrometer) analysis. Transparencies and colors of the spheres were determined by
the optical microscopy. follows the method of [6]. Eleven spherules were classified to
S-type and two and three spherules were to I- and G-type, respectively, based on their
textures and chemical compositions determined by EDS (energy dispersive
spectrometer) analysis.

Results

Noble gas concentrations of the spherules were considerably lower than those of
unmelted micrometeorites, indicating severe heating during atmospheric entry. Although ‘*He
in most of the spherules were not detectable, Ne and Ar isotopic compositions were
determined for more than the half of the samples. Four samples have high 2'Ne/*Ne ratios,
which may reflect cosmogenic *'Ne, although blank corrections could not be done for them
due to low concentrations of Ne. Two particles, TO04uTC003 and T004uTCO13, preserved
SEP (solar energetic particles)-like Ne, they have relatively high Ne concentrations. They also
preserved extraterrestrial Ar and their “Ar°Ar ratios were clearly lower than the
atmospheric value of 296, proving their extraterrestrial origins. A stony spherule, T004TC006,
has the lowest **Ar/*°Ar ratio of 19.5+2.0 among the spherules measured in this study, instead
of deficit of solar-Ne. The low Ar isotopic ratios for these particles reflect the chondritic Ar
composition rather than solar-Ar, since they have HAr/**Kr ratios close to the Q-component.
Backscattered electron images of them are shown in Figure 1. Only T004uTCO013 is a
non-spherical particle. The particles presumably preserve the extraterrestrial noble gases in
their interiors instead of severe heating. On the other hand, extraterrestrial Ne and Ar were not
identified in other particles.

However, the relative noble gas abundances of them were similar to those of

T004uTC003 ; T . " : TOOSTCO06. |

Figure 1: Cosmic spherules with extraterrestrial Ar. T004uTC003 and T004uTCO013
also have SEP-like Ne. T004TC006 and T004uTC003 with spherical shapes will be
classified to porphyritic or relic-grain-bearing spherule. T004uTCO013 has
non-spherical shape and dendritic magnetite appears on its surface. Extraterrestrial
Ne and Ar may be preserved in unmelted portions in the particles.
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unmelted micrometeorites and were clearly distinguishable from those of terrestrial materials,
such as basalts, air, and waters, reflecting their extraterrestrial origins (Figure 2). Since the
noble gas abundances are explained by a mixing of the solar and Q-components and the
contribution of adsorption air is negligible, the majority of the Antarctic spherules are
presumably extraterrestrial and not volcanic products.
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Figure 2: Noble gas abundances of the cosmic spherules and other
extraterrestrial and terrestrial materials. Dotted line and broken line
show theoretical fractionation lines established by mass-dependent
Rayleigh distillation. Spherules have noble gas compositions similar to
those of unmelted micrometeorites, indicating extraterrestrial origins.
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Y000593 and a possibly paired meteorite Y000749 are grouped into nakhlites, a group of
SNC meteorites, by their noble gas compositions (Imae et al. 2002). They are the first
nakhlite recovered on Antarctica. So far about 30 SNC meteorites (shergottite, nakhlite
and chassignite) have been identified, most of which are classified into shergottites.
Nakhlites are rare, to which 6 meteorites including YO00593 and Y000749 belong.  In this
study, we analyzed Y000593, YO00749 and Nakhla for their bulk chemical compositions by
nuclear analytical methods. In this symposium we will report preliminary results because of
not completing our all analytical procedures.

Lump samples of Y000593,66 (1.2 g), Y000749,46 (3.6 g) and Nakhla (0.88 g) were
analyzed by neutron induced prompt gamma-ray analysis (PGA) using cold neutron beam at
JRR-3M, Japan Atomic Energy Research Institute. The specimens of Y000593 and
Y000749 were loaned from NIPR and were subjected to PGA without any additional
treatment at our side. Because the size of the Y000749 specimen is larger than the neutron
beam size used in PGA, only content ratios normalized to Si content were determined for
Y000749 and the other samples by the internal monostandard method developed by our group.
Absolute contents were also obtained for YO00593 and Nakhla by comparison method using
JB-1 (a basaltic geological reference sample issued by GSJ) and chemicals of analytical grade
as reference standards for quantifiction.

Since Si-normalized contents for major elements obtained by the internal monostandard
method are almost the same for three nakhlites analyzed, it is inferred that their absolute
elemental abundances are also similar. Our absolute content values for YO00593 and Nakhla
are shown in Table 1 with contents in Nakhla compiled by Lodders (1998). All major
elements and several trace elements were able to be determined by PGA. It is seen in Table
1 that there is no apparent difference in contents of analyzed elements between Y000593 and
Nakhla except for H and Cl and that our determinations in Nakhla are also consistent with
compilation data by Lodders (1998).  There appear clear boundaries in Mg/Si, Al/Si, Ca/Si,
and/or Ti/Si weight ratios among SNC groups; for example, Mg/Si - Ca/Si diagram is shown
in Fig.1. These ratios for Y000593 and Y000749 are different from those for Shergotty and
Chassigny but consistent with those for Nakhla. Therefore it is suggested based on chemical
composition that YO00593 is a nakhlite. Our determination of Cl in Nahkla is about 16

times higher than the compilation data. As our sample of Nakhla was sampled from the
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interior of a large mass at the lunar sample processing room at JSC, NASA and no additional
treatment was given for PGA, a high content of Cl cannot be attributed to experimental
contamination. It must be highly probable that Cl is heterogeneously distributed in nakhlite,
just like the case for chondrites (Zorenski et al., 1999). As only one value has been reported
for Cl content in Nakhla, additional analyses are desired for Cl (and other halogens) in future.

In order to determine additional elements including trace elements, we are now
performing additional nuclear analytical methods, instrumental neutron activation analysis

and instrumental photon activation analysis, for powder samples prepared from different parts

of the meteorites.
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Table 1. Preliminary results of chemical compositions determined by PGA.

Y000593 Nakhla Nakhla*
H, % 0.0541+0.0014 0.0252+0.0010
B, ppm 3.47+0.06 3.02+0.07 4.6
Na, % 0.432+0.03 0.447+0.025 0.34+0.05
Mg, % 6.26+0.26 6.93+0.29 7.3+0.2
Al, % 0.999+0.030 0.974+0.033 0.89+0.11
Si, % 22.2+0.4 23.5+0.4 22.7+0.8
Cl, ppm 52.9+6.1 872+13 80
K, % 0.119+0.007 0.117+0.007 0.107+0.019
Ca, % 10.2+0.3 10.8+0.5 10.5+0.5
Ti, % 0.218+0.004 0.208+0.004 0.202+0.025
Cr, % 0.179+0.006 0.208+0.007 0.177+0.028
Mn, % 0.398+0.027 0.388+0.03 0.382+0.31
Fe, % 15.320.5 14.5+0.4' 16.0+1.2
Co, ppm 91x11 7912 485
Ni, % 0.0179+0.0048 0.0191+0.0055 0.0090
Sm, ppm 1.46=0.09 1.01+0.07 0.77+0.08
Gd, ppm 1.17+0.09 1.08+0.07 0.86+0.08

*Compilation by Lodders (1998).
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Radioactive decay systems of short-lived nuclides such as "I -'Xe, >*Mn -*Cr or Al -""Mg
give unparalleled information on early solar chronology. However, in order for these isotope
systematics to serve as a useful chronological tool, a basic premise must in the first place be
ascertained, that is, an assumption on a common primordial 1sotopic composition for radioactive
parent nuclides. Unfortunately, there is at present no definitive way to prove this very
important assumption, although observations generally appears to favor the assumption.  In this
report, we propose a new approach based on a correlation plot for initial i1sotopic ratios of parent
and daughter elements (hereafter, we call 1t a I-R (Imtial Ratio) plot), and show that this
approach is useful in resolving this issue. We applied this method to "I - "*’Xe and ¥Mn - ¥Cr
systematics, that are at present only two cases for which we have analytical data to construct an
I-R plot.

Several workers have noted that there exists a negative correlation between the initial =1/'*'1
ratio and the '*"Xe/'**Xe ratio in a trapped Xe component in chondrules (e.g..1,2). Swindle et
al.(2) interpreted that initial '"*’I/'*' ratios (R,) in the samples had evolved in pre-chondrule
environment from a common primordial iodine with a same primordial ratio (R,)), and hence the
negative trend gave a support for a chronological interpretation of "I - '*Xe systematics.
Swindle (3) further pointed out that if the pre-chondritic environment were of a closed system,
the negative trend should be a straight line with a slope corresponding to I/Xe ratio in the pre-
chondrule environment. Although the negative trend is apparent in Chainpur chondrules (2) and
also supported by new Xe isotopic data on dark inclusions in Allende meteorite (4), the
observed slope matches neither the solar I/Xe ratio nor values commonly observed in
meteorites. We show that the characteristic features of Xe isotopic data seen in an [ - R plbl
are consistently explained by assuming that Xe has been fractionated from I in the solar nebula

that was dissipating exponentially with time.
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We assumed exponential dissipation of solar nebula, and that Xe as well as | was captured by
chondrules in the dissipating nebula. We show that the observed negative trend m an [ - R plot is
well simulated by a Xe isotope evolution equation which was derived for dissipating solar
nebula. From fitting the data in an I - R plot to the Xe isotope evolution equation with free
parameters (nebula dissipation time constant, primordial | and Xe isotopic ratios at the
beginning of the solar system), we infer that the time constant for the nebula dissipation is about
25 Ma. This time constant 1s consistent with a generally assumed life of proto-solar nebula.
From the model, we also infer that the primordial "“I/'*T and '*"Xe/'**Xe ratios are considerably
smaller than the values hitherto assumed from meteonte data, although the estimation of the
primordial ratios invelves large uncertainties. We note that some chondrules have the
'*"Xe/"**Xe ratio of a trapped Xe as low as 0.9, well below the solar Xe ratio and even the least
radiogenic '“’Xe/***Xe ratio (Novo Urei meteorite). The new data on Allende dark inclusions
(4) also support this smaller primordial '“'Xe/'**Xe ratio. If the primordial ‘*Xe/***Xe ratio
were indeed as small as 0.9, this bears far reaching implications on early solar chronology. For
example, the currently estimated value of the initial '*I/'*7] isotopic ratio of about 10” in the
Earth (5) would become larger, and reduce the puzzling cap in an initial '*'I/'*'T ratio (about 10™
in meteorites) or in a formation age interval between the Earth and meteorites.

Although analytical data are still scanty and a definite conclusion cannot be deduced, a I-R
plot for currently available “Mn - “'Cr data show a rough negative correlation. This suggests
that meteorite samples inherited initial Mn 1sotopes which had evolved from a same primordial
Mn in a pre-meteorite reservoir. Therefore, hke I-Xe systematics, Mn-Cr systematics seems to
reflect a chronological effect. The implication of this conclusion is that short-lived nuclide
“Mn was fairly uniformly distributed at least in the formation region of these meteorites.
Acknowledgements We thank C.M.Hohenberg and O.Pravdiviseva for allowing us to use
their unpublished Xe 1sotopic data on Allende dark mclusions.
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Many types of carbon and carbonaceous materials have been proposed to explain the
217nm feature. One of the most plausible interstellar dust is so called “dark QCC”, which
formed from an ejecta of methane plasma [1]. Studies on the point of view of the growth on
these carbonaceous grains have hardly done.

In the present studies, dynamic behavior of the QCC like carbon grains were examined
by high resolution electron microscopy (HREM) at high temperature equipped with real-time
video recording system. The carbon grains were produced by conventional carbon arc-discharge
method in the methane gas atmosphere at 80Torr [2]. The produced carbon grains showed the
amorphous halo diffraction ring. But the HREM image showed clearly the QCC like structure as
indicated in Fig.1. The fundamental structure of the QCC had the hole at the central of carbon
grain [3]. In the present grains, there is no hole. Curved fringes corresponding to the (002)
graphite lattice image are seen as well as the QCC. These samples were set directly in a special
heating stage in electron microscope [4] and structural change of the grains were photographed
on video film by HREM mode. As is shown in the video images of the grains in Fig.2, these
samples drastically changed their structure by heating temperatures. The structures of the curved
graphite structure were distorted by the heating at 100°C for 30 minutes as shown in Fig.2(a).
This distortion is thought due to the elimination of the functional group such as -OH into
vacuum. By the increase of heating temperature at about 260°C, well developed the graphitic or
QCC like structures appeared as seen in Fig.2(b). The curved graphite layer of each grain
became clear from the surface of each grain. The central parts of each grain became
transparence on electron beam. This suggests that the developing of the graphitic structure
introduced the voids in the central part of the grains. Therefor the structure of the QCC may be
grown with the same process as indicated in Fig.2(b). By further heating at 550°C, each grains
combined with graphite lattice relation in the form of the sheet as shown in Fig.2(c). The nano-
diyamond grown from the QCC at 100°C [4] was hardly grown in the present specimen. This
may be due to the difference of the grain formation method and the sp’-C terminated with
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Fig. 1. HREM image of the carbon grains produced in the CH, gas atmosphere. The
structure has QCC like grains.

