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Abstract:  Chondrules in three CV chondrites of the reduced subgroup (Leoville,
Efremovka and Vigarano) were studied to explore the effect of anhydrous alteration,
in comparison to those in Allende of the oxidized subgroup. The alteration consists
of secondary olivine zonation, replacement of low-Ca pyroxene by ferroan olivine,
and replacement of primary groundmass by nepheline and sodalite. The highest
degree of alteration occurs in chondrules of Allende. Leoville chondrules show only
olivine zonation and seem not to have experienced replacement of pyroxene and
groundmass. Some chondrules in Efremovka have replacement textures of ground-
mass and show olivine zonation. On the other hand, many chondrules in Vigarano
were subjected to all types of alteration. Thus, chondrules even in reduced CV chon-
drites do not completely preserve their primary features, although the degree of
alteration for the reduced CVs varies, and is lower on the whole than that of Allende.
The differences between CV chondrites of the oxidized and reduced subgroups
appear to be determined by the degree of secondary alteration and oxidation of Fe.
The alterations took place prior to the final consolidation with the matrix on the
CV parent body.

1. Introduction

Most chondrules in the Allende CV chondrite were subjected to anhydrous alter-
ation (IKepA and KIMURA, 1995; KIMURA and IKEDA, 1995). Three different process-
es have been described: secondary olivine zonation, replacement of low-Ca pyroxene
phenocrysts by ferroan olivine, and replacement of primary groundmass (glassy mate-
rial and plagioclase) by nepheline and sodalite (called alkali-Ca exchange reaction).
Some Ca-rich phases including hedenbergite, grossular, andradite, kirschsteinite and
wollastonite, formed during the alkali-Ca reaction. IKEDA and KIMURA (1996) sug-
gested that the alteration temperatures and duration were about 600—400°C and 10-10*
years, respectively.

CV chondrites are divided into two subgroups, oxidized and reduced (MCSWEEN,
1977). In addition to Allende, anhydrous alteration commonly took place in chondrules
of the other oxidized CVs, such as Y-86751 (MURAKAMI and IKEDA, 1994) and a CV-
like chondrite, Ningqiang (KIMURA et al., 1997; WEISBERG et al., 1996). On the other
hand, chondrules in reduced CVs have been considered to preserve almost their pri-
mordial features (e.g., KROT et al., 1995).

In this paper, we studied CV chondrites of reduced subgroup, and compared them
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with Allende. The purposes of this study are (1) to explore whether alteration took
place in chondrules in reduced CVs, and (2) to compare the alteration degrees between
both subgroups.

2. Samples and Analytical Methods

We studied a polished thin section of each of three reduced CV chondrites:
Leoville, Efremovka and Vigarano. Phase compositions were determined with a JEOL
733 electron-probe microanalyzer (EPMA); the accelerating voltage and beam current
were 15 kV and 3 to 10 nA, respectively. Bulk compositions of plagioclase with
nepheline lamellae were determined using a defocused beam of EPMA with 10 ym
diameter. Bence-Albee correction methods was used for the analyses of silicates and
oxides.

3. Petrography of Chondrules

3.1. Leoville

Chondrules in Leoville are mostly broken to show irregular outlines, consistent
with the high shock degree (S3) of Leoville (ScOTT er al., 1992). Nevertheless, most
chondrules seem to preserve their primordial texture and mineralogy. Seven chon-
drules, 0.7-1.9 mm in size, were selected for detailed study. These include 6 olivine-
pyroxene porphyritic chondrules and one barred-olivine chondrule.

Phenocrystic phases are usually olivine and low-Ca pyroxene (defined as Woss),
often with high-Ca pyroxene and plagioclase. Some chondrules contain cryptocrys-
talline or plagioclase groundmasses, which are, hereafter, designated primary ground-
masses, like those in Allende (KIMURA and IKEDA, 1995). We noticed neither replace-
ment texture of low-Ca pyroxene by ferroan olivine, nor replacement of primary
groundmass in Leoville chondrules.

