PETROLOGICAL STUDIES OF THE YAMATO METEORITES
PART 2. PETROLOGY OF THE YAMATO METEORITES

Akihiko Okapa*, Kenzo Yacr** and Makoto SHIMA*

Abstract : The result of the mineralogical and petrological studies of the Yamato
(a), Yamato (b), Yamato (c), Yamato (d) and Yamato (g) meteorites is summarized
as follows. The Yamato (a) meteorite is distinctly chondritic, and belongs to
enstatite chondrite. This meteorite is metal- and sulfide-rich, and its silicate phase
is composed mainly of nearly pure enstatite and clinoenstatite. The peculiar
mineral composition shows that this meteorite was formed under an extremely
reducing condition. The morphology and petrography of chondrules in the Yamato
(a) meteorite suggest that they were formed by rapid quenching of liquid droplets.
The Yamato (b) meteorite is nearly monomineralic consisting of bronzite, without
chondrule. According to Prior’s (1920) classification, the Yamato (b) meteorite
belongs to hypersthene achondrite in calcium-poor achondrites. The Yamato (c)
meteorite is chondritic, and is composed mainly of olivine with a fair amount of
magnetite. This meteorite belongs to type III carbonaceous chondrite, and may
have experienced an oxidative environment. The Yamato (d) meteorite is composed
mainly of olivine, bronzite, nickel-iron and troilite, and belongs to olivine-bronzite
chondrite. The Yamato (g) meteorite consists of olivine, bronzite and nickel-iron,
and is referred to olivine-bronzite chondrite.

1. Classification of the Yamato Meteorites

In the light of the mineralogical descriptions given in Part I, all the samples
of the Yamato meteorites are assigned to stony meteorites. Microscopic observa-
tions of their structures reveal that the Yamato (a), Yamato (c), Yamato (d) and
Yamato (g) meteorites are chondrites, and the Yamato (b) meteorite is achondrite.

Yamato (a) meteorite: The Yamato (a) meteorite is chondrite with unique
mineralogical features. Its silicate phases are composed mainly of nearly pure
enstatite and clinoenstatite, and the occurrence of niningerite, daubreelite, graph-
ite and Si-bearing kamacite directly shows that this meteorite is enstatite chondrite
which was formed under an extremely reduced condition. In enstatite chondrite,
it is notable that even the lithophillic elements such as Ca, Mg, Cr, Mn and Ti
show chalcophillic property (ALLEN and MAsoN, 1973). They are present forming
or entering into sulfide minerals such as oldhamite (CaS), niningerite (Mg, Fe,
Mn, Ca, Cr)S), ferroan alabandite ((Mn, Fe)S), daubreelit (FeCr,S,) and Ti-bearing
troilite (KEiL, 1968). -
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** Department of Geology and Mineralogy, Faculty of Science, Hokkaido University, Sapporo.
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Fig. 1. Urey-Craig diagram (modified version of the diagram by REID
and FREDRIKSSON, 1967). (a), (c) and (d) indicate the Yamato
(a), (c) and (d) meteorites, respectively.
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Fig. 2. Plot of metallic Feltotal Fe versus total FelSi0, in wt. % (modified version of
the diagram by VAN ScHmus and Woobp, 1967). (a), (c) and (d) indicate
the Yamato (a), (c) and (d) meteorites, respectively.
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The presence of Si-bearing nickel-iron in enstatite chondrite was first detected
by Prior (1916), and later investigated by Rincgwoobp (1960), KEiL and ANDERSEN
(1965), and KEeIL (1968).

Urey-Craig diagram in Fig. 1 distinctly shows that the Yamato (a) meteorite
belongs to the enstatite chondrite group, and the same result by VAN Scamus and
Woob (1967) is shown in Fig. 2. These results should be ascribed to the chemical
nature of enstatite chondrites where most of iron is present in the metallic and sul-
fide forms, and oxidized iron is extremely low in content. REED et al. (1960)
showed that several trace clements, especially bismuth, lead and thallium, are
highly concentrated in enstatite chondrites compared with ordinary chondrites.
The contents of bismuth, lead and thallium of the Yamato (a) meteorite are
0.280, 2.240 and 0.240 ppm, respectively (HINTENBERGER et al., 1973). According
to REED et al. (1960), Abee meteorite has 2.56 ppm Pb and 0.125 ppm TI, and
Indarch meteorite has 0.08 ppm Bi, 4.20 ppm Pb and 0.084 ppm TIl. These en-
statite chondrites, including the Yamato (a) meteorite, have remarkably high Bi,
Pb and TI contents in comparison with their average compositions in ordinary
chondrites, having 0.003 ppm Bi, 0.15 ppm Pb and 0.0004 ppm TI.