Fig. 2. Structural changes of the QCC like grains by heating in vacuum. (a) the grains
heated at 100 degrees centigrade, (b) heated at 260 degrees centigrade and (C) heated
at 550 degrees centigrade.
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hydrogen atoms is hardly produced [4]. Typical amorphous carbon grains have been produced
by the arc-discharge in He and Ar gases [5]. By heating of these grains produced inert gases,
grains are hardly changed at the present temperature. If the atmosphere was in CH, gas, the
grain of the QCC like structure were predominately produced. These results indicate that the
various fundamental structures of the carbon grains can be produced by the selection of gas

atmosphere.
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Introduction: Nakhlites are clinopyroxene-rich me-
teorites that probably came from Mars [eg. 1]. A
total of six nakhlites have been identified so far in-
cluding three recent finds, one small sample (~100 g)
from the hot desert of Morocco (NWA 817) [2] and
two large kilogram-sized samples from the Yamato
Mountains of Antarctica (Y000593 and Y000749)
[3]. Unlike other martian meteorites (e.g. shergot-
tites), nakhlites have not been subjected to severe
shock metamorphism and their original igneous tex-
tures are still well-preserved. Also, these meteorites
have much older crystallization ages of ~1.3 Ga
compared to ages of shergottites of ~0.18-0.47 Ga
[e.g. 4]. In this report, we present preliminary Rb-Sr
and Sm-Nd isochron data for the Y000593 Antarctic
nahklite and discuss the age correlation with other
nakhlites and the nature of their source crater on
Mars. Results of further experiments and a full report
will be presented elsewhere by K. M. when he visits
Johnson Space Center later this vear as a guest sci-
entist.

Samples and Analytical Procedures: A sample
of Y000593, weighing ~2.3 g, was kindly allocated
by the National Institute of Polar Research (NIPR) of
Japan. The sample is a coarse-grained rock and is
extremely friable. One medium-sized fragment. plus
fines, weighing ~0.5 g, was processed for this study
by gently crushing it to grain size <149 um. The
sample was coned and about half of the crushed
sample was taken as the whole rock sample. The rest
of the crushed sample was sieved into two size frac-
tions, 149-74 um and <74 pum. Mineral separations
were made from the coarser fraction using a Frantz
magnetic separator. At 0.2 ampere. we obtained a
green clinopyroxene (Cpx) sample of >95% purity.
Two whole rock samples (WR1 and WR) and one
Cpx sample weighing ~25 mg each were taken for
this preliminary study. The WR and Cpx samples
were washed with 2N HCI in an ultrasonic bath for
10 minutes to eliminate possible terrestrial contami-
nations or martian alteration products. Both the resi-
dues (r) and leachates () of these samples. plus un-
leached sample WRI, were analyzed for Rb. Sr. Sm.
and Nd following the chemical procedures of [5].
The isotopic measurements were made on a Finni-
gan-MAT 261 multi-collector mass spectrometer
following the procedures of [6]. The average values
of ¥’Sr/**Sr for NBS 987 during the course of the
study were 0.710237+0.000014 (20, 6 analyses),
normalized to **Sr/*Sr=8.37521. The *'St/*Sr re-
sults reported here were renormalized to the NBS

987 ¥'Sr/*Sr =0.710250 of [7]. Because of the low
Sm and Nd contents of the samples, Sm and Nd iso-
topic data were measured as SmO" and NdO'. The
"Nd/"**Nd results for samples reported here were
renormalized to '*Nd/'*'Nd =0.511138 for the Cal-
tech Nd standard n(Nd)p [8].

Rb-Sr Systematics: The Rb and Sr concentra-
tions for four nakhlites are summarized in Fig. 1.
Nakhla and Governador Valadares have similarly
higher Rb and Sr contents than Lafayette, probably
due to a higher olivine content in Lafayette. The
Antarctic nakhlite Y000593 has similar Sr abundance
as Nakhla and Governador Valadares, but among the
nakhlites has an intermediate Rb abundance. The Rb
and Sr distributions do not seem to correlate with the
amounts of mesostasis in nakhlites as summarized
by [3].

pe Nakhlite - YO00593

WR(r) Nakhla

Sr (ppm)

Rb (ppm)

Figure 1. Rb and Sr concentrations in Y000593
and other nakhlites. Squares are bulk nakhlites.
Circles are samples from Y000593. Solid circles
are unleached WR and residues (r) from WR and
Cpx. Open circles are WR and Cpx leachates (1).

The Rb and Sr concentrations for whole rocks
and Cpx for Y000593 are also shown in Fig. 1. The
near constancy of Rb and Sr in acid-leached and un-
leached WR samples, WRI1 and WR(r), strongly
suggests the terrestrial weathering effect on Rb and
Sr is less significant for this Antarctic meteorite than
for hot desert meteorites. The Sr abundances in the
leachates from the WR and Cpx samples are 1/2 and
1/3 of those in their respective residues. However,
the Rb contents of the leachates and residues are
similar, resulting in significantly higher Rb/Sr in
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leachates relative to residues. This probably is relat-
ed to the dissolution of minor aqueous alteration
products (e.g. iddingsites, halites, carbonates, and
sulfates) in the samples by the acids.

0.706 —r—r—

0.705

.00 0.05 .10 0.15 0.20
*"Ru/sr

Figure 2. Rb-Sr isochron of nakhlite Y000593.

The YRb/*Sr and *’Sr/*Sr data for one un-
leached WRI, two residues and two leachates from
WR and Cpx are shown in Fig 2. These samples do
not define a single linear array. However, samples of
WRI, WR(r) and Cpx(r) do form a line in the
¥Rb/*Sr and *’Sr/*Sr correlation diagram. These
three data yield an Rb-Sr age of 1.30+0.03 Ga for
A(*Rb) = 0.01402 Ga' and an initial *’Sr/*Sr of
0.702532+0.000040, using the Williamson (1968)
regression program [9]. If the unleached WR1 datum
were ignored, the tie-line defined by residues of WR
and Cpx yields an identical age with a slightly higher
error of +0.04 Ga. This preliminary Rb-Sr isochron
age for Y000593 is in excellent agreement with radi-
ometric ages determined previously by various
methods for three other nakhlites and Chassigny [e.g.
4-5]. Data for the two leachates, WR(I) and Cpx(l).
plot to the right of the line, probably due to the
presence of secondary aqueous alteration products
(e.g. iddingsites) in the meteorites. This secondary
alteration effect has been previously reported for
other nakhlites. i.e., for Governador Valadares and
Lafayette [5.10]. The initial ¥'Sr/**Sr for Y000593
nakhlite is within error limits of that of Lafavette
[10] and Chassigny [11] but slightly different from
that of other nakhlites. The slight discrepancy in the
initial *’Sr/**Sr in nakhlites may be attributed to sam-
pling of different flows of the same clinopyroxenite-
dunite lithology on Mars.

Sm-Nd Systematics: The Sm and Nd concen-
trations of whole rock and Cpx samples of Y000593
and other bulk nakhlite samples are shown in Fig. 3.
Like the Sr abundances in bulk nakhlites, Y000593,
Nakhla and Governador Valadares have similarly
higher Sm and Nd than Lafayette. This is also con-
sistent with high abundances of olivine, in which
REE occur in low abundance, in Lafayette. The very
high Sm and Nd abundances in acid leachates of
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Y000593 whole rock and Cpx clearly suggest the
presence of some chlorapatite, a REE-carrier phase
commonly found in nakhlites [12], in Y000593.

The preliminary Sm-Nd isochron of nakhlite
Y000593 is presented in Fig. 4. All five data ana-
lyzed so far, including two leachates, WR(I) and
Cpx(l), define a good linear array corresponding to a
Sm-Nd age of 1.31+0.03 Ga for A('Sm) = 0.00654
Ga™' using the Williamson regression program [9].
This age is in excellent agreement with the Rb-Sr age
obtained from the same samples. The concordancy of
Sm-Nd and Rb-Sr ages strongly suggests that
Y000593 crystallized 1.31 Ga ago. The age datum
for this new Antarctic nakhlite provides additional
evidence that nakhlites, and probably Chassigny as
well, crystallized within a short period of time ~1.3
Ga ago. The initial €y value corresponding to the
age for Y000593 is +15.7+0.2 €, which is close to.
but not within error limits of, those reported for other
nakhlites and Chassigny. In a similar manner to the
initial *’Sr/**Sr of nakhlites and Chassigny, the initial
€yg values of these rocks suggest they came from
different flows of the same ultramafic lithology de-
rived from melting of depleted mantle sources on
Mars.

Nakhlite - YO00593

WHI) )

10F
F Nakhlites Cpxl_

Nd (ppm)

Nakhla
5T Gov. val. &
Laf. g&f Yoxgsjsa
OF  WR( caxin ]
PR NS TR TR T I T 1 O JCE R TR SR RN D Y
0 1 2 3
Sm (ppm)

Figure 3. Sm and Nd abundances in Y000593 and
other nakhlites. Symbols are the same in Fig. 1.

Discussion: The mineralogical-petrological and
rare gas features of Y000749 are not exactly the
same as those of Y000593 [13,14]. The modal abun-
dance of olivine in Y000749 is higher than in
Y000593, and in addition. the olivine composition in
Y000749 is slightly richer in Mg compared with
Y000593 olivine [13]. Additionally, the '*’Xe/'**Xe
ratio in Y000749 is higher than in Y000593 [14],
consistent with the petrological observation that id-
dingsite is more abundant in Y000749, and with the
assumption that iddingsite is one of the carrier phases
of '*’Xe. Nevertheless, assuming that Y000593 and
Y000749 are indeed paired, the cosmic ray exposure



(CRE) age of Y000749/Y000593, 11+2.2 Ma, is
consistent within error limits with the CRE ages of
the nakhlites Nakhla, Governador Valadaras, and
Lafayette (Summarized in [4] and Fig. 5). The CRE
age of the third recently recovered nakhlite,
NWAS8I17, is 9.7+1.1 Ma [15]. Thus, there is a strong
suggestion that all the nakhlites were ejected from
Mars in the same event. Including the dunite Chas-
signy, which shares the same cosmic ray and crystal-
lization ages as the nakhlites [4] the recovered mass
from this event is ~60 kg. This is ~2/3 of the total
recovered mass (~93 kg) of Martian meteorites. Even
if the largest mass (Nakhla, ~40 kg [16]) is subtract-
ed from the total, the nakhlites would still account
for ~29% of the total mass of Martian meteorites.
Additionally, the second-largest nakhlite, Y000593,
is the largest achondrite to be recovered from the
Antarctic. Thus, the nakhlite ejection event must
have been large,
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Figure 4. Sm-Nd isochron of nakhlite Y000593.

Conclusions: Warren [17] estimated a residual
crater diameter of ~15 km for the nakhlite source
crater prior to recovery of the Antarctic and Saharan
nakhlites. One might expect some variation in crys-
tallization ages for the rocks ejected by this event.
Indeed. the data summarized by [4] suggests an age
of 1.27+0.01 Ga for Nakhla, and slightly older ages
of 1.32+0.02 Ga and 1.33£0.01 Ga for Lafayette. and
Governador Valadares, respectively. The age of the
dunite, Chassigny. could be older still. since the
“preferred age” is 1.34+0.05 Ga [4]. Finding exactly
where Y0003593 belongs within this putative age se-
quence will require additional analyses. Finally, if
the nakhlites and Chassigny are derived from a single
crater, a careful characterization of impact-related
phenomena, such as the degree of shock metamor-
phism, among the individual nakhlites and Chassigny
may yield important constraints on the mechanism of
their impact ejection from Mars. Peak shock pres-
sures for Nakhla, Governador Valadares, and
Lafayette are summarized in [4] as 20+£5 GPa,
whereas that for Chassigny is given as ~35 GPa. If
peak shock pressures for the the newly recovered

nakhlites continue to lie within a narrow range, it
would suggest the nakhlites were excavated from a
single stratum, or closely associated strata, of Mar-
tian rock.

Martian Meteorites - Nakhlites & Chassigny
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Figure 5. Crystallization and ejection ages of
Y000593 (circle), other nakhlites (squares), and
Chassigny (triangle).
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Introduction

In order to understand global distribution of surface materials on the moon, regional remote sensing
data such as Clementine visible to near infra red (VIS-NIR) multi band spectral image have been
employed as a powerful tool. However the “ground truth” information which is directly collected from
the moon, is required to carry out calibrations and analysis of the spectral data precisely [e.g. 1].
Although returned samples from the Apollo missions are important for remote sensing ground truth, their
information represents only those of very restricted area, and some assumptions can not be excluded on
geological and petrological study of the moon. Yamato (Y) 981031 is a lunar mare meteorite[2, 3], and is
considered to be good example of “ground truth” of the surface rocks which have not been obtained by
Apollo. Hence, petrological and reflectance spectroscopic characteristics of Y981031 were investigated
to gain better understanding of origin of the lunar meteorites and to establish relationship between the
lunar surface rocks as ground truth and spectral data derived from regional remote sensing.

Methods

Analyses of mineral compositions of PTS Y981031-53-6 were carried out by a JEOL 733 electron
probe micro analyzer at the Ocean Research Institute, University of Tokyo. Reflectance spectra of
Y981031 were measured by a JASCO diffuse reflectance spectrometer at National Space Development
Agency of Japan. Powder samples for the reflectance measurement were prepared from a fragment of
Y981031-68 by crushing in an agate mortar. The powders were sieved out and collected only particles
less than 75 um. Measurement of the reflectance spectrum was performed on the particles. Incident and
emission angles of the spectrometer are 30° and 0%, respectively.

