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Abstract: Belgica-7904 (B-7904) carbonaceous chondrite consists of 

abundant chondrules, various clasts, isolated minerals, and a dehydrated 
phyllosilicate matrix. Chondrules are divided into magnesian and fer roan 

types. Magnesian type has forsterite phenocryst, often with pyroxene, plagio­

clase, and unusual Cr-rich ovoid, which set in a dehydrated phyllosilicate 
groundmass. Kamacite is abundantly included in the forsterite phenocrysts, 

and is rarely associated with schreibersite. Ferroan type consists mainly of 

ferroan olivine phenocryst and dehydrated phyllosilicate groundmass with 

phosphate, instead of schreibersite in magnesian type. Clasts in B-7904 are 

classified into seven types. These include matrix-like clasts, phyllosilicate-rich 
clasts, hortonolite-rich clasts (aggregates of ferroan olivine and opaque 

minerals), Mn-rich olivine-bearing clasts containing schreibersite, Mn-rich 

forsterite, and Mn-rich chromite, forsterite-spinel clasts like amoeboid olivine 
inclusions (AOl's) in C3 chondrites, kamacite-rich clasts, and sulfide-rich 

clasts consistsing of troilite, pentlandite, taenite, and Co-rich metal. Mineral­

ogical study suggests that magnesian chondrules, phyllosilicate-rich clasts, and 

Mn-rich olivine-bearing clasts formed under reducing conditions, whereas 

ferroan chondrules, hortonolite-rich clasts, and the matrix originated under 

oxidizing conditions. Thus, the components of B-7904 originated in different 

reservoirs with contrasting f02 and fS2 in the solar nebula, and were later 
mixed. Glass inclusion in chondrules, which occur in olivine phenocrysts and 

dehydrated phyllosilicate groundmasses, contains CaO, whereas phyllosilicates 

in the groundmass arc nearly free from CaO. Thus, CaO was mainly lost 
from these chondrules during hydrous alteration, although som(! CaO re­

mains as abundant phosphate in ferroan chondrules. All of the CaO lost 
from the chondrules and clasts appears to have been concentrated in the 

matrix as Ca-carbonates. The oxidation reaction to form magnetite and 
magnesiowiistite from kamacite also took place in a magnesian chondrule at 

about 660 K and 1 o-:rn bars oxygen partial pressure, which is much higher 

than an oxygen partial pressure ( 10-4:i bars) of the canonical solar gas with a 
total gas pressure of 10-,1 bars at 600 K. This suggests that magnesian 

chondrules were oxidized by a nebular gas of non-solar composition, 
probably af tcr mixing with ferroan chondrules. All phyllosilicates in 8-7904 

were dehydrated by intense heating, and the urn:quilibrated mineral assem­

blages and the magmatic temperatures retained in some of the chondrules 
suggest that the heating took place for a short duration, probably by shock 

heating. 
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1. Introduction 

A carbonaceous chondrite B-7904 has been extensively studied for mineralogy 

and petrology (KOJIMA et al., 1984; SKIRIUS et al., 1986; AKAi, 1988; PRINZ et al., 

1989; ToMEOKA, 1990; BISCHOFF and METZLER, 1991), and chemistry (KALLEMEYN, 

1988; PAUL and LIPSCHUTZ, 1989). Although their results generally suggest that 

B-7904 resembles CM chondrites, B-7904 has an oxygen isotopic feature similar to 

CI chondrites (MAYEDA et al., 1987). However, the presence of abundant chondrules 

distinguishes B-7904 from normal Cl chondrites. On the other hand, B-7904 has 

also unusual characteristic features which are not observed in normal CM chondrites; 

large chondrules occur abundantly ( BISCHOFF and METZLER, 1991), PCP and 

magnetite are absent and rare, respectively ( TOMEOKA, 1990), some volatile trace 

elements are depleted ( PAu L and LIPSCHUTZ, 19 89), and phyllosilicates in chondrules 

and matrix have been dehydrated (KOJIMA et al., 1984), which is supported by 
the observation that its water content is very low when compared with other CM 

chondrites (HARAMURA et al., 1983). Thus, KOJIMA et al. (1984), AKAi (1988), 

and ToMEOKA ( 1990) suggested that B-7904 experienced thermal metamorphism 

on the parent body, after the formation of phyllosilicates. All these characteristic 

features show that B-7904 is an unusual carbonaceous chondrite different from 

normal CI and CM chondrites. 

As part of the consortium study on three Antarctic unusual carbonaceous chon­

drites (B-7904, Yamato(Y)-82161 and -86720), we have carried out a detailed 

mineralogical and petrological study of B-7904 using a scanning electron microscope 

(SEM). In contrast with Y-82161, -86720, and other CM chondrites, B-7904 has 

abundant primary components which have experienced little hydrous alteration. The 

purposes of this study arc ( 1 ) classification of components based on texture and 

mineralogy, (2) detailed petrography of the components, ( 3) clarification of the 

genetic relationhsips among the components, and ( 4) clarification of the reheating 

process of the components in B-7904. 

2. Samples and Experimental Method 

Four polished thin sections of B-7904: 92-1, 92-2, 92-3, and 94-2, were 

available for this study. They were studied previously by several consortium members. 

Each thin section, except for 92-3, covered only a half to one-third of the whole 

area. The compositions of the constituent minerals were measured with a JEOL 

733 type electron-probe microanalyzer (EPMA). The accelerating voltage and beam 

current were 15 kV and 3 to 10 nA, respectively. The Bence-Albee correction method 

was used for the analysis of silicates and oxides, and the ZAF method was used for 

the metals, sulfides, some phosphates, and magnesiowiistite. The oxygen contents of 

magnesiowiistite and some magnetites were measured using the same method as that 

in IKEDA ( 1991 ) , for magnesiowiistite in Y-82162 chondrite. A special X-ray peak 

deconvolution program was applied to correct for X-ray overlaps of K,3 line of Ti 

on the Ka of V for analyses of chromite and other phases. The peak intensities of 

Co Ka and the background for Fe-Ni metal were carefully measured in order to 
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Chondrule 

Silicate-rich clast 

Opaque mineral-rich clast 

Isolated minerals 

Matrix 
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Table 1. The components of B-7904. 

Magnesian 
Ferroan 
Matrix-like clast 

Hortonolite-rich clast 

Phyllosilicate-rich clast 

Mn-rich olivine-bearing clast 
Forsterite-spinel clast 

Kamacite-rich clast 
Sulfide-rich clast 
Silicate, Oxide, Phosphate, 
Carbonate, Metal, Sulfide 

Chondrulcs 

Pyroxene-bearing 
Pyroxene-free 
Taenite-troilite-bearing 
Kamacite-phosphate-bearing 
Opaque mineral-poor 
Opaque mineral-rich 

Forsterite-rich 
Spinel-rich 

Table 2. Mineral assemblages 

Silicate-rich Clasts 
Magnesian Ferroan Matrix-like Hortonolite-rich 

Pyoxene Pyroxene Taenite- Kamacite-
-bearing -free troilite phosphate 

-bearing -bearing 
Olivine + + + + + 

Ca-poor Pyroxene + + 

Ca-rich Pyroxene + 

Plagioclase + 

Glass + + 

Phyllosilicate + + + + + + 

Spine! + 

Chromite + + + 

Eskolaite + 

Magnesiowustite + 

Magnetite + 

Phosphate + + + + + Carbonate 
Kamacite + + Co-rich metal 
Taenite + + + + + Schreibersite + 

Troilite + + + + + + Pentlandite + + + 
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avoid the overlapping of Fe and Co. All analyses, including those for the fine­

grained dehydrated phyllosilicates in the matrix, were carried out with a focused 

beam of the EPMA. 

3. Petrography 

3 .1. Classification of the components 

The components of B-7904 are classified into chondrules, clasts, isolated minerals, 

and matrix based on their texture and mineralogy (Table 1). Chondrules are defined 

as fragmental to spherical objects which show textural evidence of crystallization 

from a melt. Clasts are mineral clusters which do not show any textural evidence 

of crystallization from a melt, and have clear boundaries with the matrix. Five types 

of silicate-rich clasts and two types of opaque mineral-rich clasts were distinguished. 

Isolated minerals consist of mineral grains, larger than a few microns, which occur 

in the matrix. The matrix consists of very fine-grained dehydrated phyllosilicates 

which fill the interstices among the other components. The constituent minerals of 

these components are summarized in Table 2. All the phyllosilicates in B-7904 are 

dehydrated and are converted to secondary olivine as shown by transmission electron 

microscope (TEM) study (AKAI, 1988). Nevertheless, they preserve the textures 

of the components in B-7904. 

Silicate-rich Clasts 
Phyllosilica te-rich 

Opaque Opaque 
mineral mineral 
-poor -rich 

+ + 

+ + 

+ 

+ 

+ 

+ 

+ + 

+ 

+ + 

+ 

Mn-rich 
olivine­
bearing 

+ 

+ 

+ 

+ 

+ 

Forsterite-spinel 
Forsterite Spinet 

-rich -rich 

+ + 

+ + 

+ + 

+ 

+ + 

Opaque mineral-rich Isolated Matrix 
Clas ts minerals 

Kamacite 
-rich 

+ 

+ 

+ 

+ 

Sulfide 
-rich 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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and chemistry of the original phyllosilicates on a micron-sized scale. In this study 
we shall call them phyllosilicates for convenience. 

The distribution and abundances of the components are heterogeneous in the 
thin sections of B-7904, although this is partly due to the small areas and poor 
condition of the thin sections. BISCHOFF and METZLER ( 1991) reported an ilmenite­
bearing Al-rich inclusion which may have been a Ca-Al-rich inclusion (CAI). Al­
though we studied the same three thin sections as theirs ( 92-1, 92-2, and 94-2), 
we did not find this inclusion and a large chondrule mentioned in their paper. These 
components may have been missed before we got these sections. 

3 .2. Chondrule 
Chondrules, 70c...2400 microns in size, are abundant in B-7904. Most of 

chondrules have a porphyritic texture ( Fig. 1-1 ) , and only a few barred-olivine 
chondrules were found. Chondrules are divided into magnesian and ferroan types, 
on the basis of the compositions of predominant olivine. The compositional range 
of olivine in the magnesian chondrules is For,o-\lH with a predominant composition 
of Fo9s-!rn, whereas that in the ferroan chondrules is Fo:1H10 with a predominant 
composition of Fo4G-sG · McSwEEN (1977) and McSWEEN et al. (1983) devised 
a classification for chondrules in carbonaceous chondrites, based on texture and 
mineralogy; Type I chondrule has a granular texture and olivines of Fo 90_100 , and 
Type II has a porphyritic or barred texture and olivine of Fo50_85• We found a 
barred-olivine chondrule containing olivine of Fo rrn, which can not be classified into 
type I and II chondrules. Therefore, here we do not use the criteria proposed by 
MCSWEEN (1977) and MCSWEEN et al. (1983). 

Magnesian chondrules are more abundant, and ferroan type is less than about 
one-fourth of magnesian type in abundance. Chondrules of both types consist mainly 
of olivine phenocryst and groundmass, but the accessory minerals are different in 
each type as shown in Table 2. Olivine in chondrules usually has euhedral to sub­
hedral forms, and experienced little hydrous alteration. Most of groundmasses in 
chondrules have been replaced by phyllosilicates. The size distribution of the chon­
drules is not different between the two types. Most of chondrules are fragrnental 
in shap. 
3.2.1. Magnesian chondrule 

Large magnesian chondrules, larger than about 500 microns, always show a 
core-mantle structure ( Fig. 1-1 ) , but small chondrules do not have such a structure. 
The mantle consists mainly of phyllosilicates showing a coarse-grained platy texture, 
although the core consists of primary anhydrous minerals with phyllosilicates showing 
a fine-grained massive texture ( Fig. 1-2). A few large chondrules have euhedral 
to subhedral coarse-grained Ca-poor pyroxene in the cores ( Fig. 1-3), whereas the 
mantle of chondrules has irregularly shaped fine-grained Ca-poor pyroxene as a relic 
mineral (Fig. 1-4). Ca-rich pyroxenes occur as small phenocrysts in core of a large 
magnesian chondrule ( Fig. 1-3), and as a tiny inclusion in a forsterite phenocryst 
( Fig. 1-5). A few large chondrules often have plagioclase as well as pyroxene in 
their cores ( Fig. 1-6), and another large chondrule has glassy groundmass in the 
core (Fig. 1-4). Spherical glass inclusions, up to 10 microns in diameter, are 
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Fig. 1-1. Back-scattered elec­
tron ( BSE) image of a large 
magnesian chondrule, show­
ing a core (CJ-mantle (M) 
structure. Dust rim (DR) with 
abundant opaque minerals 
surrounds this chondrule. 
Width of 800 microns. 