Mason (1966) investigated 15 enstatite chondrites, and proposed to divide
them into two subgroups by their mineralogy and structures. One of the sub-
groups is the iron-rich enstatite chondrite, represented by Adhi Kot, Indarch and
Saint Sauveur meteorites. It is chondritic and fine-grained, and its silicate phases
are composed mainly of clinoenstatite (sometimes with a subordinate amount of
enstatite) and silica minerals. The other subgroup is thc iron-poor enstatite
chondrite, represented by St. Marks meteorite. It is coarse-grained and poorly
chondritic or non-chondritic. Its silicate phases are composed mainly of enstatite
and plagioclase (oligoclase). These subgroups correspond to type I (unrecrystallized
enstatite chondrite) and type II (recrystallized enstatite chondrite) of ANDERs (1964).

KeiL (1968) divided enstatite chondrites into three subgroups, type I, inter-
mediate type, and type II. The intermediate type was defined as a transitional
group between type I and type II. According to KEeiL (1968), these subgroups
correspond respectively to E4, E5 and E6 of the chemical and petrologic types
by Van Scamus and Woob (1967). The structural differences among these sub-
groups are correlated to the mineral compositions and chemical compositions of
minerals. Table 1 shows the minerals found in each type of the enstatite chon-
drite and the Yamato (a) meteorite. It is especially notable that olivine is present
only in the unrecrystallized enstatite chondrite (type I). Cristobalite occurs in
the relatively unrecrystallized chondrites in comparison with other silica poly-
morphs, quartz and tridymite. Niningerite also occurs in such chondrites. It is
suggested that the Yamato (a) meteorite can be assigned to the unrecrystallized
enstatite chondrite (type I), judging from its distinct chondritic structure shown in
Fig. 3 of Part 1 and its mineralogy in Table 1. On the other hand, the chemical
compositions of individual minerals show slight differences corresponding to the
meteorite types. Pyroxene of the Yamato (a) meteorite has a nearly similar
tendency to that of type I enstatite chondrites in regard to minor constituents,
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Table 1. Mineral constituents of the enstatite chondrites* and the Yamato (a) meteorite.

Type 1 Intermediate Type II Yamato (a)
Clinoenstatite + 1 + + +
Enstatite + | + + +
Olivine + +
Albite 5 + +
Oligoclase . +
Q uartz + +
Tridymite + +
Cristobalite + + +
Sinoite +
Roedderite —+
Kamacite + + + +
Taenite + +
Gold ‘ | +
Copper | +
Troilite } + + ;, + +
Daubreelite | + + ’ + . +
Oldhamite l + + z + j (4)**
Ferroan alabandite | +
Niningerite i + + | +
Sphalerite | + + + (+)**
Djerfisherite i + +
Schreibersite | + + + | +
Perryite | + + : +
Cohenite 3 + + + ‘
Lawrencite ‘1 +
* Referred to KemL (1968).
*¥* Probably present.
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Fig. 3. Plot of CaO (wt. &) versus FeO[(FeO+ MgO) (mole %) for
achondrites (modified version of the diagram by Mason, 1962a).
CaO-poor achondrites and CaO-rich ones are distinguishable.
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especially FeO and MnO. Ferroan alabandite, (Fe, Mn)S (KEeIL, 1968), and sinoite,
Si,N;O (ANDERSEN et al., 1964), characteristic of recrystallized enstatite chondrites
(type II) could not be found in the Yamato (a) meteorite.

Yamato (b) meteorite: The Yamato (b) meteorite lacks chondrules in its
entire mass, its structure closely resembling that of terrestrial rocks. These fea-
tures are characteristic of achondrites. Prior’s (1920) classification of achondrites
is primarily based on their calcium contents, that is, the calcium-poor achon-
drites are 0-3 wt. % in CaO and the calcium-rich ones are 5-25 wt. % in CaO.
The Yamato (b) meteorite belongs to the calcium-poor achondrite because of
1.2]1 wt. % CaO in its bulk chemical composition. The subgroups of achondrits
are best illustrated by plotting CaO content (wt. %) versus FeO/(FeO+MgO)
(mole ratio) as shown in Fig. 3. The result shows that the Yamato (b) meteorite
is hyperthene achondrite of Prior (1920). From the mineralogical standpoint
also, this meteorite can belong to the same subgroup, because more than 90 vol.
% of its main mass is occupied by bronzite (En,,Fs,;). The Yamato (b) meteorite
also agrees with the bronzite achondrite of KeiL (1969) who proposed the name
after the mineralogical term of the corresponding orthopyroxene. Mason (1963),
investigating 8 hypersthene achondrites, showed that the orthopyroxenes of this
kind of meteorites ranged from 25 to 27% Fs in molar composition, and that the
exsolution lamellae of clinopyroxene, probably diopside, were present in the or-
thopyroxene of several hypersthene achondrites. Though bronzite of the Yamato
(b) meteorite has no exsolution lamellae, independent clinopyroxene grains which
are probably diopside are present in a minor amount. Olivine, a very rare
mineral in hypersthene achondrites, is not present in the Yamato (b) meteorite.
The Yamato (b) meteorite does not show a brecciated structure which is common
in hypersthene achondrites and enstatite achondrites (Mason, 1962a, 1963).