Results

Y981031 is a polymict regolith breccia, and contains a number of mineral fragments in a dark
comminuted matrix, which are composed of pyroxene, plagioclase, olivine and some iron oxide. Various
lithic clasts including a few lithic fragments with granulitic texture, are also observed. Chemical
compositions of plagioclase fragments show two FeO and MgO variation trends against anorthite content.
Plagioclase grains in mare basalts have higher FeO and MgO contents than those of highland rocks with
identical An content. The presence of two trends implies involvement of highland components having
different petrological characteristics from mare materials. Based on these discussions, it is proposed that
Y981031 is a mixture of major mare and minor highland components. A large apatite crystal and
high-potassium plagioclase are also observed. Trace KREEPy materials would be involved in Y981031.
There is dark yellow fusion crust on one side of the thin section. The glass is well vesiculated and no
altered minerals such as clay minerals have been found under the microscope. Chemical compositions of
the fusion glass are very similar to bulk chemical composition of Y981031 [2] although a range of
chemical heterogeneity is also observed on the AlLO,-TiO, diagram (Fig. 1). Therefore, chemical
composition of the fusion glass represents well mixed bulk rock chemistry and chemical modification by
the alteration is not so prominent. The observed chemical heterogeneity would indicate difference of
mixing ratio between the constituents in the meteorite. Fig.1 also show compositional relationship of
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Y981031 bulk rock and fusion crust glass with mare basalts and lunar surface regolith returned by the
Apollo and Luna missions. In Fig. 1 the chemical compositions of the regolith from each landing site fall
on mixing lines between those of subsurface bedrock of a landing site and highland component having
high-Al,O, and low-TiO, compositions [4]. Then the bulk rock and fusion glass of Y981031 are on
mixing line between very low-Ti (VLT) basalts and highland component, suggesting Y981031 was
formed by mixing of the VLT basalts with some minor highland materials.

Bi-directional reflectance spectrum of Y981031 <75um fraction is shown in Fig. 2. Continum-divided
spectrum is also shown. Pyroxene chemical compositions are plotted in the pyroxene quadrilateral in Fig.
3 with contours of 1 and 2 um absorption wavelength of pyroxene [5]. The continum-divided spectrum
shows clear absorption bands around 1 and 2 pum in wavelength, and positions of these absorption
minima are well correspond to pyroxene chemical composition of the mineral fragments. Olivine
absorption band around 1.2 pm is also observed. Although some absorption bands of orthopyroxene
which was probably derived from highland rocks, can be identified around 2 pum, the most dominant
feature is of high-Ca pyroxene, which is observed as large mineral fragment or in mare basalt clasts.
Based on the mineralogical data, it is suggested that reflectance spectroscopic characteristics show
mainly those of the source VLT basalts, though absolute value of the reflectance seems to be influenced
by highland-materials. Pyroxene chemical compositions of Y981031 resemble to those of Y793274,
which has been proposed to be derived from VLT basalt materials [6]. The data is consistent with a
proposal that Y981031 is paired with Y793274.

Discussion

According to data of Clementine lunar exploration, VLT mare basalts are located only in northern part
of near side maria, mainly in Mare Frigoris [7]. As mentioned above, the source basalt component of
Y981031 is considered to be VLT basalts. Therefore Y981031 might be formed by an impact event in or
near Mare Frigoris. Pyroxene compositional variation in Y981031 is not so complex except for
contamination of some minor highland components. These observations imply source units of Y981031
were chemically similar to VLT basalt units, and another basalt units (e.g. low to high-Ti basalts) were
not dominant. This interpretation is supported by Fig. 1 and TiO, trend in pyroxene crystals of Y981031
[3]. In Mare Frigoris, only VLT basalt units are observed. Mixing of highland materials would be easily
taken place, since Mare Frigoris basalt units are proposed to be very thin and highland materials are
excavated by 1 to 2 km crater. As compared with multi band spectrum from Clementine VIS-NIR image,
the reflectance spectrum of Y981031 is similar to those of materials in a small crater (about 2km) or
ejecta from the crater. Mare materials not overlaid cratering ejecta have spectroscopic characteristics
having low reflectance and less obvious 1um absorption, that is “mature” spectrum. These imply that
Y981031 was a mixture of “fresh” major VLT mare components and minor highland materials, and it
was ejected from a crater in or near Mare Frigoris. Comparison of regional remote sensing data with
laboratory spectral data indicates that fresh mare basalt characteristics can be obtained from a small
crater, even if highland materials are excavated in site or transported from a distant site. Such
interpretation is important for geological study of the moon using the remote sensing multi spectral
image.

In Conclusions, (1) The source unit(s) of Y981031 are VLT mare basalts, and a minor degree of mixing
with highland materials, (2) The reflectance spectra of Y981031 is similar to those of materials in a small
crater or ejecta from a crater in the VLT mare basalt region (e.g. Mare Frigoris), (3) Although highland
materials were mixed, the reflectance characteristics of Y981031 represent those of VLT mare basalt
components as the most dominant one
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Introduction

In spite of extensive petrologic studies of the primitive achondrites [1-3], basalts representing their
complementary partial melts such as andesitic materials in the IAB irons [4], are almost unknown in lodranites-
acapulcoite group. A plagioclase-enriched region was found in the EET84302 acapulcoite [2]. An evaluation of
the trace element distributions in the individual minerals of a variety of acapulcoites and lodranites by Floss [5],
has provided useful constraints on the partial melting processes that took place on the acapulcoite-lodranite parent
body. The depletion of the rare earth elements (REEs) and other incompatible trace elements from lodranites,
relative to acapulcoite pyroxenes, are consistent with the formation and removal of silicate partial melts from the
lodranites. However, some rare lodranites still contain plagioclase, Ca-phosphates and diopside, which are
considered as components of partial melts. We found that Y791493 and Y74357 contain such minerals. Because
these lodranites have not been analyzed by Floss, we studied REE abundance of individual minerals of these
lodranites. The textures and mineralogy suggest that the andesitic materials in the IAB and IIE irons were formed
by inhomogeneous segregation of partial melts from chondritic source materials [4]. The segregation is one of the
oldest differentiation events in the earliest solar system (4.516 Ga to 4.523 Ga) [4]. We made in situ ion probe
analyses of individual minerals in the two lodranites, IAB and IIE irons at Caltech. In this study, we calculated
the whole rock REE concentrations of the bulk meteorites based on their modal abundances. Torigoye et al. [6]
performed model calculation of partial melting to match the analyzed alkali and REEs of some lodranites.
Nagahara [7] also discussed the REE problems on Y8002. Based on the measured REE concentrations of
individual minerals. we also computed bulk REE concentrations of Y8002. Our data are compared with other
lodranite data by Floss [5] and with Caddo County [8] and Colomera by Hsu et al. [9].

Samples and Experimental Techniques

PTSs Y791493,91-3 and Y74357,62-1 were supplied from the NIPR. PTS Y791493,91-3 is a thin section of
a small elongated chip 1.8x5.2 mm in size and contains plagioclase. PTS Y74357,62-1 was studied previously by
us [3] and contains diopside (Di) and a small grain of merrillite (whitlokite). The presence of Ca phosphates was
searched for nearly the entire areas of the PTS Y74357.62-1, using the Chemical Map Analysis (CMA) technique
of the JEOL 8900 electron probe microanalyzer (EPMA) at the Geol. Inst. of Univ. of Tokyo. Chemical
compositions of minerals were obtained by the JEOL 733 EPMA at Ocean Research Inst. of Univ. of Tokyo.

REE data for albite, diopside, orthopyroxene, Ca-phosphates and olivine were obtained with a Cameca IMS
3f ion probe at Caltech [9]. The method is the same as those used for the Colomera IIE irons by Hsu [8,9].
Samples were bombarded with primary O+ ions, using a current of 1-5 nA and an impact energy of 17 kV. The
primary beam diameter on the samples was ~5-15 micrometer. The secondary ion mass spectrometer was
operated at low mass resolving power and a 32V energy window. Secondary ions were energy filtered using a
sample offset of 100V to suppress signals from complex molecular interferences and measured signals were
deconvolved into REE and REE-oxide components following standard techniques [10, 11]. Absolute
concentrations of each element we determined based on empirical relationships between measured peak/”’Si+
ratios, normalized to the SiO, content determined by prior EMP analysis. Standards were a synthetic Ti-pyroxene
glass, NBS-612 glass, plagioclase glass, and Durango apatite.

Results

A mineralogical description of PTS Y74357,62-1 has been given by Takeda ef al. [3]. Y74357 is a coarse-
grained rocks and contains remarkable amounts of olivine (83 vol. %). Orthopyroxene (Opx 6 %) and diopside
(Di 3 %) fill interstices of olivine grains. A Ca-phosphate (merrillite) grain was found to be adjacent to olivine.
PTS Y791493,91-3 is smaller than that studied previously and consists of coarse-grained Opx and olivine grains.
One twinned grain of plagioclase 0.11x0.39 mm in size was found in a junction of Opx, olivine, and opaque
minerals.
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Table 1. REE Concentrations (ppm) of Minerals in Lodranites, Caddo Co. IAB iron and Colomera IIE iron.

Glass

Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

3.235
0.131
0.253
0.033
0.184
0.032
0.165
0.126
0.027
0.218
0.060
0.244
0.040
0.117
0.057

Diopsides Plagioclase Orthopyroxene Ca-phosp Bulk
Y74357 Colomera Y791493 Colomera Y791493 Colomera Y74357 Colomera Caddo Co. Colomera
12.886 16.116 0.023 0.056 0.514 7.085 22676 253.965 7.779
0.273 0.540 0.118 0.038 0.001 0.006 7.532 74673 1.294
1472 2.312 0.113 0.037 0.007 0.025 17.413 181.156 3.068
0.274 0.440 0.009 0.006 0.002 0.008 1.891 27.555 0.512
1.483 2.750 0.021 0.022 0.010 0.067 12073 119.155 2.476
0.840 1.088 0.004 0.016 0.013 0.021 3.279 37.072 0.912
0.096 0.165 0.419 0.757 0.004 0.004 1.936 3.669 0.292
1.803 1.971 0.012 0.010 0.017 0.417 3.408 38.729 1.541
0.283 0.342 0.003 0.007 0.103 0.695 7.295 0.169
1.843 2274 0.014 0.063 0.866 4126 43.036 1.052
0.460 0.550 - 0.010 0.021 0.229 0.866 8.078 0.197
1.460 1.820 - 0.023 0.087 0.956 3.415 23.508 0.747
0.247 0.260 — 0.005 0.021 0.152 0.691 2.964 0.110
1.404 1.879 0.011 0.170 0.362 7.432 24653 0.719
0.167 0.270 —— 0.002 0.028 0.157 1.256 2.833 0.091

----: below detection limits.
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Fig. 1 shows Cl-normalized REE abundances for the Y74357 and Y791493 lodranites. They are compared
to those of other lodranites analyzed by Floss [5] and those of Caddo County [4,8] and Colomera [9] in Table 1.
The bulk REE concentrations were calculated from the REE data of minerals measured by SIMS and modal
abundance of the minerals. The mineral REE data reported by Floss [5] are broadly similar to those of minerals
analyzed by Hsu for two lodranites. Calculated REE concentrations of the bulk meteorites, based on their modal
abundance of minerals and the individual mineral data (Table 1), are also plotted in Fig. 1.

Discussion

The REE distribution patterns in the various phases of two lodranites are broadly similar to those in
acapulcoite-lodranite by Floss [5]. The REE abundances (~10 to 50xCI) of the Y74357 merrillite are
significantly lower than those in Caddo Co. and Colomera (> 100xCI). Phosphate of Y74357 has a relatively
HREE-enriched pattern with a positive Eu anomaly whereas phosphate in Colomera has a relatively LREE-
enriched pattern with a negative Eu anomaly. The REE of plagioclase in the Y791493 lodranite are not
significantly lower than those of Caddo Co. and Colomera. Plag of Y791493 has similar REEs as that of
Colomera. and the Eu anomaly is as high as those of Caddo Co. and Colomera. The lower REE concentrations of
plagioclase and Ca-phosphate in two lodranites, may be explained by their formation process that they were not
crystallized directly from the partial melts, but the mechanism is not clear. In Y74357, phosphate has a relatively
HREE-enriched REE pattern, and in Colomera, phosphate has a relatively LREE-enriched REE pattern. We may
have to consider the possibility of phosphate formation in lodranites by secondary metamorphism, such as redox
reaction between P and CaO of pyroxene.

The REE concentrations of olivine in two lodranites has significantly lower REEs than that of Colomera.
The REE concentrations of Opx in two lodranites show a similar trend. A little lower REE concentrations of the
Y74357 Opx than Y791493 are within the analytical uncertainty. The REE trends of Opx and Di are more light
REE depleted than those of Caddo Co. and Colomera. The Opx REE patterns of two lodranites have steeper slope
towards the heavy REE, but they are not significantly different from those of Colomera and Caddo Co.

The calculated bulk REE compositions of the Y791493 lodranite are lower than those of TAB (Fig. 1) and
show similar trends to those of the Y791493 Opx. The trend of Y74357 approaches to more flat trend, but mostly
reflects the trend of the Y74357 Di. Torigoye er al. [6] and Nagahra [7] discussed the calculated REE abundance
for Y8002 and the V-shaped pattern. We tried to reproduce the V-shaped REE pattern of Y8002 from the REE
data of individual minerals in EET84302 of Floss [5], but the V-shaped pattern is not as pronounced as those of
the above one. The bulk REE pattern is more flat with more positive Eu anomaly than those of Y74357. The
Y 74357 REE:s are intermediate between Y791493 and Y8002,

In conclusions, the trends of REE concentrations obtained in this study for the Y74357 and Y791493
lodranites agree with those obtained previously for other members [5], and are broadly consistent with residues of
partial melting with some liquids, in accord with the petrologic model. The level and slope of the REE
distributions of Y74357 is intermediate between those of Y791493 and Y8002,
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Impact-induced comminution and dispersal of hydrated asteroids: Implications from shock
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Introduction

Dust particles dominate the amount of interplanetary materials in the solar system [1]. Those
collected on the Earth surface, termed micrometeorites, are generally 50-500 ym in size, whereas
those collected in the stratosphere, termed interplanetary dust particles (IDPs), are <50 ym [2].
Mineralogical and chemical studies indicate that most of micrometeorites and hydrated IDPs are
related to CI and CM carbonaceous chondrite matrix [2-6] that is composed mainly of hydrous
phyllosilicates. This contrasts with the fact that CI and CM chondrites comprise only 2.8% of
meteorite falls [7]. Considering that most of both dust particles and meteorites probably come from
asteroids [e.g. 4, 8], the great difference in abundance of those objects is problematic.