Plagioclases in phenocrysts and groundmasses in a few chondrules contain lamel-
lae of nepheline, less than 3 um in width (Fig. 1a). Some chondrules also include
blebs of a silica phase, less than 2-3 ym in size, mixed with plagioclase in ground-
mass. Nepheline and silica occur in almost every part of the groundmass in these chon-
drules.

The opaque minerals, kamacite, taenite and troilite, commonly occur in these
chondrules. Magnetite has not been observed. This is a characteristic feature of reduced
CVs (MCcSwEEN, 1977).

3.2. Efremovka

Although Efremovka has also been subjected to shock metamorphism (shock stage
S4 after Scort et al., 1992), chondrules preserve their primordial textures. Thirteen
chondrules, 0.3-3 mm in size, were selected from a thin section. Except for one barred-
olivine, they are olivine-pyroxene porphyritic chondrules. Most of these chondrules
consist of olivine and low-Ca pyroxene phenocrysts often with high-Ca pyroxene set
in cryptocrystalline to holocrystalline groundmasses. Fine-grained Ca-phosphate occurs
in one chondrules. One ferroan chondrule contains chromite.
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Fig. la. Back-scattered electron
(BSE) image of a chondrule in
Leoville, mainly consisting of
low-Ca pyroxene (Lpx), plagio-
clase (Pla) and high-Ca pyrox-
ene (Hpx). Note that nepheline
(Nep) lamellae and blebs of sili-
ca phase (Sil) occur in associa-
tion with plagioclase. Width of
120 microns.

Fig. 1b. BSE image of a chon-
drule in Efremovka. Primary
cryptocrystalline groundmass
(Cgm) is partly replaced by
altered groundmass (Agm) in the
peripheral part of the chondrule.
Fine-grained  ferroan  olivine
(fOli) occurs in the groundmass.
Width of 120 microns.

Fig. Ic. BSE image of a chondrule
in Vigarano. Phenocrysts of
olivine (Oli) and low-Ca pyroxene
(Lpx), and groundmass plagio-
clase (Pla) escaped from alter-
ation reactions, even along the
boundary between chondrule and
the matrix. Width of 190 microns.
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Fig. I1d. BSE image of an altered
chondrule in Vigarano. Olivine
phenocrysts (Oli) show distinct
zoning. A Low-Ca pvroxene phe-
nocryst (Lpx) is replaced by fer-
roan olivine (fOli) in the margin-
al parts. Plagioclase groundmass
is also replaced by nepheline
(Nep). Magnetite spherules (Mag)
occur in this chondrule. Width of
120 microns.

Nine of the chondrules do not show any alteration textures. However, ground-
masses in four chondrules are partly dark brown to black in color under an optical
microscope, especially in the peripheral parts, where primary groundmass is replaced
by fine-grained aggregates enriched in a nepheline component rarely with sodalite (Fig.
1b). KiMURA and IKEDA (1995) described this as “altered groundmass” in Allende chon-
drules. One of these chondrules includes fine-grained hedenbergite, 3—4 um in size,
associated with nepheline and plagioclase in the groundmass. The altered groundmass
often contains fine-grained ferroan olivines, 2—10 um in size, like those in Allende
chondrules. No replacement textures of low-Ca pyroxene are observed in Efremovka
chondrules. Nepheline lamellae within plagioclase, like those in Leoville, are observed
in three Efremovka chondrules. Two of them are altered chondrules, although nepheline
lamellae do not occur in close association with altered groundmass.

Opaque minerals in Efremovka chondrules include kamacite, taenite and troilite.

3.3. Vigarano

Vigarano is well known as a breccia (shock stage S1-2), but our thin section does
not show any brecciated structure. We studied 9 chondrules in detail, 0.7-2 mm in
size. Except for one barred-olivine, they are olivine-pyroxene porphyritic chondrules.
They consist of olivine and low-Ca pyroxene phenocrysts, often with high-Ca pyrox-
ene, set in cryptocrystalline to holocrystalline groundmasses. Fine-grained Ca-phos-
phate and spinel occur in one chondrule.