Yamato (c¢) meteorite: The Yamato (c) meteorite is chondritic, and its dark-
colored matrix and strongly magnetic property are due to the presence of a fair
amount of magnetite.

Fig. 1 and Fig. 2 show that the Yamato (c) meteorite belongs to carbonaceous
chondrite, with an extremely low content of metallic iron and rich oxidized iron.
Carbonaceous chondrites are quite distinct from other meteorites on account of
the presence of organic matter and hydrous minerals in the formers. Wik (1956)
divided carbonaceous chondrites into three subtypes on the basis of chemical com-
positions. The average contents of carbon, sulfur and H,O systematically decrease
from type I through type II to type III carbonaceous chondrites. These chemical
differences are correlated to the mineralogical compositions and structures of the
respective types. Type I carbonaceous chondrites have no chondrule and are com-
posed predominantly of amorphous hydrous magnesium silicates with subordinate
amounts of magnetite, troilite, native sulfur and sulfate minerals (BosTrRéM and
FRrREDRIKSSON, 1966 ; DUFRESNE and ANDERS, 1962; Mason, 1962b). Type II car-
bonaceous chondrites consist mainly of serpentine or chlorite with subordinate
amounts of olivine, pyroxene, magnetite, and sulfate and sulfide minerals (DUFRESNE
and ANDERS, 1962 ; MasoN, 1962b ; Woob, 1967). The Yamato (c) meteorite is differ-
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ent from either type I or type Il in mineralogy, and belongs to type III consisting
predominantly of olivine and lacking hydrous silicate minerals. Mason (1962a)
placed type III carbonaceous chondrites in the olivine-pigeonite chondrite group
together with non-carbonaceous olivine-pigeonite chondrites. On the other hand,
KeiL and Frebpriksson (1964) and Keir (1969) described them as high-iron low-metal
(HL) group chondrites. The presence of pentlandite is characteristic of the Yamato
(c) meteorite. This mineral is found in chondrites containing magnetite and almost
lacking metallic nickel-iron (Mason, 1962a; Ramponr, 1973). The high content
of total nickel in this meteorite as shown in Table 2 of Part 1 is probably as-
cribed to the presence of pentlandite.

Yamato (d) and Yamato (g) meteorites: Both meteorites are rich in olivine
as shown by their modal compositions (Tables 17 and 18 of Part 1). Orthopy-
roxene, a major mineral next to olivine, is bronzite in the both meteorites. Their
mineralogical features are in good agreement with those of olivine-bronzite
chondrites. Fig. 1, Fig. 2 and Fig. 4 also indicate that the Yamato (d) meteorite
is high-iron group chondrite, that is, olivine-bronzite chondrite.
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Fig. 4. Plot of fayalite content of olivine in mole 94 versus metallic Fe/total
Fe in wt. 9% (modified version of the diagram by VAN ScHMUs and
Weop, 1967). (d) indicates the Yamato (d) meteorite.

2. Petrology of the Yamato Meteorites

2.1. Formation of chondrules
Chondrules are spheroidal and ellipsoidal materials characteristic of chondritic

meteorites. They are generally composed of compact assemblage of minute pyroxene
and olivine crystals, and they are not found in terrestrial rocks. The Yamato (a),
Yamato (c¢), Yamato (d) and Yamato (g) meteorites contain chondrules in their
matrices. The origin of chondrules has been extensively investigated by many
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workers because of their peculiar features that can not be seen in other types
of meteorites except chondrites and in the terrestrial matters. Sorsy (1877) first
proposed that chondrules has been derived from fused silicate droplets. This
theorem is now widely accepted among meteoricists (for example, FREDRIKSSON
and REemp, 1965; Woob, 1963), because of the common spheroidal shape of
chondrules, their mineral compositions consisting mainly of ferromagnesian silicate
minerals, and their internal structures which are similar to those of the quenched
silicate melts.