Apart from this, there is a major unresolved problem regarding the shock metamorphic
history of CI and CM chondrites. These chondrites are regarded as having once been part of the early
planetesimals, and it is widely believed that the planetesimals accumulated through mutual collisions
and grew to form larger planetary bodies. If this hypothesis is correct, CI and CM parent bodies must
have been involved in extensive shock events in the early solar system. However, among CI and CM
chondrites, those having been shocked to high pressures (>10 GPa) are absent [9], while all other
groups of chondrites exhibit evidence of shock at much higher pressures. This fact is contradictory to
the above mentioned model for planetesimal evolution.

We have performed a series of shock-recovery experiments on the Murchison CM and
Allende CV carbonaceous chondrites. Both meteorites contain major fractions of porous matrix, but
the matrix of Murchison is hydrated (~12 wt% H,O in bulk meteorite), while the matrix of Allende is
anhydrous (<0.1 wt% H,0) . In the process of our experiments, we found that the Murchison matrix
shows unusual textural changes in response to shock at a certain pressure range. This discovery gives
insights into the above raised problems. We here present new implications for the problems based on
the results of our shock experimental studies.

Materials and Methods

Shock-recovery experiments were performed by using a single stage 30-mm bore propellant
gun. Murchison samples were shocked at 7, 11, 21, 26, 28, 30, 34, 36 and 49 GPa, whereas Allende
samples were shocked at 27, 31, 37, 41 and 49 GPa. Details of the shock experimental procedures are
described in [10]. Recovered samples were studied by using an optical microscope, a scanning
electron microscope equipped with EDS and an electron microprobe analyzer equipped with WDS.
Some samples were studied by using a transmission electron microscope (TEM) equipped with EDS.

Results
Matrix in Murchison (CM)

At < 25 GPa, randomly oriented fractures (1-5 ym wide) form in the matrix. Minor amounts
of local melts occur as veins and pockets at 21 GPa. Otherwise no marked changes in texture are
observed. However, at 25-30 GPa, matrix exhibits dramatic changes in texture. Narrow (1-5 ym)
subparallel fractures form at high density, at intervals of 5 to 10 xm in directions roughly
perpendicular to the compression axis. The high density fractures occur locally at 25 GPa, and extend
throughout the matrix at 30 GPa. At 30 GPa, in addition to the narrow fractures, wider (20-50 ym)
fractures occur in a mesh-like network throughout the meteorite, thus dividing the whole meteorite
sample into small domains that range in size from 50 to 500 gm. At 25-30 GPa, local melts also
occur in the matrix. At>30 GPa, local melts extend pervasively throughout the matrix and form
intermixtures with fine grains of matrix, olivines and pyroxenes, and the original chondrite texture is
increasingly disrupted. At 49 GPa, the matrix is totally melted.

We made ultra-thin sections, using an ultra-microtome, from small particles plucked from the
Murchison sample shocked at 30 GPa, and observed them using a TEM. The particles consist of
abundant fine grains (0.2-1.0 ygm) of Fe-rich olivine embedded in an amorphous to microcrystalline
material. The latter contains numerous small grains (5-20 nm) of Fe-(Ni) sulfide and Fe-rich phases,
probably oxides. In places, phyllosilicate grains having an interlayer spacing of ~0.7 nm occur,
which are probably Fe-rich serpentine. Tochilinite has not been observed. The overall texture and
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constituent minerals are similar to those of fine-grained unmelted micrometeorites and some hydrated
IDPs.

Matrix in Allende (CV)

At < 40 GPa, randomly oriented fractures form, but high density fractures such as formed in
the Murchison samples are not observed. Minor amounts of local melts are present in the samples
shocked at 27 and 37 GPa. These characteristics resemble those of the matrix of Murchison shocked
at <25 GPa. At 41 GPa, narrow fractures form at high density, although locally, in directions roughly
perpendicular to the compression axis. At 49 GPa, the matrix is totally melted.

Discussion

Our study reveals that dense, narrow fractures form in the matrix of Murchison by shock at
~25 GPa and extend throughout the matrix at ~30 GPa. Those fractures have never been known from
natural chondritic meteorites. They were probably produced during volume expansion on release of
shock pressure. At 21-30 GPa, local melting also occurs, which indicates that shock heating increases
dramatically, simultaneously with the comminution. The heating must cause dehydration of hydrous
minerals and evaporation of volatiles (mostly H,0), and as a result, contribute to a generation of great
expansive force on pressure release. In our experiments, the meteorite samples were encapsulated
within stainless steel containers, so they could be recovered. Otherwise the comminuted samples
must have been dispersed explosively.

Our study also reveals that Allende responds to shock compression differently from
Murchison. High density fractures also form in the matrix of Allende, but they start to form at
pressures much higher than those for Murchison (~40 GPa vs. ~25 GPa). In Allende, the matrix
becomes totally melted at ~49 GPa that is almost the same as that for Murchison; so the range of
pressures in which matrix is totally comminuted but not totally melted is much narrower in Allende
(perhaps 43-47 GPa) than in Murchison (30-47 GPa). It appears that the difference in shock response
between these two meteorites is mainly caused by the difference in mineral constituents in matrix.
The formation of dense fractures in matrix is probably characteristic of hydrated chondrites such as
CI and CM chondrites.

Scott et al. [9] showed, based on petrographic observations, that almost all CM chondrites are
shock stage S1 (virtually unshocked). This contrasts with the fact that ordinary chondrites and
enstatite chondrites (both comprise 81% of meteorite falls) include major fractions of meteorites
shocked to shock stage S4-S6. To explain this, Scott et al. [9] hypothesized that CM chondrites
shocked above 20-30 GPa escaped from the parent asteroids due to explosive expansion of shocked
material on pressure release and formed particles that are too small to survive as meteorites. The
results of our experiments support their hypothesis.

From these results, we suggest that if hydrated porous asteroids are shocked on the surface at
pressures 25-45 GPa, the shocked materials would be densely comminuted, and on pressure release,
the comminuted particles would be explosively dispersed into interplanetary space. A substantial
fraction of CI- and CM-like micrometeorites and IDPs existing in interplanetary medium were
probably produced by this process from CI- and CM-like asteroids. It is rather surprising that the size
of particles (50-500 um) formed in Murchison shocked at 30 GPa is comparable to the size of
micrometeorites recovered on the Earth. Those particles of Murchison appear to be partially altered
by shock heating, but most still contain undecomposed serpentine; these mineralogical characteristics
are also consistent with those of most unmelted micrometeorites and hydrated IDPs.
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Introduction: Olivine, pyroxene and plagioclase are the major constituent minerals of chondritic meteorites.
Previously, most of ultrahigh-pressure polymorphs of olivine, low-Ca pyroxene, and plagioclase have been
discovered in shock-induced melt veins in ordinary chondrites by analytical transmission electron microscopy
(ATEM), X-ray diffraction and Raman spectroscopy [1]. Ultrahigh-pressure minerals not only record shock
histories of chondrites but also provide clues to understand the structure and dynamics of the deep Earth. However,
only high-pressure phase transition of Ca-rich pyroxene has not been found probably due to relatively low
abundance among major silicates in ordinary chondrites. Here we report the first evidence for dissociation of

CaMgSi,O, pyroxene under high pressure in shocked Yamato-75100 chondrite.

Results: Y-75100 is classified as an H6 chondrite and consists of olivine, low-Ca pyroxene, Ca-rich pyroxene,
plagioclase, kamacite, and troilite. It has shock-induced melt veins of less than 1 mm in thickness. In these veins,
rounded to irregular fragments (~10-100 pm) of host minerals are enclosed in fine-grained (< 5 um) mineral
aggregates. Laser Raman spectroscopy clarified that shock veins contain polycrystalline fragments of high-pressure
minerals such as ringwoodite, wadsleyite (olivine polymorphs), akimotoite (pyroxene polymorph) and hollandite-
phase and jadeite (plagioclase polymorphs) [2]. The fine-grained matrix of veins is dominated by majorite or low-
Ca pyroxene. In examined area by ATEM, low-Ca majorite occurs as relatively large crystals (~1-3 um) and their
interstices are filled with kamacite and troilite. Fe-rich inclusions are often enclosed as tiny blebs inside majorite
crystals. This lithology suggests low-Ca-majorite has been crystallized from shock-induced melt, which is
supported by incorporation of Na and Al in these majorites [2]. Very fine-grained assemblages were also found in a
shock vein (Fig. 1). They are adjacent to the polycrystalline fragment of NaAlSi;Og-hollandite or
majorite+FeS+FeNi assemblages. Individual grains are 100-400 nanometer in size. These aggregates consist of two
kinds of grains. Selected area electron diffraction patterns taken from one phase are consistent with a body-centered
cubic cell of garnet structure (majorite) with a space group la-3d. Quantitative chemical analyses by ATEM
revealed that it has pyroxene stoichiometry. Its averaged composition is EngsFsoWo.,. This majorite is enriched in
Ca and poor in Al compared with majorite that was crystallized melt in the matrix of shock veins. Another phase
coexisting with Ca-rich-majorite does not show any diffraction spots, therefore it is amorphous. It also has

pyroxene chemistry of EnyFssWo,,. We also tried ATEM analyses of these Ca-rich-majorite + Ca-rich-glass
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aggregates using broader electron beam (~1-2 um). The averaged composition of these aggregates is EngFsgWoy;.
It is similar to the chemistry of Ca-rich clinopyroxene (En,;Fs;Wo,;) in the host rock, although there is little

difference between their compositions, probably due to relatively large grain to the size of electron beam.

Discussion: Both Ca-rich-majorite and —glass in Y-75100 have different chemistry especially in Ca in host diopside,

but the bulk composition of their aggregates is nearly the same. In addition, Fe-rich interstitial phases or inclusions
are not contained in the aggregates. This suggests that Ca-rich-majorite and -glass are dissociation products of
diopside in a solid-state reaction rather than by crystallization from shock-induced melt. Ca-rich glass is especially
rich in CaSiO; component. According to high-pressure experiments in CaSiO,, perovskite-structure phase is stable
above ~12 GPa at ~1000 °C, but it retrogressively transforms into glass on release of pressure [3-4]. Therefore, Ca-
rich glass in Y-75100 would have initially formed as CaSiO;-perovskite and subsequently vitrified during
decompression process. As for chemistry of majorite solid solution, the solubility of CaSiO, component into
MgSiO, majorite is at most ~14 mol % at the pressure range of 16-22 GPa [5]. In this study, however, CaSiO, in
Ca-rich-majorite is ~26 mol %. Other components such as Fe or Al may significantly increase the solubility of
CaSiO, components in majorite. Majorite and CaSiOs-perovskite are abundant minerals in subducting basaltic clast
at the upper most of the Earth’s lower mantle [6]. Therefore, systematic experiments on the element partitioning
between majorite and CaSiO;,-perovskite are necessary to understand the fate of subducting slabs. The assemblage
of Ca-bearing-majorite and -glass (assumed as CaSiO;-perovskite) suggests that the dissociation of diopside in Y-
75100 occurred at ~18-24 GPa based on the phase diagram of CaMgSi,O [7]. This is consistent with the

formations of ringwoodite, akimotoite and NaAlSi;Og-hollandite found in shock veins in Y-75100.
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Introduction: The degrees of metamorphism of ordinary chondrites (OCs) are variable, reflecting individual
thermal histories on their parent bodies. Based on chemical and petrologic characteristics, OCs have generally been
classified into petrologic types 3to 6 [1].  OCs with higher petrologic types have suffered more intense or prolonged
thermal metamorphism than those with lower petrologic types..

If the OC parent body was heated by internal heat sources such as the decay of Al [2], it would result in a
concentric gradation of metamorphic degrees which has been called the onion-shell structure [3,4].  This onion-shell
model predicts the positive correlation between petrologic type and duration of thermal metamorphism as well as
peak metamorphic temperature.  Evidence supporting the onion-shell model was reported for H chondrites, based on
the U-Pb chronology of phosphates [S] and on the fission-track density of phosphates and pyroxenes [6]. On the
other hand, there is no clear relationship between petrologic types and cooling rates estimated from Fe-Ni zoning in
kamacite [7.8] or from pyroxene structure [9].  The rubble-pile model as the result of breakup and reassembly of the
parent body was proposed to describe the lack of correlation between cooling rates and petrologic types of OCs [7.8].
The discrepancy between these two models could be caused by the ambiguity in the thermodynamic data of the
diffusion-controlled processes along with the insufficient time resolution of the clocks using long-lived radionuclides.

If the *Mn-"Cr (t,,= 3.7 Myr) system is applicable to OCs, it may provide better constraints on the time
scale of the thermal metamorphism.  For the precise determination of Mn-Cr ages, the isotopic analysis should be
done for phases with high Mn/Cr ratios.  Thus we studied the behavior of Mn and Cr in olivine, because one of the
Mn-rich, Cr-poor phases in OCs,

Experiments: Polished thin-sections of 12 unbrecciated L chondrites (type 3 to 6) were examined in this study.