Two chondrules do not show any reaction textures. One of them is broken, and
the primary plagioclase groundmass is in direct contact with the chondrite matrix (Fig.
Ic). The other chondrules show various degrees of replacement of low-Ca pyroxene
and primary groundmass (Fig. 1d), and resemble those in Allende. In these chondrules,
olivine phenocrysts show distinct zoning under back-scattered electron images. The
altered groundmass is more extensive in Vigarano than in Efremovka, but less than in
Allende, as discussed later. The altered groundmasses are aggregates of fine-grained
crystals of submicron to 10 ym in size. Groundmass in one chondrule is an aggregate




Alteration of Reduced CV Chondrules 195

of fine-grained nepheline, sodalite and ferroan olivines without any primary ground-
mass, similar to the assemblage that is often encountered in Allende chondrules. One
chondrule contains hedenbergite, 3 uym in size, associated with nepheline, sodalite and
plagioclase. Fine-grained ferroan olivines also occur in the altered groundmass.
Nepheline lamellae, less than 6 gym in width, occur within plagioclase groundmasses
in two altered chondrules.

In addition to kamacite, taenite and troilite, chondrules in Vigarano usually con-
tain magnetite.

4. Mineralogy of Chondrules

4.1. Olivine

Table 1 gives representative compositions of silicate and oxide phases. Three types
of olivine occurrence were noticed in chondrules: phenocrysts, small grains set in
altered groundmass, and fine-grained crystals replacing low-Ca pyroxene. In Leoville,
only the first type is encountered. In Efremovka, the third type is not observed. All
of these types occur in Vigarano. Olivine phenocrysts in these three reduced CVs usu-
ally show normal zoning. However, compositional ranges of the zoning are different
between the three meteorites (Fig. 2); the ranges of Leoville (Fos,..00) and Efremovka
(Fogo.100) are narrower than those of Vigarano (Foe..10) and Allende (Fogs.i00). Chondrules
in Vigarano which contain abundant altered groundmass, have distinctly zoned phe-
nocrysts (e.g., Fos.1m), whereas olivines in Vigarano chondrules free from altered
groundmass do not show distinct zoning (e.g., Foys.10). In the CVs studied here, some
phenocrystic olivines in chondrules and some isolated olivines set in chondrite matri-
ces hardly show zoning toward the matrices, ranging from Fog.im to Fog.99. One chon-
drule in Efremovka includes ferroan olivine phenocrysts (Foss71).

Fine-grained olivines in altered groundmass in an Efremovka chondrule are
extremely enriched in FeO (Foysa;). Fine-grained olivines in altered groundmass in
Vigarano chondrules have a similar compositional range (Fos;«) to those in Allende
(Fose.70). Olivines replacing low-Ca pyroxenes in Vigarano are enriched in FeO (Fous.
¢s) overlapping the range of compositions in Allende (Fossss) (IKEDA and KIMURA,
1995).

4.2. Pyroxene

Low- and high-Ca pyroxenes in all three reduced CVs are very similar in com-
position (Fig. 3), respectively; low-Ca pyroxenes (Engi.ywFs)s.W0ys.14) occur as phe-
nocrysts, whereas high-Ca pyroxenes (Ens.s:Fso.oWo06.45) occur as phenocrysts and as
elongated laths in primary and altered groundmasses. The compositions of these pyrox-
enes resemble those in Allende (Engs.Fsy7Woqs.14 and EnsassFso2Wois.ss), respectively.
Hedenbergite (Eny.,Fs,2,W046.49) Which occurs as small grains only in altered ground-
masses in Efremovka and Vigarano, is similar in composition to hedenbergites in
Allende (KIMURA and IKEDA, 1995).
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Table 1. Representative compositions of phases in chondrules (wt%).

