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Abstract— An unusual dark clast in the Allende CV3 chondrite (termed Allende-AF), which was
previously interpreted as a primary aggregate formed in the solar nebula (Kurat et al., 1989; Palme et
al., 1989), was re-examined. Our study reveals abundant evidence suggesting that it probably experienced
extensive aqueous alteration and subsequent thermal metamorphism on the meteorite parent body.
Allende-AF contains numerous rounded to oval-shaped inclusions embedded in a dark matrix. The
inclusions, consisting predominantly of fine grains of Fe-rich olivine, have internal textures suggesting
that they are pseudomorphs after chondrules. Several inclusions appear to be replaced CAls. Veins filled
with fibrous olivine grains occur abundantly in both inclusions and matrix; some veins (up to 4 mm in
length) penetrate several inclusions, providing strong evidence that aqueous alteration occurred after
accretion. The fibrous morphology of olivine in veins and inclusions suggests that the olivine was
produced by dehydration and thermal transformation of phyllosilicate that had been formed by aqueous
alteration. Olivine grains in the matrix contain numerous micro-inclusions of Fe-Ni sulfide, which were
probably incorporated during transformation from phyllosilicate.

Allende-AF is probably related to the fine-grained variety of dark inclusions reported from CV3
chondrites that has been described as the type containing abundant porous aggregates of Fe-rich olivine
by Johnson et al. (1990). Many dark inclusions previously described appear to be similar in texture and
mineralogy to Allende-AF, and probably experienced similar secondary process on the meteorite parent
body. The wide variation in texture of dark inclusions can be explained by different degrees of aqueous
alteration that preceded thermal metamorphism.

The size distribution of chondrule pseudomorphs and the abundance of CAI pseudomorphs suggest
that the precursor of Allende-AF is a CV type chondrite, probably Allende itself. Oxygen isotopic and
chemical compositions are consistent with this interpretation. The CV parent body has been commonly
thought to have escaped major secondary processing. However, Allende-AF provides evidence that
extensive aqueous alteration and thermal metamorphism have occurred locally on the CV parent body.

1. INTRODUCTION

Dark inclusions (DIs) commonly occur in Allende and, less
commonly, in some other CV3 carbonaceous chondrites.
They are lithic clasts that range in size from 1 mm to several
centimeters and widely range in texture; one endmember is
composed of chondrules and CAIs embedded in a fine-
grained matrix resembling host CV3 meteorites, and the
other endmember consists mostly of fine grains of homoge-
neous Fe-rich olivine (e.g., Fruland et al., 1978; Johnson et
al., 1990) and lacks chondrules, CAls, and coarse mineral
fragments. Most DIs have textures that are intermediate be-
tween these two endmembers, i.e., they vary in amount of
the fine-grained component. Despite the textural variations,
most DIs are similar in chemical and oxygen isotopic compo-
sitions to CV3 chondrites (Fruland et al., 1978; Bischoff et
al., 1988; Johnson et al., 1990), suggesting that they are
fragments of a common CV parent body.

The origin of DIs has been a subject of controversy; they
have been proposed to be (1) primary aggregates of conden-
sates from the solar nebula (Kurat et al., 1989; Palme et al.,
1989), (2) fragments of CV3 parent bodies which were
processed to different degrees by reaction with the solar
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nebula gas prior to their incorporation into the host meteor-
ites (Johnson et al., 1990), and (3) CV3 materials that were
affected by various degrees of thermal metamorphism on
their parent bodies (Bunch and Chang, 1979, 1983). DIs
consist largely of fine-grained materials texturally and miner-
alogically similar to the matrices of CV3 and CO3 chon-
drites. Mainly for this reason, most previous workers favored
the interpretation that DIs represent primitive materials
formed in the solar nebula (Bischoff et al., 1988; Kurat et
al., 1989; Palme et al., 1989; Johnson et al., 1990).

Recently, however, Kojima et al. (1993) studied two un-
usual DIs in the Vigarano CV3 chondrite and found evidence
suggesting that the DIs have experienced aqueous alteration
and subsequent thermal metamorphism on the meteorite par-
ent body. The DIs in Vigarano contain no chondrules and
CAls, but instead contain rounded to oval-shaped aggregates
similar in size and shape to chondrules that are composed
of fine Fe-rich olivine grains. Kojima et al. (1993) interpre-
ted that the aggregates are pseudomorphs after chondrules.
They also suggested that the fine grains of Fe-rich olivine
that constitute the major part of the DIs were produced by
dehydration and thermal transformation of phyllosilicates
that had been formed by aqueous alteration.

Rounded to oval-shaped aggregates of Fe-rich olivine that
are similar to chondrules have been reported also from other
DIs (Johnson et al., 1990). In particular, Kurat et al. (1989)
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FiG. 1. (a) A portion around the boundary between All-AF (left)
and host Allende (right) in plane polarized light. Inclusions in All-
AF are similar in shape and size to chondrules and chondrule frag-
ments in host Allende, but differ in that they are brownish translu-
cent. (b) Backscattered electron (BSE) image of the same portion
as in (a) on the same scale. The boundary is marked by a broken
line.

and Palme et al. (1989) reported in detail such aggregates
occurring in a clast from Allende (termed ‘‘Allende-AF”’
by them). From their descriptions, Allende-AF appears to
be very similar to the Vigarano DIs that Kojima et al. (1993)
reported. However, the interpretation of Kurat et al. (1989)
and Palme et al. (1989) for the origin of Allende-AF is very
different from that of Kojima et al. (1993). Kurat et al.
(1989) and Palme et al. (1989) interpreted Allende-AF to
be a primary aggregate of direct condensates from a nebular
gas, and that the rounded to oval-shaped aggregates are pre-
cursors of chondrules, which would transform to chondrules
by sintering, recrystallization, and partial melting in the solar
nebula.

Through the courtesy of Professor G. Kurat, we were
granted an opportunity to re-examine Allende-AF and to
compare it with the DIs in Vigarano. The main purpose of
this study is to verify whether Allende-AF is really a primi-
tive aggregate of nebular condensates as interpreted by Kurat
et al. (1989) and Palme et al. (1989), or a product of parent
body process as interpreted by Kojima et al. (1993). Our
detailed petrographic and scanning electron microscope

(SEM) study reveals several lines of new evidence support-
ing that Allende-AF has experienced aqueous alteration and
subsequent thermal dehydration on the CV parent body, and
thus has a formation history similar to the DIs in Vigarano.
Our preliminary results have been reported in Kojima and
Tomeoka (1993, 1994). We believe that Allende-AF as well
as the Vigarano DIs provide new information regarding the
secondary processes that occurred on the CV parent bodies.

2. MATERIALS AND METHODS

Allende-AF (hereafter All-AF) has a rectangular cross section of
about 1 X 2 cm extending through several slices of 0.8 cm thickness
each (Kurat et al., 1989). The total volume of the inclusion amounts
to 3 cm’. A polished thin section (5.8 cm” total area) and a small chip
containing All-AF provided by Professor G. Kurat, Naturhistorisches
Museum, were used in this study. All-AF is approximately 12 X 18
mm and 4 X 8 mm in size in the two thin sections. The thin sections
were examined with an optical microscope and scanning electron
microscopes (JEOL JSM-840 and JSM-5800) equipped with energy-
dispersive X-ray spectrometers (EDS). EDS analyses were obtained
at 15 kV and 1.0 nA, and corrections were made by ZAF method.
Well-characterized natural and synthetic minerals and glasses were
used as standards. The accuracy of the EDS analyses was checked
by comparison with data obtained by EPMA for the same materials,
and the results agreed within a range of 1% error for elements present
in more than 1.0 wt%. For the analysis of each mineral grain, we used
a focused electron beam of 2 pm in diameter. Bulk compositions of
All-AF were determined using a defocused electron beam of 100
pum in diameter. Compositions of inclusions and matrix in All-AF
were also obtained by the same method.

