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Abstract: Olivine grains in the Allende CV3 carbonaceous chondrite matrix
were examined mainly by TEM. Compositional data of olivine by EPMA are also
given. It was revealed that void-like defects were observed occurring in iron enriched
portions of both matrix olivine and rims of isolated olivine grains. Detailed obser-
vations of these void-like defects suggest that the void structure was formed dur-
ing thermal metamorphism and that the thermal metamorphism was also related to
some chemical reaction to form fayalitic olivine either in the pre-solar nebula or on
a parent body.

1. Introduction

The Allende meteorite is a well known CV3 chondrite. CV3 group was defined
by VAN Scumus (1969) and plays an important role in meteorite studies. It has been
regarded that constituent minerals preserve primitive features. The matrix minerals in
CV3 chondrites are generally considered to be condensation products (KORNACKI and
Woob, 1984; MACPHERSON et al., 1985). However, it is also suggested by HOUSLEY
and CIRLIN (1983) that some matrix minerals are alteration products of enstatite in
chondrules. Recent work by KROT et al. (1995) also strongly supports this suggestion.

Many chemical, mineralogical and isotopic studies on matrix, isolated minerals
and chondrule mineral grains of Allende (CV3) meteorite have been reported (e.g.
GRrOSSMAN, 1980; Peck, 1984; Peck and WoobD, 1987; RUBIN and WASSON, 1987;
MACPHERSON et al., 1988; KROT et al. 1995). Studies by GROSSMAN (1972) suggest-
ed that CAls are the first condensates from the hot solar nebula. However, subsequent
detailed mineralogical and isotopic studies have shown that applications of the equi-
librium condensation model are limited. Most chondrite components might have expe-
rienced a complex formation history. Later, BUNCH and CHANG (1980), HOUSLEY and
CIRLIN (1983) and ARMSTRONG et al. (1982) emphasized the significance of parent
body processes in the formation of carbonaceous chondrites. However, it is suggest-
ed by various data, especially the complex isotopic data, that CAls and chondrules
might have experienced complex cycles of localized thermal history in the solar neb-
ula (Woob, 1988; WassoN, 1993). CAls may be condensates according to HUTCHEON
and JONES (1995) and SWINDLE et al. (1995). Thus, the origins of matrix material still
remain obscure; a minor component of matrix may be presolar, and the remainder may
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be complex mixtures of materials from both nebular and asteroidal processes (Huss
and LEwIS, 1995; BREARLEY, 1995; KROT et al., 1995).

Type 3 chondrites are believed to give important information about solar nebula
processes, because type 3 chondrites have experienced least thermal metamorphism
and aqueous alteration. MCSWEEN (1977) divided CV3 chondrites into two types: oxi-
dized and reduced subgroups. They have different abundances of metallic Fe, Ni and
magnetite. MCSWEEN described that Allende is a member of the oxidized type and has
suffered weak metamorphism. In general, H,O and phyllosilicates are rarely recovered
from Allende. Therefore, secondary alteration in Allende may be restricted. It is gen-
erally believed that asteroidal alteration effects are very small (KROT et al., 1995).

In general, Allende matrix is composed of isolated mineral grains (mineral frag-
ments) and genuine matrix mineral grains. The isolated minerals are regarded as frag-
ments of chondrules and inclusions. The size of the isolated minerals are usually sev-
eral um~100 um. Large isolated minerals can be observed under the polarizing micro-
scope. However, small isolated minerals which can not be observed by polarizing
microscope are also expected to occur as matrix constituent minerals. Therefore, it is
often difficult to distinguish isolated minerals from matrix minerals.

There has been little detailed mineralogical examination of Allende matrix min-
erals using TEM intimately associated with EPMA. If such detailed data on matrix
minerals are obtained, they will give information about the formation processes and
alteration processes of the Allende matrix. Therefore, the main objective of this paper
is to report concisely the first finding of void-like defect structures in olivine grains
in the matrix by TEM.

2. Experimental

A JEOL 733 microprobe was used for the study. Analyses were carried out at 15

kV and 4 or 8 nA for 20 s counting times. A JEM 200CX TEM, and Phillips CM200

operated at 200 kV were used. Both TEMs were equipped with energy dispersive X-

" ray detectors for qualitative chemical analyses. Specimens for TEM observations were

separated from an epoxy-impregnated petrographic polished thin section by cutting the

section. The TEM samples were prepared by ion-thinning. Finely, crushed samples of
the Allende specimen were also used for TEM study.