Phase  Chondrite Occurrence Si0, TiO, ALO; Cr0; FeO NiO MnO MgO CaO Na,0 KO PO; SO, Cl Total Fo Wo/An En/Ab Fs/Or
Olivine Leoville  Phenocryst core 4338 000 005 0.15 058 000 000 5571 040 0.00 0.00 0.00 0.00 0.00 100.27 99.4

Olivine Leoville  Phenocryst rim 40.72 000 000 0.18 6.17 0.04 028 5205 020 0.00 0.00 0.00 0.00 0.01 99.65 93.8

Olivine Efremovka Phenocryst core 4254 014 000 024 046 0.00 0.00 5548 0.51 0.00 0.00 0.00 0.00 0.00 99.37 99.5

Olivine  Efremovka Phenocryst rim 40.86  b.d. bd. 029 1098 0.09 0.16 4737 024 0.09 bd. bd bd bd 100.13 885

Olivine  Efremovka Phenocryst core 3434  bd. 0.13 0.13 4175 bd. 045 2222 0.08 040 bd. 0.10 bd. bd 99.67 487

Olivine  Efremovka Fine-grain in groundmass 3133 023 066 bd. 5519 bd 042 974 046 027 bd bd. bd bd 9849 239

Olivine  Vigarano  Phenocryst core 42.16  bd. bd. 063 085 bd bd 558 008 bd bd bd bd bd 99.63 99.1

Olivine  Vigarano  Phenocryst rim 36.00 b.d. bd. 0.17 3290 0.1 0.21 3034 0.10 005 bd bd bd bd 9989 622

Olivine  Vigarano Replacing low-Ca pyroxene 3578  bd. 033 034 3280 bd. bd 2984 005 bd bd bd bd bd 9924 619

Olivine  Vigarano  Fine-grain in groundmass 3526  bd. 007 0.13 36.12 bd. 0.10 2672 028 bd. bd bd bd bd 9874 569

Lpx Leoville  Phenocryst 58.86  0.11 127 046 092 bd bd 3756 038 bd bd bd bd bd 99.62 07 979 14
Lpx Efremovka Phenocryst 59.19 007 0.69 075 050 bd 019 3808 043 bd bd bd bd bd 9997 08 985 0.7
Lpx Vigarano  Phenocryst 58.06 0.12 076 059 0.66 bd. bd 3639 290 bd. bd bd bd bd 9955 54 937 10
Hpx Leoville  Lath in groundmass 5220 097 248 278 208 bd. 276 21.67 14.10 bd. bd. bd. bd bd 9921 308 657 35
Hpx Efremovka Phenocryst 50.16 103 692 162 0.68 bd 040 1851 1991 031 bd. 005 bd bd 99.68 43.1 558 1.1
Hpx Vigarano  Phenocryst 5483 058 1.82 030 033 0.11 bd 2440 1664 006 bd. bd bd bd 99.11 327 668 05
Hpx Vigarano  Fine-grain in groundmass 4599  0.57 1.68 030 2279 bd. bd 285 2056 bd. bd bd bd bd 9482 486 94 420
Pla Leoville  Anhedral grain in groundmass 45.02 bd. 3432 bd. 066 0.1 bd 008 1768 0.8! bd bd bd bd 98.68 924 76 00
Pla Efremovka Anhedral grain in groundmass 4534  bd. 3388 bd. 053 0.1 bd. 024 1784 135 bd. bd bd bd 9943 879 120 0.1
Pla Vigarano  Anhedral grain in groundmass 42.91 bd. 3532 bd. 0.15 bd. bd. 039 1966 054 bd. 009 bd bd 99.09 95.3 47 00
Nep Efremovka Fine-grain in groundmass 4512 bd. 3461 0.1 063 bd bd 063 160 1698 0.19 0.15 bd bd. 100.12

Nep Vigarano  Fine-grain in groundmass 4367 005 3334 bd 067 bd bd 008 067 1899 164 bd bd bd 99.14

Nep Vigarano  Lamella in plagioclase 4204 bd. 3478 011 045 0.15 009 020 bd 2166 bd. 023 bd bd 9972

Sodalite Vigarano  Fine-grain in groundmass 3880 bd. 3024 0.17 073 bd. bd. 030 124 21.20 0.05 bd bd 620 97.84

Cry gm Leoville  Groundmass 5006  0.10 2295 bd. 260 0.10 bd. 363 1623 332 016 bd bd bd 99.15

Crygm Efremovka Groundmass 5217 0.65 1835 048 0.88 bd. 0.16 1032 1423 246 bd bd. bd 006 99.89

Cry gm  Vigarano  Groundmass 51.02 036 2043 063 146 bd 009 11.54 11.03 3.65 021 bd bd bd 10043