The Yamato (a) enstatite chondrite is especially chondritic in comparison
with the Yamato (c), Yamato (d) and Yamato (g) meteorites, and some chon-
drules in the Yamato (a) meteorite show several mineralogical features character-
istic of rapidly cooled melts. Glass-bearing chondrules and cryptocrystalline ones
are examples of such case. These facts show that chondrules were formed by
rapid cooling of silicate droplets from high temperature as first pointed out by
SorBy (1877). Fibrously radiating and elongated rod-like crystal growths of olivine
and pyroxene are commonly found in the meteoritic chondrules, and they are
ascribed to rapid crystallization from silicate melts. The Yamato (a) meteorite
is rich in varieties of chondrule types, for example, cryptocrystalline chondrules
(Fig. 6 of Part 1), microporphyritic chondrules composed of enstatite and clino-
enstatite with or without olivine (Fig. 4 of Part 1), microporphyritic olivine
chondrules, fibrously radiating or barred-type enstatite or clinoenstatite chondrules
with or without olivine (Fig. 20 of Part 1) and so on. From the CIPW norms
in Table 9 of Part I, cryptocrystalline chondrules can be considered to be direct
products solidified from a mixed solution approximately composed of orthopyroxene
and olivine with minor amounts of normative albite, sodium metasilicate, diop-
side and ilmenite. The brown-colored grains in Table 9 of Part 1 are the same
kind of materials as cryptocrystalline chondrules.  Although these cryptocrystalline
chondrules and brown-colored grains are present together in a single meteorite,
it is interesting that their chemical and normative compositions vary from
chondrule to chondrule and from grain to grain. Their cryptocrystalline structure
shows that they were suddenly formed at such a fast cooling rate that olivine
and pyroxene could not be crystallized out. Fibrous radiating and barred-type
pyroxene chondrules are also produced by rapid quenching. Olivine in these
kinds of chondrules is usually crystallized in subhedral forms with a reaction rim
of orthopyroxene (probably enstatite). This fact suggests that the quenching of
droplets took place with the rapid crystal growth of pyroxene after or during the
reaction of early separated olivine with the residual liquid. The micropophyritic
chondrules consisting of euhedral and subhedral olivine and pyroxene grains are
also believed to have been formed by rapid cooling, because they usually have
interstitial glass. The glass is a residual liquid survived the crystallization of
magnesium-rich pyroxene and olivine, and it is consequently enriched with Na,
K, Ca, Al and Si. Some glasses include minute dendritic crystallites which
are often seen in terrestrial volcanic glass. The association of clinoenstatite
and enstatite is usually observed in microporphyritic chondrules of the Yamato
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(a) meteorite. Clinoenstatite which is usually present in polysynthetic twinning
is probably formed by the inversion of protoenstatite, and enstatite is presumably
formed by the inversion of clinoenstatite (Boyp and EncranDp, 1965). The vary-
ing quantity of pyroxene and olivine grains from one chondrule to another shows
that the composition of the original liquid varied from droplet to droplet. The
various morphologies of silicate chondrules have features in common with the
crystallization of supercooled metallic droplets (FEHLING and ScHEIL, 1962 ; BLANDER
and ABDEL-GawaD, 1969). The cryptocrystalline chondrules were probably formed
from an extremely supercooled melt below the solidus temperature, indicating
that the chemical composition of the crystallized solid phase directly corresponds
to that of the original molten droplet, and that the solid phase is composed
mainly of cryptocrystalline aggregate of olivine and pyroxene. The barred-type
and radiating chondrules may have solidified from a relatively supercooled melt.
Microporphyritic chondrules may have been originated from a little supercooled
or nearly equilibrated state, and euhedral crystals crystallized from the melt.
The Yamato (a) meteorite has an iron chondrule (Fig. 10 of Part 1) and a
chondrule-like aggregate of kamacite, schreibersite, troilite and niningerite (Fig.
14 of Part 1). The Yamato (c) meteorite contains a few chondrule-like aggre-
gates of magnetite, pentlandite and troilite (Fig. 41 of Part 1). Above all, the
peculiar form of the iron chondrule in the Yamato (a) meteorite which consists
of elongated, rod-like nickel-iron interstitially associated with plagioclase and
clinopyroxene, suggests that the chondrule was formed by rapid cooling of a
fused droplet of silicate-bearing metallic-iron. The granular chondrules composed
of olivine grains in the Yamato (¢) usually include minute opaque spheroids of
magnetite, pentlandite and troilite (Fig. 38 of Part 1). A similar feature was
often noticed in carbonaceous chondrites (Woopb, 1967). This is probably due
to collision between metal droplets and silicate ones during the formation of
chondrules. For example, the Yamato (c) meteorite has an olivine chondrule
which encountered an opaque chondrule as shown in Fig. 42. The coexistence
of silicate chondrules and metallic chondrules in a single meteorite, as seen in
the Yamato (a) and Yamato (c) meteorites, may suggest that metals and silicates
in the parent material of chondrules were already fractionated to the formative
stage of the original liquid droplets. Judging from the occurrence of manifoldly
encountered chondrules in the Yamato (a) and Yamato (c¢) meteorites and abun-
dant broken chondrules and chondrule fragments especially seen in Yamato (a),
it is believed that the process of chondrule formation is due to a mechanism
that produces a large quantity of droplets enough for frequent collisions with one
another. Besides, varying chemical compositions of chondrules suggest that the
parent materials of chondrules are probably heterogeneous in their chemical
compositions.