Fig. 1-2. DSE image of a de­
tail of the magnesian chon­
drule of Fig. 1-2. High-Al 
phyllosilicate (HPhy) shows a 
massive texture, whereas low­
Al phyllosilicate ( LPhy) platy 
texture. A spherical Cr-rich 
ovoid occurs with the phyllo­
silicate and olivine (01). 
Width of 140 microns. 

Fig. 1-3. BSE image of the 
core of a large magnesian 
chondrule, including coarse­
grained olivine (Of) and en­
statite ( En), fine-grained di­
opside (Di), and phyllosili­
cate (Phy). Glass (GI) occurs 
in intimate association with 
phyllosilicate. Width of 160 
microns. 
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Fig. 1-4. Fine-grained ensta­
tite ( En) and olivine phenoc­
ryst (Ol) among phyllosilicate 
groundmass (Phy) in a man­
tle of a large magnesian chon­
drule. Note the difference in 
morphology and grain size of 
enstatite between core ( Fig. 
1-3) and mantle of chon­
drule. BSE image. Width of 
210 microns. 

Fig. 1-5. BSE image of a 
glass (Gl)-spinel (Sp)-fassitic 
pyroxene (Fas) inclusion in 
an olivine phenocryst in a 
magnesian chondrule. Width 
of 30 microns. 

Fig. 1-6. A core of a large 
magnesian chondrule, con­
sisting of olivine (Of), ensta­
tite (En), plagioclase (Pl), 
phyllosilicate (Phy), and 
magnetite (Mag). A plagio­
clase grain has a SiOrrich 
glass inclusion (GI). BSE im­
age. Width of JOO microns. 
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Fig. 1-7. BSE image of a 
glass inclusion in an olivine 
phenocryst (Of) in a magne­
sian chondrule. Width of 40 
microns. 

Fig. 1-8. BSE image of a 
magnetite (Mag)-kamacite 
(Kam)-taenite (Tae) aggregate 
in a large magnesian chon­
drule. This aggregate is the 
same as magnetite in Fig. 1-6. 
Note that magnetite seems to 
be porous. Width of 60 mic­
rons. 

Fig. 1-9. BSE image of a 
magnesiowustite (Mw)­
troilite (Tr)-taenite (Tae) 
aggregate in a large magne­
sian chondrule. Magne­
siowustite grains are very 
small in size, up to 5 microns. 
This aggregate occurs near a 
magnetite-kamacite-taenite 
aggregate (Fig. 1-8) in the 
same chondrule. Width of 110 
microns. 
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Fig. 1-10. BSE image of a 
kamacite inclusion (Kam) in 
association with taenite (Tae) 
and schreibersite (Sch), in a 
forsterite phenocryst in a 
magnesian chondrule. Width 
of 50 microns. 

Fig. 1-11. Chromite (Chr) oc­
curs in the peripheral parts of 
Cr-rich ovoid in a magnesian 
chondrule. BSE image. 
Chromite in magnesian chon­
drules always occurs in Cr­
rich ovoids as irregular­
shaped grain. Width of 130 
microns. 

Fig. 1-12. Eskolaite (Esk) oc­
curring in the peripheral parts 
of Cr-rich ovoid in a magne­
sian chondrule. A troilite 
grain (Tr) is included in the 
central part of this Cr-rich 
ovoid. BSE image. Width of 
130 microns. 
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Fig. 1-13. BSE image of the 
detail of a ferroan chondrule. 
Olivine phenocryst (01) has 
chromite inclusions (Chr). 
Phosphate (Pho), and aggre­
gate of pentlandite and taenite 
(Pen+ Tae) occur between 
olivine grains. Groundmass 
also has phosphate (gray) in 
addition to phyllosilicate 
(dark). Width of 110 mi­
crons. 

Fig. 1-14. BSE image of glass 
inclusions (GI) in intimate 
association with taenite (Tae) 
and chromite ( Chr) in an 
olivine phenocryst (01) in a 
ferroan chondrule. Glass in­
clusions in ferroan chon­
drules are usually accompa­
nied by a spherical hole (bub­
ble). Width of 110 microns. 

Fig. 1-15. BSE image of a 
matrix-like clast. Forsteritic 
olivine fragments (01) occur 
in the fine-grained phyllosili­
cate matrix. Width of 250 
microns. 
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Fig. 1-16. BSE image of a 
matrix-like clast including 
pyroxene fragments. Several 
pyroxene fragments (Px), and 
aggregates of troilite and 
pentlandite (bright) occur in 
the phyllosilicate. Width of 
800 microns. 

Fig. 1-17. BSE image of a 
phyllosilicate-rich clast (Phy) 
surrounded by forsteritic oli­
vine (Of). Troilite and chro­
mite (bright) occur abundant­
ly in the interstices between 
olivine and phyllosilicate. 
Width of 140 microns. 

Fig. 1-18. BSE image of a 
phyllosilicate-rich clast. 
Halos in phyllosilicate sur­
rounding cavities are enriched 
in Fe (bright areas), whereas 
other phyllosilicates ( dark 
areas) are magnesian. Irregu­
lar-shaped troilite often 
occurs within cavities. Width 
of 210 microns. 
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Fig. 1-19. A phyllosilicate'-
rich clast, consisting of phyl­
losilicates with abundant fine­
grained troi/ite (Phy+ Tr). 
BSE image. Width of 140 
microns. 

Fig. 1-20. BSE image of a 
hortonolite-rich c/ast, consist­
ing of fine-grained taenite and 
troilite (bright), olivine 
(gray), and phosphate (gray). 
Width of 160 microns. 

Fig. 1-21. BSE image of a 
hortonolite-rich clast, consist­
ing of olivine (0/), kamacite 
(Kam), and phosphate 
(Pho). There are abundant 
cavities, especially around 
kamacite, in this c/ast. A 
phosphate-rich rim surrounds 
this clast. Width of 170 mi­
crons. 
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Fig. 1-22. BSE image of a 
Mn-rich olivine-bearing clast, 
consisting of MnO-bearing 
olivines (Mn-01), MnO-rich 
chromites ( Chr), schreibersite 
(Sch), taenite (Tae), and 
phyllosilicate (Phy). Width of 
60 microns. 

Fig. 1-23. BSE image of for­
sterite-rich subtype of forster­
ite-spinel clasts consisting 
mainly of forsteritic olivine 
with interstitial phyllosili­
cates. Width of 1900 microns. 

Fig. 1-24. BSE image of a 
kamacite-rich clast, consisting 
mainly of kamacite (Kam) 
with a small amount of phyl­
losilicate (Phy). There are 
many cavities in the kamacite­
rich clast, which seem to be 
plucked areas which were 
clasts originally. Width of 130 
microns. 
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Fig. 1-25. A sulfide-rich clast 
consisting of troilite (Tr), 
pentlandite (Pen), taenite 
(Tae), and Co-rich metal 
(CoMet). Sulfide-rich clasts 
always have irregular-shaped 
taenite and often Co-rich met­
al. BSE image. Width of 50 
microns. 

Fig. 1-26. An elongated vein­
like phyllosilicate grain (Phy) 
in the matrix. Such a grain 
has clearly different texture 
from the matrix phyllosili­
cates. BSE image. Width of 
210 microns. 

Fig. 1-27. BSE image of a 
Ca-carbonate grain ( Carb) 
with troilite (Tr) in the mat­
rix. Only a few Ca-carbonate 
grains were found in B-7904. 
Width of 30 microns. 
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Fig. 1-28. BSE image of an 
olivine phenocryst in a fer­
roan chondrule. This olivine 
grain has remarkable zoning, 
from a forsteritic core (Fo95) 
to a fayalitic rim (Fo45). 
Width of 170 microns. Note 
that the f orsteritic core seems 
to be a relic. 

Fig. 1-29. BSE image of an 
isolated mineral of forsterite 
in the matrix. Note that this 
grain has no ferroan rim in its 
peripheral parts. Width of 250 
microns. 

Fig. 1-30. BSE image of an 
olivine phenocryst (Ol) and 
troilite (Tr) in a ferroan chon­
drule. The interstices are filled 
by phyllosilicate and phos­
phate (Phy+Pho). Very fine­
grained wollastonite and 
sulfide (bright blebs) occur 
along the peripheral parts of 
the olivine phenocryst. The 
olivine has reverse zoning 
only in the peripheral part 
(dark). Width of 30 microns. 
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commonly encountered within olivine phenocrysts (Fig. 1-7). They are not devitrified. 
PRINZ et al. ( 1 98 9) found rare micron-sized grains of zircon in forsterite. 

A magnesian chondrule includes an aggregate of magnetite-kamacite-taenite 
assemblage (Fig. 1-8). Magnesiowtistite, up to 5 microns in size , occurs within 
another aggregate of t roilite-taenite near the magnetite-kamacite-taenite aggregate in 
the same chondrule ( Fig. 1-9) . Kamacite occurs as tiny spherical to ellipsoidal 
inclusions in forsterite phenocrysts ( Fig. 1-10), and it rarely coexists with schreiber­
site. The groundmass of magnesian chondrules contains taenite , troilite , and often 
pentlandite. Groundmass phyllosilicates in a few magnesian chondrules have bright 
halos around i rregular-shaped t roilite grains. 

Magnesian chondrules often have unusual spherical to ellipsoidal inclusions within 
the g roundmass ( Fig. 1-2) , and fors terite phenocrysts rarely have such inclusions. 
They are 20-200 microns in size , and brown to black in color. These brown 
inclusions consist mainly of phyllosilicates , whereas the black inclusions have abundant 
opaque minera ls such as troilite , taenite , and schreibersite. Fine-grained chromite 
and eskolaite , up to 3 microns ,  a lso occur as irregular-shaped grains in and around 
the b rown and black inclusions ( Figs . 1-1 1 and 1-12). The brown inclusions have 
been described as egg-shaped particles by B ISCHOFF and METZLER ( 199 1), and as 
brown balls in CR2 chondrites by PRINZ (pe rsonal comm.,  1 99 1). We shall call 
them Cr-rich ovoids , because they are rich in Cr203 as noted below. 

Magnesian chondrules , especially large ones , have well-developed fine-grained 
dus t rims ,  and they consist of phyllosilicates and opaque minerals such as t roilite , 
taenite and pentlandite ( Fig. 1-1 ) . 
3.2.2. Ferroan chondrule 

Ferroan chondrule contains no pyroxene and Cr-rich ovoid. The groundmass 
consists mainly of phyllosilicates , but sometimes fine-grained Ca-phosphates abundantly 
occur in the groundmass , as already noticed by PRINZ et al. ( 1 98 9). The phosphate, 
up to 5 microns in size , occurs in contact with phenocrystic olivine ( Fig. 1- 13) .  
Spherical glass inclusions ,  up to 10  microns in diameter, are also encountered in 
the olivine phenocrysts ( Fig. 1-14), and they often associate with taenite , troilite , 
and chromite. Most of them are accompanied by a spherical bubble. Euhedral 
chromite , up to 20 microns in size , usually occurs in the groundmass , as shown by 
JOHNSON and PRINZ ( 1 99 1  ) . The groundmass also contains taenite , troilite , and 
often pentlandite. 