3. TEXTURE AND MINERALOGY
3.1. General Petrography

All-AF consists of numerous rounded to oval shaped in-
clusions (<0.1 to 2.5 mm in diameter) embedded in a dark
matrix (Figs. la, 2). The inclusions are similar in shape
and size to chondrules or chondrule fragments in the host
meteorite, and some resemble CAls. Thus, under the optical
microscope, All-AF has an appearance similar to host Al-
lende except that the inclusions are brownish and translucent.
Many of the inclusions are flattened with aspect ratios from

Fig. 2. A portion of All-AF in plane polarized light. Note that
inclusions located near the Inclusion I-1 (marked by a broken line)
are flattened roughly along the surface of Inclusion I-1.
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Table 1. EDS broad beam analyses (100 ym in diameter) of Allende-AF (weight %).

All-AF Chondrule-like CAl-like Matrix All-AF Allende host

Bulk inclusion inclusion nm * Matrix #Bulk
N 136  (sd) 36 (sd) 10  (sd) 38 (sd) 36 (sd) — —
Sio, 29.2 (44) 298 (20) 240 (88 290 (1.8) 275 (26 28.0 29.0
AlLO,; 4.18 (2.17) 290 (1.08) 6.67 (3.53) 3.85 (1.41) 1.84 (045 2.30 2.77
TiO, 0.30 (0.53) 0.18 (0.06) 1.55 (1.26) 0.11 (0.06) 0.18 (0.09) 0.09 0.13
FeO 24.1 (6.1) 245 (32 320 (176) 240 (@27 317 (57 319 25.6
MnO 0.26 (0.07) 029 (029) 020 (0.08) 027 (0.06) 036 (0.07) 0.21 0.16
MgO 21.9 (4.6) 245 (23) 988 (543) 23.1 (23) 17.1 2.1 20.2 20.8
CaO 2.27 (3.55) 1.08 (0.74) 937 (720) 1.05 (1990 3.43 (2.66) 2.37 2.18
Na,O 0.89 (1.03) 033 (042) 1.64 (1.31) 074 (0.73) 0.17 (0.20) 0.22 0.39
K,0 0.09 (0.07) 0.06 (0.04) 0.16 (0.11) 0.07 (0.04) 0.03 (0.01) 0.01 0.03
Cr,0, 0.55 (0.22) 066 (0.21) 020 (0.09 054 (0.15) 058 (0.19) 0.38 0.45
NiO 1.34 (0.87) 1.57 (125 047 (019 127 (0.56) 1.46 (0.43) 1.8 1.53
P,0, 0.11 (0.16) 004 (0.08) 0.07 (0.14 0.17 (0200 0.24 (0.22) n. a. 0.20
S 1.50 (3.08) 1.01 (1.04) 745 (965 1.00 (0.50) 2.27 (0.87) 1.13 1.77
Total 86.7 86.9 93.7 85.2 86.9 88.6 85.0

N=number of analyses. n. a.=not analyzed. sd=standard deviations.
* From McSween and Richardson (1977). Data obtained by WDS defocused beam (100 ym in diameter) analysis.

# From Jarosewich et al. (1987). Normalized to total 85 %.

1.5 to 2.0; the flattening occurs locally in the same direction
(Fig. 2). Fracture-filling veins of various thicknesses and
lengths occur throughout this clast; they occur in both inclu-
sions and matrix and are particularly abundant in the periph-
eries of relatively large inclusions, as described later.

Under the SEM, differences between All-AF and host
Allende are more obvious. All-AF is composed mainly of
fine grains of Fe-rich olivine that are uniform in size and
composition, giving a very homogeneous appearance (Fig.
1b). The boundaries between inclusions, veins, and matrix
are hardly discernible, which contrasts with the host meteor-
ite in which chondrules, CAls, and matrix are easily distin-
guishable. Olivine grains in All-AF are distinctly coarser
{mostly 5 to 10 um in diameter) than those in the matrix of
host Allende (mostly <1 to 5 pum).

The boundary between All-AF and host Allende is sharp
and is marked by a discontinuous rim ranging in thickness
from 20 to 200 pm. The rim consists mainly of fine grains
of Fe-rich olivine which are similar in size (<1 to 5 ym in
diameter) and composition to those in the matrix of host
Allende. In some portions, the boundary between the rim
and host Allende is not sharp. The rim contains higher
amounts of Fe sulfide and Ca-Mg-rich silicate, probably Ca-
rich pyroxene, than the Allende matrix, which is reflected
in the higher contents of Ca and S than the latter (Table 1).
The part of the rim next to the extraordinarily large inclusion
(Inclusion I-1; described later) is particularly enriched in
tiny grains (<1 pm) of Fe sulfide.

Based on the textural characteristics, we classify the com-
ponents of All-AF as follows: (1) chondrule-like inclusions,
(2) CAl-like inclusions, (3) matrix, and (4) veins. The tex-
ture and mineralogy of each component are described in
detail in the following sections.

3.2. Chondrule-Like Inclusions

Most inclusions in All-AF are porous aggregates com-
posed mainly of fine grains (<1 to 20 um in diameter) of
Fe-rich olivine (25 to 33 wt% FeQ) (Table 2). They also
contain minor amounts of a Na-Al-Si-rich phase and lesser
amounts of Ca-rich pyroxene. The Na-Al-Si-rich phase ap-

pears to be related to nepheline, as described later. These
inclusions probably correspond to the *‘common silicate-rich
objects”” described by Kurat et al. (1989), who subdivided
them into four types: (1) isolated fluffy olivine stacks, (2)
olivine aggregates, (3) complex silicate-rich aggregates, and
(4) aggregates of complex aggregates. All of the four types
were also observed in the present study. The most common
are the ones corresponding to the ‘‘complex silicate-rich
aggregates.”” We found most of them to be composed of
assemblages of rounded to oval-shaped sections (typically
50 to 100 pum in diameter), each consisting of fine grains
of olivine (Fig. 3a,c). In some of such inclusions, fine, lath-
like grains of olivine (up to 5 pm in width and 20 ym in
length) are oriented almost parallel to each other, and the
outline of each section is well defined. These sections are
most clearly discernible in crossed polarized light. The ori-
ented olivine grains within each section exhibit parallel ex-
tinction, indicating that they have a common crystallographic
orientation (Figs. 3b, 4a,b). Some rounded sections consist
of intimate mixtures of fine grains of olivine and Fe-Ni
sulfide; they are nearly opaque in transmitted light, resem-
bling Fe-Ni metal or sulfide globules that commeonly occur
in chondrules. Some inclusions contain thick bars (5 to 30
pm in width, 100 to 500 pm in length) composed of fine
grains of olivine. Bars in an inclusion are oriented paralle]
to each other and, in crossed polarized light, show the same
interference color (Fig. 4a,b), exhibiting an appearance sim-
ilar to barred olivine chondrules.