Altgm  Efremovka Groundmass 41.49 bd. 1699 bd. 2067 bd 015 644 480 631 030 bd bd 067 97.74

Altgm  Vigarano Groundmass 4459 013 2385 bd. 640 bd 008 8.17 802 822 bd bd 0.14 1.50 100.82

Silica Leoville  Fine-grain in plagioclase 9460 bd. 1.08 bd. 146 bd. bd 015 025 021 bd bd bd bd 9783

Pla-Nep™ Leoville  Groundmass 44.19 bd. 33.63 bd. 198 na. bd 088 1397 460 bd. na na na 9928

Pla-Nep” Vigarano Groundmass 4392 005 3420 bd. 039 na bd 136 1815 195 bd. na na na 100.07

Magnetite Vigarano  Spherule in groundmass b.d. b.d. 127 125 89.13 bd. bd 012 005 bd bd. bd bd bd 9185

Lpx: low-Ca pyroxene. Hpx: high-Ca pyroxene. Pla: plagioclase, Nep: nepheline. Cry gm: cryptocrystalline groundmass. Alt gm: altered groundmass.
b.d.: below detection, 0.03 for SiO,, Al,0s, Ca0, 0.04 for TiO,, Na,0, K,0, P.Os and Cl, 0.08 for NiO and MnO, and 0.10 for Cr,O, and SO-.

“: analyzed by defocused beam (n.a.: not analyzed)
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Olivine in Chondrules
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Fig. 2. Histograms of Mg/(Mg+ Fe) atomic ratios (mg ratios) of olivines in magnesian chondrules in
reduced CV chondrites, compared with those in Allende (IkepA and KiMURA, 1995). Olivine com-
positions are plotted in four occurrence types, i.e., fine grains in groundmass, fine grains replac-
ing low-Ca pyroxene, and core and rim of phenocryst. The arrows show the compositional ranges
of coexisting pyroxenes. The diagrams contain the data from 7 chondrules in Leoville, 12 in
Efremovka, 9 in Vigarano and 11 in Allende.

4.3. Groundmass phases

Plagioclase is similar to one another in composition in reduced and oxidized CVs:
Ang.e in Efremovka, Ang. in Leoville, Ane.os in Vigarano, and Anse. o in Allende
(KiIMURA and IKEDA, 1995). K-feldspar components are below 0.8 mol% in all pla-
gioclase compositions determined.

Cryptocrystalline and altered groundmasses are similar in composition in the
reduced CVs, although Leoville does not contain altered groundmass. Primary cryp-
tocrystalline groundmass contains higher SiO, (45.1-55.0 wt%) and CaO (8.1-17.0%)
and lower FeO (0.5-4.3%), Na,O (1.4-4.9%) and CI (below detection, <0.07%) than
altered groundmass (34.1-47.7% Si0O,, 0.3-11.9% CaO, 0.6-20.7 % FeO, 6.1-21.2%
Na,O and 0.0-6.2% Cl). Primary cryptocrystalline groundmass is enriched in norma-
tive anorthite and diopside, whereas altered groundmass contains abundant normative
nepheline and/or sodalite (Fig. 4). The chemical compositions of primary and altered
groundmasses are the same as those in Allende (KIMURA and IKEDA, 1995).

Nephelines replacing primary groundmass usually contain <2.6 wt% CaO and
<1.6% K,O. On the other hand, nepheline lamellae in plagioclase are nearly stoi-
chiometric with <0.5% CaO and <0.1% K,O.
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Fig. 3. Plot of atomic Ca-Mg-Fe ratio for pyroxene in chondrules in reduced CV chondrites.
Hedenbergites occur as fine grains in altered groundmasses in Efremovka and Vigarano chon-

drules.
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Fig. 4. Plot of atomic Al-(Na+ K)-Ca ratio for primary cryptocrystalline (open symbols) and altered
groundmass (filled symbols). Note that primary groundmass is enriched in anorthite component.
On the other hand, altered groundmass is depleted in SiO, (Table 1) and enriched in nepheline
component. An, Ne, Ab, Sd and Di are anorthite, nepheline, albite, sodalite and diopside, respec-
tively.
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5. Discussion

5.1. Anhydrous alteration in reduced CV chondrites

IKEDA and KIMURA (1995), and KiMURA and IKEDA (1995) pointed out three
processes as secondary anhydrous alterations of chondrules: replacement of primary
groundmass by nepheline and/or sodalite (alkali-Ca exchange reaction), replacement
of low-Ca pyroxene by ferroan olivine, and secondary olivine zonation.