Dust rims are often observed around ferroan chondrules , and fine-grained opaque 
minerals in the rims are sparse, compared with those around magnesian chondrules. 
However, large chondrules often have sulfide-metal rims . 

3.3. Clast 
B-7904 has seven types of clasts , 30-1800 microns in size . Most clasts are 

smaller than 100 microns in size and i rregular in shape. Some large clasts have 
distinct dust rims similar to those around chondrules. Cr-rich ovoids have not been 
found in any of these clasts. 
3.3. 1. Matrix-like clast 

Mat rix-like clasts consis ts of phyllosilicates with fine-grained fragments of olivine, 
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phosphate, chromite, troilite, and taenite ( Fig . 1-1 5) .  The phyllosilicates are fine­
grained, as in the matrix, and the same accessory minerals occur in matrix-like clas ts 
as well as in the matrix. Thus, these clasts resemble the matrix, although they have 
clear outlines against it. One matrix-like clast has Ca-poor pyroxene instead of 
olivine (Fig . 1-16).  
3.3 .2 .  Phyllosilicate-rich clast 

They are predominant among all clas t types, and consist of phyllosilicates with 
minor olivine, chromite, phosphate, schreibersite, taenite, and troilite. Phyllosilicate­
rich clasts show a wide variation in texture and mineralogy, and they are divided 
into opaque mineral-poor and -rich subtypes . Opaque mineral-poor subtype is 
predominant. A few clasts of opaque mineral-poor subtype are surrounded by 
troilite and taenite rims, and some by forsterite rims ( Fig . 1-17) .  Back-scattered 
electron (BSE) images reveal that a few clasts of opaque mineral-poor subtype 
include porous bright halo a round irregular-shaped troilite grains ( Fig . 1-18) . The 
opaque mineral-rich subtype is black in color, and comprises abundant fine-grained 
troilite and often taenite in association with phyllosilicate ( Fig . 1-19) .  A few clasts 
of this subtype have abundant spherical taenite and troilite grains . 
3 .3.3 .  Hortonolite-rich clast 

They are classified into taenite-troilite-bearing and kamacite-phosphate-bearing 
subtypes . Only one clast of each subtype has been found. Phyllosilicate occurs in a 
negligible amount. The taenite-troilite-bearing subtype is an aggregate of hortonolitic 
olivine, fine-grained taenite, and troilite with minor phosphate ( Fig . 1-20) . All of . 
the constituent minerals are very small, up to 5 microns . The kamacite-phosphate­
bearing subtype consists mainly of hortonolitic olivine, fine-grained phosphate, and 
kamacite (Fig . 1-2 1). A thin phosphate rim, about 2-5 microns in width, surrounds 
the clast .  
3.3 .4 .  Mn-rich olivine-bearing clast 

Two Mn-rich olivine-bearing clasts were found .  They consist mainly of phyllo­
silicates with minor amounts of forsterite, chromite, schreibersite, taenite, and troilite 
( Fig . 1-22) . Forsterite and chromite are rich in Mn 0, as noted below . Schreibersite 
occurs in association with taenite . 
3.3 .5 .  Forsterite-spinel clast 

This clast type consists of subhedral to anhedral spinel and forsterite, 1-15 
microns in size, with a minor amount of phyllosilicates, and is divided into forsterite­
rich (Fig. 1-23) and spinel-rich subtypes . ToMEOKA ( 1990) also found a spinel-rich 
clast ( called spinel aggregate in his paper) . The interstices between forsterite or 
spinel grains are filled by phyllosilicates, although some forsterite-spinel clasts are 
nearly free from phyllosilicate .  Troilite and taenite often occur as inclusions in the 
interstitial phyllosilicates . 
3 .3 .6. Kamacite-rich clast 

Kamacite-rich clasts consist mainly of kamacite with variable amounts of troilite , 
magnetite and phyllosilicates ( Fig . 1-24) . Fine-grained phyllosilicates, smaller than 
5 microns in size, occur sparsely between kamacite grains . Kamacite-rich clasts 
always have abundant cavities, up to about 10 microns . 
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3.3 .7 .  Sulfide-rich clast 
Sulfide-rich clasts consist of tro ilite, pentlandite, and taenite, often associated 

with Co-rich and Ni-poor metal ( Fig . 1-25). Troilite is predominant .  The mineral 
assemblage is similar to that found in sulfide-metal rims around chondrules. No 
other silicate or oxide minerals occur within them. 

3 .4. Isolated mineral 
Many kinds of isolated fragmental minerals, 2 to 120 microns in size, occur 

in the matrix . These are olivine, Ca-poor pyroxene, phyllosilicates, chromite, 
phosphate, carbonate, kamacite, taenite, troilite, and pentlandite. Some phyllosilicate 
grains show a coarse-grained platy texture similar to that in the chondrules.  One 
vein-like isolated phyllosilicate grain is 300 microns long and 10 microns wide 
( Fig. 1-26). Only a few fine-grained carbonate grains occur in  the matrix ( Fig . 1-
27), which are mixed with troilites. Fine-grained Ca-phosphates, smaller than 5 
microns in size , occur abundantly in the matrix , as al so noted by MATSUNAM I  et al. 

( 1989). 

3 .5. Matrix and dust rim 
Matrix in B-7904 consists of fine-grained phyllosilicate, smaller than l micron 

in size. Very fine-grained opaque minerals, up to l micron, are abundantly dis­
tributed in the matrix. Qualitative analyses of the matrix show that it contains Fe, 
Ni, and S, suggesting that the matrix includes troilite, taenite, and/ or probably 
pentlandite . The abundances of opaque minerals in the matrix are higher than those 
in the chondrules. 

Distinct dust rims surround large chondrules and clasts. Although the textures 
of the dust rim s are very similar to those of the matrix, a larger amount of opaque 
minerals (troilite , taenite, and pentlandite) characterize the dust rims (Fig. 1-1) . 
The dust rims also include silicate and phosphate fragments. 

4. Mineralogy 

4.1 .  Olivine 
Olivine occurs in chondrules and silicate-rich clasts, and as i solated minerals. 

Table 3a gives representative compositions of olivines in different components. The 
compositions of olivine depend upon its occurrences. Magnesian chondrules have 
forsteritic olivines (Fo9o-nu), and do not have zoning, except for n arrow 1-2 micron 
wide FeO-enriched rims. Some fine-grained olivine in the groundmass of magnesian 
chondrules is slightly enriched in FeO ( Fo no-!l5) . Olivine in magnesian chondrules 
contains 0 .0-0.9 wt% Cr :!03, 0 .0-0 .2 % NiO, 0 .0-0 .8 %  MnO, and 0 .0-0.7 % CaO. 

Olivine in ferroan chondrules has a wider compositional range ( Fo 34-:w ) .  Most 
are zoned from magnesian cores to ferroan rims. Some olivine phenocrysts in ferroan 
chondrules have distinct magnesian core ( Fo05 ) ,  in contrast to their ferroan rims 
(Fo.15) ( Fig. 1-28). Olivine in ferroan chondrules contains 0 .0-0 .6 w t %  Cr 203 , 

0.0-0.3 % NiO, 0.0-0.9 % MnO, and 0 .0-0 .7 % CaO. 
The forsterite-spinel, phyllosilicate-rich, Mn-rich olivine-beraing, and matrix-like 
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Table Ja. Representative 

Phase Occurrence Si02 Ti02 Al203 Cr201 FeO NiO 
Olivine Magnesian chondrule 4 1 . 65 0.01 0.00 0. 16 0.34 0.05 
Olivine Magnesian chondrule 41 .08 0.02 (J.00 0.53 4.06 0.06 
Olivine Ferroan chondrule 33.50 0.02 0.04 0. 15 42 .44 0. 15 
Olivine Ferroan chondrule 39.94 0.04 0.05 0.33 10.07 0.00 
Olivine Phyllosilicate-rich clast 41.85 0.05 0.00 0.34 0.72 0.00 
Olvine Hortonolite-rich clast 32.81 0.00 0.00 0.21 46.20 0. 17 
Olivine Mn-rich olivine-bearing clast 40.51 0.03 0.58 0.20 5.76 0.21  
Olivine Forsterite-rich clast 41 .58 0.06 0.00 0.32 0. 18 0.00 
Olivine Isolated mineral 35.74 O.Q2 0.04 0.42 31 .23 0.05 
Olivine Isolated mineral 41 .98 0.02 0.00 0.39 0.38 0.00 
Olivine1) Ferroan chondrule 42.43 0.06 0.00 0.89 23.55 0.23 
Pyroxene Magnesian chondrule 51 .08 0.84 6 .63 0.92 0.41 0.00 
Pyroxene Magnesian chondrule 43.58 2 . 13 18.55 0.35 0. 14 0.00 
Pyroxene Magnesian chondrule 58.51 0. 17 0.59 0.49 0.41 0.00 
Pyroxene Matrix-like clast 52.34 o.m 0.04 0.67 25 .80 0.06 
Pyroxene Isolated mineral 52.35 0.00 0.03 0.65 22.41 0. 1 1  
Plagioclase Magnesian chondrule 44 .65 0,07 35 .05 0.03 0.30 0. 13 
Glass Magnesian chondrule 56.76 0.30 19.63 0.35 0. 17 0.03 
Glass Magnesian chondrule 89.86 0.32 6 .36 0.02 0.57 0.00 
Glass Ferroan chondrule 59. 15 0.64 16.67 0.24 2.68 0. 1 1  

l )  Analytical data of an olivine contaminated by wollastonite in a ferroan chondrule . 

clasts also have forsteritic olivines ( Fo95-D9), but olivine in hortonolite-rich clast type 

is ferroan (Fo3 8-.rn). Olivine in Mn-rich olivine-bearing clasts is rich in MnO ( 1.2-

2. 7 % ) , although that in other clast types is poor in MnO ( < 1 % ) . Isolated olivine 

grain in the dust rims and matrix shows wide variations in composition ( Fo35-9!)), 

which overlaps with those in chondrules and clasts ( F 0:,1-nn ) .  Although isolated 

forsterite grains in the matrix often have very thin FeO-rich rims, about 1-2 microns 

in width, like those in magnesian chondrules, some isolated forsterite grains in the 

matrix do not have FeO-rich rims ( Fig. 1-29 ) .  
As shown in Figs. 2a and 2b, olivines in magnesian chondrules and in some 

silicate-rich clasts have MnO/FeO ratios higher than that of the CI chondrites 

(ANDERS and GREVESSE, 1989). On the other hand, olivines in ferroan chondrules 

and hortonolite-rich clasts have MnO/FeO ratios similar to that of the Cl chondrites. 

The MnO /FeO ratios of isolated olivine in the matrix overlap with those in the 

magnesian and ferroan chondrules ( Fig. 2c). 

Rims of some olivine phenocrysts, smaller than 5 microns in width, in a few 

ferroan chondrules have a reverse zoning; for example Fo55 in the outermost rim 

and Fo47 in the inner area. These rims are enriched in CaO, up to 16.0% ,  and 

seem to include a very fine-grained CaO-bearing phase, lower than 1 micron ( Fig. 

1-30) . The groundmass surrounding these olivines consists of phyllosilicates with 
a large amount of Ca-phosphates. However, the CaO-rich rims of olivine phenocrysts 

do not contain P 205 , suggesting that another CaO-bearing phase exists in the rims. 

We plotted the compositions of the rims in Fig. 3 in order to identify the tiny 
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compositions of silicate phases. 