Olivine in the chondrule-like inclusions commonly occurs
as blocky or lath-like grains (<1 to 20 gm in diameter)
which are smooth on the surfaces (Fig. 5a), but it also occurs
as fine fibrous grains partly filling interstices between the
blocky or lath-like grains. The olivine differs in morphology,
size, and associated minerals from that in the matrix of All-
AF (described later) (Fig. 5b) and host Allende (Fig. 5¢).
The morphologies and average grain sizes vary widely be-
tween inclusions. Electron beam analyses of olivine in the
chondrule-like inclusions show variable amounts of minor
elements such as Ca, Al, and Cr; some show unusually high
contents of these elements (Table 2, Fig. 6). Although these
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Table 2. Selected electron microprobe analyses of olivine in Allende-AF (weight %)*.

Chondrule-like inclusion Matrix Type-II vein
1 2 3 4 5 6 7 8 9 10 11

Sio, 348 355 352 357 354 363 34.0 36.0 34.1 36.8 36.0

AlLO, 047 0.78 0.59 0.46 0.25 1.20 1.83 1.36 0.95 1.63 1.64
TiO, 041 0.18 0.19 0.21 0.20 0.06 0.11 0.10 0.12 0.15 0.22
FeO 323 30.7 31.0 316 309 283 288 294 32.5 26.6 284

MnO 0.21 0.29 0.28 030 031 0.21 037 032 0.27 0.43 0.49
MgO 294 316 314 30.7 315 31.6 32.1 313 30.0 33.7 31.6

CaO 0.78 0.14 0.07 0.17 0.15 0.22 0.23 0.17 0.13 0.46 0.28
K,0 n.d. n.d. n.d. 0.08 0.05 n.d. n.d. n.d. n.d. n.d 0.07
a0, 0.48 0.55 0.51 0.28 037 033 0.47 0.41 0.31 n.d 0.41
NiO 0.47 031 031 0.37 0.52 0.90 1.04 0.55 0.63 0.38 0.14
S n. d. n.d. n. d. n. d. 0.08 0.90 0.92 0.34 047 0.42 0.37
Total 9.3 100.1 99.6 99.9 99.7 100.0 99.9 100.0 9.5 100.6 99.6

Si 581 5.80 5.80 5.88 582 5.84 5.42 5.82 5.61 5.83 5.83
Al 0.09 0.15 0.12 0.09 0.05 023 034 0.26 0.18 0.30 0.31
Ti 0.05 0.02 0.02 0.03 0.03 0.01 0.01 0.01 0.02 0.02 0.03
Fe 4.50 4.20 427 435 426 3.80 385 3.97 447 3.52 3.84
Mn 0.03 0.04 0.04 0.04 0.04 0.03 0.05 0.04 0.04 0.06 0.07
Mg 734 772 771 7.52 773 7.57 7.64 7.54 736 7.95 7.62
Ca 0.14 0.03 0.01 0.03 0.03 0.04 0.04 0.03 0.02 0.08 0.05
K n. d. n. d. n. d. 0.02 0.01 n. d. n.d. n. d. n.d. n.d. 0.01
Cr 0.06 0.07 0.07 0.04 0.05 0.04 0.06 0.05 0.04 n.d. 0.05
Ni 0.06 0.04 0.04 0.05 0.07 0.12 0.13 0.07 0.08 0.05 0.02
S n. d. n.d. n.d. n, d. 0.01 0.27 0.27 0.10 0.14 0.13 0.11

n. d.=not detected. Atomic ratios are calculated as O=24.

* 8, Ni, parts of Fe and minor elements are probably from microinclusions; see text.

olivines rarely contain Fe-Ni-S-rich microinclusions that are
resolvable by SEM (>0.05 um in diameter), the high con-
tents of Ca, Al, and Cr may be ascribed to micro-inclusions
that are too small to be observed by SEM.

The second most abundant phase in the inclusions is a
phase rich in Na, Al, and Si (14 to 17 wt% Na,O, 33 to 35
wt% AlLO;, 40 to 44 wt% SiO,) (Table 3). It occurs in
almost all the inclusions as anhedral grains (<1 to 10 ym
in diameter) partly filling the interstices of olivine grains.
Kurat et al. (1989) reported this phase as nepheline, but it
should be noted that the contents of Na and K are consis-
tently lower than for nepheline stoichiometry ((Na + K)/
total O atomic ratio is approximately 0.18; that for nepheline
is 0.25). Whether this is due to Na evaporation during analy-
sis, or the presence of other phases is not clear. Admitting
this discrepancy, we call this phase nepheline in this paper.
The nepheline contains 1.5 to 2.0 wt% K,O and 1.8 to 2.9
wt% CaO. Some inclusions contain relatively large (up to
30 wm in diameter) grains of aluminous diopside (17 to 22
wt% CaO, 0.8 to 3.8 wt% ALO;, 0.7 to 1.1 wt% TiO,)
(Table 3) commonly enclosed by thin rims ( <5 pgm in thick-
ness) of olivine. In some inclusions, aluminous diopside
occurs along the rims of the rounded sections described
above. Pentlandite occurs in some of the rounded sections
and occasionally coexists with awaruite (Table 4). Troilite
is present but is much less abundant, and Ni-poor metal is
absent.

Many inclusions have rims (20 to 150 um in thickness)
which are distinctly darker than the inclusions and the matrix
in transmitted light (Fig. 7). The rims have relatively smooth
round external shapes unrelated to the outlines of the inclu-
sions, i.e., they are thickest around topographic depressions
of the inclusions, being similar to the fine-grained chondrule
rims in carbonaceous chondrites (e.g., Metzler et al., 1992).
In some inclusions, boundaries between inclusions and dark

rims are partly marked by tiny grains (<5 um in diameter)
of Fe sulfide and/or Fe-Ni metal. The rims are composed
of olivine grains that are different in morphology from those
in the inclusions but similar to those in the matrix of All-
AF (described later). Olivine grains in the rims are slightly
smaller and more uniform in size than those in the matrix.

3.3. CAl-Like Inclusions

Six inclusions in the two thin sections of All-AF have
mineralogies and textures that are distinct from the chon-
drule-like inclusions but common to each other. These inclu-
sions are composed mainly of troilite and andradite, corre-
sponding to the ‘‘sulfide-andradite objects’” described by
Kurat et al. (1989). They are triangular to highly irregular
in shape (0.5 to 5 mm in diameter) (Fig. 8a). Typically
these inclusions contain massive troilite cores which are sur-
rounded by coarse grains (up to 100 pm in diameter) of
andradite and/or fine-grained mixture of andradite, Fe-rich
olivine, and nepheline. One of the six inclusions contains
magnetite instead of troilite (Table 4). Andradite grains oc-
casionally show euhedral shapes (See Fig. 13 in Kurat et
al., 1989). Small grains (up to 10 um in diameter) of Ca-
phosphate, Ca-rich pyroxene, and titanomagnetite are com-
monly included in troilite and andradite. Aggregates of fi-
brous Fe-rich olivine also occur in voids between andradite
grains. Two of the six inclusions have narrow, continuous
rims (up to 20 pm in thickness) composed mainly of Ca-
rich pyroxene and nepheline (Fig. 8a,b), while others have
halos consisting of densely packed olivine with a characteris-
tic fibrous morphology (Fig. 9a,b). The external shape, the
core-mantle-rim structure and the high abundances of Ca,
Al, and Ti (Table 1) suggest that these inclusions are related
to CAls.