3. Specimens

We used several pieces of Allende meteorite which is a peculiar meteorite in CV3
chondrite. PEck (1983) and MACPHERSON et al. (1985) have described matrix miner-
als in Allende. The following minerals were found in the Allende matrix also in this
study: olivine (Foss.), high-Ca pyroxene, sodalite, nepheline, Fe-Ni sulfides, mag-
netite, Ca phosphate, awaruite, chromite, spinel, plagioclase, and andradite. Olivine is
the most dominant among the matrix minerals in Allende. Matrix olivine is divided
into two types based on their morphology and size: euhedral olivine grains which are
prismatic (length about ten um, width 2~3 um) (Fig. 1) and irregular olivine grains
having chemical zoning (various in size, about 1~100 um) (Fig. 2). The olivine of the
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Fig. 1. BSE image of the matrix in
Allende. Matrix olivine grains are
light-gray and rectangular. Dark-
gray grains of irregular shapes
(arrows) are pyroxene. White
grains are opaque minerals.

Fig. 2. BSE image of an isolated !
olivine grain. The shape of | 50 ]tm
1

olivine grain is spherical.
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Fig. 3. BSE image of an isolated
olivine grain. The shape of
olivine grain is fragmental.
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Fig. 4. Histograms of forsterite (Fo) content in olivine grains in a) matrix,
b) isolated minerals and c¢) chondrules.

former type is homogeneous and fayalitic (Fog.s0). Olivine in the latter type has
forsterite-rich core (Foiu.70) and fayalite-rich (Fosys5) rim (Figs. 3 and 4). Olivine of
this type grains are called isolated minerals here. These may have been derived from
phenocryst grains in chondrules, because large fragments of chondrule which include
olivine grains that are similar in composition to those of the latter type are present in
the matrix.
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4. Results and Discussion

In the TEM observation of the matrix, two types of olivine grains were observed.
The first type is smaller and generally have euhedral grains. These olivine grains have
a width of a few um and length of about ten um (Fig. 5). The second population is
larger olivine crystals whose size is more than a few ten um (Fig. 6). The shapes and
sizes of these olivine grains suggest that the former is genuine matrix olivine grains
and the latter is isolated mineral grains. Both types of olivine grains are found also
in BSE photomicrographs (Figs. 2 and 3). The results of qualitative analyses of both
types by AEM were almost consistent with the EPMA results. In the detailed TEM
observations, we discovered irregular-shaped void structures in the matrix olivine and
the rim of the isolated minerals (Figs. 5 and 6). The sizes of the voids were less than
about hundred nm. The shapes were bubble-like or polygon (square or hexagon). It is
evident that void structures are found only in iron rich parts of olivine grains. The
chemical composition of matrix olivine is homogeneous. Voids are sometimes het-
erogeneously distributed.

There are many ways to interpret formation processes of fayalitic olivine in both
chondrules and matrix in CV3. In one interpretation, it is estimated that the forma-
tion process occurred in the primitive solar nebula. It is suggested by PECK and WooD
(1987) that forsterite was exposed to the nebula with vapors to form Cr-, Al-, Ti-
enrichments and then condensation of fayalitic olivine occurred. Furthermore, they
proposed that matrix olivine had been formed in the oxidized nebular gas. WEINBRUCH
et al. (1993) suggested that fayalitic rims are condensates from '®*O-poor gas, while
matrix olivine grains form either by condensation or were originally '*O-rich and equi-
librated later with an '°O-depleted nebula.