Electron probe analysis was carried out at an accelerating voltage of 15 kV with a beam current of 30 nA.  Counting
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Fig. 1. Zoning profiles of olivine at the contact to chromite. Fig. 2. Cr0; to Mn/Cr diagram of olivine in L chondrites.

Althouvh The MnO abundances of olvines range widely in L3
chondrites, presented gains show only weak zonings.
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time was 30 sec for Mn and 90 sec for Cr.  Typical detection limits for MnO and Cr,O; were 0.02 wt% and 0.01
wit%, respectively.

Results and Discussion: The MnO abundances of olivine in equilibrated L chondrites are within the range 0.4-0.5
wit%, whereas those in unequilibrated chondrites have a wider range from below detection limits to 0.8 wt%.
Although the ranges of Cr;O; abundances of olivines in unequilibrated L chondrites and in equilibrated L chondrites
overlap, olivines in equilibrated L chondrites are generally depleted in Cr;O; in comparison with those in
unequilibrated L chondrites. The Cr;0; abundances of olivines are commonly below detection limit in equilibrated
L chondrites. However, in those chondrites, olivines adjacent to chromites are enriched in Cr;O; and their Cr;04
abundances become richer near the grain boundaries (Fig. 1).

These results are consistent with the redistribution of Mn and Cr among olivines and other phases during
thermal metamorphism. It is known that olivine, pyroxene and Fe-Ni metal in equilibrated ordinary chondrites are
depleted in Cr in comparison with those in unequilibrated ordinary chondrites [10-12]. Chromium may have
redistributed from these minerals to chromite during thermal metamorphism.  However, chemical zoning of Cr-rich
olivines near chromites in equilibrated L chondrites is inconsistent with the diffusional redistribution of Cr from
olivine to chromites.  If Cr was redistributed from olivine to chromite during thermal metamorphism, olivines should
be depleted in Cr in their rim.  This could have resulted from resetting of the chemical zoning at high temperature by
the redistribution of Cr from chromite to Cr-poor olivine during cooling.

We can expect an Mn/Cr ratio of at least several tens when Cr-poor portions of olivine are selected for
analysis (FIG 2).  If the parent body with asteroidal size was heated by the decay Al (t;,=0.73 Myr), the estimated
time scale of thermal metamorphism would be 10 Myr for type 3-5 chondrites and 100 Myr for type 6 chondrites
[3.4]. Ifthis was the case, we could apply the “Mn-"'Cr system only when the thermal metamorphism occurred at a
very early stage in the Solar System. However, chondrite parent bodies may have experienced disruptive collision
during thermal metamorphism and some materials may have been excavated from the interior and cooled rapidly
[7.8]. Among the examined samples, the olivine-spinel geothermometry [13] gives higher equilibration
temperatures for Y-86753 (Fig.3).  Y-86753 may have rapidly cooled after thermal metamorphism.  The “Mn-"Cr
system could be applicable for this type of samples.
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Fig. 3. Olivine-spinel equilibration temperatures of L chondrites.
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Pre-Terrestrial Aqueous Alteration of the Y-000749 Nakhlite Meteorite

Allan H. Treiman' and Cyrena A. Goodrich’

'Lunar and Planetary Institute, 3600 Bay Area Boulevard, Houston Texas 77058 U.S.A. *University of
Hawai'i at Manoa, Hawaii Institute of Geophysics and Planetology, 2525 Correa Rd., Honolulu, Hawaii
96822 U.S.A.

The Y-000593 and Y-000749 Antarctic meteorites are paired nakhlites — Martian
cumulate rocks composed principally of augite and olivine [1]. Other nakhlite meteorites
contain magmatic inclusions in their olivines [2,3], and we examined a thin section of
each new nakhlite for these magmatic inclusions. Our sections contained a single
magmatic inclusion like those in Nakhla olivine [2]: a rounded inclusion containing
radiating elongate crystals of Al-Ti augite distinct from the cumulus augite (Table 1), and
a halo of Cr-magnetite grains near its boundary with the host olivine (Fig. 1¢,d of [2]).
Unlike magmatic inclusions in Nakhla, our single example was extensively altered to
“iddingsite.” Our attention then focused on the “iddingsite™ alteration material.

Alteration Material

Thin sections of Y-000593 and Y-000749 show extensive alteration of olivine and
mesostasis glass to yellow, orange and red material, which is comparable to the pre-
terrestrial “iddingsite” in other nakhlites [4-7]. Y-000749 has abundant alteration
material; we recognized three types of alteration that are, or may be, pre-terrestrial.

Type 1 is yellow to orange in thin section. It occurs as veinlets replacing olivine
and as massive replacement of mesostasis glass. Type 1 material is pre-terrestrial;
veinlets of Type | material are cut by, and melted at, the meteorite’s fusion crust (Fig. 1)

Fig. 1. BSE image, Y-0 . Veinlet of alteration ig. 2. BSE image, Y-000749. Altera f Typ
material Type 1 (V1) crosses olivine (O) and is (1) and Type 2 (2) replacing mesostasis among
melted (arrow) as it approaches fusion crust (FC). olivine (O) and augite (A). Varying Mg* in Type |
Thus, V1 is pre-terrestrial. appears as brighter and darker layers. Type 2

follows the layering of Type 1 and fills its core.
Type 3 alteration (3) appears as darker, rougher
areas in olivine.

Type 1 material is chemically zoned by variation in Mg* (Table 1), which is
visible optically as color bands and in SEM/BSE images as bands of differing brightness
(Fig. 2). In veinlets, the zoning is parallel to the veinlet walls; in masses, the zoning 1s
parallel to the walls of the mass (Fig. 2). The chemical formula of Type | material is near
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(Mg,Fe),(Si,Al),0nH,O-E" s, fits either sepiolite or stevensite (saponite) clay.
Extensive cracking (Fig. 2), suggestive of dehydration, is consistent with stevensite.
Table 1. Mineral Compositions in Y-000749.

Igneous Minerals Alteration Material
Inclusion Cumulus  Cumulus Type | Type 1-

wt % Augite Augite Olivine Mg-rich Fe-rich Type 2 Type 2 Type 3
SiO, 44.03 49.67 31.21 49.08 52.24 14.38 8.89 31.27
TiO, 1.99 0.14 0.01 0.02 0.03 0.00 0.00 0.04
ALO; 4.89 0.42 0.02 3.49 3.12 1.63 295 0.49
Cr,0, 0.10 0.02 0.02 0.03 0.00 0.08 0.25 0.01
FeO 20.14 21.03 55.53 28.75 30.03 64.39 65.88 52:72
MnO 0.40 0.52 1.00 0.15 0.31 0.22 0.14 0.92
MgO 432 8.68 9.54 7.49 3.99 0.50 0.13 7.96
CaO 21.44 17.56 0.44 0.45 0.46 0.27 0.15 0.42
Na,O 0.30 0.19 0.00 0.13 0.11 0.07 0.05 0.01
K.,O 0.01 0.01 0.00 0.55 0.29 0.04 0.00 0.01
P,0; 0.60 0.14 0.00 0.15 0.26 2.07 0.00 0.04
SO, 0,02 _0.01 _0.00 _0.09 _0.35 191 _2.49 _0.14
Sum 98.23 98.39 97.77 90.38 91.18 88.55 80.93 93.58
Mg* 27.6 42.4 30.6 31.7 19.2 |.4 0.4 21.2

EMP WDS analyses at Johnson Space Center. USA. Anhydrous phases (olivine. augite) show perfect stoichiometry. so
their low totals probably reflect different carbon coats on standards and the Y000749 thin section.

Type 2 alteration material is red-orange to dark red in thin section and is bright in
BSE imagery (Fig. 2). Chemically, it is an iron compound with very low analytical totals
and variable proportions of Si, P, and S (Table 1). It is probably ferrihydrite, a ferric
oxide-hydroxide gel-like mineral that contains abundant water and strongly adsorbs
silicate and other anions. Type 2 material commonly forms the cores of layered masses of
Type 1 alteration (Fig. 2); in this texture, it appears to be pre-terrestrial like Type 1. Type
2 material also occurs as veinlets which can cross-cut veinlets of Type 1 material.

Alteration Type 3 appears as greenish-brown patches in olivine (Fig. 2). It grows
from the fractures in the olivine into triangular shapes. In high-resolution BSE imagery,
Type 3 material is seen as micron-scale interlayers of brighter and darker material. Its
chemical composition is nearly that of the host olivine (Table 1), but with low analytical
total, decreased Mg abundance, and small proportions of Al and S. This suggests that
Type 3 may be slight alteration of olivine to ferrihydrite (see Table 1). Type 3 alteration
is not observed in the thin section of Y-000539. It appears to have formed after alteration
Types 1 and 2, but its textures do not indicate whether it is terrestrial or pre-terrestrial.

Y-000749 also contains alteration material that is clearly terrestrial. Some bubbles
in the fusion crust contain dark-red material (like Type 2). Some small cracks that cross
the fusion crust contain similar material. Rare larger cracks that cross the fusion crust are
filled with clear, nearly isotropic material.

Acknowledgments. We thank the NIPR for loan of thin sections. C. Schwandt assisted with SEM imagery
and EMP analyses.
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111, 467. [4] Bunch T.E. and Reid A.M. (1975) Mereoritics 10, 303. [5] Gooding J.L. et al. (1991)
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Introduction

Chondrules have been studied by many researchers to understand their formation process and
discuss the evolution of the primordial solar nebula. Recent development of analytical apparatus has
brought about intensive studies about the elemental and isotopic compositions of chondrules and
important information, such as about their high-temperature processes and formation ages, were obtained.
On the other hand, progress in physical aspects has not been made much.

It has been accepted from their spherical shapes that chondrules were once molten in a free space
under micro-gravity, probably in the primordial solar nebula, and cooled rapidly. However, they are not
strictly spheres. Recent research on three-dimensional structures of chondrules using high-resolution
X-ray CT (computed tomography) found an oblate chondrule [1,2]. Three-dimensional distribution of
voids in the chondrule indicates that it was spinning during melting. However, such conclusion should be
confirmed by a statistical study.

Experiments

In the present study, we imaged forty-seven chondrules removed from the Allende meteorite (CV3)
with a high-resolution X-ray CT system equipped at synchrotron radiation facility, SPring-8 [3]. The
chondrules were mounted into cylinders of epoxy (about 3mm in diameter) to reduce artifacts of CT
images and to reserve the slice directions. They were imaged at beamline BL20B2 with monochromatic
beams at 18-30 keV depending on the sample size and composition. Cross-sectional images were
reconstructed from 300-360 projections with a convolution back projection method. Each CT image has
a contrast, which corresponds to the X-ray LACs (linear attenuation coefficients) of materials.
Three-dimensional structures were reconstructed from successive CT images with the voxel size of 5.83
x5.83x5.83 1 m, which gives the spatial resolution of about 13 x m [3].

Twenty chondrules with perfect shapes and smooth surfaces were selected for the present analysis.
The data for one chondrule imaged by an industrial micro-focus X-ray CT scanner [1] was also used. The
external shapes and distribution of metal/sulfide grains and voids inside of the chondrules were examined.
Some chondrules were thin-sectioned as parallel as possible to the sliced direction of the CT images. The
thin sections were observed under a polarized optical microscope and a scanning electron microscope
(SEM) to confirm the presence of metal/sulfide grains and voids in the chondrules. A three-dimensional
plaster figure of one prolate chondrule was formed by rapid prototyping method.

Results

Some chondrules have fine—grained rim or matrix on the surfaces. They were removed by image
analysis using appropriate thresholds of LACs. We approximated the external shapes of these naked
chondrules as three-axial ellipsoids with a-, b- and c-axes (axial radii are A, B and C (A=B=C),
respectively) using the moments of inertia of the chondrules. The rotation axes with the minimum and
maximum moments correspond to the a- and c-axes, respectively.

The plots of C/B vs. B/A are shown in Fig.1, where the aspect ratio, p=C/A, and the degree of
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oblate or prolate shape, log n (n is defined as C/B=(B/A)": log(n)—<° for oblate shapes and log(n)—-%
for prolate shapes) are also shown. We found that the shapes are diverse from oblate (A~B>C:
log(n)>>0), general three-axial ellipsoid (A>B>C) to prolate chondrules (A>B~C: log(n)<<-0). However,
if we concern the aspect ratio, two groups can be recognized: oblate to prolate chondrules with small p of
0.85-0.98 (group-A) and prolate chondrules with large p of 0.74 t00.78 (group-B). The relation between
the size and p for the oblate chondrules are shown in Fig.2.

Chondrules contain metal and/or sulfide grains (up to 6.8 vol.%) and voids (up to 2.9 vol.%). If
oblate chondrules were formed by rotation during melting, heavy metal/sulfide grains and light voids
should be moved away from and toward the short axis (c-axis), respectively, due to centrifugal force. To
check this possibility, the moments of inertia of metal/sulfide grains or voids around the c-axis of the
oblate chondrules, M, were calculated. The comparison with those of random distribution, Mr, shows that
M/Mr>1 for metal/sulfide (Fig.3a) and M/Mr<1 for voids (Fig.3b) if the degree of oblate, log(n), is
sufficiently large. M/Mr>1 indicates concentration of metal/sulfide grains toward the surface from the
c-axis while M/Mr<1 indicates concentration of voids toward the c-axis.