MnO MgO Cao Na20 K20 P20s Total Fo En Wo An Ab 
0. 1 1  56.28 0.37 0.00 0.00 0.01 98.98 0.997 
0.31 53.46 0.15 0.00 0.00 0.01 99.68 0.959 
0.57 20.98 0.50 0.00 0.00 0.09 98.44 0.469 
0. 12 48.92 0. 17 0.00 0.00 0.02 99.66 0.896 
0. 17 55 .75 0.15 0.00 0.00 0.04 99.07 0.993 
0.54 17.60 0.35 0.00 0.00 0.00 97.88 0.404 
2.20 47.74 0. 17 0.09 0.04 0.03 97.56 0.937 
0. 15 56.85 0.06 0.00 0.00 0.00 99.20 0.999 
0.30 30.63 0. 18 0.00 0.04 0. 1 1  98.76 0.636 
0.35 56.60 0. 1 1  0.00 0.00 0.07 99.90 0.996 
0.48 13.30 1 6.01 0.00 0.02 0.08 97.05 
0. 12 20.23 19.64 0.00 0.00 0. 13 100.00 0.585 0.408 
0.00 1 1 .31 24.06 0.00 0.00 0.00 100. 12 0.394 0.603 
0.05 38.70 0.48 0.00 0.00 0.02 99.42 0.985 0.009 
0.29 19.73 0.30 0.00 0.03 0.00 99.29 0.574 0.006 
0.36 22.24 0.04 0.00 0.00 0.05 98.24 0.639 0.001 
0.03 0.70 18.81 0. 13 0.00 0.09 99.99 0.987 0.013 
0.00 4.80 16.20 0. 15 0.05 0. 14 98.58 
0.00 0.01 2.92 0.07 0.00 0.00 100. 13 
0.00 2 . 10 12.63 3.51 0.23 1 .33 99.29 

CaO-bearing phase. Only wollastonite fits this chemical trend. Diopside and monti­

cellite in Fig. 3, and other CaO-bearing phases such as akermanite, rankinite, and 

merwinite do not fit the trend. Thus, this CaO-bearing phase must be wollastonite . 

Qualitative analysis shows that some fine-grained sulfide is also included in the rims. 

4.2. Pyroxene 
Ca-poor pyroxene occurs in large magnesian chondrules and a pyroxene-bearing 

matrix-like clast, and as an isolated mineral. Ca-poor pyroxene in chondrules is 

magnesian (Ensa-!rnFso_5WOo-1 1 ) ,  and contains 0.1-0.9 wt% Ti02 ,0.3-4. 1 % Al20:i, 

0.4-1.3 %  Cr2Q3 and 0.0-0.3% MnO (Table 3a) .  Some may be pigeonite, as 

suggested by the high content of wollastonite molecule. A few pyroxene grains are 

slightly enriched in FeO, and occur as tiny grains in the chondrule groundmass. 

Isolated Ca-poor pyroxene in the matrix and in a matrix-like clast are ferroan (En52-1a 

Fs2 7_47Wo0_1 ) ,  and this shows the chemical heterogeneity in Mg/Mg + Fe ratio of 

these pyroxene grains. The ferroan pyroxenes contain 0.0-0.1 % Ti02 , 0.0-0.3% 

Al20:,, 0.5-0.9% Cr20:,, and 0. 1-0.4% MnO. 

Ca-rich pyroxenes in magnesian chondrules are En64-s2Fso-aWo:,5-46, and con­

tain variable amounts of minor elements, 0.3-2.0% Ti02, 0.8-8.6% Al20a, 0.4-

1. 7% Cr203 , and 0.0-0.7% MnO. The contents of Na20 and V203 are below the 

detection limit. A Ca-rich pyroxene grain, which occurs in association with spine! 

in an olivine phenocryst (Fig. 1-5 ) ,  is an Al-Ti-rich fassitic pyroxene (Ti02 2.1 % 

and Al20:1 1 8.6% ) .  
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Fig. 2. FeO-MnO (wt%) plot for olivines in (a) magnesian (M) andferroan (F) chondrules, (b) 
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Fig. 3. The atomic compositions of the Ca-rich peripheral rim of an olivine phenocryst in a 
ferroan chondrule in a diagram of Ca vs. Si, Fe, Mg, and Fe+ Mg cations normalized by 
oxygen= l2. Olivine (01) in contact with the Ca-rich portion is also plotted. The regression 
lines indicate that they are mixtures of olivine and wollastonite. Other CaO-bearing 
minerals such as diopside (Dio) and monticellite (Mon) are not end member phase. 

4.3. Plagioclase 

95 

Plagioclase occurs only in the cores of a few large magnes ian chondrules (F ig .  
1-6 ) .  They always show irregular shapes, and are anorthitic in composition, Anuo-9u· 
The K:!O content is below the detection limit . 

4 .4. Phyllosilicate 
Phyllosilicates occur in most of the components . Table 3b gives representative 

composit ions of phyllos ilicates in each component . IKEDA et al. ( 1991 ) class ified 
the phyllosilicates in B-7904 chondrules into high-Al magnesian, high-Al ferroan, and 
low-Al magnes ian types . The boundary between high-Al and low-Al is 6.5 wt % 
Al20a, and that between magnesian and ferroan is a molar MgO/MgO + FeO ratio 
of 0 .5 .  This classification is adopted in this paper. 
4 .4 .1 .  Phyllosilicate in chondru les 

The compos itions of the phyllos ilicates in B-7904 chondrules are mainly dis­
t ributed between the serpent ine ( chlorite) and Na-Al-ta lc lines in F ig .  4. F igure 5 
shows the contents of Al:!O:i and Na20 + K.!O, and most of them are dist ributed 
a long the line A-B-C in the figure . 

Low-Al magnesian phyllosilicate occurs in small magnesian and ferroan chon­
drules and in the mantles of large magnesian chondrules . They typically have a coarse­
grained p lay texture ( F ig. 1-2). On the other hand, h igh-Al magnesian phyllo­
silicate occurs only in the cent ral port ions of large magnesian and ferroan chondrules, 
and have a fine-grained massive texture . The high-Al ferroan type occurs along 



Table 3b. Representative compositions of silicate phases (phyllosilicates). 

Occurrence Type Si02 Ti02 Al203 Cr203 FeO NiO MnO MgO CaO Na20 K20 P20s Total 

Magnesian chondrule HA, ferr 30.37 0. 14 20.95 0. 15 27.83 0.20 0.29 14.94 0.59 1 .61 0. 13 0.42 97.84 
Magnesian chondrule HA, mag 42.83 0. 12 8. 10 1 .63 9.71 0.00 0.04 24.45 0. 13 1 .61 0.31 0. 10 89.02 
Magnesian chondrule HA, mag 33.59 0.52 20.54 0.60 17. 15 0.09 0.22 19.78 0.29 1 .82 0.26 0.62 95.54 
Magnesian chondrule LA, ferr 30. 34 0.72 5.43 2.00 32.33 0.74 0. 12 16.07 0. 16 0.00 0.14 0. 18 88.26 
Magnesian chondrule LA, mag 43.93 0.09 4.86 1 .03 14.24 0.08 0. 17 23.43 0.09 1 .27 0.48 0.08 89.89 
Ferroan chondrule HA, mag 37. 12 0.61 14.64 0.01 21 .03 0.23 0.24 19.25 0.26 1 .63 0.21 0.44 95.70 
Ferroan chondrule LA, mag 39.62 0.17 4.02 o.oi 17.57 0. 10 0.13 26.55 0.20 1 .25 0.26 0 . 10 90. 17 
Ferroan chondrule LA, mag 37.98 0.64 5.75 0.48 15 . 10 0.48 0.24 24.82 3. 14 1 .77 0.19 2.63 93 .31 
Matrix-like clast LA, mag 38.36 0.06 2.71 0.47 18.01 0. 14 0.41 22.90 4.86 0 .12 0.05 0.03 88. 12 
Matrix-like clast LA, mag 36.54 0.21 6.44 1 . 35 15.64 0.56 0.42 23.53 2.89 0.64 0.28 1 .45 90. 15 
Phyllosilicate-rich clast LA, ferr 34.93 0.07 3.09 0.50 37.40 0 .17 0. 17 19.27 1 .41  0.91 0.06 0.39 98.55 C: 

Phyllosilicate-rich clast LA, mag 41 .66 0.08 3.46 0.56 22.63 0.48 0.20 23. 12 0.79 0.85 0.23 0. 10 94. 16 > 
Mn-rich olivine-bearing clast LA, mag 37.38 0. 1 1  2.97 0.45 21 .04 0.23 0.26 26.91 0.29 0.75 0. 18 0.10 90.67 
Forsterite-rich clast HA, mag 36.60 0. 17 12.84 0.31 17.45 0.04 0. 17 19.33 0.40 2 . 10 0.54 0. 17 90.25 0.. 

Spinet-rich clast LA, mag 44.01 0.09 3.68 0.20 10.69 0.10 0. 13 34.03 0.25 0.55 0. 19 0.00 93.99 '.'< 
Kamacite-rich clast LA, ferr 27.24 0.00 2.25 0.27 28.91 0.40 0.13 16. 14 14.73 0.20 0.02 0.27 90.67 
Isolated mineral LA, mag 38.71 0. 1 1  3.49 1 .49 19.85 0.21 0.37 20.74 1 .08 1 .22 0.44 0.20 88.01 > 

Matrix LA, ferr 32.84 0. 14 2.43 0.33 33.39 1 .04 0.35 16.90 1 . 30 0.02 0.04 0.03 88.93 
Matrix LA, mag 36.29 0.04 4. 15 0.74 26.57 0.15 0.37 18.73 2.79 0.73 0.05 1 . 39 92. 17 
Matrix LA, mag 34.81 0.21 2.69 0.42 22.71 0.97 0.29 18.09 5 .62 0.80 0.35 0.08 87. 17 
Matrix LA, mag 44.38 0 . 16 4.88 0.80 17.77 0.78 0.22 22.02 0.24 1 . 17 0.36 0. 14 93.07 
Dust rim LA, mag 37.20 0.06 2.85 0.48 23.63 0.62 0.29 22.83 2.91 0.76 0.21 0.06 91 .92 
Dust rim LA, mag 45.03 0.07 4.42 1 .06 20.30 0.04 0.29 22.48 0.34 1 .08 0.16 0 . 10 95 .38 
Cr-rich ovoid1> 21 .68 2.08 4.77 2.35 42.36 9. 14 0.44 8.52 0.14 1 . 1 1  0.07 1 .20 94. 18 
Cr-rich ovoid1> 32.56 0.09 4. 12 4.25 21 .62 3.29 0.02 24.49 0.09 1 .07 0. 19 2.59 94.55 

Type; La: Low-AI, HA: High-Al, mag: magnesian, ferr: ferroan . 
1> Analytical data of Cr-rich ovoids are contaminated by opaque minerals such as chromite, taenite, and troilite. 
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Atomic Si-Mg-Fe plot of phyllosilicate in (a) magnesian (M) chondrules, (b) ferroan (F) 
chondrules, matrix-like (Matrix), and hortonolite-rich (Hort) clasts, (c) phyllosilicate-rich 
(Phy), Mn-rich olivine-bearing (Mn-rich), forsterite-spinel (Fo-sp), and kamacite-rich (Kam) 
clasts, and (d) the matrix, dust rims, and isolated minerals. LA and HA are low-Al and 
high-Al phyllosilicates, and mag and fer are. magnesian and ferroan phyllosilicates, 
respectively. Two lines with Na-Al-Talc and Sep-Chi are Mg-Fe solid solutions of Na-Al-talc 
and serpentine (or chlorite) . Analytical data with Ni0>1% are excluded in the diagrams, 
because of the contamination by Fe-Ni metal and pentlandite. 
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Fig. 5. Al203 vs. Na20 + K20 (wt%) plot o/ phyllosilicates in (a) magnesian (M) and ferroan (F) 
chondrules (mag and fer mean magnesian and ferroan phyllosilicates, respectively), (b) 
phyllosilicate-rich (Phy), Mn-rich olivine-bearing (Mn-rich), forsterite-spinel (Fo-sp), and matrix­
like (Matrix) c/asts, and (c) the matrix, dust rims, and isolated minerals. The composition of 
Na-Al-talc is shown in the diagram for reference. Phyllosi/icates containing CaO below 2% are 
plotted in the figures. A, B, and C show the composition of talc or serpentine, mixed layer mineral 
between Na-Al-talc Na (Mg, Fe)6 (Si7Al) 020 (OH)4 and serpentine (or chlorite) proposed by IKEDA 

et al. (1991), and a mixture between the mixed layer mineral and aluminous serpentine (or chlorite), 
respectively. They are connected by a dotted line. 
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with opaque minerals ( mostly troilite) in the cores of some large magnesian 
chondrules. Low-Al ferroan type occurs in the cores of large magnesian chondrules 
with coarse-grained irregular-shaped troilites . They are depleted in Na20 and K20 
(lower than 0.2 % ) , and plot along the serpentine ( chlorite) solid solution line in 
Fig . 4. They may be ferroan serpentines or chlorites . 