The massive troilite occasionally contains minor amounts
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F1G. 3. (a) BSE image of a portion of a chondrule-like inclusion.
(b) The same portion as in (a) in crossed polarized light. (¢) An
illustration showing rounded to oval-shaped sections in the inclusion.
Labelled sections correspond to those in (b). Note that scctions A,
B, and C are in maximum brightness in (b), while sections D and
E extinct. Section F is rich in Fe-Ni metal or sulfide (bright areas
in (a)) and appears almost opaque in transmitted light.

of Si and P (Table 4) which may be due to micro-inclusions.
Andradite in the mantle usually contains 1.2 to 1.8 wt%
Al;O; (Table 3). Ca-rich pyroxene in the rims contains 9.5 to

FiG. 4. (a) Two inclusions in All-AF, one (upper left) resembling
a fragment of a barred olivine chondrule, and the other (lower right)
resembling a porphyritic chondrule in crossed polarized light. (b)
30°-rotated image of the same area. Both inclusions are aggregates
of extremely fine grains of olivine. Note that olivine grains in all
the bars of the barred-chondrule-like inclusion and olivine grains in
several sections of the porphyritic-chondrule-like inclusion go ex-
tinct almost simultaneously.

14 wt% FeQ, while Ca-rich pyroxene included in andradite is
distinctly poorer in Fe (7.8 to 8.2 wt% FeO). The nepheline
and olivine in the CAl-like inclusions are similar in composi-
tion to those in the chondrule-like inclusions. Kurat et al.
(1989) reported a variety of unusual accessory phases such
as Cu, PGE nuggets, HgS, and barite from the ‘‘sulfide-
andradite objects,”” but no such phases were found in the
present study.

Inclusion I-1 is by far the largest (5 X 3 mm) of the
inclusions and is apparently a broken fragment of an even
larger one; its broken surface is in direct contact with host
Allende via the rim enclosing All-AF. Inclusion I-{ has an
unusually thick, double-layered rim (Fig. 10a,b); the inner
layer (up to 200 um in thickness) consists of a mixture
of extremely fine grains (<1 pum) of Fe-rich olivine and
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Fic. 5. High-magnification BSE images of portions of a chon-
drule-like inclusion (a), the matrix of All-AF (b), and the matrix
of host Allende (c). All on the same scale.

nepheline, and the outer layer (up to 300 um thick) consists
mainly of granular grains of Fe-rich olivine that are much
coarser (up to 30 um in diameter) than the matrix of All-
AF. Interestingly, most of the chondrule-like inclusions near
Inclusion I-1 are flattened and aligned along its surface, ex-
hibiting an appearance that they were squashed by intrusion
of Inclusion I-1 (Fig. 2). Long, thick veins are particularly
abundant around this inclusion (Fig. 11); they tend to be
aligned along the surface of the inclusion, again suggesting

that considerable mechanical stress was developed and thus
many fractures were produced in this region.

3.4. Matrix of All-AF

Although Kurat et al. (1989) described little about the
matrix of All-AF, several important features deserve men-
tion. The matrix consists predominantly of olivine grains that
are similar in Fe/Mg ratio and size to those in the inclusions.
However, the olivine grains in the matrix of All-AF show a
characteristic morphology and texture distinct from those in
the inclusions; most of them have granular to anhedral
shapes, numerous pits, and rough surfaces (Fig. 5b; compare
to Fig. 5a). Blocky or fibrous grains similar to the olivine
grains in the inclusions also occur but in very minor amounts.
Nepheline is more abundant than in the inclusions and fills
the interstices between olivine grains.

EDS focused electron beam analyses show that most of
the granular olivine grains in the matrix contain considerable
amounts of unusual elements such as S, Ni, Al, and Ca (Table
2; Fig. 6), which are usually incompatible in olivine; peculiar
is the high, correlated contents of S (up to 1.7 wt% S) and
Ni (up to 1.6 wt% NiO) (Table 2; Fig. 6). High-magnification
SEM images reveal that most olivine grains in the matrix
are not homogeneous but contain numerous micro-inclusions
(<0.2 pm in diameter) (Fig. 12). Most of the micro-inclu-
sions are found to be rich in Fe, S, and Ni; thus, they probably
consist of Fe-Ni sulfide. The high Al and Ca contents also
may be due to micro-inclusions. For minor elements other
than the above elements, there are no significant differences
between olivines in the chondrule-like inclusions and in the
matrix except for Cr; olivines in the matrix are apparently
depleted in Cr (<0.5 wt% Cr,O;) compared with those in the
chondruie-like inclusions (Fig. 6).

3.5. Veins

Based on texture and size, veins are classified into two
types. Type-I veins, which range widely in width from sev-
eral to 100 ym and in length from 0.3 to 1 mm, occur
throughout the matrix, but are particularly abundant in the
peripheries of relatively large chondrule-like and CAl-like
inclusions (Fig. 11). The veins are densely filled with fine
fibrous grains of olivine most of which are oriented nearly
normal to the walls of the veins (Fig. 13a). The texture is
very similar to the phyllosilicate veins found in the Yamato-
82162 CI chondrite (compare to Fig. 1 in Tomeoka, 1990).
Nepheline occurs in minor amounts in the interstices be-
tween the fibrous olivine grains. The type-I veins tend to
extend nearly parallel to the surfaces of the inclusions (Fig.
11), and some occur on the boundaries between the inclu-
sions and the matrix. Some veins branch out to narrower
veins, forming a network. Kurat et al. (1989) briefly reported
that cracks in All-AF are filled with fibrous olivines, which
probably correspond to type-I veins.

Type-II veins are narrower (<30 um in width) and more
uniform in width but much longer; all veins longer than 2
mm are of this type. They occur throughout All-AF and are
particularly abundant around the CAl-like inclusions, and
probably correspond to the ‘‘large bended olivine plates’’
described by Kurat et al. (1989). Particularly striking feature
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is that relatively long veins (up to 4 mm) of this type pene-
trate several inclusions (Fig. 14a,b). Type-II veins are char-
acterized by a layered structure (Fig. 13b); the inner layers
consist of granular to anhedral grains of Fe-rich olivine (<10
pm in diameter) which resemble in morphology and compo-
sition those in the matrix of All-AF (Table 2; Fig. 6), and
the outer layers consist of nepheline (<5 pm in diameter).
The central portions of type-II veins are commonly hollow

but are occasionally filled with salitic pyroxene (20 to 24
wt% CaQ, 11 to 18 wt% FeO) (Table 3), exhibiting a pipe-
like appearance on the thin sections. In rare cases, small
grains of Fe sulfide occur in the central portions. The propor-
tion of nepheline, olivine, and salitic pyroxene varies even
within a vein. Generally, veins in the matrix contain a higher
amount of nepheline than those in the inclusions; the latter
contain more salitic pyroxene (Fig. 14b).