Discussion

We can estimate rotation rates for the oblate chondrules by assuming that these flat shapes were
equilibrium shapes, where centrifugal force was balanced with surface tension of chondrule melts [4]. In
this case, the shape including the aspect ratio, p, is determined uniquely by the parameter, Z:

T=pA’QY/8y, 4))

where p is the density of a chondrule melt, Q is the angular velocity and y is the surface tension. The
rotation rates calculated from Eq.(1) are also shown in Fig.2. They were estimated to be about 50 to 350
rps for the oblate chondrules. As the aspect rations in Fig.2 should be the values at the time of chondrule
solidification, the rotation rates might be larger during melting (approximately 100-500 rps). If Z exceeds
the critical value of 0.844 (p=0.490), the rotated melts become unstable [4] and should split into small
pieces. The lower limit of the aspect ratio of about 0.85 in Fig.2 might correspond to this critical aspect
ratio (0.490) during melting.

It is not easy to explain the prolate chondrules as stable shapes. If molten chondrules were moving
in an ambient gas, the chondrules should be flattened by a gas drag from analogy of the shapes of rain
droplets. If the prolate chondrules were rotated, the stable axis for the rotation is the short axis (c-axis). A
possible explanation for the prolate shapes with large aspect ratios (group-B in Fig.1) is that they were
formed from unstable droplets, where I exceeds the critical value. If this is the case, the upper limit of
chondrule size can be explained by the high-speed rotation. The general three-axial ellipsoids and prolate
chondrules with small aspect ratios in group-A (Fig.1) should be formed by some modification during
solidification or precession during rotation.

High-speed rotation of molten chondrules largely constrains their formation process. This is
possible by the shock wave model [5] or impact model. The shock wave model may be favorable because
the impact model has a problem about energies to make molten droplets by collision of planetesimals [6].

Most of the chondrules imaged in this study have voids. This shows that voids are important
constituents of chondrules as well as silicates and metal/sulfides although their amounts are small (less
than 3 vol.%). Three-dimensional distribution of voids in an oblate barred olivine chondrule suggests that
the voids were formed by bubbling due to increase of the concentration of volatile components in a melt
by olivine crystallization.

[1] Kawabata et al. (1999) Antarctic Meteor. XXIV, 64-66. [2] Tsuchiyama et al. (2000) LPSC,
XXXI.1566. [3] Uesugi et al. (1999) Proc. SPIE, 3772, 214. [4] Chandrasekhar (1965) Proc. Roy. Soc.
London, A, 286, 1-26. [5] Susa and Nakamoto (2002) Astrophys. J. 564, 1.57-L60. [6] Levy (1988) In
Meteorites and the Early Solar System (eds. Kerridge and Matthews) 697-711.
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Figure 1. Chondrule shapes approximated as Figure 2. The equatorial radius of oblate

three-axial ellipsoids. Relation between the ratios
of the axial radii (A> B> C) are shown for

chondrules, A, plotted against the aspect ratio, p.
The rotation rates were calculated from Eq.(1).
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Introduction

Yamato-000593 is a nakhlite first found in the Antarctic meteorite collection [1]. The nakhlite is
one of the SNC meteorite groups that are believed to derive from the Martian igneous rock, and belong to
an olivine-bearing clinopyroxenite. The most abundant mineral is augite (~85%), and olivine (~5%) is
present as the second major mineral [2, 3]. It is reported that Yamato-000593 is compositionally quite
similar to Nakhla [3]. Although the reflectance spectra of shergottites such as Zagami and EETA79001
were measured several times in previous works [e.g., 4-6], the reflectance spectrum of nakhlite except for
Nakhla has not been measured almost at all, and the analytical comparison between the reflectance
spectra of nakhlites has not been performed. In this abstract, we will report the spectroscopic
comparison between Yamato-000593 and Nakhla.

Samples and Instruments

Yamato-000593 was supplied by National Institute of Polar Research, and Nakhla was by University
Museum, Univ. of Tokyo. Both samples were hand-grounded with a corundum mortar and pestle.
After grounded, they were sieved under 100 pum in size. The bidirectional reflectance spectra were
measured by a UV-Visible-NIR spectrometer. All spectra were measured at incidence and emergence
angles of 30°. Halon was used as a standard. In addition to the powder samples, the reflectance
spectra of chip of Yamato-000593 were measured at the same condition, although its spectra were not
used in this report because of the ambiguity of the effect of surface roughness. The dry air was pumped
into the spectrometer chamber for preventing samples from water absorption in the air.

Method

To analyze the reflectance spectra, the modified Gaussian model (MGM) [7, 8] was used in this study.
The MGM is one of the most powerful tools for deconvolving a reflectance spectrum of mineral mixture
such as olivine and pyroxene. The natural logarithm of a reflectance spectrum is deconvolved into
absorption bands and a background continuum, where each absorption band is expressed as a Gaussian in
wavelength, and the continuum as a linear function of wavenumber.

Original MGM formula is expressed as:
InR(2)2 1(2)=C()+ s -exp[—lz{().— w)e; }Z], 6

where R ()) is the measured reflectance and band parameters s, p and ¢ mean the band strength, center
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and width, respectively. Since the reflectance spectrum is converted to the natural logarithm, the band
strength is always negative. The background continuum component is expressed as:

C(A)=c¢c,+¢,/A, )
where ¢; and ¢; are constants.

The full width at half maximum (FWHM) is calculated by

FWHM =2+21n2 -0 22354820 . 3)

Results and Discussion

The reflectance spectrum of augite (Ca-rich pyroxene) has two major absorption bands around 1 pm
and 2.3 pm in wavelength, which is different from that of Ca-poor pyroxene and olivine [e.g., 9, 10].
The reflectance spectrum of Ca-poor pyroxene has two characteristic absorption bands around 0.9 pm
and 1.9 pm, and that of olivine has three major absorption bands around 1 pm in wavelength and shows
the complex absorption feature.

Shown in Fig. 1 are the reflectance spectra of Yamato-000593 and Nakhla. The characteristic
absorption bands of Ca-rich pyroxene are observed around 1 pm and 2.3 um. Both spectra remarkably
resemble each other, except for the slope around 0.6-0.85 pm.

The MGM deconvolution of Yamato-000593 is shown in Fig. 2. Listed in Table 1 are the band 1-3
parameters of Yamato-000593 and Nakhla. The band 1 and 3 parameters of the MGM deconvolution of
both nakhlites are well coincident with each other. Three absorption bands of olivine around 1 pum
could not be separated, probably because of the complex overlapping with the absorption band of augite.
The small absorption bands around 0.9 pm and 2 pm would be the absorption of pigeonite [3].

Mikouchi er al. [3] reported that the augite cores in both meteorites have almost the same
composition (EnsgFs;; Woss), and our spectral analysis is consistent with them.

Conclusion

As mentioned above, the reflectance spectra of two nakhlites that were measured in this study show
quite similar spectra to each other, although some spectral differences around 0.6-0.85 um in wavelength
are observed. Since the reflectance spectrum of other nakhlites has not been measured, spectroscopic
measurement of other nakhlites will be required to further discuss spectroscopic characteristics of
nakhlites in general.
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Fig. 2. MGM deconvolution of Yamato-000593.
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RMS error is offset about 0.05.

Table 1. Band parameters of major band 1-3 in Yamato-000593 and Nakhla.

Yamato-000593 Nakhla
Band 1 Band 3 Band 2 Band 1 Band 3 Band 2
Center (um) 1.014 1.237 2.302 1.020 1.280 2.300
FWHM (um) | 0.092 0.169 0.221 0.094 0.169 0.229
Strength -1.18 -0.404 -0.609 -1.20 -0.442 -0.579
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Introduction: Micrometeorites are extraterrestrial dust collected on the Earth’s
surface. They are closely related to carbonaceous chondrites (e.g. [1]), however,
identification of their parent bodies is difficult because of their small size and heating
effect during atmospheric entry. Most of micrometeorites consist of fine-grained
portion which is supposed to be decomposed from phyllosilicates due to atmospheric
entry heating [2]. On the other hand, relict pyroxene and olivine grains are found
generally among fine-grained portion or as a single grain [3]. These mineral grains
must retain original information in elemental and isotopic compositions before their
entry to the Earth. Oxygen isotopic ratio is distinct in each type of meteorite in bulk
isotopic analysis [4] and may be helpful for identification of parent bodies in
micrometeorites. We analyzed oxygen isotopic composition of olivines and pyroxenes
in micrometeorites by secondary ion mass spectrometer (SIMS) to obtain information

about their parent bodies.

Samples and Methods: Micrometeorites studied in this work were collected from blue
ice around Yamato Mts. in Antarctica, here after they are called as Antarctic
micrometeorite (AMM) [5]. Chondritic particles are selected based on the surface
qualitative analysis data by scanning electron microscope equipped with energy
dispersive spectroscopy, JEOL JSMS800LV in National Institute of Polar Research
(NIPR). They are mounted in epoxy resin and polished to expose their cross sections,
to which we performed quantitative elemental analyses by electron microprobe,
JXA8800 in NIPR. Among the 170 of AMMs, nineteen of those contain or consist of
olivine and/or pyroxene are analyzed their oxygen isotopic ratios by SIMS, CAMECA

IMS6F, installed in Kyushu University. Analytical condition is as follows. Primary
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Cs* beam of 0.9nA is accelerated at 19.5kV to spatter the mineral’s surface. Size of
the primary beam spot is about 20pm. Secondary ions are accelerated at -9.5kV to go
through electrostatic field and magnet sector (mass resolution power: 5000) and
detected by a Faraday cup (*°0) and an electron multiplier (O and '"0). In order to
correct instrumental mass fractionation, either San Carlos olivine (Fog, 8'°0 = +5.68%0)
or Norway enstatite (EngWo,, 8'°0 = +9.68%0) is set together with samples in a same
folder and analyzed repeatedly before and after the analyses of olivines or pyroxenes,
respectively. Standard deviation of the repeated analyses of standard minerals is
contained within an error of the sample’s data reported here. Oxygen isotopic ratio is
expressed as delta value, which stand for deviation of an oxygen isotopic ratio from that

of standard mean ocean water, represented in permillage.

Results and Discussion: Fourteen pyroxenes and five olivines were analyzed their
oxygen isotopic compositions by SIMS.  Fig. 1 shows an oxygen three isotope plot of
pyroxenes and olivines in AMMs. Most of data are plotted between the terrestrial
fractionation (TF) line and the carbonaceous chondrite anhydrous minerals (CCAM)
line. This tendency is similar to previous work on oxygen isotopic compositions of
AMM'’s minerals [6], indicating that most of them have character of anhydrous minerals
of carbonaceous chondrite rather than those of ordinary chondrite. However, several
data are plotted on and above the TF line, and the one which has the highest 87O value
is plotted on the region of ordinary chondrite in fayalite to CaO content diagram (Fig. 2).
Therefore, the olivine grain is supposed to originate from a parent body of ordinary
chondrite. Pyroxenes are generally more '°O-rich composition than olivines even
though only five olivine data exist. ~This inclination was not reported in the previous

work, thus additional data of olivines in AMM:s are necessary for farther discussion.
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A eucrite, Dhofar 007 was found in the Oman desert and was initially classified as a
cumulate eucrite [1]. One of our samples of Dhofar 007 is a breccia that contains glassy
clasts, indicating that this meteorite may be a polymict breccia. Both the clasts and clastic
matrix of Dhofar 007 are cut by thin impact melt veins (<10-30 gm thick) suggesting that
Dhofar 007 experienced at least two-stages of shock metamorphism. In this work, we focus
on the origin of a coarse-grained clast (CG), and compared with other basaltic and Mg-rich
eucrites. We studied a large chip (14.0 g), which is entirely a coarse-grained clast. PTSs
were examined by optical and scanning electron microscopy and with an electron microprobe
(EPMA). A portion of the meteorite adjacent to the PTSs (0.882 g) was powdered for INAA
and PGA [2].

The PTSs of the CG clast show a
granular texture composed of fine pyroxene
(0.2-0.3 mm in size) (~51 vol%) and
plagioclase (50-100 um in size) (~47 vol%)
(Fig. 1). Relatively large grains of
pyroxene (<1.2 mm in size) and aggregates
(~2 mm in size) of plagioclase occur in some
cases, implying the texture was originally
igneous.  There are several elongated
crystals of plagioclase that have dusty
inclusions such as FeS in the cores. These
plagioclase crystals could be relicts of
precursor rock. The minor minerals (<2

vol%) include chromite, silica minerals,

vrs ; : Fig. 1. Photomicrograph of CI clast in Dhofar 007.
troilite, metallic phases (kamacite and wfdm 569 v Pf;f Iigf‘::. /

taenite), and Ca-phosphates. Chromite (50-
250 um in size) typically shows a
poikiloblastic texture that partly or totally
encloses pyroxene and plagioclase. These
textures could have been formed by
metamorphism  followed by  impact
brecciation.

Pyroxenes are pigeonites that have
closely spaced (<2-3 um wide), very fine
augite exsolution lamellae (<<1 um thick)
(Fig. 2). This is in contrast to the fact that
pigeonites in most Mg-rich eucrites
(cumulate eucrites) are partly or totally
inverted to orthopyroxene [3]. Chemical
compositions of pyroxenes are plotted on a
single tie line from Wo,gEns, to
Wo,Eng,;  (Fig.  3). The  bulk
composition of pyroxene determined by

Fig. 2. Backscattered electron image (BEI) of
pyroxene in CG clast. Pigeonite (light gray) has
very thin augite lamellae (medium gray). Black:

epoxy.