Halos around irregular-shaped troilites are observed in some magnesian chon­
drules or in phyllosilicate-rich clasts ( Fig. 1 - 18 ) .  BSE images reveal that they are 
brighter than the surrounding low-Al magnesian phyllosilicates, because of their  high 
FeO-content . However, these halos have textures similar to the surrounding magne­
sian phyllosilicates, and also contain Na 20 and K20 (0.3-0 .8 %  ) .  They are more 
enriched in FeO than in the serpentine ( Fig . 4) . Thus , these halos are probably 
magnesian phyllosilicates contaminated by some Fe-bearing phases. These halos 
are common in Y-86720 ( IKEDA et al., 1992). 
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Fig. 6. CaO vs. P205 (wt%) plot of phyllosilicates (or mixture) in (a) magnesian (M) and 

ferroan (F) chondrules, (b) matrix-like (Matrix), phyllosilicate-rich (Phy), 
hortonolite-rich (Hort), Mn-rich olivine-bearing (Mn-rich), and forsterite-spinel 
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The most important difference in composition between the phyllosi licates in 
magnesian and ferroan chondrules i s  the abundance of CaO and P 205 ( Fig. 6). 
Phyllosi licates in magnesian chondrules are depleted in CaO and P 205, whereas 
many phyllosilicates in ferroan chondrules are apparently enriched in these elements. 
The P2Q5 is always positively related with the CaO in ferroan chondrules. The 
P205/Ca0 ratio for the phyllosilicates in the ferroan chondrules  (about 0.85) 
suggests that a very fine-grained whitlockite component mixes with the phyllosilicates. 
The Cr 2D:1 content also differs between the phyllosilicates in the magnesian (0 . 1-
2 .0 %  and 1 .0 %  on average) and the ferroan chondrules (0 . 1-0.8 % and 0.5 % on 
average). The high Cr20:1 content of the phyllosilicates in the magnesian chondrules 
may be the result of the contamination of tiny chromites in the phyllosi licates, 
whereas discrete coarse-grained chromite occur s in the ferroan chondrules. 
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(Fo-sp) clasts, (c) the matrix and dust rims, and (d) glasses in magnesian (M) and 
ferroan (F) chondrules. Dotted line shows a mixing trend of whitlockite and 
phyllosilicate. 
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4 .4 .2 .  Phyllosilicate of Cr-rich ovoids in magnesian chondrules 
Cr-rich ovoids are similar in composition to the low-Al phyllosilicates in chon­

drules , although they are more enriched in Cr 203 (0 .3-9 .9 %  ) ,  as also noted by 
BISCHOFF and METZLER ( 199 1). In addit ion, these phyllosilicates seem to have 
h igh contents of FeO (12 .6-55 .3 % ) ,  NiO (0 .0-9.8 % ), and P205 (0 .0-6.8% ) .  
Therefore , they consist main ly of low-Al phyllosilicates which are contaminated by  
the very fine-grained opaque minerals such as chromite, taenite, schreibersite, and 
troilite . These ovoids seem to differ in composit ion and texture from the PCP in 
other CM chondrites that were described by ToMEOKA and BusECK (1985) . A 
Cr-rich ovoid has abundant troilites and a very fine-grained T i02-rich phase ( 10 .0-
13.8  wt % Ti02),  and may contain a T i-oxide such as i lmenite. 
4.4 .3 . Phyllosilicate in c lasts and as an isolated mineral 

Phyllosilicates occurring in silicate-rich clasts and as an isolated mineral are 
mostly of the low-Al magnes ian type (Figs . 4 and 5) , and similar to those in 
chondrules . Phyllos ilicates in the hortonolite-rich, kamacite-r ich, and some phyllo­
silicate-rich clasts are apparently ferroan . However , once again the ferroan nature 
may be due to contamination with Fe-bearing tiny minerals such as troilite , taenite, 
or magnet ite . Forster ite-spinel clasts have h igh-Al magnesian phyllosilicates . Phyllo­
silicates in the Mn-rich olivine-bearing clasts are low in MnO ( Table 3), and most 
of the MnO content resides in the olivine and chromite in these clasts . The com­
positions of phyllosilicates in matrix-like clasts are similar to those in the matrix 
and phyllosilicate-rich clasts . Some phyllosilicates in matrix-like clasts have CaO 
and P 205 contents s imilar to those in ferroan chondrules , whereas other phyllosilicates 
in matrix-like clasts hardly contain P205 (Fig .  6) . 
4.4 .4 . Phyllosilicate in matr ix and dust rims 

Phyllosilicates in matrix and dust r ims have similar composit ions to one another 
( Figs . 4 and 5 ) ,  and they are mostly low-Al magnes ian type . Although some 
phyllosilicates in matrix and dust rims may be contaminated by opaque minerals 
such as magnetite and sulfide, phyllosilicates in matrix and dust rims are slightly 
r icher in FeO than those in chondrules ; average atomic Mg/Mg + Fe ratios of 
phyllosilicates in magnesian and ferro an chondrules , matrix , and dust r ims are 0 .  70, 
0 .69, 0 .63, and 0.64, respectively. The Cr 20:i content (0.2-0 .9 %) of the phyllo­
silicates in matr ix and dust rims is s imilar to those in ferroan chondrules . 

The Al203 and (Na 20 + K20) contents of the phyllosilicates in matrix and dust 
rims are different from those in the chondrules ( Fig .  5) ; very low-alkali phyllosilicates 
occur in the matrix , but rarely in the chondrules , although alkali-bearing phyllosilicates 
in the matrix ( along a line A-B )  are similar in composition to those in chondrules 
and clasts . Thus, the matrix phyllosil icates seem to include Na-Al-talc ( or mixed 
layer m ineral) component in addit ion to serpentine component . Figure 4 also shows 
that phyllosilicates in the matr ix include a Na-Al-talc component . 

Matrix phyllosilicates in B-7904 show distinct compositiona l heterogeneit ies . 
Figure 7 shows that the matrix phyllos ilicates in th in sections 92-1 and 92-2 are 
generally h igher in Na + K than those in 92-3 and 94-2 . Therefore , the matrix 
phyllosilicates in 92-1 and 92-2 are enriched in Na-Al-talc component , and those 
in 92-3 and 94-2 are enriched in serpentine component . Within one thin section , 
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the compositional heterogeneity is relatively small , but the serpentine-enriched or 
Na-Al-talc-enriched phyllosilicates seem to be distributed within small areas of several 
tens of microns across . 

Phyllos ilicates in matrix and dust rims are apparently rich in CaO and often 
P20r. (Fig . 6) , and they may be mixed with whitlockite. Apparent low-P205 and 
high-CaO compositions are common in the mat rix phyllosilicates , but never in 
chondrules . The apparent h igher CaO phyllos il icates have a low total weight percent 
of major element oxides (for example, 18.9 wt % CaO and 8 1.7 % total of a matrix 
phyllos ilicate), suggesting that they may be mixed with Ca-carbonates. Although 
this study and ToMEOKA ( 1990) found only a few discrete carbonate gra ins in 
B-7904, many carbonate g rains of submicron size may be abundantly mixed with 
the phyllos il icates in the B-7904 matrix. Ca-carbonate component is more common 
in the matrix than in t he phosphate component . 

4.5. Glass 
Most of glass in B-7904 have similar compositions to chondrule glass in ordinary 

and C3 chondrites (F ig .  8 ) . However, glass in magnesian and ferroan chondrules 
in B-7904 differ in composit ion from one another. Glasses in magnesian chondrules 
are more enriched in Al20a and CaO,  and depleted in Na20, K20, and P:!O", than 
those in ferroan chondrules (on average, 19.9 wt% and 14.5 wt % of Al 20:i, 13 .7 % 
and 9.9 % CaO, 1.7 % and 2.8 % Na 20, 0.0 % and 0.3 % K20, and 0. 1 % and 1.0 % 
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P 205 , respectively ) .  Glass in ferroan chondrules has a higher P 205 than that in 
magnesian chondrules ( Fig. 6d ).  One small glass inclusion in a magnesian chondrule 
is very enriched in Si02 (about 90 % )  with a small contents of CaO (2.9 % ) and 

Mg+Fe 
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Fig. 8. Atomic (Mg+ Fe)-Al-Si plot of glasses in magnesian (M) and ferroan (F) chondrules. The 

distribtion of glass in chondrules in unaltered chondrites, after IKEDA (unpublished data), 
is shown by the broken line. 

Table 4. Representative compositions 

Phase Occurrence Si02 Ti02 Al203 
Spinel Magnesian chondrule 0.76 0.37 66.53 
Spinel Forsterite-rich clast 0.00 0.06 69.38 
Spinel Spinel-rich clast 0.00 0.53 71 .28 
Chromite Ferroan chondrule 0.00 1 .26 22.24 
Chromite Ferroan chondrule 0.00 0.81 5 .43 
Chromite Matrix-like clast 0.16 1 .41 6.16 
Chromite Mn-rich olivine-bearing clast 0.59 0.05 0.04 

Eskolaite1 > Phyllosilicate-rich clast 1 .64 0.03 0 .13 

Magnesiowiistite2> Magnesian chondrule 0.00 0.09 0. 1 1  

Magnesiowiistite2> Magnesian chondrule 0.00 0.00 0. 18 
Magnetite Kamacite-rich clast 0.00 0.48 0.41 

Magnetite2> Kamacite-rich clast 0.00 1 .47 1 .44 
Phosphate2> Ferroan chondrule 0.27 0.03 0.00 

Phosphate2> Hortonolite-rich clast 0.90 0.00 0.01 

Carbonate Isolated mineral 0.48 0.00 0.10 
1 > Contaminated by surrounding phyllosilicate, because of the small grain size (see text) . 
2> The low totals are probably due to the small grain size (see text) . 
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Al203 ( 6.4 % ) ( Fig. 1-6 ) ,  although we cannot exclude the possibility that this is a 

silica mineral contaminated by surrounding plagioclase. 

4.6. Spine/ and chromite 
Spinel in forsterite-spinel clasts is a Mg-Al-spinel (Table 4 and Fig. 9 )  with 

small contents of Cr20a (0. 1-0.5 wt% ) and FeO (0. 1-1.6% ) .  A Mg-Al-spinel 

in forsterite phenocrysts in magnesian chondrules contains higher Cr203 (2.5 % ) .  All 

spinels in forsterite-spinel clasts and magnesian chondrules have low contents of Ti02 

(0. 1-0.6% ) and V203 (0.0-0.3% ) ,  and MnO and ZnO are below detection. 

Chromites are divided into three types based on their chemistry, Al203-rich 

(3.3-23.2 wt% Al203 ) ,  Al203-poor (0.3-0.6% ) ,  and MnO-rich (8.9-9.0% MnO 
and < 0.05 % Al203 ) types ( Fig. 9 ) .  The Al20::1-rich chromites occur in ferroan 

chondrules, matrix-like clasts, and matrix. The chromites in ferroan chondrules are 

usually zoned; FeO and Al20:{ increase toward the rim, for example from 29.7% 

and 20. 7 % to 32. 1 % and 22.2 % , respectively, although chromite in a ferroan 

chondrule has an ACOa-poor (0.3% ) rim. Fine-grained ACO:i-poor chromites, up 

to 3 microns, occur in Cr-rich ovoids in magnesian chondrules, phyllosilicate-rich 

clasts, and matrix . MnO-rich chromites occur only in a Mn-rich olivine-bearing clast. 