Table 3. Selected electron microprobe analyses of nepheline, pyroxene and andradite in Allende-AF

(weight %).
Chondrule-like
inclusion CAl-like inclusion Matrix Vein

Neph Px *And Neph Px #Px Neph  Neph Px
Sio, 43.6 539 36.8 4.5 53.1 48.6 435 41.9 493
AlLO, 344 3.57 1.47 33.9 1.88 2.80 344 35.1 0.53
Tib, nd 0.82 n.d. 0.15 n.d. 0.25 nd n.d n. d.
FeO 1.08 0.82 255 1.37 7.8 9.81 1.38 0.90 17.6
MnO n. d. 047 0.05 0.0 034 0.04 n d. n. d. 0.68
MgO 0.96 19.7 0.17 032 14.7 15.5 0.80 0.13 10.0
CaO 1.98 20.6 337 2.40 21.7 238 229 2.87 21.0
Na,O 16.2 0.08 0.40 15.6 030 n. d. 16.1 158 n. d.
K,0 1.70 n. d. 0.03 1.66 n. d. n.d 1.70 1.91 n. d.
Cr,0, 0.05 0.90 n.d. 0.23 0.19 n.d 039 0.25 0.21
NiO n. d. 0.22 n. d. n. d. n. d. 0.22 0.12 n d. n. d.
Total 100.0 101.1 8.1 98.2 100.0 101.0 100.7 98.9 99.3
Si 6.17 7.64 6.52 6.14 7.84 7.25 6.14 6.03 7.75
Al 574 0.60 0.30 577 0.33 2.80 572 595 0.10
Ti n. d. 0.09 n. d. 0.02 n. d. 0.03 n.d. n. d. n.d.
Fe 0.13 0.10 3.78 0.17 0.97 1.22 0.16 0.11 2.31
Mn n. d. 0.06 0.01 0.01 0.05 0.01 n.d. n. d. 0.09
Mg 0.20 4.16 0.04 0.07 3.24 3.44 0.17 0.03 235
Ca 0.30 3.13 6.41 0.37 3.44 381 0.35 0.44 3.53
Na 4.46 0.02 0.13 437 0.09 n.d 4.40 4.40 n.d.
K 0.31 n. d. 0.00 0.31 n.d n.d. 0.31 0.35 n. d
Cr 0.01 0.10 n. d. 0.03 0.02 nd 0.04 0.03 0.02
Ni n. d. 0.03 n.d. n. d. n. d. 0.03 0.01 n.d. n. d.

Neph=nepheline, Px=pyroxene, And=andradite. Atomic ratios are calculated as O=24.
* Total Fe is given as FeO.
# Pyroxene in a im of a CAl-like inclusion.
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Table 4. Selected electron microprobe analyses of opaque
phases in Allende-AF (weight %).

Chondrule-like

inclusion CAl-like inclusion
Pent Aw Tro Tro Mag
Si 0.14 0.45 n. d. 0.16 n.d.
Fe 42.6 29.6 61.9 63.5 71.8
Co 1.19 1.98 n. d. n. d. n.d
N 21.5 68.9 n. d. n.d n. d.
P 0.47 n d. 0.44 n. d. n.d.
S 33.7 n. d. 37.0 37.2 n.d.
0 n. d. n d. n. d. n. d. 28.3
Total 99.6 100.9 99.3 100.9 100.1

Pent=pentlandite, Aw=awaruite, Tro=troilite, Mag=magnetite.

Within and near the thick, double-layered rim of Inclusion
I-1, both type-I and type-II veins are abundant and com-
monly form networks (Fig. 10a,b). One of the type-II veins
extends from the interior of Inclusion I-1 to the surrounding
matrix, crosscutting the rim layers. The vein is nearly perpen-
dicular to the surface of the inclusion and each of the rim
layers. A type-I vein, which occurs along the boundary be-
tween the rim layers, crosscuts a type-II vein, suggesting
that the type-1 vein was formed after the type-II vein.

3.6. Chemical Compositions of All-AF

A major element composition of bulk All-AF obtained by
EDS defocused electron beam analysis is shown in Table 1
and is also plotted in Fig. 15 with the data of All-AF reported
by Palme et al. (1989). Also plotted in Fig. 15 is the bulk
composition of the matrix of host Allende reported by
McSween and Richardson (1977). The results of the present
study are approximately consistent with the data of Palme
et al. (1989), except for Ti and P (Fig. 15); Ti content is
significantly higher, and P content is lower than that reported
by Palme et al. (1989). Large deviations for these elements
indicate that the differences in contents are probably due
to heterogeneous distributions of their carrier phases (Ca-
phosphate, perovskite etc.) (Table 1). Compared with bulk

FiG. 7. A chondrule-like inclusion surrounded by a thick, dark
rim in plane polarized light.

Fic. 8. (a) BSE image of a CAl-like inclusion. (b) Enlarged
image of the boxed area in (a). And = andradite, Tro = troilite, Ol
= Fe-rich olivine, Px = Ca-rich pyroxene, Ne = nepheline.

Allende and the matrix of host Allende, All-AF is enriched
in Na and K approximately by factors of two and three,
respectively. The enrichment of Na and K can be explained
by the high abundance of the nepheline in All-AF. For other
elements, there appear to be no significant differences be-
tween All-AF, bulk Allende, and the matrix of host Allende.

Bulk compositions of chondrule-like inclusions, CAl-like
inclusions, and matrix of All-AF were also analyzed by a
defocused electron beam and plotted in Fig. 16. The chon-
drule-like inclusions and the matrix of All-AF have closely
similar compositions except that Na and P contents in the
chondrule-like inclusions are much lower than in the matrix;
the enrichment of Na in the matrix may be due to a higher
abundance of nepheline than in the chondrule-like inclu-
sions, and the difference in P content is probably due to
heterogeneous distribution of its carrier phases. The CAI-
like inclusions have very different compositions from the
chondrule-like inclusions and the matrix; they are enriched
in Ca, Na, S, and Ti, and depleted in Mg, Cr, and Ni. As
described earlier, the differences are due to different mineral
components.
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FiG. 9. (a) BSE image of a CAl-like inclusion with a halo of
fibrous olivine. Abbreviations are same as Fig. 8. (b) Enlarged image
of the boxed area in (a).

3.7. Size Distribution of Chondrule-Like Inclusions

In order to estimate the relation between All-AF and other
carbonaceous chondrite groups, we measured the sizes of
chondrule-like inclusions in All-AF and compared them with
those of chondrules in CM, CV, CO, and CR carbonaceous
chondrites. Following the procedure of King and King
(1978, 1979), apparent maximum diameter and the greatest
diameter normal to the maximum diameter of each inclusion
in All-AF were measured in transmitted light using a cali-
brated reticle.

Size frequency curves of chondrule-like inclusions in All-
AF are plotted with the data of chondrules in carbonaceous
chondrites obtained by King and King (1978) (Fig. 17).
Maximum diameters of all the inclusions in the thin sections
which have roughly rounded and oval external shapes were
measured. However, some caveats should be added: (1) it
was difficult to classify relatively small (<0.2 mm) inclu-
sions in All-AF and (2) many of the inclusions of All-AF
appear to have experienced deformation, thus are flattened
with relatively high aspect ratios (from 1.5 to 2.0). Even if
these problems are taken into consideration, we believe the
comparison is valid. The results show that the size-frequency

FiG. 10. (a) BSE image of a portion around Inclusion I-1. (b)
Tracing of (a), showing a forked type-II vein crosscuts a double-
layered rim. Also note that a type-I vein crosscuts the type-II veins.

FiG. 11. Veins (type I) filled with fine olivine grains in the periph-
ery of Inclusion I-1 (upper right) in plane polarized light. The veins
run nearly parallel to the surface of the Inclusion I-1, and some
veins are connected to the inclusion. This image corresponds to the
upper-left area in Fig. 2.
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FiG. 12. High-magnification BSE image of olivine grains in the
matrix of All-AF. Microinclusions of Fe-Ni sulfide (bright) are
marked by arrows.

curves of chondrule-like inclusions in All-AF completely
overlap with those of chondrules in CV chondrites; they are
particularly similar to the curve of chondrules in Allende
and are clearly distinct from those of chondrules in CM, CO,
and CR (Renazzo) chondrites.