2.2.  Metamorphism in the Yamato meteorites
Meteorites frequently show various metamorphic textures originated from
mechanical and thermal effects that the meteorites experienced after their forma-
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tion (for example, LipscHuTz and ANDERs, 1961 ; MARINGER and MANNING, 1962 ;
R amponr, 1963, 1973).

In the Yamato meteorites, olivine grains of all samples, except Yamato (b)
lacking in olivine, exhibit more or less distinct undulatory extinction. Pyroxene
and plagioclase in these meteorites show the same tendency. Partial melting of
silicate phases is observed in both chondrules and matrices. One of the examples
is the sheared and folded chondrule in the Yamato (a) meteorite, and the oc-
currence of minute droplets is observed as shown in Fig. 11 and Fig. 12 of Part 1.
This peculiar feature is an exceptional structure that can not be found in other
chondrules of Yamato (a), suggesting that only this chondrule experienced such
strong stress before or during agglomeration. In the Yamato (d) meteorite,
droplet-like silicate aggregates are observed around the phenocrystic olivine and
pyroxene grains in the locally brecciated parts of the meteorite (Fig. 54 of Part
1). The same feature is found also in the matrix of the Yamato (g) meteorite.
The silicate droplets fill the interstices of the olivine and pyroxene grains. The
Yamato (g) meteorite contains some orthopyroxene grains associated with a kink
band and clinopyroxene lamellae (Fig. 66 of Part 1). A kink band is frequently
observed in highly strained minerals. A similar feature of orthopyroxene was
found in enstatite of the Cumberland Falls, Norton County and Pena Blanca
Spring enstatite achondrites (REID and ConEN, 1967). In these meteorites, kink
bands in enstatite are composed of clinoenstatite which was formed by the stress-
induced inversion from host enstatite. In the Yamato (g) meteorite, the kink
band in the bronzite grain is formed by local deformation of the grain, and
wedge-shaped lamellae of clinopyroxene develop along the kink band. The
lamellae were probably produced by stress-induced deformation. Globules of
fused metallic nickel-iron and troilite, associated with the partially melted silicate
phase, are frequently found in stony meteorites (Fisa et al., 1960; RAMDOHR,
1963, 1973). They are also present in the Yamato (a), Yamato (d) and Yamato
(g) meteorites. In the Yamato (a) meteorite, the globules are metallic nickel-iron
(probably kamacite) and troilite, and their aggregates (Fig. 16 of Part 1); and the
globules occur dispersed in the partially fused silicate phase. The globules are
associated with myrmekitic intergrowth of troilite and metallic nickel-iron, and
locally occur in discontinuous, thin veins extending from end to end of the
meteorite section. Patches of fused silicate and fused silicate droplets are locally
present in the myrmekitic veins. It is conspicuous that kamacite and troilite
grains along the veins are fractured and broken into pieces.

In the Yamato (d) meteorite, troilite globules are collectively present in the
interstices of the silicate grains in some parts of the meteorite (Fig. 51 of Part 1).
In the Yamato (g) meteorite, thin opaque veins are observed to penetrate silicate
grains and chondrules, and that minute opaque globules are scattered along the veins
which are in contact with the slightly dark-colored silicate phase showing partial
melting in appearance (Fig. 67 of Part 1). The mineral species of globules and
veins could not be defined in the transmitted light. However, their occurrence
is closely analogous to that of globules in the Yamato (a) and Yamato (d) meteor-
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ites. It is suposed that these globular textures of opaque minerals were formed
by local heating. These fused textures of opaque minerals in the Yamato (a),
Yamato (d) and Yamato (g) meteorites are closely related to the mechanically
induced phenomena probably by shock effect. However, the situation is different
in the Yamato (¢) and Yamato (b) meteorites. In the case of the Yamato (c)
meteorite, the undulatory extinction of olivine is less distinct, and the melting
phenomena and shock-induced veins are not found in the entire mass. However,
the occurrence of a few orthopyroxene grains which were mechanically bent or
sheared is conspicuous as shown in Fig. 45 of Part 1. The extremely deformed
feature of orthopyroxene grains is in contrast to the less undulated extinction of
olivine grains. A possible reason is that pyroxene crystals of elongated form
were easily subjected to the mechanical deformation in the stage of the agglom-
eration of chondrite, because carbonaceous chondrite is characteristic of a
mechanical mixture of minerals which were formed at different localities. Accord-
ing to Mason (1962a, 1963), most of hypersthene achondrites show a brecciated
structure usually consisting of large bronzite crystals embedded in the matrix of
finely fragmented bronzite grains. MasoN (1963) suggested that the fragmented
structure was formed under a considerable pressure in the agglomeration. The
Yamato (b) meteorite as well as the Tatahouine bronzite achondrite (MASsON,
1963) has not undergone so strong mechanical process as to yield brecciation,
because of the equigranular structure and less distinct undulatory extinction of
pyroxene. It has been supposed that the possible mechanical processes followed
by shock effects were originated from the collision with the terrestrial surface in
the meteorite fall and the preterrestrial disruption of the parent bodies of meteorite.