The Fe/Mg ratio and the Yi0:1 content (0.2-1.3%)  of chromites in each type are 

similar. The Al20:i-rich chromites in ferroan chondrules have a lower ZnO content 

(0.0-0.3 % )  and a higher Ti02 content (0.4-4.0% ) than Al203-poor ones in 

magnesian chondrules (0.4-0.6% ZnO and <0. 1  % Ti02). 

4.7. Magnesiowilstite 
Magnesiowiistite occurs within a troilite-taenite aggregate in the core of a magne­

sian chondrule ( Fig. 1-9 ) .  Analyses of the oxygen, magnesium, and iron contents 

of oxides, phosphate, and carbonate. 

Cr203 V203 FeO NiO MnO MgO CaO ZnO Na20 P205 Total 
2.50 0.08 0.42 0.00 0.00 27. 13  0.59 0.00 0.00 0.00 98.38 

0.49 0.06 0. 14 0.00 0.00 28.00 0.00 0.05 0.00 0.00 98.19 

0.09 0.20 0.41 0.00 0.06 27.49 0.06 0.00 0.00 0.00 100. 13 

37. 1 1  0.90 32.06 0. 10 0.37 4.49 0.00 0. 18 0.01 0.06 98.78 
58.87 0.63 27.75 0.09 0.39 5 .43 0.00 0. 14 0.04 0.03 99.62 

53 .53 0.83 33.85 0.21 0. 19 1 .78 0. 13 0. 10 0.00 0.33 98.68 

68.09 0. 14 15 .30 0. 10 9.03 5.73 0.04 0.21 0.08 0.07 99.50 
91 .03 0.49 2.93 0. 13 0. 19 1 .05 0. 10 0.06 0. 15 0.22 98. 17 
0.22 0.00 69.04 0.27 0. 1 1  26. 15 0.07 0. 12 0.00 0.06 96.24 
0.28 0.02 69.63 0.21 0.06 23.66 0. 15 0.00 0.00 0.05 94.25 

0.03 0.00 88.91 0. 10 0.00 1 .44 0.00 0.00 0.00 0.00 91 .38 

0.14 0.00 82. 15 0. 19 0.22 2.26 0.05 0.00 0.02 0. 10 88.04 

0.05 0.00 1 .32 0.00 0.00 3.55 45 .70 0.00 1 .03 41 .01 92.95 

0.00 0.02 3.79 0.07 0.06 3 . 18 41 .72 0.00 1 .81 38.54 90.15 

0.00 0.00 0.39 0.00 0.00 2.91 45 .41 0.00 0.59 0. 10 49.98 
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Table 5. Representative compositions of magnesiowustite and magnetite in a magnesian chondrule. 

Phase 0 Mg Fe Ni Total Formula 
Magnetite 26.38 0.52 66.34 0 .04 93.28 (Fe2 88Mg0 _05)z _9304 

Magnetite 25 .9 1 0.52 67.02 0.04 93.49 (Fe2 .96Mg0_05h0 1 04 

Magnesiowi.istite 27.42 17.03 50.34 0 .03 94.82 (Fe0 .53Mg0 .41 )0.940 1 

Magnesiowiistite ___ _ 2?-�0 15 .96 52.02 0 .08 95 .36 (Fe0.55Mg0 _38)0 .930 1 

The low totals of magnetites and magnesiowiistitcs are probably due to their porous 
surfaces (Fig. 1-8) and the small grain size (Fig. 1 -9) , respectively. 

g ive an average chemical formula of (Feo. 54Mgo.3o)o.n01 .oo (Table 5). They have 
<0.2 wt % of Al '.!03 and CaO, <0 .3 %  of Cr 20 3 and NiO, <0. 1 % of Ti02, MnO, 
and Zn 0, and < 0.05 % of Si02 and V 20:i , Magnes iowtistite has recently been re­
ported from Vigarano (CY3) (CAILLET et al. , 1988) and Y-82 162 chondrite ( IKEDA, 
199 l ) . They are enriched in t he per iclase molecule ( about per iclase j0wtistite :w). 
However, magnesiowiistite obta ined here has a lower periclase t han wtist ite molecule. 
IKEDA ( 199 I ) showed that magnes iowilstite in Y-82 162 has a stoichiometric chemical 
composi rion with cation /oxygen atomic ratio of unity, w hereas magnesiowtist ite in 
B-7904 with t he rat io of about 0.93 / 1.00 indicates non-stoichiometr ic. It is well 
known that Fe-po or wilstite has an ordered structure with  non-stoichiometric com­
posit ion, not a NaCl structure ( LINDSLEY, 1976). Therefore, the magnesiowtistite 
obtained here may have a structure similar to t he non-stoichiometr ic wilst ite, being 
different in crystallographic structure from magnesiow iistites in Vigarano and Y-82 162. 

4.8. Magnetite 
Magnetite occurs in kamacite-rich clasts and magnesian chondrules. The mag­

netite contains 0.0'--2.9 wt % Cr:!O:i, 0.1- 1.4 % NiO, 1.4-7.7% MgO, and 0.0-1.4 %  
Al 20:i. Table 5 gives the analyses of the Mg, Fe, and O for the magnetites in 
associat ion with kamacite and taenite in a magnesian chondrule, and an average 
chemical formula of (Fe:: . : 1 :cMg o . o ;, L . :1 70 ,. 

4.9. Eskolaite 
An irregular-shaped opaque mineral containing high Cr �03 ( 8 1-9 1 wt % ) , and 

up to 3 microns across, occurs in B-7904. It may be eskolaite from the high content 
of Cr�O ::, and it occurs only in the peripheral parts of Cr-rich ovoids in magnesian 
chondrules (Fig. 1 -- 1 2) and a phyllosilicate-rich clast. We believe t hat the eskolaite 
was not int roduced by contamination during sample preparation, because of ( 1) 
limited occurrences around Cr-rich ovoids and a phyllosilicate-rich clast , ( 2) the 
intimate association with  phyllosil icate, and ( 3) impure Cr 20'1 . This is the first 
discovery of eskolaite in a meteorite. The EPMA analyses of the eskolaites apparently 
contain small amounts of SiO�, ACO::, and MgO (Table 4), but their ratios are 
similar to those of the surrounding p hyllosilicate, and thus may be due to beam 
overlap during analysis. On t he other hand, FeO seems to be present in the eskolaite 
(0 .7-1.0 % ), even after taking the contamination into account. In addit ion, it 
contains V�O:: (0 .3-1 .4 %) and ZnO (0.0-0.4 %).  
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4.10. Phosphate 
Phosphate grains occur in ferroan chondrules, some clasts, and in the matrix .  

The phosphate grains are too small for good analyses, but most of them may be 
whitlockite, based on their contents of MgO and Na 20, and the Ca/P ratio (Table 
4) ; they are Cl-free . On the other hand, all phosphates in a hortonolite-rich clast 
with kamacite and in a matrix-like clast, and a few phosphate grains in the matrix ,  
contain 1-3 %  Cl ; they are chlorap atite . 

4.1 1 .  Carbonate 
We found only a few irregularly-shaped grains of carbonate in the matrix (Fig . 

1-2 7). They contain 36.2-45.4 wt% CaO, 0.8-6.3 % FeO, and 2.8-2.9% MgO . 
Since contaminated SiO:) is very low ( <0.5 %  ), and sulfur is not detected by 
qualitative analysis, the carbonates must have the small contents of FeO and MgO 
measured ; MnO is below detection . They are Ca-carbonate . 

(a) 

(b) 

0 u 

20.00 

1 5.00 

• 
1 0.00 

5.00 

0.00 1 0.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 

Ni 

20.00 

• 

• M-chondrule 

F-chondrule 

rim 

0 Cl 

1 5.00 • Sil. clast 

Kam. clast 

Sulf. clast 

0 •• 

1 0.00 

5.00 

0.00 1 0.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 

Ni 

A Isolated mineral 

<> Cl 

Fig. 10. Ni vs. Co (wt%) plot of Fe-Ni metals in (a) magnesian (M) and ferroan (F) 
chondrules, and sulfide-metal rim surrounding chondrules, and (b) silicate-rch 
(Sil), kamacite-rich (Kam), sulfide-rich (Sulf) clasts, and isolated minerals. CI 
line shows the Co/Ni ratio of average CI chondrite after ANDERS and GREVESSE 

(1989). 
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4.12. Fe-Ni metal 
B-7904 has three kinds of Fe-Ni metal . These are kamacite, taenite (including 

tetrataenite and awaruite), and Co-rich metal . Table 6 gives the representative 
compositions . Kamacite is divided into two groups, a Ni-Co-rich group, and a Ni­
Co-poor group ( Fig. 10). Ni-Co-rich kamacite occurs in forsterite phenocrysts in 
magnesian chondrules and a phyllosilicate-rich clast, and the average weight % of 
Fe, Ni, and Co (93 .7, 0 .4, and 5.9) are similar to those of CI chondrite (94.3, 0 .3, 
and 5 .5 after ANDERS and GREVESSE, 1989), respectively, and contains 0. 1-0. 7 wt% 
P.  Ni-Co-rich kamacites in B-7904 contain 0 . 1-0 .7 wt % P.  Some Ni-Co-rich 
kamacite has higher Co content ( l .0'--3. 1 % ) , and occurs with Co-poor ( 0 . 1-0.5 % ) 
taenite within troilite rims around a magnesian chondrule and within a kamacite­
taenite-magnetite aggregate in a large magnesian chondrule (Fig . 1-8). Ni-Co-poor 
kamacite occurs in hortonolite-rich clasts, kamacite-rich clasts, and matrix . The 
Ni/Fe and Co/Fe ratios are lower than those in CI chondrites (Fig . 10) . These 
kamacites are depleted in P ( <0.1 % ) . 

Taenite has variable Ni and Co contents, and the Co content of taenite is usually 
higher than in the Ni-Co-rich and Ni-Co-poor kamacites (Fig . 1 0) .  Some taenite 
grains in chondrules, clasts, and the matrix are enriched in Ni, more than 50 wt. % . 
The Fe-Ni phase diagram obtained by REUTER et al. ( 1989) suggested that they 
may be awaruite, tetrataenite, or their mixture on a submicron-sized scale, a lthough 
we could not identify these phases, due to their fine grain sizes . Therefore, we shall 
call all these Ni-rich metal taenite for convenience. 

Co-rich metal is rich in Co ( 1 1 .5-16.3 % )  and poor in Ni ( l .7-3 .2 %).  It 
was also reported in Ngawi LL3 chondrite (AFIATTALAB and WASSON, 1980), and 
from some LL3-6 chondrites ( RUBIN, 1990) . AFIATTALAB and WASSON found 
two kinds of Co-rich phases, phase X ( 12 %  Co and 3 %  Ni) and phase Y (37 %  

Table 6. Representative compositions of metal and sulfides. 