4. DISCUSSION

4.1. Formation of All-AF by Hydration and
Dehydration Process

Kurat et al. (1989) interpreted that the chondrule-like in-
clusions, which they referred to as silicate-rich aggregates,
formed by condensation from a vapor and that the textures
reflect sequential aggregation of matter in the solar nebula.
They further suggested that sintering, recrystallization, and
partial melting could transform the inclusions into chon-
drules and recrystallized aggregates. However, the present
study reveals abundant evidence indicating a very different
origin for the inclusions. Many of the chondrule-like inclu-
sions have peculiar textures; they are composed of assem-
blages of rounded to oval-shaped sections (typically 50 to
100 pm in diameter), each consisting of fine grains of Fe-
rich olivine (Fig. 3a,b). Some inclusions contain bars (5 to
30 pm in width, 100 to 500 um in length) of olivine aggre-
gates in parallel orientation (Fig. 4a,b). Under the optical
microscope, their sizes, external shapes, and internal textures
are closely similar to those of chondrules, although they are
different from normal chondrules in having weak birefrin-
gences and brownish translucent appearance. Most of the fine
olivine grains within each rounded to oval-shaped section in
the inclusions and bar have basically a common crystallo-
graphic orientation (Figs. 3b, 4a,b). It is hard to envision
that small olivine particles floating in the nebula would stick
to each other so that their crystallographic orientations would
be so uniform. Rather, it is more likely that the rounded to
oval-shaped sections and the bars had been originally large
single crystals of olivine and they were transformed to aggre-
gates of fine domains by some secondary process. In our
interpretation, the rounded to oval-shaped sections and the

bars of olivine aggregates in the inclusions were originally
phenocrysts in porphyritic olivine chondrules and bars in
barred olivine chondrules, respectively.

Similarly, the sulfide-andradite-rich inclusions were prob-
ably formed by replacement of CAls. The presence of PGE
nuggets, titanomagnetite, ilmenite, and perovskite (Kurat et
al., 1989), and high contents of refractory REE (Palme et
al., 1989) in the sulfide-andradite—rich inclusions in All-AF
are all consistent with this interpretation. Indeed, Kurat et
al. (1989) and Palme et al. (1989) suggested that the sulfide-
andradite—rich inclusions represent former CAls that experi-
enced extensive alteration, although they proposed that the
alteration reactions occurred in the solar nebula.

The presence of abundant fracture-filling veins also indi-
cates that All-AF has been involved in secondary alteration.
It is very difficult to explain the formation of the layered,
pipe-like structure of type-II veins (Fig. 13b) by condensa-
tion from a nebular gas or by aggregation of dust. In particu-

Fic. 13. (a) BSE image of a type-I vein consisting of fibrous
olivine grains. (b) A type-II vein showing layered structure; inner
layers composed of Fe-rich olivine (Ol), and the outer layers nephe-
line (Ne). Central portion is hollow and occasionally filled with
salitic pyroxene (Px).
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F1G. 14. (a) A photomosaic showing a long vein (type II; marked by arrows) penetrating several inclusions. (b)
BSE image of the boxed area in (a). The vein (marked by small arrows), which is actually a bundle of two veins,
is continuous through the boundaries between the inclusions and the matrix (broken lines). The veins are rich in
salitic pyroxene (Px).

lar, we believe that the occurrence of type-II veins penetrat-
ing several inclusions (Fig. 14a,b) provides decisive evi-
dence that secondary alteration occurred after accretion. The
occurrence of type-II veins extending from the interior of
Inclusion I-1 to the surrounding matrix and crosscutting the
rim layers (Fig. 10a) also indicates that the veins formed
after incorporation of Inclusion I-1 with the rim into the
present location. The internal texture of type-I veins are very
similar to the phyllosilicate veins found in the Yamato-82162
CI chondrite (Tomeoka, 1990). The veins in typical CI

chondrites are regarded to have been formed by precipitation
of minerals from aqueous solutions onto the walls of frac-
tures that resulted from impacts on the meteorite parent bod-
ies (e.g., Richardson, 1978). The type-I veins also closely
resemble in texture the phyllosilicate veins produced by ex-
perimental hydrothermal alteration of Allende (Tomeoka
and Kojima, 1995).

Based on these observations and evidence, we believe
that All-AF has experienced secondary alteration in which
aqueous solutions were involved. However, there is a serious
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problem that needs to be answered, i.e., why does All-AF
lack minerals that are characteristic of aqueous alteration,
such as phyllosilicates, sulfates, and carbonates? All-AF is
entirely composed of anhydrous minerals. The same paradox
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applies to most DIs that have been reported previously, and
this has been one of the major reasons why previous workers
have argued against a secondary process for the origin of
DIs. Regarding this problem, Kojima et al. (1993) proposed
that the olivine grains constituting DIs in the Vigarano CV3
chondrite were mostly produced by dehydration and thermal
transformation of phyllosilicates that had been previously
formed by aqueous alteration. Based on heating experiments
in vacuo, Akai (1992) reported that serpentine in the Mur-
chison CM2 chondrite starts to transform to olivine at about
300°C and at 700°C the transformation is complete; at 750°C,
olivine further transforms to enstatite. Zolensky et al. (1994)
also reported that serpentine in Murchison, when heated in
a H, atmosphere, is replaced entirely by olivine by 800°C.
We believe that the interpretation of Kojima et al. (1993)
can also be applied to All-AF.

Although All-AF and the matrix of host Allende consist
mostly of fine grains of olivine and are similar in texture,
they show several important differences in detail. Olivine
grains of All-AF commonly show characteristic swirly fi-
brous morphologies (Figs. 9b, 13a), while such olivine
grains are rare in the host Allende matrix. The fibrous olivine
can be formed by thermal transformation of phyllosilicate.
The experimental studies of thermal transformation of ser-
pentine (e.g., Brindley and Zussman, 1957; Ball and Taylor,
1963; Souza Santos and Yada, 1979, 1983; Akai, 1988,
1992) showed that the transformation is basically topotactic;
i.e., a pseudomorph of the fibrous serpentine is formed that
contains olivine in preferred crystallographic orientations
with respect to the parent serpentine crystals. TEM observa-
tions of the thermally metamorphosed CI and CM chondrites
also showed that olivine transformed from phyllosilicate in-
herits its original fibrous morphologies (Akai, 1988, 1990;
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Tomeoka et al., 1989a,b). Furthermore, All-AF contains a
much higher proportion of olivine and is more homogeneous
in composition than the Allende matrix, which contains, in
addition to olivine, a variety of minor minerals such as low-
Ca and high-Ca pyroxenes, garnets, magnetite, and Fe-Ni
sulfides, etc.

Most of the olivine grains in the matrix of All-AF were
found to contain numerous micro-inclusions of Fe-Ni sulfide
(Fig. 12), providing additional strong evidence that the oliv-
ines in the All-AF matrix have an origin different from those
in the host Allende matrix. To our knowledge, such large
aggregates of olivine grains containing micro-inclusions
have not been reported from any other components of car-
bonaceous chondrites. The micro-inclusions were probably
incorporated into the olivine during thermal decomposition
of a mixture of phyllosilicate, some Fe-S-Ni-rich phase such
as tochilinite and sulfide, and other associated minerals. In
the matrices of thermally metamorphosed CM and CI chon-
drites (Yamato-86720, Yamato-82162), irregularly shaped
olivine grains, which were formed by transformation of phyl-
losilicate, intimately coexist with fine grains of Fe sulfide,
Fe-Ni metal, and ferrihydrite (Tomeoka et al., 1989a,b; Akai,
1990). The general similarities between the matrices of these
chondrites and the matrix olivines in All-AF containing mi-
cro-inclusions of Fe-Ni sulfide suggests that all were formed
by a similar process.