The replacement texture of primary groundmass is noticed in many chondrules
in Vigarano and a few in Efremovka. Hedenbergite, which is common in altered
groundmasses in Allende, occurs in altered groundmasses in both chondrites. The
replacement of low-Ca pyroxene is observed only in Vigarano chondrules.

Olivine phenocrysts in reduced CVs usually show normal zoning, although the
degree of zoning varies. On the other hand, all coexisting pyroxenes remain magne-
sian and have nearly constant mg ratios (Fig. 2). This suggests that the ferroan olivine
was secondary, as pointed out by IKEDA and KiMURA (1995).

In summary, secondary phases in reduced CVs are similar in occurrence, miner-
al assemblage and composition to those in oxidized CVs. This suggests that similar
alteration mechanisms took place in both subgroups.

Nepheline lamellae often occur in plagioclase in the reduced CVs studied here.
Bulk compositions of grains consisting of plagioclase and nepheline lamellae (Table
1) imply that they contain about 10-30 mol% nepheline. MACPHERSON and Davis
(1993) also reported the presence of nepheline lamellae in anorthite in a type B Ca-
Al-rich inclusion in Vigarano, and suggested that they formed either by exsolution
from plagioclase or secondary alteration. Although the solubility of nepheline in anor-
thite has not been determined, we suspect that a nepheline component can abundant-
ly solve into anorthite at higher temperatures. If the nepheline formed by secondary
alteration, it appears that the alkali-Ca exchange reaction started to take place in
Leoville as well as Efremovka and Vigarano.

5.2. Comparison of reaction degrees between CV chondrites

IKEDA and KIMURA (1995) defined the overall degree of anhydrous alteration in
individual chondrules, based on the area percentages of altered groundmass and
replacement of low-Ca pyroxene, and the abundance ratio of ferroan rim to magne-
sian core of zoned olivine compared with coexisting pyroxene. The degrees are grouped
into the following three categories: Slight (0-5%), Moderate (5-50%), and Intense
(50-100%). All these types of alteration are observed in every Allende chondrule,
although the degree of alteration based on olivine zonation is higher than the others
in each chondrule.

These categories are also used for reduced CVs (Table 2). The degrees of ground-
mass and pyroxene replacement are lower in Leoville and Efremovka than in Vigarano
and Allende. The degree of olivine zonation increases in the order of Leoville <
Efremovka <Vigarano <Allende. The overall degree of chondrule alteration increases
in the order of Leoville <Efremovka <Vigarano < Allende. Thus, alteration took place
in reduced CVs to varying degrees, with the degree of alteration are lower in reduced
CVs than in Allende.
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Table 2. Degrees of anhydrous alterations in chondrules.

Chondrite Chondrule No. Groundmass Low-Ca pyroxene Secondary olivine Overall degree

alteration replacement zoning
Leoville 1,2,3,6,8 Slight Slight Moderate Slightly
4,9 Slight Slight Slight Slightly
Efremovka ] Slight (No low-Ca px) Moderate Slightly
2,3,4,6,7 Slight Slight Moderate Slightly
5 12 Slight Slight Slight Slightly
8 Slight Slight Intense Slightly
9 Slight (No low-Ca px) Intense Slightly
10 Slight (No low-Ca px) No Slightly
13 Slight (No low-Ca px) Moderate Slightly
14 Slight (No low-Ca px) Slight Slightly
Vigarano 1 Moderate Moderate Intense Slightly
2 Slight Slight Moderate Slightly
3 Slight Slight Moderate Slightly
5,8 Intense Moderate Intense Moderately
6 Slight Slight Moderate Slightly
9 Slight Moderate Moderate Slightly
10 Intense Intense Intense Highly
11 Slight Slight Slight Slightly

Degrees: Slight 0-5%, Moderate 5-50%, Intense 50%<.