Phase Occurrence p Si s Cr Fe Co Ni Total 
Kamacite Magnesian chondrulc 0.32 0.03 0.00 0. 19 92.69 0.47 6. 15 99.85 
Kamacite Magnesian chondrule 0.5 1 0.03 0.02 0.06 93 .66 0.56 5 .30 100.13 
Kamacite Hortonolite-rich clast 0.04 0.06 0.06 0.00 96.78 0.02 1 .09 98.05 
Kamacite Kamacite-rich clast 0.00 0.04 0.00 0.00 98.42 0.00 0.63 99.09 
Kamacite Isolated mineral 0.02 O.ot 0.00 0.00 97.46 0. 1 1  1 .44 99.03 
Taenite1> Magnesian chondrule 0.02 0.00 0.20 0.00 43.40 0. 1 1  54.86 98 .60 
Taenite2> Ferroan chondrule 0.00 0.03 0.31 0.07 34.74 2.39 60.85 98.39 
Taenite3> Sulfide-rich clast 0.00 0.06 0.00 0.07 31 .67 1 .48 64 .58 97.87 
Co-rich metal Sulfide-rich clast 0.00 0.04 0.16 0.10 81 .73 16 .34 2 . 19 100.56 
Schreibersite Magnesian chondrule 15.52 0.00 0. 18 0.00 74.83 0.25 9.70 100.48 
Troilite Magnesian chondrule 0.00 0.00 36.98 0.07 63.49 0.04 0. 1 1  100.69 
Troilite Ferroan chondrule 0.00 0.01 35. 86 0.00 62 . 12 0.07 0.23 98.29 
Pentlandite Ferroan chondrule 0.00 0.00 32.84 0.00 45 .42 0.57 19.87 98.71 
Pentlandite Ferroan chondrule 0.00 0. 10 33. 23 0.07 46.20 0.48 18.80 98.89 

n or tetrataenite (see text) 
2) or mixture of tetrataenite and awaruite 3> or awaruite 
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Co and 8.5 % Ni) .  The former probably has kamacite structure, and the latter is 
an ordered Fe-Co metal. Although phase Y was not found in B-7904, the Co-rich 
metal obtained here may correspond to phase X found by AFIA TT ALAB and WASSON 
( 1980 ). 

4. 13. Schreibersite 
Schreibersite occurs rarely in forsterite phenocrysts and Cr-rich ovoids of mag­

nes ian chondrules , and in Mn-rich oliv ine-bearing clasts. This is the first discovery 
of schre ibersite in CM chondrites. Schreibersite occurring with taenite in Cr-rich 
ovoids and Mn-rich olivine-bearing clasts is more enriched in Ni ( 33-44 wt % ) 
than the (9.5-17.3 % ) in associat ion with kamacite in forsterite phenocrysts of 
magnesian chondrules . 

4. 14. Sulfide 
Troilite occurs in all of the components of B-7904 , and has an average chemica l 

formula of Feu1 1S 1 • Pentlandite occurs in chondrules , sulfide-rich clasts , some s il icate­
rich clasts , and sulfide rims around chondrules , and as an isolated mineral . The 
composition of pentlandite does not depend on their occurrences such as chondrules , 
clasts , and isolated mineral , and they contain 13.3-20.4 wt % Ni and 0. 1-0.9 % Co. 
Average chemical formula of the pentlandite is (Fea . r-.:1Ni:u-1C00 .n, ) n . o.iS ,, which re­
sembles that obtained by ZoLENSKY et al. ( 1989 ) .  

5. Discussion 

Phyllos ilicate occurs abundantly in most of the components in B-7904 , suggesting 
that B-7904 has experienced hydrous alteration , as did other CM chondrites. How­
ever, some components and minerals in B-7904 escaped extensive alteration. For 
example , well-shaped chondrules occur abundantly , and preserve their p rimary 
texture. Glass in olivine phenocrysts remains unaltered. Thus , this meteorite has 
partly preserved its primary features , and we wil l  discuss the features of the com­
ponents in addit ion to the hydrous alteration , and the genetic relationships among 
the components in B-7904. Figure 1 1  summarizes the genet ic relationships of these 
components. 

5.1. Formation of magnesian chondrules 
Magnesian chondrules have kamacite inclusions in forsterite phenocrysts , whereas 

the groundmass has taenite and troil ite , suggesting that the kamacite inclus ions in 
phenocrysts have escaped from sulfurization to form troil ite in the groundmasses . 

The Ni and Co contents of kamacite inclus ions in magnesian chondrules are 
similar to those of CI chondrites ( Fig .  1 Oa ) ,  s uggesting t hat this kamacite formed 
primarily from a gas of t he solar composition . Phosp horous is contained only in 
kamacite and schreibersite in magnes ian chondrules , and the presence of metallic P 
supports the idea that magnesian c hondrules formed under reducing conditions . 
Forsterite in magnesian chondrules has MnO/FeO ratios higher than that of CI 
chondrites (Fig. 2 ) . KLOCK et al. ( 1989 ) found such ol iv ines in some unequil ibrated 
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Fig. 11. Schematic diagram showing genetic relationships among two kinds of chondru/es, seven kinds of 
clasts, and matrix in B-7904. Phyll Clast: phyllosilicate-rich clast, Mn-rich Clast: Mn-rich 
olivine-bearing clast, Matrix Clast: matrix-like clast, Hort Clast: hortonolite-rich c/ast, Kam Clast: 
kamacite-rich c/ast, Fo-Sp-Clast: forsterite-spinel clast. At the right, major processes for the 
formation of B-7904 are shown for reference (see text). 

chondrites and interplanetary dust, and concluded that they condensed from a gas 
of the canonical solar composition under reducing conditions . This supports our 
idea that the precursors of magnesian chondrules in B-7904 were produced as 
condensates in the solar nebula under reducing conditions .  

One large magnesian chondrule includes an aggregate of magnetite, kamacitc, 
and taenite . Textural observation ( Fig. 1-8 ) indicates that kamacite and taenite 
may have been la ter oxidized to form magnetite . The geothermometer ob tained by 
AF IA TT ALAB and WAS SON (19 80 ) using Co parti tioning between the coexis ting 
kamacite (2 .9 wt% Co ) and taenite (0 .4 % ) gives the equilib ration temperature 
of 660 + 20 K, which corresponds to the temperature during the oxidation to form 
magnetite .  In addition, this chondrule includes an aggregate of troilite-taenite­
magnesiowtistite near the aggregate of magnetite-kamacite-taenite . On the assumption 
that the magnesiowtistite, magnetite, and kamacite were equilibrated with in this 
chondrule, the equilibration temperature and oxygen partial pressure were calculated 
by the fol lowing equations ; 

and 

Fe + 1/202 = FeO, 
kam wils 

3Fe + 202 = Fe:10.i , 
kam mag 

(1 ) 

( 2 )  

where kam, wlis, and mag are kamaci te , wtistite, and magnetite, respectively . The 
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thermodynamic data (ROBIE et al., 1979) were used with an assumption that the 

magnesiowiistite ( Fe0 . 6Mg0 . .  1 ) 0 is an ideal solution with activity of 0.6 for the FeO 

component. The calculated temperature and oxygen partial pressure are 656 K and 

10-::6 bars, respectively . This temperature is well consistent with the equilibration 

temperature ( 660 K)  for the kamacite-taenite pairs mentioned above. The oxygen 

partial pressure for reactions ( 1 )  and ( 2 )  is much higher than that ( ca. 10-4 :i bars ) 

of the solar gas with a 10-1 bars total pressure at 600 K ( GROSSMAN, 1972) .  Thus, 

the oxidation reaction took place under a much more oxidizing condition than the 

solar gas. Magnesian chondrules , which had primarily originated under a reducing 

condition, have later mixed with ferroan chondrules and matrix, and experienced 

oxidation reactions during the hydration. 

Glass inclusions in forsterite phenocrysts of magnesian chondrules always con­

tain CaO. The glass in phenocrysts has preserved the primary groundmass com­

positions, because they have similar compositions to groundmasses in chondrules of 

unaltered chondrites ( Fig. 8 ) .  On the other hand, phyllosilicates in chondrules, 

which were produced from the groundmass glass, are nearly CaO-free. Therefore, 

CaO may have been lost from chondrules during hydrous alteration. 

Cr-rich ovoids in magnesian chondrules in B-7904 have higher SiO� and MgO 

contents than PCP in other CM chondrites, and show a textures different from PCP 

(TOMEOKA and BUSECK, 1985 ) .  The occurrence and mineralogy of Cr-rich ovoids 

suggest that they may have been produced from metal-sulfide spherules in original 

chondrules by hydration, because they have similar outlines to metal-sulfide spherules 

in chondrules in unaltered chondrites .  

Halos are found around troilites in phyllosilicates of a few chondrules and clasts 

(Fig. 1- 18 ) ,  and they may have formed by contamination of an Fe-bearing phase, 

as noted in Section 4.4. 1 .  Such halos occur abundantly in Y-86720, where the 

formation of the halos took place after the final aggregation of the Y-86720 chondrite 

(IKEDA et al. , 1992 ) .  However, the halos in B-7904 are not observed in most of 

chondrules and clasts including troilite grains, and in the matrix, and may have 

formed locally in some chondrulcs and clasts before final agglomeration of B-7904. 

5.2. Formation of ferroan chondrules 
Olivine in ferroan chondrules has MnO/FeO ratios similar to that of Cl chon­

drites (Fig. 2a) ,  suggesting that the precursors were similar in Mn and Fe contents 

to those of CI chondrites and the crystallization took place under conditions such 

that most of the Fe existed as FeO. Olivine phenocrysts in ferroan chondrules in­

clude taenite and troilite inclusions, and no kamacite, contrasting with forsterite 

phenocrysts including kamacite inclusions in magnesian chondrules. These suggest 

that ferroan chondrules had crystallized under a more oxidizing condition than 

magnesian chondrules, probably between the Fe-FeO buffer and Ni-NiO buffer. 

Probably the precursors of ferroan chondrules formed at lower temperatures, and 

under more oxidizing conditions than those of magnesian chondrules in the nebula. 

The presence of Ca-phosphate in ferroan chondrules, instead of schreibersite in 

magnesian chondrules, is consistent with oxidizing conditions . In addition, fine­

grained phosphate and glass inclusions containing P 200 are included in olivine 
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phenocryst of ferroan chondrules, suggesting that the phosphate component was 
originally incorporated in the precursor materials of ferroan chondrules . 

Olivine in ferroan chondrules often has a magnesian core (Fo 9::;-un ) .  These 
forsteritic cores have a low abundance, and do not always occur in the core of large 
ferroan olivine phenocrys ts . It is plausible that they were originally fragments of 
forsterite phenocrysts which were produced by disaggregation from magnesian 
chondr ules . 

Ferroan chondrules were also altered to form phyllosilicates in the groundmass. 
Although ferroan chondrules have glass enriched in CaO ( 9. 9 % on  the average) , 
phyllosilicates produced by hydrous alteration in ferroan chondrules are depleted in 
Cao. Therefore, most of the CaO were lost from ferroan chondrules as well as 
magnesian chondrules. However, original phosphates in ferroan chondrules did not 
decompose during hydrous alteration, and survived during the CaO-free phyllosilicate 
formation. 

A few ferroan chondrules have wollastonite in thin peripheral parts of some 
olivine phenocrysts ( Fig. 1-30), and the olivine in contact with wollas tonite is more 
magnesian (Fo"" ) than other area of the olivine (Fo 1 , )  suggesting that the wollas­
tonite formed under reducing conditions . The CaO content of the wollastonite may 
have been supplied by the decomposition of the phosphate in the groundmass, because 
phosphate is a unique CaO-bearing phase adjacent to such olivine phenocrysts 
including wollastonite. Thus , this reduction may have taken place locally between 
phenocrys t rims and groundmass phosphate, after the consolidation of these 
chondrules . 

5 .3. Formation of silicate- rich type clasts 
Phyllosilicate-rich clas ts have several mineralogical features similar to mag­

nesian chondrules, such as the presence of forsteri te, schreibersite , eskolaite, Al20:1-
depleted chromite, and kamacite inclusions in  forsterite. Therefore, they may be 
altered fragments of magnesian chondrules . 

Mn-rich olivine-bearing clasts may have formed under reducing conditions 
similar to those of magnesian chondrules, because they also have schreibersite and 
forsteritic olivine. The Mn-rich olivines have MnO/FeO ratios similar to those of 
forsteritic olivines in magnesian chondrules ( Fig. 2), suggesting that Mn-rich olivine­
bearing clasts were cogenetic with magnesian chondrules . Therefore, we suppose 
that fractional condensation of Mn-poor forsterite in the solar nebula may have 
produced a MnO-rich condensate, which was the precursor of the Mn-rich olivine­
bearing clasts .  