The mineralogy of CAl-like inclusions is very different
from those of common CAls in CV3 and CO3 chondrites;
the former are composed mainly of andradite and Fe sulfide,
while the latter are composed of a variety of Ca-Al-rich
phases such as melilite, spinel, anorthite, diopside, etc. Dur-
ing aqueous alteration of CAls, major exchange of elements
should have taken place between CAls and surrounding ma-
trix. In particular, Ca, Al, and Mg were presumably leached
from the CAls, while Fe and S were added. These elemental
exchanges are also suggested by our recent hydrothermal
experiments of Allende (Tomeoka and Kojima, 1995). The
exchanges probably occurred through cracks that were pro-
duced around the boundaries between CAls and matrix. We
interpret that this is the reason why thick veins (type-I veins)
are particularly abundant in the peripheries of Inclusion I-1
and other CAl-like inclusions.

Palme et al. (1989) reported that All-AF is considerably
enriched in Na, K, Au, As, Sb, Br, and Hg, and slightly
depleted in Ca, Ti, and Se compared with bulk Allende (also
see Fig. 15). They excluded the possibility that All-AF was
involved in aqueous alteration mainly because of the lack
of hydrous phases. However, as mentioned above, the ab-
sence of hydrous phases can be explained by later dehydra-
tion and thermal transformation. Under hydrothermal condi-
tions, it is known that Ca, Na, K, and Ti are particularly
mobile among the major elements (McSween and Richard-
son, 1977), and Au and Br are also very mobile among the
trace elements (Ebihara et al., 1982). Therefore, we believe
it is probable that Na, K, Au, and Br were transported from
elsewhere and concentrated in All-AF during aqueous alter-
ation, while Ca and Ti were removed. We suggest the veins
in All-AF served as transportation conduits, which explains
why nepheline is particularly abundant in the type-II veins.
Because Br is highly volatile (Fegley and Lewis, 1980), its

enrichment in All-AF suggests that the subsequent thermal
metamorphism occurred at relatively low temperature.

4.2. Relationship to Other Dark Inclusions

Johnson et al. (1990) reported that DIs range in texture
from one endmember containing chondrules and CAls in a
matrix to the other consisting mostly of fine grains of Fe-
rich olivine. Many objects so far reported as the fine-grained
type of DIs in the literature appear to be similar in texture
and mineralogy to All-AF (e.g., Fruland et al. 1978; Johnson
et al., 1990) except for a few DIs that consist of fine-grained
matrix-like material and are devoid of chondrule-like inclu-
sions (e.g., those shown in Fig. le and g in Johnson et al.,
1990). We think many of them could have resulted from
similar alteration processes on the meteorite parent bodies.
The aqueous alteration that affected All-AF should have
been quite intensive and altered most of the components
including chondrules, CAls, and matrix to secondary phases,
mainly phyllosilicate. However, at some stage, the aqueous
alteration stopped probably because of exhaustion of water,
and then, if a heat source continued to exist, thermal meta-
morphism occurred. Consequently, the phyllosilicate pro-
duced by aqueous alteration was dehydrated and transformed
to olivine. In the case of the DIs, the thermal metamorphism
probably proceeded at mild temperatures for a substantially
long time, so that most of the phyllosilicate was transformed
to fine grains of olivine but the coarsening and recrystalliza-
tion commonly observed in metamorphosed chondrites did
not occur. Assuming that the precursor phyllosilicate was
serpentine, from the results of Akai (1992}, we estimate that
the temperature did not much exceed 300°C. Such a sequence
of alteration and metamorphism might totally convert the
precursor chondrite to aggregates of fine grains of nearly
homogeneous olivine.

Taking such a sequence of alteration into consideration,
the wide variations in texture observed in DIs can be ex-
plained by different degrees of aqueous alteration preceding
thermal metamorphism. Kojima and Tomeoka (1995) re-
cently studied two other DIs in Allende, which are distinct
in mineralogy and texture from each other. One of the DIs
is composed mostly of fine grains of olivine, petrographically
similar to All-AF, whereas the other DI contains chondrules
composed of coarse grains of Mg-rich olivine and pyroxene
embedded in a fine-grained matrix. The former DI was prob-
ably involved in intense aqueous alteration like All-AF. In
contrast, the latter DI may have experienced only a minor
degree of aqueous alteration; thus, only chondrule mesos-
tases and some portions of matrix were affected, but pheno-
crysts in chondrules largely survived the aqueous alteration.

It is interesting to note that the oxygen isotopic composi-
tions of DIs correlate with petrographic variations (Johnson
et al.,, 1990). DIs form linear arrays on the three oxygen
isotope diagram with slopes slightly shallower than the slope
of the refractory inclusion mixing line. The chondrule-bear-
ing varieties of DIs plot on the lower end of the DI array
nearest the bulk CV3 values, while the fine-grained varieties
have more '*O-depleted compositions with some plotting
near the matrix of the Murchison CM chondrite. All-AF is
among the most '°O-depleted DIs from Allende (Palme et
al., 1989). Murchison and other CM chondrites are believed
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to have become depleted in '®O by reaction with aqueous
solutions (Clayton and Mayeda, 1984). We are currently
uncertain why DIs plot on a steeper slope than that of CM
and CI chondrites, but the fact that fine-grained DIs are more
'%0-depleted than chondrule-bearing ones would suggest that
the former experienced more intensive aqueous alteration
than the latter.

It is also probable that there was a range in the degree of
subsequent thermal metamorphism of DIs. Ivanov et al.
(1994) reported that a clast in the Kaidun meteorite contains
rounded objects very similar to the chondrule-like inclusions
in All-AF. The rounded objects consist of fine grains of
olivine, clinopyroxene, and phyllosilicate, and a phyllosili-
cate-sulfide vein was also found in the same clast. Kracher
et al. (1985) reported ‘‘ghosts’’ of chondrules and CAls in
a DI in the Leoville CV3 chondrite. The ‘‘ghosts’’ contain
phyllosilicate-like, but apparently dehydrated, materials with
an olivine-like composition. These clasts in Kaidun and Leo-
ville appear to be a kind of DIs that experienced intense
aqueous alteration like All-AF, followed by less intense ther-
mal metamorphism.

4.3. CV Parent Body Implied by Allende-AF and
Other DIs

It has been commonly accepted that the CV and CO chon-
drites have escaped major degrees of aqueous alteration and
thermal metamorphism. From the size distribution of the
chondrule-like inclusions (Fig. 17) and the abundance of
CAl-like inclusions, the precursor of All-AF is likely to have
been a CV type material, probably Allende itself. Oxygen
isotopic and chemical compositions, including trace ele-
ments (Palme et al., 1989), are consistent with this interpre-
tation. If this is true, All-AF provides evidence that aqueous
alteration and thermal metamorphism have occurred on the
CV parent body. The aqueous alteration that affected All-
AF should have been sufficiently intensive to completely
transform coarse-grained olivine and pyroxene in chondrules
to phyllosilicates. Therefore, it is plausible that the CV par-
ent body was not a homogeneous, dry, and quiet body as
has been implicitly imagined, but rather was a heterogeneous
dynamic body in which aqueous alteration and thermal meta-
morphism occurred actively. However, the aqueous alter-
ation and thermal metamorphism must not have extended
throughout the CV parent body, but occurred locally in the
body where water and heat were available. Thus, CV materi-
als located where water could not have penetrated remained
unaltered, and most of CV chondrites that we have came
from such a relatively dry, unmetamorphosed place.