=11



Di - T ; ; Hd

Fig. 3. Pyroxene compositions
of C1 clast in Dhofar 007 (solid
circles) and of typical cumulate
eucrites (Bi: Binda; Mo:
Moama; SM: Serra de Mage)
and  basaltic  eucrites  (Pz:
Pmozdino; Mi: Millbillillie; Lk:
Lakangaon). Mgl/Fe in
pyroxenes in Cl clast is simiar
to those in Serra de Mage.

En ’ ' ) * ' ‘ ‘ Fs

broad electron beam (~30 ym in diameter)
is Wog,.Ens, . The composition of augite
lamellae is not resolvable by EPMA. The
FeO/MnO ratio of pyroxenes is 32,
comparable to those of eucrites [e.g., 4].
Plagioclase has slight chemical variation
(Ang, 500157 to Angs,0r,,,). There is no
chemical difference between the granular
plagioclases and remnant  crystals.
Chromite shows slight chemical variation
(Ulvyy 0/ Chimg oo-Ulv, 43Chmy,g,).  We find
two metallic phases, kamacite (0.02 vol%)
and taenite (0.04 vol%), closely associated
with troilite (Fig. 4). These two metallic Fsd. BN . —
> . ig. 4. [ of the assemblage composed of troilite
le-llai(:)Sn?erEt:O:) ; nk(;?;:;i?ttel na:l}i:ie [I;E:lste V'El;; (Tr), kamacire (Ka), raem:re (Ta), and rhrorfli!e (Cm).
The metal phases are in many cases rimmed by
significantly (kamacite: 3.67-7.14 wt%; weathering  products. Px:  pyroxene; Pl:
taenite: 39.49-48.10 wt%). The Ni/Co plagioclase.
ratios of kamacite are 3.30-4.65. We
could not detect P in these two phases by
EPMA.

The INAA and PGA are preliminary. The bulk composition (wt%) of the CG clast
is CaO = 11.0, AL,O, = 13.0, MgO = 9.4, Ni = 0.087, and Co < 0.038. The analysis of other
trace elements such as REE:s is in progress.

Although the CG clast in Dhofar 007 has been texturally disturbed by later impact
and thermal events, several petrologic features imply the nature of the precursor rock. The
CG clast is slightly enriched in plagioclase (~47 vol%) compared to compositions of basaltic
eucrites (~42 vol%, [5]) although the contents of CaO and Al,O, are marginally within the
range of basaltic eucrites. The pyroxene is Mg-rich (Fig. 2) and plagioclase has Ca-rich
composition with limited chemical variation. The presence of large pyroxenes and aggregates
of plagioclase imply the relict texture of coarse-grained rocks. These facts indicate that the
precursor rock could be a cumulate eucrite that cooled slowly under plutonic conditions.
However, we found several unusual features in the CG clast in Dhofar 007 uncommon in the
known Mg-rich eucrites (cumulate eucrites) [3]. First, pigeonite in the CG clast is not
inverted orthopyroxene, and has very fine augite lamellaec. Second, this clast contains a
significant amount of metallic phases. Taenite has been rarely found in unbrecciated eucritic
clasts [6,7].

In general, pigeonites in cumulate eucrites are orthopyroxenes inverted from
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pigeonite and have thick augite lamellae because of the very slow cooling rates in plutonic
conditions [3]. Pyroxenes in other Mg-rich eucrites such as Moore County exhibit finer
exsolution lamellae, often partial inversion to orthopyroxene [3]. Miyamoto and Takeda [8]
suggested that Moore County was excavated from the deep interior at the asteroid during slow
cooling. The presence of inverted pigeonite in these cumulate eucrites indicates that they
originally cooled very slowly deep in the eucritic crust [3]. However, this view is not
consistent with the pyroxene textures observed in the CG clast in Dhofar 007. Pyroxenes in
the CG clast have very thin augite lamellae and are not inverted to orthopyroxene. It seems
unlikely that the CG clast was cooled very rapidly during initial crystallization. After the
slow initial cooling from the melt, the CG clast was cooled very rapidly from high
temperature above the pyroxene solvus (~1000 °C) during slow subsolidus cooling. The
cooling rate was too rapid to invert from pigeonite to orthopyroxene and to produce thick
augite lamellae.

The presence of taenite (~0.04 vol%) in the CG clast is enigmatic. Combined with
the EPMA data and mode of metallic phases, we estimate the bulk Ni content to be ~200-300
ppm, lower than the value (870 ppm) obtained by PGA. These values are significantly
higher than those of typical "monomict eucrites" (generally <13 ppm) [9]. At the low value,
the taenite would not be found in PTSs. This is consistent with the fact that taenite is rarely
found in eucrites. It is unlikely that FeNi-metal was incorporated by the recent shock events
that produced melt veins and breccia texture because most of the FeNi-metal is not associated
with these textures. Thus, metallic phases were formed or incorporated into the CG clast
before or during recrystallization. There are several possible origins of the metallic phases.
Metallic phases in eucrites can be formed by reduction of silicate and oxide minerals or are
pristine phases that crystallized from basaltic melt [6,7,10]. However, the metallic phases
formed by these processes are generally Ni-poor [6,7,10]. It may be possible that the CG
clast is a fragment of basaltic inclusion in mesosiderite; metallic phases were incorporated
during metal-silicate mixing. However, the FeO/MnO ratios of pyroxenes are comparable to
eucrites: pyroxenes in mesosiderite basalts may have slightly higher FeO/MnQO ratios [11].
This possibility cannot be ruled out based on the evidence from pyroxene chemistry. It is
more likely that the high Ni content is resulted from contamination of projectile materials
during impact events. This is consistent with the textural evidence that the CG clast was
brecciated before recrystallization.

It seems that Dhofar 007 experienced a complicated shock and thermal history;
(1) initial crystallization from melt under plutonic conditions, (2) some brecciation and
contamination from projectiles, (3) thermal metamorphism (slow cooling) to recrystallized the
breccia, (4) rapid cooling not allowing the inversion of pigeonite, (5) impact brecciation to
produce clast-matrix texture, and (6) final shock event to produce thin impact melt veins. It
is possible that the early impact event (event 2) occurred during initial crystallization (event
1). The event (4) is likely to have caused impact excavation during slow cooling. This is a
very similar geologic history to that suggested for Moore County [8] and several highly
metamorphosed basaltic eucrites such as Ibitira and EET90020 [12]. This is additional
evidence for large-scale impact event during global metamorphism. Further study is
required to understand the petrogenesis of the CG clast and the origin of metallic phases.
Acknowledgement. We thank H. Takeda, P.C. Buchanan, and K. Misawa for discussion.
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Introduction

As part of the consortium study on the new nakhlites from Antarctica (Y000593 and
Y 000749, Imae ef al. 2002), we are currently undertaking a detailed Pb isotopic study of
whole rock and mineral separates from Y000593. As an initial step, we have undertaken a
two-step leaching experiment on a coearsely ground whole rock powder using dilute HCI
and HNO,. We hope that further work will help shed light on the nature of Martian

mantle.

Analytical procedure

A brief summary of our initial leaching experiment is outlined in Table 1. All reagents
used for this experiment were purified using a two-teflon still modified from Mattinson
(1972). Pb blanks for the reagents were 0.35 ppt for 6N HCI, 1.0 ppt for IN HBr and <3
ppt for 13N HNO,. H,O was taken directly from a commercial purification system (blank =
0.4 ppt). Sample handling was conducted under a clean air condition, and the total
procedural blanks were in the order of ~6pg for leachates and 19pg for residue. Pb was
extracted from the leachate/residue using HBr-HNO, media chemistry modified from
Lugmair and Galer (1992). The isotopic ratios were measured on a MAT 262 thermal
ionization mass spectrometer in a static mode. All ratios were corrected for mass

discrimination of 0.125 +/- 0.025 (26) %/a.m.u.

Results and discussion

The results for the three fractions analyzed so far (L1, L2 and R) are shown in Figure 1.
Also shown in this figure are the results for the A3 fraction (a fraction taken from the
interior of the meteorite) of Nakhla (Nakamura et al. 1982). The reference line is a best-fit

line through the data of Nakhla, excluding the ethanol leachate (cf. Nakamura et al. 1982).
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Interestingly, the data for the two fractions L1 and R plot on this line within the analytical
uncertainty. Only the less precise data of L.2 has a somewhat elevated *"Pb/"”Pb ratio. The
reason for this high *"Pb/*'Pb may be (a) accidental contamination during the chemical
procedure or (b) preferential leaching of phase(s) (or part(s) of meteorite?) that was more
susceptible to terrestrial weathering. Regarding the former possibility, it will require a
contamination of ~180pg in order to shift the data from the reference line to the point
measured. Such a contamination, however, is ~30 times the blank measured during the
course of this study and thus we find this possibility unlikely. Should this be a result of
terrestrial contamination, we must be careful when handling Pb isotopic data of samples
that were not severely leached using, for example, HNO,. In any case, this issue needs to be
clarified by undertaking a similar leaching experiment(s) on a separate powder aliquot
and/or mineral separates.

The fact that the data for the L1 and R fractions plot on the regression line defined by
Nakhla hints toward the possibility that these isotopic signatures are true (i.e., terrestrially
uncontaminated) signature of Nakhla and Y000593. Whether the age calculated from this
slope (~2.1 Ga) has any geological meaning or not is not clear at this stage. However, this
issue deserves further investigation through the analyses of mineral separates (hopefully
including the U-Pb concentration data).

Assuming that the elevated “"Pb/"Pb ratio of the L2 is a result of terrestrial
contamination, we can correct for this by subtracting the terrestrial Pb to fit the data onto
the regression line. We can then add up the Pb from L1, R and corrected L2 to obtain an
estimate of the “bulk” Y000593. The isotopic ratios of the bulk Y000593 are 11.98, 11.57
and 32.21 for ““Pb/"Pb, “"Pb/“Pb and *“Pb/"Pb, respectively. These numbers are, of
course, based on the assumptions that (a) L1 and R are not contaminated by terrestrial Pb
and (b) the acetone wash contains no Pb of meteorite origin. For these reasons, they must
be taken only as a crude estimate based on the data available so far. We can, however, use
these values and the Canon Diablo troilite Pb (T~4.56 Ga) to construct a two-stage Pb
evolution model and obtain a |1 of about 1.9 (t: 1.28~2.10 Ga). This result is generally
consistent with the earlier work that argues for a low-1l nature of the nakhlite source (e.g.,

Dreibus and Jagoutz 2002).
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Table 1. Leaching procedure and the amount of Pb extracted during each process.

Procedure Pb extracted (ng) | Blank (pg)
Acetone wash (AW) |3 mL distilled acetone (untrasonicate for 30 sec) x 5 nm nm
leach 1 (L1) 1 mL 0.1 N HCI (untrasonicate for 30 sec) x 8 14.8 6.0
leach 2 (1.2) 1 mL 1.0 N HNO3 (untrasonicate for 10 min) x 3 7.4 5.5
Residue (R) HEF/HNO3 dissolution after 1.2 22.2 19,1

nm: Not measured

11.9
@ Y -000393 (this work)
O Nakhla A3 (Nakamura et al. 1952)
o 184
S , I
g F'errestrial Pb e}
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o
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=
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206Pb/204Pb

Figure 1. Pb isotopic ratios of Y000593. The reference line is a best-fit line through the

data of Nakhla A3 (Nakamura ef al. 1982) excluding the data of ethanol leachate.
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Introduction: The principal sources of information on the evolution of the solar system are
meteorites, first of all, chondrites, which represent the most primitive iron-stony matter. The
burning character of chondrite studies is determined by the fact that there is still no consistent
theory of their genesis. This stems, in our opinion, from the impossibility of explaining some
petrological features of chondrites within the guidelines of traditional concepts, in which
chondrites are treated as condensates or partial-melting products of the originally solid
material in the protosolar nebula. This puts forth the necessity of considering the accumulation
of material on the basis of an alternative magmatic hypothesis for the genesis of chondrites
early in the evolutionary course of their parent planetary bodies.