On the other hand, hortonolite-rich clasts have a mineralogy similar to ferroan 
chondrules . These clasts have ferroan olivine, phosphate, troilite, and taenite, 
although these clasts are a lmost phyllosilicate-free. The similarity in mineralogy 
between this clast type and ferroan chondrules sugges ts that they had an intimate 
genetic relationship. Thus, it is possible that hortonolite-rich clasts formed from 
the same precursor materials as ferroan chondrules , or by some secondary modifica­
tion from ferroan chondrules such as shock heati ng before incorporation into the 
parent body.  
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Matr ix-like clasts resemble the matr ix in mineralogy and texture, and they may 
have formed from the matrix material dur ing regol ith gardening, and were later 
agglomerated into the regolith. 

Forster ite-spinel clasts have texture and mineralogy s imilar to amoeboid oliv ine 
inclusions (AOI's ) in other carbonaceous chondrites, suggesting that they had 
primarily originated as AOI's in the solar nebula. These clasts often have a small 
amount of phyllosilicates in the interstices between forsterite and spincl, and also 
have exper ienced hydrous alterat ion. 

As d iscussed before, the components of B-7904 probably or iginated in var ious 
reservoirs with contrasting £02 in the solar nebula. Magnesian chondrules, phyllo­
sil icate-rich clasts, and Mn-rich olivine-bearing clasts have form ed under reducing 
condit ions. On the other hand, ferroan chondrules and hortonolitc-r ich clasts formed 
under much more oxidiz ing cond it ions than magnesian chondrules and others. All 
these components later mixed with one another. 

5.4. Formation of opaque mineral-rich clast types 
Sulfide-rich clasts consist of troilite, pentlandite, and taenite, often with Co-r ich 

metal. Sulfide-metal r ims surrounding chondrules have the same mineralogy as the 
sulfide-rich clasts, indicating that the sulfide-rich clasts and the rims have the same 
origin. ToMEOKA ( 1990) suggested that some troil ite  grains have been transformed 
from poorly-characterized phase (PCP ) by heating. However, the sulfide-r ich clasts 
and the r ims do not have any other phases, such as sil icates, phosphates, and oxides. 
This observation indicates that they may have not or iginated from PCP by heating, 
because PCP in ordinary CM chondrites always contain S i02 , Al 20::, and MgO 
(ToMEOKA and BusECK, 1985), and do not occur as rims of chondrules. 

Alternatively, it is possible that the sulfide-rich clasts were produced from 
kamacite aggregates by sulfurization, because their compositions are mainly Fe with 
minor N i  and Co, except for S. If so, Co-rich metal and taenite pairs, which are 
found only in the sul fide-rich clasts and sulfide-metal r ims , must have formed during 
the sulfur ization ; By sulfur ization, primary kamacite, which had been formed as a 
condensate from a nebular gas under reducing condit ions, may have been changed 
mainly into troil ite ( or hexagonal pyrrhotite of 1 C structure above 140 °C after 
YuNo and HALL, 1968), and the Ni content went into newly formed taenite  and 
pentlandite, result ing in that most of the Co were partit ioned into Co-r ich metal, 
and minor Co into taenite. The appl ication of the geothermometer by AFIATT ALAB 
and WASSON (1980) indicates that Co-r ich metal ( 13.7- 14 .  l % Co) and taenite  
( 1 .3-1 .8 % Co) pa irs in the B-7904 sulfide-rich clasts formed at about 660-610 K, 
which is consistent with that of troilite condensation in the solar gas ( GROSSMAN 
and LARIMER, 1974). 

Kamacite-rich clasts cons ist mainly of Ni-Co-depleted kamacite with small 
amounts of troil ite, magnetite, and phyllosil icates. The Ni-Co-depleted kamacite 
might have formed secondarily from some FeO-bear ing sulfide, car bonate, oxide, or 
hydroxide. TOMEOKA et al. ( 1989 ) and IKEDA et al. (1992 ) concluded that Ni-Co­
poor kamacites in Y-86720, which are similar in composit ion to those in B-7904, 
formed from f err ihydrites by heating . 
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5 .5. The matrix and isolated minerals 
The matrix phyllosilicates include Na-Al-talc ( or mixed layer mineral) com­

ponent in addition to serpentine component, as already mentioned in Section 4.4.4. 

The Na-Al-talc component has not yet been reported from the matrix phyllosilicate 

in B-7904. Phyllosilicates in the matrix of B-7904 have been considered to be 

serpentine ( e.g. , KOJIMA et al. , 1 984). They analyzed the matrix using a defocused 

beam ( 10-40 microns in diameter) of EPMA. Their analyses of the matrix were 

probably contaminated by isolated opaque minerals abundantly occurring in the 

matrix, and the B-7904 matrix phyllosilicates obtained by them seem to be too 

Fe-rich. 

One of the most important mineralogical and petrological characteristics of 

B-7904 is the leaching of CaO from chondrules and clasts ( Fig. 6). As already 

discussed in Sections 5.2 and 5.3, hydration to form the phyllosilicates had also lost 

most of the original CaO contents from magnesian and ferroan chondrules. The 

expelled CaO may be incorporated mainly as carbonates in the matrix. IKEDA et al. 
( 1 991  ) suggested that phyllosilicates in B-7904 chondrules and clasts were produced 

by hydrous reactions with a solar nebular gas. Thus, the loss of the CaO from 

magnesian chondrules and other components probably occurred in the nebula before 

the accretion to the parent body. This is consistent with the idea that CaO-loss 

from glass in chondrules in some C3 chondrites took place in the nebula ( IKEDA 

and KIMURA, 1985). 

The MnO/FeO weight ratios of the matrix (0.011 on the average) are similar 

to those of ferroan olivines (0.0 11 on the average) in ferroan chondrules, suggesting 

that the matrix has an intimate genetical relationship to the ferroan chondrules or 

their precursors. The phosphate component in the matrix may have been derived 

from ferroan chondrules by disaggregation, because Ca-phosphate abundantly occurs 

in ferroan chondrules. Alternative idea is that the phosphate component had been 

primarily included in the precursor materials of the matrix as well as ferroan 

chondrules. 

There are abundant isolated minerals of silicate, oxide, sulfide, and Fe-Ni metal 

in the matrix. Isolated olivines in the matrix have the same compositional range 

as those in chondrules and clasts ( Fig. 2). As mentioned before, isolated chromite, 

Fe-Ni metal, and sulfide grains also have similar compositions to those in chondrules 
and clasts, respectively. Therefore, most of isolated minerals were derived from 

chondrules and clasts by disaggregation. 

5.6. Thermal metamorphism of B-7904 

Some evidence for the thermal metamorphism of B-7904 has been presented by 

several authors. AKAi ( 1990) suggested that from comparison with heating experi­

ments on the dehydration of the Murchison serpentine under vacuum conditions, 

B-7904 was heated to at least 7 50°C. On the other hand, ZoLENSKY et al. ( 1 991) 

concluded that the heating temperature of B-7904 was below 600°C, based on their 

heating experiments on the Murchison meteorite under 10-4 bars H2 • PAUL and 

LIPSCHUTZ ( 1989) suggested that B-7904 was heated at 600-700°C, based on the 

pattern of labile trace elements. TOMEOKA ( 1 990) suggested that some troilite 
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grains were formed from pre-existing PCP as a result of the metamorphism. 
On the other hand, there i s  some evidence against thermal metamorphism. 

JOHNSON and PRINZ ( 199 1) showed that chromite-olivine pa irs in B-7904 chondrules 
keep their magmatic temperatures of about l 400 °C, and that the chondrules ex­
perienced little reheating, similar to those in type 3.0-3. 1 chondrites. In addition, 
we have found that diopsidc coexists with enstatite in a magnesian chondrule ( Fig. 
1 -3 and Table 3a ) ,  and the two pyroxene geothermometer of LINDS LEY and 
ANDERSEN ( 1983) gives an equi l ibration temperature higher than 1300 °C for the 
pyroxene pair. These magmatic temperatures a re inconsi stent with the high-tempera­
ture metamorphism of B-7904 suggested by AKAi ( 1990) and others. 

Some forsterite fragments in the matrix do not have any ferroan rims around 
them, indicating that no reaction and diffusion may have occurred after the final 
agglomeration of B-7904 in the parent body. In addition, there are many chon­
drules and clasts showing unequil ibrated mineral assemblages such as schreibersite­
phosphate, forsterite-fayalite, and kamacite-phyllosilicate in B-7904. Glass in B-7904 
does not show any devitrification textures. These observat ions also argue against 
the rmal metamorphism of long durat ion. 

However, phyllosil icates in all of the components of B-7904 were evidently 
decomposed to form submicroscopic secondary oliv ine ( KOJ IMA et al. , 1984; AKAI, 
19 88 ;  TOMEOKA, 1990). Therefore, it is probable that B-7904 experienced heating 
in the parent body only for a short period of t ime. B ISCHOFF and METZLER ( 199 1) 
also suggested a short heating duration based on the wide variat ion in primary 
olivine composit ions. Thus, the constituent m inerals in B-7904 have not been 
homogenized by the heat ing in the parent body. A shock-event i s  the most plausible 
mechani sm for this heating of short durat ion. LANGE et al. ( 1985) showed that 
ant igorite shocked up to 45 GPa lacks petrographically observable shock indicators, 
although a significant amount of H:cO was driven out of the ant igorite. Thi s  i s  
consistent with the observation of B-7904 phyl losilicates that preserve the texture 
and chemistry of origina l  p hy llosilicates in the scale larger th an micron size, except 
for H20. B-7904 may have experienced shock-events with p ressures lower than 
45 GPa. 

6. Conclusions 

( 1) In comparison with Y-82161, -86720, and other CM chondrites, B-7904 
has abundant primary components which experienced l ittle hydrous alteration. 
Chondrules and AOI's preserve their primary textures. Although phyllosilicate which 
was produced by hydrous alteration is predominant, the components of B-7904 
have various unaltered phases ;  phenocryst ic ol iv ine , euhedral chromite, glass, Ca­
poor and -rich pyroxenes, plagioclase, Co-N i-rich kamacite, Co-rich metal, schreiber­
site, and so on. 

( 2) B-7904 consist s  of various kinds of the components. Chondrules in B-
7904 are divided into magnesian and ferroan types. Magnesian chondrules formed 
primarily under reduc ing condit ions, whereas ferroan chondrules formed under 
ox idiz ing conditions. Phyl losilicate- rich an d Mn-rich oliv ine-bearing clasts also 
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originated under conditions similar to those of magnesian chondrules. Hortonolite­
rich clast and the matrix formed under oxidizing conditions. Therefore, B-7904 is 
a mixture of various components, which formed under contrasting fO :!. 

( 3 )  Magnesian chondrules and phyllosilicate-rich clasts have lost their original 
CaO completely during hydrous alteration to form phyllosilicate. Ferroan chondrules 
lost most of their original CaO, although the primary phosphate component was 
stable during alteration . All of the CaO lost from the components was later con­
centrated into the matrix to form the carbonates. 

( 4 )  In addition to hydrous alteration to form phyllosilicate, the oxidation 
reaction to form magnetite and magnesiowi.istite from kamacite took place in a 
magnesian chondrule at about 660 K and 1 o-:ic bars oxygen partial pressure, which 
is much higher than an oxygen partial pressure ( ca. 1 o-rn bars) of the solar gas with 
a total pressure of 10- 1 bars at 600 K. This suggests tha t magnesian chondrules 
were oxidized probably after mixing wi th ferroan chondrules and matrix prior to 
accretion to the parent body . 

( 5) B-7904 was reheated for a short duration , probably by shock effect. 
Although the phyllosilicates were dehydrated and secondary tiny olivine formed 
from the decomposed phyllosilicates , most of the constituent minerals were not 
largely affected by this heating event. 
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