In the other interpretation, it is estimated that olivine grains were altered in the
nebula or an asteroid. HOusLEY and CIRNIN (1983) suggested that low-Ca pyroxene in
Allende altered to fayalitic olivine in the asteroid. The suggested reaction is as fol-
lows:

Fe(s) +0.50,(g) + MgSiOx(s) = (Fe,Mg).SiOu(s). (hH
enstatite olivine

However, IKEDA and KIMURA (1995) argued that the reaction occurred in the neb-
ula. According to them, anhydrous alteration of chondrules includes three processes
different from each other; formation of secondary olivine zonation, replacement of
groundmassic plagioclase or glass by nepheline and/or sodalite, and replacement of
phenocrystic enstatite by ferroan olivine. The degrees of each process are different
among chondrules. A positive correlation in degrees between replacement of ground-
massic plagioclase or glass and phenocrystic enstatite is recognized, suggesting that
these two processes took place at the same time by reactions with a nebular gas at
temperatures probably lower than 800 K. The secondary olivine zonation may have
formed prior to and in the early stage of the replacement of groundmassic plagioclase
and phenocrystic enstatite. PALME and FEGLEY (1990) also supports nebular origin and
shows the following reactions.

MgSiOs(s)+ FeOH(g) =MgFeSiO.(s)+ 0.5Hx(g), 2)
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Fig. 5. a) TEM image of matrix
olivine grains in the matrix of
Allende. Indicate the b) TEM voids
with arrows image of matrix olivine
grains showing void-like defects.
AEM  analvsis is inserted. c¢)
Enlarged TEM image of Fig. 5b.
Distribution of voids is heteroge-
neous.
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Fig. 6. TEM image of isolated olivine
grains, a) the magnesium rich core
part has no void or planar features.
AEM analysis inserted. b) Iron rich rim
has void structures. The shape of void
is bubbly. AEM analysis inserted. c)
Iron rich rim part has void structures.
The shape of void is polygonal.
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MgSiOs(s) +Fe(OH),(g) =MgFeSiO.(s) + H,O(g). (3)

Various formation processes of matrix have also been proposed. For example,
MACPHAERSON et al. (1985) and KORNACKI and WooD (1984) suggested that matrix
minerals are primary minerals and condensation products from the pre-solar nebula.
Other interpretation explains that the matrix minerals are secondary products and are
alterated minerals on the asteroid or in the pre-solar nebula (e.g., BUNCH et al., 1986;
HousLEY and CIRLIN, 1983; KROT et al., 1995). In CV3 matrices, nepheline and sodalite
are often observed but low-Ca pyroxene is rare. This fact implies that low-Ca pyrox-
ene converted to fayalitic olivine in the nebular (PALME and FEGLEY, 1990) or during
aqueous alteration in the parent asteroid (ZOLENSKY et al., 1993). We could not explain
the unique formation process of the void structure. However the finding of void struc-
ture in this study may not be inconsistent with assumption that fayalitic olivine grains
are the secondary products.

The chemical composition of matrix olivine is more fayalitic than olivine grains
in the other components (chondrules and CAls). The chemical composition of matrix
olivine grains in Allende is more homogeneous than in the other CV3 chondrites
(ScoTT et al., 1988).

The void structure found in this study is very characteristic. Similar voids struc-
tures have already been found in B-7904 by AkaAil (1994). In his paper he discussed
the origin of the void; 5 possibilities are suggested; 1) thermal metamorphism, 2) irra-
diation by high energy particles in the solar nebula, 3) impact events, 4) sample prepa-
ration artifacts or 5) hydrous alteration. Very similar voids have been discovered in
the experiments of ion beam irradiation to metals by Hoiou et al. (1992), FURUNO et
al. (1993) and FUuRUNO et al. (1994). However, the second possibility is low because
the voids are found only in the iron-rich part of olivine grains. The possibility of 3
and 4 may also be low by the same reason. Although the last possibility can not be
denied completely, hydrous alteration may not be the case because phyllosilicates and
H,O are scarcely found. Thus, the most probable explanation for the formation of the
void structure may be as follows; they have formed during thermal metamorphism
which is also related to some chemical reaction to form fayalitic olivine either in the
nebula or on the asteroid. Detailed mechanism has not been disclosed.

5. Summary

Characteristic void-like defect structures were found in olivine grains in the
Allende CV3 carbonaceous chondrite. The areas where the void-like defects occurred
were mainly related to either iron enriched portions of matrix olivine or iron-enriched
rims of isolated olivine in the matrix. The density of the voids distribution were not
homogeneous but heterogeneous even within iron enriched parts.

The formation processes of void-like defects were discussed. It was suggested
that the void structure was most likely formed during thermal metamorphism which
is also related to some chemical reaction to form fayalitic olivine either in the nebu-
lar or asteroidal processes.
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