Table 3.  Comparison of alteration features in chondrules in CV chondrites.

Reduced subgroup Oxidized subgroup
Leoville Efremovka Vigarano Allende®
Magnetite / 2
(magnetite + kamacite)" ~0 ~0 0.1-0.3(1)” ~1
Groundmass alteration S S S-1 S-1
Low-Ca pyroxene
replacement S S S-1 S-1
Secondary olivine S-M S—1 S—1 M-I
zonation

1) Volume ratio.

2) One highly altered chondrule contains only troilite and magnetite.
3) After IKEDA and KIMURA (1995).

S: Slight, M: Moderate, I: Intense (after IKEDA and KIMURA, 1995).

Table 3 summarizes the alteration features of chondrules in reduced CVs and
Allende. It also shows the distribution of Fe as abundance ratios of magnetite and
kamacite in these chondrules, although the ratio does not exactly reflect the redox con-
ditions. Chondrules in Leoville and Efremovka studied here appear not to contain mag-
netite. Most Vigarano chondrules contain kamacite with minor amounts of magnetite,
and one highly altered chondrule contains only magnetite. On the other hand, Allende
chondrules hardly contain kamacite, except as rare occurrences in olivine phenocrysts.
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From Table 3, we notice that the degrees of anhydrous alteration of chondrules are
well correlated with the abundance of magnetite. Thus, chondrules in Allende are
extensively subjected to both alteration and oxidation processes, whereas those in
Leoville and Efremovka were hardly subjected to either. Chondrules in Vigarano are
intermediate between those in Allende and Leoville. It seems that characteristic fea-
tures of chondrule alteration gradually change between reduced and oxidized subgroups
of CV chondrites.

Mineralogy, chemistry and occurrence of primary phases in chondrules, such as
magnesian olivine, pyroxene, plagioclase and cryptocrystalline groundmass, are the
same in the oxidized and reduced subgroups. Thus, the differences between the two
subgroups may have been caused only by the degree of secondary alteration and oxi-
dation of Fe. Palme and Wark (1988) also suggested that the major difference between
both subgroups is the extent of gas-solid reactions on the basis of volatile element
abundances.

5.3. Location of alteration reactions

The problem of when the alterations observed here took place, before or after
accretion to the parent body of CV chondrites is very controversial. KoiiMA et al.
(1993) and KoJsMA and TOMEOKA (1996) showed that some dark inclusions in Vigarano
and Allende experienced hydration and/or dehydration on the parent body. Because of
the similarity in mineralogy between dark inclusions and CV hosts, KROT et al. (1995)
speculated that all alteration in CVs took place on the parent body through dehydra-
tion after hydration. However, altered chondrules studied here show textures unrelat-
ed to either hydration or dehydration, in contrast to dark inclusions. For example,
fibrous morphology of olivine and vein structure, that are observed in some dark inclu-
sions (KosiMA and TOMEOKA, 1996), are not encountered in the reduced CV chon-
drules studied here. Primary groundmasses, which are the most susceptible to alter-
ation among the constituents in chondrules (TOMEOKA and KoJsimA, 1995), are direct-
ly in contact with the matrices in Allende (KIMURA and IKEDA, 1996) and reduced CV
chondrites. In the CVs studied here, some phenocrystic olivines in chondrules and
some isolated olivines hardly show zoning toward the matrix. All these observations
indicate that the alterations observed here took place prior to the final consolidation
with the matrix and the metamorphism in the CV parent body.

6. Summary

(1) Anhydrous alteration resulting in secondary olivine zonation, replacement of low-
Ca pyroxene and replacement of primary groundmass, took place in reduced CV
as well as oxidized CV chondrites. Even reduced CVs do not completely preserve
their primary features.

(2) The degrees of alteration for reduced CV chondrites are lower than that of Allende,
and vary in reduced CVs. The degree increases in the order of Leoville <
Efremovka <Vigarano <Allende.