If All-AF was really derived from the Allende parent
body, host Allende itself also may not have escaped such
secondary process. Several previous workers have reported
that some chondrules and CAls in Allende contain minor
amounts of phyllosilicates (Tomeoka and Buseck, 1982a,b;
Hashimoto and Grossman, 1987), and there is indeed evi-
dence that a phyllosilicate was formed by alteration of oliv-
ine (Fig. 3 in Tomeoka and Buseck, 1982b). A thermolumi-
nescence sensitivity measurement indicated that Allende is
classified to petrographic subtype 3.2 (Guimon et al., 1995).
Matrix olivine in Allende is very homogeneous compared
to those in other CV chondrites (Peck, 1983), and in places

shows fine fibrous morphology similar to the olivine in All-
AF. In many Allende chondrules, mesostasis glass is altered
to nepheline (e.g., Kimura and Ikeda, 1995), and Mg-rich
olivine has fayalite-rich rims (e.g., Peck and Wood, 1987;
Hua et al., 1988). Tomeoka and Kojima (1995) recently
showed that olivines in chondrules in hydrothermally treated
Allende are enriched in Fe at their edges, suggesting that the
fayalite-rich rims of chondrule olivines could have formed
during aqueous alteration.

In this regard, we also point out that a part of the rim
surrounding All-AF is distinctly enriched in Fe-Ni sulfide
particles; the part of the rim is right next to the large Inclu-
sion I-1 which contains particularly abundant Fe-Ni sulfides
(See section 3.3). The enrichment of Fe-Ni sulfide particles
can be ascribed to diffusion of Fe, S, and Ni from Inclusion
I-1. This suggests that thermal metamorphism occurred to
some extent after incorporation of All-AF with the rim to
the present location. All of these observations and evidence
suggest that host Allende may have been locally affected by
minor aqueous alteration and subsequent thermal dehydra-
tion. If so, it would be necessary to substantially re-evaluate
a number of previous interpretations developed for the origin
of Allende components such as CAIs and matrix.

While we believe our data and observations support the
Allende parent body as the source of All-AF, we cannot
exclude the possibility that it came from generally similar,
but perhaps more aqueously altered, parent body. Recent
transmission electron microscope studies (e.g., Keller and
Buseck, 1990; Tomeoka and Buseck, 1990; Keller and
McKay, 1993; Zolensky et al., 1993; Keller et al., 1994)
indicate that some other CV3 chondrites (Kaba, Mokoia,
Grosnaja, Vigarano, and Bali) were more or less affected
by aqueous alteration. Keller et al. (1994) reported that the
Bali CV3 chondrite has undergone deformation and aqueous
alteration, and that it consists of two different regions, i.e.,
least-altered and heavily altered regions. In heavily altered
regions, the majority of chondrules and inclusions are largely
replaced by phyllosilicates, appearing pale tan in transmitted
light. The appearance in transmiited light and the 'O-de-
pleted isotopic composition of the heavily altered regions of
Bali suggest that they are related to All-AF and other fine-
grained DIs.

Besides DIs in CV chondrites, many carbonaceous chon-
drite-like xenoliths have been reported in both primitive and
differentiated meteorites, and most of them resemble CM
chondrites (Table 2 in Wasson and Wetherill, 1979). Dehy-
dration of phyllosilicates is also observed in such carbona-
ceous chondrite xenoliths (e.g., Fodor and Keil, 1976; Barber
and Hutchison, 1991; Zolensky et al., 1992; Buchanan et al.,
1993). As the DIs and xenoliths were incorporated as clasts,
they probably resided near the surfaces of the meteorite par-
ent bodies where brecciation actively occurred. This is con-
sistent with the model by Grimm and McSween (1989) that
aqueous alteration occurred in a regolith. It would be sig-
nificant to note that the surfaces of most of C, G, B, and F
asteroids show reflectance spectra very similar to thermally
metamorphosed CI-CM-like materials (Hiroi et al., 1993,
1995). Therefore, it is plausible that the sequence of second-
ary process, i.e., aqueous alteration and subsequent thermal
metamorphism, is a common event that occurred on primi-
tive asteroids. We believe that All-AF and other DIs preserve
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records of secondary processes on their meteorite parent
bodies, and that further systematic studies of DIs would
provide more information regarding the evolution of car-
bonaceous chondrite parent bodies.

5. CONCLUSIONS

1) All-AF is composed essentially of fine grains of Fe-rich
olivine and appears to be closely related to the fine-
grained variety of DIs. All-AF was previously interpreted
to be a primary aggregate of direct condensates in the
solar nebula (Kurat et al., 1989; Palme et al., 1989).
However, our re-examination strongly suggests that it has
resulted from intense aqueous alteration and subsequent
thermal metamorphism on the meteorite parent body. The
rounded to oval-shaped inclusions in All-AF show inter-
nal textures suggesting that they are pseudomorphs after
porphyritic or barred olivine chondrules. Some inclusions
appear to be highly altered CAls. All-AF contains abun-
dant veins that are filled with fine grains of olivine. Some
of the veins penetrate several chondrule-like inclusions,
providing decisive evidence that the veins were formed
after accretion.

2) Although both All-AF and matrix of host Allende consist
largely of Fe-rich olivine, olivines in the former com-
monly exhibit characteristic fibrous morphologies dis-
tinct from those in the latter. Olivine grains in the matrix
of All-AF contain numerous micro-inclusions of Fe-Ni
sulfide. Most of the olivines in All-AF were probably
formed by dehydration and thermal transformation of
phyllosilicate. The fibrous morphologies of olivines in
veins and inclusions suggest that they are pseudomorphs
after phyllosilicate. The micro-inclusions of Fe-Ni sulfide
may have been incorporated into the olivine during ther-
mal decomposition of a mixture of phyllosilicate and Fe-
S-Ni-rich phases such as tochilinite and sulfide.

3) The size distribution of chondrule pseudomorphs and
the abundance of CAI pseudomorphs suggest that the
precursor of All-AF is a CV chondrite, probably Allende
itself. Oxygen isotopic and chemical compositions sup-
port this view. Therefore, the present study suggests that
extensive aqueous alteration and thermal metamorphism
occurred locally on the CV parent body, probably near
the surface. Most of CV chondrites that we have probably
came from a relatively dry, unmetamorphosed part of the
parent body. If our view is correct, it may be necessary
to reevaluate much of the previous interpretations of the
origin and the formation process of CV chondrites which
have overwhelmingly emphasized primary nebular pro-
CESSES.

4) Many other previously studied DIs are similar in texture
and mineralogy to All-AF and appear to have experi-
enced similar secondary process on the meteorite parent
bodies. The wide variations in texture of DIs can be
explained by different degrees of aqueous alteration that
preceded thermal metamorphism. The sequence of sec-
ondary process, .., aqueous alteration and subsequent
thermal metamorphism, may not have been restricted to
CV parent bodies but may have been a common event
that occurred on parent bodies of other carbonaceous-
chondrite types. We believe that further systematic stud-

ies of DIs will provide a more precise picture of the
evolution of primitive parent bodies.
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