Results and Discussion: A fact of crucial importance is that ordinary chondrites contain
mineral phases whose composition provides information on the high pressures of their
crystallization when in parent bodies. In this context, particularly interesting are solid-solution
exsolution textures in equilibrated chondrites and the early chondrules of unequilibrated
chondrites, which were not affected by shock metamorphism. Exsolution textures are also
known in terrestrial rocks: magmatic (in which these textures are mostly caused by cooling of
these rocks) and high-pressure metamorphic (their exsolution textures result from nearly
isothermal decompression). Decompression-related exsolution textures in terrestrial rocks [10]
include quartz needles in clinopyroxene, magnetite needles and platelets in olivine, and
several other types. Each mineral with abound lamellae of another phase carries information
about its homogeneous precursor and makes it possible to assay the physicochemical
conditions of its crystallization. Because of this, it is interesting to discuss the following
examples of exsolution textures occurring in ordinary chondrites:

(1) Elongated tabular aggregates of Cr-spinel and plagioclase grains from porphyritic
pyroxene-olivine chondrules of the Raguli H3.8, Elenovka L5, and Berdyansk L6 chondrites
[7, 13, 21, 22], which are pseudomorphs after a complex jadeite- and ureyite-bearing
pyroxene, whose composition is 36 mol % Ur, 15 mol % Jd, 10 mol % Di, 7 mol % Ca-Tsch,
and 32 mol % Fe,Mg-Tsch in the Raguli H3.8 ordinary chondrite and 46 mol % Ur, 9 mol %
Jd, 2 mol % Di, 15 mol % Ca-Tsch, and 28 mol % FeMg-Tsch in the Berdyansk L6
chondrite. In an Ur-Jd join, this corresponds to 71 mol % Ur, 29 mol % Jd for Raguli H3.8
and 83 mol % Ur, 17 mol % Jd for Berdyansk L6. As is known, an enrichment of the jadeite
end member in pyroxenes of various isomorphic series is suggestive of its high crystallization
pressures [1, 9, 14,]. Na-Cr-Al clinopyroxene (44 mol % Ur, 20 mol % Jd, 25 mol % Di with
minor contents of enstatite and acmite) of composition similar to that in the Raguli and
Berdyansk chondrites was found in diamondiferous kimberlites from Yakutia [16], a fact
illustrating the possibility of high-pressure conditions during the origin of such a
compositionally complex pyroxene. It is hardly probable that the pressures were as high as
those of the eclogite facies, but, judging from the composition and structure of the chondritic
pyroxenes, they crystallized within chondrules under pressures above 1 kbar [1].
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(2) We were the first to detect that chondrules in the Yamato-82133 H3 unequilibrated
ordinary chondrite bear crystals of pyroxene regularly oriented relative to the chondrule
structure and containing parallel elongated lamellae of silica [21]. Their textures and
composition are comparable with those typical of terrestrial high-pressure exsolution textures
in clinopyroxene with excess silica (Figs la, 1b), which develop with a decrease in the
temperature and, first and foremost, pressure [10, 17]. The original silica-oversaturated
terrestrial clinopyroxene is often nonstoichiometric [15]: (Si + Ti - 2Na) > (Mg + Ca + Fe’" +
Ni + Mn). Silica-oversaturated clinopyroxenes of various compositions were reproduced
experimentally [2, 8, 20]. It was established that (1) under high pressure, clinopyroxene is
characterized by an elevated isomorphic capacity and can dissolve significant amounts of
silica, which are excessive relative to the normal pyroxene stoichiometry of Si: (A +B)=1:
1 (where A and B are Na, Ca, Mg, Fe, and sixfold-coordinated Al); and (2) silica-
oversaturated clinopyroxenes of various compositions are stable under pressures above 35
kbar.

Fig. 1. Microphotograph of (a) acicular silica segregations (Si/) in pyroxene (Px) of a silica-
pyroxene chondrule 22 and (c) subparallel trails of Ni-free Fe (Fe°) in a relict olivine grain of
magnesian chondrule 15 of the Yamato-82133 H3 ordinary chondrite. Exsolution lamellae in

high-pressure minerals: (b) quartz needles in the cores of clinopyroxene grains in eclogite
from the Northern Dabie Mountains, China, [17] and (d) magnetite lamellae (black) in olivine
(light gray) from harzburgite from the Dabie Mountains [19].
Microphotographs (a) and (c) are back-scattered electron images taken on a SEM CamScan-
4DV, (b) and (d) are photographs in polarized light, field of vision equals 0.32 mm.

(3) The early magnesian chondrules of the same chondrite may bear relict olivine

cores. The cores of grains abound in tiny inclusions of Ni-free native Fe, which occur as
subparallel trails (Fig. 1c). Petrological [21] and experimental [3, 4] study of the replacement
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of Fe-rich olivine by Mg-rich olivine and native Fe have demonstrated that the decomposition
of ferrous olivine is facilitated by a reduced fluid, with the main role played by the oxygen
chemical potential but not the bulk fluid composition (hydrogen, argon, or H,/CO, and
CO/CO; mixtures).

(4) The kamacite of the Okhansk H4 chondrite, which were not affected by shock
metamorphism, contains segregations of native silicon. As is known [5], micron-sized
segregations of native silicon in native iron, which exsolved from the silicate melt as a result
of liquid immiscibility onset, crystallize under significant pressures even prior the full release
of the shock pressure load that has caused the melting and immiscible layering of the melt.

(5) Fine-crystalline diamond found in chondrites is prone to occur mainly in their fine-
grained iron-silicate matrix [6, 12, 18]. The experimental inspection of the Fe-C system [11]
made it possible to establish that the C-bearing Fe solid solution decomposes, and diamond or
graphite exsolve within the native Fe, in response to a temperature and pressure decrease.
Hence, C incorporation in the kamacite solid solution early in the chondrite evolution and the
subsequent exsolution of the solid solution at a temperature and pressure decrease may have
produced fine-crystalline diamond.

Summary: It follows that fine grains with exsolution textures in chondrites are comparable
with the exsolution textures of the solid solutions of the same minerals in terrestrial rocks that
crystallized under high pressures. Also, the presence of native Si, along with kamacite, and
diamond in chondrites testify that the crystallization of immiscible chondritic melts was
preceded by the evolution of these melts under reduced conditions and significant pressures in
the interiors of their parent planets.
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Searching for Samples of Asteroid Ponded Deposits in Meteorites
Michael Zolensky, ST, NASA Johnson Space Center, Houston, TX 77058 USA

One of the many unexpected observations of asteroid 433 Eros by the Near Earth
Asteroid Rendezvous (NEAR) mission was the many ponds of fine-grained (<1cm) materials
[1&2]. These ponds are characteristically smooth and are found mainly within craters (figure 1).
Though level to a first approximation (and corresponding well to the gravitational equipotential
field [3], they can exhibit small, steep-walled, fault-like features (figure 1), which suggests that
the pond deposits can be indurated to some degree [2]. The ponds are distributed preferentially
in low latitudes, near the ends of the elongated asteroid. These latitudes coincide with surfaces
that spend the most time near Eros’ terminator, as well as being the regions with the lowest
surface gravity [1].

There have been two principal, somewhat complementary, theories advanced to explain
the ponds. Robinson et al. [4] proposed that electrostatic levitation of small grains played a
major role in their formation. Electrostatic levitation and movement of fine-grained dust has
been observed on the moon, and is hypothesized to operate on other atmosphereless bodies
[5&6]. Others propose the segregation and migration of fines by seismic shaking [1,2,7].

Figure 1. Closeup of a pond on Eros. A sinuous slump feature at the lower center shows that the pond in
indurated to some degree. View is a couple of meters across.

We seek to provide the resolution of an observational delemma posed by the NEAR
mission at Eros. The results of this comparison will permit us to understand the true nature of
asteroid Eros for the first time, and then provide us with a tool to correctly interpret
spectroscopic observations and regolith samples collected by future asteroid missions. Thus,
our work provides an important lever to greatly increase the value of even earth-based asteroid
studies. This work is critical to the successful interpretation of the mineralogic and
compositional data collected at asteroid Eros by the recently completed NEAR Mission. In
addition, this research will be similarly critical to the successful completion of the Muses-C
asteroid sample return mission as it will permit us to determine the true nature of an asteroid
from its fine-grained regolith.

There are now abundant observations of ponds on asteroid Eros, especially as the
NEAR spacecraft fortuitously landed on the edge on one. The ponds have smooth surfaces,
and define equipotential surfaces up to 10’s of meters in diameter. The ponds have a uniformly
sub-cm grain size. The ponds appear to be cohesive or indurated to some degree, as revealed
by slumping evident in some images (see figure 1). The ponds appear to be concentrated
within 30 degrees of the equator of Eros. This geographical bias in pond location is consistent
with an origin involving electrostatic grain levitation and transportation as well as impact
shaking. This is an important point. It is impossible to determine from the available NEAR data
which of these two quite different processes is responsible for the ponds.

In addition to the observations of pond physical properties, there is some insight into the
mineralogy and composition of the ponds’ surfaces from NEAR spectroscopy [1,2,8,9].
Compared to the bulk asteroid, ponds: (1) Are distinctly bluer (high 550/760 nm ratio), possibly
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due to loss of metal or a grain-size difference?; (2) Have a deeper 1um mafic band, which could
be due to higher olivine and pyroxene content; (3) Have reflectance elevated by 5%.

The pertinent physical and mineralogic characteristics of the surface of Eros have been
characterized by the NEAR spacecraft [1,2,8,9]. These are the critical results: (1) Eros’ surface
is depleted in S/Si relative to the chondritic value. This is possibly due to preferential
volatilization of sulfide minerals during micrometeorite impacts; (2) Eros’ surface Fe/Si ratio is
apparently lower than the chondritic value; (3) Eros pond surface Fe/Si ratios are possibly lower
than that for the average Eros surface. It has been hypothesized that this could be due to
removal of Fe-Ni metal grains by size-sorting or settling.

Unfortunately, despite detailed data returned from the very capable NEAR spacecraft,
and even an actual landing on Eros’ surface, considerable uncertainty regarding the nature of
the asteroid remains. The data are equally well matched by both very primitive material
(ordinary chondrite-like) as well as by a geologically evolved body (achondrite-like) [10]. A first
step in understanding how the mineralogy of asteroid regoliths relate to that of a bulk asteroid
must involved a detailed mineralogic study of a pond deposit.

Do we have any meteoritic evidence of ponds on asteroids, and if so which of the
proposed formation mechanisms does it support (if any)? There has been considerable work on
the petrography and diversity of “dark clasts” present within chondrites and HED meteorites [11-
14]. Some of the clasts found in CV chondrites, called "Type C" by Krot et al. [12], consist of
uniformly fine-grained olivine (Figure 2). These clasts could have originated in fine-grained
ponds, but a general lack of detailed studies does not permit us to say much about the
formation mechanism. Of greater immediate interest is a cm-sized clast located years ago in
the Vigarano CV chondrite [11-14].

Figure 3 a: Higher mag. BSE electron image of
crossbeds in the Vigarano clast. “Up" is to the
upper left. View measures ~0.5mm across.

b: Highest mag. BSE image of the bottom of one

Figure 2. Backscattered electron (BSE) image of bed from the inset image. Iron-rich band stands out
crossbeds (arrowed) in the Vigarano clast. as bright; its lower boundary (arrowed) is sharp, while
"Up" is to the upper left. View ~1 cm across. the upper boundary is gradational

We have recently found two other examples of this type of clast. As revealed by SEM,
microprobe and TEM analyses performed at JSC, these Vigarano clasts consist nearly entirely
of 5 micron- to submicron-sized grains of olivine: Fo43-78, with a pronounced peak at FoS50.
This is essentially the distribution of olivine compositions in Vigarano itself [12], and since most
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CVs have distinctive olivine distributions this fact suggests that the clasts are indigenous to the
Vigarano host asteroid. Larger olivine grains up to a few 10s of ;,m are present in the clasts,
and most of these have normal compositional zoning (iron-rich edges, iron-poor cores). The
smallest olivine grains in the clasts are among the most iron-rich, having compositions to Fo43.
Pyroxene, spinel, pentlandite and other accessory phases are present, and are well described
by Tomeoka and Kojima [14]. The most distinctive feature of these clasts are numerous,
closely-spaced, cross-bedded, arcuate bands. These bands are apparent in both reflected light
and BSE images, because they contain a high proportion of the finest-grained, iron-rich olivine.
We define each layer as a “bed”, each of which contains within it a “band” with a high
concentration of iron-rich olivine. Figure 2 shows a BSE image of the first-discovered Vigarano
clast, with obvious arcuate, crossbedding. Figure 3 shows a closeup BSE image of a band in
this clast. The entire clast consists of a porous aggregate of olivine grains; the pores in the
arcuate bands are almost entirely filled with very fine-grained, iron-rich olivine. From the sense
of the crossbedding we can tell which way “up” was (a rare feature in meteorites!), and
inspection of figure 3 indicates that the relatively fine-grained bands are located at the bottom of
each bed: the top of each iron-rich band is a transitional boundary, but the bottoms are very
sharp. Impact-induced seismic shaking can result in grain-size separation with fine-grained
materials “percolating” through a coarse matrix to the bottom [15], which is exactly what we
observe in the Vigarano clasts.

Based upon our initial asessment, we propose the following scenario for the Vigarano
clasts. (1) Some process separates fines from the bulk regolith material; this could well have
involved electrostatic levitation, which could have separated the finest material from coarse
accumulations; much work is neceassary on this point. (2) An impact generates seismic
shaking, forming one bed, with the finest grains percolating to the bottom of the bed. This
presumably would be most effective at elongated portions of the asteroid, which is where ponds
are observed on Eros. (3) Since each shaking episode should erase the layering from previous
episodes, some process must periodically lithify the beds to some degree to preserve them.
Maybe heating from an impact? Later impacts can then cause degradation, but not total
destruction of previously deposited beds. (4) Slumping, or impact-triggered motions, causes
older beds to rotate, and subsequent beds can be deposited on an eroded, flat surface at an
angle, creating the crossbeds.

We hypothesize that the Vigarano clasts formed in ponds that experienced seismic
shaking. The Eros ponds may have formed the same way. There is a suggestion that the Eros
pond surfaces are depleted in iron, based upon the gamma ray spectrum measured at the
NEAR landing site [16]. This would be explained by percolation downward of iron-rich olivine
and/or dense Fe-Ni sulfides. The latter phases are shown to be preferentially comminuted by
multiple lab impacts into chondritic targets, being performed by Mark Cintala. Further, we do
observe such a downward percolation of metal grains in the Vigarano clasts.

We believe that we have shown in this preliminary assessment of the Vigarano clasts
that materials that likely originated in asteroid ponded deposits have survived and traveled to
earth within meteorites. The questions we now propose to answer are (1) whether other pond
samples have similarly survived travel to terrestrial laboratories, (2) what these samples can tell
us about asteroidal regolith processes (for other classes of asteroids), and (3) how these results
will permit us to better understand the actual nature of bulk asteroids from observations of
asteroidal surfaces, and returned samples from the uppermost regolith layers, all of which we
now know to be biased in rather unknown ways.
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