(3) The differences between CV chondrites of oxidized and reduced subgroups are
determined by the degrees of secondary alteration and oxidation of Fe.
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(4) It is probable that the alteration took place prior to the final consolidation with the
matrix in the CV parent body.

Acknowledgmenfs

We thank Dr. R. HutcHisoN and Dr. H. KonMma for loaning thin sections of
Efremovka, Vigarano and Leoville. We also thank Dr. R. H. JONES and an anonymous
referee for constructive reviews. This study has been supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science and Culture (to M.
KIMURA).

References

IKEDA, Y. and KIMURA, M. (1995): Anhydrous alteration of Allende chondrules in the solar nebula I:
Description and alteration of chondrules with known oxygen-isotopic components. Proc. NIPR
Symp. Antarct. Meteorites, 8, 97-122.

IKEDA, Y. and KIMURA, M. (1996): Anhydrous alteration of Allende chondrules in the solar nebula III:
Alkali-zoned chondrules and heating experiments for anhydrous alteration. Proc. NIPR Symp.
Antarct. Meteorites, 9, 51-68.

KiMurA, M. and IKEDA, Y. (1995): Anhydrous alteration of Allende chondrules in the solar nebula II:
Alkali-Ca exchange reactions and formation of nepheline, sodalite and Ca-rich phases in chon-
drules. Proc. NIPR Symp. Antarct. Meteorites, 8, 123-138.

KiMURA, M. and IKEDA, Y. (1996): Comparative study on alteration processes of chondrules in oxidized
and reduced CV3 chondrites. Meteorit. Planet. Sci., 31, Suppl., A70-A71.

KiMura, M., NoGucHl, T., LIN, Y. and WANG, D. (1997): Petrology and mineralogy of an unusual
Ningqiang carbonaceous chondrite. Geochemical Studies on Synthetic and Natural Rock Systems,
ed by A. K. GupTaA et al. New Delhi, Allied Publ., 153-165.

Koima, T. and ToMEOKA, K. (1996): Indicators of aqueous alteration and thermal metamorphism on the
CV parent body: Microtextures of a dark inclusion from Allende. Geochim. Cosmochim. Acta,
60, 2651-2666.

Kosma, T., TOMEOKA, K. and TAKEDA, H. (1993): Unusual dark clasts in the Vigarano CV3 carbonaceous
chondrite: Record of parent body process. Meteoritics, 28, 649-658.

Krort, A. N., Scotr, E. R. D. and ZoLENsKY, M. E. (1995): Mineralogical and chemical modification of
components in CV3 chondrites: Nebular or asteroidal processing? Meteoritics, 30, 748-775.

MACPHERSON, G. J. and Davis, A. M. (1993): A petrologic and ion microprobe study of a Vigarano Type
B refractory inclusion: Evolution by multiple stages of alteration and melting. Geochim.
Cosmochim. Acta, §7, 231-243.

McSWwEEN, H. Y., Jr. (1977): Petrographic variations among carbonaceous chondrites of the Vigarano type.
Geochim. Cosmochim. Acta, 41, 1777-1790.

Murakami, T. and IKEDA, Y. (1994): Petrology and mineralogy of the Yamato-86751 CV3 chondrite.
Meteoritics, 29, 397-409.

PALME, H. and WARK, D. A. (1988): CV-chondrites: High temperature gas-solid equilibrium vs. parent
body metamorphism. Lunar and Planetary Science XIX. Houston, Lunar Planet. Inst., 897-898.

Scorr, E. R. D., Kew, K. and STOFFLER, D. (1992): Shock metamorphism of carbonaceous chondrites.
Geochim. Cosmochim. Acta, 56, 4281-4293.

ToMEOKA, K. and Koima, T. (1995): Experimental aqueous alteration of the Allende CV3 chondrite.
Meteoritics, 30, 588-589.

WEISBERG, M. K., PRINZ, M., ZoLENSKY, M. E., CLAYTON, R. N, MAYEDA, T. K. and EBIHARA, M. (1996):
Ningqgiang and its relationship to oxidized CV3 chondrites. Meteorit. Planet. Sci., 31, Suppl.,
150-151.

(Received October 7, 1996, Revised manuscript accepted December 5, 1996)