Mineralogy and structure of meteorites are considerably influenced by the
so-called shock and pressure effects. Recently, the significance of the thermal
effect on mineralogical and structural properties of chondritic meteorites was
emphasized by Dopp and Van Scamus (1965), Dobp et al. (1967) and Van
Scaumus and Woop (1967). Based on a series of structural and mineralogical
changes seen in chondrites of a single subgroup, these authors considered that
the chondrites with recrystallized texture and equilibrated mineral compositions
were produced from the chondrites with unrecrystallized texture and unequili-
brated mineral compositions by the sequential process of reheating after the
chondrite agglomeration. The degree of metamorphism based on the petro-
graphic features is rather qualitative, but the distribution patterns of iron and
magnesium contents of olivine and calcium-poor pyroxene grains in individual
meteorites can quantitatively show the degree of metamorphism. VAN Scamus
and Woob (1967) constructed a new classification of chondritic meteorites, com-
bining the metamorphic degrees and the chemical groups of chondrites, E, H,
L, LL and C groups. In these chondrite groups, only carbonaceous chondrites
are essentially characteristic of unequilibrated ones, because carbonaceous chon-
drites have a character of a mixture of high-temperature components and
low-temperature components. In comparison with the structural and mineralogi-
cal criteria of VAN Scumus and Woop (1967), the Yamato (a) meteorite is prob-
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ably an unequilibrated chondrite, because of its distinct chondritic structure,
the opaque matrix and the presence of isotropic glass in chondrules. The Yama-
to (c) meteorite essentially belongs to the unequilibrated chondrite, because it is
a carbonaceous chondrite. The Yamato (d) meteorite seems to be closer to an
equilibrated chondrite, because of its crystalline matrix, the absence of glass in
chondrules and the indistinct boundaries between chondrules and the matrix.
The Yamato (g) meteorite is considered to be relatively equilibrated, but it is
not so metamorphosed as the Yamato (d) meteorite, because the chondrule-matrix
boundaries are more distinct than those of Yamato (d). However, the measure-
ments of the distribution patterns of magnesium and iron contents of olivine and
calcium-poor pyroxene grains in every Yamato meteorite sample are required
for more accurate determination of equilibration degrees. The Yamato (a)
meteorite contains glass in various stages of devitrification, although isotropic glass
is also present. This fact is not necessarily consistent with one of the criteria by
Dopp and VaN Scumus (1965), that is, the presence of isotropic glass in chon-
drules of unequilibrated chondrites. The evidence of the Yamato (a) meteorite
may support the idea of FREDRIKssON (1963) and KEeiL (1968), who proposed that
the chemistry and mineralogy of chondrites had already been settled before the
chondrite agglomeration, and who do not think much of the occurrence of
thermal metamorphism. At present, it is still an open question whether meteor-
ites experienced the metamorphic process due to reheating in the parent bodies.

3. Petrogenesis of the Yamato Meteorites

Enstatite chondrites consist of unique mineral constituents produced in an
extremely reducing environment. As seen in the Yamato (a) meteorite, the oc-
currence of nearly pure enstatite, clinoenstatite and forsterite, niningerite, dau-
breelite, graphite and Si-bearing kamacite, and probable occurrence of oldhamite
and sphalerite, are particularly significant. The presence of nearly iron-free
silicate minerals suggests that iron is almost completely reduced to metal and
sulfide. Cr, Mn, Mg and Ca which are lithophile in the usual terrestrial condi-
tion are present as sulfide minerals, daubreelite, niningerite, and oldhamite in
the enstatite chondrites. Even a part of Si is reduced into metal, forming a
solid solution with metallic nickel-iron. From this fact, the original environment
of enstatite chondrites is supposed to be much more reducing than that of iron
meteorites (Mason, 1966). On the other hand, it has been recognized that un-
recrystallized or unequilibrated enstatite chondrites and recrystallized or equili-
brated ones are present in the enstatite chondrite group (Mason, 1966 ; VAN Scamus
and Woop, 1967 ; KeiL, 1968). Three subgroups, unrecrystallized (type I) enstatite
chondrites, intermediate type ones and recrystallized (type II) ones, were proposed
by KEeiL (1963). As discussed before, the Yamato (a) meteorite is probably placed
in type I enstatite chondrite from the mineralogical and structural data. How-
ever, origins of the structural, mineralogical and chemical differences among the
enstatite chondrites are still open to discussion as already pointed out by KeiL (1968).



78 Akihiko Okapa, Kenzo Yacr and Makoto SHIMA

In contrast with the enstatite chondrites formed under the highly reduced
condition, the carbonaceous chondrites show several characteristics indicative of
an oxidized environment. However, the carbonaceous chondrites are distinctly
heterogeneous in mineralogical and chemical features. The carbonaceous chon-
drites contain several hydrated and oxide minerals, in addition to the reduced
minerals such as troilite, pentlandite and native sulfur. For example, type I
carbonaceous chondrites are composed of serpentine, montmorillonite, magnetite,
epsomite, gypsum, magnesite, dolomite and limonite (DUFRESNE and ANDERs,
1962 ; MasoN, 1962b ; MUELLER, 1962 ; BosTR6M and FREDRIKSSON, 1966 ; KEIL, 1969 ;
Bass, 1971). Type II chondrites contain serpentine, magnetite, epsomite and calcite
(DuFREsNE and ANDERs, 1962; Mason, 1962b; Keir, 1969). Type III carbonaceous
chondrites include magnetite as seen in the Yamato (c) meteorite. Another unique
chemical feature is that carbonaceous chondrites contain extraterrestrial organic
compounds and that they hold higher contents of volatile elements. Indeed, the
carbonaceous chondrite essentially shows a heterogeneous composition, because it
contains both reduced minerals and oxidized ones and also both volatile materials
and high-temperature silicate minerals in a single mass. Such heterogeneity was
also found in the chemical compositions of mineral constituents. FREDRIKSSON
and KEeiL (1964) first showed varying compositional ranges of pyroxene and olivine
in the Murray carbonaceous chondrite. The same tendency of pyroxene and
olivine was later confirmed in other carbonaceous chondrites from type I to type
IIT by Woob (1967), REID et al. (1970) and CLARKE et al. (1970). These results
suggest that the carbonaceous chondrites were formed by the mechanical assem-
blage of different materials from different localities at low temperature (FREDRIKSSON
and KEeiL, 1964 ; LARIMER and ANDERS, 1970). Mineralogical and chemical differences
among type I, type II and type III are mainly dependent on the mixing ratios
of high-temperature components and low-temperature ones (Dopp et al., 1967).

As illustrated in Fig. 2, distribution of individual chondrite groups is isolated
in the specific region on the Urey-Craig diagram. This figure shows that olivine-
bronzite chondrites (high-iron group chondrites) are originated from more oxidized
environment than enstatite chondrites but less oxidized one than carbonaceous
chondrites. WiLLiams (1971) estimated that the temperature and oxygen partial
pressure of the equilibrated ordinary chondrites were 900°C and 10-'® atm,
assuming the equilibrium state among olivine, pyroxene and metallic iron.
The result suggests much more oxidative environment of ordinary chondrites
including olivine-bronzite chondrites in comparison with enstatite chondrites.
In the preset study, low-temperature plagioclase was found in the Yamato (g)
olivine-bronzite chondrite. However, it has been usually noticed that the struc-
tural state of meteoritic plagioclase is in the high-temperature form (DUKE et al.,
1961 ; MivasHiro, 1962 ; MasoN, 1965; VaN Scumus and Rissg, 1968). Meteoritic
plagioclase is a controversial problem. According to MivasHiro (1962), the com-
mon occurrence of high-temperature plagioclase directly suggests that chondritic
meteorites bearing plagioclase were rapidly cooled from temperatures higher than
700°C, because high-temperature plagioclase is stably present at temperatures
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higher than 700°C. On the other hand, Van Scamus and RiBBe (1968) stated
that the occurrence of high-temperature plagioclase was not necessarily related to
the quenching of chondrites, and suggested that the disordered structure of
plagioclase might be preserved during slow-cooling in the extremely dried environ-
ment. In the Yamato (g) meteorite, exsolution lamellae of clinopyroxene (prob-
ably pigeonite-type) parallel to (001) planes of host augite are preserved.
According to PoLpeErRVAART and Hess (1951) and Hess (1960), this kind of exsolu-
tion lamellae is produced above the orthopyroxene-pigeonite inversion tempera-
ture. If this is true, the coexistence of low-temperature plagioclase and Stillwater
type exsolution phenomena of pyroxene suggests unequilibration of the Yamato
(g) meteorite. However, there are several evidences indicating exsolution of
clinopyroxene crystallizes out of host augite below the orthopyroxene-pigeonite
inversion temperature (BowN and Gay, 1960; Binns et al., 1963; YAaMAGuUCHI,
1973). According to YamacucHI (1973), the exsolution phenomenon is caused by
the lattice distortion of pyroxene. Indeed, the deformed structure of pyroxene
and olivine is common in the Yamato (g) meteorite. Then, the presence of
low-temperature plagioclase may suggest that the Yamato (g) meteorite experienced
slow cooling.

Hypersthene achondrite is essentially composed of bronzite as seen in the
Yamato (b) meteorite. Ringwoobp (1961) and Mason (1962a, 1967) suggested the
sequential crystallization of the pallasite, hypersthene achondrite and pyroxene-
plagioclase achondrite, assuming a melt composed of olivine-bronzite chondrite.
In this process, metallic iron and olivine segregated in the early stage would
form pallasite, and the subsequent process would produce hypersthene achondrite
and pyroxene-plagioclase achondrite from the residual liquid approximately re-
presented by the system silica-forsterite-anorthite of ANDERSEN (1915). Actually,
MorcaN and LoverinG (1973) found the nearly equal amounts of Th and U in
the Johnstown and Shalka hypersthene achondrites to those of ordinary chondrites.
On the other hand, ScuNETZLER and PHiLrOoTTs (1969) explained the hypersthene
achondrite as a cumulate of hypersthene crystals gravitationally separated from
a melt of calcium-rich achondrite. In the Yamato (b) meteorite, it is supposed
that the cooling rate was fairly fast because of the preservation of the partially
devitrified glass, pale brown in color, and fluid inclusions in pyroxene grains.

Conclusion

As described above, the petrological investigations of the Yamato (a), Yamato
(b), Yamato (c), Yamato (d) and Yamato (g) meteorites show the following results.

(1) The Yamato (a) meteorite is an enstatite chondrite with a distinctly
chondritic structure, and it is composed of enstatite, clinoenstatite, olivine, cris-
tobalite, plagioclase, glass, kamacite, graphite, schreibersite, perryite, troilite,
daubreelite and niningerite. Oldhamite and sphalerite are probably present.
The unique mineral composition suggests that this meteorite was formed in an
extremely reducing ecnvironment. The meteorite shows a characteristic of un-
equilibrated chondrite of VAN Scumus and Woob (1967), and may also be placed
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in type I enstatite chondrite group of KEem. (1968). Several morphological and
chemical features of chondrules in the Yamato (a) meteorite suggest that chon-
drules were formed by the rapid cooling of molten droplets, and that they ex-
perienced such mechanical processes as collision and destruction before or during
their agglomeration into chondrite.

(2) The Yamato (b) meteorite is non-chondritic and essentially monomineralic,
and is assigned to hypersthene achondrite of the Ca-poor achondrite group.
Orthopyroxene (bronzite) is the only major mineral constituent. Clinopyroxene,
tridymite, plagioclase, glass, chromite, metallic nickel-iron and troilite are present
in accessory amounts.

(3) The Yamato (c) meteorite has a chondritic structure, and its mineralogi-
cal properties are characteristic of type III carbonaceous chondrite of Wik (1956).
This meteorite is composed of olivine, orthopyroxene, clinopyroxene, plagioclase,
magnetite, pentlandite, troilite and ilmenite. The presence of a considerable
amount of magnetite accounts for the strongly magnetic property of this meteorite,
and also suggests that this meteorite experienced the oxidized environment.

(4) The Yamato (d) meteorite is chondritic, and is composed mainly of olivin,
orthopyroxene (bronzite), metallic nickel iron (kamacite and taenite) and troilite.
Accessory mineral constituents are clinopyroxene, plagioclase, native copper and
chromite. This meteorite is assigned to olivine-bronzite chondrite.

(8) The Yamato (g) meteorite is also chondritic, and its silicate phases are
composed mainly of olivine and orthopyroxene (bronzite) with a small amount
of plagioclase. Major minerals in the opaque phases are probably kamacite and
taenite. Plagioclase in this meteorite is characteristic of a low-temperature struc-
tural state.
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